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Preface ............................................................................................................................................... xxiv

Section 1
Contextual Analysis and Application Domain

Chapter 1
Expanding the Hydroinformatics Agenda: Information and Inequality behind Water Problems ........... 1

Antonio A.R. Ioris, University of Aberdeen, UK 

Hydroinformatics tools have increasingly offered a contribution towards the assessment of water man-
agement problems and the formulation of enhanced solutions. Nonetheless, the search for improved 
basis of water management requires not only a combination of technical and managerial responses, but 
also a firm action against socioeconomic injustices and political inequalities. This chapter problema-
tises the role of hydroinformatics in situations of established inequalities and acute management distor-
tions. A case study of the Baixada Fluminense, in the Metropolitan Area of Rio de Janeiro, illustrates 
the challenges to reverse unsustainable practices where water problems have been exploited by local 
and national politicians. Although the hydroinformatics community is certainly aware of the social 
dimension of water management, the aim is to further emphasise the centrality of issues of power and 
political disputes. The chapter concludes that the agenda of hydroinformatics needs to expand in order 
to combine state-of-the-art information technology with a critical understanding of how social and spa-
tial differences affect the use and conservation of water systems. 

Chapter 2
Integrated Watershed Management for Sustainable Development ....................................................... 22

Goshu Worku, Water Works Design & Supervision Enterprise, Ethiopia

The over exploitation of natural resources (soil, water, fauna and flora) is critically affecting the social, 
economic and environmental needs of the current generation and is feared to risk the ability of the 
future generation to meet its needs. Nowadays citizens in many countries are facing severe livelihood 
challenges ranging from seeking for external aids for existence to massive life devastation due to natu-
ral hazards such as flooding & land slide imposing death tolls. The degradation of the natural environ-
ment imposes the threatening of life not only in those less developed nations but also life all over the 
globe. The problem is more pronounced in less developed countries like the Eastern Nile Catchment 
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nations. Sustainable development is hoped nowadays to be a promising solution. In this regard inte-
grated watershed management is a potential tool for bringing about such a promising tool, by laying 
better ground for sustainable development. This chapter is prepared with the intent of showing the link 
between integrated watershed management and sustainable development which a country envisages to 
reach, and the contribution of integrated watershed management to sustainable development. Various 
previous documents are reviewed and used as sources of information for the preparation of the write 
up. The author’s professional experience on the current overall natural resources condition is an added 
value, too. Sustainable development, which can be achieved through proper conservation and utiliza-
tion of the existing resources by employing integrated watershed management, is development which 
meets the needs of the present without compromising the ability of future generations to meet their own 
needs. Integrated watershed management is the process of formulation and carrying out a course of ac-
tions involving the manipulation of resources in the watershed to provide goods and services without 
adversely affecting the soil, water, vegetation base and other elements of the ecosystem, by employing 
multi-disciplinary teams.

Chapter 3
Collaborative, Stakeholder-driven Resource Modeling and Management ........................................... 36

Howard Passell, Sandia National Laboratories, USA
Marissa Reno, Sandia National Laboratories, USA
Jesse Roach, Sandia National Laboratories, USA
Vince Tidwell, Sandia National Laboratories, USA
Wael Khairy, National Office of Egypt, Egypt 

It is becoming increasingly difficult to manage natural resources due to population growth, increasing 
resource consumption, and decreasing resource availability, among other issues. To address this, we 
present a collaborative, stakeholder-driven resource modeling and management approach that has been 
applied successfully around the world. Diverse stakeholder groups assure that all important systems, 
data, and knowledge are represented. User-friendly, system dynamics models with short run times al-
low users to quickly simulate alternative resource management strategies, making the models valuable 
for public meetings and for informing and educating stakeholders, policy makers, and citizens. This 
approach also facilitates capacity building in regions where collaborative processes and modeling tech-
nologies are not widespread. Case studies illustrate the application of these approaches in the United 
States, Jordan, and Libya, as well as the Aral Sea Basin and Tigris-Euphrates Basin. We show how the 
models look and work, and the kinds of results that can be produced.

Chapter 4
Building Capacity for Better Water Decision Making through Internet-based Decision Support 
Systems ................................................................................................................................................. 54

Kazimierz A. Salewicz, Systems Analyst, Austria
Mikiyasu Nakayama, University of Tokyo, Japan
Carl Bruch, Environmental Law Institute, USA

Decision making processes for developing water resources systems infrastructure and operational poli-
cies have ceased to be the exclusive domain of just a few, privileged persons making decisions. Now, 
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more and more groups of the society at both the international and national levels are demanding oppor-
tunities to participate in decision making, as well as information about potential consequences of policy 
decisions. In some countries, public participation in the decision making process has been already 
sanctioned by law, for example through Environmental Impact Assessment (EIA), public permitting 
processes, and notice and comment rulemaking procedures. However, in many developing countries, 
public participation remains unfulfilled despite growing awareness and pressure exercised by various 
interest groups. To be effective, public participation – either active or passive (through access to knowl-
edge and information concerning the decisions and their impact) – needs appropriate political and legal 
regulations, in addition to technical means to disseminate objective, complete, and comprehensive 
information about nature of the decisions to be made, potential alternatives, feasibility of solutions, 
impact of the potential decisions, etc. Among plethora of the available methods and means for provid-
ing the information to the broad circles of the society, the Internet already plays a special and powerful 
role. This chapter presents the concepts and notions underlying formal approaches to decision making 
processes, as well as providing a review of the possibilities offered by the Internet to enable access to 
various sources and types of information that can directly or indirectly support the decision making 
processes in complex water resources systems.

Chapter 5
From Hydrological Models to Policy-relevant Decision Support Systems (DSSs): A Historical 
Perspective ............................................................................................................................................ 81

Mukhtar Hashemi, Newcastle University, UK
Enda O’Connell, Newcastle University, UK

Since the advent of modern computing platforms in the 1960s and despite scepticisms and uncertain-
ties, modelling systems have become indispensable tools in water resources management. They have 
been postulated to support the decision-making process and hence the term decision support systems 
(DSSs) emerged. Hydroinformatics is a recent term compared to computational hydraulics and hydro-
logical watershed modelling but it is an encompassing cross disciplinary concept covering hydraulics, 
hydrology, environmental engineering, socioeconomic and political (institutional) disciplines and it 
uses information and communication technologies to provide evidences for decision-makers. The aims 
of this chapter are two fold: (a) to review the current trends in modelling activities based on historical 
precedence; and (b) to present a conceptual framework for development of a comprehensive DSS using 
a case study approach. Hence, this chapter consists of three main parts: (1) a historical account of the 
DSSs, starting from early single process models to current integrated comprehensive basin-wide DSSs; 
(2) having established a historical perspective, case studies from Iranian experience are presented to 
outline a methodological (conceptual) framework for developing a comprehensive DSS. Examples of 
policy-relevant DSSs from the latest research are also presented. It is concluded that there would be a 
greater demand in the future to develop integrated policy-relevant DSSs comprising not only the tech-
nical and engineering aspects but to include the socioeconomic and political sciences as well. The new 
DSSs should be able to deal with uncertainties such as climate change (i.e. to have scenario analysis 
capabilities), be able to compare different management strategies using multi-criteria analysis tools and 
to include socio-economic, institutional and environmental sustainability criteria.

www.ketabdownload.com



Chapter 6
An Approach toward an Integrated Management of the Mara River Basin in Tanzania .................... 124

A.E. Majule, University of Dar es Salaam, Tanzania 

Lack of Integrated River Management practices is the major problems that affect effective manage-
ment of natural resources. This chapter presents findings on different factors affecting the sustainability 
of the Mara River Basin (MRB). The study was limited to the MRB part of Tanzania and multiple 
approaches were used in data collection. MRB is experiencing a number of management problems 
including deforestation, land degradation and pollution of the river water associated with human activi-
ties. Institutional framework for natural resource management (NRM) is rather sectoral thus lacking 
integration and sometimes results into conflicting efforts to conserve natural resources. It is evident 
that some cultural attitudes have positive impact on natural resources management such as the custom-
ary land tenure system. For sustainability of the MRB resources, integration of projects, programs and 
stakeholders’ participation are key factors without neglecting cultural aspects. Furthermore, different 
policies need to be considered by linking them together to achieve sustainability.

Chapter 7
Building Sudan Water Knowledge Sharing Based on Global Technology ......................................... 140

Rafaa Ashamallah Ghobrial, National Centre for Research, Sudan

Advances in information and communication technologies are key agents for global change.  The 
emerging of new digital systems together with the ongoing processes of globalization is facilitating 
faster sharing of information and innovations. Knowledge is crucial need of any country as well as 
initiative of international communities which should be empowerment of all its citizens through access 
and use of knowledge. It listed briefly the knowledge sharing elements which make changes in our 
organization of work and daily life. The infrastructure of knowledge sharing in the Sudan is carefully 
studied. The water based knowledge is analyzed and finally digital knowledge assets that support and 
stimulating knowledge sharing are approached.

Section 2
Methodologies for Knowledge Representation and Reasoning

Chapter 8
Evolutionary Bayesian Belief Networks for Participatory Water Resources Management under 
Uncertainty .......................................................................................................................................... 156

R. Farmani, University of Exeter, UK
D.A. Savic, University of Exeter, UK
H.J. Henriksen, GEUS, Denmark
J.L. Molina, Geological Survey of Spain, Spain
R. Giordano, Instituto di Ricerca Sulle Acque (IRSA) – Water Research Institute, Italy
J. Bromley, Oxford University, UK
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A participatory integrated (social, economic, environmental) approach based on causal loop diagram, 
Bayesian belief networks and evolutionary multiobjective optimisation is proposed for efficient water 
resources management. The proposed methodology incorporates all the conflicting objectives in the 
decision making process. Causal loop diagram allows a range of different factors to be considered 
simultaneously and provides a framework within which the contributions of stakeholders can be taken 
into account. Bayesian belief networks takes into account uncertainty by assigning probability to those 
variables whose states are not certain. The integration of Bayesian belief network with evolutionary 
multiobjective optimisation algorithm allows analysis of trade-off between different objectives and 
incorporation and acknowledgement of a broader set of  decision goals  into the search and decision 
making process. The proposed methodology is used to model decision making process for complex 
environmental problems, considering uncertainties, addressing temporal dynamics, uncovering dis-
crepancies in decision analysis process (e.g. completeness or redundancy of the model based on utility 
function) and generating policy options that trade-off between conflicting objectives. The effectiveness 
of the proposed methodology is examined in several water resources management problems. The case 
studies include optimum water demand management, UK; management of groundwater contamination 
of Copenhagen source capture zone areas, Denmark and simultaneous optimum management of four 
overexploited aquifers in Spain. It is shown that the proposed methodology generates large number of 
management options that trade-off between different objectives. The remaining task is to choose, de-
pending on the preference of decision makers, a group of solutions for more detailed analysis.

Chapter 9
Envisioning the Paradigm of Service Oriented Hydrology Intelligence (SOHI) ............................... 172

Pethuru Raj Chelliah, Robert Bosch India, India 

Hydrology is an increasingly data-intensive discipline and the key contribution of existing and emerg-
ing information technologies for the hydrology ecosystem is to smartly transform the water-specific 
data to information and to knowledge that can be easily picked up and used by various stakeholders 
and automated decision engines in order to forecast and forewarn the things to unfold. Attaining ac-
tionable and realistic insights in real-time dynamically out of both flowing as well as persisting data 
mountain is the primary goal for the aquatic industry. There are several promising technologies, pro-
cesses, and products for facilitating this grand yet challenging objective. Business intelligence (BI) is 
the mainstream IT discipline representing a staggering variety of data transformation and synchroni-
zation, information extraction and knowledge engineering techniques. Another paradigm shift is the 
overwhelming adoption of service oriented architecture (SOA), which is a simplifying mechanism 
for effectively designing complex and mission-critical enterprise systems. Incidentally there is a cool 
convergence between the BI and SOA concepts. This is the stimulating foundation for the influential 
emergence of service oriented business intelligence (SOBI) paradigm, which is aptly recognized as 
the next-generation BI method. These improvisations deriving out of technological convergence and 
cluster calmly pervade to the ever-shining water industry too. That is, the bubbling synergy between 
service orientation and aquatic intelligence empowers the aquatic ecosystem significantly in extracting 
actionable insights from distributed and diverse data sources in real time through a host of robust and 
resilient infrastructures and practices. The realisable inputs and information being drawn from water-
related data heap contribute enormously in achieving more with less and to guarantee enhanced safety 
and security for total human society. Especially as the green movement is taking shape across the globe, 
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there is a definite push from different quarters on water and ecology professionals to contribute their 
mite immensely and immediately in permanently arresting the ecological degradation. In this chapter, 
we have set the context by incorporating some case studies that detail how SOA has been a tangible 
enabler of hydroinformatics. Further down, we have proceeded by explaining how SOA-sponsored 
integration concepts contribute towards integrating different data for creating unified and synchronized 
views and to put the solid and stimulating base for quickly deriving incisive and decisive insights in the 
form of hidden patterns, predictions, trends, associations, tips, etc. from the integrated and composite 
data. This enables real-time planning of appropriate countermeasures, tactics as well as strategies to 
put the derived in faster activation and actuation modes. Finally the idea is to close this chapter with an 
overview of how SOA celebrates in establishing adaptive, on-demand and versatile SOHI platforms. 
SOA is insisted as the chief technique for developing and deploying agile, adaptive, and on-demand 
hydrology intelligence platforms as a collection of interoperable, reusable, composable, and granular 
hydrology and technical services. The final section illustrates the reference architecture for the pro-
posed SOHI platform. 

Chapter 10
Chaos Theory for Hydrologic Modeling and Forecasting: Progress and Challenges ......................... 199

Bellie Sivakumar, The University of New South Wales, Australia

In hydrology, two modeling approaches have been prevalent: deterministic and stochastic. The ‘perma-
nent’ nature of the Earth, ocean, and the atmosphere and the ‘cyclical’ nature of the associated mecha-
nisms support the deterministic approach. The ‘highly irregular and complex’ nature of hydrologic 
processes and our ‘limited ability to observe’ the details favor the stochastic approach. In view of these, 
the question of whether a deterministic approach is better or a stochastic approach is meaningless. 
Indeed, for most hydrologic systems and processes, both the deterministic approach and the stochastic 
approach are complementary to each other and, thus, an approach that can couple these two and serve 
as a middle-ground would often be the most appropriate. ‘Chaos theory’ can offer such a coupled 
deterministic-stochastic approach, since its underlying concepts of nonlinear interdependence, hidden 
determinism and order, sensitivity to initial conditions are highly relevant in hydrology. The last two 
decades have witnessed numerous applications of chaos theory in hydrology. The outcomes of these 
studies are encouraging, but many challenges also remain. This chapter is intended: (1) to provide a 
comprehensive review of chaos theory applications in hydrology; and (2) to discuss the challenges that 
lie ahead and the scope for the future. 

Section 3
Information Modeling

Chapter 11
On the Relation between Hydrological Forecasts and Water Resources Management ...................... 229

Tarig El Gamri, The National Centre for Research, Sudan
Amir B. Saeed, University of Khartoum, Sudan
Abdalla K. Abdalla, Sudan Meteorological Authority, Sudan 

www.ketabdownload.com



Seasonal streams (wadis) are of vital importance in dry and semidry countries including Sudan. De-
pending on the rainfall variability of the country, the annual discharge of such wadis was estimated to 
range from 3 to 7 km3 per annum. In the present study two wadi-discharge prediction methodologies 
were used to predict the discharge of Khor (wadi) Abu Fargha. The first methodology depends on the 
El Nino Southern Oscillation (ENSO) event which was divided into six distinct stages. The discharge 
during each stage was compared to previously estimated rainfall in the dry zone of the Sudan during 
the concurrent stage. The methodology was found to illustrate about 83% of the discharge behaviour of 
Khor Abu Fargha. This high prediction skill is attributed to the fact that the wadi is located in an area 
that is influenced by the ENSO event and to the availability of the discharge data for consecutive 34 
years. The use of global sea surface temperatures (SSTs) in rainfall seasonal forecast studies was initiat-
ed during the 1990s through the development of empirical-statistical models. Using such methodology 
the models predicting Abu Fargha discharges were found to excel those for some meteorological sta-
tions and the dry zone of the Sudan as well. This is attributed to the fact that wadi discharges represent 
the whole catchment area whereas rainfall data represent only the rain gauge readings. The models us-
ing May global SSTs achieved better predictability in Abu Fargha discharges the thing which was found 
to be consistent with the results obtained in previous studies by Kassala meteorological station which 
is located in the vicinity of the wadi. The chapter illustrates the use of the wadi prediction information 
in forecasting the available storage of the aquifers and concluded that combining the different informa-
tion, realistic management of surface and ground water resources can be achieved. The study recom-
mended the use of water conservation techniques and integrated dryland management approaches. 

Chapter 12
Integrated Flood Risk Analysis for Assessing Flood Protection Strategies ........................................ 244

J. Ernst, University of Liège, Belgium
B.J. Dewals, Fund for Scientific Research F.R.S.-FNRS, Belgium
S. Detrembleur, University of Liège, Belgium
P. Archambeau, University of Liège, Belgium
S. Erpicum, University of Liège, Belgium
M. Pirotton, University of Liège, Belgium 

The present chapter describes an end-to-end methodology for assessing flood protection strategies, in-
cluding the whole methodological process from hydrological statistics to detailed 2D hydraulic model-
ling, damage calculation and flood risk evaluation. This risk-based approach serves as a component of a 
decision-support system (DSS) developed in Belgium for identifying cost-effective flood management 
strategies in the context of climate change. The DSS accounts for both hydraulic and socio-economic 
parameters to quantify the benefits (in terms of avoided risk) and the cost of each strategy. Besides 
reviewing fundamentals of flood risk assessment, including the inundation model and main concepts 
related to flood risk, a consistent methodology for micro-scale flood risk analysis is presented in detail, 
combining complementary sources of GIS information such as high resolution and high accuracy land 
use database as well as socio-economic datasets. Finally a case study on a main tributary of river Meuse 
in Belgium is described. 
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Chapter 13
River Basin Management with a Special Focus on Management of Flood Events ............................ 264

Georg Petersen, HYDROC Consult, Germany
Johannes Cullmann, IHP/HWRP, Germany
Ruth Bittner, RIMAX coordination at GFZ-Potsdam, Germany

River basin management with a special focus on management of flood events“ deals with the fore-
cast, management and mitigation of flood desasters that have a severe impact on riparian communities 
and national economies. In recent years it has been increasingly recognized that managing flood risks 
rather than full flood protection is the way forward for coping with these extreme events. The chapter 
describes management approaches resulting from the “RIMAX – Risk Management of Extreme Flood 
Events” research program carried out in Germany for which results were adapted for their adaptation 
in developing countries. Areas that are covered in the chapter include: 1. Analysis, forecasting and 
warning; 2. Information management and communication; and 3. Protection and control strategies. The 
work does not provide packaged solutions but describes results and problems and highlights aspects of 
importance that would need to be considered for successful implementation in a variety of conditions. 
It therefore provides a guideline for researchers and practitioners to utilize the generated information 
under a variety of conditions.

Chapter 14
Science and Water Policy Interface: An Integrated Methodological Framework for Developing 
Decision Support Systems (DSSs) ...................................................................................................... 286

Mukhtar Hashemi, Newcastle University, UK
Enda O’Connell, Newcastle University, UK

Despite many advances in the field of hydroinformatics, the policy and decision-making world is un-
able to use these highly technical decision support systems (DSSs) because there has been an undue 
emphasis on the technological aspects. The historical analysis of hydroinformatics concepts and model-
ling shows that the technical aspects have been incorporated far better than the social aspects. Hence, 
there have been calls for the development of ‘socio-technical’ DSSs. However, far greater effort is re-
quired to incorporate social and political sciences into the domain of DSSs. The goal of this chapter is to 
elaborate on the illusive interface between science and water policy within the context of DSSs. It is an 
attempt to address one main question: how to link or find an interface between policy (institutional mat-
ters) and science (technical and natural environment aspects). To achieve this goal, a new paradigm for 
the DSS modelling approach has been envisaged based on combining multiple theoretical and analyti-
cal frameworks into a single methodological framework to attain a linkage between science and policy-
making. The integrated methodological framework comprises of: (1) two ‘conceptual’ frameworks: 
(a) decision-making perspectives and (b)  IWRM interface frameworks; (2) analytical frameworks: (a) 
DPSIR socio-technical assessment and (b)  institutional analysis (IA) frameworks; (3) core engine of 
the DSS consisting of coupled decision support tools (DST) such as process, planning and evaluation 
models; and (4) a stakeholder participation interface framework consisting of  (a( a multi-windowed 
dynamic cyber stakeholder interface (MDCSI) system and (b) DSS performance assessment (uncer-
tainty and risk analysis) tools, within a shell of a graphical user interface (GUI). From experience, it 
can be concluded that DSSs are not just about software packages but they are a participatory commu-
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nication platform for an interactive multi-stakeholder decision-making process. The required science-
policy interface can be achieved by using a unique analytical approach in which technical, policy and 
institutional frameworks are combined within a DSS platform with an output framework, the MDCSI 
system,  that facilitate policy dialogue by having a dynamic and interactive policy interface which can 
be linked to other technical and non-technical systems. DSSs should be integrated with institutional and 
socio-political frameworks to help attain both financial and institutional sustainability.

Chapter 15
Flow-Based Structural Modelling and Dynamic Simulation of Lake Water Levels .......................... 316

Nashon Juma Adero, Kenya Institute for Public Policy Research and Analysis (KIPPRA), Kenya
John Bosco Kyalo Kiema, University of Nairobi, Kenya

The continuing decline in lake water levels is both a concern and daunting challenge to scientists and 
policymakers in this era, demanding a rethinking of technological and policy interventions in the con-
text of broader political and socio-economic realities. It is self-evident that diverse factors interact in 
space and time in complex dynamics to cause these water-level changes. However, the major question 
demanding sound answers is how these factors interact and by what magnitude they affect lake water 
balance with time. This chapter uses Lake Victoria’s hydrological system to shed light on the extensive 
and flexible modelling and simulation capabilities availed by modern computer models to understand 
the bigger picture of water balance dynamics. The study used the 1950-2000 hydrological data and 
riparian population growth to develop a dynamic simulation model for the lake’s water level. The intui-
tive structure of the model provided clear insights into the combined influence of the main drivers of 
the lake’s water balance. The falling lake water levels appeared to be mainly due to dam outflows at the 
outlet and reduced rainfall over the lake.  The ensuing conclusions stressed the need for checks against 
over-release of lake water for hydropower production and measures for sustainable land and water 
management in the entire basin.

Chapter 16
Evolutionary Computation for Single and Multiobjective Water Distribution Systems Optimal 
Design: Review of Some Recent Applied Methodologies .................................................................. 332

Avi Ostfeld, Technion-Israel Institute of Technology, Israel 

Water distribution systems least cost pipe sizing/design is probably the most explored problem in water 
distribution systems optimization. Attracted numerous studies over the last four decades, two main ap-
proaches were employed: decomposition in which an “inner” linear programming problem is solved 
for a fixed set of flows/heads, while the flows/heads are altered at an “outer” problem using a gradient 
or a sub-gradient type technique; and the utilization of an evolutionary optimization algorithm (e.g., a 
genetic algorithm). In reality, however, from a broader perspective the design problem is inherently of 
a multiobjective nature incorporating competing objectives such as minimizing cost versus maximizing 
reliability. This chapter reviews some of the literature on single and multiobjective optimal design of 
water distribution systems and suggests a few future research directions in this area.

Chapter 17
Use of Sediments Water in Environmental Monitoring ...................................................................... 346

Nadia Babiker Ibrahim Shakak, Ministry of Irrigation and Water Resources, Sudan
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In this chapter we concentrate on the status of sediment, sources of siltation, sediment Information, also 
concentrates on the process of setting up monitoring program for the purpose of providing a valid data 
base for sediment water quality assessments, and modeling. Also the choice of variables to be measured 
in the water, the sediment in biota and the common procedures for data handling. This chapter concen-
trates on the existing process of monitoring programmes for interpretation of these data for the purpose 
of assessing sediment water quality in rivers, and reservoirs, also focus on monitoring strategies re-
quirements for water quality data and interpretative techniques. The choice of the appropriate methods 
is illustrated by case studies for typical water pollution situations, beside the strategies for sediment 
water quality assessment. Within the range of water quality issues addressed in this chapter efforts have 
been concentrated on major areas of vital importance.

Chapter 18
Principal Component Analysis of Hydrological Data ......................................................................... 364

Petr Praus, VSB - Technical University of Ostrava, Czech Republic

In this chapter the principals and applications of principal component analysis (PCA) applied on hydro-
logical data are presented. Four case studies showed the possibility of PCA to obtain information about 
wastewater treatment process, drinking water quality in a city network and to find similarities in the 
data sets of ground water quality results and water-related images. In the first case study, the composi-
tion of raw and cleaned wastewater was characterised and its temporal changes were displayed. In the 
second case study, drinking water samples were divided into clusters in consistency with their sampling 
localities. In the case study III, the similar samples of ground water were recognised by the calcula-
tion of cosine similarity, the Euclidean and Manhattan distances. In the case study IV, 32 water-related 
images were transformed into a large image matrix whose dimensionality was reduced by PCA. The 
images were clustered using the PCA scatter plots.

Chapter 19
A System Innovation-oriented Integration of Management Information Systems in Urban Water 
Management ........................................................................................................................................ 389

Tagelsir Mohamed Gasmelseid, King Faisal University, Saudi Arabia  

The scarcity of water resources exhibited in different parts of the world and the dysfunctional conse-
quences associated with urban water processes and services are encouraging countries to adopt transfor-
mative innovative thinking. The movement from the “visions” of urban water management to ‘actions” 
demands more emphasis on the development of relevant platforms and frameworks that enable effec-
tive transitions and sustainability of actions and good practices. Within the context of a changing en-
vironment, urban water management processes need to be “shifted” from the “conventional” approach 
to a wider context capable of addressing the growing urban water management lock-ins. Complexities 
in urban water management originate from the difficulty of maintaining sector-based balances (mainly 
supply-demand balances) governing internal functionality as well as from the intensity and uncertainty 
of the dynamics of both the entire water system and the wide range of change agents interacting in its 
external environment. Such lock-ins are affecting the capacity of urban water managers and policy 
makers to develop suitable strategies and implementation pathways and improve the overall resource 
utilization and service provision capacity and efficiency. While conventional approaches continued 
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to be widely used to address such lock-ins, little improvement tend to be gained with regards to the 
dynamics of the “problem domain” and the feasibility of “solution spaces”. Over years, emphasis con-
tinued to be on advocating “nesting” urban water management processes into the context of integrated 
water management, but without ensuring the availability of relevant change management strategies, 
tools and agents. Issues relating to water governance, decentralization of water management processes 
and authorities, involvement of stakeholders, development and adoption of appropriate information 
platform, and capacity building are moving to the front line agenda of urban water managers and policy 
makers. In the absence of relevant tools and integrated frameworks, the capacity of conventional urban 
water management approaches to address such a new context remains questionable. The complexity 
exhibited across the entire urban water subsystem (both in scale and magnitude) calls for not only 
the development on new or modified “program sets” but also transformed and enriched ‘mind sets”. 
Such migration can be envisioned through the adoption of system thinking, innovation and strategic 
niche management. This will improve the capacity of the overall urban management “sub-system’ to 
orchestrate its functionalities with the overall water system using a holistic approach. This contribution 
focuses on the imperativeness of capacity building in urban water management in a changing environ-
ment and the importance of developing sustainability framework and approach in accordance with the 
principles of system innovation and thinking.   

Chapter 20
The Status of Lake Victoria Environment: Trends and Impacts to Fish Stocks ................................. 406

J. Gichuki, Kenya Marine and Fisheries Research Institute, Kenya
A. Getabu, Kenya Marine and Fisheries Research Institute, Kenya
C. Ezekiel, Tanzania Fisheries Research Institute, Tanzania
O.C. Mkumbo, Lake Victoria Fisheries Organization, Uganda

This chapter discusses the environmental conditions in Lake Victoria and how they impacts on the fish 
stocks. Results show that in last 4 decades Secchi disc visibility decreased by about 75%. Oxycline 
depth decreased by 50% indicating that a large body of the lake water in the deeper waters cannot 
support life. Chlorophyll a has increased three times as compared to historical values. Results show 
that the redfield ratio has decreased to 8.2:1 (N: P). Low oxygen conditions in the deep water causes 
rapid denitrification with subsequent loss of nitrogen. Primary productivity has doubled over the period 
and algal biomass increased by 8-10 folds. The algal biomass is currently dominated by Cyanophyta. 
Zooplankton communities have changed to smaller sized species and a dominance of rotifers while 
Caridina nilotica has a higher abundance in inshore waters compared to offshore waters. Environmental 
changes have influenced changes in herbivorous and Zooplanktovore fish species resulting to increase 
in “Dagaa” Rastrineobola argentea, and decline of carnivore species. Changes in ecological interactions 
due to species introduction, predation accelerated by the environmental changes and increased fishing 
pressure have further complicated the ecosystem dynamics of Lake Victoria and pose serious uncer-
tainties on the lakes future stability and sustainability of the fisheries resources. Lake Victoria’s future 
sustainability requires effective management of fishing effort and phosphorous loading.

Chapter 21
Determination of Retention Efficiency of Kimondi Wetland in North Nandi District in Kenya ........ 419

Shadrack. M. Mule, University of Eastern Africa, Kenya
Charles M. Nguta, Egerton Univerity, Kenya
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Wetland buffers may play an important role in the retention of nitrogen (N) and phosphorus (P) which 
are released in large quantities from agricultural, municipal and industrial sources with run-off from 
agricultural lands being a common source of such nutrients to wetland ecosystems. Wetlands receiv-
ing crop field drainage are shown to lower nitrogen and phosphorus in water of such ecosystems. The 
main objective of the study was to determine the retention efficiency of Kimondi wetland in terms of 
nitrogen and phosphorus. Results of the study show that it the wetland has mean retention efficiency of 
90% and 95% for nitrogen during rainy and dry seasons respectively and mean retention efficiency of 
phosphorus of 80 % and 93% during rainy and dry seasons respectively an indication that the wetland 
has high retention efficiency and its buffering ability has not been exceeded in both seasons.

Section 4
Enabling Technologies and Information Processing Paradigms

Chapter 22
Application of Remote Sensing Technologies and Geographical Information Systems in 
Monitoring Environmental Degradation in the Lake Victoria Watershed, East Africa ...................... 431

Charles K. Twesigye, Kyambogo University, Uganda

Accurate information on the state of water resources in the Lake Victoria watershed is crucial for   plan-
ning and sustainable development in the East African region. This region largely depends on its natural 
resource-base for economic development, and therefore comprehensive information on its resources 
dynamics is key in implementing poverty alleviation strategies, improving human condition and pre-
serving the biological systems upon which the region’s population depends. This chapter focuses on 
key issues, which have emerged as a result of population growth and development in the region. The 
research on which this chapter is based aims to address the concerns on land use and settlement trends 
in the study sites, vulnerability of the communities to water stress and sustainability of the livelihood 
systems in the watersheds of Nzoia River Basin (Kenya), Nakivubo Wetland (Uganda) and Simiyu 
River Basin (Tanzania). These communities engage in unique land use practices that have intensified 
environmental degradation in recent times. The research adopts a multi-disciplinary approach in bring-
ing to the fore the various processes affecting watershed resources use and management in the selected 
wetlands of the Lake Victoria Drainage Basin (LVDB). The data presented covers trends in vegetation 
cover loss, pesticide pollution and general water quality parameters. Geographic information systems 
(GIS) and remote sensing techniques were employed to unveil land use patterns that have resulted in 
the degradation of the watershed. Wetland degradation levels have been characterized using second-
ary data generated by analytical techniques. New emerging challenges of environmental degradation 
caused by industrial, domestic and agricultural activities are presented and discussed. The potential of 
the new science of hydroinformatics in integrated watershed management through mathematical mod-
eling, geographic information systems analysis and water supply management is highlighted.

Chapter 23
Using Geographic Information System to Infollow the Fertilizers Pollution Migration .................... 456

Gehan A.H. Sallam, National Water Research Center, Egypt
Tahani Youssef, Helwan University, Egypt
Mohamed El-Sayed Embaby, National Water Research Center, Egypt
Fatma Shaltot, Helwan University, Egypt
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In recent years, many countries have faced great challenges due to their limited water resources. Ac-
cording to these challenges, they have undertaken large scale projects to reuse agricultural drainage 
water in irrigation purpose. The Governments in these countries can enhance water management and 
sustainable development by adopting policies that enable them to meet water demands and supply man-
agement. Therefore, there is a need for unconventional methods to provide better tools for the assess-
ment and management of water quality problems to adopt management policies and set the limits for 
sustainable drainage water reuse. The implementation of Geographic Information System (GIS) in this 
field offers an ideal tool for measurements with limited number of sampled points. Statistical analysis 
that can be provided within GIS is rapidly becoming an impressive tool for statistical analysis of con-
tinuous data. The main objective of this chapter is to discuss using GIS to in-follow the pollution caused 
by fertilizers migration to the water and the soil by applying statistical analysis within the GIS using 
geostatistical analyst. Geostatistical analyst is an extension of Arc Map™ that bridges the gap between 
geostatistics and GIS and provides a powerful collection of tools for the management and visualization 
of spatial data by applying Spatial Statistics.

Chapter 24
Improving Spatio-Temporal Rainfall Interpolation Using Remote Sensing CCD Data in a 
Tropical Basin: A Geostatistical Modeling Approach ......................................................................... 478

Berhanu F. Alemaw, University of Botswana, Botswana
Semu A. Moges, Addis Ababa University, Ethiopia 

This chapter looks at how interpolated annual and monthly rainfall variation can be improved by devel-
oping a geostatistical model that uses remotely-sensed cold cloud duration (CCD) data as a background 
image for a typical tropical basin, the Rufiji basin in Tanzania. We explored the Kriging model and its 
variants, and found it to be a good estimator in spatial interpolation mainly due to the inclusion of the 
non-stationary local mean during estimation. Model parameter sensitivity analysis and residual analysis 
of errors were used to test model adequacy and performance. They revealed that the parameter values 
of the variogram namely, the nugget effect, the range, sill value and maximum direction of continuity, 
as long as they are in acceptable ranges, have low effect on model efficiency and accuracy. Instead 
interpolation was found to improve when remotely-sensed CCD data was used as a background image 
as compared to estimation using observed point rainfall data alone. This improvement was revealed in 
terms of the Nash-Sutcliffe model performance index (R2). Although Kriging model application seems 
to be data intensive and time consuming in nature, it results in improved spatio-temporal interpolated 
surfaces so long as interpolated results can be interpreted with confidence and with prudent judgement 
of the model users.  

Chapter 25
Assessing Environment-Climate Impacts in the Nile Basin for Decision-Making: Needs for 
Using Global Tracers .......................................................................................................................... 497

Farid El-Daoushy, Uppsala University, Sweden

Assessing the environmental and climatic impacts in the Nile Basin is imperative for appropriate deci-
sion and policy making on national and regional levels. Tracer techniques provide basic spatio-temporal 
tools for quantifying ongoing and past, and for predicting future, environmental and climatic impacts 
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in whole Nile Basin. These tools allow the sustainable use of the natural resources through developing 
appropriate large-scale and long-term management and planning strategies. Radiotracers, for example, 
have diverse properties, unique sources and cycles in the environment. They provide powerful ap-
proaches to understand the behaviour of atmospheric processes, and the role of dry and wet-deposition 
on transfer of matter from the atmosphere to the earth’s surface. They are, also, useful for assessing 
the present status and evolution, as well as for quantifying the functioning and metabolism, in complex 
aquatic and land-water systems through appropriate definition of the spatio-temporal scales forcing 
their interactions with the environment and climate. They yield rich data on sources, pathways and 
flow-rates of matter (e.g. nutrients and pollutants) within and between landscape units and at the criti-
cal boundaries of the hydrosphere with the lithosphere, ecosphere and the atmosphere. Mitigation and 
adaptation strategies for coupled environment-climate policies require records and observations sup-
ported by model and forecasting infra-structures that can simulate the impacts of coupled environment-
climate changes both on local and landscape scales. Impacts of global warming are not straightforward 
to predict unless reasonable scales can be used to compile and collate the diverse climatic and environ-
mental data. Coordinated studies and observations of complex river-, lake-catchment, land-water and 
delta-coastal systems can provide a wide-range of information on human and climate impacts through 
using radiotracers as common time and space indicators for assessing the flow of matter on earth’s sur-
face. In this context, the Nile Basin can serve as a model for coupled environment-climate impact stud-
ies in complex aquatic systems where sustainable management policies, e.g. use of natural resources, 
protection and rehabilitation, are needed.

Compilation of References ............................................................................................................... 516
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Index ................................................................................................................................................... 579
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xxiv  

The effective management of water resources is moving rapidly to the front line agenda of policy makers 
and the community at large. Over years, there has been a considerable difficulty in maintaining supply-
demand balances. Such complexity originates from the fact that available resources are being signifi-
cantly affected by the expanding spatial shifts, environmental variability, climate change and pollution 
among others. On the other hand, demand is expanding in response to socio-technical, demographic, and 
economic transformations and the shift of the utility matrix of stakeholders. In response to such com-
plexities there has been a growing tendency to focus on: (a) The engagement in strategic management 
and adoption of a holistic approach to understand the determinants of water supply and water demand 
management indicators. Because the entire water system is being conceptualized as a socio-technical 
system, water management strategies are driven by different water management paradigms. The migra-
tion from conventional, to sustainable and integrated paradigms has been associated with a wide range 
of water management orientations, intervention procedures and monitoring guidelines. (b) The develop-
ment of basin wide initiatives, frameworks and conventions aiming at sustainable development, poverty 
reduction and conflict management among riparian countries interacting in shared basins. The Nile Basin 
initiative (NBI), the Zambezi Action Plan, the International Commission for the Protection of the Danube 
River (ICPDR), the International Sava River Commission and the Mekong River Commission (MRC), as 
examples of such initiatives. Such initiatives promote the adoption of consistent managerial frameworks 
and administrative arrangements to map out a wide range of development-specific visions, missions, 
strategies and programs. (c) The use of information systems (mainly decision support systems) for the 
optimization of water allocation, water quality investigation, hydropower scheduling, reservoir manage-
ment, and the preservation of the aquatic ecology. Coupling simulation and forecasting models has also 
been widely used to improve management processes, promoting efficient use behaviors and involving 
stakeholders (Gasmelseid, 2006). Despite the fragmentation of information systems and technologies 
infusion and diffusion in the processes of water management, their use ranges across a continuum start-
ing from sector-specific water applications (irrigated agriculture, urban water, industrial, etc) to a river 
and basin wide oriented applications such as the Colorado River DSS and the River Nile DSS. However, 
the emphasis on articulating structured quantitative settings and glorifying information variations leads 
to an internally-oriented diagnosis and analysis and narrow conceptualization of problem domains and 
solution spaces (Gasmelseid, 1997). In addition, there has been an intensive use of digital mapping and 
interfacing techniques. In the absence of comprehensive integrated information models and information 
system architectures, the use of such maps, under some conditions such as risk analysis, creates a state of 
over appendance of irrelevant information and constitutes a serious limiting factor for decision making 
(Gasmelseid, 2000). The use of information systems has also been accompanied with the emergence of 
different disciplines such as Hydroinformatics. 

Preface
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As a discipline, Hydroinformatics is concerned with the application of information and decision 
support systems (conventional, intelligent and web based) to the management of water resources. It 
combines knowledge about the environmental and spatial domain of resource acquisition, development 
and use, the determinants of social and economic interactions, industrial dynamics as well as organiza-
tional, managerial and ethical perspectives. It promotes the application of modern information system 
technologies and formal and computational methods to the acquisition, processing, representation, sharing 
and use of water management information. It puts considerable focus on the use of such technologies 
in understanding the objects, attributes and properties, processes and procedures and phenomena oc-
curring at different managerial, spatial and environmental scales and locations in the water system. In 
addition, it also emphasizes the importance of removing some of the methodological gaps associated 
with environmental systems in general by advocating the adoption of systematic methods, situation 
scanning and model coupling. 

The contribution of Hydroinformatics to the effective management of water resources can be seen 
from its emphasis on:  

a. The use of the principles of the General Systems Theory to conceptualize the context of decision 
making, problem domain and the necessary decision support to be developed and deployed. The 
conformity of the various water management paradigms (conventional, sustainable and integrated) 
with the principles of the General Systems improves the capacity of decision makers to understand 
the functionalities of the entire water system within the context of its internal processes as well 
as the other systems interacting in its external environment.  The adoption of such integrated and 
system oriented approach allows for the incorporation of spatial and environmental indicators and 
the representation of knowledge about the hydrological, hydraulic and morphological physical 
structures of water systems. On the other hand, mainstreaming information about the functionalities 
and objectives of decision making partners (water management organizations, water users, etc) 
and stakeholders (directly and/or indirectly affected by the dynamics of the entire water system) 
improves the capacity to model the entire water system. Accordingly, the capacity of the entire 
water system can be monitored and simulated at different scale. As a result, there has been an 
improvement with regards to:

 i. the management of the expanding downside risks associated with the analysis of  uses 
  of water patterns and (ii) the articulation and management of resource-based conflicts 
  and reduction of their impacts both in scale (food shortage, decline of biodiversity, urban 
  water concerns, etc) and magnitude. 

 ii. The articulation of appropriate decision supports needed and the relevant deployment 
  scale. Despite their emphasis on improved water management, water management para- 
  digms use different scales for the articulation of the integration context associated with 
  decision making processes and support tools. While the use of hydrological or admin- 
  istrative boundaries has been widely used, maintaining an integrated domain calls for 
  the use of a hydro-administrative focus and accordingly a different methodology and 
  approach. 

b. The use of an organizationally-based and decision-making oriented approach to address water 
management processes by considering the growing need for management and decision support 
information. However, provision of information for decision making is governed by many organi-
zational patterns (centralized vs. decentralized organizational structures) that significantly affect 
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its flow and utilization. Understanding the organizational and institutional context is a prerequisite 
for crystallizing the dynamics of the decision making domain to be supported by Hydroinformatics 
applications and platforms. 

c. A framework for technology management that guides the selection of technology-intensive acquisi-
tions and improving the capacity to manage them in pursuit of improving outcomes. The unprec-
edented advancements experienced in the field of information systems has resulted in improved 
performance and increasingly sophisticated enterprise-wide information platforms. Developments 
range from technological settings (data capturing, processing and communication technologies) 
to methodologies and techniques of information analysis and representation. While hardware is 
exhibiting more compatibility and functionality, software is showing outstanding interface and 
reliability capabilities that enable decision makers to process the dramatically growing volume of 
information available to them. The expanding use of the internet is re-shaping both the morphology 
and functionality of Hydroinformatics. 

d. A framework for innovation necessary for the development of new methods and tools of problem 
solving in different contexts and under different changing situations. Innovative applications and 
interventions include the following:   

 i. River modeling and management including the examination and forecasting of flooding 
  problems in urban catchments and coastal areas, river waste water quality modeling,  
  and water resource system simulation.

 ii. Policy modeling including impact assessment for harbors, marine modeling (hydro- 
  dynamic and eutorphication), data assimilation in hydrodynamic and hydrological 
  modeling and off-site nuclear emergency management, environmental examination of 
  proposed interventions for rehabilitation of irrigation schemes; and

 iii. capacity building and strategic analysis of basin-wide water resources management, lake
  and stream restoration assessment and effect evaluation of discharging treated sewage 
  in the river system, hydraulic assessment and evaluation of restoration options, environ- 
  mental monitoring of lakes and streams, oil spill modeling, pollution monitoring and 
  environmental legislation.  

This publication has been arranged into four main sections. The first section is dedicated to contextual 
analysis and the application domain of Hydroinformatics with the aim of reflecting on water manage-
ment systems and paradigms, analysis, definitions, methodologies, and integrated resource manage-
ment concepts. This section includes seven chapters. In his work on the agenda of Hydroinformatics, 
Antonio A. R. Ioris emphasizes the centrality of the social dimension of water management and issues 
related to power and political disputes and coupling IT-related issues with a thorough understanding 
of the impact of social and spatial differentials on the use and conservation of water systems. Goshu 
Worku introduces the driving concepts of integrated water management and shows the link between 
integrated watershed management and sustainable development which a country envisages to reach and 
the contribution of integrated watershed management to sustainable development. Howard et al, present 
a collaborative, stakeholder-driven resource modeling and management approach to quickly simulate 
water management strategies and support capacity building processes. In their work on internet-based 
decisions support system Salewicz et al, present a review of the possibilities offered by the use of such 
systems in water-related decision making processes. Mukhtar Hashemi and Enda O’Connell presented 
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a conceptual framework for development of policy-relevant decision support systems within the context 
of water resources management. 

The concepts investigated in the above mentioned chapters have been illustrated by case studies in 
two chapters. Majule, A.E. attributed the problems facing the effective management of natural resources 
and sustainability in the Mara River Basin (MRB) to the lack of Integrated River Management practices 
and introduced an integrated framework to assist in integrating projects, programs, stakeholders and 
cultural aspects. In her chapter on Building Sudan Water Knowledge Sharing Based on Global Technol-
ogy, Rafaa Ghobrial introduced the concepts of sharing water knowledge in Sudan.

The second section is devoted to the description of some of the methodologies used for Knowledge 
representation and reasoning in the context of water resources management. It includes three chapters. 
Farmani, et al, present a participatory approach based on causal loop diagram, Bayesian belief networks 
and evolutionary multiobjective optimization. The basic aim is manage conflicting objectives in the 
decision making process through the incorporation of the views of a range of different factors and en-
suring their involvement. Pethuru Raj Chelliah introduces the concept of Service Oriented Hydrology 
Intelligence (SOHI) through the use of the driving concepts of service oriented architectures. In the third 
chapter of this section, Bellie Sivakumar presents a comprehensive review of the applications of chaos 
theory in hydrology with emphasis on its current context and potential future progress and challenges.  

The third section of this handbook, which includes eleven chapters, is devoted to the understanding 
of the context of information modeling with some emphasis on risk management and forecasting. Using 
two wadi (Seasonal streams) discharge prediction methodologies, El Gamri, et al, focus on predicting 
the discharge of Khor (wadi) in Sudan.  Ernst, et al, presented an end-to-end methodology for assessing 
flood protection strategies to assist in decision making under conditions of climate change. With refer-
ence to the outcomes of the Risk Management of Extreme Flood Events (RIMAX) research program, 
Petersen, Cullmann and Bittner explained the process of basin-wide water resources management and 
the articulation of alternative flood management strategies. Mukhtar Hashemi and Enda O’Connell 
present an integrated methodological framework for the development of decision support systems guided 
by the core concepts of decision making and the analytical context of IWRM.  Nashon and Kiema use 
hydrological data and riparian population growth to develop a dynamic simulation model for the Lake 
Victoria’s water level to assist in mainstreaming the impact of the main drivers of the lake’s water balance. 
Ostfeld presents a review of some of the recently applied evolutionary computation methodologies to 
conceptualize the optimal design of single and multi-objective water distribution systems. Nadia Ibrahim 
describes the use of environmental monitoring to manage sediments water in the River Nile Basin with 
emphasis on Sudan. In his work on principal component analysis of hydrological data, Praus describes 
its role in obtaining information about wastewater treatment processes, drinking water quality in a city 
network and to find similarities in the data sets of ground water quality results and water-related images. 
Tagelsir Gasmelseid describes the use of system innovation methodologies to integrate management 
information systems in urban water management with emphasis on capacity building processes. Gichuki, 
et al, discuss the environmental conditions in Lake Victoria and their impacts on the fish stocks. In the 
last chapter of this section, Shadrack and Nguta describe the retention efficiency of Kimondi wetland 
in North Nandi District in Kenya in terms of nitrogen and phosphorus.

The fourth section is devoted to the presentation of the enabling technologies and information pro-
cessing paradigms. It includes four chapters. Twesigye explained the application of Remote Sensing 
Technologies and Geographical Information Systems in Monitoring Environmental Degradation in the 
Lake Victoria Watershed, East Africa. In the second chapter Gehan et al, discussed the use of GIS to in 
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follow the Fertilizers Pollution Migration. Alemaw, et al, explained in the third chapter a geostatistical 
modeling approach to improve spatio-temporal rainfall interpolation using remote sensing CCD data in 
a tropical basin. In the last chapter, Farid El-Daoushy examined the needs for using Global Tracers to 
assess Environment-climate Impacts in the Nile Basin for Decision-making. 

Tagelsir Mohamed Gasmelseid
Editor
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Expanding the 
Hydroinformatics Agenda:

Information and Inequality 
behind Water Problems

Antonio A. R. Ioris
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InTRODUcTIOn: THe neeD TO 
‘eXPAnD’ THe HYDROInfORMATIcs 
AGenDA

The search for new basis of water management 
represents one of the most relevant areas of public 
policies concerning the use and conservation of 

natural resources nowadays. Governments, regula-
tors and academics have increasingly recognised 
the socionatural complexity of managing hydro-
logical systems and called for a better integra-
tion of sectoral demands to deal with a growing, 
manmade scarcity of water (Shiklomanov, 2003). 
Water management is currently experiencing a 
transition from the previous focus on hydraulic 
infrastructure works to a new phase based on the 

ABsTRAcT

Hydroinformatics tools have increasingly offered a contribution towards the assessment of water manage-
ment problems and the formulation of enhanced solutions. Nonetheless, the search for improved basis 
of water management requires not only a combination of technical and managerial responses, but also 
a firm action against socioeconomic injustices and political inequalities. This chapter problematises 
the role of hydroinformatics in situations of established inequalities and acute management distortions. 
A case study of the Baixada Fluminense, in the Metropolitan Area of Rio de Janeiro, illustrates the 
challenges to reverse unsustainable practices where water problems have been exploited by local and 
national politicians. Although the hydroinformatics community is certainly aware of the social dimen-
sion of water management, the aim is to further emphasise the centrality of issues of power and politi-
cal disputes. The chapter concludes that the agenda of hydroinformatics needs to expand in order to 
combine state-of-the-art information technology with a critical understanding of how social and spatial 
differences affect the use and conservation of water systems.
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adaptive, co-evolutionary coordination of im-
proved responses that should be implemented at 
multi-actor and multi-scale levels (van der Brugge 
& Rotmans, 2007). A range of ‘soft-path’ solutions 
have been advocated to complement investments 
in the physical water infrastructure, such as low 
cost community-scale systems, decentralised 
decision-making, water markets and equitable 
pricing, the application of efficient technology 
and environmental protection measures (Gleick, 
2006). Most of the emerging responses have been 
informed by the principles and instruments of en-
vironmental governance, which entail a transition 
to more flexible procedures that go beyond the 
traditional forms of intervention (Conca, 2006). 
Governance entails the “formation and steward-
ship of the formal and informal rules that regulate 
the public realm, the arena in which the state as 
well as economic and societal actors interact to 
make decisions” (Hyden et al., 2004: 16). Instead 
of the conventional exercise of authority, the search 
for governance is supposed to create lasting and 
positive changes according to goals such as open-
ness accountability, effectiveness and participation 
(Batterbury & Fernando, 2006). A more sustain-
able management of aquatic systems is expected to 
emerge from the integration of multiple processes 
and the active involvement of stakeholders (Davis, 
2007), as in the case of the EU Water Framework 
Directive, which commands that the public should 
help to define the “rationale, framework, outcomes 
and validity” of the decision-making needed to 
achieve and maintain the good ecological status 
of all water bodies (European Commission, 2003: 
14). Nonetheless, if the theory and the practice 
of water management continue to incorporate the 
requisites of environmental governance, there is 
also growing evidence of persistent inadequacies, 
such as the superficial involvement of the public, 
capture of the process by elite groups and insuf-
ficient transfer of responsibilities to the local level.

It is often the case that the translation of sus-
tainability principles into action encounters major 
obstacles to breaking the link between economic 

growth and water demand (Syme & Nancarrow, 
2006) or to effectively coordinating sectoral and 
local interests with political and development 
pressures (Mollinga, 2008). Regulatory institu-
tions have been reformed in an attempt to integrate 
stakeholders and spatial areas, but these reforms 
have often failed to address a backlog of manage-
ment distortions and social inequalities (Ioris, 
2008). There is a growing appreciation that water 
sustainability requires concerted efforts towards 
forming a shared vision about the management 
of ‘socialised’ water systems (Barraqué, 2008). 
Instead of the traditional top-down formulation 
of policies and projects, the participation of local 
stakeholders passed to play a fundamental role in 
water management, which not only recognises the 
right of all to get involved, but can also improve 
the quality of the decision-making and increase 
the acceptance and ownership of sometimes con-
troversial plans (Hophmayer-Torich & Krozer, 
2008). Most countries around the world have 
tried to amend their regulatory framework and 
secure forms of public involvement and higher 
levels of transparency and accountability. The 
creation of new spaces of decision-making is also 
related to open flows of communication between 
local and central spheres of governance (vertical 
communication) and between stakeholders in the 
same area (horizontal communication). In that 
context, the example of The Netherlands is worth 
mentioning, particularly because this is a country 
where water has historically been an enemy to 
be fought and conquered, but in the last decades 
has opened new channels of communication and 
dialogue. The Dutch experience illustrates the fact 
that a participatory management of shared water 
resources requires much more than the organisa-
tion of meetings, consultations and commissions, 
but changes in the formal structure of decision-
making need to be part of a genuine process of 
decentralisation and power sharing (Enserink et 
al., 2003). In fact, public participation should not 
be romanticised but also faces serious obstacles 
that need to be removed, such as the myth of com-
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munities as coherent and cohesive bodies, the lack 
of resources and the lack of knowledge about the 
actual process and how to successfully facilitate 
it (Smith, 2008). Crucially, some of the central 
methods of deciding about the viability of projects 
and measures, namely cost-benefit analysis and 
cost-effectiveness analysis, reproduce a linear 
understanding of complex and separate spheres 
of water problems. Alternative approaches have 
been suggested for the management of informa-
tion and organisation of public involvement, such 
as participatory multicriteria analysis (PMCA), a 
procedure that weights various evaluation criteria 
in the course of the assessment via a close dia-
logue between scientists and other stakeholders 
(Messner, 2006).

The participation of the public is certainly one 
of the fundamental pillars of the water sustain-
ability agenda and has, therefore, important re-
percussions for the hydroinformatics community. 
Not only has the understanding of water sustain-
ability been greatly augmented, but the purpose of 
stakeholder participation has also evolved in the 
last decades. In contrast to the rigid water infra-
structure programmes after the Second World War, 
when the construction of large dams and irrigation 
schemes was overseen by centralised and tech-
nocratic agencies, there has been evident change 
towards more inclusive and flexible mechanisms. 
The 1992 Dublin Statement ascertains that “water 
development and management should be based 
on a participatory approach, involving users, 
planners and policy-makers at all levels” (ACC, 
1992). Admittedly, there is yet limited agreement 
on the practical meaning and actual implications 
of participatory water management (Mostert, 
2005), but it is difficult today to accept policy 
documents or official guidance that are not first 
subjected, at least, to public consultation or some 
form of stakeholder scrutiny. To a large extent, the 
continuation of unsustainable trends stems from 
a failure to engage local stakeholders in a critical 
evaluation and effective resolution of collective 
problems. It is not enough to congregate people 

around a table to establish helpful alliances and 
partnerships, particularly when water is scarce 
or environmental degradation is extensive. Re-
cent attempts have failed to incorporate the full 
complexity of social interaction and deal with 
the hierarchy of opportunities that affect the use 
and conservation of water. The unilateral flow of 
information of conventional water management 
is illustrated in Figure 1, which makes use of hy-
droinformatics as merely a source of information 
and technical justification of pre-given decisions 
(note that because of the top-down approach of 
conventional approaches, only the more powerful 
stakeholder groups have the chance to influence the 
decision-making process). The formalist manage-
ment of natural resources often interprets public 
participation as linear, cumulative and politically 
neutral, with a tendency to override existing 
decision-making mechanisms and reinforce the 
interests of the already powerful (Ribot, 2002). It 
maintains a rigid or preconceived understanding 
of social interactions, normally neglecting issues 
of group identity and political asymmetries. But it 
is power inequalities that determine how natural 
and cultural categories are incorporated into water 
regulatory institutions and influence decisions 
about management priorities and the allocation of 
resources (Alatout, 2007). This exercise of power 
can operate invisibly in the resolution of water 
conflicts through the skilful use of hard and soft 
forms of hegemony that influences stakeholder 
interaction and decision-making (Zeitoun & Al-
lan, 2008). The political hegemony of some water 
user sectors is consolidated and contested through 
everyday activities, fought over through lived 
environments and the confrontation of particular 
worldviews (Loftus & Lumsden, 2008).

As pointed out by Anand (2007), at the heart 
of water disputes are questions related to justice 
and fairness, which are directly connected to how 
citizens perceive and articulate their water claims. 
Nonetheless, participation is still too often pro-
moted without properly considering the hydro-
social and spatial arrangements that underpin the 
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origin of the environmental management prob-
lems. Therefore, a genuine discussion of the 
challenges related to water management should 
take into account the technical, managerial and 
political dimensions of water management, ex-
ploring stakeholder demands and power disputes 
in the contested arenas of policy-making and 
public participation. Hydroinformatics tools can 
play an important role in assisting the organisation 
of information, the interpretation of problems and 
the formulation of solutions by different groups 
of concerned stakeholders. That can be defined 
as the ‘expanded agenda of hydroinformatics’, a 
process that combines state-of-the-art information 
technology with an understanding of how social 
differences affect the use and conservation of 
water systems. Although the hydroinformatics 
community is certainly aware of the social dimen-
sion of water management, our aim here is to 
further emphasise the centrality of issues of 
power and political disputes. More specifically, 
the role of hydroinformatics needs to expand in 
order to become part of a more comprehensive 

and adaptive approach to understand and resolve 
water management problems. As important as the 
integration of various technical disciplines, social 
sciences should also play an important role in the 
interdisciplinary characterisation of managed 
water systems. In particular, it is important to 
search for an equilibrium between the efficiency 
and equity goals of water management, with an 
emphasis on social and environmental well-being. 
Figure 2 illustrates the heuristic, adaptive approach 
to water management, where hydroinformatics 
becomes part of systematic and constructive dia-
logue between stakeholders for the achievement 
of democratic management goals (note that the 
flow of information evolves in several directions 
and that the scientific community takes part in 
the management as only one of the stakeholders).

The production and management of technical 
information is a fundamental aspect of the con-
struction of more efficient, sustainable and equi-
table forms of water management. In that context, 
the theory and practice of hydroinformatics con-
stitute a highly significant contribution towards 

Figure 1. Representation of the conventional (unidirectional) agenda of hydroinformatics
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the review of established procedures by facilitat-
ing the understanding of, for example, the demo-
graphic challenges facing water management, 
water quality impacts on public health and the 
critical role of water demand modelling (particu-
larly in areas under water stress, where supply 
augmentation needs to be seen together with the 
management of demand). As pointed out by 
Gourbesville (2008), several decades after the 
adoption of ‘integrated water resources manage-
ment’ approaches, there is an urgent need for more 
effective, democratic decision-making processes. 
The hydroinformatics community, who offers an 
important scientific contribution to the study of 
problems and solutions, is increasingly required 
to recognise the cultural and socio-economic 
components of water problems and the contested 
nature of managerial responses. Hydroinformat-
ics has two overall purposes: it can facilitate the 
quantification and analysis of water pressures and 
impacts (Kashefipour et al., 2002; Verwey, 2007), 
and it can also allow catchment managers to ex-

plore the likely outcome of different policies 
(Gourbesville, 2008). In both cases, hydroinfor-
matics can demonstrate great potential to influence 
the improvement of water management and fa-
cilitate the active engagement of all concerned 
stakeholders. It should be noted that Abbott (1991) 
initially described hydroinformatics as essen-
tially a technological question that can reveal how 
something occurs and then influences social 
structures and relationships. Hydroinformatics 
was, therefore, seen as the study of the flows of 
knowledge and data related to the flow of water 
and all that it transports, together with interactions 
with both natural and man-made, or artificial, 
environments. Later, Abbott et al. (2001) recog-
nised more clearly that the important changes that 
happen in both hydraulics and in hydroinformat-
ics have also fundamental sociological conse-
quences, where it could be included the support 
to integrated, participatory forms of water man-
agement. Likewise, Rousseau et al. (2005) have 
submitted that recent developments in hydroin-

Figure 2. Representation of the expanded (multidirectional) agenda of hydroinformatics
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formatics and information technologies have a 
great potential to implement integrated watershed 
management and, thus, offer to stakeholders 
comprehensive decision support systems. These 
are certainly relevant elements to take into account 
for the development of an expanded agenda of 
hydroinformatics, a process that cannot be taken 
for granted but, on the contrary, remains part of 
the open debate about the future of water manage-
ment.

The next section presents the results of a case 
study in Brazil, where the interface between power, 
state and space have determined the achievements 
and failures of management approaches, particu-
larly of various flood mitigation projects that have 
significantly relied on hydrological modelling (i.e. 
one of the key hydroinformatics tools). Different 
than the experience so far, future contributions of 
hydroinformatics for that area need to be formu-
lated in the broader context of public participation 
and the fulfilment of basic human rights, a process 
that requires the creative collaboration between 
scientists, policy-makers, water mangers and the 
representatives of the different groups of water us-
ers. In order to achieve such goals, the assessment 
of problems and formulation of solutions require 
creative approaches that connect the different 
groups of stakeholders (for instance, by adopting 
the aforementioned participatory multicriteria 
analysis). As the following case study will show, 
an ‘expanded’ version of hydroinformatics is also 
helpful for thinking about the difficulty to trans-
late participative, integrated water management 
theory into practice, particularly when issues of 
technocracy and political inequality are ignored 
in the reform of water management institutions. 
That does not happen in a political vacuum, but 
it is part of a deeper and more interactive channel 
of dialogue between scientists, policy-makers and 
water users. The ‘paradigm shift’ from hard to 
soft-paths of water management (cf. Gleick, 2006) 
is, first and foremost, a political achievement that 
is related with the empowerment of previously 
marginalized communities or geographical areas.

WHen HYDROInfORMATIcs 
BecOMes enTRAPPeD In A 
LIMITeD AGenDA Of WATeR 
MAnAGeMenT RefORMs: A 
cAse sTUDY In THe BAIXADA 
fLUMInense, BRAzIL

The Area of study and the 
Local Water Problems

The challenges involved in the contemporary 
search for sustainable water management can only 
be properly understood through a combination 
of theoretical and empirical investigation. Our 
discussion focuses on water management and 
river restoration in an impoverished urban area 
called Baixada Fluminense, situated to the north 
of the city of Rio de Janeiro, in Brazil. The aim 
is to compare and contrast past interventions with 
current water projects and ongoing changes in the 
institutional framework. In order to understand 
the barriers and potentialities of involving local 
actors in the improvement of water manage-
ment and, more specifically, the contribution 
of hydroinformatics for the resolution of local 
water problems, our study followed an induc-
tive strategy that tried to compose a synthesis 
of multifarious processes associated with water 
use and management in a specific geographical 
context (Sayer, 1992). Preliminary visits and at-
tendance to open meetings started in 2007, but 
the bulk of the fieldwork took place between May 
and December 2008. In total, 44 semi-structured 
interviews were conducted with local residents, 
water abstractors, and municipal, state and federal 
authorities. The preparation of interviews and 
field trips followed the recommendation that 
overall research questions should be subdivided 
into secondary questions and then related and 
cross-referenced to relevant issues (Cloke et al., 
2004). Each interview topic comprised a cluster 
of points related to the management of water in 
the Baixada and were identified according to the 
methodical scrutiny of relevant documentation 
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and government databases. The research effort 
also included regular visits to the communities 
more seriously affected by water problems, as 
well as participant observation in meetings and 
public events (i.e. river basin committee and other 
discussion forums, public hearings related to a 
river restoration project, election campaign events, 
etc.). In addition, the study dedicated special atten-
tion to the performance of the key organisations 
responsible for water management and regulation, 
namely, the water agency (SERLA), the water 
utility (CEDAE), local authorities and the river 
basin committee.

Eight municipalities form the Baixada Flumi-
nense (Duque de Caxias, Mesquita, Nova Iguaçu, 
Belford Roxo, Nilópolis, São João de Meriti, 
Queimados and Japeri), but to most Brazilians, the 
Baixada Fluminense is an area equally associated 
with violence, deprivation and the bizarre behav-
iour of some of its politicians. This stereotypical 
image, constantly reinforced by the mass media, 
certainly conceals the full extent of a complex 
web of interactions between local people and the 
territory where they live. The use and manage-

ment of water epitomises some important aspects 
of the dynamic and contested exchanges between 
social groups and their environment. As the name 
implies – Baixada means Lowlands – this is a flat 
floodplain area under tidal influence and formed 
by the rivers that drain to the western side of 
the Guanabara Bay (Figure 3). It is revealing to 
observe that ‘fluminense’ comes from the Latin 
‘flumen’, which means river. The main hydro-
logical system, which was the main focus of our 
investigation, includes the Iguaçu River and its 
tributary the Sarapuí River, a catchment that oc-
cupies around 700 km2 or 53% of the area of the 
municipalities that form the Baixada.

Historically, the Baixada evolved as an ap-
pendix of the city of Rio de Janeiro, the former 
capital of the country. Since the early colonial 
times, local alluvial soils were explored to culti-
vate sugar cane and subsistence crops. The river 
network facilitated the commercialisation of local 
produce and served as a transport corridor for 
gold and, later, coffee brought from the inland. 
The use of Baixada as a passage area was later 
reinforced with the construction of the first Bra-

Figure 3. Location of the Baixada Fluminense in the State of Rio de Janeiro in Brazil
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zilian railway in the mid-19th century and the São 
Paulo-Rio de Janeiro Highway in the mid-20th 
century. The availability of public transport at-
tracted a great influx of immigrants (mainly from 
the Northern provinces) that arrived in search of 
jobs and opportunities. After several decades with 
very high rates of immigration (which peaked to 
around 10% per year in the 1950s and 1960s), the 
total population reached 3.2 million (IBGE, 2008). 
It was mainly the arrival of a large contingent of 
migrants to an area with limited public infrastruc-
ture that deeply shaped the recent history and the 
geography of the Baixada. Incoming residents 
were forced to occupy any piece of land available 
and transformed a rural wetland into a highly 
populated periphery of the large metropolis. The 
majority of the poorest migrants could only afford 
to live in the more flood-prone terrains and along 
the river courses. A system of polders and dikes 
was introduced in the 1930s to reclaim land for 
agriculture (i.e. which means relatively less flood 
protection than equivalent systems designed for 
urban drainage), but the floodplains were soon 
engulfed by the accelerated pace of urban expan-
sion (Kelman, 1995).

Following the inauguration of an oil refinery in 
1961, numerous industries, particularly chemical 
and petrochemical, were installed in the Baixada. 
The overall consequences of this fast pace of 
transformation is that, except in the headwaters, 
the Iguaçu River and its tributaries now show 
severe levels of pollution and degradation, espe-
cially due to faecal coliform, depleted oxygen, 
and heavy metal contamination of sediments 
(ECOLOGUS, 2007). There are also additional 
pressures related to the removal of riparian vegeta-
tion, uncollected waste, and impermeabilisation 
of urban surfaces (Rio de Janeiro, 1996). Due 
to intense manipulation of the land and rivers, 
there has been a dramatic shift from a situation 
of water abundance to the current condition of 
(man-made) water scarcity. In effect, the Baixada 
was converted from being a water exporter to Rio 
de Janeiro (in the 19th century) to a net importer 

of 90% of its water demands (by the end of the 
20th century). Most of the water distributed in the 
Baixada now comes from the Guandu River (in 
the west of the Metropolitan Region), which first 
has its flow significantly increased by a transfer 
of water from the Paraíba do Sul River Basin. The 
transfer of water may not be a problem in itself, 
at least to the receiving sites, but in the case of 
the Baixada it results in a highly unreliable water 
supply system, given that the abstraction from the 
Guandu River was primarily designed to serve the 
city of Rio de Janeiro. It means that the Baixada 
receives excess water from Rio de Janeiro, which 
creates constant problems of intermittency and, 
because of the precarious status of the pipeline, 
water quality below the desired threshold. As 
described below, several water works recently con-
structed in the area (especially through the PDBG 
programme) still remain out of operation due to 
bad project design, incomplete infrastructure 
and malfunctioning of the distribution network. 
All these projects have included rainfall-runoff 
computer models associated with topographic-
based watershed modelling to determine areas 
more prone to flooding, as well as water demand 
modelling according to simulations of population 
evolution and spatial distribution.

The Intervention of 
Government Agencies

The transformation of the river system according 
to urban and regional development pressures pro-
duced an uneven pattern of impacts and outcomes, 
which regularly re-emerges in the form of conflicts 
and disputes. A recent ‘map’ of environmental 
conflicts listed 28 of water-related disputes in 
the municipalities of Baixada involving river 
contamination, industrial leakage, inadequate 
disposal of toxic material, poor rubbish collection 
and landfill operation, urban flooding and various 
failures of public water supply (IPPUR, 2004). As 
conceded by the authors of this assessment, that 
figure is probably an underestimation of a much 
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larger number of water-related conflicts. The 
most illustrative case was related to a series of 
accidents and soil and water contamination affect-
ing the Sarapuí River caused by a large chemical 
industry in Belford Roxo. Local residents started 
to complain in 1992 about the careless operation 
of the company and the case quickly escalated 
to involve the public attorney, international ac-
tivists and scientists. After a long list of reports 
and visits, an agreement was reached in 2002 to 
give the company the opportunity to improve its 
performance; moreover, there are doubts about 
actual compliance. Water conflicts are rarely 
referred to the courts, especially because the ju-
diciary system is onerous and beyond reach for 
the majority of the population. In the Baixada, 
an additional constraint is the fact that those who 
have their houses illegally built on public land are 
reluctant to present formal complaints given the 
risk of losing their homes (Vasconcelos, 2005).

Another major source of controversy between 
local residents and governmental agencies is relat-
ed to water scarcity and lack of basic sanitation. For 
many years, researchers have identified a deficient 
water supply as the main problem affecting the 
quality of life of the local population (Cardoso & 
Corrêa, 1993). According to the national sanitation 
statistics bureau (www.snis.gov.br) around 71% 
of the population has access to water supply and 
only 28% is served by public sanitation (additional 
statistics for the Baixada Fluminense related to the 
year 2006: average household demand = 23 m3/
month; per capita water use = 0.205 m3/day; rate 
of leakage = 54%). Those not officially served 
by mains water (i.e. 29% of the population) rely 
on a combination of boreholes, water tanks, help 
from neighbours and unauthorised connections 
to the public network (it is often the case that a 
group of residents, without being authorised by 
the water utility, collectively divert and distribute 
treated water among themselves). There exists 
an exceptionally difficult relation between the 
public water utility (CEDAE) and its customers, 
with frustration on both sides. One the one hand, 

the company has had a low investment capacity 
to expand service coverage; on the other, a sig-
nificant proportion of the service is unaccounted 
for due to water thieving and lack of payment. 
Customers complain that the minimal payment 
for water service (the so called ‘social tariff’) 
is significantly higher in Rio de Janeiro than in 
other parts of Brazil.

Although the water problems – pollution, 
flooding and deficient water services – are well 
known and repeatedly mentioned in plans and of-
ficial reports (Rio de Janeiro, 2005), the solution 
seems to be continually beyond the possibilities 
of the public authorities. This persistent dilemma 
and, crucially, the related political exploitation 
of the water-related problems, lie at the heart 
of water management in the Baixada. Limited 
financial resources are not enough to explain the 
precariousness of the water services, high rates 
of insalubrity and recurrent flooding, particularly 
considering that between 1975 and 2000, around 
US$ 1.5 billion was invested in water infrastruc-
ture in the area (Porto, 2003; SERLA, 2008). It 
suggests that the underlying question is not one of 
lack of funds or technical capacity, but the selective 
allocation of resources combined with deficient 
urban planning and use of the public funds ac-
cording to political priorities. Summarised by the 
expression ‘pipelines against votes’ this paradigm 
is typical of the many public initiatives so far a 
phenomenon that Porto describes as ‘pipelinism’ 
[manilhamento] (Porto, 2003). The discriminatory 
distribution of public funds is directly related to 
the ambiguities of local political disputes, which 
unfold through a volatile combination of violence 
and populism. Politicians are known for both 
expressing their concern for the suffering of the 
population and making use of public anguish for 
their electoral benefit (Barreto, 2008). Further-
more, the instability of political alliances in the 
municipal administrations has led to an emphasis 
on short-term goals and widespread evidences 
of corruption, which all affect the formulation of 
technical responses to water problems.
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The sequence of Technical 
Water Projects

Because of the requirement to reclaim land and 
accommodate the accelerated process of urban 
expansion, there has been a constant endeavour 
to drain the wetland system and improve the 
salubriousness of the Baixada Fluminense. After 
the proclamation of the republic in 1889, the 
Province Commission of Studies and Sanitation 
(1894) and the Federal Sanitation Commission of 
Baixada Fluminense (1909) were created to carry 
out drainage studies and localised works (Souza, 
2006). The 1930s and 1940s – the first phase of 
the state-led industrialisation of Brazil – was a 
period of renewed efforts to drain and sanitise 
the area, but the rate of urban growth constantly 
overcame the response capacity of the federal 
and state governments. The situation was turned 
worse as the simple announcement of some form 
of infrastructure expansion triggered the occupa-
tion of new areas by more incoming migrants. 
During the military dictatorship (1964-1985) a 
national water supply and sanitation plan was 
launched in 1971 (PLANASA), but in the Baixada 
its implementation was turbulent and only led to 
some isolated pipeline and water distribution sys-
tems. With the return of democracy in the 1980s, 
there was a resurgence of popular mobilisation 
in the Baixada, particularly around the creation 
of neighbourhood associations and municipal 
federations of associations. The Political Commit-
tee of Sanitation of the Baixada Fluminense was 
established in 1984 as a non-governmental forum 
for the dialogue between government authorities 
and representatives of local communities.

Although this Political Committee is still 
operational today, its influence has declined dra-
matically due to both stakeholder demobilisation 
and repeated attempts from the state government 
to manipulate its members, often by catapulting 
them to paid jobs in the administration (Macedo et 
al., 2007; Porto, 2003). In 1984, the state govern-
ment launched the Global Sanitation Plan (PEB), 

which included, among other innovations, the 
‘condominial sewage’, a cooperativised model 
of low-cost sanitation that relies on a close co-
ordination between members of the community. 
Unfortunately, a constant tension between the 
state and federal administration impaired the 
implementation of the PEB: out of 576 km of 
pipelines planned, only 70 km were effectively 
installed. The overlapping of responsibilities be-
tween the three levels of administration was, and 
continues to be, a major obstacle to the resolution 
of water management problems. According to the 
national constitution, the responsibility for water 
supply and sanitation belongs to the municipal au-
thorities, but in metropolitan areas, because of the 
interconnection of pipelines across neighbouring 
towns, the state administration becomes the main 
operator. Despite the fact that legal responsibility 
is disputed between local and state authorities, 
the main source of investment is from the federal 
government, which obviously interferes in the 
final destination of resources, or from multilateral 
development agencies, which also requires federal 
approval. In practice, the cooperation between the 
different levels of public administration is never 
taken for granted, but depends on party affiliation 
and the convergence of political interests. That 
means a serious management distortions and, in 
many cases, waste of public funds.

The next state administration dropped the 
condominial technology and reduced the overall 
targets of PEB to 251 km, but even this objective 
was not achieved. In 1988, the project called ‘Re-
construction Rio’ was launched in response to the 
major floods that affected the Baixada two years 
earlier and had a total budget of U$ 288 millions, 
mostly funded by the World Bank, to deal with 
sanitation, urban drainage and solid waste. How-
ever, only half of the budget was actually spent 
due to bureaucratic delays, transition to a new state 
government and limited integration between state 
and municipal administrations. In 1994, the most 
ambitious initiative was launched, the Guanabara 
Pollution Control Programme (PDBG), with total 
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funds of US$ 860.5 millions (financed by the IADB 
and JBIC). PDBG included investments in sanita-
tion and drainage in the whole metropolitan area 
of Rio de Janeiro and for the Baixada it included 
seven new reservoirs (to serve a population of 
575,000), two sewage treatment works (to serve 
an equivalent population), and drainage, planning, 
environmental restoration and education projects 
(Rio de Janeiro, 1994). Despite the availability 
of funds, PDBG was marred by constant delays 
and was still not concluded in 2008. It was char-
acterised by ill-conceived infrastructure projects 
that could not be easily connected to the existing 
pipeline system (Britto, 2003), as well as by an 
authoritarian relation with civil society and local 
authorities (Vargas, 2001).

It is highly significant to note is the fact that 
project emphasis shifted in the early 1990s with 
water problems of the Baixada starting to be de-
scribed in more ‘scientific’ terms (i.e. the vulgar 
sense of science as something complex and man-
aged by a small group of experts), making more 
intense use of hydrological modelling and the 
analysis of flood wave dynamics (i.e. hydroinfor-
matics). A more comprehensive hydrological study 
of intense rainstorms and the flooding problem 
was published in 1996, the Iguaçu Project, which 
called for investments of US$ 400 millions (Rio 
de Janeiro, 1996). The hydrodynamic model that 
underpinned the Iguaçu Project used nonlinear 
differential equations of Saint Venant, which are 
of great application in the studies of flood wave 
propagation in open water channels. The numeri-
cal model considered 52 sections along the River 
Iguaçu and 36 sections along its main tributary, 
the Sarapuí River. The recurrence interval in-
cluded in hydrological studies was 20 years and 
the resistance coefficient (the coefficient ‘n’ of 
the Manning equation) was assumed as 0.030. At 
any rate, because of its heavy budget and changes 
in state administration, the Iguaçu Project was 
never implemented and only a subset of its targets 
was recently repackaged under a different name 
(PAC-SERLA, discussed next).

From the above examples it should be possible 
to recognise that the Baixada Fluminense has been 
at the receiving end of many water management 
initiatives related in the last 25 years. Even so, 
the trend of problems and conflicts around water 
management continues to intensify due to the 
arrival of additional migrants, the natural growth 
of the population and the lack of maintenance to 
existing water infrastructure. The irrationality of 
many projects, together with technocratic and 
centralised interventions, created a situation of 
low efficiency, wasted resources and large-scale 
informality (i.e. illegal connections to public 
mains). In our interviews, members of the public 
complained that their household problems were 
only remembered at the election campaigns and, 
in an emergency, all they can do is to plea to some 
local politicians, in exchange for votes in the next 
election. In different opportunities we tried to 
interview the lorry drivers but they vehemently 
declined; various informants mentioned that most 
water tanks are paid by the water utility, which 
has to provide emergency supply when there are 
failures in their service (but obviously only to 
those legally connected to the pipelines) and that 
are also paid by politicians in exchange for votes 
(probably making unlawful use of public funds to 
pay for the service). Considering the sequence of 
projects and initiatives in the last three decades 
in the Baixada, it can be argued that the under-
lying trend is one of regular investments not in 
the resolution, but in the maintenance of water 
problems. The apparent contradiction between 
significant sums of money being invested and 
the widespread lack of care for the local com-
munities can only be explained by considering 
the centralised and authoritarian formulation of 
investment programmes and, more importantly, 
because it is in the interest of hegemonic politi-
cal groups. It is not technical incompetence or 
lack of resources that have perpetuated the water 
problem, but instead, that the continuation of poor 
water services creates favourable conditions for 
political patronage.
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Recent Water Management Initiatives

As mentioned above, government action has 
continuously focused on the formulation of new 
programmes, often apportioning additional re-
sources to the same location or dealing with the 
same infrastructure work that was left unfinished 
in a previous project. Before an intervention is 
even completed, a new ‘generation’ of projects 
– normally launched by a different state adminis-
tration to capitalise politically from the apparent 
novelty of the new project – is passed to occupy 
the water management agenda of the Baixada. 
For instance, since 2007, the latest round of water 
infrastructure investments was announced with 
funds from the national Programme to Accelerate 
Growth (PAC). The overall programme included 
US$ 370 million for urban drainage projects (funds 
transferred to the municipal authorities), US$ 100 
million for water supply (under the responsibility 
of CEDAE, the state owned water utility) and US$ 
135 million to restore watercourses in the Iguaçu 
Catchment (under the responsibility of SERLA, 
which at the time of our research was the state 
water regulator and water resources management 
agency). We assumed here an exchange rate of 
R$ 2.00 = US$ 1.00. The latter is called ‘PAC-
SERLA’ and corresponds to a reduced version of 
the aforementioned Iguaçu Project and its targets 
include river dredging, and revegetation and 
stabilisation of riverbanks (interventions worth 
US$ 97.5 million) and removal and resettlement 
of communities living along the river (US$ 37.5 
million). Part of those investments will be used to 
conclude unfinished works initiated in previous 
projects, such as connecting water and sewage 
treatment plants that were built under PDBG and 
are still out of operation.

The study of the PAC-SERLA project pro-
vided us with a unique opportunity to compare 
current practices with the past water projects and 
assess the role of hydroinformatics. In addition, 
the documentation of the project makes repeated 
reference to the ‘sustainable use of water’ and 

the achievement of ‘environmental sustainability’ 
(ECOLOGUS, 2007), which confirms that these 
concepts that have been formally incorporated 
by local consultants and policy-makers. At its 
inauguration in July 2008 (just a few months 
before the local elections took place in October 
2008, in which water was a critical electoral is-
sue), governor Cabral declared it “an important 
work in the Baixada, which has the objective of 
saving [sic] people that live along the river and 
suffer from flooding” (Rio de Janeiro, 2008). 
The governor claimed that 2.5 million people, 
the totality of the population living in the Iguaçu 
catchment, would benefit from the project, which 
was a gross exaggeration, later confirmed by 
civil servants (cf. interview with a coordinator 
of PAC-SERLA project, 07 Jul 2008), given that 
the interventions are restricted to selected river 
stretches. In an attempt to respond to the grow-
ing demands for participation, two percent of the 
overall budget of PAC-SERLA was allocated to 
so-called ‘social targets’, which included services 
provided by a non-governmental organisation 
that was hired by the water regulator (SERLA) to 
mobilise the local population. The contract was 
for US$ 600,000 and the NGO service provider 
was selected by negotiation instead of open tender 
(i.e. even before the contract was signed, many of 
our informants were already aware of the winner). 
In confidential interviews, many professionals 
involved in this process expressed their inconfor-
mity and uneasiness with the overall direction of 
the service they were hired to deliver. Interviews 
with the residents confirmed the resentment of the 
local population with this rigid agenda of public 
mobilisation, as a lady put:

“... They are making a lot of money and are trying 
hard to make our community accept and like the 
approaches used by SERLA; these guys come here 
with ‘sophisticated’ [a sense of irony in her voice] 
techniques to persuade the population. (…) But 
we are not stupid; this is the same technical staff 
of the New Baixada Programme that came here 
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and made loads of promises. (…) We decided not 
to cooperate before they can show us a detailed 
programme of work and the engineering project” 
(interview with a resident of the Lote XV neigh-
bourhood, Dec. 2008).

On of the most controversial aspects of the 
PAC-SERLA is the removal of more than 2,300 
low-income families (around 10,000 persons) in 
order to make space for the machinery that will be 
needed to dredge the rivers. The aim is to resettle 
those directly affected in new flats (purportedly 
‘eco-friendly’ units) still to be constructed, there-
fore requiring temporary accommodation in yet 
unknown locations (ECOLOGUS, 2007). Our 
fieldwork coincided with the organisation of open 
meetings with the population and the surveillance 
of those impacted by the removal. The inspection 
of households was done by social workers hired 
by a local NGO, which had been contracted by 
construction companies that provide service to the 
government. In all meetings, civil servants and 
consultants routinely arrived hours later than the 
announced time and gave a standard PowerPoint 
presentation with only generic information about 
the project. The activities followed a conference 
style, where the authorities were not prepared to 
answer specific questions about the impacts of 
the project on the community. The overall im-
pression of the audience was that the meetings 
contributed little to improving awareness about 
the implementation of the project. In any case, 
the lack of detail didn’t seem to concern those 
in charge of the meetings: on the contrary, they 
emphasised that “in the dictatorship, people were 
removed without any consultation, but now it is 
totally different” (mentioned in a public meeting 
on 10 Nov 2008). Most of our interviews with 
residents, especially in the day immediately after 
the meetings – when people still had a clear recol-
lection of the events – demonstrated a growing 
uneasiness about the project and a high level of 
uncertainty. When confronted with our evidences 
of the shortcomings of the participatory strategy 

underpinning the project, civil servants argued 
that “the project deadlines must be met” and there 
was limited time for dialogue with the public. 
However, the technical details of the Iguaçu 
Project were still being developed and had only 
recently received the environmental licence from 
the environmental agency (FEEMA, responsible 
for nature conservation and protected areas), 
which seems to undermine the claim for urgency.

It is fundamental to realise that members of 
the public not just resisted the river restoration 
project in the light of bad previous experiences 
in the last decades (which are vividly present in 
their memories), but its implementation seems 
to repeat, under a superficial discourse of public 
participation and sustainable water management, 
the vices of earlier approaches. There is a per-
manent problem with the flow of information, 
the quality of the technical assessments and the 
basis of intersector communication. The most 
common objection among the residents affected 
by the river restoration project (i.e. PAC-SERLA) 
was the fact that only some of the families will 
be compensated for damage to or destruction of 
their houses, but the allocation of compensation 
was not yet decided. Note that there is no com-
pensation for the loss of land, since these are 
irregular settlements. Nonetheless, managers and 
engineers continually complain about the ‘bad’ 
environmental behaviour of the local population 
and their unreasonable resistance to fully accept-
ing the new water infrastructure project. But the 
population seems to have a different view about 
the project:

“They are not dealing with numbers, but with 
human beings. The people are being ignored. (…) 
The Political Committee of Sanitation has simply 
not been involved in the debate and this is the main 
arena of debate [for water supply and sanitation]. 
They have to understand. They [the government] 
should come here, learn about our personal his-
tory, our problems, family, daily tragedy. (...) But 
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that is never important for them” (interview with 
a local resident, 22 Jul 2008).

Despite the importance of addressing the flood-
ing problem in the Baixada, the implementation 
of the new project seems to closely follow the 
same centralised, top-down approach of previous 
programmes. In that context, the role of hydroin-
formatics continues to be seen as an isolated tool 
for the assessment of problems and formulation 
of technical solutions, instead of a being part of 
a more inclusive and participative basis of water 
management. As a member of a neighbourhood 
association in Duque de Caxias complained in a 
meeting in September 2008, “the various interven-
tions funded by PAC were thrown upon us in a 
finished, closed version, with no room for discus-
sion”. In particular, the open meetings organised 
to inform the population about the objectives of 
the PAC-SERLA project didn’t seem to achieve 
a successful result and residents complained that 
“they were tired of listening” and “wanted to be 
listened to”. With months of meetings that con-
tributed little to clarify this situation, there was a 
clear deterioration in the quality of the dialogue 
between civil servants, consultants and the local 
residents impacted by the flood defence project. 
The initial uneasiness about the lack of clarity on 
the details of the river restoration project gradually 
turned into a widespread opposition. For example, 
during the surveillance, social workers put a sign 
on the houses supposed to be demolished, but some 
residents started to erase those marks on the front 
doors and replaced with the sentence: “we are not 
moving”. It was possible to gauge a particular level 
of tension in a meeting in November 2008, when 
some members of the audience verbally attacked 
the civil servants conducting the activities and 
nearly reached physical aggression. At that point, 
it became evident that the recent responses to old 
water problems have not only failed to improve 
the understating of local socionatural conditions, 
but also deepened the level of distrust between 
catchment communities and government agencies.

The narrow contribution of 
the River Basin committee

Against the background of persistent institutional 
distortions and water management problems de-
scribed above, the introduction of a new regula-
tory framework through the 1999 state water law 
(Law 3239) was received with great expectations. 
The state legislation follows the principles of the 
federal law (9,433/1997) and both were influenced 
by the doctrine of integrated water management 
and environmental sustainability. That is translated 
into various articles of state law that define water 
as a public and finite good with economic value; 
it also states that drinking water has the highest 
priority among multiple uses, that the watershed is 
the basic spatial unit for planning and management, 
and that social actors should participate actively 
in decentralised management. Essentially, the new 
legislation meant a shift from supply augmentation 
alone to the management of demand according to 
multiple uses and the economic value of water 
(Braga et al., 2008). Water users are now expected 
to apply for a licence before they can abstract water 
or discharge effluent; these licences attract fees 
and charges equivalent to the level of impact (i.e. 
bulk water charges based on the ‘polluter-pays’ 
principle). Under the new regulatory regime, river 
basin committees are supposed to approve long-
term plans and resolve conflicts. It should be noted 
that several hydroinformatics-like tools have been 
used to inform the new context of policy-making 
and water management in Brazil and in Rio de 
Janeiro: hydrology and catchment modelling are 
increasingly used to justify regulatory decisions 
and investment plans. Those approaches are 
closely associated with the ‘conventional’ version 
of hydroinformatics that tends to minimise the 
relevance of social and political dimensions of 
water management and maintain a unidirectional 
flow of information.

Despite its ambitious goals, the implementation 
of the new legal framework in many parts of Brazil 
has been marked by delays and inconsistencies 
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(Ioris, 2008), but the situation in the Rio de Janeiro 
Metropolitan Area has been particularly problem-
atic and more controversial than in other states. 
The formation of the Guanabara Bay Committee 
was not the outcome of a bottom-up process, but 
was unilaterally imposed by the governor in 2005 
(Decree 38,260/2005), which contradicted the 
fragile mobilisation that had started to emerge, 
since 2001, in the east and west sections of the 
Bay. There has been some limited reaction to this 
distortion, such as a meeting called by activists in 
December 2008, but its outcome is still uncertain. 
At the same time the committee was forced upon 
the communities of the Guanabara Bay, the govern-
ment commissioned a master plan that provided 
an overview of resources and management options 
(Rio de Janeiro, 2005). The simultaneous constitu-
tion of the committee by gubernatorial decree and 
the imposition of a master plan, neither of which 
had been previously discussed with the water 
stakeholders, could only elicit serious resentment. 
The already questionable legitimacy of the new 
representative forum was further increased by 
the erratic agenda of meetings and the tone of the 
internal debates. The activities of the Guanabara 
Bay committee have so far offered little contribu-
tion to improve the overall management of water 
and to restore the environmental condition of the 
rivers of Baixada. A decade after its introduction, 
the new institutional framework is still too feeble 
to intervene in the formulation of policies and 
implementation of projects, which makes the state 
system of water management little more than a 
‘figment’ (Dantas, 2007). Maybe the fundamental 
cause of the institutional weakness of the new 
committee can be related to the observation of a 
former member of the committee, who mentioned 
that “it is not easy to keep distance between the 
government and the river basin committee, which 
often means an interference in the direction of the 
committee activities” (interview with industry 
representative, 01 Aug 2008).

The failures of the new institutional framework, 
in particular the activities of the river basin com-

mittee, are not only circumstantial problems, but 
reflect the long legacy of power asymmetry, lack of 
public accountability and capture of public agency 
by the stronger groups. This is consistent with the 
observation that participatory forums established 
to deal with water issues in Brazil have recreated 
the regional political context, acting as an exten-
sion of the party political game rather than areas 
of stakeholder negotiation (Schattan et al., 2008). 
The overall performance of the river committee 
was summarised by a NGO activist that regularly 
attend the meetings as an observer:

“No public debate is being promoted. I mean, 
there is limited consciousness of the need to have 
a democratic management of water; also the river 
basin perspective is very limited. The mentality 
has been something like ‘let’s form a committee 
that the municipal authorities and all the rest will 
follow suit’. But it didn’t work like that. (…) We 
had already ‘thousands’ of elections and every 
time the problems are the same, but these are not 
limited to the lack of resources. There are many 
other issues involved: waste of resources (…), 
the rationality of massive projects, the control of 
public organisations, and so on” (interview on 
23 Jul 2008).

Because of its institutional weaknesses, the 
Guanabara Bay Committee has been virtually ab-
sent from the controversies around infrastructure 
and development programmes that are likely to 
have major impacts in terms of water management 
in the Baixada. A new petrochemical complex 
(Comperj) is being constructed in the vicinities 
of Baixada, on the eastern section of the Guana-
bara Bay, which will represent a major increase 
in water demand in the Metropolitan Area of Rio 
de Janeiro. It is intriguing that the petrochemical 
project was approved by the federal government 
– in an area already suffering from water deficits 
– without any decision about water supply (five 
possible alternatives were under consideration 
at the time of our fieldwork). The intensification 
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of road traffic associated with Comperj will also 
require the construction of a new road by-pass 
(called the Metropolitan Crescent) to connect the 
petrochemical plant with the Port of Sepetiba on 
the other side of the Metropolitan Area. One of the 
most negative impacts of the Metropolitan Cres-
cent is the fact that it is likely to lead to additional 
housing expansion over the last remaining areas 
of natural vegetation, located in the headwaters of 
the Iguaçu River and have been so far preserved 
due to their being relatively difficult to access.

DIscUssIOn

The local experience demonstrates that the 
Baixada Fluminense suffers the problems of the 
conventional water management that makes a 
utilitarian use of hydroinformatics (illustrated in 
Figure 1), namely the centralisation of decision-
making and the unidirectional flow of informa-
tion. The local water management problems are 
not uncommon in peripheral metropolitan areas, 
particularly in Southern countries, that in recent 
decades experienced fast rates of growth and lim-
ited investments in infrastructure. Nevertheless, 
the specific circumstances of the Baixada reflect 
a combination of long-term social marginaliza-
tion, abandonment of the local river system and 
lack of proper regulatory measures. This gamut of 
problems is not simply a sign of incompetence or 
lack of commitment on the part of civil servants, 
water modellers and engineers – who, in our 
opinion, demonstrate a sincere will to improve 
the local circumstances – but is an indication of 
stronger underlying distortions created by decades 
of authoritarianism, populism, inadequate urban 
policies and disregard for the daily suffering of 
the local population. In other words, the limited 
integration between public authorities and between 
spatial areas, the ever-growing need for additional 
funds and the deficiency of urban planning and 
environmental regulation are ultimately manifes-
tations of an entrenched legacy of social exclusion 

and environmental injustices. As mentioned in 
the introduction, conflicts around water use and 
conservation are intrinsically related to issues of 
fairness and the democratisation of management 
strategies. The most important manifestation of 
water unsustainability in the Baixada is precisely 
the fact that problems are identified and responses 
are formulated, but impacts and inequalities are 
constantly reproduced through development poli-
cies and the authoritarian attitude of public agen-
cies. It means that water problems is not simply 
the trend of bad water quality and water scarcity, 
but is deeply embedded in the highly asymmetric 
balance of power between the local communi-
ties and the political and economic priorities of 
regional development.

The institutionalised weaknesses of water 
management in the Baixada have re-emerged in 
recent attempts to respond to social and environ-
mental demands through the implementation of 
the new water legislation (informed by the goals 
of integration and sustainability). To be sure, 
the new institutional framework is certainly an 
improvement in relation to the decision-making 
carried out during the dictatorial period or even 
the populism that characterised government ac-
tion earlier in the 20th century. However, a more 
qualitative assessment of these recent develop-
ments reveals a disturbing paradox: the adoption 
of key elements of the agenda of water sustain-
ability has not resulted in more democratic and 
inclusive water policies. As openly stated by the 
chief-director of the water regulation agency 
(SERLA), “it is not because the committee recom-
mends something that the intervention of public 
agencies will have to follow it” (cf. minutes of 
the Guanabara Bay Committee meeting, 24 Apr 
2008). If current policies and initiatives have 
broadened the agenda to formally include ele-
ments of public participation, these still operate 
within the limited space created by the technocratic 
rationality that conceals or denies the political 
dimension of water problems. As described by 
Cooke and Kothari (2001), behind a discourse of 
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participatory democracy, there are only rigid and 
centralised forms of decentralisation. Although the 
new regulatory context encourages the formation 
of a ‘multistakeholder dialogue’ that is supposed 
to involve all social actors of the Guanabara Bay, 
it is normally the case that government agencies 
maintain a privileged position in the decision-
making process, while most of the other stakehold-
ers are not really considered as partners. The lack 
of access to information and decision-making in 
the Baixada are essentially part of broader picture 
of deprivation and social exclusion.

Water problems in a highly populated area, such 
as the Baixada, serve as an appealing justification 
for new official initiatives and investment plans, 
although no programme is ever formulated in 
consultation with the local communities. On the 
contrary, the political machinery benefits from 
the manipulation of social despair with electoral 
promises and, between elections, the occasional 
provision of water tanks. In the last two decades, 
despite substantial amounts of money invested 
in water infrastructure (estimated between one 
and one and a half billion dollars), the level of 
pollution, flooding and water scarcity has only 
increased. There is still plenty of evidence that, 
despite changes in the rhetoric, water managers 
and policy-makers maintain a detached and highly 
structured dialogue with local communities and 
their political leadership. It is not enough to call for 
‘public participation’ and ‘non structural measures’ 
(to replace more rigid engineering interventions) 
when the problems of water management remain 
related to the asymmetric balance of power and 
democratic deficits. The engagement of the local 
public cannot be only a formal requirement of 
public guidelines or development programmes, but 
needs to be seem as part of a more radical process 
of change (Hickey and Mohan, 2004) and should 
necessarily include distributive and compensatory 
measures (Schlosberg, 2004). Water management 
demands are identified in one project only to be 
replicated in the next, with waste of resources and 
frustration of expectations. Successive projects 

have been hampered by implementation delays 
and, since 1990, been characterised by an increas-
ing ‘scientificisation’ of water management with 
an increasing use of hydrodynamic modelling. 
However, deification of computer models has also 
proven inadequate to deal with the political and 
socio-economic origins of water problems, namely 
the chaotic urban expansion and the widespread 
condition of poverty and marginalisation. Com-
puter modelling certainly represents an important 
tool for the understanding of processes and future 
scenarios, but it needs to be seen in the broader 
context of decentralisation and public participa-
tion. As pointed out by Frodeman (2006), in terms 
of policy-making, our sophisticated models have 
probably already ‘done their job’ and now have a 
more heuristic, rather than predictive role.

cOncLUsIOn

Given the increasing complexity of the envi-
ronmental debate nowadays, there is a pressing 
demand to expand the agenda of hydroinformatics 
and develop innovative methods that comprehen-
sively integrate the technical and sociological 
dimensions of water management questions. 
Before anything else, it is important to recognise 
that the asymmetry of information is, first and 
foremost, an expression of the prevailing context 
of unsustainability and environmental injustice, 
within which social impacts and ecological deg-
radation have been produced and systematically 
reinforced. Goals such as ‘adaptive management’ 
and ‘public participation’ have occupied the centre 
stage of the contemporary context of water policy-
making. In that sense, as the Baixada Fluminense 
experience demonstrates, hydroinformatics cannot 
be circumscribed to the hydrological modelling 
that underpins technical decisions, but it needs 
to be part of a skilled process of combining and 
complementing different dimensions of water 
management. In the project area used as a case 
study, a sequence of technical assessments has sys-
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tematically neglected the socio-political context 
of the local water problems and, as a result, has 
contributed to reinforce existing distortions rather 
than offer effective and equitable answers to water 
scarcity, pollution and flood events. The upgrad-
ing of hardware capability and numerical models 
applied to water management should benefit from 
a close interdisciplinary dialogue between social 
and physical disciplines. A sustainable approach 
to the management of water requires going be-
yond the simple coupling of society and nature 
together to involve the construction of shared 
understandings of problems and solutions. There-
fore, the new generation of water models and other 
hydroinformatics tools should incorporate novel 
mechanisms of communication between, first, 
water modellers, physical and social scientists, 
and, second, between the academic community, 
policy-makes and water stakeholders. Such a 
dialogue can only prosper by acknowledging, 
and reacting against, the social differences and 
the uneven balance of power that underpin the 
allocation, use and conservation of water.
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KeY TeRMs AnD DefInITIOns

Collaborative Governance: An interactive 
and adaptive process that aims to transform and 
improve social relations by creating new knowl-
edge networks among interdependent actors and 
interests. It provides the kind of response repertoire 
that is required to begin coping more effectively 
with complexity and uncertainty that characterise 
contemporary water management questions.

Environmental Governance: The search for 
more flexible and innovative forms of environ-
mental regulation that combines state and non-
state actors in the assessment of problems and the 
formulation of holistic and adaptive responses.

Environmental Justice: A political and aca-
demic process whose objective is to understand 
and remove the inequitable environmental burdens 
borne by groups and economically disadvantaged 
areas, and to promote a fair access to natural 
resources and ecosystem services.

Expanded Hydroinformatics: The combina-
tion of state-of-the-art information technology 
with an understanding of how social differences 
and power imbalances affect the use and conser-
vation of water systems.

Interdisciplinarity: A process of answering a 
question, solving a problem, or addressing a topic 
that combines, in a systematic and productive 
fashion, the knowledge and methods of multiple 
disciplines. Normally, the aim of interdiciplinary 
studies is to find a common ground between 
physical and social sciences that had historically 
been largely divorced.

Water Regulation: The formulation and 
implementation of legal requirements and gov-
ernment policies.

Water Management: The application of meth-
ods and techniques for the use and conservation 
of water and related ecology.
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Chapter 2

Integrated Watershed 
Management for Sustainable 

Development
Goshu Worku

Water Works Design & Supervision Enterprise, Ethiopia

ABsTRAcT

The over exploitation of natural resources (soil, water, fauna and flora) is critically affecting the social, 
economic and environmental needs of the current generation and is feared to risk the ability of the future 
generation to meet its needs. Nowadays citizens in many countries are facing severe livelihood chal-
lenges ranging from seeking for external aids for existence to massive life devastation due to natural 
hazards such as flooding & land slide imposing death tolls. The degradation of the natural environ-
ment imposes the threatening of life not only in those less developed nations but also life all over the 
globe. The problem is more pronounced in less developed countries like the Eastern Nile Catchment 
nations. Sustainable development is hoped nowadays to be a promising solution. In this regard inte-
grated watershed management is a potential tool for bringing about such a promising tool, by laying 
better ground for sustainable development. This chapter is prepared with the intent of showing the link 
between integrated watershed management and sustainable development which a country envisages to 
reach, and the contribution of integrated watershed management to sustainable development. Various 
previous documents are reviewed and used as sources of information for the preparation of the write 
up. The author’s professional experience on the current overall natural resources condition is an added 
value, too. Sustainable development, which can be achieved through proper conservation and utiliza-
tion of the existing resources by employing integrated watershed management, is development which 
meets the needs of the present without compromising the ability of future generations to meet their own 
needs,. Integrated watershed management is the process of formulation and carrying out a course of 
actions involving the manipulation of resources in the watershed to provide goods and services without 
adversely affecting the soil, water, vegetation base and other elements of the ecosystem, by employing 
multi-disciplinary teams.

DOI: 10.4018/978-1-61520-907-1.ch002
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InTRODUcTIOn

General Background and Objectives

The main watershed areas of Eastern Nile Coun-
tries (Ethiopia-Sudan-Egypt) are of the world’s 
most critically eroded ones. Due to the increasing 
problems of population and poverty, it is important 
to control erosion in these areas. The ecosystem 
of the region is being highly troubled and is be-
coming degraded, to the extent that it feels painful 
for its inhabitants and risking seriously the life of 
future generation.

While the region’s water and land resources 
endowments are abundant, very little has been 
accomplished in the way of proper and sustainable 
exploitation for the economic benefit of the people 
of current generation and availing the agenda on 
the fate of the future generation. The main chal-
lenges on the inability of nations to use the land 
and water resources are complex in nature and 
widespread. Some to mention are poverty and/
or poor livelihoods condition, geographic limi-
tations related to topography and climate, weak 
policies and weak institutional arrangements to 
manage development efforts, and similar limita-
tions. This inability to go ahead has been and is 
being imposing severe and additional burdens to 
the environment/land resources and the residing 
community. In this regard, development systems 
and accomplishments in such areas are neither 
benefiting the current generation nor saving for 
the future generation. The region has been the 
victim of food insufficiency and famine and is 
not hoping to last shorter if the current trend in 
the management and utilization of the natural 
resources is allowed to continue.

Since the 1980s aid to the third world is subject 
to fashion; some are trivial and short-lived and but 
others are long lasting and reflect deep concerns 
about the nature and direction of development, 
and today’s fashion is sustainable development 
(Todaro & Smith, 2003). The concept of sustain-

able development has attracted the attention of 
many more development workers, researchers, 
academicians and policy makers too.

People all over the world are feeling the impacts 
of global flood hazards, typhoons, energy looses, 
drought-induced food shortages, and similar short-
falls which discomfort livelihood situations. More 
importantly, the third world, and specifically the 
Eastern Nile nations are the hard-hit parts in re-
gards to drought-driven famine and starvation and 
in-ability to make life comfortable. The problems 
are complex and serious and can’t be addressed in 
the same way they are created. But it is possible 
to act against them (IISD, online June 2008). It’s 
that basic optimism that motivates development 
practitioners, associates and all to innovate for 
a healthy and meaningful future for this planet 
and its inhabitants. This chapter too is prepared 
with the objective of showing the contribution of 
integrated watershed management for sustained 
use of natural resources thereby its contribution 
for sustainable development.

Integrated watershed management as a process 
of creating and implementing plans, programs, 
and projects to sustain and enhance watershed 
functions that affect the plant, animal and human, 
communities within a watershed boundary, and 
also in participatory way could be able to bring a 
sustained development to the nations. Landown-
ers, land use agencies, storm water management 
experts, environmental specialists, water use 
surveyors and communities all need to play an 
integral part in the management of a watershed, if 
sustainable development is expected to be in place, 
and therefore, livelihood security is demanded.

For the preparation of the chapter, literatures 
were reviewed to draw important facts on what 
sustainable development is to mean, how sustain-
able development could be achieved and what 
integrated watershed management is to help for 
sustainable development.
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sUsTAInABLe DeVeLOPMenT

Definition and concepts

Sustainable development has increasingly enjoyed 
attention in the development realm since the late 
1980s (ACDS, 2002). Sustainable development 
has been defined in many ways, but the most 
frequently quoted definition is that found in 
Brundtland Report (UNCED, 1987). Sustain-
able development is defined as development 
which meets the needs of the present without 
compromising the ability of future generations 
to meet their own needs (UNCED, 1987). This 
definition suggests that development is sustainable 
where it meets the needs of the present without 
compromising the ability of future generations to 
meet their own needs. In the Commission’s words 
sustainable development is a process of change in 
which the exploitation of resources, the direction 
of investments, the orientation of technological 
development, and institutional change are made 
consistent with the future as well as present needs 
(GDRC). The discussion on needs is closely related 
to problems of poverty especially in the Third 
World. It is emphasized that the fulfilling of human 
needs and aspirations is the most important goal 
for all development efforts throughout the world.

The FAO defined sustainable development 
as the management and conservation of natural 
resources base and the orientation of technological 
and institutional changes in such a manner as to 
ensure the attainment and continued satisfaction 
of human needs for present and future genera-
tions. Such sustainable development conserves 
land, water, plant and animal genetic resources 
and is less risky, environmentally non-degrading, 
technically appropriate, economically viable and 
socially acceptable.

Sustainable development is maintaining a deli-
cate balance between the human need to improve 
lifestyles and feeling of well-being on one hand, 
and preserving natural resources and ecosystems, 
on which we and future generations depend. Sus-

tainable development implies economic growth 
together with the protection of environmental 
quality, each reinforcing the other. The essence of 
this form of development is a stable relationship 
between human activities and the natural world, 
which does not diminish the prospects for future 
generations to enjoy a quality of life at least 
as good as our own. Sustainable development 
respects the limited capacity of an ecosystem to 
absorb the impact of human activities. It tries to 
provide food, fuel, fiber and shelter for the ever 
increasing world population on sustainable basis.

Sustainable development requires a simultane-
ous progress in four dimensions: the environmental 
dimension, the economic dimension, the social 
dimension and the institutional dimension. That 
is, it must improve economic efficiency, protect 
and restore ecological systems, and enhance the 
well-being of all peoples. There is an often-quoted 
fifth dimension, the technological dimension. It 
will also need new technologies that are more 
efficient and have fewer adverse impacts on the 
environment. There are close linkages and inter-
actions between these dimensions. For example, 
if economic growth is to be sustainable it cannot 
ignore the environmental effects of that growth 
and it cannot succeed without development of 
human resources.

Importance of sustainable 
Development

The world’s population is expected to grow from 
6 billion today to at least 8 billion in the year 
2025 (Lier & Wrachien, 2002). Majority of the 
population especially in the Third World is directly 
dependent on the natural resources specifically on 
land resources. Due to the dependency of people 
for their livelihood, the natural resources are under 
high pressure and there is a rapid degradation of 
the natural resources. Achieving food security 
and improving the quality of life, while preserv-
ing the environment, will continue to pose major 
challenges to scientists, decision-makers and 
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technicians in the years to come. Considering the 
high dependence of majority of the population on 
natural resources for survival on the one hand and 
the rapid degradation of the natural resources on 
the other hand, developing and implementing a 
sustainable development plan is a top priority. The 
wise use of land resources through an integrated 
watershed management planning and develop-
ment will play a role of paramount importance 
in the provision of food for future generations. 
Unsustainable development on the other hand 
depletes or runs down capital, spending assets as 
if they were income and so leaving less or none 
for future generation. The management and use 
of the natural resources should result in uses that 
are sustainable.

In the past, growth in demand for food has 
been met by expanding agricultural land, but the 
availability of new land is limited, seeking for 
sustainable use of the already existing agricultural 
lands. This means that the traditional ways to 
increase production are facing a new challenge: 
how to find a new balance between agricultural 
development and the conservation of the natural 
resources (Lier & Wrachien, 2002) is the new 
challenge. Proper management and utilization 
of the natural resources through proper planning 
employing participatory integrated watershed 
management approach could bring about sustain-
able use of the resources and solve the social and 
economic status of the citizens without risking 
the right of the future generation to comfortably 
using the natural resources.

sustainability Indicators

The indicators for whether sustainable develop-
ment is brought about or not could be measured 
based on its major components. The indicators 
of sustainable development are measured by the 
sustainability use and existence of economic, so-
cial, institutional and environmental requirements 
of citizens for the current and future generation. 

The most pressing sustainability indicators are as 
discussed below.

1.  Environmental sustainability is achieved 
when the productivity of life supporting 
natural resources are conserved or enhanced 
for use by future generation.

2.  Economical sustainability is achieved when a 
given level of expenditure can be maintained 
over time.

3.  Social sustainability is achieved when social 
exclusion is minimized and social equity 
maximized.

4.  Institutional sustainability is achieved when 
prevailing structures and processes have the 
capacity to continue to perform their function 
over the long term.

InTeGRATeD WATeRsHeD 
MAnAGeMenT

concepts and Principles

Watershed Defined

A watershed is a hydrological unit that has been 
described and used as a physical-biological unit 
and also, on many occasions, as a socio-economic-
political unit for planning and management of 
natural resources. All watersheds contain many 
kinds of natural resources - soil, water, forest, 
rangeland, wildlife, minerals, etc.

Watershed Management Defined

Watershed management is the process of formulat-
ing and carrying out a course of action involving 
the manipulation of resources in a watershed to 
provide goods and services without adversely af-
fecting the soil and water base. Usually, watershed 
management must consider the social, economic 
and institutional factors operating within and 
outside the watershed area.
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The major objective of exercising watershed 
development could be to improve the livelihood of 
communities or households through comprehen-
sive and integrated natural resources development 
and conservation, to optimizing the use of natural 
resources and untapped potentials in the given 
watershed. These objectives could be achieved 
by conserving soil, rainwater and vegetation, 
harvesting surplus water, promoting sustainable 
farming, rehabilitating and reclaiming marginal 
lands and enhancing the income of individuals.

elements of Watershed Planning

Lakew, et al., (2005) classified elements of water-
shed planning (conventional and integrated) in to 
two. These are biophysical and socio-economic. 
Many authors used to describe both elements 
fully or partially in their write up. Some writers 
give much emphasis for one and others for the 
other. This approach did not bring any significant 
change, of course backed by other problems related 
to participation and integration of components 
and actors.

Morphometric Properties in 
Defining the Watershed

The morphometric properties of a watershed and 
their implication to watershed development plan-
ning are presented. The chapter will not see in 
depth, but would like to remind the critical need of 
thorough consideration while watershed planning.

Analysis of the physical features of the catch-
ment leads to understanding of stream-catchment 
relationships and predicts the effects of human 
influences on different stream types (Abdel-Fedil). 
In most conventional watershed management 
planning studies, the morphometric properties of 
a watershed are not considered and contributed 
less. This is basically due to the ignorance by 
senior professionals and the little knowledge by 
the majority of development practitioners. The 
morphometric properties of a watershed includes 

(Suresh, 2002), the watershed’s geometry and 
it’s stream channel system to measure the linear 
aspects of drainage network, aerial aspects of 
drainage basin and relief aspects of channel net-
work and contributing ground slope too. These 
include stream orders, stream length, length ratio, 
length of overland flow, elongation ratio, drainage 
density, stream frequency, ruggedness number, 
butrification ratio, form factor, circularity ratio, 
compactness factor, etc.

Integrated Watershed Management

While different people may define integration 
differently, a common approach is to emphasize 
the integration of disciplines or objectives (Ger-
man et al., 2006). It is increasingly clear that the 
success of watershed management programs rests 
on the integration of conservation with livelihood 
goals, technical with institutional interventions. 
Integrated watershed management (IWSM) is the 
planning and management of natural resources of 
a given watershed in an integrated and harmonized 
way. Since watershed management involves 
decision-making about use of resources for many 
purposes, a multi-disciplinary approach is essen-
tial. Work should include government institutions 
from various disciplines, and also involve people 
from different parts of society.

Historical Development of IWSM

Evidences indicated that the historical perspective 
and the conceptual development of IWSM has 
been originated with the objective of integrating 
the management and use of the various land re-
sources in a harmonized way, thereby managing 
the land resources for future and conserved way. 
According to the sources at it’s born, IWSM has 
been originated in the management of drainage 
areas where forests and natural vegetation have 
been dominant land use types intermingled with 
other types of land use patterns. Therefore, the 
evolving of this concept as a scientific discipline 

www.ketabdownload.com



27

Integrated Watershed Management for Sustainable Development

has originated at forestry schools of universities 
and its field practices have been carried out mainly 
by forestry organizations.

Nowadays, IWSM has been adopted in every 
development projects. Governments and NGOs 
in different countries all over the world, have 
conceived the necessity of exercising watershed 
based rural development approaches and in many 
countries in an integrated way. IWSM approach 
is a good alternative to effectively address the 
social, environmental and economic problems 
associated with planning and constructing new 
dams (Bezuayehu & Stroosnijder, 2007).

Objectives of IWSM

The protection, improvement and rehabilita-
tion of watersheds are of critical importance in 
the achievement of overall development goals 
(Sheng, 1990). The general objectives of IWSM 
(Gizachew & Solomon, 2003), is to design a land 
use system that utilizes the natural resources of 
an area to the maximum sustained benefit of the 
inhabitants and to improve the living standards 
of the community.

The basic objectives of IWSM include but 
not limited to:

1.  Reduce soil erosion induced land degra-
dation, environmental pollution through 
Protection, conservation and improvement of 
the land resources for efficient and sustained 
production and boost agricultural production 
(livestock, crops) and provide biomass (fod-
der, timber, firewood, straw, fiber, fruit, etc) 
to improve the livelihood of communities,

2.  Protect and enhance water resource, moder-
ate floods and reduce silting up of reservoirs, 
increase irrigation and conserving rainwater 
for crops and thus mitigate droughts,

3.  Provide basic infrastructure for improving 
efficiency of production, marketing and 
services like water supply, road, etc,

4.  Motivate local people to consider the devel-
opment plan as their own and be more willing 
to participate in its design, implementation 
and monitoring.

5.  To protect upstream and downstream areas 
from landslide, degradation, being eaten 
away, floods, breaking of infrastructures, 
sedimentation of reservoirs, etc,

Principles of IWsM Planning

As outlined by many authors (Lakew et al., 2005; 
and Tripathi & Singh, 1993) the major principles 
in applying an integrated watershed management 
development are discussed below: -

1.  Integrated/multi-disciplinary team work: 
Watershed management is a coordinated 
analysis by a team of professionals repre-
senting various disciplines.

2.  Manageable size of the watershed: While 
selecting a watershed for development, the 
size need be decided based on the capabili-
ties of the implementer managing capacity.

3.  Participatory: Watershed communities 
need to be involved in all stages of plan-
ning, implementation and management of 
watershed development activities.

4.  Gender sensitive: Women are the most 
affected by environmental hardships, and 
therefore, their involvement in watershed 
development planning, implementation and 
management is the key to ensure that they 
equally benefit from the various measures.

5.  Building upon local experience, strength 
and what works: Local knowledge is es-
sential to improve existing technologies, 
to adapt new ones and to manage natural 
resources and other measures once they are 
introduced and established.

6.  Realistic, productive: Watershed develop-
ment planning should be realistic, based upon 
local capacity, locally available resources 

www.ketabdownload.com



28

Integrated Watershed Management for Sustainable Development

and other forms of government and partners 
support.

7.  Watershed logic and potential respected: 
Adoption of ridge to valley approach, of 
manageable size, and focused on interactions 
between land uses and their capability.

8.  The need for flexibility at different levels: 
Flexibility is a key criteria required in IWSM 
to fit in local conditions at all stages of the 
management process.

9.  Cost-sharing and empowerment/owner-
ship building: Cost-sharing by stakeholders 
contributes to the sustainability of a project 
for establishing the responsibility of vari-
ous stakeholders in the management of the 
resources.

10.  Complementary to food security and rural 
development mainstream (including HIV/
AIDs, health and education, and others): 
To the extent possible, watershed develop-
ment planning should incorporate additional 
elements related to basic services and social 
infrastructure.

THe WAY TO sUsTAInABLe 
DeVeLOPMenT

General

The development strategy of most developing 
countries has depended mainly upon the exploita-
tion of their natural resources. Unfortunately, the 
strategy did not bring about the expected results but 
created environmental degradation and increased 
poverty (WB, 2003). The success of development 
cannot be measured by economic indicators alone. 
The cost of environmental degradation should also 
be assessed to measure the progress in direction 
of sustainability, which should take into account 
social, environmental, economic, political, de-
mographic and cultural factors. These factors are 
under pressure and are challenging the lives of 
citizens in the Third world countries resulting in 

serious development challenges including rampant 
poverty, hunger, environmental degradation, etc. 
The major causes of poverty are physical, social, 
economic and political (Alemayehu, 1999).

According to Alemayehu (1999) these prob-
lems are directly or indirectly related to the mis-
utilization of natural resources and are the results 
of mismanagement of the existing resources (bio-
physical and socio-economic). Unless otherwise 
properly managed in a harmonized way, improve-
ment and better management and utilization of 
these resources thereby to improve the livelihoods 
of the community under consideration could not 
be envisaged.

IWsM towards sustainable 
Development

Optimal management of natural resources is vital 
for the world in general and to the developing na-
tions, in particular. Resources of many developing 
countries have come under severe strain over the 
past few decades in view of the ever-increasing 
demographic pressure. Deforestation, desertifica-
tion, soil erosion and salinisation have degraded 
the environment, threatening the food security and 
economic development of many countries. Over 
exploitation of resources to meet the burgeoning 
requirements is leading to crowded crop lands, 
falling water tables, declining biodiversity, over-
fishing and increased pollution.

Poor management of natural resources on 
watersheds is a major cause of land and water 
degradation and rural poverty in the world today. 
The main cause of such mismanagement is lack 
of appropriate policies that encourage application 
of known watershed management principles and 
practices, including both structural and vegetation 
management options.

Watershed management and upland conserva-
tion provide a means to achieve sustainable land 
and water resource management. The management 
of natural resources and the management of water-
shed as a single entity has its own severe peculiarity 
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with the main objectives of the natural resources 
in the watershed, there is a great an evitable need 
to integrate all planning and management activi-
ties into a whole to fulfill the main management 
objectives and sustainability of precious resources 
for the continual welfare of the community living 
in the watershed. In the current watershed manage-
ment activities, the classic definition of watershed 
management has been improved by entering the 
concept of integration and better sustainability of 
land, water and economic and social resources to 
upgrade human welfare in a quality environment. 
A wise and effective integration of all efforts and 
activities towards the sustainability of quality 
watershed development is badly important to 
enhance resource development activities.

Watersheds are units of territory within which a 
hydrological subsystem produces water; and at the 
same time it is an economic and social subsystem 
that is at work under the impulse of man, capital, 
labour and technology. Watersheds produce goods 
and services – from crop and animal husbandry, 
from forestry, and from leisure activities for which 
the demand comes chiefly from the people of the 
area. Marketing such goods and services gener-
ates income and contributes to the development 
process (Fernández). As discussed by Fernandez 
integrated watershed management consists in the 
formulation and application throughout a catch-
ment basin, both upstream and downstream, of 
an integrated series of actions designed to secure 
sustainable development and to keep as low 
as possible any negative environmental effects 
on the water resource used by the downstream 
population. Sustainable development in watershed 
management could take the following approaches:

a.  economic, social and cultural development 
respecting the limitations of the natural 
environment, human – family – values, and 
operating permanently in the territory in 
harmony with nature;

b.  diversified economic activity, grounded in 
profitable agricultural and forest develop-

ment, and less polluting in the use made of 
natural, human and landscape resources, in 
a manner more in harmony with the local 
context;

c.  high degree of self-management achieved 
through participation, organization, training, 
education and the publicizing of achieve-
ments, together with the decisive support 
of public institutions in the provision of 
infrastructure and of essential services, and 
others.

There is a crucial need for a well organized and 
harmonized/integrated development planning and 
management of the resources in the watershed/
catchment area. For the purpose of integrating the 
proper use and development of watersheds, an 
IWSM approach has been employed in different 
areas and has showed promising success. And 
now and in the future this sustainable use of the 
existing priceless and priced natural resources, 
which are the sole hopes for the development of 
the underdeveloped nation need be managed well 
and utilized in a sustainable way. This is potentially 
hoped through a critical review, adoption, and 
seriously routing of a participatory and integrated 
watershed resources management planning and de-
velopment. Integrated planning and management 
of land resources is required for sustainable use 
and development of natural resources. Farmers, 
NGOs, self-help groups, State and Water Users’ 
Associations have to participate en masse for 
promoting integrated watershed development and 
water harvesters have to make their land green for 
avoiding chronic droughts and famines.

Sustainable development could be achieved 
through properly planned, well managed and 
proper utilization of the existing resources without 
affecting their sustainability. This is hoped to be 
possible through the adoption and implementation 
of IWSM principles. An integrated and participa-
tory approach in management watersheds has 
become a green light for sustainable and rational 
utilization of the existing resources of an area/
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watershed, so that the current community will be 
benefited to the best and the fate of the incoming 
generation will not be compromised.

Watershed management is a powerful planning 
tool involving a holistic approach emphasizing the 
inter-connection between the natural resources 
used by upstream and by downstream dwellers. 
It translates into a practical application both of 
the ecosystem concept and of the principles of 
ecological science, and into approaches condu-
cive to sustainable development. In addition, it 
facilitates monitoring and evaluation of the impact 
of investment in slope conservation in its role in 
watershed management and the protection of the 
strategic value of this resource.

The proper management of land, its water, 
forests, minerals, pastures, and wildlife is crucial 
for sustainable development and this is true to be 
achieved through proper and integrated watershed 
management development planning. According to 
Lier and Wrachien (2002) a systematic assessment 
of land and water potential, alternatives for land 
use and economic and social conditions in order to 
select and adopt the best land use options for the 
purpose to select and put into practice best land 
uses that will best meet the needs of the people 
while safeguarding resources for the future is 
possible by following an integrated approach. 
The driving force in planning should be the need 
for change, the need for improved management 
or the need for a quite different pattern.

Sectoral cross link is a mandatory to imple-
ment an integrated watershed management and 
the link should consider the local knowhow and 
utilization of local resources to augment local 
development efforts. For example, in water con-
servation activities, rain water harvesting has been 
implemented in few years past in Ethiopia. But, 
this program is proved to have failed to convey 
about any significant changes in the technology 
adoption, and securing food security. Water har-
vesting technologies, such as using local heater 
ash with compaction (Goshu & Tena, 2007) and 
salt with compaction are researched at prelimi-

nary level, to have good potential for reducing 
seepage loss in water harvesting ponds. But these 
technologies did not get the appropriate attention 
even for researching. Similar and even more ap-
propriate technologies, though researched or not 
researched, needs the attention of various actors 
of development.

IWsM and sustainable 
Development in the eastern nile

Endowed with fertile agricultural land and excess 
water resources, citizens in the Upper Nile catch-
ment especially in Ethiopia, have been heard to 
hunt for external aid, and if not, being highly 
smashed with food arrears. These problems are 
always triggered to simple and complex natural 
and synthetic grounds, which are known as evils 
of development.

The so called the backbone of Ethiopia’s 
economy, agriculture, which hosts 85% of the 
total population and covers 45% of the GDP, 
has been severely hit by land degradation. The 
productivity of the sector is highly challenged 
by land degradation specially the degradation of 
the soil resources due to water and wind erosion 
(together with other problems). Land degradation 
has been threatening the lives of millions for years, 
but it was after the occurrence of the 1973/74 
drought and famine that the event as a problem 
has begun to be recognized. The problem of soil 
degradation is more severe, in the highland parts 
of the country, like the Upper Blue Nile catchment. 
Many agricultural lands are getting less-fertile to 
produce without artificial application of fertilizer 
and many are abandoned of cultivation.

Inhabitants of the highland areas in Ethiopia 
(the upper Nile catchment – Tigray, Wello and 
Gondar, and the Hararghe highlands) have been 
incapable of producing food for them and have 
been strike by even simple shocks, since the 
1970s. Citizens in these areas have been forced to 
see for an external food aid much frequently. The 
alarming increase in land degradation specially 
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soil degradation in these areas has been attached 
to the higher population pressure resulting in 
the expansion of exploitative agriculture with 
inappropriate agricultural practices, deforestation 
for fuel and construction wood supply, political 
instability specially the tenure system and the 
prevailing poverty by itself, accompanied with the 
nature of the topography and the rainfall pattern.

The development strategy of most developing 
countries, specifically the third world nations – say 
the Eastern Nile countries, has depended mainly 
upon the exploitation of their natural resources. 
Unfortunately, the strategy did not bring about 
the expected results but created environmental 
degradation and increased poverty. The successes 
of development need to be measured taking into 
account the effect of development on environ-
ment, taking into account social, environmental, 
economic, political demographic and cultural fac-
tors. Efforts towards integrated watershed manage-
ment should be exerted to bring about sustainable 
development. Some trials have been exerted in 
some areas. For example, in the Upstream of the 
Nile River, particularly in Ethiopia, watershed as 
a concept has been treated as a single entity for 
development in many aspects and programs and as 
a multidisciplinary aspect in other events, where 
and which did not end in fruition. This has been 
mainly due to complexity and problem-severity 
demanding a holistic, deep-concern and aimed 
planning for development. Planning on watershed 
management has been made at the top and a sort 
of information on how-much to report back to top 
level officials, has been the usual process of the 
soil & conservation system of the nation. This did 
not have considered the actual situation, especially 
the focus of the watershed for implementation and 
much failurity in doing so.

Sustainable land management plays a central 
role in sustainable development which can do 
best and could be more fruitful and successful, if 
implemented in an integrated way, by integrat-
ing sustainable land management practices in to 
integrated watershed management approaches. 

Sustainable land management can be defined as the 
use of land resources such as soils, water, animals 
and plants for the production of goods - to meet 
changing human needs – while assuring the long-
term productive potential of these resources, and 
the maintenance of their environmental functions. 
Sustainable land management recognizes that 
good land management must extend to consider-
ation of the various environmental, economic, and 
social linkages between people and the land. It is 
wide-ranging in its impact, cross-sectoral, involv-
ing regional and local government boundaries. It 
has implications for farmland, mountain country, 
waterways, cities, and towns. It involves social 
attitudes and individual behavior.

The wealth of indigenous resource conserva-
tion practices indicates that unsustainable land 
management and degradation of resources is not 
always due to lack of awareness on the part of land 
users. Often, there is more reason for concern that 
political, social and economic factors limit land 
users’ choice of options to manage land resources 
in a sustainable manner. For example, insecure 
land tenure prevents the necessary investment in 
land care; market prices do not reflect the costs 
for protection of land resources; conservation 
activities usually last only as long as inappropri-
ate incentives and subsidies are paid. Therefore, 
efforts need be exerted in integrating such systems 
in the conservation missions.

For successful sustainable land management, 
scientifically sound cross-sectoral approaches to 
land management are required so that ecological, 
economic, and social dimensions of watershed 
degradation issues can be integrated into the land 
conservation programme design. Sound com-
munity participation and consultation, well dealt 
co-ordination, properly established partnership 
and decentralization are essential tools and major 
driving forces for the implementation processes 
in land/soil management. For the appraisal of soil 
and water conservation projects much attention 
needs, therefore, to be paid to the identification 
of target groups and other actors and then to the 
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proper implementation of land/soil management 
activities for ease of both on–site and downstream 
advantage.

The efforts being exerted by the Nile Basin 
Initiative is an exemplary. According to a new 
report by WBG (2008) among the project being 
held by Nile Basin initiative through the Eastern 
Nile Subsidiary Action Program, the Watershed 
Management Project (a project under the fast 
track category) is expected to establish sustainable 
management of watersheds on the Tekeze, Atbara, 
Mereb, Abbay/Blue Nile and the Baro/Akobo/
Sobat rivers in Ethiopia and Sudan. This project, 
if implemented with due attention is expected to 
help improve the living conditions of the people 
that depend on these waterways; raise agricultural 
productivity; protect the environment; reduce 
erosion and siltation that can clog dams and ir-
rigation canals; and lay the groundwork for future 
sustainable development-oriented investments.

According to WB report (2008), country-level 
projects were developed under the umbrella wa-
tershed management program. The Watershed 
Management Cooperative Regional Assessment 
is a critical building block for determining future 
regional watershed investments in the EN coun-
tries. The study will build a shared information 
base from which to assess impacts of different land 
management interventions on a regional scale. 
This assessment will include a trans-boundary 
analysis of the Eastern Nile watershed system and 
associated livelihoods and analyze how benefits 
accrue across the three countries under alternative 
watershed management interventions.

In Ethiopia, in almost all regions and specifi-
cally in the Upper Nile catchment, land degrada-
tion caused by inappropriate management and 
utilization of the existing resources seriously 
affects livelihoods and food security of millions 
and threatens the livelihood of many more. These 
are serious constraints to sustainable development 
and main cause of unstable, oversimplified and 
drought prone production systems. Therefore, 
an integrated management of watershed is a key 

to understand what is needed to be done at vari-
ous levels to sustain, to improve and diversify 
production while developing and managing the 
natural resource base, promote income generat-
ing approaches, increase access to basic services 
(infrastructures) and make the livelihood systems 
resilient to shock.

In the catchment, especially in Ethiopia, an 
integrated watershed management approach has 
dated back to the makeup of the philosophy of 
conservation of water and soil as the development 
agenda. The coming of the minimum planning 
approach for soil and water conservation plan-
ning has add a strength to the idea of integrated 
watershed management planning and implementa-
tion of development projects in a sustained way. 
Even if, it has long age the implementation has 
not gone far to insure the sustainability of the 
natural resource base of the nation.

The government of Ethiopia has formulated 
different policies and strategies related to wa-
tershed development and management. Rural 
development policy and strategy, which consider 
watershed approach as the core point of develop-
ment especially in the rural areas is one. The other 
strategy which is mainly targeted to chronically 
food insecure, moisture deficit and pastoral ar-
eas sticks on watershed development approach. 
Integrated watershed management planning is 
suggested for planning and implementation of 
food security interventions in the New Coalition 
for Food Security Program of the government. The 
Natural Resources and Environmental Policy was 
designed with the aim of promoting sustainable 
social and economic development through sound 
management and use of natural, human made and 
cultural resources and the environment as a whole 
with the application of integrated watershed man-
agement system. For successful implementation of 
the integrated watershed management programs, 
land use certification is being in implementation.

Much is still remaining to do in acting on 
bringing sustainable development, if not all is 
remaining. The development of systems say 
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formulation of appropriate land management 
or watershed management policies through full 
participation of the community at large and all 
actors across the board and hearing of community/
land users voices and democratization of system 
developments. This is not a joke-to-joke living, 
but rather a key to live-and-let-others live fash-
ion. Soil erosion is being severly aggravated by 
traditional drainage ditches in the high rainfall 
highlands in Ethiopia demanding a holistic ap-
proach (Goshu, 2001). In this regard, different 
actors are expected to act aggressively by having a 
common understanding of the problem and setting 
common and mutually understandable solutions. 
Water management need to be made on a harmonic 
way. And therefore much more is to be done. The 
causes of this failurity are complex and related to 
institutional, technological and socio-economic 
conditions backed by the erratic rainfall condition 
and the topographic complexity of most parts of 
the sub-basin. As dealt earlier, this needs holistic 
and well organized system development and act-
to-live motion.

cOncLUsIOn

Unless otherwise the existing natural resources 
are properly managed in a harmonized way, 
improvement and better management and utili-
zation of these resources thereby increasing the 
livelihoods of the community under consideration 
could not be envisaged. There is a crucial need 
for a well organized and harmonized/integrated 
development planning and management of the 
resources in the watershed/catchment area and 
now and in the future this sustainable use of the 
existing priceless and priced natural resources, 
which are the sole hopes for the development of 
the underdeveloped nation need be managed well 
and utilized in a sustainable way. This is potentially 
hoped through a critical review, adoption, and 
seriously routing of a participatory and integrated 
watershed resources management planning and 

development. Integrated planning and manage-
ment of land resources is required for sustainable 
use and development of natural resources.

Different actions by concerned bodies are 
necessary to launch to arrest poverty and bring 
sustainable development through prevention of 
environmental resources degradation. Clearly, it 
is urgent to reverse the accelerating destruction 
of resources through participatory and IWSM 
programs which increase and sustain natural 
resources. Such programs are within reach today 
of every country, and the national leaders who 
design and support them need be engaged in 
public service.

RecOMMenDATIOns

Watershed planning and development is the pre-
ferred approach to soil and water conservation and 
management, thereby to bring about sustainable 
development. As a rule, watershed development 
requires the contributions of many disciplines 
and aims at improving the quality of life of local 
residents of the area as well as management of 
resources and is highly recommended.

In sum, we can move towards sustainable 
development if we can develop policies that ap-
ply IWSM principles and therefore, it is recom-
mended that the following actions be taken with 
due emphasis.

• Recognize the fundamental need to pro-
tect the environment and natural resource 
base on which all production ultimately 
depends,

• Incorporate in decisions the values of envi-
ronmental services not presently traded in 
the marketplace,

• Reconcile the conflicts between natural 
and political boundaries,

• Provide for public investments, regula-
tions, incentives, and taxes that recognize 
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the links between upstream and down-
stream water and land use activities,

• Equitably distribute costs and benefits 
among political units, communities, and 
individuals according to who pays for and 
benefits from watershed management poli-
cies and resulting actions.

• Farmers and other community groups have 
to participate en masse for promoting in-
tegrated watershed development and water 
harvesters have to make their land green 
for avoiding chronic droughts and famines.

• The development of watershed manage-
ment (soil and water related) policies 
should be done with full consultation of 
the community and envisaging the future 
of use of the resources.

• Prepare and execute intensive long-term 
training programs and increase awareness 
among all sections of the community at 
all levels emphasizing a multidisciplinary 
approach.

• Provide advice, technical assistance and 
incentives

• Plan and develop resource management 
projects on a watershed-by-watershed 
basis.

• Formulate research programs which will 
provide sound scientific backing to practi-
cal soil conservation work, taking full note 
of socio-economic needs of farmers.

• Develop soil and water conservation leg-
islation in support of administrative action 
to be taken.

• Seek foreign technical and financial assis-
tance if required.
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KeY TeRMs AnD DeffInITIOns

Eastern Nile: As a planning/discussion land 
unit includes Ethiopia, Sudan & Egypt, but in this 
paper the term more specifically discusses about 
only Ethiopia.

Integration: The harmonic and communal 
agreement and participation of different actors 
with mutual benefits.

Land Degradation: The depletion of land 
resources owing to mismanagement.

Morphometric Properties: Properties of 
a given watershed which are measurable and 
quantifiable.

Sustainable Development: Development 
which takes care of the prevailing condition and 
the upcoming one.

Sustainable Land Management: An ap-
proach to the management of land resources in a 
sustainable way.

Watershed: A land area with all environmental 
entities, which has hydrologic cycle as an entity 
governing the definition.

Watershed Management: The proper plan-
ning and proper management/administration of the 
land resources existing in the defined watershed.
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ABsTRAcT

It is becoming increasingly difficult to manage natural resources due to population growth, increasing 
resource consumption, and decreasing resource availability, among other issues. To address this, we 
present a collaborative, stakeholder-driven resource modeling and management approach that has been 
applied successfully around the world. Diverse stakeholder groups assure that all important systems, 
data, and knowledge are represented. User-friendly, system dynamics models with short run times allow 
users to quickly simulate alternative resource management strategies, making the models valuable for 
public meetings and for informing and educating stakeholders, policy makers, and citizens. This approach 
also facilitates capacity building in regions where collaborative processes and modeling technologies 
are not widespread. Case studies illustrate the application of these approaches in the United States, 
Jordan, and Libya, as well as the Aral Sea Basin and Tigris-Euphrates Basin. We show how the models 
look and work, and the kinds of results that can be produced.
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InTRODUcTIOn

Management of natural resources such as water 
has become increasingly difficult in recent de-
cades because of increasing human population, 
increasing resource consumption, decreasing 
resource availability, increasing understanding 
of the complex interdependencies associated with 
resource systems, and an increasing interest on 
the part of diverse citizens and stakeholders to 
become involved in decision making and policy 
setting processes (CSIS/SNL, 2005). This chapter 
describes an approach that has been applied suc-
cessfully in many places around the world, and 
that addresses these difficulties. In this approach, 
a team of diverse stakeholders in a region meets 
periodically with modelers over the course of a 
year or more. Together, they develop a computer 
simulation model of the resources and their inter-
dependencies with other resources and systems. 
The stakeholders and the modelers are challenged 
to fully understand the systems, identify and 
collect appropriate data and information, and as-
semble all gathered knowledge into an integrated 
simulation model. The completed model allows 
stakeholders to evaluate in a rigorous way the 
long-term consequences of competing resource 
management strategies. The collaborative discov-
ery process associated with this work, the insight 
gained by the stakeholders and the modelers, and 
the model results themselves combine to assist in 
the development of strong, scientifically derived 
resource management plans, often with a greater 
degree of consensus among stakeholders than 
might otherwise have been achieved.

The modeling technology used in this ap-
proach, known as system dynamics, provides a 
useful approach for bridging science and policy in 
the effort to solve challenging resource manage-
ment problems. The models are user-friendly, with 
virtual slider bars and switches that allow users 
to easily make changes to parameter values; there 
are varying types of output graphs and charts, 
which can be carefully annotated for greater user 

understanding. An important feature of the model-
ing technology is its short run times, usually from 
under a minute to a few minutes. This allows the 
use of the model to simulate competing manage-
ment strategies and view results in real time, 
making it useful for communicating the dynamics 
and complexities of the resource systems, as well 
as the best management strategies, to students, 
citizens, stakeholders, and policy makers. In most 
cases, a strong capacity-building emphasis is in-
cluded. Local and regional modelers are trained 
in the use of the modeling software and approach, 
and they participate in model development. This 
allows local and regional modelers to continue 
improving the model once the initial project is 
complete, and they are then better positioned to 
initiate new projects. Case studies and sample 
model controls and outputs that illustrate these 
attributes are included below.

THe cOLLABORATIVe, 
sTAKeHOLDeR-DRIVen APPROAcH

A broad, collaborative, stakeholder-driven mod-
eling and analytical approach is crucial for de-
veloping a process and model that meets several 
important objectives.

First, the stakeholder group must include 
people who are in positions of importance relative 
to the resource management issues. It is critical 
to have stakeholders from ministries, universities, 
non-governmental organizations (NGOs), and 
civic groups. All parties important to the resource 
management problem should be included in the 
process for two reasons: (1) resource management 
problems can be exceedingly complex, and so a 
broad array of stakeholders are required to assure 
that all aspects of the problem are being considered 
so that all relevant and available information and 
data can be found and included; (2) results from 
the entire process stand a greater chance of being 
ignored or marginalized by people and institutions 
with importance to the resource management if 
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they are not included in the collaborative process. 
In fact, people and institutions not included in 
the process can become outright enemies of the 
process and its results, and can create obstacles 
to efforts at implementation.

Second, the model must be understood by the 
stakeholders. The stakeholders must understand 
the structure of the systems as they appear in the 
model, and the limitations and uncertainties as-
sociated with our understanding of that structure. 
They must understand the data that were used in 
the model, and the limitations and uncertainties 
associated with those data. They must also under-
stand how the model can and should be used (and 
how it should not be used), and how the model 
results should be interpreted and used in resource 
management decision making.

Third, the stakeholder group should feel 
ownership of the model. If the stakeholders are 
sufficiently engaged in model development, then 
they will treat the model as their own construc-
tion, and not something constructed for them by 
contractors or scientists. A sense of ownership 
of the model will help stakeholders be better 
advocates for the model, the process, and the 
results that come from it all. With that sense of 
ownership, stakeholders will take the model, the 
results, and the resource management strategies 
that come from it out into the public, to schools 
and civic groups, universities, and decision and 
policy makers.

Stakeholder groups around the world are 
increasingly demanding greater involvement in 
resource management issues (e.g., Driessen & 
Glasbergen 2002; Tidwell et al., 2007; Tidwell & 
van den Brink, 2008). The value of collaboration, 
in which various stakeholders work with policy 
makers to address a particular issue has been 
well documented (Claussen, 2001; Spash, 2001; 
Susskind et al., 2001). Such collaboration has 
increasingly included model building to inform 
the decision process. In fact, the use of models 
in open decision-making processes is not a new 
concept as there are case studies dating back to at 

least 1961 (Rouwette et al., 2002). While variously 
named, mediated modeling (van den Belt, 2004), 
group modeling, cooperative modeling (Tidwell et 
al., 2004), shared vision planning (Palmer et al., 
1999), computer-mediated collaborative decision 
making (Kreamer & King, 1988), the basic idea 
remains the same: it is a process for involving 
stakeholders in the conceptualization, specifica-
tion and synthesis of knowledge and experience 
into useable information (i.e., model) for the ex-
press purpose of addressing a complex problem.

Advantages reported in support of collabora-
tive modeling include that it provides participants 
with system insight, scoping analyses, and educa-
tion toward a common understanding of the issues, 
thus improving the odds that results from the 
collaborative effort will be implemented in deci-
sion making (Palmer et al., 1993; Vennix, 1996; 
Rouwette et al., 2002; van den Brink et al., 2003; 
van den Belt, 2004). Participant values and pref-
erences become better defined, while knowledge 
levels and consensus on mitigating approaches 
improve (Costanza & Ruth, 1998; Rouwette et al., 
2002; van den Belt, 2004). Resulting synergies 
enable the group to develop new policy options 
in deadlocked processes (van Eeten et al., 2002). 
Finally, modeling conducted in a collaborative 
context provides value by way of structuring 
group thinking and dialogue, ultimately leading 
to group learning (van den Belt, 2004).

THe MODeLInG TecHnOLOGY

System dynamics provides a unique framework 
for integrating the disparate physical and social 
systems important to resource management, while 
providing an interactive environment for engaging 
the public. System dynamics is a systems-level 
modeling methodology developed at the Massa-
chusetts Institute of Technology in the 1950s as 
a tool for business managers to analyze complex 
issues involving the stocks (e.g., inventories) and 
flows of goods and services. System dynamics is 
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formulated on the premise that the structure of a 
system, or the network of cause and effect relations 
between system elements, governs system behav-
ior (Sterman, 2000). According to Simonovic & 
Fahmy (1999), “The systems approach is a dis-
cipline for seeing wholes, a discipline for seeing 
the structures that underlie complex domains. It 
is a framework for seeing interrelationships rather 
than things, for seeing patterns of change rather 
than static snapshots, and for seeing processes 
rather than objects.”

In the system dynamics approach, a problem is 
decomposed into a temporally dynamic, spatially 
aggregated system. The scale of the modeling 
domain can range from the inner workings of a 
human cell to the operation of global commod-
ity markets. Systems are modeled as a network 
of stocks and flows. For example, the change in 
volume of water stored in a reservoir is a func-
tion of the inflows less the outflows. Key to this 
framework is the feedback between the various 
stocks and flows comprising the system. In a 
reservoir, feedback occurs between evaporative 
losses and reservoir storage through the volume/
surface area relation for the reservoir. Feedback 
is not always realized immediately but may be 
delayed in time, which represents another critical 
feature of dynamic systems. For example, effects 
of groundwater pumping on surface water flows 
can lag behind the actual groundwater pumping 
by decades. System dynamics modeling easily 
allows for time lags and feedbacks.

There are a number of commercially available 
object-oriented simulation tools that provide a 
convenient environment for constructing system 
dynamics models. All of the modeling described 
in this paper occurs in Powersim Studio Expert 
(Powersim, Inc., 2008). The construction process 
proceeds within a graphical environment, using 
objects as building blocks. These objects are 
defined with specific attributes that represent 
individual physical or social processes. These 
objects are networked together so as to mimic the 

general structure of the system, as portrayed in a 
causal loop diagram. This provides a structured 
and intuitive environment for model development 
(Passell et al., 2003; Tidwell et al., 2004)

A great virtue of the modeling environment 
used in these projects is the user-friendly na-
ture of the software. Models run times are very 
short, usually under five minutes, so modelers, 
stakeholders and the public can make changes to 
model parameters and see results in real time. The 
software allows model developers to use virtual 
slider bars, switches, and buttons in the model 
interface, which allow users to simulate many 
different management options very quickly and 
easily. Examples of model controls and outputs 
are shown below. The models are often heavily 
annotated—as users experiment with different 
variables in the model they can read about the 
role those variables play, the data issues that might 
be associated with the variable, or other relevant 
issues. All these attributes combine to provide a 
model that is very effective when used in large 
and small meetings of scientists, policy makers, 
or the public.

These models are ideally used as coarse-
resolution, high level screening models, not as 
high resolution engineering models. These models 
typically run at timesteps ranging from one month 
to one year, so they cannot capture all of the most 
detailed behavior of many of the dynamic systems. 
Models are useful for uncertainty analysis, and 
for optimization. These models are useful for 
identifying general system behaviors and interde-
pendencies, data gaps, large-scale strategies, and 
future studies. These models often integrate output 
from high resolution models, such as groundwater 
flow and crop evapotranspiration models, and so 
provide a very useful simulation environment in 
which the output from various high resolution 
models can be integrated. This modeling is in-
tended to complement high-resolution modeling, 
but not to replace it.
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cAse sTUDIes

The approach described in this chapter has been 
implemented to greater and lesser degrees in 
various settings in the U.S. and around the world. 
Following are select case studies that describe 
some of the projects.

Aral Sea Basin, Central Asia: Since 1999 sci-
entists from the Institutes of Physics and from the 
regional Gidromets (hydrometeorological bureaus) 
in the Central Asian republics of Kazakhstan, 
Kyrgyzstan, Tajikistan, and Uzbekistan have col-
laborated with Sandia National Laboratories (SNL) 
to collect data on the transboundary rivers of the 
Syr Darya and Amu Darya of the transboundary 
Aral Sea Basin, and to develop decision support 
models for the basin. Sampling and data analyses 
were standardized across the four participating 
countries so that data would be comparable from 
one country to the next. The data have been shared 
throughout the course of the project, and are also 
available to other scientists and the public, at the 
following web site, maintained by SNL: https://
waterportal.sandia.gov. The web site is also used as 
a repository for other documents, information, and 
models associated with the project. The ongoing 
modeling effort is aimed at modeling hydrology in 
the transboundary Syr Darya basin, shared by all 
four participating countries, and the impacts on that 
hydrology of various challenges associated with 
municipal uses, agriculture, power generation, and 
environmental uses, as well as fate and transport 
of potentially dangerous metals and radionuclides 
in the system. The project has included many 
face-to-face meetings and workshops between 
project members, both in the U.S. and in Central 
Asia, exemplifying many important aspects of the 
collaborative, stakeholder-driven approach: all 
complexities associated with the hydrology of the 
Aral Sea Basin are being considered, results from 
the process are being held in high regard by resource 
management personnel, and the model is widely 
understood, being appropriately utilized by all 
stakeholders involved in the collaborative process.

Middle Rio Grande, North America: This 
project represented a collaboration between SNL 
and the Middle Rio Grande Water Assembly 
(MRGWA) in central New Mexico. The MRGWA 
is an NGO made up of diverse stakeholders in-
cluding scientists, water managers, farmers and 
ranchers, urban developers, environmentalists, 
and citizens. It was created by the State of New 
Mexico in order to develop a 50-year plan for 
sustainable water resources in the Middle Rio 
Grande. The Rio Grande Basin includes three 
states in the U.S. and three states in Mexico, so 
many transboundary issues exist. The model was 
created over a three-year period involving many 
regular meetings of the stakeholder team to review 
model development, provide data and informa-
tion, and to use the model for evaluating different 
management strategies. Competing uses for water 
in the basin include agricultural, municipal and 
industrial, and ecological, and are complicated by 
treaties and other legal obligations that regional 
water managers and policy makers must follow. 
The project provided a water plan for the region 
that was accepted by the State of New Mexico. 
This project not only assures that all aspects of 
a complex problem are being considered, that 
results from the entire process are being treated 
as important by the people and institutions with 
influence on resource management decisions in 
the Middle Rio Grande Basin, that all stakeholders 
feel ownership of the model, that all stakeholders 
understand the model including how it should/
should not be used and how its results should be 
used in resource management decision making, 
but it also demonstrates the utility of such a model 
in developing a long-term management plan when 
competing, conflicting resource demands exist.

Tigris-Euphrates Basin, Middle East: SNL 
is collaborating with scientists in the Ministry 
of Water Resources (MoWR) in Iraq, the U.S. 
Department of State, and UNESCO to develop 
a decision support model of the transboundary 
Tigris-Euphrates basin. The two-year project 
began in 2007 and is ongoing, and when it is 
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complete will have included five face-to-face 
modeling workshops between SNL and MoWR 
modelers. The project is aimed at supporting the 
Strategy for Water and Land Resources in Iraq 
(SWLRI), a very large, multi-sector project initi-
ated by the Iraqi government intended to help the 
government with long-term strategic planning of 
Iraqi resources. The project includes an important 
capacity building aspect, where engineers from the 
MoWR are being trained in the use of the modeling 
approaches and software, and becoming capable 
of modifying the existing model and building new 
models of their own. The primary competing uses 
for water in Iraq include municipal and industrial 
development, agriculture, power generation, and 
the Mesopotamian Marshes of southern Iraq. Iraq 
is the downstream riparian in the transboundary 
river basin, so upstream development in Turkey, 
Syria, and Iran are very important. The model de-
veloped through this collaboration is unique when 
compared to the other case studies described here 
in that it is providing the involved stakeholders 
(i.e., the Iraq MoWR) with a tool for initiating 
and engaging in future resource management 
discussions and negotiations with the upstream 
riparians Syria and Turkey, with whom conflicting 
resource demands exist.

Willamette Basin, North America: Water man-
agers and the public in the Willamette Basin face 
challenges that include competing demands for 
water from municipalities, agriculture, environ-
mentalists, power generation, and recreationalists, 
along with special challenges associated with 
U.S. federal regulations on water quality associ-
ated with legislation known as the Endangered 
Species Act, and the Clean Water Act. The Wil-
lamette and its tributaries are a spawning ground 
for endangered salmon; as such extensive efforts 
are being made in the Willamette to balance hu-
man uses of the water with the needs of the fish 
for reproduction. The U.S. Army Corps of Engi-
neers (USACE) operates 11 major water storage 
reservoirs on tributaries to the Willamette River 
to provide irrigation water, inexpensive power 

and flood control, and regulation and operation of 
those dams is a major regional issue. SNL engaged 
with a group of stakeholders in the Willamette 
Basin to gather data and information and to build 
a model, in collaboration with the USACE and 
several NGOs, to help address problems with water 
quality (including temperature), and aquatic and 
terrestrial biological communities. An interest-
ing feature of the modeling done in this basin is 
focused on economics, which lets users simulate 
the potential economic returns from tourism and 
recreation, based on different river and reservoir 
management scenarios. This collaboration is very 
similar the Middle Rio Grande, North America 
collaboration, with all noteworthy aspects of the 
collaborative, stakeholder-driven approach having 
been captured above.

Amman Zarqa Basin, Jordan: In 2006 SNL and 
UNESCO hosted a modeling workshop in Am-
man, Jordan, that included 34 scientists from 18 
institutions in 10 countries, including Jordan, Iraq, 
Syria, Turkey, Japan, Kazakhstan, Uzbekistan, 
Tajikistan, Kyrgyzstan, and the U.S. The workshop 
was aimed primarily at demonstration of model-
ing technologies and approaches, and at capacity 
building and training of regional scientists. The 
workshop included extensive instruction in model 
development. Also, the workshop participants 
split into four regional groups and as part of the 
workshop developed preliminary models on four 
subjects: (a) Amman-Zarqa Basin agricultural 
water use conservation approaches in Jordan; (b) 
hydrological dynamics in the Syr Darya in Central 
Asia; (c) restoration of Mesopotamian Marshes in 
Iraq; and (d) transboundary water sharing issues 
in the Tigris-Euphrates Basin. This project grew 
from a collaboration between SNL and UNESCO 
on the development of a water-energy-food model 
for Iraq. This project yielded four working mod-
els and has led to continued collaboration with 
various partners, demonstrating the ability of 
the collaborative, stakeholder-driven approach 
to promote cooperative decision-making when 
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conflicting resource demands exist by providing 
an objective, robust simulation tool.

Great Man Made River Basin, Libya: The 
country of Libya faces severe water shortages 
and is actively working on reducing demand and 
increasing supply. SNL scientists held a single 
“demonstration” modeling workshop with 26 
participants from Libya’s General Water Author-
ity, the Renewable Energy and Water Desalination 
Research Center, the Libyan Petroleum Institute, 
and the Libyan Information Technology and Pro-
gramming Center. Efforts during the workshop 
led to the development of a preliminary model 
of water resources and their interaction with ag-
ricultural and energy dynamics. All data values 
in the model derived from input from workshop 
participants and literature available at the work-
shop. These efforts led to the development of a full 
scale water-energy-agriculture modeling project 
planned to begin in late 2010. This project will 
include multiple workshops aimed and model 
development and capacity building.

sAMPLe MODeL InTeRfAce 
AnD ResULTs

The sections below describe the controls and the 
results from a model built in close collaboration 
with scientists and engineers from collaborating 
countries. Modifications have been made to the 
model interface and results, parts of which are 
shown below, so that the model results no longer 
refer to real places and conditions, and so rep-
resent a hypothetical transboundary river basin. 
The interface objects and results shown below, 
however, are still useful for showing how a model 
looks and works, the results it can produce, and 
the value it can add to resource management 
decision making process. In the text below, “the 
model” refers to the real model, although all the 
controls and results and other identifying features 
have been modified for this paper. Much of the 

material below comes from the final report written 
to accompany the model.

The model includes a hydrologic system whose 
primary component is a transboundary river, re-
ferred to as “The River”, which is shared by two 
countries: Country 1 and Country 2 (Figure 1). 
Country 1 is upstream of Country 2 and relies on 
water from The River to meet many of its water 
demands, including water needed for irrigated ag-
riculture. Country 1’s use of water from The River 
for irrigated agriculture is of particular concern to 
Country 2 because Country 1 is planning to con-
struct additional reservoirs and develop additional 
irrigated agricultural area, decreasing the flow of 
The River at the border between Country 1 and 
Country 2. Country 2 relies on water from The 
River to meet the demands of its lake, irrigated 
agriculture, and municipal and industrial (M&I) 
requirements. The purpose of this model is to 
provide a tool for Country 2 to use in planning 
for future reduced flows of The River. Potential 
mitigation strategies provided in the model include 
the option to construct new reservoirs in Country 2, 
increase irrigation efficiencies, and alter reservoir 
operations (e.g., mandate releases for the lake, or 
specify a volume of water in the reservoir that will 
only be used to meet M&I demands).

The model runs on a monthly timestep from 
October 1, 1930, to September 1, 2047. From 
1930 to 2007 the model is calibrated to historic 
gage and reservoir elevation data, and with other 
historic data for agricultural uses, demographics, 
and other dynamics. In this sense, calibration 
means that model behavior was compared to the 
system’s historic behavior at numerous points, 
and if the match was not sufficiently close, then 
assumptions and data were reviewed and efforts 
were made to improve the match.

Starting in 2008, the model begins the scenario 
period, in which historic data for river flows are 
projected forward 40 years, through the end of 
the water year of 2047. As a way of introducing 
climatic and therefore hydrological variability in 
the model, the user can choose to start the scenario 
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period using data from any of the historic years, 
1930–2007, and then at each timestep the model 
will draw data from the subsequent year. Because 
there are 78 historic years, but only 40 years in the 
scenario period, this approach gives the user the 
ability to run the scenario period with 78 differ-
ent hydrological patterns driving the model. For 
example, if the user chooses to begin the scenario 
period in 2006, it will begin the model run with 
data from 2006, follow with data from 2007, and 
then loop back to data from 1930 and continue in 
chronological order, through 1967.

The default run of the model in the scenario 
period begins with a 40-year sequence of data 
starting from 1935, providing a sequence of in-
flows that is average relative to the 78 years of 
historic data available. The user can also choose 
a starting date that provides a sequence that is the 
driest in the 78 years and one that is the wettest. 
The average difference in discharge between the 
wettest sequence and the driest is only about 12%, 
which probably does not capture the full range of 
variability that could occur in the river system over 
the time spans considered in the model.

The model includes over 850 user-defined 
variables that can take values ranging across or-
ders of magnitude and over 280 output graphics, 
some representing multiple variables. This results 
in a very large number of possible user-defined 

scenarios, and considerable depth for interpret-
ing and understanding results. The section below 
will review one small set of related scenarios, 
representing one narrow pathway through the 
multi-dimensional space represented by the model. 
This section is intended as a brief tour to acquaint 
the reader with the kind of scenarios available 
for simulation and analysis by the user, as an 
example of the interpretation of model results, 
and as a brief survey of the kinds of insights the 
model might afford.

Transboundary scenario

There are numerous settings for the model in the 
default run, including controls that allow users 
to define many aspects of reservoir operations, 
water use for agricultural, municipal and indus-
trial demands, and flows necessary to maintain 
a specified lake area. Default settings relevant to 
the first scenario described here include no future 
development of dams, reservoirs, and agricultural 
projects in upstream Country 1 beyond those 
which are assumed to have occurred through the 
model’s historic period.

The default run of the model in the “no new 
development” mode produces monthly results 
that are aggregated into the five-year average 
flows of The River at the Country 1–Country 

Figure 1. Map of sample river system
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2 border, shown in Figure 2. The graph shows 
a thick black line describing the historic flows, 
to which the model has been calibrated. In this 
sense, calibration means adjusting estimated 
reservoir operations, surface water flows, and 
agricultural and evaporation coefficients, all 
within reasonable bounds set by existing data in 
the region, until model results sufficiently match 
historic data. The thin black line represents the 
model run, or simulation, which continues past 
the end of the historic data in 2007 and on to the 
end of the model run in 2047. Figure 2 shows a 
long term trend of decline in The River, reflecting 
upstream development of dams, reservoirs, and 
agriculture before 2007.

Figure 3 shows the settings that allow users 
to simulate the model’s pre-programmed “worst 
case” scenario for upstream development in 
Country 1. This includes simulation of “All po-
tential reservoirs” being constructed in Country 
1 and “All irrigation projects develop according 
to 10-year completion schedule” in Country 1. 
These settings mean that all planned reservoirs 
will become operational in the years indicated in 
the table, and full agricultural development as-
sociated with those dams will become opera-
tional (in a linear fashion) over the 10-year pe-
riod following. The values shown in gray text in 

the table can also be altered before the pre-pro-
grammed scenario is run. The pre-programmed 
scenarios are intended to give users a quick view 
of several options, but other input features in the 
model interface allow users to override the pre-
programmed scenarios and change many settings 
relative to transboundary dynamics.

Figure 4 shows the results of the full develop-
ment scenario, described above, on transboundary 
flows into Country 2 from Country 1. The gray 
line represents the reference run, which is the 
result of the “no new development” scenario. The 
thin black line in Figure 4 shows that flows in 
The River decline considerably relative to the 
reference run.

Salinization of water and soils also presents a 
challenge for planners throughout The River’s 
basin. Figure 5 shows the change in salinity for 
water passing across the border between Country 
1 and Country 2. Figure 6 shows that full upstream 
development not only results in an increase in 
salinity in Country 2, but causes a decline in 
Country 2’s hydroelectricity production, due to 
the fact that less water is available for release 
from Country 2’s reservoirs.

Figure 7 shows the modeled shortages associ-
ated with the full upstream development and 
default scenarios. The bars on the left side of both 

Figure 2. Inflow from Country 1 to Country 2 Five Year Average
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Figure 3. Pre-programmed scenarios

Figure 4. Inflow from Country 1 to Country 2 Five Year Average

Figure 5. River Salinity at Border between Country 1 and Country 2 Border Five Year Average
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plots are the same and represent averages for the 
historic period; these should be compared to the 
bars on the right side of both plots that represent 
averages for the full upstream development and 

default scenarios. In the reference run (lower 
graph, Figure 7), which simulates no new upstream 
development, the average annual shortage for 
agriculture (gray bar, right side of lower graph) 

Figure 6. Annual Average Hydroelectricity Production in Country 2

Figure 7. Average shortages by sector
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represents 80% of the shortage during the his-
toric period. This improvement is due to dams 
and reservoirs built in Country 2 toward the end 
of the historic period. The average annual short-
age to Country 2’s lake in the scenario period is 
much greater, representing 195% of the shortage 
during the historic period. When simulating full 
upstream development (right side of upper graph, 
Figure 7), the shortages to agriculture and the lake 
increase to 120% and 228% of the historic short-
ages, respectively. No shortage to M&I uses ap-
pears here because of the scale of the graph, but 
a small shortage does occur in this scenario and 
will be shown in a later graph. M&I shortage is 
always the smallest because the model treats M&I 
as the highest priority and agriculture as the sec-
ond highest priority.

new Reservoirs and Irrigation 
efficiencies scenario

All of these long-term issues pose considerable 
concern for Country 2 planners. One solution 
Country 2 could take to prevent hydroelectric, 
agriculture, and lake shortages might be the devel-
opment of new dams and reservoirs. Simulation of 
this option is represented in Figure 8, in which all 
planned dams are programmed to become opera-
tional in 2015. Any year or sequence of years can 
be entered to simulate future dam construction.

Figure 9 shows that construction of dams in 
Country 2 can considerably offset the impacts of 
full upstream development on hydroelectricity 
production. The reference run (gray line) is the 
same in Figures Figure 6 and Figure 9, showing 
hydroelectricity production corresponding to the 

Figure 8. New Reservoir Development in Country 2

Figure 9. Annual average hydroelectricity production in country 2
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“no new development” scenario. The modeled 
run (thick black line) in Figure 6 shows hydro-
electricity production decreasing relative to the 
reference run when full development in Country 
1 occurs and no new dams are constructed in 
Country 2. The modeled run in Figure 9 shows 
that hydroelectricity production can increase, even 
with full development in Country 1, when Coun-
try 2 constructs new dams. Figure 10 shows that 
dam construction has a very minor impact on the 
shortage to agriculture. With full upstream devel-
opment and no new dams in Country 2 (Figure 
7), the shortage to agriculture is shown as 120% 
of the historic shortage, while with full upstream 
development and all proposed dams in Country 
2 becoming operational in 2015, that shortage 
decreases to 119% (Figure 10). Shortage to Coun-
try 2’s lake with the development of dams and 
reservoirs (and increased upstream water storage) 
increases from 228% to 230%.

A different alternative for decreasing short-
ages in Country 2 might be to increase irrigation 
efficiencies. To test this alternative, the model can 
be run using the “full upstream development but 
no new dams in Country 2” scenario with an in-
crease in agricultural water conveyance effi-

ciency using the user control shown in Figure 11. 
The default setting for this variable is set at 52%.

Figure 12 shows the affect of increasing agri-
cultural efficiency to 65% while simulating full 
development in Country 1 and no new dams in 
Country 2, and using the “no new development” 
reference run. The shortage to agriculture and the 
lake during the scenario period drops from 120% 
and 228%, respectively (Figure 7), to 83% and 
223%, respectively. This is also an improvement 
over the shortages represented in the “full devel-
opment with all proposed Country 2 dams” (Fig-
ure 10), which show agriculture and lake short-
ages of 119% and 230%, respectively. This 
finding could be very important for planners in 
Country 2 as they evaluate the tradeoffs between 
agricultural efficiency and new dam construction, 
and plan for new field studies and data collection.

Lake Restoration, Agriculture, and 
Municipal Industrial scenario

Restoring the lake to a level that is of optimal 
ecological benefit is of special interest, but is 
generally considered a low priority relative to 
agriculture and M&I uses. The default run of the 
model never intentionally sends any water to the 

Figure 10. Average shortages by sector
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lake, although it does get agricultural return flows 
and water from reservoir flood control releases. 
Figure 13 shows the “no new development” refer-
ence run with the total lake surface area as a result 
of full upstream development.

The model allows the user to simulate differ-
ent target demand levels for lake area, and also 
allows users to simulate the impact of considering 
lake demands on a monthly basis, rather than only 
allowing the lake to get agriculture return flows 
and reservoir flood releases. This means that each 
month reservoirs in the model would first serve 
M&I, then agriculture, and if there was extra 

water in the reservoirs then it would send that 
water to the lake. That delivery would reduce 
reservoir volumes and could mean a shortage of 
water for M&I and agriculture in subsequent 
months.

Figure 14 shows the result of considering lake 
demands on a monthly basis, with full upstream 
development and with “no new development” 
used as a reference. The lake area increases and in 
some cases reaches the levels of the reference run.

Considering lake demands in monthly reservoir 
operations has a negative impact on both agricul-
ture and M&I. Figure 15 shows that shortages to 

Figure 11. Irrigation crop characteristics for scenario

Figure 12. Average shortages by sector
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agriculture increase steeply while shortages to the 
lake drop steeply, compared to other scenarios 
described so far (Figure 7, Figure 10, and Figure 
12). M&I shortages do not show up in Figure 15 
because they are small compared to the scale in 
the graph, but actual M&I consumption is gener-
ally small compared to agricultural and lake 
consumption; therefore, shortages that seem small 
relative to those other terms can have large impacts 
on municipalities and industry. Figure 16 shows 
the shortages caused in M&I by managing reser-

voirs for lake demands, with full upstream devel-
opment and using “no new development” as a 
reference.

Figure 12 demonstrates that agricultural con-
sumption can be reduced by increasing conveyance 
efficiencies from 52% to 65%. Improving the 
conveyance efficiency even further, from 52% to 
70%, including full upstream development and 
monthly delivery of lake demands and using the 
“no new development” reference run, reduces the 
agriculture shortage back down to 106% of the 

Figure 13. Decline in lake surface area

Figure 14. Increase in lake surface area
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reference run, while maintaining the lake shortage 
reduction of 156%, nearly equal to the reduction 
before conveyance efficiencies were adjusted.

The shortages that occur in the M&I sector as 
a result of monthly delivery of lake demands can 
be addressed by maintaining a “drought pool” in 
the reservoirs in Country 2. The drought pool is 
water that can only be used to meet M&I demand, 

and it is generally set to default values equaling 
50% of the previous year’s M&I demand from 
that reservoir. Increasing the drought pools in 
the reservoirs that serve diversions 21 through 
28, those that are shown to suffer a shortage as a 
result of managing Country 2’s reservoirs to meet 
lake demands (Figure 16), and simulating 70% 

Figure 15. Average shortages by sector

Figure 16. Maximum shortages to M&I
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conveyance efficiency in agriculture eliminates 
all of these M&I shortages.

cOncLUsIOn

Collaborative, stakeholder-driven modeling and 
resource management can help solve challenging 
resource management problems in regions around 
the world. The process and the technology have 
been tested and have been successful in numer-
ous settings and for numerous kinds of resource 
management problems. The process and the 
technology yield not only a model with numerous 
resource management alternatives resulting from 
diverse stakeholder input, but output that is help-
ful in evaluating the tradeoffs associated with the 
many different management strategies, and that 
adds insight and understanding about resource 
dynamics for stakeholders. The models are useful 
for demonstrating future management scenarios 
and their consequences to stakeholders, students, 
resource managers, policy makers, and citizens.
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KeY TeRMs AnD DefInITIOns

Alternative Resource Management Strate-
gies: A set of diverse management schemes that 
lead to a similar outcome.

Collaborative: A process that is undertaken 
cooperatively, guided by a commonly-understood 
vision.

Interdependencies: The complex relation-
ships between various natural resource charac-
teristics.

Modeling: The process by which data and 
information for a natural system are conceptual-
ized and represented numerically.

Natural Resources: Materials and/or capaci-
ties supplied by nature.

Stakeholder: An individual or organization 
who will be impacted by the outcome of the 
decision making process relevant to the natural 
resource in question.

System Dynamics: An approach for captur-
ing the complex inter- and intra- dependencies 
that characterize systems, including feedback 
over time.

User-Friendly: Easily accessible by a broad 
audience.
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ABsTRAcT

Decision making processes for developing water resources systems infrastructure and operational policies 
have ceased to be the exclusive domain of just a few, privileged persons making decisions. Now, more and 
more groups of the society at both the international and national levels are demanding opportunities to 
participate in decision making, as well as information about potential consequences of policy decisions. 
In some countries, public participation in the decision making process has been already sanctioned by 
law, for example through Environmental Impact Assessment (EIA), public permitting processes, and 
notice and comment rulemaking procedures. However, in many developing countries, public participa-
tion remains unfulfilled despite growing awareness and pressure exercised by various interest groups. To 
be effective, public participation – either active or passive (through access to knowledge and informa-
tion concerning the decisions and their impact) – needs appropriate political and legal regulations, in 
addition to technical means to disseminate objective, complete, and comprehensive information about 
nature of the decisions to be made, potential alternatives, feasibility of solutions, impact of the poten-
tial decisions, etc. Among plethora of the available methods and means for providing the information 
to the broad circles of the society, the Internet already plays a special and powerful role. This chapter 
presents the concepts and notions underlying formal approaches to decision making processes, as well 
as providing a review of the possibilities offered by the Internet to enable access to various sources and 
types of information that can directly or indirectly support the decision making processes in complex 
water resources systems.
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InTRODUcTIOn

The creation of the Internet world-wide network 
of hundreds thousands of computers and computer 
networks has revolutionized the communications 
world like no other invention or technical develop-
ment before. Earlier inventions of the telegraph, 
telephone, radio and computer allowed for gradual 
increase of communication capabilities, but the 
Internet offers an unprecedented integration of ca-
pabilities and provides the world-wide mechanism 
for information dissemination and a medium for 
collaboration and interaction between individu-
als, organizations and their computers without 
regard for the distance between them and their 
geographic location.

Simple Google search for the word “Internet” 
performed by one of the authors of this chapter 
on February 13, 2009 resulted in 2.050.000.000 
hits, which shows how common and broadly the 
term “Internet” is used. The literature dealing with 
Internet underlying technology, design, and op-
erational principles is vast and includes popularly 
written bestseller books (Gralla, 1999), concise 
Internet-published White Papers (Shuler, 2005) 
and comprehensive encyclopedia publications 
(Sheldon, 2001).

The range of Internet applications had grown 
since its beginnings enormously: from the initial 
effort to connect in 1969 four major computers 
at universities in the southwestern U.S. (Howe, 
2009); through various initially user-unfriendly 
early deployments for computer experts, engi-
neers, scientists and librarians; up to plethora of 
user-friendly and highly effective communication 
possibilities, business applications, educational 
programs, etc. used these days by millions of 
people around the globe. Such features of Inter-
net as fast communication capabilities, access to 
data and various sources of information, effective 
mechanisms for exchange of information and its 
global availability provide scientists and analysts 
involved with the development and implementa-
tion of Decision Support Systems (DSS) in the 

field of water resources management with unique 
opportunities and capabilities to enhance the 
process of building DSS by taking advantage of 
technological and methodological advances as-
sociated with creation of Internet. Major merit of 
Internet is its ability to enable and facilitate fast 
and efficient access to and exchange of information 
(knowledge, facts, data, figures, statistics) used 
during decision making process and necessary to 
make any sound decisions.

Due to its role primarily as an efficient and 
broad information exchange platform, the Internet 
appears to be particularly suitable to provide vari-
ous stakeholders involved in the management of 
natural resources in general and water resources 
in particular with the means to access, exchange 
and enhance the information base used during 
decision making processes. The complexity of 
phenomena taking place in the natural resources 
systems is enormous. The decision-making pro-
cesses associated with the utilization of water 
resources are complex, requiring very thorough 
consideration and analysis due to highly sophisti-
cated nature of interactions taking place between 
physical, chemical, economic and social factors 
influencing water resources. Therefore the needs 
for information necessary to manage the natural 
resources systems in responsible, sustainable and 
rational way can be described as unlimited, which 
in turn causes that timely and efficient access to 
various sorts and sources of information is of vital 
importance. In our considerations we will focus 
out attention on water resources management.

In very general terms water resources manage-
ment is concerned with conceptualizing, designing 
and implementing strategies for delivering water 
of sufficient quality and quantity to meet social 
needs in a cost-effective manner (Wright & Houck, 
2003). Alternatives available to accomplish these 
goals can be divided into two basic categories: (1) 
structural measures associated with the develop-
ment of new water supplies, water transfers and 
water treatment facilities, that is development 
of water resources systems infrastructure, and 
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(2) regulation of natural resources and existing 
components of the water resources system infra-
structure. In both cases complex and very often 
ill-structured decision problems have to tackled 
and resolved. The engineers and decision mak-
ers are confronted with the following challenges 
(Wright & Houck, 2003):

1.  to identify the essential characteristics of a 
given water resources problem;

2.  to identify feasible alternatives for resolving 
the problem;

3.  to systematically evaluate all feasible alter-
natives in terms of the goals and objectives 
of the decision makers; and

4.  to present a clear and concise representation 
of the trade-offs that exists between various 
alternative solutions.

The challenges associated with the identifi-
cation of the essential characteristics of a given 
water resources problem are closely related to the 
modeling efforts necessary to create appropriate 
and relevant mathematical model(s) of the system 
under consideration to have ability to describe 
and evaluate in quantitative terms properties of 
the problem and the system at hand.

Identification of the feasible alternatives for 
resolving the problem is associated with the identi-
fication of the decision variables and constraints on 
these variables used in the mathematical model(s) 
describing the case system and respective deci-
sion problem.

The next challenge associated with the evalua-
tion of all feasible alternatives in terms of the goals 
and objectives of the decision makers translates 
into determination of the performance (objective) 
function(s) describing impact of selected deci-
sions and into determination of constraints on all 
variables used in the model and in the formulation 
of the respective decision problem.

Finally, presentation of the trade-offs that 
exist between various alternative solutions to 
select the “best” solution (the most suitable one) 

is associated with the task of choosing methods/
procedures and algorithms for finding such a set 
of decision variables, which satisfy identified 
constraints and allow to achieve possibly “best” 
value(s) of objective function(s) used to evaluate 
the performance of the system for various alterna-
tives of decision variables.

The methodological framework underlying the 
process of developing mathematical models of the 
elements of the decision problem and searching 
for solutions (decisions) is offered by the scien-
tific discipline called Systems Analysis (Sage & 
Armstrong, 2000; Kendall & Kendall, 2007), 
which evolved through parallel developments 
in mathematics, engineering and economics. As 
Systems Analysis has matured in recent decades, 
its applicability in water resources planning and 
management also has been constantly growing. It 
is currently impossible to imagine water resources 
management without using methods and tools 
offered by this discipline.

DecIsIOn MAKInG In WATeR 
ResOURces sYsTeMs 
BAcKGROUnD

Basic concepts of systems Analysis

According to theory developed in the framework 
of Systems Analysis, decision making processes 
take place in a structure consisting of the follow-
ing elements:

• the system under consideration represent-
ing material and physical reality subject of 
control or management;

• the problem which requires a decision. The 
term problem refers to the existence of a 
gap between the desired state and the exist-
ing state of the system under consideration 
(& and Grover (1989)). Consequently, the 
decision making process aims to find a so-
lution (of the decision problem) which at 
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least will reduce this gap and thus solve the 
problem; and

• the decision maker, that is the person or 
personalized organization, who is required 
to decide upon the action or a set of ac-
tions which are to be undertaken in order 
to achieve certain objectives (fill or reduce 
the gap between the existing and desired 
state of the system). Those to whom the de-
cision maker is responsible provide these 
objectives. Most methodologies assume 
an individual decision maker. However, in 
a real world situations, the decisions are 
usually made by a group or even groups of 
people representing different views, pref-
erences, expectations, etc.

The scope and nature of decisions made 
by those, who design, build and operate water 
resources systems are very different from deci-
sions made by people affected by the investment, 
development and operational decisions made 
by the authorities and/or management of exist-
ing infrastructure components. As Wright and 
Houck (2003) point out, the large-scale planning, 
development and management of water resources 
systems generally take place in the public sector. 
Consequently, the individual responsible for the 
decision making is usually not the engineer, who 
performs the technical analyses related to the 
given problem domain, but rather the decisions 
are made in complex structures consisting of many 
interacting units and parties. On the top of such 
a complex structure there is the decision maker 
usually an elected official or his appointee. This 
individual assumes responsibility for selecting a 
course of action(s) that at best achieve given goals 
and objectives of his constituency.

Through various interactions among the 
components of the decision making process the 
solution of the decision problem can be achieved 
in numerous ways, depending upon information 
available to decision makers, type of the model 

used and methods used to work-out the solution 
of the decision problem.

components of the Decision 
Problem formulation

To allow for the rigid, quantitative analysis of 
the decision problem, leading consequently to its 
solution, one has to apply mathematical formalism 
describing in appropriate form the components 
of the decision problem associated with control 
(management) of a specific system.

To describe in quantitative (mathematical) 
terms the properties of the system under consider-
ation Control Theory as well as Systems Analysis 
use mathematical models, which are the surrogates 
for the real system under consideration. Every 
model is always developed under a number of 
assumptions and approximations made by the 
modeller. Elements of the mathematical model 
can be arranged in distinct families of variables 
that identify their respective roles in the system. 
With respect to models of dynamic systems (that 
is systems, which change their behaviour in time) 
the properties of the system and its relationships 
with the environment can be described using the 
following variables (which are usually multidi-
mensional and therefore represented by respective 
vectors, but for the sake of simplicity we will not 
consider this aspect here):

• u: controllable inputs or decision variables 
used to influence (control) behaviour of the 
system under consideration;

• x: state variable of the system representing 
behaviour (history) of the system;

• y: outputs (responses) of the system to re-
spective control and state variables of the 
system;

• p: parameters of the system; and
• w: uncontrollable inputs (disturbances) in-

fluencing behaviour of the system under 
consideration.
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The relationships between these variables 
constitute the components of the decision problem 
formulation and are described by the following 
equations:

• so called state equation defining depen-
dency of the state variable x from decision 
variable u, parameters of the system p and 
uncontrollable inputs (disturbances) w. For 
dynamic systems the state equation has the 
form of ordinary differential equation

dx/dt = f(x(t), u(t), w(t), p, t)  (1)

where f is a given (known) function. In some cases 
the left hand side of the formula (1) is equal to 
zero, which means steady-state situation, when 
the dynamics of the system does not have to be 
explicitly considered;

• output equation describing the response y 
of the system under consideration to given 
decision (control) variable u and resulting 
state variable x

y(t) = g(x(t), u(t), w(t), p, t)  (2)

where g is also a given (known) function.
Mathematical formulation of the system 

model cannot be complete without specification 
of constraints on the variables and constraints on 
relationships between the variables building the 
model. These constraints are symbolically given 
a form of inequality

h(x(t), u(t), w(t), p) <= 0  (3)

where h is given function.
The last element necessary to describe the 

components of the decision problem is a measure 
allowing to evaluate as to how satisfactory is the 
fulfilment of the goals which the system under 
consideration has to meet. This measure is tradi-
tionally given in a form of so called performance 

function (known also as performance index) q 
mapping given control variables u and resulting 
from these controls state x of the system into 
real number Q calculated over specified period 
of time (control horizon). Since the value of the 
performance function is evaluated over predefined 
in the formulation of the decision problem time 
horizon Δt, the value Q of performance function 
is calculated as the integral of the function q over 
this period of time:

Q = ∫ q(x(t), u(t), t) dt (4)

Assuming that the functions f, g and h describ-
ing properties of the system under consideration 
are known, for a specified time horizon Δt, initial 
state of the system x0, given information about 
disturbances w(t) and selected control u(t), one 
can calculate response of the system y(t) and the 
value of the performance function Q = Q(x0, u(t)). 
In other words, this value of the performance 
function provides the measure of fulfillment of 
the goals for a chosen control scenario u(t).

Since the ultimate purpose of the decision 
making process is to find such a solution u°(t) 
which at least will reduce the gap between the 
desired state and the existing state of the system 
under consideration and thus solve the problem, 
the solution of the decision problem can be under-
stood as the search for such a variant of control 
(decision) variable u(t), which to the best possible 
extend reduces the gap underlying formulation of 
the decision problem.

Consequently, the search for the solution of 
the decision problem can be represented as the 
search of the optimal (best possible) control 
u°(t) minimizing (or maximizing) the value of 
performance function Q(x0, u(t)) with respect 
to constraints in a form of formulas (1), (2) and 
(3). This form of the decision problem solution 
can be achieved for a relatively narrow range of 
real-life decision problem and very often has to 
be substituted by the search for such a variant of 
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the control u(t), which is non-inferior to other 
alternatives and fulfils all constraints.

The notation used so far to denote all the 
variables used in the description of the decision 
problem might suggest that all variables have to 
be time-dependent, which is not necessarily the 
case and has been introduced for the purpose of 
the generality. Therefore, the variables may be 
time-dependent, but they do not have to be and 
in fact quite often they are independent of time.

The decision variables do not always have 
to be represented by a continuum of values, 
but by a finite set of discrete alternatives and/
or multiple criteria. In many real-life situations 
there can be multiple objectives used to evaluate 
the “goodness” of the system operation, which 
in consequence leads to the necessity to define 
also multiple performance functions and then 
the decision problem becomes a multiple-criteria 
decision making problem

Summarizing, we can say that the structured, 
analytical formulation of a decision problem for 
a specific system under consideration consists of 
the following elements:

• decision (control) variables;
• state variables of the system under consid-

eration (when appropriate – concerns dy-
namic systems only);

• disturbances representing uncontrolled in-
fluences of the environment on the system 
at hand (when the disturbances will be ex-
plicitly taken into account during the deci-
sion making process);

• output variables representing response of 
the system to the environment on given dis-
turbances (when applicable) and controls;

• state equations of the system (when appro-
priate – concerns dynamic systems only);

• output equations of the system;
• constraints on control and state variables 

of the system;
• performance function (or set of functions 

for multiple-criteria decision problems) 

providing the measurement of fulfilling the 
goals of the system operation.

Availability of these components is a necessary 
condition for the design, development and imple-
mentation of the tool capable to support decision 
making processes associated with the determina-
tion (selection) of the best possible solution for 
the system at hand using optimization approach. 
In many cases, however, due to complexity of 
the decision problem and sophistication of the 
mathematical description of the case system it 
is not possible to apply directly optimization 
techniques and rather simulation-based approach 
has to be used. The simulation-based approach 
allows to analyze behavior of the very complex 
systems described using highly sophisticated 
and/or computationally very demanding models. 
Basically the set of components constituting the 
formulation of the decision problem tackled using 
simulation techniques covers almost all elements 
from the list given above, except of the presence 
of the performance function.

Basic components of 
Decision support systems

There are many definitions of Decision Support 
System (DSS), however one of the most accurate 
and comprehensive one is the definition formu-
lated by Power (2007), who defines DSS as an 
interactive computer-based system or subsystem 
intended to help decision makers use communica-
tions technologies, data, documents, knowledge 
and/or models to identify and solve problems, 
complete decision process tasks, and make de-
cisions. Decision Support System is a general 
term for any computer application that enhances 
a person or group’s ability to make decisions. In 
general, Decision Support Systems are a class of 
computerized information system that support 
decision-making activities. Five more specific 
Decision Support System types include:
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• communications-driven DSS which use 
network and communications technologies 
to facilitate decision-relevant collabora-
tion and communication. In these sys-
tems, communication technologies are the 
dominant architectural component. Tools 
used include groupware, video conferenc-
ing and computer-based bulletin boards 
(Power, 2002);

• data-driven DSS emphasizes access to and 
manipulation of a time-series of historical 
and real-time data. Simple file systems ac-
cessed by query and retrieval tools provide 
the most elementary level of functionality. 
Data warehouse systems that allow the ma-
nipulation of data by computerized tools 
tailored to a specific task and setting or by 
more general tools and operators provide 
additional functionality;

• document-driven DSS uses computer stor-
age and processing technologies to provide 
document retrieval and analysis. Large 
document databases may include scanned 
documents, hypertext documents, images, 
sounds and video. Examples of documents 
that might be accessed by a document-
driven DSS are policies and procedures, 
product specifications, catalogues, and his-
torical documents. A search engine is a pri-
mary decision-aiding tool associated with 
a document-driven DSS (Power, 2002);

• knowledge-driven DSS can suggest or rec-
ommend actions to decision makers. These 
DSS are person-computer systems with 
specialized problem-solving expertise. The 
“expertise” consists of knowledge about a 
particular domain, understanding of prob-
lems within that domain, and “skill” at 
solving some of these problems (Power, 
2002); and

• model-driven DSS emphasizing access to 
and manipulation of optimization and/or 
simulation models.

The concept of the Decision Support System 
has evolved from two major areas of research: 
the theoretical studies of organizational decision-
making conducted at the Carnegie Institute of 
Technology during the late 1950s and the technical 
investigations carries out at the Massachusetts 
Institute of Technology in the 1960s (Keen & 
Morton, 1978). The term Decision Support System 
itself was born in the early 1970s.

The classical design of DSS comprises three 
basic components (Salewicz, 2005) providing:

• modelling functions accessed by a model-
management system;

• database-management capabilities with ac-
cess to internal and external data, informa-
tion and knowledge; and

• (preferably graphical) user interface struc-
ture which enables interactive queries, re-
porting, display and graphical operations 
functions.

Every DSS contains these components, how-
ever – depending upon purpose of the particular 
DSS implementation, available technical means, 
information needs and prospective users of the 
DSS – some of these components may play more 
prominent role than the others. Consequently, the 
implementation effort related to these components 
may be unevenly distributed and some of these 
components may be less developed than the oth-
ers. In the field of water resources management 
the major role is played by the model-driven and 
data-driven DSS. Therefore design and develop-
ment of the DSS for the management of water 
resources is very strongly dependent upon the 
availability of appropriate models, data and data 
processing procedures.

Psychological Aspects 
of Decision Making

Although the beginnings of the research concern-
ing decision making took pace few centuries ago 
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and had been rather not very noble, since one of the 
precursors of this discipline – Swiss mathematician 
Nicolas Bernouilli living in Eighteenth Century – 
was concerned with the studies dealing with gam-
bling, the research on the psychological aspects 
of decision making begun in the late 1940s and 
early 1950s (Newell, Lagnado & Shanks, 2007), 
in a sense in parallel to the advances in the field 
of Operations Research and Systems Analysis, 
creating formal basis and formal methodological 
background for decision making.

As formulated by Newell, Lagnado & Shanks, 
2007, from the psychological standpoint decision 
making processes involve the following steps:

• Discovering information, which means 
search for various sources and kinds of the 
information, search for a new information 
from multiple sources;

• Acquiring and searching through informa-
tion available from different sources in an 
attempt to gather information that would 
ultimately lead to better decisions;

• Combining already collected information 
to make the judgement and finally reach 
the decision; and

• Feedback associated with the learning. In 
the framework of the learning process the 
stakeholders make decisions based on in-
formation available; learn about their im-
pacts and consequences and then make fur-
ther decisions influenced also by the new 
knowledge and information they have gath-
ered. Consequently, in a repeatable process 
they enhance their knowledge and under-
standing of the problem and also identify 
needs for new types of information.

Considering these psychological aspects of 
the decision making process plays very important 
role in a better understanding of the behaviour 
of decision makers when designing, developing 
and implementing Decision Support Tools and 
Systems. It also strongly supports the thesis, that 

to make rational and sound decisions the decision 
maker will strive to collect possibly broad range 
of facts and information, which in turn does not 
limit the information needs of the decision maker 
to formal models and formal analytical tools, but 
rather call for providing the decision maker both 
with qualitative and quantitative information:

• Qualitative information allowing deci-
sion maker to build broad picture of the 
decision problem itself and helping to 
understand relationships and interactions 
between various elements of the decision 
problem on one side and the surroundings 
of the system under investigation and deci-
sion problem considered on another side. 
This category of information is enormous-
ly vast and contains practically all imag-
inable kinds of information related to the 
decision problem at hand. It is therefore 
impossible to provide any exhaustive and 
complete list of items constituting this cat-
egory, since any individual involved in the 
decision making process may enhance his/
her understanding of the decision problem 
in a particular way, depending upon educa-
tional and professional background, inter-
ests, preferences, etc.

• Quantitative information characterizing in 
terms of numbers (or sequences of num-
bers) certain characteristics of the decision 
problem or of its components, or effects 
of interactions between these components. 
This information is primarily provided as 
the result of computations performed us-
ing various mathematical models available 
for the system at hand. This information 
is therefore to some extend limited by the 
capabilities of the models, assumptions 
underlying development of the models and 
availability of data to validate, test and run 
the models. In addition the quantitative 
information includes historical (or gener-
ated) data relevant to the system at hand.
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Therefore any advances in providing decision 
makers with various forms of the information lead 
ultimately to improvements in the decision making 
process and contribute hopefully to making better 
decisions. Capabilities offered by Internet can 
significantly contribute to increased knowledge 
and information basis by providing access to prac-
tically unlimited number of information sources.

InTeRneT As A sOURce Of 
InfORMATIOn sUPPORTInG 
DecIsIOn MAKInG

The Internet provides a fast and efficient means of 
disseminating information, communicating, and 
engaging in decision making. The opportunities 
have grown dramatically over the past 20 years. 
With advances in computer speed and increasing 
access to the Internet (through telephone, cable, 
wireless access, and increasingly mobile phones), 
the Internet also presents a growing array of tools 
and approaches for disseminating information and 
fostering public participation in decision making.

There are many benefits to Internet-based 
tools (Bruch, 2005b). They are fast, affordable, 
and easy to use. They provide opportunities to see 
information in different ways, for example using 
GIS and satellite data (e.g., through Google Earth), 
or by manipulating large databases to respond to 
queries. Internet-based tools are often free (once 
the user has invested in computer and Internet 
access). Increasingly, there are on-line tools for 
translating information into other languages, such 
as Google’s Language Tools (translating 42 differ-
ent languages); even imperfect, such tools greatly 
expand the accessibility of on-line information.

There are a wide range of Internet-based tools, 
including:

• Web pages, for example focused on spe-
cific water bodies, on specific issues (such 
as dams or drinking water), on a specific 
issue in a specific water body (often for 

campaigning purposes, and general infor-
mation. These web pages can include

• Data and other information on the status of 
water bodies, including for example, water 
level, flow, precipitation, discharge, flood 
data, storage conditions, water quality, etc.;

• Information on projects and activities, in-
cluding EIAs;

• Analytical reports, toolkits, and other 
resources;

• Information on institutions and instru-
ments governing water bodies;

• Information for public education and ad-
vocacy campaigns;

• Mashups that combine datasets into a sin-
gle application; and

• Filesharing sites, such as YouTube.
• Tools for engaging stakeholders in deci-

sion making, including announcements, 
soliciting public comment, DSS, and com-
plaint mechanisms. It can also include:

• Email, bulletin boards, listservs, blogs, 
Twitter, and other means of communicat-
ing widely and rapidly; and

• Social networking sites, such as Facebook 
and MySpace, which can bring like-mind-
ed people together, share information, and 
provide forums for discussion.

Inter alia, the Internet can be a source of 
“qualitative” information, which can educate 
the public and decisionmakers alike about the 
potential implications of a decision. For example, 
the Stimson Center produced on-line animations 
visually illustrating the potential environmental 
and social consequences of hydroelectric dam 
projects along the mainstream of the Mekong 
River (Stimson Center 2009).

Online information, especially qualitative 
information, can be both directly used and also 
assist engineers and decision makers in address 
challenges, as described in the introduction to this 
chapter. Decisions can be significantly influenced 
by the way in which the information is presented: 
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especially for non-technical users, information 
presented in numerical form has little meaning, 
while the same numbers used to present flow 
values in a graphical form (or animation) have 
significantly more power to communicate. Such 
qualitative information can also be particularly 
useful for education and training, as with the 
World Bank’s Basin IT: An Interactive Training 
Tool for Integrated Water Resources Management 
in a River Basin Context.

Notwithstanding the importance and prom-
ise of the Internet for improving dissemination 
of and access to information, as well as public 
participation in decision making, there are some 
important limitations. Cost and access are the most 
significant limitations, particularly in developing 
countries. As of March 2009, Internet World Stats 
estimated that approximately 5.6% of Africans 
accessed the Internet, an increase of 1100% 
from 2000 (Internet World Stats, 2009). Asia 
saw Internet penetration of 17.4% (an increase of 
475%); the Middle East was 23.3% (an increase 
of 1296%); and Latin America and the Carib-
bean was 29.9% of the population (representing 
an increase of 861%). With this rapidly growth, 
access may eventually be less of a concern, but in 
these regions less than one-third to one-twentieth 
of the population had Internet access.

Another significant limitation is language. 
Many developing countries have multiple lan-
guages, meaning that effective access and dis-
semination of information is limited to those 
languages in which information is available 
(and translation can be prohibitively expensive). 
This is compounded for transboundary basins. 
The Okavango Basin has populations speaking 
13 different indigenous languages and 5 official 
languages (Ashton and Neal, 2005). Many other 
basins have more languages, including the Niger 
and Nile Rivers. This limitation is not unique to 
Internet-based tools – indeed the same challenge 
faces print material – however it does remain one 
of the key constraints on effectively using the 

Internet to disseminate information and engage 
different constituencies (Bruch, 2005b).

Notwithstanding these limitations, the Inter-
net has proven to be a dynamic, wide-reaching, 
and frequently significant tool for disseminating 
information, raising awareness, building capac-
ity, and engaging a wide range of stakeholders 
(Van Ginkel, 2005; Bruch 2005b). Based on the 
recent innovations and broadening access, the 
Internet is likely to continue to be essential – and 
increasingly so.

InTeRneT As THe sOURce Of 
MODeLs AnD Dss TOOLs

The development of the DSS capable to provide 
decision maker with the appropriate quantitative 
information and data is very strongly dependent 
upon availability of mathematical model(s) de-
scribing interactions and relationships between 
human actions and natural phenomena taking 
place within the system, for which the decisions 
have to be made. Without availability of the ap-
propriate model(s) and their implementation in 
a form of respective computational routines it is 
impossible to design and create any meaningful 
Decision Support System. At the same time it is 
well known, that the design, development, testing 
and verification of mathematical models describ-
ing phenomena taking place in water resources 
systems is associated with significant effort both 
in terms of time and manpower (including some-
times even unique skills) involved. In many cases 
the developers of a particular DSS may not have 
enough time and capabilities to create required 
models from the scratch and therefore the appli-
cation (re-use) of already available, proven and 
tested models appears to be extremely appealing 
way to follow.

Although many models and computational 
procedures are available on commercial terms 
only (involving payment of the respective licence 
fees and limitation on the rights of use), the In-

www.ketabdownload.com



64

Building Capacity for Better Water Decision Making through Internet-Based Decision Support Systems

ternet offers also broad possibilities to find and 
download free of charge high-quality models. 
The following table (Table 1) provides the list of 
models and tool which have been developed over 

the years by the Hydrologic Engineering Center 
(HEC) of the US Army Corps of Engineers. The 
Center specializes in the technical areas of sur-
face and groundwater hydrology, river hydraulics 

Table 1.

Name of the 
Model

Model Purpose Source of the Model

HEC-RAS HEC-RAS performs one-dimensional hydraulic 
calculations for a full network of natural and con-
structed channels. The HEC-RAS system contains 
four one-dimensional river analysis components 
for: (1) steady flow water surface profile computa-
tions; (2) unsteady flow simulation; (3) movable 
boundary sediment transport computations; and 
(4) water quality analysis.

http://www.hec.usace.army.mil/software/hec-ras/

HEC-GeoRAS HEC-GeoRAS is a set of procedures, tools, and 
utilities for processing geospatial data in ArcGIS 
using a graphical user interface (GUI). The inter-
face allows the preparation of geometric data for 
import into HEC-RAS and processes simulation 
results exported from HEC-RAS.

http://www.hec.usace.army.mil/software/hec-ras/hec-georas.html

HEC-HMS The Hydrologic Modeling System (HEC-HMS) 
is designed to simulate the precipitation-runoff 
processes of dendritic watershed systems. The 
program features a completely integrated work en-
vironment including a database, data entry utilities, 
computation engine, and results reporting tools.

http://www.hec.usace.army.mil/software/hec-hms/index.html

HEC-GeoHMS The Geospatial Hydrologic Modeling Extension 
(HEC-GeoHMS) is a software package for use 
with the ArcView Geographic Information Sys-
tem. The program features terrain-preprocessing 
capabilities.

http://www.hec.usace.army.mil/software/hec-geohms/index.html

HEC-SSP

Statistical Software Package (HEC-SSP) allow 
to perform statistical analyses of hydrologic data. 
Components of the software allow the user to 
perform: annual peak flow frequency analyses; 
a volume-duration frequency analyses on daily 
flow data.

http://www.hec.usace.army.mil/software/hec-ssp/features.html

HEC-ResSim

HEC-ResSim is designed to be used to model res-
ervoir operations at one or more reservoirs whose 
operations are defined by a variety of operational 
goals and constraints.

http://www.hec.usace.army.mil/software/hec-ressim/

HEC-EFM

Ecosystem Functions Model is designed to help 
study teams determine ecosystem responses to 
changes in the flow regime of a river or con-
nected wetland.

http://www.hec.usace.army.mil/software/hec-efm/index.html

HEC-FDA

The Flood Damage Reduction Analysis (HEC-
FDA) software is designed to assist study team 
members in using risk analysis methods for flood 
risk management studies as required by USACE 
guidance - ER 1105-2-101.

http://www.hec.usace.army.mil/software/hec-fda/index.html
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and sediment transport, hydrologic statistics and 
risk analysis, reservoir system analysis, planning 
analysis, real-time water control management and 
a number of other closely associated technical 
subjects.

In addition to above listed models and applica-
tions, the U.S. Army Corps of Engineers’ Hydro-
logic Engineering Center offers Data Storage 
System briefly called HEC-DSS (USACE HEC, 
2009), which is a database system designed to 
efficiently store and retrieve scientific data that 
is typically sequential. Such data types include, 
but are not limited to, time series data, curve data, 
spatial-oriented gridded data, and others. The 
system was designed to make it easy for users 
and application programs to retrieve and store 
data. HEC-DSS is incorporated into most of HEC’s 
major application programs.

Apart of models and tools available from In-
ternet on a free-of-charge basis, the Web provides 
also access to a number of commercially available 
programs, models and solutions. The providers of 
these tools offer usually comprehensive packages 
containing SW licenses, professional education 
programmes and consultancy services. The follow-
ing table contains references to highly appreciated 
SW packages and DSS tools.

A comprehensive collection of links to numer-
ous web pages containing models and modelling 
tools is provided by the Internet portal operated 
by United States Geological Survey (USGS, 2009).

WeB-BAseD Dss

In the previous sections we have presented avail-
able over the Internet various models and utility 
programs which can be used for the design and 
implementation of a DSS for a specific water 
resources system. The effort necessary to master 
these components to the degree, which is necessary 
to build any meaningful decision support system, 
exceeds by far the capabilities and interests of a 
non-professional person, who – nevertheless – 

may be interested in evaluating impact of policy 
and/or operational decisions concerning particular 
water resources system. At the same time the In-
ternet offers – by its nature – ideal conditions for 
sharing information and knowledge and provide 
platform for communication between institutions 
and individuals in matters associated with decision 
making concerning water resources systems. The 
dialogue between engineers and official decision 
makers on one side and public opinion on another 
side could be established and facilitated provid-
ing that suitable basis for such a dialogue exists. 
Following the paradigm of Internet: providing 
the Internet users with practically unlimited 
capabilities for communication and exchange 
of information, an effort had been undertaken to 
overcome traditional limitations on the access to 
information concerning impact of development 
planning and/or operational decisions related to 
a water resources system. As the result of these 
efforts a number of initiatives and research efforts 
have been undertaken to develop and implement 
web-based Decision Support Systems enabling 
fact-based communication between policy makers 
and a broad constituency.

A Prototype for Web-Based Dss

According to the definition provided by Power 
(2000), a Web-based DSS provides information 
supporting decision maker or decision support tool 
to a decision maker using a “thin-client” (Orfali, 
Harkey & Edwards, 1999) Web browser such as 
Safari, Explorer, or Mozilla. The computer server 
hosting the DSS application(s) is linked to the 
user’s computer by the Internet network using 
TCP/IP protocol. To investigate the feasibility 
of developing a Web-based DSS available to a 
broad public and addressing vital policy issues a 
prototype Internet-based Decision Support System 
has been created (Salewicz & Nakayama, 2004).

The research aimed at the design and imple-
mentation of an Internet-based DSS was build 
upon the following assumptions:
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• the users of DSS are interested in assessing 
consequences of certain policy expressed 
in terms of clearly identified alternative ac-
tions (limited set of alternatives);

• actions associated with the policy are 
preferably formulated qualitatively, not 
quantitatively;

continued on following page

Table 2.

Name Purpose and Properties Source Address

WEAP

“Water Evaluation And Planning” System has been devel-
oped by the Boston Center of Stockholm Environmental 
Institute. WEAP offers integrated approach to water re-
sources planning assessment. It contains a database which 
maintains water demand and supply information to drive 
mass balance model on a link-node architecture. Product 
calculates water demand, supply, runoff, infiltration, crop 
requirements, flows, and storage, and pollution generation, 
treatment, discharge and instream water quality under vary-
ing hydrologic and policy scenarios. It allows to evaluate a 
full range of water development and management options, 
and takes account of multiple and competing uses of water 
systems. Communication with the user is provided through 
graphical drag-and-drop GIS-based interface with flexible 
model output as maps, charts and tables.

http://www.weap21.org/

RIBASIM

RIBASIM (River Basin Simulation Model) has been de-
veloped by the Delft Hydraulics and is a generic model 
package for analyzing the behaviour of river basins under 
various hydrological conditions. The model package is a 
comprehensive and flexible tool which links the hydrological 
water inputs at various locations with the specific water-use. 
RIBASIM enables the user to evaluate a variety of measures 
related to infrastructure, operational and demand manage-
ment and the results in terms of water quantity and water 
quality. It generates water distribution patterns and provides 
a basis for detailed water quality and sedimentation analyses 
in river reaches and reservoirs. It provides a source analysis, 
giving insight in the water’s origin at any location of the 
basin. RIBASIM follows a structured approach to river basin 
planning and management. RIBASIM is designed for any 
analysis, which requires the water balance of a basin to be 
simulated. The resulting water balance provides the basic 
information on the available quantity of water as well as 
the composition of the flow at every location and any time 
in the river basin. The structure of RIBASIM is based on 
an integrated framework with a user-friendly, graphically, 
GIS-oriented interface.

http://www.wldelft.nl/soft/ribasim/int/index.html

RiverWare

RiverWare has been developed by the CADSWES - Cen-
ter for Advanced Decision Support for Water and Environ-
mental Systems, University of Colorado. It provides very 
broad spectrum of capabilities and functionalities which 
allow to: 
• Select generic basin features from a palette, name the 
features, and link them together to create basin topology, 
• customize the model; 
• Determine policy to express operating policy as user-
defined data; 
• Switch between pure simulation, rule-based simulation 
and optimization modes; 
• Manage daily scheduling, mid-term forecasting and 
long-range planning by using flexible utilities.

http://cadswes.colorado.edu/riverware/
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• the user has no experience and no desire 
to learn about specifics of any mathemati-
cal models and tools, and therefore can 
be seen as a representative of the general 

public interested in specific impacts of the 
policies;

• DSS should allow for a simple selection 
among available alternatives and present 

Name Purpose and Properties Source Address

MODSIM-DSS

MODSIM-DSS is a generalized river basin Decision Support 
System and network flow model developed at Colorado State 
University designed specifically to meet the growing demands 
and pressures on river basin managers. It is structured as a De-
cision Support System, with a graphical user interface (GUI) 
allowing users to create any river basin system topology. Data 
structures embodied in each model object are controlled by 
a data base management system, which is also queried by 
simple mouse activation. Formatted data files are prepared 
interactively and a highly efficient network flow optimization 
model is automatically executed from the interface without 
requiring any direct intervention by the user. Results of 
the network optimization are presented in graphical plots. 
Note: DSS download is available free of charge.

http://modsim.engr.colostate.edu/index.html

SOBEK

SOBEK is a general software package for the integral 
simulation of processes in one dimension, i.e. in a river, an 
estuary, a canal or in a sewer network. It is an instrument for 
flood forecasting, optimisation of drainage systems, control 
of irrigation systems, sewer overflow design, ground-water 
level control, river morphology, salt intrusion and surface 
water quality. It has been developed - and is being further 
developed by Delft Hydraulics jointly with Dutch public 
institutes and private consultants. SOBEK has three basic 
product lines covering any fresh water management situation 
in River, Rural and Urban systems alike. Each product line 
consists of different modules to simulate particular aspects of 
the water system. These modules can be operated separately 
or in combination. The data transfer between the modules 
is fully automatic and modules can be run in sequence or 
simultaneously to facilitate the physical interaction.

http://delftsoftware.wldelft.nl/index.
php?option=com_content&task=blogcategory&id
=15&Itemid=35

MIKE BASIN

MIKE BASIN has been developed by the Danish Hydrologi-
cal Institute and is a professional engineering software pack-
age and a powerful modelling tool for integrated river basin 
planning and management. It accommodates a basin wide rep-
resentation of water availability, sector water demands, multi-
purpose reservoir operation, transfer/diversion schemes, and 
possible environmental constraints. MIKE BASIN provides a 
mathematical representation of the river basin encompassing 
the configuration of the main rivers and their tributaries, the 
hydrology of the basin in space and time, existing as well 
as potential major schemes and their various demands of 
water. Simulations can be carried out with any time step 
without consideration to the time intervals of input data. 
Model output comprises information on the performance 
of each individual reservoir and irrigation scheme within 
the entire simulation period, illustrating the magnitude and 
frequency of any water shortages. The DSS integrates GIS, 
data bases and models to provide an user-friendly tool, 
capable of evaluating alternative options for compliance 
considering the legislative requirements, technical options 
for improvements, environmental impacts and economic/
financial implications.

http://www.crwr.utexas.edu/gis/gishyd98/dhi/mike-
bas/Mbasmain.htm

Table 2. continued
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consequences of selected decisions in a 
meaningful way;

• time interval between formulation of a 
query and receipt of response should be 
minimal, not exceeding a few seconds, to 
allow for an effective on-line experience 
while using the DSS.

Initial efforts were directed towards selection 
of an appropriate case study system, which:

• potentially could attract a significant 
audience;

• concerns a controversial issue involving 
conflicting objectives and interests;

• has been described using sound, verified, 
and viable modelling techniques;

• has been analysed and modelled by objec-
tive, unbiased, and independent specialists 
who are not involved in the controversy.

An exhaustive search led to selection of the 
Ganges River as a case study (see Figure 1). 
This river has been subject of extensive research 
performed at the Center for Spatial Information 
Science, University of Tokyo (Ministry of Land, 
Infrastructure and Transport, 2001).

The case study dealt with analysis of the impact 
of agricultural and urbanization policies applied 
in India. The agricultural and urban development 
policies chosen by India directly impact the amount 
of water in the Ganges River flowing into Ban-
gladesh. Taking into account a lack of cooperation 
between these two countries (Biswas & Uitto, 
2001) and mutual distrust, the availability of an 
unbiased, independently developed model and 
DSS capable of analyzing consequences of se-
lected policy options could help both sides to 
establish a common basis for discussion and 
evaluation of alternatives.

The relevant strategic development policies 
considered in India (Salewicz & Nakayama, 2004) 
had been expressed in terms of the following 
decision variables:

• length of the river stretch over which the 
agricultural and urbanization policies will 
be implemented;

• intensity of the changes in land-use pat-
terns; and

• intensity of the urbanization changes over 
the area considered.

Figure 1. Case study Ganges river basin system
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From the strategic point of view, these deci-
sion variables represent in an aggregated form a 
whole spectrum of policy options. These policies 
had been described in detail in quantitative terms, 
using precise values of the above-mentioned deci-
sion variables, which were then translated into a 
set of detailed parameters to initialize the simula-
tions before the response of the system could be 
simulated. However, one run of the simulation 
necessary to calculate system response to a se-
lected policy alternative required up to a couple 
of hours of computations and therefore this slow 
response time disqualified the use of this model 
in an interactive Internet-based DSS.

Therefore another approach aimed at the 
reduction of computational effort and costs was 
selected. This approach was based on creating 
discrete terms for qualitative decision variables: 
the feasible range of every decision variable had 
been divided into several intervals. All values of 
the decision variable belonging to a certain inter-
val had been associated with a single, qualitative 
attribute characterizing this range in descriptive, 
intuitive terms (e.g. low, medium, high). Such a 
process of qualitative categorization of decision 
variables can be performed only by an expert, 
based on very thorough sensitivity analysis and 
knowledge of models used to calculate the impact 
of policy parameters.

This categorization approach was used to 
derive descriptive terms for the following set of 
feasible decision variables (see Figure 2):

• length of the area upstream of the Harding 
Bridge, where the changes to land-use pol-
icies will be introduced has been divided 
into three categories:

• “near” (changes on the stretch shorter than 
100 km);

• “far” (changes on the stretch between 100 
and 200 km); and

• “very remote” (changes on the stretch lon-
ger than 200 km).

• intensity of change in land-use patterns has 
been divided into four categories:

• “intensified agricultural pressure” (shift in 
the cropping pattern from the current one 
to more intensive);

• “less intensive agricultural pressure” (shift 
from current pattern to less intensive);

• “stable land-use” (no change in the land-
use pattern (retain current conditions)); and

• “intensified irrigation” (increase an irriga-
tion command area, which is equivalent to 
creation of bigger farms).

• intensity of the urbanization changes over 
the considered area has been three levels:

Figure 2. Sample screen showing selection of parameters of the strategic policy option
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• “stable population” (no changes to current 
density of the population);

• “population increase” (increase of the pop-
ulation density by up to 50%); and

• “population explosion” (increase of the 
density by up to 100%).

If another set of decision variables, or feasible 
ranges of decision variables were selected, then 
the whole categorization and simulation process 
would have to be replicated using a new database 
and simulation results re-created.

The impact of the policy decision depends upon 
natural climatic conditions, such as the monsoon 
system that drives the water cycle in this part of 
the world. In this case, a qualitative description of 
climatic conditions has been used. The impact of 
land-use policy is analysed using three alternative 
scenarios for climatic conditions, extending over 
a year-long timeframe: average, better than aver-
age (more rainfall) and finally worse than average 
monsoon conditions (less rainfall).

The responses of the natural system to all 
possible combinations of decision variables and 
climatic conditions were derived using the above 
classification schema. System responses were 
calculated off-line and then were entered into a 
database accessible to the user through the dia-
logue-driven interface. This approach allowed to:

• shift the whole computational burden to 
the server referencing look-up tables of re-
sults from the off-line simulation runs;

• separate dialogue with the user from com-
plex and time consuming operations on 
databases containing vast amounts of data;

• significantly reduce DSS response time 
following a user’s selection of policy 
parameters.

Therefore the user who wants to see the con-
sequences of land-use policy changes in India 
first had to select the corresponding set of policy 
parameters expressed in descriptive terms as de-

scribed above and then requested from the system 
evaluation of the impact of this policy.

The impact of the selected policy decision 
was represented by a monthly time series using 
the following indicators:

• normal water demand, that is the demand 
on water associated with currently used 
and unchanged conditions of the land-use 
in the area of interest (upstream of the 
Harding Bridge);

• expected water demand, which is repre-
sented by the values of water demand cal-
culated for the selected combination of de-
cision variables;

• normal water supply equal to flow rate at 
the Harding Bridge cross-section calculat-
ed for current (unchanged) land-use condi-
tions; and

• expected water supply equal to flow rate 
at the point of interest calculated for user-
selected land-use policy.

In addition the user could also select two other 
impact indicators, which were derived from values 
defined above, namely:

• difference between water supply and water 
demand calculated by the simulation mod-
el for unchanged land-use conditions; and

• difference between water supply and water 
demand calculated for selected land-use 
policy options.

Time series with all impact indicators were 
presented to the user in a form of graph (see Figure 
3), which could be also printed from the PC client 
used to communicate with the server-side DSS.

further Implementation of Web-
Based Dss

The efforts to build Web-based decision support 
tools has been undertaken by other researchers, 
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although it should be said, that – due to complexity 
of the technological, organizational and method-
ological challenges associated with this research 
directions – still prototype/pilot implementations 
are reported.

Barua & Purnendu (2007) (see also Barua 
& Goswani, 2007) provide description of a 
Web-based DSS for analyzing water resources 
management policy on a river basin scale, which 
has been developed as a pilot DSS framework for 
Brahmaputra River Basin. Their study involved 
design of a generic DSS framework on a river 
basin scale. The DSS was designed to assess and 
simulate water availability on a river basin scale. 
Proposed DSS consisted of:

• a river basin information system build 
upon the concept of Relational Data Base 
Management System and using “Oracle 
8i” relational data base

• a generic river basin simulation model 
base called River Basin Dynamics Model 
to address the dynamics of availability and 
consumption of water in any river basin.

According to approach taken by Barua, Mandal 
& Goswami (2009), the water availability in any 
river basin depends upon water supply and water 
consumption. Water supply dynamics is influenced 
by the external inflow into the basin, outflow from 
the basin, rainfall, evaporation and supply from 
ground water sources. Water consumption is gov-
erned by the water use policy concerning agricul-
tural water use (irrigation), consumptive water use 
by population and finally industrial water usage. 
For the water use policy analysis water various 
sector-related consumption scenarios can be then 
developed and simulated using available simula-
tion tools. Built-in information system allowed 
users for on-line data entry, report generation and 
simulation control. The users could explore variety 
of water consumption and availability scenarios 
for the Brahmaputra Basin and perform “What, 
if” type of policy scenario analysis and evalua-
tion of simulation results obtained. The authors 
of the study conclude – among others – that the 
developed framework can be applied to any large 
river system as a policy planning tool and also as 
a tool for conflict resolution.

Figure 3. Sample of simulation results showing time series of effective water supply calculated for se-
lected policy alternative
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On the Web page http://eraprogetti.com/en/
Products user can access the Web based, BAsin 
Scale HYdrological Tool (BASHYT) created as 
a Collaborative Working Environment (CWE) 
on the web (Cau, Meloni, Manca & Cau, 2007). 
BASHYT relies on hydrological models and 
web-GIS technologies to support decision mak-
ers, through a user-friendly Web interface, in the 
field of sustainable water resources management.

The portal http://era.hopto.org/bashyt/ allows 
the general user to view hydrological applications 
based on the SWAT – Soil and Water Assess-
ment Tool (Neitsch, Arnold, Kiniry & Williams, 
2005) and QUAL 2K (Brown & Barnwell, 1987) 
models to quantify the impact of point and non 
point pollution. The BASHYT DSS combines 
physically-based river basin models and Geo-
graphic Information System (GIS) to support 
decision makers in assessment of consequences 
of various land use and demographic development 
scenarios. It is made of data bases, visualization 
tools, numerical applications and analysis tools, 
and uses Web portal as a front end. For security 
and organizational purposes a stand-alone, Web-
based interface grant user the access to the contents 
(data, models, tools). The system is operated by 
user-friendly Web interface working directly on 
a Web-browser (like Internet Explorer, Mozill, 
Firefox, Opera) and does not require additional 
software or plug-ins. The access to the data is 
controlled and is depending upon role of the user 
(“public”, “developer”, “administrator”, “office”). 
User interfaces have been optimized to be operated 
also by a non-technical users. The DSS allows user 
to (Cau, Meloni, Manca & Cau, 2007):

• Store, manage and query data collections;
• Visualize the data through the Web GIS;
• Manipulate data exchange and transfer be-

tween various data base and GIS interfaces;
• Run real time applications based on SWAT 

and QUAL 2 models;
• Create reports (maps, graphs) using auto-

matic, standardized procedures;

• Design remediation strategies and evalu-
ate their effectiveness using standard 
framework.

The system has been tested on a case study 
river basin Flumini Mannu of Saint Sperate, 
Sardinia, Italy.

Unlike previously presented examples of DSS, 
which were primarily designed to be operated 
and used by rather technically inexperienced 
user, Sieker et. al. (2006) provide description 
of another DSS, which uses as a core so called 
“decision matrix” implemented as a Web-based 
application and which is designed for the use by 
experts. Although the participation of the public 
in the decision making process is not excluded, 
in charge of the Web page should remain respec-
tive administrative authorities. The approach 
adopted by Sieker et.al. (2006) in the development 
of their WSM300-DSS (see www.wsm300.de) 
emphasizes that the WSM300-DSS is to be seen 
as a monolithic software application, but rather 
methodology for integrated river basin manage-
ment in small watersheds supported by suitable 
software tools.

The work with DSS can be divided into two lev-
els: consultative level involving general planning 
activities with the participation of stakeholders 
and public; and the engineering level focused on 
technical implementation and analysis of planning 
specifications. The decision making process is 
divided into a number of steps:

• Analysis of deficits based on the actual 
and required state of the system under 
consideration taking into account legal 
requirements;

• Definition of management objectives;
• Specification of policy alternatives;
• Integrated impact analysis for scenarios 

considered;
• Quantitative determination of outcomes 

associated with each policy scenario and 
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each performance indicator chosen to eval-
uate the impact of decisions;

• Specification of weighting factors and ben-
efit functions;

• Multiple criteria assessment of policy 
alternatives;

• Multidisciplinary evaluation of assessment 
results and reaching agreement on a pre-
ferred scenario; and

• Restart from one of the previous steps, 
whenever necessary.

WSM300 is capable to provide assistance dur-
ing all these steps and for the both working levels.

The core component of the DSS is so called 
“decision matrix” created using a Web-based 
application. The rows of this matrix contain man-
agement objectives selected from the catalogue of 
indicators, which can be used for the evaluation 
of policy alternatives. Columns of the matrix are 
associated with specific policy scenarios. The 
matrix containing calculated indicator values al-
lows for comparison among alternatives and policy 
scenarios. If necessary, multi-criteria analysis 
methods can be used to find the best scenario 
satisfactory for the stakeholders involved in a 
decision making process. The search for the best 
scenario is performed in a framework of itera-
tive process, when at first some basis scenarios 
are developed and analyzed and are then further 
refined during the planning process. The DSS is 
operated by an expert, who moderates the decision 
making process, builds-up the decision matrix and 
performs simulations using models incorporated 
into the DSS.

The system has been tested on three different 
case study small basins in Germany: Panke, Mo-
dau and Saidenbach. According to the authors of 
the WSM300-DSS, it can easily adapted to other 
catchments due to its open structure.

Many decisions concerning water resources 
systems involve usage of the spatial information 
concerning not only topology of the particular 
system, but its many other characteristics and 

properties. Typically, spatial problems are of a 
multidisciplinary nature requiring access to and 
analysis of data coming from many different 
sources. Spatial problems involve also applica-
tion of computational facilities and assessment 
tools distributed among different organizations. 
Decision making associated with spatial problems 
involves various management organizations, 
however no single, individual organization can 
collect, manage and maintain all data relevant 
data sources. As Wang & Cheng (2006) advocate, 
spatial decision making involves multiple organi-
zations and collaboration is needed to facilitate an 
interactive decision making processes. Facilitating 
an inter-organizational decision making process 
through the information and knowledge exchange, 
sharing models and software more efficient col-
laboration can be achieved to resolve conflicts 
and reduce uncertainty. This way of thinking leads 
to the concept of Collaborative Spatial Decision 
making CSDM (Sikder & Gangopadhyay, 2002) 
and - when one considers the communication ca-
pabilities offered by the Internet – to the concept 
of Web-based Collaborative Decision Support 
Services WCDSS (Wang & Cheng, 2006). Ac-
cording to this new concept the WCDSS could 
support not only Web-based information and 
knowledge exchange, but also sharing of software 
and model resources. This would allow institution 
confronted with a decision problem to combine 
own data, information and models with other 
information and tools available from various 
institutions and sources by “renting” them using 
suitable mechanisms and tools offered by the In-
ternet. Therefore users without sufficient amount 
of data and models on their computers could make 
use of collaborative decision support services 
to improve their own decision making. In their 
paper Wang & Chen (2006) provide a conceptual 
framework for the design and implementation of 
the WCDSS together with the information about 
prototype system developed for the Oak Ridges 
Moraine in the Greater Toronto Area, Canada.
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These new concepts concerning development 
of Decision Support Systems for water resources 
management and based on Web technologies show 
certainly interesting trend to follow since trough 
the increased amount of information available to 
decision makers and improvement presentation 
of the spatial information the decisions are made 
on a more comprehensive and sound information 
basis. In this direction went the efforts presented 
by Dzemydiene, Maskeliunas & Jacobsen, 2008, 
who presented the architecture and the concept 
underlying implementation of the Water Resources 
Management Information System (WRMIS) de-
veloped in Lithuania. The major components of 
their information system include:

• A Web portal that combines various data 
sources and provides the users with infor-
mation and tools for its interpretation;

• A surface freshwater data warehouse and 
point source data warehouse both hosted 
by Environmental Protection Agency (sys-
tem implemented on a Windows platform);

• A groundwater data warehouse hosted in 
Geological Survey of Lithuania (imple-
mented on the Linux platform);

• Two Web map servers providing on-line 
map tools;

• A client application that can be used for 
maintaining the surface water database.

Digital maps have been included in the graphi-
cal user interface for both administration and 
presentation purposes. On-line map tools have 
been implemented in the WRMIS, where the us-
ers can compose their own maps using available 
information resources.

As the authors of the system conclude, cur-
rently the main contribution of the WRMIS is a 
possibility to establish a Web-Portal service, which 
can provide on request users with information 
coming both from centralised and decentralised 
data sources. Planned extensions contain improve-
ments of reporting tools and integration of two 

additional data warehouses of marine water and 
hydro-meteorological data.

InTeRneT-BAseD 
OPTIMIzATIOn TOOLs

Crucial question confronting decision makers 
(both from methodological, but also from practical 
point of view) is how to select the best solution for 
the decision problem at hand. Methods and tools 
capable to solve simple, deterministic and single-
criteria decision problems using optimization 
techniques have been available for many years, 
however the overwhelming majority of decision 
problems, especially in the area of water resources 
management is characterized by multiple and con-
flicting objectives, and high degree of uncertainty. 
As Makowski (2007) is pointing out, solving 
decision making problem as a single criterion 
optimization (formulated in terms of equations 
(1) – (4)) is a very attractive alternative because 
it offers a unique solution based on a sound math-
ematical foundations. Such traditional approach is 
based on the assumption that the best solution of 
a decision problem is the one, which minimizes 
(maximizes) a given criterion (for instance given 
as (4)). This assumption is, however, applicable 
only to a narrow class of well structured problems 
(Kühn, Clark & O’Dea, 2005) and – as shown by 
(Simon, 1955) and Schwartz (2004) – is wrong 
for most of actual decision making problems.

To solve decision problems characterized by 
multiple (and often conflicting objectives) an 
extensive analysis is necessary. The search for 
the solution of a multiple criteria problem is per-
formed within the set of so called Pareto-efficient 
solutions (Makowski, 2007) understood as such a 
collection of solutions, for which there is no other 
solution where at least one criterion has a better 
value, while the values of remaining criteria are the 
same or better. It means, that one can not improve 
the value of one criterion without the worsening 
the value of at least one other criterion.
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Pareto-optimal solutions are not comparable 
in a direct, mathematical sense, which means 
that one can not formally decide which solution 
is better than the another one. This characteristic 
of Pareto solutions causes, that the choice of the 
solution is depending upon preferences of the 
decision maker. Preferences of the decision maker 
implicitly define properties of the correspond-
ing solutions; preferences which are typically 
expressed as trade-offs between the values of he 
corresponding criteria. Since the decision maker 
preferences can be practically elicited only in a 
framework of an iterative analysis, the decision 
maker explores the set of Pareto solutions learn-
ing about the trade-off, which can be achieved 
by improving the values of some criteria and by 
compromising the values of remaining criteria 
from the set of criteria considered in the analysis. 
At each iteration of the multicriteria analysis, the 
multicriteria problem is converted into an auxiliary 
single-objective problem, the solution of which 
provides the decision maker with a Pareto solution.

In a case of simple decision problems involving 
two criteria and very few alternatives of decision 
variables, the decision maker may search for the 
solution of the decision problem by performing 
pair-wise comparisons of alternatives. For more 
sophisticated cases, however, a computer based 
support is necessary to help the decision maker 
to specify the preferences in a structured way 
and to modify the preferences through learning 
about possible trade-off between the criteria 
values (Makowski, Granat & Ogryczak, 2008). 
The preferences are usually expressed by the two 
categories:

• A measure of satisfaction level associated 
with achieving specific values for each 
criterion;

• Information about achieved trade-offs 
between satisfaction levels of different 
criteria.

To help decision makers (DM) to analyze multi 
criteria decision problems involving discrete alter-
natives, a Web-based interactive optimization SW 
package has been developed and made available 
to the registered users.

This procedure for decision analysis and a 
search for the best alternative is composed of the 
following steps:

1.  The DM with the support of the analyst, who 
operates the tool specifies the preferences 
in the criteria space by selecting a relative 
importance of each criterion;

2.  The preferences are used for defining an 
ad-hoc goal function and using it for finding 
the solution for the specified preferences;

3.  The DM compares the values of criteria in 
the solution found during the iteration with 
the selected preferences;

4.  The procedure moves to Step 1 as long as 
the trade-offs between found values of the 
criteria differ from user expectations.

Proposed approach and the procedure are 
very suitable for performing decision analysis 
and search for the solution of a multiple criteria 
decision problem associated with the policy plan-
ning in complex water resources management 
systems. Each policy alternative my result from 
sophisticated and independently from each other 
performed analyses and/or simulations of the 
system operation policies or strategies, like for 
instance simulation of the operation of a multiple 
reservoir system for a predetermined set of operat-
ing policies. The results of the system operation for 
a given policy alternative may be then calculated 
using simulation models and evaluated using a 
number of various criteria, like minimum water 
deficits for specific water users, maximum flood 
water discharge from the reservoir, average energy 
production, etc. Resulting vector of the values of 
individual criteria associated with a given policy 
alternative constitutes one particular discrete 
decision alternative. By varying the parameters 
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and/or policies and then repeating respective 
simulation of the system operation one can cre-
ate a set of discrete decision alternatives, where 
each of the decision alternatives is associated with 
different policy alternative resulting in a respec-
tive values of evaluation criteria. Consequently, 
having prepared a set of vectors, which values 
characterize properties of the underlying decision 
alternatives, one can feed these set of discrete 
decision alternatives into the Web-based tool and 
following procedure briefly described above, one 
can perform the multiple criteria decision analysis 
and finally reach the satisfactory solution.

To obtain access to the Web-based tool 
presented briefly in this section, please contact 
marek@iiasa.ac.at.

LeGAL AsPecTs

While much of the attention to Internet-based DSS 
correctly emphasizes the technical, social, and 
communication aspects, there is relatively little 
attention in the literature to the legal aspects of 
Internet-based DSS. Yet, the legal and regulatory 
frameworks dictate what information is collected, 
who has access to it and under what circumstances, 
and how information is shared and disseminated 
(Bruch, 2005a). They also ensure or limit op-
portunities for public involvement in decision 
making. Without access to sufficient, relevant, 
up-to-date information, the models underlying 
DSS (whether Internet-based or otherwise) are 
unlikely to reflect reality.

Legal frameworks can provide a mandate, 
requiring agencies to collect information. This 
information may be on the status of a water body 
(e.g., temperature, flow, quantities of specific 
contaminants, etc.) or on factors affecting a water 
body (e.g., precipitation, withdrawals, pollution 
discharges, proposed projects, etc.).

These legal and regulatory frameworks also 
determine how the information is measured and 
reported: periodicity of measurement, geographic 

frequency of measurement, which chemicals, and 
even the units. While such technical matters may 
seem trivial, they can complicate aggregation of 
data if different countries are measuring different 
indicators, using different units, and reporting 
them with different frequency (e.g., hourly, daily, 
monthly, yearly).

Legal frameworks also determine who has 
access to information, and whether it is neces-
sary to prove a particular interest in the informa-
tion or whether the information is available to 
everyone (Bruch, 2005a; UNECE, 1998). They 
also determine whether the information is free of 
charge, whether there is a modest charge (e.g., for 
photocopying), or whether the fee is so high to 
effectively limit access. Legal frameworks may 
guarantee or otherwise allow for electronic ac-
cess to the data, which can greatly facilitate the 
development of Internet-based DSS.

Legal frameworks can also effectively preclude 
access to and use of data on water resources and 
on factors that affect them. Due to the political 
sensitivities regarding shared watercourses, some 
countries have through legal, regulatory, and 
administrative means limited access to data on 
those watercourses. Moreover, in response to ter-
rorist attacks on civilian infrastructure (including 
on 9/11), many countries have either restricted 
access or have considered restricting access to 
certain information such as water treatment plants, 
chemical facilities, and other installations (Irwin 
& Bruch, 2002).

Further attention to the opportunities and 
constraints presented by legal frameworks is 
necessary, particularly in transboundary basins. 
The development of river basin organizations and 
lake basin organizations provide one avenue for 
harmonization of laws governing the collecting 
and sharing of information on transboundary 
watercourses; the Global Environment Facility’s 
International Waters (IW) portfolio is another 
opportunity. As a practical matter, it may be ad-
vantageous to proceed through non-legal means, 
cooperating where possible to highlight the ben-
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efits of common legal frameworks before calling 
for the development of harmonized or common 
legal frameworks.

cOncLUsIOn

As this chapter highlights, Web-based Decision 
Support Systems present innovative ways to 
build capacity for making decisions about water 
resources. Development and implementation 
of a full scale, Web-based Decision Support 
System can assist stakeholders in making policy 
and/or operational decisions, although doing so 
for a specific water resource system may be a 
long-term prospect (depending on the particular 
system). Nevertheless, as the experiences to date 
demonstrate, there is an intensive and broad series 
of efforts made by researchers and engineers to 
create – step by step – both Web-based DSS pro-
totypes and to develop components that could be 
then used as “building blocks” in the development 
of a full-scale Web-based DSS. It has to be noted, 
that the major technological and methodological 
thrust and advances come from the field of IT, 
operations research, and systems analysis, but 
the community of researchers involved in water 
resources and natural resources research can take 
advantage of these developments and apply them 
for the benefit of their own disciplines.
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ABsTRAcT

Since the advent of modern computing platforms in the 1960s and despite scepticisms and uncertain-
ties, modelling systems have become indispensable tools in water resources management. They have 
been postulated to support the decision-making process and hence the term decision support systems 
(DSSs) emerged. Hydroinformatics is a recent term compared to computational hydraulics and hydro-
logical watershed modelling but it is an encompassing cross disciplinary concept covering hydraulics, 
hydrology, environmental engineering, socioeconomic and political (institutional) disciplines and it 
uses information and communication technologies to provide evidences for decision-makers. The aims 
of this chapter are two fold: (a) to review the current trends in modelling activities based on historical 
precedence; and (b) to present a conceptual framework for development of a comprehensive DSS using 
a case study approach. Hence, this chapter consists of three main parts: (1) a historical account of the 
DSSs, starting from early single process models to current integrated comprehensive basin-wide DSSs; 
(2) having established a historical perspective, case studies from Iranian experience are presented to 
outline a methodological (conceptual) framework for developing a comprehensive DSS. Examples of 
policy-relevant DSSs from the latest research are also presented. It is concluded that there would be a 
greater demand in the future to develop integrated policy-relevant DSSs comprising not only the techni-
cal and engineering aspects but to include the socioeconomic and political sciences as well. The new 
DSSs should be able to deal with uncertainties such as climate change (i.e. to have scenario analysis 
capabilities), be able to compare different management strategies using multi-criteria analysis tools and 
to include socio-economic, institutional and environmental sustainability criteria.
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InTRODUcTIOn

Hydroinformatics is a relatively recent field 
compared to the well-established fields of com-
putational hydraulics and hydrological watershed 
modelling. Hydroinformatics draws its origin 
from hydrology, computational hydraulics, en-
vironmental engineering, information and com-
munication technologies and the social sciences. 
This European concept was conceived for the 
first time by Professor Mike Abbott in 1991 in a 
book called ‘Hydroinformatics’ (Abbott, 1991). 
However, hydraulic/hydrologic modelling dates 
back to the late 1950s starting with single process 
models. A turning point came in the 1960s when 
digital computers became widely available and 
since then there has been a tremendous increase in 
modelling activities throughout the world. Models 
were conceived and developed to solve complex 
and pressing water resources problems and have 
been used in the design of hydraulic structures; 
today, they offer huge potential in the planning 
and management of aquatic environments.

A survey of the literature review shows an array 
of terms used to describe the modelling systems 
(a combination of computer based, simulation, 
optimization, information and database manage-
ment tools or systems) which in principle have the 
same applied meanings; e.g. integrated models, 
decision support systems (DSSs), knowledge 
based ‘expert’ systems; large catchment/ water-
shed modelling systems, river basin management 
systems; hydroinformatics modelling systems 
or scenario simulations and modelling systems, 
integrated modelling systems and so forth (e.g. 
Loucks, 1995; Welp, 2001; Sharifi, 2003). A 
comprehensive DSS can have four components 
(e.g. Jarre et al., 2008; Sharifi, 2003):

a.  a structured knowledge base storing under-
lying information (inputs or databases and 
outputs)

b.  an information system for accessing and 
retrieving the information

c.  a modelling component predicting the out-
come of a problem posed (‘inference engine’)

d.  a framework that facilitates communication 
between the user, the knowledge base and 
the inference engine

With increasing pressure on limited water 
resources due to population growth and greater 
demand, there is a need for an integrated model-
ling (DSS) approach to simulate future demand 
and assess the impact of water resources devel-
opment plans on the available resource in terms 
of quantity and quality. To deal with inadequate 
management practices, concepts such as Integrated 
Water Resources Management (IWRM: GWP, 
2000), sustainable development and ecosystem 
approach were developed and adopted by many 
countries around the globe. IWRM uses a systems 
analysis approach to management i.e. policies, 
scenarios, management options (measures) and 
strategies to evaluate and assess different manage-
ment plans. DSSs have been recognised to help 
with the decision-making process and their use is 
now an integral part of planning and management 
of water resources. There is no doubt that DSSs 
have contributed greatly to the advancement of 
the planning and management of water resources. 
Therefore, the main aim of DSSs is to provide 
information or ‘evidence’ for a sound decision 
using the available data and technologies.

The goal of the chapter is to postulate on the 
future trend of DSS development and applica-
tion. So the main question is how an integrated 
or ‘comprehensive’ basin wide DSS can be devel-
oped which satisfies end-user needs? To answer 
this question, a historical analysis is made of 
DSS development. Then based on experience 
from developing DSSs for Iranian river basins, 
a methodological (conceptual) framework for an 
ideal comprehensive DSS is envisaged; followed 
by a survey of policy-relevant DSSs from the 
latest research.

This chapter consists of two main parts: (1) a 
historical overview of DSS development which 

www.ketabdownload.com



83

From Hydrological Models to Policy-Relevant Decision Support Systems (DSSs)

provides a chronicle of modelling activities; and 
(2) the future of the DSSs by (a) outlining a struc-
ture of a comprehensive DSS; and (b) examples 
of policy-relevant DSSs.

A HIsTORIcAL PeRsPecTIVe

Mid 19th century to mid 1960s: 
Advances in Hydrological 
Modelling concepts

The concept of the Rational Method developed 
by Mulvany (Mulvany, 1850) was the starting 
point for predictive hydrology: predicting peak 
discharge from rainfall (Shaw, 1994; O’Connell, 
1991; Singh and Woolhiser, 2002). Some other 
notable contributions to the early hydrological 
concepts include Lloyd-Davis’s (1906) contribu-
tion to the design of storm sewerage systems; the 
Unit Hydrograph concept of Sherman (1932), 
Zoch’s (1933) contribution to the solution of 
the Unit Hydrograph and so forth (Table 1). The 
formulation of early hydrological concepts has 
been reviewed in many hydrology textbooks and 
journal papers such as Singh and Woolhiser (2002), 
Shaw (1994) and O’Connell (1991).

The Development of Watershed 
Models: early 1960s to early 1990s

Sparked by the availability of digital computers, 
a flurry of modelling activity started around the 
late 1950s. Comprehensive digital modelling 
was initiated thorough the Stanford Watershed 
Model, (Linsley & Crawford, 1966), and many 
of its derivatives are still in use today. Simultane-
ously, a number of somewhat less comprehensive 
models were developed in the USA, Europe, 
Australia and Japan (first generation, Table 2). 
The 1960s digital revolution enabled the integra-
tion of different components of the water cycle 
but an important development was that Dawdy 
and O’Donnell (1965) who introduced the idea 

of using a computer-based optimisation routine 
to search for the best set of parameter values. 
Boughton (2005) describes 13 notable catch-
ment water balance models in Australia for the 
period 1960–2004 including his own model, the 
Boughton Model.

From the mid 1970s onwards, the trend has 
been to go to a physically based spatially distrib-
uted (PBSD) modelling approach (second gen-
eration, Table 2) with the aim of achieving a 
better representation of the catchment’s hydro-
logical functioning and the impact of human 
activities upon this. The work done by Freeze 
(1969) and his “Blueprint” (Freeze & Harlan, 
1969) had a major influence on the development 
of PBSD models. The Système Hydrologique 
Européen (SHE) modelling system (Abbott et al, 
1986 and Bathurst, 1986) was a ground-breaking 
PBSD modelling system based on the “Blueprint”. 
Subsequently, SHE evolved separately into Mike-
SHE (Refsgaard & Storm, 1995) and SHETRAN 
(Ewen et al., 2000). In this period, a number of 
mathematical models were developed not only 
for simulation of watershed hydrology but also 
for the simulation of sediment and water quality 
variables. These are referred to as third generation 
models (Table 2) which were designed to support 
environmental and ecosystem management (Singh 
& Woolhiser, 2002). Developments in GIS and 
remote sensing provided an enabling environment 
for the wider application of PBSD modelling. 
However, this development has been accompanied 
by a large philosophical debate of how to deal 
with the problems of ‘scale’, spatial variability 
and parameterisation in the PBSD modelling ap-
proach (e.g. Beven, 1989, 1993, 2002 and Todini, 
1988; O’Connell & Todini, 1996).

The World Meteorological Organization 
(WMO) commissioned an Intercomparison Study 
in 1975 to evaluate the performance of 17 hydro-
logical and 5 hydraulic models (O’Connell, 1991; 
Singh & Frevert, 2002b). Two further studies were 
commissioned in 1986 and 1992 (Singh & Frevert, 
2002b). These are the only major comparative 
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studies in this field to date. In 1991, the Bureau 
of Reclamation prepared an inventory of 64 wa-
tershed hydrology models showing the level of 
modelling activities during the past decades (e.g. 
Dziuk, 2003; Singh & Woolhiser, 2002). Singh 

(1995) edited a book containing 26 watershed mod-
els including some comprehensive popular models 
in the world. Many popular watershed hydrology 
models have been summarised by USGS (1998), 
Dziuk (2003) and Singh and Woolhiser (2002).

Table 1. Historical development of fundamental hydrological modelling concepts 

Contributors (year) Hydrological and Modelling Concepts

Mulvany (1850) - rational method

Imbeau (1892) -‘‘event’’ model relating storm runoff peak to rainfall intensity

Green and Ampt (1911) - theory of infiltration: infiltration capacity rate

Horton (1919) -empirical formulae for estimating interception during a storm for various types of vegetal covers

Puls (1928) - method for flow routing through reservoirs

Richardson (1931) and Cummings 
(1935)

- evaporation from lakes

Sherman (1932) - unit hydrograph concept for relating the direct runoff response to rainfall excess

Kostaikov (1932) and Horton (1933, 
35, 39 and 40)

- empirical formula for infiltration rate

Horton (1933) - theory of infiltration to estimate rainfall excess and improve hydrograph separation techniques

Fair and Hatch (1933) - formula for computing the permeability of soil

U.S. Army Corps of Engineers (1936) -Muskingum method of flow routing

Lowdermilk (1934), Hursh (1936) 
and Hursh and Brater (1944)

- observed that subsurface water movement constituted one component of storm flow hydrographs 
in humid regions

Theis (1935) - foundation of quantitative groundwater hydrology

Horton (1939) - semi-empirical formula of overland flow

Barnes (1940) - relationship between groundwater level and precipitation

Jacob (1943, 1944) - techniques for separation of baseflow and interflow in a hydrograph

Keulegan (1944) - kinematic wave formula of overland flow

Izzard(1944) - experimental formula of overland flow

Horton (1945) - Horton’s laws, which constituted the foundation of quantitative geomorphology

Hoover and Hursh (1943) and Hursh 
(1944)

- dynamic form of subsurface flow

Thornthwaite (1948) and Penman 
(1948)

- models of evapotranspiration

Roessel (1950) - dynamic changes in streamside groundwater flow

SCS/ Soil Conservation Service 
(1956)

- SCS-curve number method for computing the amount of storm runoff

Lighthill and Whitham (1955) - kinematic wave theory for flow routing in long rivers

Nash (1957) - instantaneous unit hydrograph

Dooge (1959) - generalised unit hydrograph

Hewlett (1961), Nielsen et al. (1959) 
and Remson et al. (1960), among 
others

- downslope unsaturated flow can contribute to streamside saturated zones and thus generate streamflow

Diskin (1964) - Storm hydrograph

www.ketabdownload.com



85

From Hydrological Models to Policy-Relevant Decision Support Systems (DSSs)

Table 2. Historical chronicle of the development of watershed (hydrological) models and DSSs 

G e n e r a t i o n /  p e r i o d 
(period overlaps)

Type of models Sample Examples

First generation 1966-
1970s

Watershed models/ Concep-
tual deterministic model-
ling; generally process ori-
ented, lumped continuous/
event-based models

- The non-linear Runoff-Routing Model (Laurenson, 1964); used in the 
Nonlinear network model, RORB (Laurenson & Mein, 1985) 
- CM, Catchment Model; lumped, event based runoff model (Dawdy & 
O’Donnel (1965) 
Crawford and Linsley (1966):Model-SWM (now HSPF)[the first compre-
hensive watershed model] 
-, Boughton Model, Australia (Boughton, 1966)- rainfall-runoff simulation 
model 
- MIT distributed linear reservoir model (Maddaus & Eagleson, 1969) 
- HEC-1, USA (HEC, 1968) 
- Tank Model, Japan, (Sugawara, 1961, 1995; Sugawara et al, 1984,) 
-SWMM 1, EPA,USA (Metcalf and Eddy Inc et al, 1971), now version 5 is 
available 
- PRMS, Precipitation-Runoff Modelling System, USA (Leavesley et al, 
1983) 
-NWS River Forecast System (National Weather Service, 1972; Anderson, 
1973) 
- SSARR, streamflow synthesis and reservoir regulation 
(USACE, 1975; Rockwood, 1958, 1982)
-DISPRIN, Dee Investigation. Simulation Program for Regulating Net-
works, UK, (Jamieson & Wilkinson, 1972) 
- CREC, France, (Cormary & et Guilbot, 1973) 
-CLS, Italy, (Natale & Todini, 1977))

second generation/ 
late 1970s -now

Generally physically based 
distributed/semi distributed 
models

- Systeme Hydrologique Europeen (SHE) (Abbott et al, 1986)
-IHDM, Institute of Hydrology Distributed Model, UK (Beven & 
O’Connell, 1982; Beven et al, 1987) 
- The TATE model, part of the Continuous rainfall-runoff modelling for 
flood estimation project (Calver, 1996) 
--ARC/EGMO-Hydrologic Modelling System and tool box at river basin 
scales (Becker & Pfutzner, 1987) 
-ISBA-MODCOU Coupled Model- Physically based distributed model- cou-
ple atmospheric and hydrologic processes to simulate the entire continental 
water cycle (Ledoux et al, 1989) 
-DHSVM-Distributed Hydrology Soil Vegetation Model (Wigmosta et al, 
1994) 
- LASCAM-Large Scale Catchment Model- To predict the impact of land 
use and climate changes on hydrological systems including water (Sivapalan 
et al, 1996) 
-RSHM -Regional Scale Hydroclimate Model (Kavvas et al, 1998) 
-HMS-Hydrologic Modelling System, semi-distributed model to predict the 
influence of human activities on catchment hydrology (Koivusalo et al 2000)
- TOPKAPI (Todini, 1995); Upgraded version of TOPKAPI includes new 
components such as infiltration, percolation and groundwater flow modules 
(Liu, 2002; Liu et al, 2005)

Third generations/early 
1990s onwards

Multi functional modelling 
with environmental and 
ecosystem considerations; 
land and water interactions; 
groundwater-surface water 
modelling

- National Weather Service River Forecast System (NWSRFS), comprehen-
sive framework containing hydrologic/hydraulic algorithms to model a basin 
for river, flash flood, and water resources forecasting (Day, 1985) 
- SHETRAN (Ewen et al, 2000) 
-the Bureau of Reclamation (1991) prepared an inventory of 64 watershed 
hydrology models classified into four categories
- Singh (1995) edited a book that summarized 26 popular models from 
around the globe e.g. 
Tank Model, Mike SHE, MIKE 11, AGNPS Agricultural Model
- Singh and Woolhiser (2002) review more than 72 popular models
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Development of Water 
Resources system simulation 
and Optimisation Models

In parallel to the development of watershed model-
ling, the wider field of water resources planning 
and management saw the evolution of a range of 
water resources system simulation and optimiza-
tion methods. The Harvard Water Program (HWP), 
which was launched in the mid 1950s (1955-65) 
as a multidisciplinary initiative, shaped the water 
resources modelling agenda in the United States 
for decades to come (e.g. Maass et al., 1962; 
Loucks et al., 1985; Dzurik, 2003). Also, the HWP 
framework has been applied to problems in the 
developing world and considered by other sectors 
such as agricultural policy and economics by using 
economic tools for allocation of capital and water 
pricing (Castle et al., 1977). According to Milly et 
al., (2008), the HWP Framework can be adapted 
to deal with a changing climate, and there have 
been calls to resurrect it (Reuss, 2003). Accord-
ing to Arthur Maass, the HWP’s leader, HWP’s 
contribution to water resources planning and 
management was three fold: (1) using computer 
simulation to design water resource systems; (2) 
developing synthetic or operational hydrology as 
a means for designing water resource systems and 
(3) the development of multi-objective economic 
analysis and planning (Reuss, 1989).

Many water resources simulation models date 
back to the 1950s. In 1953, the US Army Corps of 
Engineers (USACE) initiated a large scale simu-
lation experiment using UNVAC I and by 1960s 
digital computers were combined with analogue 
hardware (Keiner, 2004; Jain & Singh, 2003). 
Numerous simulation and optimisation models 
such as reservoir system simulation, hydrological 
flood forecasting, and water quality models (first 
generation, Table 3) were reported by Biswas 
(1974). It is almost impossible to make an inven-
tory of the models due to the sheer number of 
them. There are comprehensive reviews on water 
resources models which have been developed in 

UK/Europe, USA, South Africa and Australia; 
such as US Congress Office of Technology As-
sessment’s (OTA) important report on the ‘Use 
of Models in Water Resources Management, 
Planning and Policy’ (OTA, 1982), Loucks et al., 
(1981), Basson et al., (1994) and Boughton and 
Droop (2003).

The quest for integrating modelling systems 
(second generation, Table 3) was due to the in-
terdependent nature of the interplay among water 
resources system components; for example the 
interaction between groundwater and surface 
water; the impact of water use on water quality 
and so forth. Between the mid 1960s and early 
1980s, more than 39 major projects have been 
recorded around the globe (Asia, Europe, Amer-
ican, Australia and Africa) that have used hybrid 
(coupled) or integrated modelling techniques in 
their assessments by linking different components 
of the water resources system (Loucks et al., 1985; 
Dzurik, 2003). Wurbs (1997) listed a number of 
generalized water resources simulation models 
in seven categories: watershed, river hydraulics, 
river and reservoir water quality, reservoir/river 
system operation groundwater, water distribution 
system hydraulics and demand forecasting mod-
els. Increasingly, the second and third generation 
hydrological models (Table 2) became integrated 
into the water resources field (Table 3, second 
generation). Many multireservoir modelling sys-
tems have been reviewed by Labadie (2004).

The 1990s: emergence 
of Hydroinforamtics and 
Integrated Dsss

The start of the 1990s brought further technological 
advancements and the proliferation of Personal 
Computers (PCs) and better MS (Microsoft Cor-
poration) Windows environments with even better 
graphical capabilities. The increasingly important 
role of information technology in the development 
and application of watershed and water resources 
system models was encompassed very well by the 
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new integrating and cross-disciplinary concept of 
Hydroinformatics formulated by Abbott (1991) 
which embraces hydraulics, hydrology, environ-
mental engineering, socioeconomic and political 
(institutional) sciences, and uses information and 
communication technologies to provide evidence 
for decision-makers. DSSs are essentially the 
embodiment of the hydroinformatics concept. 
The early DSSs were based on water resources 
system simulation models that used mass balance 
principles applied typically at a monthly time step 
to the configuration of rivers, reservoirs etc that 
make up a water resources system.

The first integrated DSSs which linked a 
number of different components (data bases, 
models, GIS etc) (first generation, Table 4) started 
to emerge in the mid 1990s bearing in mind that 
the term DSS emerged in the 1960s and became 
prominent in the 1970s. Densham and Goodchild 

(1989) introduced the notion of linking GIS to the 
DSS to develop spatial DSSs or SDSSs. Using 
an object-oriented method which is appropriate 
for coupling GIS with environmental models, 
Reitsma et al (1994) produced a SDSS using GIS 
and the Power and Reservoir System (PRSY) 
Model (McKinney & Cai, 2002). Generally, 
this generation of DSSs can be classified into 
3 categories: emergency, water allocation and 
water quality DSSs. There are two approaches to 
developing DSSs in terms of their architectures: 
(1) a hybrid or coupling (or framework) approach 
e.g. Aquatool, Mike-Basin, and MODSIM and (2) 
integrated modelling (or stand-alone) approach 
e.g. CWMS and WaterWare. WaterWare (Jamie-
son & Fedra, 1996) was one of the first ‘partially’ 
comprehensive integrated DSSs to emerge in this 
period. The word ‘partially’ refers to the fact that 
the DSS lacks one or more of the criteria of a 

Table 3. Historical chronicle of the development of water resources modelling systems 

Generation/ period 
(period overlaps)

Type of models Sample Examples

First generations 
1950s-1980s

Reservoir system simulation models, 
Hydrological Flood forecasting, 
water quality models

- HEC-5 (Feldman, 1981) 
-the Acres Model (Sigvaldson, 1976) 
- Streamflow system and reservoir regulator (SSARR) (Feldman, 1981) 
-hierarchical Model- decomposition and multilevel optimization 
(Haimes, 1975) 
The non-linear multireservoir optimisation model- (Naadimuthu & 
Stanley Lee, 1982) 
-HYDROTEL (Fortin et al., 1986),
-WATFLOOD (Kouwen, 1988) 
-Japanese flood forecasting Models (Takasao et al., 1989; Lu et al, 
1989) 
- ASTRAN (accelerated salt transport) screening model - based on 
ASTRAN method to simulate quantity-quality of both the unsaturated 
and saturated zones (Khan & Labadie, 1979) 
-WODA - a modelling[REMOVED HYPERLINK FIELD] support 
system for BOD-DO assessment in rivers (Kraszewski & Soncini-
Sessa, 1986)

Second generation 
1970s-now

Modelling configuration: Coupled/
hybrid or integrated systems: surface-
groundwater 
/quality-quantity/hydrological-
ecological and socio-economic pro-
cesses/land-air and water processes 
(interdisciplinary)

- GSFLOW (Niswonger et al. 2006) is a new USGS model for ground-
water–surface water interactions 
- MODBRANCH- a coupled surface-water and ground-water flow 
model simulation model (Swain & Wexler, 1996) 
-Water rights analysis model (WRAP) (Wurbs & Walls, 1989) 
- FEFLOW/ MIKE11 Model – a coupled groundwater-hydrodynamic 
model (Monninkhoff, 2002) 
-IRIS, the interactive river system simulator (1991) 
- RIOFISH-a deterministic, numeric simulation interdisciplinary water 
and fisheries management system (Cole et al, 1986, 1990)
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comprehensive DSS (see Table 4). In this case, 
WaterWare does not have multi-criteria analysis 
tools to evaluate management options but it is an 
integrated GIS-based DSS within a graphical user 
interface (GUI) and consists of a geo-database 
management system and a set of simulation 
models (river quality, groundwater, agricultural 
crop, rainfall-runoff and water resources planning 
models). In addition, WaterWare has utilities for 
time series analysis and a rule based expert system 
for Environmental Impact Assessment.

Using a similar approach, the integrated 
River-Aquifer Simulation software package 
(IRAS) which is a generalized river basin simula-
tion DSS (Loucks et al., 1995) was developed 
based on the 1990 version of the Interactive 
River System Simulation Program (IRISIRISIRIS: 
Salewicz et al., 1991). Building on the experi-
ences of WaterWare and NELUP (Natural Envi-
ronment Research Council/Economic and Social 
Research Council Land Use Programme) DSS 
construction at Newcastle University (O’Callaghan, 
1995), Bathurst et al., (2003) describe the devel-
opment of the Agri desertification mitigation DSS 
used for sustainable land and water management. 
A number of other partially comprehensive DSSs 
are given in Table 4 (first generation). McKinney 
(2004), Watkins and McKinney (1995) and Wurbs 
(1997, 2005) listed a number of DSSs used by the 
water sector around the globe.

The main characteristics of the status of model-
ling and DSSs in the last decade of the twentieth 
century can be summarized as below:

1.  Emergence of a number of comprehensive, 
distributed, and physically based models 
such as Mike-SHE (Refsgaard & Storm, 
1995) and SHETRAN (Ewen et al., 2000) 
which could be applied to address a wide 
range of environmental and water resources 
problems.

2.  Linking hydrologic models with water qual-
ity/ecosystem models.

3.  Models gained greater acceptance as tools 
for water resources planning, development, 
design, operation, and management.

4.  Major advances in the field of digital im-
agery and data acquisition techniques (e.g. 
remote sensing, radar and satellite technol-
ogy) with applications in e.g. real-time flood 
forecasting, weather forecasting, forecasting 
of seasonal and/or short-term snowmelt, 
mapping of groundwater potential to sup-
port the conjunctive use of surface water 
and groundwater; Environmental Impact 
Assessment (EIA) of large-scale water re-
source projects etc.

5.  Use of Digital Elevation Models (DEMs) 
(e.g. Sugumaran et al., 2000) and Digital 
Terrain Models (DTM) and other digital 
maps of vegetation, soils and geology etc 
in hydrologic modelling systems.

6.  Application of new hydroinformatics data 
mining tools such as artificial neural net-
works (ANNs) in river basin/hydrologic 
modelling.

7.  Improvement of the technology of model 
calibration and use of optimisation tech-
niques and multi-criteria analysis techniques 
for multiple objective evaluations.

8.  Emergence of multidisciplinary and in-
tegrated modelling systems or partially 
comprehensive DSSs such as WaterWare, 
IQQM, RIBASIM, WEAP etc (first genera-
tion, Table 4).

THe MILLennIAL DRIVe TOWARDs 
AcOMPReHensIVe (InTeGRATeD) 
DecIsIOn ssUPPORT sYsTeMs

Why comprehensive Dsss?

Towards the end of the1980s, there was consensus 
that the DSS implementation problems are not 
solved by developing more sophisticated math-
ematical or technical tools. The cultural, political 
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and institutional aspects of decision-making need 
to be considered i.e. DSSs should become more 
socio-technical. Researchers such as Geoffrion 

(1992) have called for greater emphasis on user-
focused DSSs as well as greater interaction be-
tween the world of academia and the practitioner’s 

Table 4. Historical chronicle of the development of water resources DSSs 

Generation/ period 
(period overlaps)

Type of models Sample Examples

first generation/ early 
1990s onwards

Partially comprehensive DSS 
Early attempts towards fully inte-
grated modelling systems: 
types: a mixture of the followings:
1-reservoir/river systems or river 
basin (water allocation) DSSs,
2- emergency (Flood/spill) DSSs
3- water Quality DSS
4- environmental DSSs
5-integrated systems 
This group of DSSs are lacking one 
or more of the criteria for compre-
hensiveness: 
1-GIS/user interface and geo-
database 
2- full scenario analysis with 
multi-criteria analysis or statistical 
techniques for strategy evaluation 
(expert systems) 
3- socio-economic indicators 
4- institutional aspects

-DESERT DSS Used for river water quality modelling and policy analy-
sis (Somlyody, 1997) 
GIBSI-a GIS-based an integrated surface water quality management with 
Geo-database system; comprises of physically-based simulation models 
including hydrology, soil erosion, agricultural-chemical transport (Pollut-
ant transport) and water quality (Mailhot et al, 1997) 
- MODSIM - River Basin Network Simulation Model- Water allocation 
DSS (Labadie et al, 1984)
-RiverWare- a reservoir and river system operation and planning model 
-Water allocation DSS (Zagona et al, 2001)
-RiverSpill- a GIS based emergency DSS that models the real-time trans-
port of constituents within a river system (Samuels et al., 2003) 
- BASINS or Better Assessment Science Integrating Point and Nonpoint 
Sources - a GIS-based water quality DSS that integrates large amounts 
of environmental data and modelling capabilities in a single package 
(USEPA, 2004) 
- MIKE BASIN (DHI, 2003, Graham & Butt, 2005); 
- DSS for Water Resources Planning(ET&P, 2001)
- IQQM (Simons et al, 1996). 
- ENSIS, Environmental Surveillance and Information System-environ-
mental management (Bakken et al., 2001) 
- REALM, REsource ALlocation Model- (Victorian Department of 
Sustainability Environment, 1997;) 
- RIBASIM (WL| Delft Hydraulics, 2005) 
- WEAP, (Yates, 2005a,b ; Raskin et al, 2001) 
- WATERWARE, (Jamieson & Fedra, 1996) 
- AQUATOOL (Andreu et al, 1996) 
- IRAS (Loucks, 1995 ; Loucks et al, 1996) 
- SUSMAQ, SUStainable Management of the West Bank and Gaza 
AQuifers DST (SUSMAQ, 2005)
- Corps Water Management System (CWMS) with the following com-
ponents: HEC-HMS (hydrologic modelling), HEC-RAS (river analysis), 
HEC-ResSim (reservoir evaluation) and HEC-FIA (flow impact analysis) 
(Fritz et al., 2002) 
- STREAMPLAN (a Spreadsheet Tool for River Environmental Assess-
ment Management and PLANning) DSS - to assist in the evaluation of 
alternative strategies for water quality management at the river basin 
level (De Marchi et al., 1996) 
-ICANS System -Interactive Computer-Assisted Negotiation Support 
System: used for conflict resolution (Thiessen et al, 1998) 
-WorldWater model- using systems dynamic, the model integrates 
water resources sector with five other sectors: population; agriculture; 
economy; non-renewable resources and persistent pollution (Simonovic, 
2002) 
- Participatory DSS - can evaluate ecological, socio-economic impacts 
of watercourse regulation; combination of three components: MCDA 
techniques, and value tree analysis REGAIN model and a hydrological 
model (Marttunen & Suomalainen, 2005) 
- AGWA, The Automated Geospatial Watershed Assessment software- 
fully parameterize, execute, and visualize results from the Soil and Water 
Assessment Tool (SWAT) and Kinematic Runoff and Erosion model 
(KINEROS2) (Miller et al, 2007)

continues on following page
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world. So, large scale, comprehensive, basin wide 
socio-technical DSSs have been conceptualized 
towards the end of the 20th century. The neces-
sary multidisciplinary, integrated research was 
simulated through European Union (EU) Research 
Frameworks, US Federal and State agencies and 
some 26 UN agencies (which deal with water 
and they have all come under the banner of UN 
Water) as well as national governments trying 
to meet the 2005 target for respective national 
IWRM plans set by the delegates at the 2002 
World Summit on Sustainable Development 
(WSSD) in Johannesburg. An IWRM plan has 
various interacting components: water use com-
ponent, water infrastructure, management policy, 
and implementation strategy. IWRM requires 
interaction of these components and it is thought 
that it can be accomplished through development 
and application of hydroinformatics tools such 
as DSSs. The physical, chemical, biological, 
environmental, ecological and socio-economic 
components should be embedded in the develop-
ment of comprehensive DSSs.

Comprehensive DSSs have been part of almost 
all of numerous and countless international and 
national projects such as MULINO (mDSS), WSM 
DSS, DANUBIA DSS (second generation, Table 

4). There is a strategic trend towards implement-
ing comprehensive DSSs at multi resolution, 
multi-disciplinary levels. Major projects around 
the globe spend a large amount of resources on 
developing DSSs with the aim of attaining IWRM 
goals. Examples include the SAHRA (Semi Arid 
Hydrology and Riparian Area) initiative (Liu et 
al, 2008); the Nile Basin Initiative (NBI) cover-
ing 10 African counties, the Colorado River DSS 
(CRDSS) and EU’s NOSTRUM-DSS which 
aims was to support the EU’s policy on stronger 
stakeholder participation, pro-poor emphasis and 
gender sensitivity.

Iran is no exception. There have been many 
attempts to develop and use DSSs (e.g. WRI, 2005) 
to solve Iran’s water resources problems which 
are characterized by water scarcity and inadequate 
management practices. The principles of IWRM 
were adopted in 2003, two years ahead of the 
set target (IWRMC, 2004) and a formal project 
was initiated by the Ministry of Energy (MoE) 
in 2008 as the ‘Reassessment of the National 
Water Plan Project’ or ‘the National IWRM Plan 
Project’. The aim of the project is to develop (1) 
a comprehensive DSS tool for the basin level as 
well as (2) a National DSS linking all the basin 
wide DSSs. The latter will not be discussed in 

Table 4. continued

Generation/ period 
(period overlaps)

Type of models Sample Examples

Second generation, 
late 1990s onwards

Comprehensive basin wide 
Decision Support Systems (expert 
systems and policy relevant)

- Socio-hydrosystem DSS- includes several modules: river, aquifer, soil, 
canal management, winegrower (irrigation practices) and canoe-renter 
modules (river discharge expressed as minimum and maximum thresh-
olds that permit canoeing) (Lanini et al, 2004) 
-A Spatial Decision Support System for The Evaluation of Water De-
mand And Supply Management Schemes, by the Technical University of 
Athens (Manoli et al, 2002) 
- The integrated water resources modelling DSS- has the following com-
ponents: - -household decision models (HDM); a decision disaggregating 
model (DDM); a biophysical modelling toolbox (BPT) (a crop model 
and a rainfall-runoff model, water allocation model based on stakeholder 
recommendations for irrigation priority in the catchment; and an erosion 
model, based on a version of the universal soil loss equation); and, a 
socioeconomic impact simulation model (SISM) (Letcher et al, 2006). 
- WaterStretegyMan (WSM) (Progea, 2004; Todini et al, 2006) 
- MULINO, (Giupponi et al., 2004; Mysiak et al, 2005; Fassio et al, 
2005) 
- DANUBIA (comprehensive) DSS prototype (Ludwig et al, 2003)
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this chapter but there is a need to appreciate the 
differences between the national DSS and the 
basin wide DSS. The differences are in terms 
of: (1) end-users: for the national DSS they are 
mainly non-technical senior managers or govern-
ment ministry officials, politicians and decision 
makers; (2) objectives: at national level, policy 
implementation is a major concern; (3) Feedback 
mechanism: there is a need to facilitate end-users’ 
direct feedback into the DSS, therefore, the me-
dium is important; a web-based DSS could play 
a part to enhance this facility bearing in mind that 
the use of internet-based DSSs has increased by 
implementing client side or user side strategies; 
they are primarily used to exchange information 
and for consultation purposes (e.g. Sugumaran 
et al., (2000) and Davis et al., 1991); and (4) 
Interface: for the national DSS, a communica-
tion interface containing results and analysis that 
facilitates speedy dissemination of information at 
the policy-making level.

In the next section, Iranian experiences in seek-
ing to develop an ideal structure for comprehensive 
basin-wide DSSs are presented.

case study: conceptual framework 
to Develop comprehensive 
Dsss for Iranian River Basins

Past research indicates that decision makers are 
becoming more dependent on scientific informa-
tion (e.g. Matthies et al., 2007; Liu et al., 2008) 
and hence there is a quest for developing com-
prehensive DSSs; certain end-users expect the so 
called ‘super’ software which can make decisions 
with a click of a button i.e. they require instanta-
neous answers to extremely intricate situations. 
However, Gasmelseid (2002) makes a valid point:

‘In many developing countries, the models used 
did not reflect the actual representation as well 
as the interplay among the decision variables. As 
a result, many users (at different organizational 
landscapes) are unable to make use of such systems 
or interpret their results (Gasmelseid, 2002; p16)’

This truly reflects the recent Iranian experi-
ences. On the one hand, modellers are facing 
criticisms about the validity of their models due 
to lack of credible data and lack of accurate uncer-
tainty estimates and inadequate ways of presenting 
the synthesized results. On the other hand, the 
hydroinformatics community complains about 
the decision makers’ rather confused definition of 
problems and priorities, and the dynamic nature 
of the decision-making process complicates the 
flux of changing priorities, perceptions and ideas.

From various stakeholder meetings with Ira-
nian decision-makers, it can be reported that an 
ideal basin-wide DSS should have an integrated 
framework considering the whole system and a 
wide range of challenging issues faced by the 
Iranian river basins as shown in Figure 1. This is 
a tall order for any modelling activity. However, 
despite their reservations, Iranian decision-makers 
are adamant that without a DSS, they are unable 
to practice the modern ideals of water manage-
ment. The complexities of making decisions are 
acknowledged, bearing in mind the conflicts 
over water allocation between competing users 
in stressed and scare resource conditions.

The following sections deals with two main 
aspects of developing a comprehensive DSS (from 
now we only call it the DSS): (1) what are the 
methodological frameworks for developing the 
DSS?; and (2) how to develop or implement the 
DSS? At the end of this section, case studies from 
the latest research are reviewed showing promis-
ing improved techniques and innovative modelling 
systems. First, we consider the implementation 
process of DSS development since it has a pre-
design phase in addition to during-design proto-
type testing and after-the-design phases.

Implementing DSSs

The most crucial issue about the successful 
implementation of a DSS is the quality of data 
(evidences); most of the uncertainties relate to data 
viability and hence, the data needs assessment is 
a vital factor in the usefulness of a DSS. Quality 
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time should be spent in data collection activities in 
the required formats (e.g. digitized for GIS). For 
example, one of the factors limiting the existing 
DSSs used in Iran is the lack of adequate data 
on social, economic and environmental aspects. 
A sophisticated DSS is rendered useless without 
appropriate data. Therefore, it is crucial to gain 
the support of local institutional setups (i.e. at 
smaller watershed scales) to solve the issue of 
data accessibility for large river basins.

For an effective DSS implementation, the 
interaction between policy science and technical 
knowledge should be addressed. We are not just 
dealing with numbers (quantitative results) but 
we have to quantify qualitative evidences (facts) 
using analysis tools by ranking and prioritiz-
ing management strategies. This requires both 
quantitative information from data and models 
and expert judgements by those who have gained 
knowledge through their experiences about the 
water resources system. Thus, the human element 
of DSS should be recognised. A DSS can learn 
from human knowledge and vice versa.

One thing that is sometimes overlooked is 
what is meant by a participatory approach in real 
terms. From experience in Iran, the participatory 
ideals have been theoretically accepted but there 
is some resistance by ‘influential’ stakeholders to 
invite others. So no real participation is possible. 
In modelling terms, participation has three dis-
tinctive stages: pre-design (consultation), during 
design and after modelling activities. There are 
three main processes in the participatory approach:

• Consultation workshops/seminars
• Questionnaires and interviews
• Working group/committee meetings

A viable Work-plan should allow both time 
and money for this process. DSSs are not just one-
off software packages but dynamic and evolving 
systems that have to be institutionalised within the 
institutional frameworks and hence institutional 
measures should be taken to implement the DSS. 
These include both:

Figure 1. Issues map for the status of Iranian water resources
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• training and maintenance measures pro-
vided by the DSS providers; and

• Institutional capacity building, achieved 
through a central coordinating office for 
the DSS within the appropriate department 
of a relevant authority.

DSS Design: General 
and Specific Issues

The underlying assumptions used for DSS de-
velopment should be clearly stated; hence the 
underlying principles such as systems analysis 
approach, ecosystem approach, IWRM and sus-
tainability criteria should form the foundation of 
the DSS and its architecture should be an open 
one in which different models and tools can be 
coupled together and then integrated within an 
interface on a GIS platform and with dispatch-
ing (on-line measurements) and remote sensing 
capabilities and with an option to be web-based.

General Issues
General DSS development issues that need to be 
considered are: (e.g. Loucks & van Beek (2005); 
Sharifi, 2003 and Sharifi & Rodriguez, 2002):

1.  A DSS output carries uncertainty factors 
hence this issue should be clearly commu-
nicated to the decision-makers; otherwise, 
DSS outputs can polarise opinions during 
policy discussions if the uncertainty factor 
is not well documented.

2.  Model outputs should be easily understood 
by users.

3.  Flexibility of the DSS system is an important 
factor. A flexible DSS can be described as 
a system which can be modified without 
changing the DSS architecture.

4.  DSSs can also be used as educational and 
training tools.

Specific Issues
There are also specific issues that need to be 
considered:

1.  A participatory approach should be taken 
during DSS development with consideration 
of client feedback.

2.  A stakeholder analysis should be performed 
as well as an end-user (present and future) 
identification exercise. End-users are the 
stakeholders who are directly involved in 
the DSS development and implementation.

3.  An end-users’ requirement analysis exercise 
should be carried out before the start of the 
DSS development plan

4.  The output should be comparable to the 
management style of the client (end-user).

5.  Confidence building measures should be 
taken so that end-users understand the theo-
ries and assumptions behind the development 
of the DSS.

6.  A systems analysis approach should be 
pursued.

7.  Better estimation techniques should be used 
for estimating DSS parameters.

8.  Dealing with the ‘scale issue’. This depends 
on the availability of the data and processes 
involved in the modelling activity.

9.  Choice of DSS complexity: The complex-
ity of the DSS vs. user friendliness has to 
be considered. Integration versus coupling: 
integration is usually expensive, time con-
suming and not flexible; therefore, coupling 
or linking different components is recom-
mended. This can be implemented on a 
shell platform using computer programming 
protocols.

The Design Process

There are five inter-related phases in the design 
of the DSS:

1.  Needs assessment
2.  Design of the architecture of the DSS
3.  Choosing appropriate models and tools
4.  Choice of a DSS Platform
5.  Execution of a pilot study
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There are overlaps between these phases. The 
conceptual model for the DSS is formed after the 
completion of the needs assessment and stake-
holder analysis. The design of the architecture of 
the DSS is described in the following subsections.

Needs Assessment
To develop a DSS, the needs of potential system 
users must first be identified. Information for 
assessing these needs must be collected through 
interviews with potential end-users. A stake-
holder analysis is also required. Interviews can 
be conducted through meetings and telephone 
calls. The sample of interviews should be no less 
than 40 people. In addition, an ‘advisory com-
mittee’ comprising of the senior managers and 
consultants can be formed to formulate the needs 
assessment. Past research recommendations can 
also be considered. A survey of existing tools is 
helpful in the needs assessment. Brooksbank’s 
(2000) systematic framework analysis of existing 
and potential decision support tools can be used 
as guidance. From past experience, four types of 
needs have been identified: (1) decision making 
needs (users, managers) associated with different 
subsystems (biophysical, socio-economic and 
institutional) of the whole system; (2) functional 
needs relating to specific application or function 
of the DSS related to specific categories of use 
e.g. water quality needs, water budget needs and 
visualization, presentation and common data needs 
etc.; (3) data needs e.g. the needs for a compre-
hensive, easy to use GIS database for use in most 
elements of the DSS etc. (4) exogenous needs 
e.g. needs provided by others in the institutional 
subsystem; for example if the DSS is developed 
for an environmental agency, some other data 
on floods may come from the responsible river 
authorities.

After consultation and deliberation with the 
client, we have to determine the scope of the DSS 
i.e. the research questions have to be outlined; 
e.g., social and environment impacts of the water 
resources development; economic aspects of the 

development project; impact of inter-basin water 
transfer development projects on neighbouring 
basins; climate change scenarios etc.

A detailed analysis of the end-users should 
be made to identify the potential end-users (da-
tabase administrators, experts, senior managers 
and so on) and how they are going to use it and 
in what capacity. The analysis may be presented 
in a matrix for careful evaluation. DSS develop-
ment is a case dependent exercise. There might 
be additional assessments. For example, if a GIS 
application element is required, then the design 
of this component involves additional steps and 
careful planning, e.g. functional (application) 
requirements to represent the geo-database. As 
an output of this stage we can have: (1) the prob-
lem statement, issues, methodologies, common 
understanding and terminologies; (2) potential 
end-users matrix; (3) a list of data variables or 
so called master data list; and (4) requirement 
function (application) list.

Design of the Architecture of the DSS
The architecture of the DSS can have five major 
layers (see e.g. Loucks & van Beek, 2005; Sharifi, 
2003 and Sharifi & Rodriguez, 2002):

1.  Measurements layer: Managed by a 
Measurement Management System (MMS), 
this consists of a layer containing the results 
of measurement data, from remote sens-
ing to digital elevation maps and so forth. 
Automated data software might be developed 
(or available) to record data automatically 
into the system (dispatching ‘on-line’ data 
collection model).

2.  Database layer: Managed by a Management 
Information System (MIS), this is a layer 
that contains the information that is re-
trieved from those measurements and from 
other sources, and stored as a GIS-based 
Geo-database Management System (Geo-
DBMS). The first step is to choose a scale 
for the GIS. This is an important step to 
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understand the degree of resolution needed 
by other components in the DSS. In some 
cases, there is a need to have a multi-scale 
GIS. Another constraint is the availability of 
data at the chosen scale. The second step after 
choosing a GIS scale is to choose the system 
characteristics which include (1) choosing a 
datum; and (2) choosing a mapping system. 
In both cases we need to carefully consider 
the scale used as well as its application; e.g. 
if a high resolution map is required, an Equal 
Area Projection may be chosen. The third 
step is to identify both spatial and temporal 
entities at the chosen scale. This can only 
be done after the completion of the needs 
assessment as described earlier.

3.  Application layer: A layer that contains 
the models managed by the Application 
Management System (AMS). This can be 
done after the completion of the needs as-
sessment process and the creation of the 
geo-DBMS conceptual model. In this part of 
the design, the application needs have to be 
assessed. Proprietary commercial software 
with well proven and documented track 
records then need to be assessed to meet 
the requirements. Use of freeware and open 
source models are recommended provided 
they have a proven record of performance. 
Additionally, for the testing of prototype, 
freeware software can be a viable and less 
expensive option. There is a need to choose 
for example an AMS that can have:
a.  a GIS utilities tool (e.g. ArcView, 

ArcGis, ArcInfo; WebGIS)
b.  Application (process) models e.g. 

rainfall-runoff models, watershed 
model, economic model, ecological 
model, environmental model, social 
model, conflict resolution model and 
so on.

c.  a platform and development environ-
ment (e.g..NET, Java, C++, Visual 
Basic, etc)

d.  geo-DBMS environment (e.g. Access, 
SQL Server, Oracle, MySQL etc)

e.  DSS integration computer protocols 
(e.g. XML, GML, HTTP etc)

4.  Knowledge base layer: Managed by a 
knowledge base management analysis sys-
tem, a layer that contains all kinds of analysis 
tools that enables the analyst (the user) to 
access and manipulate all information and 
model results. This is the most important 
component of the system which includes 
quantitative and qualitative tools that sup-
port water resources analysis, assessment 
of potential and capacities of resources at 
different levels of management, as well as 
assessing the effects and impacts of various 
policy scenarios. Three classes of models are 
used in a DSS which make use of the existing 
data, information and knowledge for problem 
identification, formulation, evaluation and 
the selection of a proper solution; so in terms 
of functionalities, these are: process models 
in the application layer; and planning (sce-
nario analysis tools) and evaluation models 
(e.g. multi-criteria analysis and statistical) 
in the knowledge base layer.

5.  Interface layer: All these layers are inte-
grated into a user-friendly interface which 
allows smooth and easy visualization and 
communication of the results to all the 
stakeholders.

Recent Applications of 
Policy-Relevant Dsss

The main features of this generation of DSSs 
(second generation, Tables 4, 5 and 6) are:

1.  more sophisticated hydrological modelling 
systems

2.  coupling different types of models with a 
‘user friendly’ graphical interface

3.  using GIS and geo-database capabilities
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Table 5. Policy-relevant DSSs 

DSS description Reference (s) Applications

Ecological–Economic 
Catchment Model

Avila-Foucat et al., (2009) - integrated catchment and coastal management systems 
- the relationship between upland agriculture and coastal lagoon fisheries 
and ecotourism, through water quality and food web components have been 
modelled 
- generate specific management proposals

Lake Victoria DSS Brumbelow and Georgaka-
kos, 2007a, b)

- socioeconomic criteria (equity and security) are compared with traditional 
economic efficiency objective in terms of aggregate agricultural system 
performance and distributional consequences 
- can assess the impact of climate change and variability on water resources 
planning for the agriculture sector 
- the performance of the irrigation system under different climatic conditions 
can be assessed 
- can measure the resilience of the system i.e. how to adapt, recover or 
mitigate under change conditions

Robust decision making 
(RDM)

Groves and Lempert, (2007) - addresses shortcoming of traditional scenario building techniques by 
inclusion of probabilistic distribution in the new approach so the DSS can 
support the decision making process.

Massachusetts Water 
resources Authority 
(MWRA) DSS

Westphal et al., (2003) - a DSS with multi criteria analysis tools, which combined hydrologic, 
hydraulic and water quality models into a system optimization model 
- applications: water quality, flood levels, reservoir balancing and hydro-
power revenues

Sustainable River Basin 
Land Use Management- 
Driver-State- Response 
Dynamic Decision Sup-
port System (SRBLUM-
DSRD-DSS)

Chen et al., (2005) - a flexible land use management DSS
- can establish a DSR strategy planning procedure for sustainable river basin 
land use management 
-an example of how a DSS can be integrated into a multi-stakeholder 
decision-making platform

The CGE/GEEM, an 
economic model linked to 
a dynamic general equilib-
rium ecosystem model

Finnoff and Tschirhart 
(2008)

- economic and ecological DSS used to study the fishery policy in an Alas-
kan economy, Canada, 
- can identify the impact of quotas and policies on different environmental 
services i.e. how harvesting (ecosystem service) impacts tourism (another 
ecosystem service); as well as to simulate responses of plants and animals to 
changing prices of goods and factors responsible for changing energy prices 
in the ecosystem

the graph model for con-
flict resolution (GMCR) 
DSS, GMCR II,conflict 
resolution model

Fang et al., (1993), Fang et 
al., (2003a, b) Hipel at al., 
(1997, 2001); Kilgour et al., 
(1987, 1994, 1995, 2001) 
and Li et al., (2004) ; Nan-
dalal and Hipel (2007)

- used to assess the strategic aspects of conflicts among countries sharing the 
Aral Sea basin 
- based on rigorous mathematical frameworks yet it is “completely non-
quantitative in nature” 
- consists of three main components with a user interface: modelling subsys-
tem, analysis tools and evaluation package 
- GMCR II is a negotiation framework tool that enables modelling and 
analysis of real world conflicts using GMCR theory

Participatory DSS for fish 
policy appraisal

Jarre et al., (2008) -DSS based on two fuzzy routines for both Boolean knowledge based ap-
proaches: a small DSS based on a natural language implementation language 
(WinExp®) and a sophisticated numerical approach of NetWeaver 
-used for evaluation of performance of south African Fishery industry by 
considering two levels of objectives (ecosystem performance of fishery 
and impact of fishery on a type of fish (in this case sardine) and 5 indicator 
levels

CATCHCROP (Agro-
economic) DSS

Perez et al(2002) -consists of coupled crop, hydrological and economic models to simulate 
yield response to water deficit and fertility depletion

continues on following page
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4.  simultaneous use of simulation and optimi-
zation models

5.  using multi-criteria analysis
6.  using systems analysis with scenario analysis 

capabilities

7.  using economic tools such as cost-benefit 
analysis

8.  using social and institutional indicators in 
water management

9.  linking climate models with hydrologic 
models

Table 5. continued

DSS description Reference (s) Applications

Climatic-hydrologic DSS Muttiah and Wurbs (2002) -can assess the impact of climatic phenomena on water supply availability 
- based on three components: Global Circulation Model (GCM), Soil 
and Water Assessment Tool (SWAT) and Water Rights Analysis Package 
(WRAP); the output of GCM is used in the SWAT watershed model, the 
output of which is then used in the WRAP model.

Lake Management DSS Kuo et al., (2008) - based on combining a river quality model and a steady-state lake eutrophi-
cation model into an optimization framework - 
- used for lake restoration studies e.g. to restore Cheng-Ching Lake in 
Southern Taiwan

ecological-economics 
DSS with 6 subsystems

Yong Liu et al., (2008) - a DSS with 6 subsystems: human social, economic, terrestrial ecosystem, 
lake water, pollutant and lake aquatic ecosystem 
- provide insight into the economic and ecological implications of relevant 
policies on the lake restoration program.

Cooperative Water Alloca-
tion Model (CWAM)

Wang (2005),)Wang et al, 
2008)

- can deals with both equity issue as well as efficient use of the resource 
- frameworks to attain optimum economic re-allocation of water resources 
and this model was applied in a Canadian river basin 
-has three components: (1) the irrigation water planning model (IWPM) 
which estimates net benefit functions of irrigation water; (2) the hydro-
logic-economic river basin model (HERBM): this is the most important 
sub-component, the role of which is to find the net benefit from different 
water allocation schemes of alternative stakeholder coalitions and (3) the 
cooperative reallocation game (CRG) model which computes the net benefit 
from equitable re-allocation of water for each stakeholder coalition

Web-Based Ecological 
Decision Support System

(Mohtar & Zhai, 2007) Consists of the following components: (1) Hydraulic/Hydrologic Models, 
2DSTREAM a 2-Dimensional Surface Stream Flow Model; (2) SPARG/
AIRFIX, Air Sparging and Groundwater Multiphase Solute Transport 
model; (3) SGRASIM (Silvopasture GRAzing Simulation (ecological) 
Model and Water Harvest AHP: Water Harvesting Structure Sitting/Impact 
analysis using the Analytical Hierarchy Protocol

Basin wide integrated 
DSSs

Rosegrant et al., (2000); 
Ward (2006), Cai et al., 
(2003); Dimitriou and 
Zacharias (2007)

- river basin management DSS
-incorporating GIS and database, remote sensing technologies with eco-
nomic and hydrological and water use modelling systems

MULINO DSS, integrated 
basin wide DSS

Giupponi et al., (2004) ; 
Mysiak et al., (2005) ; Fas-
sio et al., (2005)

- integrates socio-economic and environmental modelling, with geo-spatial 
information and multi-criteria analysis 
- is part of the implementation process of the EU Water Framework Direc-
tive 
- evaluate the effect of polices targeted at different regions of the study area 
with different spatial implementation strategies

WSM DSS ProGea (2004), Todini et 
al., (2006)

- a comprehensive IWRM DSS based on sustainability criteria with full 
scenario analysis and multi-criteria evaluation capabilities; WSM DSS have 
been applied to many case studies in the southern European countries.

DANUBIA (comprehen-
sive) DSS prototype-

(Ludwig et al., 2003) -DANUBIA model (the DSS’s core engine) integrates 15 process models 
from 11 disciplines such as social, political, economic, environmental, in-
dustrial and biophysical; 40 researchers from 13 research groups have been 
working on this on-going DSS
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The scale of the challenge faced by the hy-
droinformatics community to provide a com-
prehensive DSS considering all the interacting 
issues, is manifested by the OTA (1982) study 
which embarked on assessing 33 water resources 
issues under six headings: surface water flow 
and supply (8 issues), surface water quality (10 
issues), groundwater—quality and quantity (7 
issues), economic (3 issues), social (4 issues) and 
the integrative ‘unified’ river basin management 
issue. Table 3 shows a range of policy-relevant 
DSSs applied in real world problems including: 
policy appraisal, conflict resolution, river basin 

management and economic, ecological, social, 
institutional and hydrological assessments. The 
general characteristics of the latest DSSs can be 
characterised by: (1) continuous upgrading of 
older versions; (2) use of new techniques and 
tools and (3) coupling/integrating different model-
ling applications such as economic, agricultural, 
hydrological etc models.

During this period, some books appeared 
which reviewed major modelling water and en-
vironmental systems e.g. Dzurik, (2003), Singh, 
V.P Frevert (2002a, b), Wheater et al., (2007), 
Wainwright and Mulligan (2003) etc. However, 

Table 6. Comparison of other DSSs with WSM DSS (Source: ProGea, 2004) 

Model Adaptability to WSM Paradigm

MIKE BASIN • No socio economic impact assessment 
• Unable to link policy objectives to management implementation

BASINS • More environmentally oriented than Mike Basin but still unable to link policy and management options 
• Scenarios are defined as a set of data inputs whereas scenario in WSM are based on a set of data and conditions that 
contain some data cannot altered by decision makers.

IQQM • Does not integrate GIS and useful data management capabilities. 
• Does not have a scenario manager.

ENSIS • It is not a real DSS but a surveillance and information system based on GIS
• Water allocation is not addressed so there is no water availability and demand evaluation

REALM • No GIS software 
• Unable to import maps 
• No impact analysis or multi criteria approach 
• Scenarios are defined as set of initial data

MULINO • No water resources/river network editor 
• No hydrological models

RIBASIM • No GIS software 
• No real multi-criteria approach

WEAP • No GIS software 
• Water demand cannot be updated for economic and administrative reason

WaterWare • Runs on UNIX 
• No multi-criteria approach 
• Obstacles to add new modules or modifying existing ones. 
• No economic, hydrologic and climatic scenarios 
• No strategies for water pollution controls 
• No strategy for improving water availability. 
• More information system than a DSS role

AQUATOOL • No GIS software 
• No economic or ecological aspects 
• New supply nodes cannot be constructed.

IRAS • No GIS software 
• No economic analysis 
• No definitions of scenarios 
• Links may be exaggerated
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there are no independent reviews about the validity 
of the comprehensive DSSs (Tables 4, 5 and 6). 
ProGea (2004) and Todini et al., (2006) made a 
comparison of some of the major DSSs with the 
WaterStrategyMan DSS (WSM DSS) since it 
claims that the WSM DSS is based on the previous 
experiences of the other DSSs (Table 6). These 
DSSs lack some of features of the ideal DSS ar-
chitecture. By inspection of official publications, 
a comparative study is given in Table 7 using four 
criteria. From the comparisons, it can be noted 
that these DSSs are not as ‘comprehensive’ as 
portrayed since they all have functional deficien-
cies or lack some aspects of the multidisciplinary 
criteria. For example, WSM DSS, being the most 
comprehensive, has a very strong economic sub 
model but it is less robust on social or institutional 
measures; the only institutional matter considered 
is the water pricing issue.

DIscUssIOn AnD cOncLUsIOn

The Relevancy of Dsss 
to Policy-Making

The historical account of the development of DSSs 
shows the extent of technical advancement starting 
with single process models and ending up with 
integrated comprehensive DSSs with GIS and 
geo-database management systems, incorporating 
layers of different application, planning and evalu-
ation models able to simulate and optimise water 
resources problems. In the early days, Loucks et 
al., (1985) note that most models concentrate on 
easily modelled physical and economic phenom-
ena and so might not be relevant to policy-makers 
or decision-makers. Therefore, in order to obtain 
policy-relevant DSSs, there is a need to couple 
physical and economic aspects with more socio-
political aspects to attain socio-technical DSSs. 
The future depends on how the new models can 
foster the involvement of end-users in a transparent 
manner, and also on models’ ability to advance 

technically to solve the existing problems and 
their ease of use. The main question is how to 
improve the interface and the communication 
between management policy-making and DSS 
modelling activity.

From previous sections we can deduce that 
the DSSs are case specific depending on the 
nature of the problem (or policy in question). 
Various methodological frameworks have been 
presented to show the relevancy of the DSSs. 
Despite shortcomings in terms of technological, 
institutional, social and ethical dimensions, DSSs 
are going to be used in highly unstructured and 
chaotic water resources management problems 
as they demonstrate holistic approaches to water 
management. Some argue that DSSs can enhance 
our understanding of water resources problems 
but they do not provide solutions to real world 
problems. However, DSSs have been shown to be 
extremely useful in water resources management 
and so the above claim is not entirely correct but 
it underlines three important issues. First, there 
is a need not just to improve the techniques but 
research should be undertaken to enhance our 
understanding of scientific ‘theoretical’ concepts 
to eliminate or reduce the system’s (knowledge) 
uncertainty. Secondly, it is required to develop 
human/user focused DSSs that enable real par-
ticipation and become more ‘user-friendly tools. 
At present, due to the sophisticated and highly 
technical nature of many available DSSs, they 
can only be adequately used by knowledgeable 
professionals. This indicates that the DSSs require 
special technical know-how and are not off-the-
shelf packages, and so laypersons do not find them 
easy to work with. Third, ‘real world problems’ 
are political in nature and hence DSSs should have 
socio-political assessment tools to reflect cultural 
and socio-political policy matters.

There are four main criteria for acceptability of 
DSS information: (1) relevancy which is a measure 
of appropriateness; (2) accessibility; (3) credibility 
(accuracy and legitimacy); and (4) compatibility 
(Liu et al, 2008). The main function of a DSS is to 
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provide information in a timely manner to aid the 
decision making process (Loucks, 1995; Loucks & 
van Beek, 2005). The relevancy, accessibility and 
compatibility of the DSSs have been documented 
by reviewing a representative sample of DSSs. So 
the credibility issue is discussed in the following 
section by considering the uncertainty issue.

Dealing with the Uncertainty Issue

There are three categories of uncertainties: inher-
ent, knowledge (e.g. scientific, data) and decision-
making uncertainties (Langsdale, 2008; Loucks 
& van Beek, 2005). Inherent uncertainty is due to 
complicated and unpredictable natural processes 
whereas knowledge uncertainty relates to the gaps 
in the model structure or available data. Decision 

Table 7. Comparison of DSSs 

DSS Tool Multi-criteria 
Tool

Socio-
Economic

Institutional GIS type

WSM DSS yes yes Yes-some-
water charg-

ing

yes comprehensive water resources management 
and sustainability- for institutional, only water 
pricing is included-

MULINO yes yes no yes It is a sophisticated DSS but lacks simple 
hydrological models and a network editor.

SUSMAQ yes Yes no no A system for assessment of water sector 
Management Options

IQQM no no no no An integration of different models: river 
system model, runoff-rainfall model and so on

ENSIS no no no yes It is a monitoring and surveillance (environ-
mental water and air) system and not a real 
DSS- no water availability and demand steps

REALM no Simple econom-
ic calculation

no no Water supply and water allocation model

RIBASIM no some: produc-
tion costs of 

different crops

Some: 
change of 
rules and 

laws

no Water resources planning and management

MIKE BASIN no no no yes Surface/ground waters and quality

BASINS Limited sce-
nario analysis

no no yes Environmental: water quality and pollutants

WEAP represents al-
ternative water 
development and 
allocation sce-
narios

Some econom-
ic-cost of water

no no Water assessment tool: water demand is speci-
fied only through predefined time series not 
considering its possible update for economic 
or administrative reasons at each simulation 
time step.

WATERWARE no no no Yes but 
UNIX 
based

It has the role of an information system rather 
than DSS- furthermore the models are inte-
grated in a sequential manner (i.e. models are 
conceptually linked)

AQUATOOL Risk analysis and 
evaluation trad-
eoffs between 
different water 
resources alloca-
tion scenarios.

No but to be 
developed

no no Water resources planning tool:

IRAS no no no no Surface and ground waters modelling
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uncertainty is shaped by incoherent goals and 
objectives and influenced by the ethical context of 
decision-making e.g. customs, culture and belief 
(Loucks & van Beek, 2005).

DSSs reflect uncertainty and risk since eco-
logical and water resources systems are complex, 
unpredictable and dynamic and hence there is not 
just knowledge uncertainty but a degree of inherent 
uncertainty as well. Therefore, the outputs from 
DSSs should come as a distribution or range of 
solutions rather than an exact single criterion. 
Gravens et al., (2008) make a valid point that the 
real world decision-makers have as yet to accept 
this kind of technical analysis which reflects 
both uncertainty and risks. There is a degree of 
intolerance shown towards scientific knowledge 
(Langsdale, 2008). The scientific community is 
also responsible for creating this climate of dis-
trust by having diverse views and philosophical 
disagreements about approaches and method-
ologies. The diversity in scientific thoughts and 
approaches should not be a tool misused by both 
the decision-making and scientific communities. 
The notions of greenhouse gas effects and climate 
change were not initially accepted due to the 
wrangling about the model outputs and uncertainty 
issues but now these notions are not questioned 
and many policy changes occurred due to real 
scientific efforts. Hence, there is a widening scope 
for a strategic acceptance of DSSs in the water 
resources policy-making arena. Thus, one of the 
great obstacles to implementing new strategies 
based on DSS outputs is cultural or legal impedi-
ments. Loucks and van Beek (2005) assert that, in 
many cultures and legal systems, doing nothing is 
more acceptable than failing after an action. The 
nature of decision-making has a bearing on the 
modelling process. Loucks et al., (1985) make 
an intelligent observation about the incremental 
nature of political decisions. Based on this, they 
suggest that the model solutions should also be 
incremental as political communities are not happy 
admitting that they were wrong but they might be 
happy with making small changes within a learning 

process. Therefore, the uncertainty should not be 
a scapegoat for inaction (Cosgrove et al, 2008). 
Scientific arguments are often the basis for public 
policy debates and the importance of science in 
sound public policy-making cannot be ignored 
(Montz, 2008). There is a strong link between 
science and the policy-making process (e.g Montz, 
2008; Freehafer, 2008). Scientific uncertainties 
normally polarise policy-making decisions and 
indeed provide a hindrance for change or reform. 
But uncertainty is part of the decision-making 
process i.e. it is fact of life (see e.g. Refsgaard et 
al., 2007). It is not possible to isolate, remove or 
eliminate uncertainty entirely by further research. 
However, research can improve the uncertainty 
of know-how and knowledge.

The knowledge uncertainty is evident from the 
debate on the validity of the Freeze and Harlan 
(1969) PBSD “Blueprint” and the problems as-
sociated with PBSD models (e.g. Beven, 1989, 
1993, 1995, 2003; Beven & Binley, 1992; Beven 
& Kirkby, 1979; Mulligan, 2003). Beven (2003) 
asserts that the most of the process descriptions in 
the current models are based on the “Blueprint” 
even after more than 40 years. Some scholars 
such as Beven have called for a new Blueprint 
(Mulligan, 2003). Ewen et al., (2000) narrate three 
distinct criticisms of PBSD models. First, there is 
the question of validation. Ewen and Parkin (1996), 
Bevan (2001) and Koivusalo (2002) among others 
have noted that with a great deal of calibration, 
streamflow outputs from PBSD models fit very 
well with measured/recorded data. Ewen and 
Parkin (1996) assert that in order to assess the im-
pact of land-use change and climatic phenomena, 
‘blind’ validation techniques are necessary. The 
second issue is the ‘scale problem’. As pointed 
out by Ewen et al., (2000), this is not only a fea-
ture of PBSD modelling but a problem for earth 
sciences including hydrology, hydrogeology, soil 
science and so forth. The third criticism is that 
many PBSD models omit important components 
of the water cycle. In the case of SHETRAN, 
for example, it does not account for preferential 
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flow (Ewen et al., 2000). However, hydrologic 
modelling systems are indispensable tools in the 
day to day management of extreme events such 
as floods (Koivusalo, 2002) and therefore; despite 
their shortcomings, they have an important role in 
modern water resources management, provided 
the uncertainty in their predictions is recognised.

There must be ways for improvising new tech-
niques to tackle data uncertainty. For example, one 
of the classic comments is that data availability 
has been a limiting factor and one of the sources 
of uncertainty. Integrated management requires a 
whole range of data. The water accounting (WA) 
concept (e.g. Hambira, 2007) can be used as an 
evaluation tool by analysing water use patterns 
which is useful for policy-makers to see the paths 
of water use and provides valuable insight and 
information on water ‘stocks’ by indicating the 
economic value of water..The conventional ‘Sys-
tem of National Income Accounts’ (SNA) does 
not normally consider environmental degradation 
or water depletion. Hence WA can provide infor-
mation on the stock level of resource available at 
a particular point filling some information gaps 
needed for decision-making. Also, WA can be 
used as a guide to identify data gaps.

Gravens et al., (2008) state that the US Army 
Corps of Engineers (USACE) has adopted risk and 
uncertainty as an essential elements in planning 
models based on a combined model life cycle 
and risk analysis approach (e.g. Moser, 1996). 
Modelling tools have been employed by USACE 
for a long time led by an internal research orga-
nization, the Institute of Water Resources (IWR) 
which specializes in IWRM (Gravens et al., 2008). 
On the other hand, the Hydrologic Engineering 
Centre (HEC) in Davis, California, is renowned 
for its development of hydrologic, hydrodynamic, 
stochastic, water quality and sediment transport 
models as well as risk analysis, planning and real 
time analysis tools. In order to maintain a high tech-
nical standard of quality, the Corps has embarked 
on a Planning Models Improvement Program 
(PMIP) (Gravens et al., 2008). This is to ensure 

that the use of models by all relevant agencies is 
adequate and meets the preferred standards. Use of 
models can be sometimes controversial, and hence 
in order to alleviate concerns from reviewers, the 
concept of “glass box” or transparent models has 
been adopted. Thus, everyone will be able to see 
what data has been used and how reliable are the 
outputs. The tremendous effort by USACE has 
been acknowledged by many researchers (e.g. 
Loucks et al., 1985).

One of the lessons that have to be learned is 
that most practitioners perceive uncertainty to be 
of the second category (knowledge uncertainty) 
and hence scrutinise model outputs ignoring the 
inherent uncertainty. Thus, Langsdale (2008) calls 
for two important actions: (1) the acknowledg-
ment of the inherent uncertainties in the decision/
policy-making process and (2) clear communica-
tion of uncertainty elements in the outputs to the 
stakeholders.

DSSs provide the evidence or the information 
needed for decisions and cannot entirely replace 
the expert judgments of managers and planners; 
they can supplement the knowledge for an en-
hanced and informed decision-making process. 
DSSs provide simplified representations of very 
complex and interrelated processes and the scheme 
of the DSS depends of subjective judgments of the 
developers of what they believe to be important. 
So, they reflect the level of understanding of the 
developers. Modelling is an artistic endeavour 
which requires broad imagination and a high 
level of intellectual integrity and hence, it draws 
on highly motivated and innovative minds and 
perhaps this is a positive feature.

enhancing Dss Ownership and 
Institutional sustainability

Other important issues are DSS ownership, trans-
parency and institutional decision-making norms. 
Perhaps one of the most important barriers to 
implementing a DSS is institutional constraints 
(Chen et al., 2005). Therefore, institutional com-
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mitment is vital for a DSS implementation. Legal 
and financial (budgetary and funding) support is 
necessary for the institutional and financial sus-
tainability of DSS development (Dzurik, 2003; 
James, 1991 among others). For instance in the 
USA, an interesting observation is that the US 
federal legislations do not explicitly require the 
use of DSSs in water resources planning and man-
agement but the legislations have been interpreted 
by the US Agencies to require modelling simula-
tions to meet or fulfil the legislative requirements; 
this is a good example of institutional support. 
Institutional commitment in the USA created an 

environment for innovation and development of 
modelling technology with freely available models 
as shown in Table 8 (Dzurik, 2003).

Involving stakeholders will enhance transpar-
ency and educate the stakeholders about the DSS 
capabilities. Thus, it will have an impact on in-
stitutional decision-making norms. One of the 
challenges is to motivate cooperation between 
different stakeholders. Loucks et al., (1985) record 
some factors affecting the implementation (suc-
cess or failure) of the modelling systems and these 
remain largely true today. Most of the factors are 
due to political unwillingness to change proce-

Table 8. Contribution of open source and freeware models by US agencies (modified from Dzurik, 2003) 

Model/ type Agency Type Functionalities

CE-QUAL-W2 US-HEC FW, OSC Two-dimensional, longitudinal/vertical, hydrodynamic and water quality model. 
Assumes lateral homogeneity, thus best suited for relatively long and narrow water 
bodies exhibiting longitudinal and vertical water quality gradients

EPANET US-EPA FW, OSC
Simulation of hydraulic and water quality behaviour within pressurized pipe 
networks consisting of pipes, nodes (pipe junctions), pumps, valves and storage 
tanks or reservoirs.

EPA-SWMM5 US-EPA FW, OSC
SWMM5 is a dynamic rainfall-runoff simulation 
Model used for single event or long-term (continuous) simulation of runoff 
quantity and quality from primarily urban areas.

EPA-WASP US-EPA FW

Assists users to interpret and predict water quality responses to natural phenomena 
and man-made pollution for various pollution management decisions. WASP6 is 
a dynamic compartment modelling program for aquatic systems, including both 
the water column and the underlying benthos

HEC-RAS US-HEC FW Steady and unsteady state surface profile, movable boundary sediment transport, 
water quality analysis

HEC-RESSIM US-HEC FW
Simulates complex reservoir systems: Consists of three inter-operational modules: 
Watershed setup defining a framework and its single elements, the reservoir network 
module linking the elements and the simulation module performing computations

MODFLOW USGS FW, OSC

Ground-water flow is simulated using a block centred finite-difference approach. 
Layers can be simulated as confined or unconfined. Flow associated with external 
stresses, such as wells, areal recharge, evapotranspiration, drains, and rivers, 
also can be simulated.

SWAT USGS FW
Prediction of the impact of land management practices on water, sediment and 
agricultural chemical yields in large complex watersheds with varying soils, land 
use and management conditions

WASP US-EPA FW, OSC

Prediction of water quality responses to natural phenomena and manmade pol-
lution. WASP has been used to answer questions regarding biochemical oxygen 
demand, dissolved oxygen dynamics, nutrients and eutrophication, bacterial 
contamination, and organic chemical and heavy metal contamination.

Abbreviations: 
Agencies: US-HEC: United States Hydrologic Engineering Centre, US-EPA: United States Environmental Protection Agency; USGS: 
United States Geological Survey, 
Type: FW: Freeware and OSC: Open Source code
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dures, lack of institutional sustainability (relation-
ship between modellers and clients) and inade-
quate capacity building (such as the extent of 
training requirements) as well as resistance to 
change or reluctance to accept new approaches 
and technologies.

The dynamic nature of water resources plans 
and projects has to be appreciated so there is rarely 
a final solution to a water resources management 
problem. The impact of decisions (minor or 
major) taken by other water-related institutions/
organisations on the projects has to be considered. 
Continuous contact and communications between 
all stakeholders are necessary. In the United 
States, USACE are an advocate of a shared vision 
modelling approach (USACE, 2004; Loucks & 
van Beek, 2005) which promotes participatory 
DSS development and water resources planning 
processes.

Stakeholder participation has also side effects 
such as slowing down the process of decision-
making and could lead to conflicts as well (Ubbels 
& Verhallah, 2000). A successful ‘needs assess-
ment’ can only be manifested if the real needs 
of the end-users are incorporated; otherwise the 
sustainability of the DSS will be undermined. Dur-
ing the design stage, the participation of end-users 
is necessary to test the prototypes and ensure that 
the objectives and goals are met.

The challenges facing the 
Hydroinformatics community

Amezaga and O’Connell (1998) asserts that 
hydroinformarics has succeeded as becoming a 
foundation for the IT community working on water 
environment modelling systems. However, it is a 
long way from accomplishing the full developmen-
tal potential as social and ecological dimensions 
have yet to thrive as the technical aspects have. 
There are two distinct “discontinuities in thought” 
which are not particular hydroinformatics prob-
lems (Amezaga and O’Connell, 1998):

1.  The institutional separation of research and 
development (R&D) and the practice of wa-
ter management. So R&D is mostly driven 
by technical agenda and academic centres 
are obliged to satisfy their sponsors due to 
little interest shown in the social dimensions 
of the work they support.

2.  Lack of integration of multidisciplinary re-
search i.e. lack of interaction between differ-
ent research disciplines. Within a multidisci-
plinary team, members build separate blocks 
of different disciplinary research without 
coherence as a result producing “jargon 
ridden, mutually incomprehensible reports” 
(Amezaga & O’Connell, 1998; p.1193). For 
example, in the early days, climate modellers 
had to some extent avoided pluralism and 
ignored the socio-political sub-component 
(Varis et al., 2004) and watershed level 
aquatic science (Carpenter et al., 1992) in the 
modelling of climatic concepts. Similarly, 
reluctance had been shown by hydrologists 
to include climate models with hydrological 
modelling concepts in the past (Langsdale, 
2008).

However, the encompassing nature of hydroin-
formatics and the need to develop comprehensive 
DSSs have changed old practices as there are many 
attempts to close the gap between policy-making 
and research and modelling activities increasingly 
seek to reflect the holistic approach to water 
management by incorporating different aspects 
of the ecosystem in the development of the DSSs. 
Traditionally, the ecological needs have been ne-
glected and have been limited to minimum flows 
in rivers. The importance of the environmental 
share of water resources must be acknowledged 
in the design of DSSs. Environmental or ecologi-
cal water requirements should be reflected in the 
water balance assessment. Wetlands, lakes and 
other aquatic ecosystems have not been fully 
incorporated in the DSSs. Therefore, one of the 
ways to include the ecological needs is to consider 
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the environmental requirements as demand sites 
with high supply priorities.

There is an added pressure in DSS develop-
ment for the water sector. Water itself, being a 
public property and part of the common interest 
of the general public, induces extra pressure 
since research outcomes should also satisfy the 
general public. Historically since the 1980s, the 
technological advancements have posed some 
intellectual challenges facing the hydrological 
sciences discipline (see e.g. Pilgrim, 1986; James, 
1991) as well as other scientific disciplines. There 
is a need to enhance the stewardship (status) of the 
sciences within the professional societies based on 
a strategy that scientific advancement will reduce 
uncertainty, improve performance and provide 
adequate solutions to real world water resources 
management problems.

There are two internal issues related to DSS 
development: commercial pressures and time 
constraints. There is a degree of market pressures 
on research activities and the issues of commer-
cialisation and search for extra funding and income 
which have created a sense of over-confidence in 
the developed DSSs. Sometimes, simplifications 
and constraints are not highlighted enough to the 
policy-makers and end-users by ‘over-selling’ the 
models. These have also created a culture among 
laypersons to expect much more than the models 
can offer. Langsdale (2008) points out that both 
experts and laypersons communities were found 
to have “too much confidence in a very unreliable 
data” (p.25).

The time allowed for a given DSS implementa-
tion project has been usually less than the realistic 
time required as already indicated; this has had 
a detrimental impact on the overall performance 
of DSSs. From the first author’s experience of 
working on DSS developments for Iranian river 
basins, the modelling activities can be charac-
terised by high expectations to produce the state 
of the art DSSs or ‘super’ DSSs which are able 
to conduct a planning process with a click of a 
button but with limited time, data and finances. 

From experience, the usual time for developing 
large scale DSSs for very large basins have been 
between 24-30 months which is much less than 
what is realistically needed. The DSS providers 
have therefore had to compromise on the choice 
of modelling techniques; for example, older, 
previously designed systems were chosen and 
have repeated the same assumptions and used the 
same methodologies and carried over the same 
conceptual and methodological deficiencies. 
Lack of enough time and money might have af-
fected the continuity needed to develop a viable 
system. Some of the DSSs such as WaterStrategy-
Man or MULINO can be regarded as unfinished 
businesses and require further development and 
since they are not ‘commercial’ software, they 
are rarely used in practice. Therefore, we have 
to acknowledge that not every research result is 
implementable and some need time to be evalu-
ated, validated or enhanced. Practitioners are not 
willing to use new modelling approaches if it does 
not give them a clear advantage in their attempt 
to solve problems. Testing new models takes time 
and money and hence the research community is 
often unable to close the gap between the profes-
sional and research communities.

concluding Remarks

From this extensive review, it can be concluded that 
despite DSS deficiencies in terms of technological, 
institutional and social and cultural aspects, DSSs 
are considered as an indispensable tool in solving 
highly unstructured and chaotic water resources 
management problems. There are four knowledge 
management domains (Steyaert & Jiggins, 2007): 
(1) the known: these are manageable and there is 
no uncertainty or risks attached to them; (2) the 
complicated but unknown: they are normally very 
important; e.g. climate change, population growth 
pressures, physical processes affecting evapora-
tion rates, the impact of geometry of pore size in 
preferential flow etc.; (3) the complex, unknow-
able but partly predictable: most model outputs fall 
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into this category and (4) the chaotic: all natural 
processes fall into this category. ‘Uncertainty due 
to lack of data’ is now a cliché in the modelling 
world. The enhancement of data management 
technology will not improve the data uncertainty 
on its own unless collection and data measure-
ments techniques are improved too. Modelling 
is a complement to the data collection process 
and not a substitute to it and scientific observa-
tions are needed for better understanding of the 
system problems (Silberstein, 2006). Therefore, 
there should be a shift from not only technological 
to a combined technological and data collection 
techniques approach (e.g. Sutcliffe, 2004).

There have been many attempts to use 
policy-relevant DSSs in real world problems as 
evidenced by the many examples presented in 
this chapter. The question is how to improve the 
interface and the communication between policy 
and hydroinformatics modelling activity. This can 
be achieved by dealing with different issues such 
as uncertainty, closing gaps between science and 
practice, ownership of the DSS and its institutional 
sustainability. An integrated DSS should have 
three features (Steyaert & Jiggins, 2007):

1.  built in framework for ‘dialogue’
2.  facilitation of real stakeholder participation 

and interactive learning
3.  provision for joint interpretation

Stakeholder analysis (SA) is one of the initial 
tools used to formulate the needs assessment to 
define the end-users. However, SA cannot capture 
changes of attitude and perceptions but reflects 
chronological opinions. Steyaert and Jiggins, 
(2007) offer a new concept, stake-holding, show-
ing dynamism of stakeholders’ change of view 
over time. The change reflects the knowledge-
sharing exercise during the participation process. 
Ecological constraints also have a role to play 
in this equation. The diversity of stakeholders’ 
knowledge about ecological processes can cause a 
“learning paradox”. On the one hand, the interplay 

among stakeholders provides a learning alliance 
and a medium for change in perceptions. On the 
other hand, stakeholders’ sectoral knowledge of 
the ecosystem processes might hinder or even stop 
the learning process and the change in perceptions 
needed for an adequate common understanding 
that facilitates correct action. The communication 
and facilitation requires some inbuilt mechanisms:

1.  evolution of institutional arrangements 
(governance)
a.  redefinition of the hydroinformatics 

science’s responsibility to society
b.  dealing with asymmetries of knowledge
c.  negotiating accountability in research 

partnership processes
2.  linking hydroinformatics to social science 

(Hashemi & O’Connell, this issue)
a.  Communication tools for dialogue. 

Inclusion of social research tools such 
as institutional analysis (IA) and dis-
course ‘narrative’ analysis

b.  provision of joint interpretation- this 
may happens outside the database man-
agement and evaluation component of 
the DSS

c.  facilitating interactive stakeholder 
participation

3.  Institutional sustainability
a.  unders tanding the  not ion of 

stake-holding
b.  degree of independence during DSS 

development life: the degree of control 
of the stakeholders

c.  transparency of ‘Terms of Reference’
d.  respect and awareness of ‘stakeholders 

perception’ of the modeller which influ-
ences the management of knowledge

Successful application of water resources DSSs 
should have three characteristics (e.g. Loucks & 
van Beek, 2005):
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1.  A systems approach which requires con-
sideration of all the subsystems and their 
interdependencies and interactions within 
the whole water resource system: natural 
environment, socioeconomic and institu-
tional subsystems;

2.  An interdisciplinary approach which require 
knowledge of environmental sciences, legal, 
social, economic and so on. This involves 
a compromise and tradeoffs with other dis-
ciplines i.e. “to accept less than the latest 
advances in one’s own discipline” (Loucks 
& van Beek, 2005; p.42); and

3.  Use of rigorous mathematical frameworks 
with clear statements of assumptions and 
proper description of the system and its in-
teractions and tradeoffs between competing 
or conflicting objectives.

There is a trend towards integrated model-
ling systems or comprehensive DSSs which are 
able to consider the system as a whole and com-
bine socio-economic, political, environmental, 
hydrological and ecological models on a GIS 
platform with an extensive geo-database man-
agement system within a user friendly graphical 
user interface (GUI). The DSSs are required to 
have a strong knowledge base layer to evaluate 
different management options and strategies and 
deal with uncertainties (such as climate change) 
through powerful scenario analysis capabilities 
and multi-criteria analysis and to include social 
and sustainability criteria. As seen in the Iranian 
case study, the attempt is made to co-ordinate the 
basin wide DSSs with a national DSS which can 
link all the basins together. It is concluded that 
there would be a greater demand in the future to 
develop integrated policy-relevant DSSs compris-
ing not only the technical and engineering aspects 
but incorporating socioeconomic and political 
sciences as well.

It is concluded that DSSs are relevant to 
policy issues and can enhance our understand-

ing of the nature of the problem or the policy in 
question in the water sector. However, there are 
technological barriers and scientific information 
gaps; thus, it takes more effort to impact the real 
policy-making decisions. But, there is a will on 
either side to find socio-technological solutions 
for highly complex socio-technical water man-
agement problems. DSSs are not off-the-shelf 
software packages but they are interactive multi-
stakeholder decision-making platforms. A DSS 
is not a tool for making-policy but it is a tool to 
facilitate an informed, transparent and participa-
tory decision-making process.
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KeY TeRMs AnD DefInITIOns

DSS: A computer based hydroinformatics 
integrated modelling system used to simulate, 
assess and evaluate different socio-economic, 
environmental, hydrological, ecological and 
institutional systems. Comprehensive DSSs can 
be described as basin-wide integrated computer-
based hydroinformatics modelling tools.

End-Users: The stakeholders who are directly 
involved in the DSS development and imple-
mentation.

Evidence: Any kind of qualitative and quan-
titative information including values and percep-
tions and subjective views.

Interface: A mechanism or framework to link 
two systems; be able to exchange, use or process 
the information.
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Systems Analysis Consists of Four Compo-
nents: (1) Policy: A political (governmental) state-
ment outlining the vision. Goals and objectives of 
IWRM plans. (2) Scenario: A futuristic outlook 
of development such as assumptions under which 
development occurs; these are exogenous to the 
water system such as population growth or climate 
change that cannot be controlled or determined 
by the water system. (3) Management Option: A 
measure or an action taken to improve the perfor-

mance of the water system, these measures can be 
legal, institutional, technical, social, economics, 
ecological. (4) Strategy: A collection of manage-
ment options to be considered under different 
anthropogenic and natural climatic scenarios.

Water Sector: All the economic, political and 
social and environmental systems that consumes 
or uses water or have a say in its management or 
influence its abundance.
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Chapter 6

An Approach toward an 
Integrated Management of the 
Mara River Basin in Tanzania

A.E. Majule
University of Dar es Salaam, Tanzania

InTRODUcTIOn

The Mara River (MR) is an international river, 
shared between Kenya and Tanzania. Natural 
resources (including water) in the river basins are 
being managed in unsustainable manner, thus lead-
ing to natural resources depletion and consequently 
environmental degradation. Likewise in other ba-

sins, climate change and variability coupled with 
land use change in the basin affects agricultural 
production in a number of ways including crop 
production failure (Salinger, 1992; Frederic, 1997; 
Majule, 2008). Stakeholders in the basin are in-
creasingly facing problems with poor water quality 
and environmental degradation and thus limiting 
efforts to achieving poverty alleviation, improving 
health, food security, economic development and 
protection of the natural resources including forest 

ABsTRAcT

Lack of Integrated River Management practices is the major problems that affect effective management 
of natural resources. This chapter presents findings on different factors affecting the sustainability of the 
Mara River Basin (MRB). The study was limited to the MRB part of Tanzania and multiple approaches 
were used in data collection. MRB is experiencing a number of management problems including defor-
estation, land degradation and pollution of the river water associated with human activities. Institutional 
framework for natural resource management (NRM) is rather sectoral thus lacking integration and 
sometimes results into conflicting efforts to conserve natural resources. It is evident that some cultural 
attitudes have positive impact on natural resources management such as the customary land tenure 
system. For sustainability of the MRB resources, integration of projects, programs and stakeholders’ 
participation are key factors without neglecting cultural aspects. Furthermore, different policies need 
to be considered by linking them together to achieve sustainability.
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(Salinger, 1992; URT, 2005). Main issues include 
the loss of forest cover in the upper catchments and 
along rivers, unsustainable agricultural expansion 
and intensification (including small scale irriga-
tion), population growth, poorly planned water 
abstraction, pollutions from mining, agriculture 
and inappropriate fishing methods.

A number of projects have been initiated in 
the MRB to address a number of socio-economic 
economic, cultural and environmental concerns 
(Yanda & Majule, 2004). For example, the MRB 
Project was developed to serve as a catalytic 
agent for bringing various stakeholders within 
and outside the basin to the discussion table to 
exchange ideas and information for planning and 
implementing shared sustainable management 
and conservation initiatives. The project adapts 
Integrated River Basin Management (IRBM), is 
which the most promising approach to sustainable 
management of fresh water, through balancing 
water management across the whole river basin 
in order to achieve economic, social and environ-
mental goals in a sustainable manner (GWP, 2000; 
www.gwpforum.org). There is a growing need 
for generating baseline data prior implementing 
different development programs in order to make 
sure that development activities does not really 
compromise with natural ecosystems (Yanda et 
al., 2007; Majule & Kalonga, 2008; Majule et 
al., 2009).

For sustainable management and development 
of resources of the MRB, there must be political 
commitments from the governments of Tanzania 
and Kenya and support stakeholders’ dialogue to 
develop a shared vision, mission and objectives. 
Baseline studies on socio economic and cultural 
aspects on the MRB is intended to provide different 
stakeholders and scientific community informa-
tion that can be used in the planning of different 
development activities as well as undertaking 
different research activities in the area. The paper 
presents facts about socio-economic, cultural and 
environmental concerns on the sustainability of 
the MRB, Tanzania based on the study which was 

conducted in the MRB. It uses such information 
to emphasize a need to developing and Integrated 
Water Resource Management Strategy for MRB 
in order to sustain potential available natural 
resources in the basin (McDonald & Kay, 1988). 
This allows for documentation of best and poor 
practices that will enhance sustainable planning 
of the management of the MRB natural resources 
in particular water. This chapter therefore have 
discussed the institutional framework for man-
aging natural resources in MRB and ascertained 
how socio-economic activities, cultural aspects 
contributes to resource management. The envi-
ronmental implications associated with resource 
management and policy interventions that could be 
adopted in other basins have also been highlighted.

DescRIPTIOn Of THe sTUDY AReA

Geographical Locations

The Mara River is an international river, shared 
between Kenya and Tanzania. The size of the 
MRB is about 13,750 km2, of which about 65% 
is located in Kenya and 35% in Tanzania. The 
basin is located in the northern part of the country 
and is shared with Kenya on the upper stream 
part (Figure 1). The Mara River drains its water 
into Lake Victoria and the basin covers Musoma, 
Tarime and Serengeti districts in Tanzania.

climate and soils

The Mara region is divided into three major cli-
matic zones. The northern zone falls within the 
MRB is a (highland area) which mainly covers 
Tarime and part of Serengeti districts. This zone 
receives an average rainfall of between 1250 and 
2000mm per year. It has two rainy seasons; a 
short one from September to January, and a long 
rainy season from February to June. The central 
zone covers much of Musoma district and eastern 
parts of Serengeti. The area receives between 900 
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and 1300 mm of rainfall per year. The last zone 
is lowland area which includes much part of the 
Bunda district that does not fall in the MRB.

The region’s soils have been formed by weath-
ering of granite rocks resulting into a wide range 
of soil types. Generally, soils vary from course 
light textured soil. Other soil inclusions include 
light sandy loams, grey clays particularly in the 
valley bottoms and in wetlands and black calcar-
eous soils referred to as mbuga soils. The later 
are located in the lower part of the basin and are 
naturally very fertile.

Geology

Geologically, the MRB is a flat sheet of dark 
grey basalt associated with Meta-volcanic rocks. 
The rocks belong to pre-cambrian age forming a 
base for the formation of younger rocks. Mara 
region has been classified into three portions on 
geological basis.

• Northern Highland: This occupies the 
whole of Tarime, parts of Serengeti and 
Musoma and it consists of granite grano-
diorite foliated gneisses and magnetite.

• Southern Highlands: This occupies the 
western parts of Serengeti and large parts 
of Bunda district. It consists of mainly vol-
canic rocks of alkaline nature

• Central Lowland: Mainly in Serengeti 
and parts of Bunda and Musoma. It is of 
Meta-volcanic nature having conglomer-
ates. They also dominate in southern side 
of the Mara River.

Topography and Drainage

Mara Region is generally lying between the low 
granite hills rising at about 100 m above the gently 
sloping foothills, which lead down to rather nar-
row flooded areas of Musoma point, and Makoko 
foothills. Other parts of the region are the areas in 
which plateau surface is broken up by long nar-
row hill ranges, which rise above rather flat low 
lands. There are several hills, which are within 
the region’s area. These are the Ryamakongo 
hills, which rise up to 1259 m.s.l, Kibayo hills 
1254 m.a.s.l, and Nyabisonga hills. Generally, the 
topography of the region is undulating to rolling 
with wide valleys and occasional steep sided hills. 
The Mara River is the only perennial river in the 

Figure 1. Location of Mara River Basin (Source, IRA Cartographic Unit)
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basin. It forms the major drainage pattern in the 
region with its tributaries flowing to Lake Victoria. 
Other streams flow to the lowlands forming rivers 
like Tigitai, Suguti and Kyarano.

sTUDY MeTHODOLOGY

This study uses both secondary and primary data. 
Secondary data collection involved review of 
existing reports (unpublished, gray and published 
reports) from libraries and documentation centers 
in various institutions in Dar es Salaam and Mara 
Region. Some reports were also made available 
through Internet search. Secondary information 
was supplemented by primary data. Since the study 
had to be conducted in a limited period of time, 
the Participatory Rural Appraisal was employed. 
The method’s cornerstone is interactive learning, 
knowledge sharing and assurance of high local 
people’s participation. The Participatory Research 
Approach methods were applied to quickly gener-
ate additional information. This involved relaxed 
rapport, open dialogue, brainstorming and mutual 
sharing of knowledge, skills and experiences 
transect walk among others (Chambers, 1992; 
Kangalawe et al., 2005). Other techniques used 
include semi-structured interviews and field 
observation (Majule & Mwalyosi, 2005). The 
interviews took place in informal way where only 
some of the questions were predetermined and 
the rest arose during the interview. In this respect 
three different interview types were conducted; 
these are group, key informants’ and individual 
interviews.

A wide range of stakeholders were involved 
in focus group discussion. These consultations 
focused mainly the resource users at village level 
in order to get the ground reality. Ward and village 
leaders and some government officials (District 
Executive Director’s Office for Musoma, Tarime 
and Serengeti) were also interviewed. Also, 
regional secretariat and District Commissioner 
Offices for all the three districts were consulted 

and same government officials at the District Ex-
ecutive Director, Regional Secretariat and District 
Commissioner offices for the three districts of 
Musoma, Tarime and Serengeti were consulted.

The study also involved visiting of some 
specific sites in the basin for physical observa-
tion on how natural resources are being managed 
and implications on the ecosystem particularly in 
Musoma, Tarime and Serengeti districts and for 
discussion with different districts leaders. Other 
areas visited includes a number of hotspot areas 
including gold mines at Nyamongo, farmlands 
and grazing selected forestry patches in the River 
Mara Flood Plain and villages situated near the 
flood plain.

MAIn IssUes Of cOnceRn In 
THe MAnAGeMenT Of THe MRB

socio-economic characteristics

Administrative Issues

It is estimated that about 65% of the MRB is in 
the Kenyan side and 35% in the Tanzanian side. 
In Tanzania, the basin falls under Mara admin-
istrative region. The region is divided into four 
districts namely Musoma, Tarime, Bunda and 
Serengeti. Excluding Bunda, a district which does 
not fall in the Mara River basin, the MRB has 16 
divisions, 97 wards and 336 villages. Most of 
socio-economic activities undertaken in the area 
have a large impact on MRB ecosystem.

Currently, there is no coordination in the plan-
ning and management of common resources found 
in the MRB. For example, planned activities on 
resource use particularly water abstraction from 
the Mara river for hydropower development on 
the Kenya side are likely to have large impacts on 
the ecology of the Mara river and consequently 
on Lake Victoria. Under such a situation a cross 
border integrated planning on resources use and 
management is very important for sustainability 
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of the MRB ecosystem. The proposed Amala 
Weir Water Diversion Project and the shelved 
Ewaso_Ngiro Hydropower project will sig-
nificantly reduce water quantity and completely 
drying of the Mara River under severe drought. 
Implications of this development on the Kenyan 
side would have severely affected the Serengeti 
ecosystem and the livelihood of the people on the 
Tanzanian side.

Other initiatives that can be seen as oppor-
tunities include the involvement of East African 
Community and the Nile Basin Initiative (NBI) in 
particular the Mara River Basin Project under Nile 
Equatorial Lake Subsidiary Program (NELSAP). 
These initiatives form a framework for developing 
a management body at the regional level. More-
over, there is Lake Victoria Basin Water Office 
at the national level that deals with management 
of water resources in the basin part of Tanzania.

Although there are policy frameworks gov-
erning integrated approach in managing natural 
resources in the basin, it is evident that in prac-
tice there is lack of coordination in planning and 
management of natural resources in the MRB. A 
common practice is that each of the three districts 
is fully mandated in the planning and manage-
ment of various natural resources found in their 
respective territories. It is often the case that most 
of the ecological units are cross border resources 
and are managed differently and management 
plans therefore do not complement each other. For 
examples, the river itself and pockets of forests 
located in Ikongo area are shared by more than one 
district but managed using different approaches. 
Under such situation, it has been found that lack 
of integrated approach in natural resource man-
agement among the three districts has contributed 
to the ongoing degradation of natural resources 
in the basin ecosystems. Examples of problems 
associated with lack of integration in resource 
management include;

• The Serengeti District council is currently 
implementing a strict by-law, which re-

stricts large scale charcoal burning while 
the neighboring districts of Tarime and 
Musoma have not implementing such 
by-law. As a result, charcoal business is 
mushrooming in the Tarime and Musoma 
Districts leading to further forestry 
degradation.

• The remaining part of the Simoni Riverline 
forest at Ikongo area (Figure 2) is only 
found on the Serengeti side while on the 
Tarime district side has been completely 
cleared and converted into grazing and 
cultivation.

Integrated planning must be extended to 
lower administrative units such as wards and vil-
lages. For example, more than one village lo-
cated in the Kisaka ward shares the Ikongo forest 
within Serengeti district. Apparently, it is Bu-
chanchari and Nyansurumunti villages only that 
have taken strong initiatives to conserve resourc-
es. The strategy used includes prohibit tree cutting 
for various uses, use of forest for recreation pur-
poses, and set of a fine of $10 (Tshs 10,000) for 
offenders violating these by laws.

Ethnicity and Cultural Characteristics

In the MRB, there is diversity of ethnicity that is 
associated with different cultural attitudes with 
various impacts on natural resource manage-

Figure 2. Part of the degraded Simoni riverline 
forest in Ikongo area
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ment. The dominant ethnic groups in the MRB 
are Wakurya, Wajaluo and Wajita (URT, 2003). In 
Tarime and Serengeti districts, the dominant ethnic 
group is Wakurya. They occupy the major fertile 
land in the districts (highlands). Wajaluo are also 
found in parts of Tarime. Wajita are dominant in 
Musoma part of the MRB. Many other small tribes 
such as Wazanaki, Wasuba, Waikizu, Waisenye, 
Waikoma, Wangoreme, Wakwaya, Waluli and 
Washashi also characterize the region’s ethnic-
ity picture.

Wakurya is a native tribe and has maintained 
its culture over decades and this has strong impact 
on management of land resources. For example, 
land is owned by clans thus it is difficult for the 
village government to plan on how land can be 
used. On the other hand, such land tenure system 
seems to be effective in that they the owners have 
security over land resources and they can therefore 
manage it appropriately. In such a situation it is 
hard to find deforestation taking place by outsid-
ers. They have regulations and rules on how land 
resources can be managed. This practice should 
be seen as an opportunity in natural resources 
management perspectives.

On the other hand, the clan system has large 
impact on population size in Tarime district. 
This is because clans are confined in defined 
geographical areas, densely populated and thus 
restricting movement of people from one area to 
another area occupied by a different clan. The only 
interaction (outlet) is through marriages. Under 
circumstance that the population in a clan is large 
enough, resource degradation is likely to occur. 
In this regard, people are forced to move to the 
neighboring districts such as Serengeti searching 
for agricultural land and pastureland. This is a 
threat to MRB management.

Culturally, most ethnic groups in the Mara 
Region are agro-pastoralists and they value the 
number of livestock as a sign of wealth and a 
symbol of status in the society. As a result, large 
herds of livestock particularly cattle are found in 
the basin. The survival of livestock depends largely 

on Mara River resources particularly water and 
pasture. Excessive livestock keeping is a threat 
to the basin ecosystem.

Within the basin there are pockets of forests 
on water sources, which are used as sacred sites. 
Such cultural believe environmentally friendly 
because water sources are protected. Such areas 
may also be of biodiversity importance.

Population Characteristics

The 2002 Census report provides population data 
of Mara region (URT, 2003). The region had a total 
population of 1,368,602 people of which 715,153 
were females and 653,449 males (Table 1). Aver-
age household size is 5.5 members and the annual 
average population growth 1988-2002 was 2.5 
percent (URT, 2003). The 1988 population census 
placed Mara as the seventh most densely populated 
region after Dar es Salaam, Mwanza, Kilimanjaro, 
Mtwara and Kagera at 43.7. However, when we 
exclude the Serengeti National Park area, the 
population density of Mara region increases to 
76 people making Mara region the fourth most 
populated region in mainland Tanzania. Due to 
high population density, competition for land 
between cultivators and herdsmen is escalating 
and deforestation marches on at an alarming rate 
(URT, 2003). Competition for land resources 
will eventually contribute to land degradationand 
consequently change the catchment’s hydrology 
such as infiltration characteristics.

Major Economic Activities

Major economic activities in the Mara region and 
particularly the MRB are agriculture, livestock 
production, fishing, mining and business and trade 
(Mara RC Office, 2003). Mara communities rely 
on livestock production and ownership predomi-
nantly cattle, goats and sheep to fulfill social as 
well as economic needs. Livestock sector is the 
second most important contributor to the region’s 
economy. It is estimated that 51 percent of total 
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agricultural households in Mara region keep cattle 
and the size of herd per household ranges from 
50 to 1000 cattle. Animals represent a bank stock, 
to be purchased when there is good harvest and 
sold during distress times in order to buy food. 
Cattle and donkeys are widely used for transpor-
tation of crops and other domestic goods and for 
ploughing. However, over the past decade, the 
occurrence of erratic rains and livestock distress, 
sales have tremendously reduced the quantity of 
livestock in Mara region to the extent that very 
few households now own cattle. Cattle ownership 
is more widespread in the midlands agro-pastoral 
communities. Table 2 shows livestock population 
in the three districts.

Most of the livestock kept in the area is grazed 
in the MRB, particularly in the flood plain during 
the dry season due to water and pasture avail-
ability and grazed in the uplands during the rainy 
season (Figure 4). There is no proper land allo-
cated for grazing which is one of the major setbacks 
in pasture and water management in the basin.

In Tanzania the agricultural sector contributed 
48% of the countries Gross Domestic Product 

(GDP) and about 65% of the total foreign exchange 
earnings in 2000 (URT, 2000). Food crops grown 
in the region include: cassava, maize, sorghum, 
finger millet, paddy, sweat potatoes and beans. 
Production trend of food crops is shown in Table 
3. Cash crops grown in the basin include: cotton, 
coffee, sunflower, tobacco and groundnuts. Pro-
duction trend of cash crops is shown in Table 4 
fluctuating yields are probably due to the fluc-
tuation of weather conditions in the region.

Average individual annual income (per Capi-
ta GDP) in Mara region had improved from US$ 
142 in 1995 to US$ 226 in 2000. Irrigated farm-
ing in Mara region is not common although it is 
feasible considering the existence of Lake Victo-
ria and Mara River. Currently, individual house-
holds, growing mainly vegetables, do irrigated 
farming on a very small scale. Income generated 
from vegetables were not estimated yet.

Fishing provides employment for people 
along the lakeshore generating good incomes 
and sustains the fish trade within and outside the 
country. However, fishing contributes little to the 
region’s economy compared to crop production 
and livestock keeping. Trade and industry do not 
have much significant importance to the region’s 
economy. There is no reliable status on the catch 
volume and income generated from fishing in the 
river. Most of the available information refers to 
the catch volume from the lake. This is because 
fishing in the river is not considered to contribute 
significantly to the economy of the region.

Mining research conducted in the region has 
revealed that the region is rich in minerals, mainly 
gold, kaolin, limestone and gemstones. Currently, 

Table 1. Population structure at district level in the MRB 

District Total Populations Growth rates

1967 1978 1988 2002 1967/78 1978/88 1988/2002

Musoma 196,625 263,129 316,632 330,953 2.7 1.8 2.4

Tarime 188,536 253,010 333,888 492,798 2.7 2.8 2.8

Serengeti 158,984 207,688 111,710 176,609 2.4 7.5 3.3

Source: (URT, 2003)

Table 2. Major livestock distribution in the basin 

Type of Livestock District

Musoma Serengeti Tarime

Cattle 272,635 199,533 307,694

Goats 90,606 307,694 150,300

Sheep 40,257 150,300 69,265

Donkey 1,698 432 2,738

Source: URT (2003)
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both artisanal and large-scale miners are operat-
ing in Mara region (Buhemba in Musoma and 
Nyamongo in Tarime districts). Artisanal mining 
is operated in areas around the large-scale mining 
at a small scale and is operated illegally. Large-
scale mining operations are conducted by Afrika 
Mashariki Co. Ltd in Nyamongo and Meremeta 
Co. Ltd in Buhemba. Data on incomes generated 
by private companies from gold were not made 
accessible. The only available data is of early 
1990s when gold was purchased by the Bank of 
Tanzania from small-scale miners.

Institutional framework for 
Managing natural Resources

It should be pointed out that MRB is shared be-
tween Tanzania and Kenya, hence an effective 

management approach should consider the entire 
basin. Management of the Tanzanian part of the 
basin will not be effective because it is the lower 
end of the river system, since mismanagement 
on the Kenyan side will have pronounced effect 
on the Tanzanian side. Similarly, the Tanzanian 
part of the basin should also be managed in an 
integrated manner.

The current local government reform has 
given district councils full mandates to plan and 
implement various development activities includ-
ing management of natural resources. Figure 3 
illustrates the existing institutional framework at 
district level. The existing framework has both 
strength and weaknesses. Major strength includes 
the coordinated ability the structure has in that 
all the sectoral directives from various ministries 
converge into District Executive Director’s (DED) 

Table 3. Production of major food crops in mara region 

Crop/year 1996/97 1997/98 1998/99 1999/00 2000/01 2001/02 Year average

Cotton 21852 22846 5580 3003 22433 19095 17559

Coffee 1651 2011 2009 4077 2344 36 2585

Tobacco 65 75 600 190 N.A N.A 233

Sunflower 40 149 68 18 240 100 134

Groundnuts 1450 154 848 512 1738 490 960

Total 25058 25235 9105 7800 26755 19721 21471

Source: URT (2003)

Figure 3. Institutional framework for managing natural resources in the district
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office. Various technical personnel representing 
key sectors support the DED thus ensuring inte-
grated approach in the planning process.

The Institutional framework is intended to 
facilitate effective planning and implementation 
of various activities on the ground by ensuring 
that there is both top down and bottom up com-
munication. However, lack of extension officers 
for some key sectors at the grass-root level is one 
of the limitations associated with this framework. 
For example, there is no extension staff on water 
resources, land and other natural resources at the 
village level. There are some management efforts 
in place such as Serengeti National Park though 
it covers only a segment of the basin. Lake Vic-

toria Environment Management Project is an-
other regional management initiative. However, 
this management initiative is project oriented in 
that its activities will be implemented within a 
given time frame.

The study identified a number of natural re-
sources management practices undertaken within 
the MRB. Table 3 presents some revise table 
numbering practices and their implications on 
MRB ecosystem. To ensure that water resource is 
properly managed at basin level, the government of 
Tanzania has developed a structure on which river 
basins under the ministry of water has a mandate 
of managing water resources effectively (Figure 
4). The foundation for the implementation of the 

Table 4. Key issues that need solution for sustainable MRB and KRB development 

Practices Responsible actors in ad-
dressing the problem

Established impacts/threats Proposed interventions

Water abstraction 
from the MRB river

-Mining companies 
-Crop irrigators 
-Livestock keepers

-Water disposal mechanisms is 
questionable 
-Water pollution

-Develop IWRM plans 
-Abide to water allocation schemes 
-Conservation of water sources

Deforestation along 
Mara river

-Local communities, Local 
governments, NGOs, CBO, 
Forest Departments

-This is a threat to environment 
in particular soil erosion, loss of 
carbon and global warming, loss of 
species and diversity

-Provide education to the communities on 
tree conservation 
-Introduce tree planting schemes 
-Encourage agroforestry practices

Cultivation of the 
river bank

-Local communities, River 
-Basin Offices, Agricultural 
-Research institutions, Local 
Governments (DALDOs)

-Enhancing river bank erosion and 
river siltation

-Develop village landuse plans 
-Undertake research on appropriate 
practices 
-Develop by laws on river bank use

Illegal fishing 
practices 
Use of chemicals 
Fishing in breeding 
points

-Fisheries and Livestock 
-Departments, Fish traders, 
local communities, NGOs, 
CBO

-Raises great concern to human 
health and water quality 
-Destroy breeding sites

-Establish by laws on illegal fishing 
-Education on better fishing practices

Poor agronomic 
practices on slopes of 
the basin

Local communities -Threats to the land and river silt-
ation, soil fertility loss

-Train communities on better agronomic 
practices

Illegal wildlife 
hunting in forestry 
patches (Ikongo area) 
and Game reserves

Local communities, hunters -Threats to both large mammals 
(buffaloes) and small mammals

-Introduce alternative sources of income 
-Training in wildlife resource manage-
ment 
-Involve communities in managing 
wildlife

Sporadic fire -Local communities (hunt-
ers, cultivators, livestock 
keepers)

-Loss of species of ecological sig-
nificance and loss of soil fertility

-Education on impacts of fire 
-Establish by laws on fire

Small scale gold 
mining particularly 
in Mara

Local communities -Threats to water quality, land deg-
radation (development of bad lands)

-Control small scale mining activities by 
providing appropriate guidelines
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new guidelines in the water sector in Tanzania 
is the Water Sector Development Plan (WSDP) 
and its implementation manual in its updated 
version of 2007. In this case, the development of 
the program for the three elements of the sector 
is explicitly considered. The framework shown in 
Figure 4 is also applicable in the MRB.

community Involvement in Resource 
conservation and Management

The land tenure system of Kurya ethnic group 
provides a good footing for community involve-
ment in natural resources conservation and 
management. The clan regulates management 
of land resources. In this regard, these ethnic 
groups need to be facilitated by advocating for 

appropriate management approaches. It should 
also be pointed out that the initiative taken to ban 
charcoal making in the district is a lesson to learn 
and can be applied to all the districts. However, a 
caution is that such decisions should be effective 
only if alternative source of energy is given.. Also, 
the initiative of Buchanchari Village to conserve 
the forest at Ikongo area is a testimony that if the 
villagers are coordinated they can come up with 
effective management plan for their own resources.

There are several initiatives taken by district 
authorities that aim at resource conservation and 
management. For example, a number of bunds 
to trap water in the sub-catchments for irrigation 
are being constructed in all the districts through 
funding from the central government. This effort 
is a result of the Mara Farmers Initiative Project 

Figure 4. Relationship between different institutions in water resource management in Tanzania
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(MaraFIP) concluded in 2002 (URT, 2003) and it 
aimed at enhancing food production, particularly 
rice as food and cash crop using the available water 
resource. Similarly, a number of watering points 
for livestock and dips are being developed in the 
various districts. Also, more watering points and 
dips are planned for future development. Such ef-
forts aim at promoting livestock production, as it 
is the major activity in the basin. Furthermore, ap-
propriate distribution of livestock watering points 
and dips is necessary to ensure even distribution of 
livestock, thus reducing effects of degradation in 
concentration areas due to trampling and overgraz-
ing. Furthermore, village governments in Tarime 
and Serengeti districts are implementing Wildlife 
Management Areas (WMA) on pilot basis. This is 
seen to be a sustainable way of managing resources 
in parts of the MRB. The economic gains from 
such program support development activities and 
needs to be sustained.

Management of Water 
Resources in the MRB

There are three major sources of water in the 
MRB. These include water from the river Mara, 
water harvested in micro catchments draining 
into the main river water systems and borehole 
systems. Water from the main river systems is 
used for mining activities in Africa Mashariki 
Gold Mine whereby water license permit allow-
able abstraction rate of 4200 m3/day, and current 
average daily usage is about 3200 m3/day. Out of 
that, nearly 60% is recycled into the production 
system. This is the only large water abstraction 
activity in the basin. Other uses of water from 
the river include livestock and wildlife, domestic 
use and small-scale irrigation. All these activi-
ties use small amount of water. Water collected 
in micro-catchments is used for irrigation (Mara 
bands), livestock and domestic use. For example, 
in Serengeti alone there are 2 dams (Iseresere 
and Nyamandicha) constructed by MaraFIP and 

about 27 Charcoal dams constructed by different 
stakeholders.

The responsibility of water resource manage-
ment rests under the power of the DED (Figure 4). 
However, the relevant technical personnel will do 
technical undertakings. For example, agricultural 
experts are involved if water is to be used for ir-
rigation while livestock experts are involved if 
water is collected in dams for livestock drinking.

One of the major problems is lack of technol-
ogy to abstract significant amounts of water for 
various uses. For example, watering cans, small 
furrow canals and small powered water pumps are 
used to draw water from the river. Presently, local 
communities do not realize water quality to be a 
problem. However, there is a growing concern 
from the regional and districts authorities that 
water is being polluted from different sources 
mainly gold mining and fishing by using illegal 
chemicals. With regards to the gold mining, the 
effectiveness of the waste disposal dam has not 
yet been monitored. What is more worrying is the 
artisan type of mining involving the use of mercury 
in gold extraction since the process is undertaken 
in streams draining into the main river system.

Impacts of socio-economic 
Activities on the Hydrology of MRB

A link between major economic activities and 
hydrology in the MRB is that the landscape char-
acteristics determine the hydrology of the river 
system. On the other hand, socio economic activi-
ties can modify natural landscape characteristics 
and thus altering the river hydrology. For example, 
land degraded due to intensive crop cultivation 
and overgrazing enhances surface run off, less 
water infiltration, accelerates evaporation. In such 
a situation the river experiences less flow during 
the dry season, deforestation of river-line forest 
encourages riverbank erosion, desiccation of the 
wetlands, which are important habitats for flora 
and fauna, and wetland degradation also reduces 
buffering and water storage capacity of the wet-
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lands. Wetland degradation due to poor farming 
practices has also been reported by Majule and 
Mwalyosi (2005) in the Rufiji River Basin.

The impact of socio-economic activities on the 
basin hydrology as pointed out above is presently 
visible in the area. For example, high concentra-
tion along the river system has contributed to the 
degradation of immediate catchment areas through 
overgrazing and trampling. Such practices could 
lead to severe degradation if measures to control 
livestock movement are not taken. A study con-
ducted by Yanda et al. (2005) in the Bahi basin 
revealed a need for controlling livestock numbers 
to meet the carrying capacity in wetlands. Fur-
thermore, livestock water drinking directly to the 
river system is causing riverbank soil erosion. 
Cultivation very close to the riverbank was also 
found to be common thus enhancing riverbank 
erosion. On the other hand, the ongoing bush 
fires and deforestation (for charcoal, fuel wood 
and building materials) reduces vegetation cover 
thus impacting the river system hydrology as 
pointed out above.

Policy Implications on 
MRB Management

Environmental conservation has to be analyzed 
in the context of the relevant policies governing 
management of natural resources and sustainable 
livelihoods. In the following sections some of the 
national policies are briefly reviewed in order to 
provide legal guidance to the planning for con-
servation of MRB.

Agricultural and Livestock Policy (1997)

The number and nature of guidelines that consti-
tute Tanzania Agricultural and Livestock Policy 
is complex. The ultimate goal is the improvement 
of the well being of the people whose principal 
occupation and way of life is based on agricul-
ture. Most of these people are small holders and 
livestock keepers, who do not produce surplus. 

Therefore the focus is to commercialize agricul-
ture so as to increase income levels and alleviate 
poverty. There are several issues embodied in the 
policy. Relevant to this study is the promotion of 
integrated and sustainable use and management of 
natural resource in order to conserve the environ-
ment. One of the instruments for implementing 
the policy is natural resources management.

Findings from this study, particularly on natu-
ral resources degradation and soil nutrient loss 
through poor management practices, contradict 
with the Agricultural and Livestock Policy for 
Tanzania. The MRB area is one of the potential 
areas in terms of agriculture and livestock pro-
duction. The basin is endowed with natural fertile 
alluvial soils, with high and reliable amount of 
rainfall and well-established infrastructures. The 
MRB authority should note that accelerated land 
degradation in the area would eventually lead into 
poor and low agricultural production. Strategies 
are therefore needed to address land degradation 
problem through the involvement of local com-
munities.

National Forest Policy (1998)

The new Forestry policy changes the focus from 
one of more centralized government management 
and control to a more integrated approach which 
recognizes the right and responsibilities of com-
munities and rural people (URT, 1998). Tanzania 
has gone very far with respect to collaborative and 
joint management of forest to enable participation 
of all stakeholders, Joint management agreements, 
with appropriate use of rights and benefits. These 
agreements will be between relevant government 
authorities, at local or national levels, and orga-
nized local communities or other organizations of 
people living adjacent to the forests. Local commu-
nities living in the MRB are therefore encourages 
to participate fully in the conservation of forestry. 
Not only that, remaining remnants of forestry in 
the study area particularly riverline and traditional 
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forestry needs to be properly managed in order 
to reduce both biodiversity loss and soil erosion.

Environmental Policy (1997)

Serious involvement in environmental issues in 
Tanzania came after Rio Conference in 1992 in 
which Division of Environment was born in Tan-
zania and thereafter a number of environmental 
actions were undertaken in close collaboration 
with other Government institutions. The National 
Environmental policy of 1997 recognizes that the 
state of the environment has limiting implications 
to social and economic development and that 
the human welfare is ultimately based upon the 
products and services that nature provides. The 
state of the environmental wealth that is the stock 
of natural assets such as forest biodiversity, soil 
and minerals, freshwater and marine resources 
constitute the limiting factor for human existence, 
implying that humankind is completely dependent 
on nature. Despite the fact that the importance 
of natural resources is well known, yet natural 
resources in MRB have been facing environmen-
tal problem caused by human activities such as 
excessive livestock keeping, unplanned mining 
by small scale miners, pollution associated with 
mining disposal and use of illegal chemicals for 
fishing. There is an urgent need of strengthening 
people’s awareness on environmental protection 
in the MRB.

National Strategy for Poverty 
Reduction 2005

A number of national policies in Tanzania clearly 
state a need for sustainable poverty alleviation 
strategies. After experiencing economic crises in 
the 1980s and implementing a series of Structural 
Adjustment Programmes (SAPs) in the 1990s, 
the Tanzanian Government, in collaboration with 
development partners, has formulated long-term 
targets for poverty reduction and is in the pro-
cess of implementing them. In 1998, Tanzania 

Development Vision 2025 was adopted as a long-
term strategy with a focus on attaining sustain-
able human development and raising the living 
standards of its people to the level of a typical 
medium country. In the year 2000, the Poverty 
Reduction Strategy Paper (PRSP) was formulated 
to guide poverty reduction in the medium term 
(up to 2010) as progression towards achieving 
the 2025 national vision. The Poverty Reduction 
Strategy Paper (URT, 2000) focuses more directly 
on poverty alleviation. The strategy rests on three 
main considerations. First, the strategy is viewed 
as an instrument for channeling national efforts 
towards broadly agreed objectives and specific 
inputs and outputs. Secondly, it is an integral 
part of ongoing macro-economic and structural 
reforms supported by Tanzania’s multilateral 
and bilateral partners. Thirdly, the strategy con-
centrates its efforts on reducing income poverty, 
improving human capabilities, survival and social 
well-being, and limiting the vulnerability of the 
poor. Observed natural resource degradation in the 
MRB, which corresponds to loss of biodiversity, 
clearly indicates that poverty alleviation strategies 
will hardly be achieved if this degradation will 
continue. This is because the majority of people 
who live in the area depend on agriculture and 
natural resources exploitation for their livelihood. 
Due to overdependence on land for agriculture 
production sustainable soil and water management 
practices needs to be strengthened using different 
strategies (see Schwab et al., 1993 and Rein et al., 
1996) in order to support such a policy.

National Water Policy (2002)

The revised National Water Policy of 2002 fo-
cuses on participatory planning and cost sharing 
in the construction, operation and maintenance of 
community-based domestic water supply schemes 
and costs recovery for urban water supply and 
sewerage disposal. It addresses adequately all 
relevant issues on integrated water resources 
management and adopts comprehensive policy 
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framework and the treatment of water as both a 
social and economic good. It is also combined with 
environmental protection, greater participation of 
stakeholders and legal and institutional systems 
that function well. Furthermore, the policy is very 
clear on involving all users including communities 
(water users groups, catchment and sub-catchment 
committees), thus providing framework for man-
aging water resources at the basin level.

Opportunities and Constraints

The above-outlined policies provide a number 
of opportunities and constraints as summarized 
in Table 5.

cOncLUsIOn

Agriculture and livestock keeping are the ma-
jor socio-economic activities in the basin. It is 
these activities that have adverse impact on the 
ecosystem. MRB is experiencing a number of 
natural resource management problems including 
deforestation, land degradation and pollution of 
the river water due to mining and illegal fishing 
using poison. The management approaches seem 
to be sectoral, thus lacking integration. Local 

community involvement in natural resources 
management is also not properly co-coordinated 
and therefore less effective and conflicting. It is 
evident that some cultural attitudes have positive 
impact on natural resources management such as 
the customary land tenure system in the Kurya 
community.

RecOMMenDATIOns

• Despite of promising efforts both in terms 
of policies and strategies for managing 
natural resource in the MRB, knowledge 
sharing across basins is still needed to 
manage shared resources in particular wa-
ter effectively.

• Furthermore, the impacts of climate change 
and variability reported under similar envi-
ronment in Tanzania (Majule, 2007) is also 
likely to continue affecting the manage-
ment of natural resources of the MRB if 
the capacity to adapt is not given a priority. 
This needs to be considered immediately.

• It will be of great value if future research 
and development activities could focus 
more on adaptation, copping and mitigation 
measures to climate change. Community 

Table 5. Opportunities and constraints from the policies with respect to MRB management and conse-
quently environmental degradation 

Policies Opportunities Constraints

National Strategy for Poverty Reduc-
tion 2005

Ensures enhancement of community 
well-being

Lack of integrated approach in addressing poverty issues

Agricultural and Livestock Policy 
(1997)

Enhancement of food security This approach may lead to environmental degradation if 
sustainability is not imbedded in the strategies

National Forest Policy (1998) Increased community involvement in 
the management of forest resources and 
improvement of catchment condition

Poverty of the communities and lack of alternative sources 
of energy may compromise the efforts

Environmental Policy (1997) Conservation of environmental resources Lack of integrated approach in tackling environmental 
problems

National Water Policy (2002) Increased community involvement in 
the management of water resources and 
increased efficiency in the use of water

Increasing demand for water may compromise the efforts
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based adaptation should not only involve 
few stakeholders because a conceited effort 
is requires by identifying different bound-
ary partners including NGOs, private sec-
tor, policy makers, researchers and others 
in order to work together in strengthening 
the capacity of individuals to adapt to cli-
mate change and variability.
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Chapter 7
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InTRODUcTIOn

Advances in information and communication 
technologies are key agents for global change. The 
emerging of new digital systems together with the 
ongoing processes of globalization is facilitating 
faster sharing of information and innovations. 
Quinion (2003) argued the accelerating pace of 
technological change may lead to a widening of 
the gap between rich and poor, developed and 
developing countries. However, the close global 

connectivity within the technology revolution 
may itself provide vehicle for improved education 
and local technical capabilities that could enable 
poorer and less-developed regions of the world 
to contribute to and profit from technological 
advances. This leads international organizations 
to play a critical role in promoting the applica-
tion of science, technology and innovation to 
the Millennium Development Goals “MDGs”. 
These organizations especially the organs of the 
United Nations and allied intergovernmental bod-
ies have extensive influence on the development 
agenda. Deploying these organizations’ efforts 
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to meeting the MDGs will require them to focus 
on their functions and competencies rather than 
jurisdictional mandates.

The main task of this chapter, then, has been to 
find out what knowledge sharing trend is and why 
users are going to these approaches. It aims to as-
sess knowledge sharing needs to global knowledge 
initiatives whose purpose to help people access 
knowledge, harness information and communica-
tion technologies “ICT” and improve their lives. 
It directs the sights to adopt knowledge sharing 
functionalities to the benefit of Sudanese society 
and studies infrastructure of knowledge sharing 
as its application for research and development.

This Chapter analyses adopted knowledge 
sharing in educational, research, governmental and 
private institutions during 2008 including institu-
tional knowledge capacities and identifying the 
gaps on its management are carried out. It is also 
supported by conducting desk studies to review 
documents of previous studies, institutional docu-
ments and websites. It is followed by analysis and 
interpretation of the collected information of site 
visits. It draws attention to the need for a sufficient 
number of organizations to be capable of storing, 
migrating, and providing access to knowledge. 
The collected data tries to identify institutional 
knowledge capacities and the gaps on strategic 
policy environment, information management, 
technology management, communication man-
agement and service provision and partnerships.

KnOWLeDGe sHARInG 
fUnDAMenTAL cOncePTs 
AnD eLeMenTs

The author attempts to elaborate a set of funda-
mental concepts and elements which manage 
knowledge sharing and access.

Knowledge

Amrit Tiwana (2001) defines knowledge as a fluid 
mix of frame, contextual experience, values, situ-
ated information, expertise, and grounded intuition 
that provides the framework for evaluating, under-
standing, and incorporating new experiences and 
information. Such knowledge becomes not only 
embedded in documents or repositories but also in 
organizational routines, processes, practices and 
norms. Knowledge can be either tacit or explicit. 
Tacit knowledge is subconsciously understood and 
applied, difficult to articulate, developed from 
direct experience and action, and usually shared 
through highly interactive conversation, story-
telling and shared experience (Zack, 1999). It is 
knowledge that people carry in their minds and is, 
therefore, difficult to access. People are often not 
aware of the knowledge that they possess or how 
it can be valuable to others. It is considered more 
valuable because it provides context for people, 
places, ideas, and experiences. Effective transfer 
of tacit knowledge generally requires extensive 
personal contact and trust. Tacit knowledge is not 
easily shared and consists often of habits and cul-
ture. The concept of tacit knowledge also refers to 
a knowledge which is only known by an individual 
and that is difficult to communicate to the rest of 
same institution. The process of transforming tacit 
knowledge into explicit knowledge is known as 
codification or articulation. Explicit knowledge, 
in contrast, can be more easily to communicate, 
precisely and formally articulated. Therefore, 
although more abstract, it can be more easily codi-
fied, documented, transferred or shared. Explicit 
knowledge is playing an increasingly large role 
in organizations, and it is considered by some to 
be the most important factor of production in the 
knowledge economy. It can be extracted, trans-
ferred to another medium, eventually digitized and 
managed with the use of Information and Com-
munication Technologies “ICT” (United Nations, 
2005). Knowledge may be used as the basis for 
developing new knowledge through integration, 
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creation, innovation and extension of existing 
knowledge and/or it may be used as the basis for 
actions or decisions. These actions or decisions 
impact on business performance.

Knowledge Management “KM”

Marshall and Rossett (2000) refers to KM involved 
recognizing, documenting, and distributing the 
explicit and tacit knowledge resident in an organi-
zation’s workforce with mission is to provide the 
right information to the right people at the right 
time. The idea behind KM as a process of capturing, 
organizing, and distributing intellectual capital is 
for others in that organization also to know it. KM 
in general tries to organize and make available 
important know-how, wherever and whenever 
it’s needed. This includes processes, procedures, 
patents, reference works, formulas, best practices, 
forecasts and fixes. Technologically, intranets, 
groupware, data warehouses, networks, bulletin 
boards videoconferencing are key tools for stor-
ing and distributing this intelligence. Knowledge 
is collected from all existing sources including 
people, systems, data stores, file cabinets and 
desktops. All knowledge of value is stored in the 
organizational knowledge repository. For virtual 
teams, this knowledge would be immediately con-
veyed to those people and systems that could use 
it. The right knowledge will go to the right person 
or system at the right time. Organizational knowl-
edge can be classified into three categories which 
are knowledge-as-object, knowledge-as-cognition 
and knowledge-as-capability. The first category of 
attribute considers knowledge as tangible objects 
that can be converted and transferred directly to 
users. However, the major problem of transferring 
knowledge-as-object is conversion. Although tacit 
knowledge may resist structured codification, a 
different set of techniques. From this perspec-
tive, knowledge is transferable from one place 
to another with less appropriation. The role of 
technology is related to how to codify, represent 
and convert knowledge, the main challenge of 

which is to identify possible facilitating/inhibiting 
factors to knowledge transfer. These may include 
issues pertaining to motivation, a sharing culture 
and the ability to transfer knowledge from source 
(Nonaka & Konno, 1998). The second category, 
regards knowledge as experts’ cognitions socially 
distributed in human networks. Knowledge is 
better shared through person-to-person commu-
nications. As such, different expert communities 
may hold conflicting belief systems and thus 
engender incongruent interpretations of a given 
item of knowledge, resulting in communication 
breakdown. In sharing knowledge, for example, a 
strong social network may be better than one that 
is weak, as the building of trustful relationships 
is achieved more easily. The challenge is related 
more to knowledge coordination problems- how to 
understand the pattern of knowledge distribution 
(who-knows-what and where the expert can be 
found. Information systems such as groupware can 
be used as a people finder or as a discussion forum 
to establish virtual communities that facilitate a 
personalized mode of communication (Hansen, 
1999). The third category knowledge generated 
from experts’ work activities. It is also referred 
to as ‘situated knowledge’ because experts must 
acquire such knowledge by participating in differ-
ent working situations. In other words, knowledge 
is created through a dynamic interaction between 
experts’ practices and the work context - a concept 
referred to as ‘knowing’. As such, knowledge 
cannot be taken away from practices by trans-
ferring it from one place to another as objects, 
nor can it be shared as individual cognition. As 
contends, since knowledge is a ‘capability’, its 
transfer involves a developmental process of 
people’s competences, so as to enact ‘actionable 
practices’ in a specific context (Orlikowski, 2002). 
As Price (2000) argued appropriate KM for hy-
droinformatics and immersed in following aspects 
of: virtual communities of practice engineers 
and other stakeholders concerned with different 
phases of the water cycle and different parts of 
the planning cycle; structured means of sharing 
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knowledge and working collaboratively together 
within these communities; new ways of sharing 
access to computational modeling software, GIS, 
databases, monitoring and visualisation systems; 
and new tools and an environment for innovation 
and on-the-job or life-long learning.

Knowledge community

Knowledge Communities are communities of 
interest that come together to share knowledge 
that affects performance. Knowledge communities 
operate independent of traditional organizational 
structure to find common ground for their category 
of interest. They are virtual, global communities 
that are boundary-less and are not hindered by 
organizational or physical barriers. Practitioners 
of knowledge management have found that a 
critical success factor in the implementation 
of knowledge management is the creation of a 
cultural environment that encourages the sharing 
of information. Knowledge sharing requires the 
balancing of the natural instinct of people to share 
work and to receive recognition for it, against the 
protective instincts that recognize that creative 
knowledge can give the enterprise a competitive 
edge (Finneran, 1999). Knowledge communities 
have separate knowledge assets and knowledge 
access requirements. A knowledge community 
will have knowledge requirements specific to its 
area of interest. Because knowledge communities 
may have overlapping areas of interest as well as 
overlapping membership, there are often common 
knowledge requirements across communities.

Knowledge networking

Networking is a general generic term encompass-
ing a range of cooperative activities. Networks 
include fixed, wireless and satellite telecommuni-
cations networks and broadcasting networks. Well-
known applications are the Internet, multi-media 
tools such as teleconferencing, and geographic 
or management information systems. Rapid ad-

vances in ICT are a result of a merger between 
improved information technologies such as digital 
computer systems, and advances in communica-
tion technologies that allow voice and data to be 
communicated anywhere in the world at more 
affordable cost (Cohen et al., 1998). The goals 
of any network are to share resources, whether 
these are materials, functions or services, and to 
make these resources available to all potential us-
ers via intranet, extranet and internet. Continued 
growth of the global Internet is one of the most 
interesting and exciting phenomena in networking. 
Today, the Internet has grown into a production 
communication system that reaches millions of 
people in all populated countries of the world. 
In the Sudan, the Internet intrudes most corpora-
tions, educational and research institutions, local 
government offices as well as homes. In addition, 
many private residences have access to the Internet 
through dial-up telephone connections; newer 
technologies are providing even higher capacity 
service. Evidence of the Internet’s impact on so-
ciety can be seen in advertisements in magazines 
and on television, which often contain a reference 
to an Internet Web site that provides additional 
information about the advertiser’s products and 
services. The growth in networking has an eco-
nomic impact as well as data networks have made 
telecommuting available to individuals and have 
changed business communication. The popular-
ity and importance of computer networking has 
produced a strong demand in all jobs for people 
with more networking expertise. Companies 
need workers to plan, acquire, install, operate, 
and manage the hardware and software systems 
that comprise computer networks and Internets. 
In addition, computer programming is no longer 
restricted to individual computer; programmers 
are expected to design and implement application 
software that can communicate with software on 
other computers (Comer, 1999).

The Internet and the World Wide Web are not 
synonymous. The Internet is a collection of inter-
connected computer networks, linked by copper 

www.ketabdownload.com



144

Building Sudan Water Knowledge Sharing Based on Global Technology

wires, fiber-optic cables, wireless connections, 
etc.; in contrast, the Web is a collection of inter-
connected documents and other resources, linked 
by hyperlinks and URLs. The World Wide Web 
is merely platform–independent, and content- in-
dependent applications and a service accessible 
via the Internet, along with many other services 
including e-mail, and file sharing portable. This 
simple technology lets people effectively construct 
interconnected webs of hyper–linked nodes that 
mirror the distributed nature of information. Web 
technology isn’t just a way to publish electronic 
documents. It is also a way to build networked 
applications that allow internal /external users to 
have ubiquitous access to your computers. Web–
based client/server applications are now being 
developed that interactively access databases, 
pictures, sounds and video. It is noticed that Africa 
accounts for 14.3% of the world’s population, but 
Internet users in Africa account for only 3.5% of all 
world Internet users. Out of an African population 
of about 955 million, internet users are just about 
51 million, accounting for an Internet penetration 
of 3.5% while the percentage penetration for the 
rest of the world is 24.7% and 21.9% for the whole 
world including Africa. In terms of use growth, the 
world growth usage between 2000 and 2008 has 
been 305.5% (from about 360 million in 2000 to 
about 1.46 billion users in 2008); Africa’s usage 
has grown at 1,031; 2% (from about 4.5 million 
in 2000 to about 51 million users in 2008). Su-
dan is considered as one of the top 10 users in 
Africa. The statistics do not show how many of 
the targeted readers have access to the Internet. 
Nonetheless, the small numbers show how hard 
it still is for scholars to access information on the 
Internet. Internet even at higher institutions of 
learning is still not fully accessible (http://www.
internetworldstats.com/stats.htm)

The Internet has become a worldwide phe-
nomenon as it provides new ways of exchanging 
information and transacting business. The world 
is rapidly moving toward Internet based eco-
nomic structures and information societies, which 

comprise networks of individuals, firms, and 
countries linked electronically in interdependent 
and interactive relationships. In postmodernism, 
the new communication technologies are part of 
a process in which doubt is cast on authenticity, 
representation, and reality, the unitary self and 
the distinction between self and society. Also, the 
potential for the Internet to play a larger role in the 
lives of people has increasingly received attention 
from researchers. It is regarded as one of the most 
important phenomena, both as a technological 
objects and popular image, provides a site for 
exploring the world and the position of systems 
of totality. This approach sees the Internet as a 
product of culture: a technology that was produced 
by particular people with contextually situated 
goals and priorities. To identify the Internet as a 
cultural object is to suggest that it could have been 
otherwise, and that what it is and what it does are 
the products of culturally produced understand-
ings that can vary.

Global Knowledge

Globalization, information technology and share-
holders values are transforming the world in which 
the challenges facing us are formidable in 21st 
century. To meet these challenges is to become a 
knowledge-creating or knowledge-intensive orga-
nization. The re-conceptualization of knowledge 
as a commodity has resulted in global environment 
where knowledge economies market the intel-
lectual capital of their workforce. Governments 
recognize the potential of such markets and in 
the political arena, the process of developing and 
managing consumable knowledge is supported 
in government policy and initiatives designed 
to promote knowledge production (Ben Soltane 
et al 2004). Now, knowledge has been placed in 
the spotlight of the international arena which is 
the direction of the developed world is entering 
an era called “The Knowledge Economy” (or 
Knowledge-based Economy). The emergence of 
a global knowledge economy in which: regions 
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increasingly are being looked upon as independent, 
dynamic market places, which are connected with 
other regions via knowledge and commodity flows. 
Each such region has its own base of scientific, 
technological, and entrepreneurial knowledge, 
represented by knowledge assets of firms and other 
organizations located in the region, and the human 
and social capital associated with the region’s 
population. This leads to collaborative technolo-
gies connected people to information, but more 
importantly people to people, on a global basis.

From the context of the Global Knowledge 
Partnership (GKP), which was founded in 1997, 
knowledge for development in the information 
age, focused on the challenges facing develop-
ing countries and the international community at 
the end of the 20th century and the dawn of the 
information age (IDRC, 1997). It is the leading 
international multi-stakeholder network com-
mitted to harnessing the potential of informa-
tion and communication technologies (ICT) for 
sustainable and equitable development. Ranging 
from grassroots practitioners to policy-makers, 
GKP members and partners are innovators in the 
practical use of ICT for development. Through 
the GKP, governments, business and civil society 
organizations, share their experience, ideas, issues 
and solutions to unleash the potential of ICT to 
improve lives, reduce poverty and empower people 
(http://www.digitalopportunity.org).

The work of the Global Knowledge Partnership 
is rooted in the conviction that access and effective 
use of knowledge and information are increasingly 
important factors in sustainable economic and 
social development for individuals, communities 
and nations; that the information revolution can 
be a positive force for empowering the world’s 
poor; and that effective action to assure inclusion 
of the poorest individuals, communities and na-
tions in the global information economy requires 
increased partnership and mutual learning among 
public, private and not-for-profit organizations. 
The members of the partnership can cooperate 
and benefit through a variety of initiatives: pilot 

projects; conferences and workshops; capacity 
building initiatives; information sharing; and 
project coordination. They may face with chal-
lenges which are: language / currency exchange; 
lack of standards; access to networks for some 
countries; lack of resources- trained staff, equip-
ment; national policies discouraging data flow; 
not giving any appreciations to the importance 
of information.

The concept of knowledge management forge 
new partnerships that bring together the organiza-
tion’s capabilities to create and use knowledge, 
organize knowledge, and build infrastructures 
that enable the effective management of knowl-
edge. Three groups of experts who need to work 
together as teams of knowledge partners are at the 
heart of the knowledge system. They are users, 
knowledge professionals including librarians, and 
technology experts. The partnerships are grounded 
in the following shared values and assumptions 
including sharing resources and promoting access 
to information on an equal basis; Intellectual and 
academic freedom; cultural sensitivity, cross-
cultural perspectives and learning to promote a 
global knowledge society, understanding among 
peoples, peace and social justice; respect and toler-
ance of individual differences and of diversity in 
a democratic society; the ability of the individual 
to make a difference; to impact and improve our 
quality of life; human creativity and innovation 
for positive social change; and an interdisciplinary, 
global, and cross-cultural education.

KnOWLeDGe sHARInG 
InfRAsTRUcTURe In sUDAn

sudan

The Sudan is the largest country in Africa and 
Arab countries; dominated by the Nile and its 
tributaries. Its strategic importance stems largely 
from its control of much of the water flow of 
the Nile, its Red Sea coastline and its border 

www.ketabdownload.com



146

Building Sudan Water Knowledge Sharing Based on Global Technology

with eight countries. The water resources in the 
Sudan comprise of rainfall, surface water and 
groundwater, non-conventional water in Sudan 
is limited to harvesting of rainfall. Use of rainfall 
or surface water in Sudan is restricted by their 
distribution in space, time, and storage capacity 
of existing dams or water harvesting structure, 
land resources and bilateral and international 
agreements which witnessed a great revival. 
Ministry of Irrigation and Water Resources is 
institutional monitoring of these affairs in the 
country and undertake these tasks with related 
different organizations. The Ministry strategy plan 
of water resources and their uses have been taken 
in all considerations facilitating the participation 
within local and regional initiatives (Eldaw, 2003). 
For example the Nile Basin intervention seeks to 
build confidence and capacity across the basin 
through a shared vision program developed the 
Nile river basin hydroinformatics system which 
aims to provide decision support and manage 
the water resources in the Nile river basin. The 
system consists of data-bases, linked modeling 
tools, geographical information systems “GIS” 
and web –based features that are linked to public 
available data and public domain open-source 
software such as Soil and Water Assessment Tool 
(Van Griensven et al., 2006)

Water information is a cornerstone, necessary 
to build new cooperation initiatives, to monitor 
and assess projects achievements, to build efficient 
dialogue among stakeholders, to ensure public 
awareness and for planning and decision making. 
Its importance has widely been recognized at the 
highest levels and a wide range of initiatives has 
been launched with similar objectives in various 
regions of the world or at the global level. The 
United Nations Declaration of Universal Human 
Rights which protect the right for every person 
to have access clean water as well knowledge. 
Although knowledge can be expected to reduce 
or prevent conflicts in water at this century and 
telecommunication networks are the pipelines 

through which water knowledge flows. The suc-
cess of such flow is dependent upon many factors. 
Chief among them is availability, quality, afford-
ability, and capacity of the telephone network. It 
is clear that future economies will be dependent 
upon knowledge, and that this knowledge will 
be exchanged through networks. In the next 
millennium, many countries will be even more 
marginalized if the knowledge infrastructure is 
not in place. In globalized economies, consump-
tion of such information will increasingly rely 
on telecommunication networks. Telecommu-
nications infrastructure plays a crucial part, it is 
equally important to have stable and developed 
infrastructure in the financial, transport and fis-
cal sectors, as well as effective power and water 
distribution. For some countries, provision of 
these more basic needs will remain a priority, 
and progress towards e-readiness is dependent 
on building stable infrastructure across these 
sectors. There remains an imbalance in the level 
of infrastructure rollout between urban and rural 
areas, with rural locations suffering at the expense 
of urban development. While initiatives to rectify 
this imbalance are under way in many countries, 
more needs to be done to provide basic levels of 
service to rural communities.

The year 2001 witnessed the declaration and 
adoption of the national strategy for building the 
Information Industry in Sudan by the government 
under the patronage of the President. This strategy 
was endorsed by the Council of Ministers (Deci-
sion No 19 dated July 19th, 2001) setting up a High 
Ministerial Committee to lead the implementation 
of the strategy. The Committee is supported by a 
technical one, from related ministries and entities, 
to set forth implementation programs and draft 
recommendations in respect thereof. The endorsed 
strategy embraced a vision incarnated in the real-
ization of an information society established on a 
firm foundation of information industry allowing 
all sectors of the society to access information 
media in a way leading to the widest dissemination 
and utilization of information, all of which shall 
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contribute to achieve an appreciated economic 
growth, wealth development, job opportunities, 
enhancement of all-sector production rates and 
eradication of poverty. This shall lead ultimately to 
the creation of information and knowledge-based 
society capable of integration, interaction and 
competition with the global information society 
and its economies (http://www.nicsudan.gov). The 
telecommunication industry in Sudan entered a 
new era under the management of Sudan National 
Telecom Corporation “NTC”. The development 
achieved in this important infrastructure is due 
to introduction of modern technology and new 
business approach resulting in the enhancement 
of quality of service and high standard customer 
care. ICT Opportunity Index of International 
Communication Union has introduced the no-
tions of a country’s info-density and info-use 
based on which the Sudan has been classified as 
less economy in Info-state growth and showed 
achievement Info-state value of 29.1 in 2003, 
38.56 in 2007 respectively. This growth leads the 
country to catch up to ICT and employ them to 
store large amounts of information economically 
and efficiently which are capable of retrieving that 
information for as long as it is needed (Jaura, 2003; 
http://www.itu.int/ITU-D/Reporting). Sudan has 
set up an effective regulatory framework, adequate 
safeguards to ensure fair competition and protec-
tion of consumer interests that are represented in 
NTC mission which is to coordinate, promote and 
provide excellent and reliable telecommunication 
services with high quality and affordable price. It 
intends to encourage competition, and acquaint 
with the latest international developments in 
telecom technology. NTC mandate is to set up the 
plans, policies and regulations for the provision of 
the telecommunication services, and their estab-
lishment thereof on the national level taking into 
consideration the sustainable development and 
the service of the social and national objectives. 
It regulates licenses, protection, security in the 
different fields of services and activities of tele-

communications through National Telecom Op-
erators. For example, Sudatel’s “National Telecom 
Operator” (http://www.sudatel.net) whose mission 
is to improve and extend the telecommunication 
service portfolio in Sudan to one of the highest 
level within the Africa continent by transforming 
to an innovative, well organized company and with 
professional service and business oriented person-
nel. It has clear network, marketing and finance 
policies and strategies which are well defined in its 
business and technical plans. Its network strategy 
is mandated to build back-bone optical fiber in 
national core network and optical fiber ring in 
Greater Khartoum and the access-network in urban 
areas and interfaced broad-band carrier’s one for 
regional and global communication network. In 
addition to the Global System for Mobile [GSM] 
Cellular Network Operator which is a vision for 
a 3rd Generation (3G) and 3.5G mobile system 
was the provision of internet services on mobile 
phones. Mobile Telephones in the Sudan proved 
to be the best penetrating, the fastest and cheapest 
technology to make a real uptake, demolishing all 
features of inequality in terms of connectivity and 
access. The technology invaded the rural areas 
equally good as it invaded urban societies sweep-
ing all signs of technological and social barriers.

AssessMenT Of WATeR 
KnOWLeDGe sHARInG 
In THe sUDAn

A short assessment of existing water information 
sharing i.e. the state of knowledge production, 
use and handling of the information, knowledge 
sharing using both documentary and descriptive 
analyses of visits to some educational and research 
institutions and libraries and information centres 
and some of governmental institutions located in 
Khartoum State. The findings of analyses can be 
presented in the following paragraphs.
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Knowledge communities in sudan

The knowledge communities in Sudan exist in 
number of organizations in generic framework. 
Their resources seem inadequate for the country’s 
needs of research and development, education 
and services. Moreover, these communities exit 
in isolation led to certain weakness, neglect of 
certain areas of knowledge, fragmentation of 
resources, inadequacy of the services, and costly 
duplication of material. That uncoordinated and 
unlinked state of the communities is due to little 
knowledge existence. The three key water knowl-
edge communities are engaged in the Sudan:

Educational and Learning Community

The declaration of the principles of the Higher 
Education Revolution at beginning of nineties 
led to the proliferation of higher education in the 
most states of the Sudan, which consists presently 
of 35 Governmental institutions (25 universities 
+ 11 colleges) 47 Private and Foreign institutions 
(5 universities + 42 Colleges) [extracted from 
Directory of Students Enrolment of Governmental 
and Private Higher Education Institutions for the 
year 2007/2008, Sudan Ministry of Higher Educa-
tion]. The basic task of the higher education is to 
familiarize the students with the rapidly growing 
and changing and communicating certain amounts 
of factual knowledge. The ministry facilitates 
concrete floor development of the knowledge 
culture to ensure their human resources understand 
the knowledge transfer and sharing as essential 
instrument for keeping the knowledge culture 
alive. It also supports the lifelong learning through 
the departments of community development and 
update information to improve and invest local or 
technical innovations. This kind of learning system 
is process by which tacit knowledge is transferred 
into explicit and become available for sharing. 
The higher education institutions aim to ascertain 
national identity, the adaptation of modern tech-
nology for the service of the Sudanese society, 

taking into account the diverse issues of human 
development, training in different specialties, and 
conducting scientific research, particularly that 
which is related to the needs of the society. The 
introduction and application of information and 
communication technology specifically the com-
puter has become one of the most important means 
to the higher education and scientific studies since 
the last decade. This is due to the natural outcome 
of the huge technological development, especially 
in information and communication technologies. 
Thus the computer science has been introduced 
in the most of curricula, the proper way for the 
acquisition and adaptation of technology as well 
as tool in the preparation and provision of quali-
fied competent cadres and skills in the country.

The ministry has devoted its efforts to develop 
national educational information network for the 
Sudan which facilitate share resources, whether 
these being materials, functions or services, and 
to make these resources available to all potential 
users. It has initiated the Sudanese Universities 
Information Network (SUIN) project (December 
2004 – November 2009) which aims to provide 
connectivity among the Sudanese educational 
institutions. One of the main components of SUIN 
is Sudanese Universities Virtual Library (SUVL) 
which increases sharing of knowledge, help uni-
versities build their information infrastructure, 
and extend the value of digital libraries. (http://
www.suvl.edu.sd). At this moment two phases 
finished with two frames: the Sudanese Uni-
versities Information Network (SUIN) and The 
Sudanese Universities Virtual Library (SUVL). 
Within these frames have been still lacking of 
systemic mechanisms to organize knowledge in 
higher education as well as cooperation among 
universities to share and exchange resources. In 
addition this, project is challenged by inactive 
links of some towns and application and services 
of SUVL is still under construction and activation. 
(Source: Dr. Iman Abu Maaly, SUIN director)
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Geo-Information System 
(GIS) Community

Geo-information (remote sensing and geographi-
cal information) today now offers the most ad-
vanced tools for managing common property 
resources such as water resources cheaply and 
reliably. GIS technology applications in Sudan is 
accessible from Landsat data, rainfall estimates 
(Meteosat), Sudan land cover database, vegetation 
index, drainage network, basins and water points. 
These GIS capabilities are currently run in more 
than 45 governmental and private institutions. 
Sustainability development is a major goal in 
Sudan government strategy. In order to achieve 
such a goal, a program for human and institutional 
capacity development was structured to focus on 
remote sensing and geographic information as the 
best tools that can handle geo-information which 
are mainly invested and produced by United 
Nations and nongovernmental organizations. In 
addition to that, Sudan has invested these technolo-
gies to enhance the availability of environmental 
data (acquisition, analysis and output) to run a 
number of national projects with remarkable wide 
spectrum training in geo-informatics (Source: Dr. 
Amana Hamid, National Research Centre-Remote 
Sensing Authority director). It is supported by The 
National Information Centre has initiated Techni-
cal committee for Geographical Information which 
is composed of key representatives of profession-
als and the users (http://www.nicsudan.gov). The 
context of this Committee is the motivation and 
coordination among these institutions to be ef-
fective in achieving aims and have all benefited 
from their involvement and outputs.

Documentation, Information 
and Library Community

This community is the heart of Information society 
which located in the governmental bodies, non-
governmental international agencies working in 
Sudan and private institutions. They are usually 

small and each institution manages its own infor-
mation system focusing on the subject area and 
information needs of the parent body, but there 
is no extensive co-operation between library and 
information services in areas of job opportunities, 
career development, training and co-operative 
procurement. The university/ research libraries/ 
documentation information centre of National 
Centre Research are the forefront regarding 
the use of ICT for knowledge management and 
managed by information/librarian stereotype 
which led to the performance of knowledge. It 
is necessary to know what skills becoming more 
valued and required in identifying what areas of 
staff development and need attention. Academic 
libraries are the central organ of any academic 
institution and dynamic educational instrument. 
They act as intellectual and cultural houses, local 
repositories and the principal gateways to current 
information and the scholarly records for the 
current and future of the University, while also 
serving other Sudanese society sectors. Some of 
them have started to acquire electronic resources 
and introduce technology as experiment of the 
Virtual Engineering Library – Sustainability 
Knowledge Network (SudVEL-SKN) as initiative 
of establishing the “Nile Basin Virtual Library” 
which was initiated by the members of the In-
ternational Institute of Women in Engineering 
(IIWE) in Paris who were specialists in water and 
soil. The objective of this Library was promot-
ing researchers in the field of water and soil by 
transforming the existing documents into a digital 
form. She developed the Sudan Virtual Engineer-
ing Library – Sustainability Knowledge Network 
(SudVEL-SKN) which helped in communication 
and collaboration between engineering institutions 
and organizations internationally, and improve-
ment of the accessibility of the core materials s 
for students and researchers to support research, 
education and practice in sustainable development 
in the Sudan. The library has become a part of the 
learning environment for the University of Khar-
toum’s Faculty of Engineering and Architecture 
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and Institute of Environmental Studies containing 
both local sources and a selection of international 
materials. The library provides easy and efficient 
offline local access together with international ac-
cess to students, researchers and academic staff. 
SudVEL-SKN databases consist of bibliographic 
information and inventories of institutions and 
experts (http://www.sudvel-uofk.ne). Based on 
this experiment, the Ministry of Higher Education 
and Scientific Research approaches virtual library 
will be supportive to educational and learning 
community.

Knowledge Sharing Facilities 
and Delivering Tools

The first phase of the World Summit on the In-
formation Society “WSIS”, declaration principle 
number 44 has evolved internet into a global 
facility available to the public and its governance 
should constitute a core issue of the Information 
Society. The management of the Internet should 
be multilateral, transparent and democratic, with 
the full involvement of governments, the private 
sector, and civil society and international orga-
nizations. It ensures an equitable distribution of 
resources facilitates access for all and ensures a 
stable and secure functioning of the internet, taking 
into account multilingualism. The management of 
the Internet encompasses both technical and public 
policy issues and should involve all stakeholders 
and relevant intergovernmental and international 
organizations (International Telecommunication 
Union, 13 Nov. 2003).

The Internet service has been introduced in the 
Sudan since 1997 and, Internet services provid-
ers have become operational. The development 
in the IT world and the Internet has promoted 
its authorities in the different sectors. GSM net-
works will extend the Internet into the bush as 
network coverage expands. Once again, market 
forces are driving the price down, enhancing 
quality and encouraging the spread of services 
throughout the country. The internet helps also 

online access to the world’s scientific literature 
with major initiatives HINARI “Health InterNet-
work Access to Research Initiative” (http://www.
healthinternetwork.org), AGORA “Access to 
Global Online Research in Agriculture” and OARE 
“Online Access to Research in the Environment”, 
there is about fifty academic, governmental and 
civil society research institutions have joined 
these initiatives in Sudan. These programs are 
closely tied to the United Nations’ Millennium 
Development Goals and will be continued at 
least until 2015. The UNESCO Water Portal is 
intended to enhance access to information related 
to freshwater available on the World Wide Web. 
The site provides links to the current UNESCO 
and UNESCO-led programmes on freshwater 
and will serve as an interactive point for sharing, 
browsing and searching websites of water-related 
organizations, These initiatives represent a truly 
global public private partnership for development, 
providing essential information for life to those 
who need it most. In addition to electronic offline 
scattered local catalogues designed by UNSECO 
ISIS software over the country (Source Mohamed 
Faisal Izzeldin, Sudan UNSECO Chair in Water 
Resources Librarian).

As the results of the second phase of WSIS, a 
number of workshops and projects are currently 
run to support the development of ICT policies and 
e-strategies. There are number of capacity build-
ing initiatives in the country have been supported 
by development of training materials and content 
around various themes and for use across Sudan 
states, cities and localities. The Gederef Digital 
City organization has recently launched the first 
telecentre academy “Sudan National Telecentre 
Academy (SuNTA)” in Africa and Arab World, 
in supporting the Global Telecentre Movement 
(http:// www.sudantelecentreacademy.org)

Knowledge Needs Assessment

This section attempts to know and assess the needs 
to knowledge sharing in the educational, and gov-

www.ketabdownload.com



151

Building Sudan Water Knowledge Sharing Based on Global Technology

ernmental, research and private water institutions 
of Khartoum State and some big cities of regional 
states where the raising knowledge awareness was 
run continuously. Most of them depend on donation 
and internal resources in case private sector. Re-
source allocated for knowledge is scarce, limited 
and unavailability of resources which is one of the 
key factors affecting institutionalization as well 
as the performance of institutions. The attitude 
and behaviour of managers is top critical in the 
implementation stages as the level of management 
commitment ranges from inadequate to excellent. 
The promising verbal support to knowledge shar-
ing is excellent among top managers of private 
sector in comparison to those of governmental 
ones. There is also a trend whereby top managers 
appear less committed than lower level managers 
and low priority has been given for the develop-
ment of the information. Fortunately, during this 
analysis the author found the level of access ranges 
from internet and online resources to conferences 
to TV and radio programs and Local collections. 
The observations of the current situation indicated 
there are real deficiencies in access to scientific 
and technological knowledge mainly due to lack of 
skills, low awareness, and interests for accessing. 
These deficiencies guide us to a wide diversity of 
training needs throughout all staff categories from 
technical and administrative support up to senior 
management. Curricula are also being restruc-
tured and needed at various competency levels, 
especially at graduate, and postgraduate levels. 
Knowledge dissemination and communication 
of information is everybody’s responsibility. The 
disseminated information should be that which an 
institution sees necessary for its recipients mainly 
is output of research programs. Staff should have 
skills (in-house or contract-base) to use different 
media effectively and efficiently. It was found 
the rate of skills for almost all types of media, 
especially print and electronic media, instruction, 
teaching, and compact discs were inadequate. In 
some institutions, rare or hired skills or not exist 
in documentation, radio, TV/video, photography 

and filming. Only a few institutions indicated 
excellent skills for the use of certain media.

The Internet has advanced far beyond its initial 
role as a low-cost user-friendly communications 
and information delivery tool and is now assuming 
more general functionality for all forms of elec-
tronic communications. The Internet is considered 
as intermediary to inter- phased international 
communications, storage source to information, 
and provider of multi-services to the different 
categories of the users. This analytical survey 
included the knowledge on some Internet web 
pages and search engines and their impact on the 
development of knowledge. It was also supported 
by consulting the views of randomly sample of 
Internet users in these institutions of the Sudan 
in order to know how incidence of the Internet in 
building of their knowledge. The results of this 
survey can be briefed as follows:

• High recall by using Google and AltaVista 
search engines whereas recalls by the 
Arabic search engines are not satisfac-
tory or negative that is due to application 
of “Keyword matching” search engine 
within the Arabic documents. The Arabic 
language problems make exact keyword 
match inadequate for Arabic retrieval. 
Two techniques, spelling normalization 
and stemming, are well- known techniques 
for information retrieval not adequate. The 
third technique, retrieval based on charac-
ter n-grams (text strings decomposed into 
n-grams, i.e., substrings of length n, which 
usually consist of the adjacent characters 
of the text strings) using this technique 
for indexing Arabic documents in order 
to make the Arabic information retrieval 
more effectively

• Commercial institutions, which mainly 
design traditional knowledge web pages 
or sites in simple forms at Arabic level 
whereas the publishing by government and 
educational institutions is very weak.
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• Most of the contents are news /short ar-
ticles/ brochure type and primitive and 
mainly presented by hypertext language.

• Majority of the users found that the Internet 
is costly, high time-consuming, and mostly 
inaccessible due to un- recognition with 
terms and specialized web sites, search en-
gines and tools

• The e-mail, chats and news were the most 
well known resource

It is noticed that some of the difficulties 
identified concern organization and retrieval of 
information. Hypertext links which are character-
istic of the web environment provide a flexibility 
to link related ideas and concepts in documents 
and groups of documents in a way which wasn’t 
possible with previous generations of information 
retrieval systems. But this flexibility presents a 
problem in that there is a multitude of different 
ways of structuring information and linking 
documents. Principles of good web site design are 
beginning to crystallize, and greater attention is 
being given to designing effective key word search 
facilities making use of underlying thesauri and 
meta-tags embedded in web pages for indexing 
and retrieval purposes. There is also increasing 
recognition of the need to design and structure web 
sites in a way which minimizes the administra-
tive effort needed to maintain them, and this is 
leading away from the use of static HTML with 
fixed links towards the use of database solutions 
with navigation generated by meta-tags.

Finally, the survey reported that ICT Human 
resources development can be obtained by increase 
of knowledge and skills and creative potentials 
that can be applied to improve the quality of life. 
In spite of low levels of knowledge and inadequate 
innovative skills at lower, middle and higher lev-
els have contributed to the continuous failures in 
developing countries in all spheres. Information 
and knowledge are interrelated. Well-informed, 
knowledgeable and innovative citizens are causes 

for human centered development. Information 
technology facilitates the flow of knowledge in 
modern society. It is a choice between being left 
out our benefiting from enormous benefits of 
information technology (http://www.uneca.org). 
With the explosion of information technology, 
teaching and training methods were changed, 
which include computer-based-training, elec-
tronic text, software platforms, audio, groupware, 
interactive television, multimedia, online help, 
teleconferencing, virtual reality and video, and 
the distribution methods that can include local 
area network and/or Wide Area Network (LAN/
WAN), Web, Internet, extranet, CD-ROM, and/or 
DVD, voice mail, audiotape, telephone, computer 
disk, satellite television, cable television, tactile 
gear and/or simulation.

sTRATeGIc APPROAcHes fOR 
DIGITAL KnOWLeDGe cOMMUnITY

From general overview of the existing strategies 
which are described as incentives, financial, 
legislative and capacity building strategies. They 
are being essential tools in the motivation devel-
opment of information Sector. Cummings et al 
(2003) have noted that knowledge sharing and 
social learning are fundamental in the improve-
ment of the development sector.This sharing and 
learning takes place in online informal and formal 
networks and is facilitated by groupware that leads 
to what is called digital knowledge community. It 
is more importantly for Sudan knowledge adopt 
strategic approaches support digital knowledge 
community based on providing information pro-
fessionals with information to better to carry out 
their work sharing knowledge and stimulating 
knowledge sharing; introducing members of dif-
ferent products and services; producing an output 
with members of community; gaining experience 
with online communities; and the target of these 
approaches is to gather, generate, disseminate and 
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share knowledge on the strategy and practice of 
cross sector partnering; improve the quality of 
cross sector partnerships and the partnering pro-
cess; and develop partnering capacity. It focuses 
on optimization, excellent operations, client/
customer services and global competitiveness. 
It can provide a way of bringing the full range 
of ICT policy issues and stakeholders to bear on 
fashioning the future shape of information societ-
ies in developing countries.

cOncLUsIOn

It is concluded that knowledge sharing is running 
by various organizations in different various forms, 
no matter what they are, that is to reach out those 
who have less opportunity to access in informa-
tion in regular information services offered in 
information institutions that it is time to take the 
advantages of the possibilities knowledge sharing 
to develop closer relationships with organizations 
and professionals.

Huysman and DeWit (Huysman et al., 2002) 
stated in their recommendations for managing 
knowledge sharing, “one should not fall into the 
known trap of assuming that it is the use of these 
technologies that stimulates people to commu-
nicate and share knowledge. The first thing is 
to stimulate a need to share knowledge among 
a group of people. It is only when this need is 
satisfied that physical and electronic spaces are 
used for knowledge sharing purposes.

Sustainable development will not be achieved 
unless there is a redirection of our efforts to develop 
the full potential of people through education and 
knowledge: they that must include the mastery 
of modern technologies i.e. ICT have become 
the heart of Knowledge community leading the 
way for the sustainable development worldwide.
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Chapter 8

Evolutionary Bayesian Belief 
Networks for Participatory 

Water Resources Management 
under Uncertainty

ABsTRAcT

A participatory integrated (social, economic, environmental) approach based on causal loop diagram, 
Bayesian belief networks and evolutionary multiobjective optimisation is proposed for efficient water re-
sources management. The proposed methodology incorporates all the conflicting objectives in the decision 
making process. Causal loop diagram allows a range of different factors to be considered simultaneously 
and provides a framework within which the contributions of stakeholders can be taken into account. 
Bayesian belief networks takes into account uncertainty by assigning probability to those variables 
whose states are not certain. The integration of Bayesian belief network with evolutionary multiobjective 
optimisation algorithm allows analysis of trade-off between different objectives and incorporation and 
acknowledgement of a broader set of decision goals into the search and decision making process. The 
proposed methodology is used to model decision making process for complex environmental problems, 
considering uncertainties, addressing temporal dynamics, uncovering discrepancies in decision analysis 
process (e.g. completeness or redundancy of the model based on utility function) and generating policy 
options that trade-off between conflicting objectives. The effectiveness of the proposed methodology is 
examined in several water resources management problems. The case studies include optimum water 
demand management, UK; management of groundwater contamination of Copenhagen source capture 
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zone areas, Denmark and simultaneous optimum management of four overexploited aquifers in Spain. It 
is shown that the proposed methodology generates large number of management options that trade-off 
between different objectives. The remaining task is to choose, depending on the preference of decision 
makers, a group of solutions for more detailed analysis.

InTRODUcTIOn

Water resources management are rarely well 
structured (Simonovic, 1996) as there is no 
definitive formulation, no true or false solution, 
and no easy test, screening procedure or single 
optimal solution for these problems (Chatttopad-
hyay & Chattopadhyay, 2008; Sivakumar, 2005). 
Therefore, successful environmental decision 
making in complex settings will depend on the 
extent to which stakeholders, processes and tools 
are integrated. Environmental decision analysis 
process involves several steps. In the first step 
the problem and objectives are identified. The 
boundaries should also be identified, however as 
decision making process is iterative some bound-
aries might be modified or new ones introduced 
as learning takes place over time. This will result 
in redefinition of the problem. In the second step 
a qualitative decision tree is developed based on 
contribution from experts (stakeholders, decision 
makers or scientists) that can help in identifica-
tion of alternative options and their uncertainties. 
This will be followed by assigning probability to 
those variables in the decision tree whose states 
are not certain. These assignments are based on 
experts’ knowledge, existing data, modelling and 
monitoring. The next step is assignment of value 
(benefits, costs, risk etc.) to consequence of differ-
ent alternative options that needs to be optimised. 
The final step is to find optimum strategy or strate-
gies. Although in simple cases, the main steps of 
the process will easily be constructed, in complex 
cases, such as environmental decision analysis, 
this is not a straight forward task. Traditionally, 
in order to reduce level of complexity in systems, 
two very important elements of the systems were 

overlooked. Firstly, not all the elements influenc-
ing the decision making process are considered 
(over-simplifying the system), especially feed-
back loops. Secondly, the temporal nature of the 
problem is usually ignored despite the fact that 
the consequences of a decision often do not all 
occur simultaneously. Consistency check can help 
to develop some confidence in representation of 
the decision maker’s preferences. In checking 
for consistency it is important to detect errors 
in the decision making utility function. This is 
the most common source of error, meaning that 
it does not represent the decision maker’s true 
preferences. Methodologies to check the proper-
ties of completeness and redundancy of developed 
models based on their utility function are not well 
developed. Traditionally the decision maker will 
be asked to suggest a number of possible scenarios 
to check the expected utility of the preferred situ-
ation in order to be consistent. Often in practice, 
the decision maker may seem not to be interested 
in the entire possible range of the attributes except 
for a small variable space. For utility functions 
implying a complex preference structure, there 
is a greater need and opportunity for meaningful 
consistency checks. Another shortcoming of the 
existing techniques is the way circular relation-
ships or feedback loops are handled. Management 
of real world problems requires approaches that 
take into account full complexity of the systems 
to be managed and the need to develop adaptive 
and integrated approaches. In order to succeed, it 
is important to take into account a wide range of 
factors that impact on the problem. It is equally 
important to identify the best way of linking these 
factors together and to simulate the interactions 
between them. Uncertainty is another important 
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problem, which is an inherent feature of complex 
systems.

This chapter presents a novel decision support 
system that is concerned with ways to access and 
employ electronically encapsulated information. 
The proposed methodology is a novel way of 
applying knowledge as this knowledge is utilised 
in the worlds of the waters (Abbott, 1999). A 
participatory integrated assessment methodol-
ogy based on causal loop diagram, Bayesian 
belief network and evolutionary multiobjective 
optimisation algorithm is proposed to model deci-
sion making process in complex environmental 
problems, addressing uncertainties, uncovering 
discrepancies in decision analysis process (e.g. 
completeness or redundancy of the model based 
on utility function) and generating policy options 
that trade-off between conflicting objectives. 
Resolution of the above mentioned critical issues 
results in the transformation of the causal map 
(Forrester, 1950) into a pre-processed Bayesian 
network (Jensen, 1996; Bromley, 2005) to which 
probability values can be assigned. This will be 
followed by evidence propagation. In problems 
where the number of alternatives is not too high, 
influence diagrams can be efficient in generating 
all the possible management options. However in 
more complicated cases such as environmental 
problems with a large number of feedback loops, 
Bayesian belief network needs to be linked with 
some other tools to support more efficient explo-
ration of search space. Decision making in envi-
ronmental models can be complex because of the 
trade-offs between socio-political, environmental, 
ecological and economic factors. The selection 
of appropriate strategies often involves multiple 
conflicting objectives that should be optimised 
simultaneously. Aggregating multiple objectives 
into a single utility function might be the sim-
plest solution. However, this approach would not 
always be desirable because the ability to track 
conflicting stakeholder preferences may be lost 

in the process (Kiker et al., 2005). Attempting to 
achieve the multiple goals simultaneously requires 
the achievement of a compromise solution in the 
Pareto optimality sense. In this work, evolution-
ary algorithm is used to uncover discrepancies 
in a utility function over whole search space. In 
cases where the checks produce discrepancies, 
analysis will not start until the revised utility func-
tion represents the true preference of the decision 
maker. The proposed methodology incorporates 
all the conflicting measures in the decision mak-
ing process. A decision analysis process will be 
presented and tested based on experts’ knowledge 
using causal loop diagram approach. Uncertain-
ties will be addressed by introducing probability 
distributions for uncertain variables while con-
verting the qualitative maps into a quantitative 
network using Bayesian belief. Bayesian belief 
network allows a range of different factors to be 
considered simultaneously and used with engage-
ment of stakeholders provides a framework within 
which the contributions of stakeholders can be 
taken into account. The integration of Bayesian 
belief network with evolutionary multiobjective 
optimisation algorithm allows eliminating of all 
the inconsistencies in the developed networks, 
analysis of trade-off between different objectives 
and involvement of multiple decision makers into 
the search and decision making process. It is shown 
that the proposed methodology generates a large 
number of policy options that trade-off between 
different objectives. The remaining task is to 
choose, depending on the preference of a single 
or multiple decision makers, a group of solutions 
for more detailed analysis.

In what follows description of each methodol-
ogy will be given and advantages and disadvan-
tages of them will be highlighted. The application 
of the proposed methodology to several real case 
studies of water resources management will be 
presented and the results will be discussed.
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ROLe Of InTeGRATeD cAUsAL 
LOOP DIAGRAM: BAYesIAn BeLIef 
neTWORK AnD eVOLUTIOnARY 
ALGORITHM In PARTIcIPATORY 
WATeR ResOURces MAnAGeMenT

Sustainable management of water resources for 
river basins and groundwater aquifers in light 
of global market and climate changes is one of 
the most pressing challenges of the 21st century. 
This requires approaches that take into account 
full complexity of the systems to be managed 
and the need to develop adaptive and integrated 
management approaches (Pahl-Wostl, 2006). This 
requires planning and managing water resources 
in a holistic manner. In order to succeed, it is im-
portant to take into account a wide range of (e.g. 
physical, environmental, economic, social and po-
litical) factors that impact on the water resources. 
It is equally important to identify the best way of 
integrating and synthesizing these factors and to 
clarify and simulate the interactions between them. 
Uncertainty is another important problem, which 
is an inherent feature of environmental systems. 
Adaptive management is a systematic process for 
improving management policies and practices 
by learning from the outcomes of implemented 
management strategy (Pahl-Wostl, 2007). This 
requires incorporation of iterative learning cycles 
in the overall management approach. Such iterative 
learning can be modelled in system dynamics using 
feedback loops that show ways in which a system 
can unexpectedly shift its behaviour. Causal Loop 
Diagram (CLD) as a system dynamics tool can 
provide a framework within which the integrated 
environmental structure can be conceptualized 
and the interactions and relationships among dif-
ferent variables can be investigated. However, in 
dealing with complex systems with high uncer-
tainties other tools are required. Bayesian belief 
networks (BBNs) are used to simulate domains 
or systems containing some degree of uncertainty 
caused by imperfect understanding or incomplete 
knowledge of the state of the system (Jensen, 

1996). Consideration and analysis of different 
hypotheses and scenarios about system behaviour 
under uncertain future development can be used 
as a guiding process in adaptive management to 
test hypotheses and evaluate the likely effects of 
management strategies. This requires a number 
of decisions along any path of change, the conse-
quences of which are uncertain and evolutionary. 
The proposed methodology provides a framework 
to integrate different factors that have impact on 
water resources management. It also facilitates 
design of robust and flexible management strate-
gies through an iterative decision making process.

causal Loop Diagram

Causal Loop Diagram (CLD) as a system dynam-
ics tool can provide a framework within which 
the integrated structure can be developed and the 
interactions and relationships among different 
variables can be investigated. System dynamic 
was founded in the late 1950s by Forrester as a 
methodology for decision making in dynamic 
management problems. System dynamics is im-
portant in understanding the cyclical behaviour 
of a system. In general, a feedback control system 
exists whenever the system causes a decision that 
in turn affects the original system (Forrester, 1958). 
CLDs can be a good start for system modelling, 
however, in dealing with complex systems with 
high uncertainties other tools are required.

Influence Diagram and 
Bayesian Belief Networks

Influence diagram (ID) was defined in the 1970s 
as a graphical representation of the relationship 
of the decisions and uncertainties in a decision 
problem (Howard and Matheson (2005a). IDs 
can be viewed as informal precursors to belief 
networks. The introduction of IDs was not ac-
companied with computational procedures that 
utilise the structure of the diagram to facilitate 
probabilistic inferences. Such procedures were 
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developed later, mostly in the framework of 
Bayes networks (Pearl, 2005). They can be used 
to elicit the often confused knowledge about 
uncertain quantities regarding social, natural and 
technological systems that resides in the human 
mind, and to explore and characterise the values 
that govern the decision (Howard, 1990). Howard 
and Matheson (1990) pointed out that the value 
of perfect information of a variable is not well 
defined when the variable is influenced by a pre-
ceding decision variable. They recommend that 
there are strong advantages in creating models that 
eliminate arrows from decision nodes to chance 
nodes (i.e. chance variables can be thought of as 
states of nature, unaffected by decision maker’s 
decision) (Howard & Matheson, 2005b). The 
advantages of these types of diagrams, so called 
Bayesian belief networks, are as follows: they al-
low consideration of any decision with uncertain 
information. Minimising or eliminating arrows 
makes assessment of probabilities more practical 
and minimises the conditional probability that 
must be assigned.

Bayesian belief networks (BBNs) are used to 
simulate domains or systems containing some 
degree of uncertainty caused by imperfect un-
derstanding or incomplete knowledge of the state 
of the system (Jensen, 1996). BBNs are based on 
an approach to probability theory, developed by 
Thomas Bayes (18th century), to be used as a deci-
sion making support tool. BBNs have the advan-
tage of dealing with uncertainties while avoiding 
complicated mathematical methodologies. Belief 
function methodology extends Bayesian reasoning 
about uncertainty to situations where the available 
evidence does not support a full probabilistic speci-
fication. However, since the traditional Bayesian 
belief networks are hierarchical acyclic graphs, 
they therefore offer no means for handling of 
feedback loops. Even in Dynamic Bayesian belief 
networks the network structure or parameters do 
not change dynamically, but that a dynamic system 
is modelled as time-sliced with “repetition of the 
same structure”, and introducing a few variables 

which feed forward to the subsequent time-slice 
(or feed back to the previous).

IDs and BBNs address the representational 
(that is how to structure and encode the knowledge 
and beliefs of experts into a coherent probabi-
listic form) and inferential (that is the issue of 
the computational tractability of algorithms for 
probabilistic inference and decision making) 
difficulties in developing probabilistic knowl-
edge representations. They hold the promise of 
coherent representations which are practical for 
large knowledge-based systems. They represent 
uncertain knowledge as directed graphs. IDs are 
essentially identical to belief networks, but in ad-
dition to chance variables representing uncertain 
states of the problem, they also contain decision 
and value variables. The use of influence diagram 
is of value in supporting the decision making 
procedure for comparing alternatives. IDs provide 
an extremely effective vehicle for communication 
between the analysts and those with expertise 
relevant to the problem under study. They can be 
used to qualitatively assess the impacts of pro-
posed management actions on the main interests 
of each stakeholder. The constructed IDs can be 
straightforwardly quantified and solved to provide 
probabilities and evaluations of decision strategies. 
However, the inferential tractability of large and 
complex belief nets remains more of a problem. 
Especially in a dialogical learning, making present 
and negotiation processes (Brugnach et al., 2009), 
it is critical to identify all alternatives, involving 
multiple stakeholders. The number of actions that 
compose an alternative is generally significant and 
thus, due to combinatorial effect, the number of 
alternations to be examined is very high. Therefore, 
for negotiations, more advanced and flexible BBN 
based tools are required, which can be based on 
mathematical programming or optimal control 
(Castelletti & Soncini-Sessa, 2007).

Use of BBNs presents a series of advantages 
over other Environmental DSSs (Bromley, 2005; 
Castelletti & Soncini-Sessa, 2007). Borsuk et 
al., 2004 highlighted that the graphical structure 
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explicitly represents a cause-effect relationship 
between system variables that may be obscured 
under other approaches. BBNs have been used 
as decision support systems for many years in 
many fields such as medicine, road safety and 
artificial intelligence; however, they only recently 
have been applied to environmental management 
applications (Varis & Fraboulet- Jussila, 2002; 
Henriksen et al., 2004; Borsuk et al., 2004; Little 
et al., 2004; Ameset et al., 2005; Bromley, 2005; 
Bromley et al., 2005; Pollino et al., 2007; Castel-
letti & Soncini-Sessa, 2007; Ticehurst et al., 2007; 
Henriksen & Barlebo, 2008; Martinez et al., 2009).

Multiobjective Evolutionary Algorithms

Multiobjective evolutionary algorithms (MOEAs) 
use a population based search that offers a less 
subjective way of finding many Pareto optimal 
solutions in a single run (Farmani et al., 2005). 
Optimal performance according to one objective 
often implies low performance in one or more 
of the other objectives. There will be multiple 
Pareto optimal solutions to a problem, each so-
lution in such a set is said to be non-dominated 
by any other solution. The final task of a MOEA 
run is to choose, depending on the preference of 
decision makers, a group of good solutions for 
more detailed analysis. Evolutionary algorithms 
can be used as supplementary tool in participa-
tory integrated assessment process. Evolutionary 
algorithms can add to ability of the tools in these 
processes especially where they lack full potential. 
For example: (1) Bayesian networks are acyclic; 
therefore in converting causal loop diagrams to 
Bayesian network usually feedback loops are 
omitted. (2) These models focus on relationships 
between actions, knowledge and uncertainty; in 
environmental applications the focus is largely on 
management of problems which impacts nature, 
society and economics. Therefore, the resulting 
models can be very large and complicated and 
prone to errors. Currently there is no methodol-
ogy for checking completeness or redundancy and 

consistency of these networks. (3) Even though 
BBNs can be used as a tool to communicate dif-
ferent results of the model, the results will be 
influenced largely by the preference of the person 
using it. In this work Evolutionary algorithm is 
integrated in these tools as a complementary tool 
that helps in eliminating the above deficiencies. 
An evolutionary multiobjective optimization 
tool (GANetXL, 2007) based on NSGAII (Deb 
et al., 2000) is coupled with the Bayesian belief 
network model (Hugin, 2007) and used to inspect 
for inconsistencies and the selection of the best 
compromise management option(s) for partici-
patory decision making. Attempting to achieve 
the multiple goals simultaneously requires the 
achievement of a compromise solution in the 
Pareto optimality sense. This is done by allowing 
stakeholders to articulate their preferences, values 
and beliefs related to potential scenarios. Then 
the Evolutionary Multiobjective Optimisation 
(EMO) technique is used as a tool for eliciting 
stakeholder preferences. EMO algorithms use a 
population based search to find many Pareto ef-
ficient solutions in a single run. EMO is used to 
generate the state variable values which are fed to 
the BBNs. Once the probability of all the linked 
nodes have been updated, the objective function 
values are returned to the optimization tool and 
the process is repeated. Consistency is critical to 
being able to identify a preferred alternative with 
confidence. The consistency check on conflicting 
goals (i.e. consistency check on consequences) 
is followed by consistency check on goals with 
conflicting context (consistency check on causes). 
In the proposed method, the first step in consis-
tency check is after the evolutionary algorithm 
has generated a set of non-dominated policy or 
management options, to check based on the con-
flicting objectives if the results reflect coherent 
preference of the decision makers. If the objectives 
are not behaving the way it has been expected, 
the consistency of causes should be checked. By 
this combined approach it is possible to analyze 
the action space more openly without having to 
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take the position of a single expert or stakeholder 
(dealing with uncertainty pertaining to human 
behaviour) (Farmani et al., 2009). The final task 
of an EMO algorithm run is to choose, depending 
on the preference of the decision makers, a group 
of good solutions for more detailed analysis.

Linkage between EMO, BBN Tools

The main reason for coupling between Evolution-
ary multiobjective tool and BN model is to improve 
reasoning in an BN based on optimisation. Finding 
an optimum solution for a simple belief network 
with a small number of control variables and no 
conflict of interest between different stakeholders 
is a relatively easy task. However, belief networks 
for environmental systems are usually large and 
complicated with numerous conflicting objectives 
such as the problems under study in this chapter. In 
this work, a Pareto efficient set of policy options 
is generated using an optimisation technique. In 
cases where it is difficult to choose appropriate 
combinations of interventions, the states of key 
variables under the full range of management 
options are analysed by using multiobjective op-
timisation algorithms. This is done by coupling 
the Bayesian belief networks model with the 
optimisation tool. GANetXL tool has an Excel 
based interface. The coupling between Bayesian 
belief network and evolutionary multiobjective 
optimisation tools was done by creating a macro 
for the Excel spread sheet. The optimisation tool 
generates the state variable values, which are pre-
sented in Excel worksheet, which are then fed into 
the BBN model. Once the probability of all linked 
nodes has been updated by compiling the Bayes-
ian belief networks model, the objective function 
values are returned to the optimisation tool and 
the process is repeated. Figure 1 demonstrates the 
main steps of the proposed methodology.

cAse sTUDIes

1)  Water Efficiency Management, UK

The first case study is from the UK and is concerned 
with management of domestic water efficiency in 
urban area. Water efficiency management is an ap-
proach aiming at conserving water by controlling 
demand. It involves technological, behavioural, 
economical, and institutional measures designed 
to secure safe water supplies. Water demand can 
be managed in many different ways (Westerlund, 
1996) so there is no single strategy that is uni-
versally applicable to all cases. This means that 
local factors such as culture need to be considered 
by other factors when developing solutions. A 
Bayesian belief network was developed based on 
several interviews and discussions at the meeting 
with selected stakeholders. A number of potential 
strategies for managing domestic water demand 
were included, in order to examine the effective-

Figure 1. Role of tools in participatory integrated 
assessment
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ness of each strategy to reduce consumption, either 
individually or in combination (Bromley, 2005). 
Pricing, awareness-education campaigns, grey 
water reuse and leak reductions were identified as 
four types of potential action for controlling water 
demand. In Figure 2, the effect of these strategies 
on consumption is given for three types of hous-
ing: metered, unmetered and new developments. 
The number of existing houses was estimated 
at 280,000 based on GIS survey. An error of up 
to ±10% was included for any mismatch from 
the actual numbers. The number of metered and 
un-metered houses was calculated based on this 
figure. The impacts of price increase, set at 0-30%, 
and awareness-education campaigns on differ-
ent water uses (washing machine, shower, bath, 
washbasin, WC and garden and other uses) and 
consequently on water consumption of metered 
and unmetered houses, and new developments 
were studied. Also the effect of leakage control on 
consumption of existing houses was considered. 
In new developments, the impact of grey water 
reuse, just by allowing reuse of wastewater from 
the wash basins and bath for flushing the toilet, 
was also considered.

2)  Groundwater Contamination Management, 
Denmark

The second case study involves the study of 
groundwater contamination management of a 
Copenhagen water supply wellfield capture zone, 
in Denmark. The aim of the case study was to 
identify a groundwater protection strategy against 
pesticide application in agricultural areas within 
wellfield capture zones. Voluntary compensational 
payment agreement with farmers was considered 
by water suppliers as an optional instrument for 
dealing with the threats from pesticides. The 
objective of the Danish Compensation Network 
(Figure 3) thus was to investigate the impact 
of different levels of compensation payment to 
farmers to encourage reduction in the amount of 
pesticide application in the catchment (Henriksen 
et al., 2007a,b) and if such a tool was efficient and 
feasible as part of the water company’s toolbox 
for groundwater protection.

There are 5 variables in the interventions 
category. The first variable “Compensation pay-
ments” has 3 state values based on three types of 
contracts. “No compensation” and “MVJ” con-

Figure 2. Bayesian belief network of water efficiency in a catchment in the UK
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tracts have compensation payments equal to 0 
and 4400 DKK per ha, respectively. The third 
type of contract (i.e. “no pesticide”) has 5 differ-
ent levels of compensation payment, 500, 1000, 
1500, 2000 and 2500 DKK (Danish crowns) per 
ha. Other variables, including crop production 
(animal, vegetable); removal of point source (yes, 
no) and perception of vulnerability (water manag-
ers’ evaluation based on national groundwater 
monitoring program - proxy basin) versus farm-
er organization perception), all have two states 
(possibilities). The “Non point pesticide applica-
tion” variable has three possibilities, namely 
herbicides, fungicides and insecticides. Different 
combinations of the design variables are possible 
and finding the optimum percentage of each design 
variable is very difficult. Three main objectives 
were included in the optimization process: farm 
economy, compensation and safe supply (Farmani 
et al., 2009).

3)  Management of Groundwater Abstraction 
in a Water System Consisting of four 
Overexploited Aquifers, Spain

Management of groundwater abstraction 
comprises four independent overexploited 

groundwater bodies in a multi-aquifer system. 
Under these circumstances it would be exces-
sively complex, if not impractical, to incorporate 
all aquifers within one network. Moreover, the 
use of averaged hydrologic variables to repre-
sent all aquifers would not be realistic. For this 
reason, a BBN has been designed specifically for 
each aquifer (Figure 4). Every aquifer also has a 
related and specific irrigated area that does not 
necessarily coincide with the area of the aquifer. 
This means that water from one aquifer may be 
used in an area underlain by another. Although 
each aquifer differs hydrogeologically, they all 
possess the same socio- economic variables. 
Because they are common to each aquifer these 
socio-economic variables can be identified in 
each network as an interface (output) node and 
connected to a master network (Object-Oriented 
Bayesian network) where the same nodes appear 
and where they can be analysed together (Figure 
5). This master network is used to assess the 
impact of the social and economic conditions in 
all four aquifers combined. In effect it describes 
the average social and economic behaviour of the 
whole system.

Figure 3. Bayesian belief network of ground water contamination management, Denmark
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ResULTs AnD DIscUssIOn

The proposed integrated methodology addresses 
some of the shortcomings of the individual water 
resources management tools as described below.

Validation of the Developed BBns

All networks were developed in close consulta-
tion with stakeholders. The iterative process of 
network modelling helped in the improvement 
of credibility and consistency of the networks. 

Figure 4. Structure of bayesian belief network for each Aquifer. (1) Hydrological part; (2) socioeco-
nomic part

Figure 5. Object-oriented bayesian belief network of four aquifers, Spain

www.ketabdownload.com



166

Evolutionary Bayesian Belief Networks for Participatory Water Resources Management under Uncertainty

Systematic validation of a BBN as a tool for 
decision making under uncertainty is not usually 
possible because to investigate the future impact 
from management decision, data cannot exist for 
validation until such management changes have 
been implemented and properly monitored for. 
Instead model and input data for each of the nodes, 
links and corresponding conditional probability 
tables are usually validated using existing data 
for current conditions, in order to check that the 
model is behaving as expected (Ticehurst et al., 
2007). There are two limitations in using manual 
comparison methods to make decisions on relative 
attribute importance, or select from competing 
alternatives and to aggregate individual prefer-
ences. First they ignore the true utility functions 
of a decision maker. Second, when comparing 
they do not directly account for the relative 
importance of the attributes. Also the utility is 
usually calculated from the parameters entered by 
the user. Therefore, the state of the key variables 
under the full range of management options can 
not be easily analyzed. In complex networks of 
environmental systems, it is necessary to analyze 
all the variations experienced by each variable and 
the results produced by a group of intermediate 
variables. Consistency is critical to being able to 
identify a preferred alternative with confidence. 
The consistency check on conflicting goals (i.e. 
consistency check on consequences) is followed 
by consistency check on goals with conflicting 
context (consistency check on causes). In the pro-
posed method, the first step in consistency check 
is after the evolutionary algorithm has generated 
a set of non-dominated policy or management op-
tions, to check based on the conflicting objectives 
if the results reflect coherent preference of the 
decision maker. If the objectives are not behav-
ing the way it has been expected, the consistency 
of causes should be checked. The impacts, made 
on any indicator or objective, are controlled by 
two factors: the structure of the network and the 
values entered to the conditional probability tables 
(CPTs). There are three possibilities for action 

not having strong response on objective: (1) the 
structure and influence of intermediate variables 
(2) the impact of second parent is cancelling out 
any effect and (3) the values in the CPT are not 
sufficiently large (Bromley, 2005). EMO facili-
tated the generation of appropriate combinations 
of interventions. Usually solutions generated 
by evolutionary algorithm are good indicator of 
shortcomings of the network structure or in the 
populated numbers of the CPTs, for example, if 
changes in an action node should have effect on 
utility function and this has been ignored intention-
ally or unintentionally in the CPTs. The results 
generated by EMO will exploit this weakness in 
the network and generate solutions that should 
have corresponded to higher utility function val-
ues but as this information has not been included, 
increase of the action variable corresponds to zero 
value in utility function. Initial results generated 
for two of the case studies showed some incon-
sistency in the way that network was constructed. 
After eliminating the sources of inconsistencies 
in the network, the validated network was used 
for generating management options.

Introduction of constraints to 
eliminate Bottom-Up Reasoning 
shortcoming in BBns

The second problem was with the range of the 
states of the variables. In BBN it is not possible 
to impose a constraint on state values of the vari-
ables. This can potentially be very dangerous in 
“bottom-up” reasoning to address a diagnostic 
task, where infeasible causes can be generated. The 
use of the proposed integrated methodology, by 
combining BBNs and EMO, allows introduction 
of the constraints on state values in the problem 
setting stage of optimization.

facilitating feedback Loops in BBns

Increasing uncertainties due to various driver’s 
e.g. new regulatory instruments (implementation 
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of the EU Water Framework Directive goals for 
good ecological status in river basins and good 
qualitative and quantitative status of groundwater 
aquifers within a certain timeframe), global mar-
ket drivers (e.g. financial crisis, demographical 
changes etc.) and climate changes require a more 
adaptive and flexible water resources management 
approach. Adaptive management can be defined 
as a cyclic learning process that iteratively inte-
grates problem bounding and definition, policy 
formulation, implementation and monitoring in 
order to track and manage changes (Sendzimir et 
al., 2007). Such consequences can be modelled 
in system dynamics using feedback loops that 
show ways in which a system can unexpectedly 
shift its behaviour. Feedback loop simply means 
that the outcome of a previous action is fed back 
as information that guides the next action in such 
a way that the discrepancy between the actual 
outcome and the desired one is reduced until it 
disappears to reach equilibrium state of behav-
iour for a system. A number of different forecast 
scenarios should be prepared to take into account 
unforeseeable events (Stacey, 2002). However, 
Bayesian belief networks are hierarchical acyclic 
graphs, therefore have no means of handling feed-
back loops. Farmani and Savic (2008) proposed 
a methodology based on EMO and BBNs which 
facilitates design of robust and flexible manage-
ment strategies through an iterative decision 
making process. In this methodology, first differ-
ent management strategies are identified. This is 
followed by identification of future states of the 
system based on scenarios, which has been done 
by introduction of new nodes. Scenarios represent 
possible consequences and effects of each action 
solution on other aspects of the system through 
feedback loops. A Bayesian belief network is set 
up for each time step. In the simplest from, on one 
hand, this is similar to the temporal extension of 
BBN which means that the network structure or 
parameters do not change dynamically, but that a 
dynamic system is modelled as time-sliced with 
“repetition of the same structure”, and introducing 

a few variables which feed forward to the subse-
quent time-slice (or feed back to the previous). 
On the other hand, as it consists of time-slices 
(or time-steps), with each time-slice containing 
its own (emerging) variables that are generated 
using EMO, it resembles single loop learning 
where only actions and strategies are changed, 
without a reframing of the problem or allow-
ing for different conceptualisation or thinking 
about the problem context. However in complex 
systems with a large number of feedbacks, not 
only it models temporal nature of the problem, 
but also introduces changes to the next time step 
as they are identified in each time step. Changes 
here refer to those that will affect structure or 
parameters of the existing Bayesian belief net-
work. From decision making point of view, the 
former deals with sequential decision making 
task while the latter, so called dynamic decision 
making task, is more concerned with controlling 
dynamic systems over time (Farmani & Savic, 
2008). The developed Bayesian belief networks 
are considered simultaneously in identification 
of robust decision paths.

Generating a set of efficient 
Management Options

In the first case study, generating a set of water 
efficient management options demonstrated clear 
impact of each policy option on water consumption 
and consequent effect on surface and groundwater 
abstraction in the catchment. The developed op-
tions can be used by policy makers as a guide in 
future decision making process. The developed 
Bayesian belief network can be used as a tool in 
education campaign to communicate the benefits 
of the water efficiency to consumer.

In the second case study, the generated results 
on the payoff surface indicated three groups of 
management options as follows:

1.  To accept and follow the farmers’ perception 
of the groundwater pollution problem. This 
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scenario, supporting the farmers’ evaluation 
of groundwater vulnerability assumes that 
the risk of contaminating the groundwater 
aquifers and drinking water is low. In this 
case, safe supply (with probability greater or 
equal to 95%) can be achieved when using 
a minimum amount of herbicides (~ 67%), 
with 100% removal of point sources. This 
could be interpreted by water managers as 
farmers’ ignorance towards the groundwater 
threats from pesticides.

2.  To accept and follow the water managers’ 
evaluation and groundwater monitoring 
program from the rest of Denmark. In this 
case, the 95% safe yield can be achieved 
only when applying the MVJ contract, re-
moving only 50% of the point sources and 
allowing 100% herbicides. This scenario is 
costly due to the MVJ payments the cost of 
which will be shared between the EU and 
the water company.

3.  To accept a compromise solution this repre-
sents a balanced view of farmers and water 
managers’ opinions. However, with this 
option it is not possible to achieve a safe 
supply equal to or greater than 95%. This 
option generates maximum safe supply of 
90% which corresponds to a more risky 
water management. This option thus would 
require establishment of additional monitor-
ing programs and early warning systems 
that could detect any future trend in risks of 
contamination of the groundwater aquifer.

In the third case study, it can be concluded 
based on the generated results on the pay-off 
surface, that three groups of management options 
can be identified as follows:

1.  Minor interventions: This scenario means 
management as usual. Under this scenario 
the total income from all aquifers are most 
likely to fall within the range of 1000-5000 
(Euros/ha). The chance of total recovery for 

all aquifers is very low. There is high prob-
ability that the total number of agricultural 
direct employment will be more than 0.1 
employees per hectare per year.

2.  Major interventions: This scenario means 
sustainable management of aquifers. Under 
this scenario the total income from all 
aquifers are most likely to fall within the 
range of 0-5000 (Euros/ha). The chance 
of total recovery, for two of the aquifers, 
is high while the other two aquifers have 
a very low chance to ever recover. There 
is high probability that the total number of 
agricultural direct employment will be less 
than 0.3 employees per hectare per year.

3.  Compromise solutions which represent 
balance between the three objectives: With 
this option chance of achieving full aquifer 
recovery is lower than the second scenario. 
Under these management options, the total 
income from all aquifers are most likely to 
fall with the range of 1000-5000 (Euros/
ha). There is high probability that the total 
number of agricultural direct employment 
will be more than 0.1 employees per hectare 
per year.

cOncLUsIOn

The high complexities due to nonlinearities, feed-
backs and delays in environmental decision mak-
ing problems require more advanced techniques. 
In this chapter an evolutionary Bayesian belief 
network methodology is proposed to construct 
decision analysis process, to eliminate inconsis-
tencies in BBNs, introduce constraints on state 
values of the interventions in BBNs, model effects 
of delayed feed back loops and take into account 
key uncertainties in water resource management 
process. In the proposed methodology complexi-
ties are considered as uncertain information and 
treated as elements of Bayesian belief networks. 
The effects of delayed feedbacks are modelled 
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using scenarios and hypotheses. The proposed 
methodology allows decision makers to use com-
puter models to plan for a wide range of feasible 
paths into the long term. The integration of a 
number of tools and taking advantage of merits of 
each allows participatory integrated assessment of 
complex water resources management. It helps to 
develop some confidence in representation of the 
decision maker’s preferences. Graphical nature of 
the modelling encourages transparency and full 
involvement of stakeholders. Generating full set 
of efficient policy options facilitates negotiation 
process in situations with conflict of interest.
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Chapter 9

Envisioning the Paradigm of 
Service Oriented Hydrology 

Intelligence (SOHI)
Pethuru Raj Chelliah

Robert Bosch India, India

ABsTRAcT

Hydrology is an increasingly data-intensive discipline and the key contribution of existing and emerging 
information technologies for the hydrology ecosystem is to smartly transform the water-specific data 
to information and to knowledge that can be easily picked up and used by various stakeholders and 
automated decision engines in order to forecast and forewarn the things to unfold. Attaining actionable 
and realistic insights in real-time dynamically out of both flowing as well as persisting data mountain 
is the primary goal for the aquatic industry. There are several promising technologies, processes, and 
products for facilitating this grand yet challenging objective. Business intelligence (BI) is the mainstream 
IT discipline representing a staggering variety of data transformation and synchronization, information 
extraction and knowledge engineering techniques. Another paradigm shift is the overwhelming adop-
tion of service oriented architecture (SOA), which is a simplifying mechanism for effectively designing 
complex and mission-critical enterprise systems. Incidentally there is a cool convergence between the 
BI and SOA concepts. This is the stimulating foundation for the influential emergence of service oriented 
business intelligence (SOBI) paradigm, which is aptly recognized as the next-generation BI method. 
These improvisations deriving out of technological convergence and cluster calmly pervade to the 
ever-shining water industry too. That is, the bubbling synergy between service orientation and aquatic 
intelligence empowers the aquatic ecosystem significantly in extracting actionable insights from dis-
tributed and diverse data sources in real time through a host of robust and resilient infrastructures and 
practices. The realisable inputs and information being drawn from water-related data heap contribute 
enormously in achieving more with less and to guarantee enhanced safety and security for total human 
society. Especially as the green movement is taking shape across the globe, there is a definite push from 
different quarters on water and ecology professionals to contribute their mite immensely and immedi-
ately in permanently arresting the ecological degradation. In this chapter, we have set the context by 

DOI: 10.4018/978-1-61520-907-1.ch009

www.ketabdownload.com



173

Envisioning the Paradigm of Service Oriented Hydrology Intelligence (SOHI)

InTRODUcTIOn

Once it was IT-driven businesses. Business objec-
tives and operations were supported and supplied 
by the available technologies of yore. Today it is 
just the reverse. In other words, it is getting into the 
business-driven IT. We have an array of business-
driven technologies emerging and establishing 
steadily. Service oriented architecture (SOA) is 
the most prominent business technology today. 
There is a healthy and sustainable synchronization 
between business demands and IT innovations. 
It is preferred and perfect if business scenes and 
sentiments are in sync with the technological 
inventions and improvisations happening around 
us. Business-centric technologies are more ap-
propriate for solving tricky and tough business 
problems. SOA is perfectly destined to prescribe 
simple yet sophisticated solutions for many of 
the ills affecting enterprise IT severely. Primar-
ily there are strategic needs for modernization, 
consolidation, integration and composition of 
enterprise IT resources across industries today. 
Another prime requirement is timely extraction 
of insights from the business data getting created, 
captured and stocked in order to act on them in-
telligently. Hydrology, being data-centric field, 
is not an exception for this overwhelming view 
across the spectrum.

The mainstream trend occupying worldwide 
business houses especially water industries is the 
smooth and speedy translation of disintegrated and 
distributed data into useful and usable information. 

Every data-centric domain throws tactic as well as 
strategic insights that can be procured, persisted, 
prioritised, and processed for considering game-
changing decisions that can bring unprecedented 
impacts and implications on productivity, opera-
tional, and delivery-related aspects. For example, 
we have data-intensive CRM systems for rolling 
out customer intelligence (useful information 
about customers’ profile, priority, preference, 
peculiarity, etc.), security systems for gaining veri-
table security intelligence, transactional system 
for producing business intelligence, supply chain 
applications delivering supply chain intelligence, 
operational systems for supplying operational and 
performance intelligence, and even enterprise 
information systems (EISs) and packages guar-
anteeing for enterprise-scale intelligence. In the 
similar way, all kinds of hydrology IT systems 
generate hydrological intelligence that has to be 
cleanly and compactly captured and capitalized 
in order to arrive at better solutions for all sorts of 
problems encircling aquatic environments. There 
are proven methodologies for smoothly extracting 
relevant intelligence from voluminous and noise 
data and these can be quietly replicated in the hot 
domain of hydroinformatics.

Intelligence-generating and inferring systems 
comprise a number of distinct yet cooperative 
modules such as analytics software, predictive 
modelling and decision-enabling modules, rule 
engine, a comprehensive knowledge base, data 
warehouse, ETL tool, data modelling, cleansing, 
mapping, and profiling component, validation and 

Further down, we have proceeded by explaining how SOA-sponsored integration concepts contribute 
towards integrating different data for creating unified and synchronized views and to put the solid 
and stimulating base for quickly deriving incisive and decisive insights in the form of hidden patterns, 
predictions, trends, associations, tips, etc. from the integrated and composite data. This enables real-
time planning of appropriate countermeasures, tactics as well as strategies to put the derived in faster 
activation and actuation modes. Finally the idea is to close this chapter with an overview of how SOA 
celebrates in establishing adaptive, on-demand and versatile SOHI platforms. SOA is insisted as the 
chief technique for developing and deploying agile, adaptive, and on-demand hydrology intelligence 
platforms as a collection of interoperable, reusable, composable, and granular hydrology and technical 
services. The final section illustrates the reference architecture for the proposed SOHI platform.
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verification unit, dashboard, security monitoring 
agent, etc. With the surging popularity of SOA, 
most of the business software are being designed, 
developed and governed by the ever-green prin-
ciples of service orientation. BI software too is 
being redesigned and reengineered using a family 
of interoperable, autonomous, and flexible ser-
vices. In this chapter, our main aim is to create a 
wider and deeper awareness and to articulate the 
intrinsic and untapped potentiality of utilizing the 
bubbling paradigm of SOA for rapidly creating 
and deploying versatile and resilient hydrology 
intelligence solutions.

seTTInG THe cOnTeXT fOR 
HYDROInfORMATIcs

In the past decades, water professionals have 
successfully adopted a variety of remarkable ad-
vances made in different fields such as mechanics, 
geography, biology, civil engineering, etc. The 
adoption of information technologies within the 
water industry is also steadily growing. IT, being 
the dominant enabler of different domains, brings 
a number of unique capabilities, tectonic shifts 
and cheers to the water industry too. Hydrologists 
hence do feel the need and urge for harnessing 
the evolutionary as well as the revolutionary 
technologies unequivocally towards smart water 
management and disaster mitigation for citizens’ 
welfareness and nations’ prosperity. Hydroinfor-
matics is a relatively new field emerging out of 
the linkage between hydrology and information 
science and it provides an empowering framework 
and facility wherein advances in information and 
communication technologies are being elegantly 
leveraged by hydrologists, meteorologists, envi-
ronmentalists, water scientists and everyone, who 
has a stake in the aquatic environment.

The quality of human lives invariably depends 
heavily and crucially on how they leverage their 
aquatic environment. Access to fresh water and 
the proper drainage of waste water have been a 

major concern for urban inhabitants. This has lead 
to the emergence of a number of self-contained 
yet interacting disciplines of science, technology 
and engineering and each of those collaboratively 
syncs up and guarantees the smooth sustenance of 
the aquatic environment. Considering the critical-
ity of optimal water management, these subjects 
continue to thrive among academic students and 
scholars all over the world. Today almost all of 
the water-related science and engineering disci-
plines have been purposefully associated with 
the hot information technologies, infrastructures, 
architectures, frameworks, and methodologies. 
Mathematical algorithms, statistical methods 
and probability theories are extensively and 
enthusiastically leveraged for better modelling 
and understanding the intricacies and nuances 
of water scenes and science. This empowerment 
through mathematical equations and formulae 
help to proactively and precisely forecast all 
kinds of water woes. Computer simulation and 
visualization techniques have become hugely 
popular among hydrology subject matter experts 
(SMEs) and scientists lately.

Web 2.0 technologies, the cheap and pervasive 
Internet infrastructure, data analysis and integra-
tion platforms, geographical information systems 
(GISs), data services and mashups, composite 
views, and so on are the leading drivers for 
the unprecedented success of hydrology field. 
Hydrology represents the umbrella term for all 
the subjects that deal with water source, flow 
and sink, management, quality, preservation, etc 
whereas informatics is all about invoking one or 
more information technologies purposefully for 
resolving domain-specific problems in an efficient 
fashion. Hydroinformatics is the seamless integra-
tion of various traditional disciplines associated 
with understanding and managing an aquatic 
environment using IT as the integrating factor. 
Water resources development and management, 
guaranteeing water quality, effective water shar-
ing, environmental sustainability, disaster man-
agement and community empowerment are the 
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prominent goals behind this new interdisciplinary 
subject. There are several advisories and articula-
tions that describe the utility and indispensability 
of IT methods and middleware for automating a 
number of crucial processes in hydrology. Below 
there are samples with descriptions about how IT 
systems contribute for hydrological engineering 
activities.

flood Management system (fMs)

The smartness and soundness in future flood 
management affair is very critical for worldwide 
nations especially for coastal countries and coun-
ties. The said management effectiveness solidly 
stands on usable, reliable and real-time information 
gained through automated scenario visualization 
and flood history. Geographical information sys-
tem (GIS) and rich internet application (RIA) tech-
nologies contribute immensely by purposefully 
aggregating together the essential information on 
floods and delivering through an integrated and 
graphical user-interface (GUI). FMS can contain 
flood hazard maps, water level and discharge 
scenarios, historic flood maps, hydrological flood 
observations and recommended building levels. 
Further on, FMS promotes flood risk assessment, 
flood-oriented land use, and rescue operation plan-
ning. Evidently FMS enhances public awareness 
and flood risk and improves communication.

Urban Drainage system (UDs)

Increasingly the management of urban storm 
and waste water is being viewed as a significant 
challenge. New legislations are being formu-
lated in unison for effectively protecting natural 
environment and for cultivating a holistic view 
of managing the tough task of urban drainage. 
With the availability and maturity of sophisticated 
modelling techniques and tools that enable aquatic 
engineers to model the complicated storm and 
waste water management processes from source 
to sink (from rainfall and domestic and industrial 

waste to the impact on receiving waters), the 
unique goals of greener and cleaner environment 
are near to the ultimate reality. There are additional 
demands for unearthing and applying innovative 
ways for reducing flows at source, controlling 
flows in real time, rehabilitating existing assets, 
and improving the overall system performance. 
IT, which is a grand collection of technologies for 
information capture, cleansing, model, analysis, 
mining, manipulation, management, inference, 
communication, storage, and delivery, is the best 
bet for meeting these unique demands elegantly 
and for mitigating the extensive damages that can 
be wrought by unprepared or underprepared flood 
and uncontrolled drainage.

Decision support system (Dss) 
for flood Risk Assessment 
and Management

An IST programme of the European commission 
has led to the creation of a new RAMFLOOD 
DSS, which provides real-time response in 
emergency situations. This decision-facilitating 
system integrates advanced methods for collect-
ing, processing and managing topographic and 
land-use data, advanced hydrodynamic numerical 
modelling, risk criteria based on the combination 
of hydraulic and terrain factors, graphical visu-
alization methods and artificial neural networks 
(ANN). The risk analysis provides data for the 
DSS in order to define risk zones and emergency 
scenarios. Hydrodynamic numerical modelling 
integrates shock capturing finite volume methods 
in one and two dimensions for computational cost 
optimization. Technocrats, decision and policy 
makers could benefit immensely out of this tool, 
which is not only for flood analysis but also for 
communication, training, forecasting and manage-
ment of emergency scenarios.

These are just samples and there are several 
instances wherein the partnership between IT and 
hydrological engineering is ever growing fruit-
fully. In the end, there are some references that 
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point to several hydrological applications. In the 
near future, all kinds of futurist technologies such 
as Web 2.0, BI 2.0, operational data warehouse, 
Enterprise 2.0, BPM 2.0, SOA 2.0 (comprising 
EDA, MDA, SCA, WOA, etc.,) will be confidently 
utilised in order to arrive at dynamic, on-demand, 
high-performance and assurance hydroinformat-
ics systems.

sOA fOR AGILe AnD On-
DeMAnD HYDROInfORMATIcs

This is the information age and the forthcoming 
is definitely the much acclaimed and proclaimed 
knowledge era. Data (via the teaming population 
of humans as well as a wider range of everyday 
and everywhere machines) are generated and 
gathered safely and securely in unprecedented 
abundance gainfully and gleefully by govern-
ments, enterprises and academics in order to be 
ultra competitive in their arduous journey towards 
pragmatic and decisive innovations in efficiency, 
resources utilization, interactions and deliveries. 
Knowledge discovery, aggregation, corroboration, 
correlation and dissemination, being the prime 
target for accomplishing optimal, real-time, and 
adaptive organizations, has become the subject of 
advanced study and research among worldwide 
erudite students and enlightened scholars.

With the powerful emergence of highly im-
pacting concepts such as service orientation, 
approaches for and accomplishments towards 
effective knowledge engineering, processing and 
management have headed for greater heights in 
a variety of data-intensive disciplines especially 
in hydroinformatics, bioinformatics, meteorol-
ogy, geology, and finance. With the positive and 
pervasive acceptance and adoption of several 
service-orientation (SO) derivatives such as mash-
ups, automated service composition, data services 
and middleware, semantic web, data warehous-
ing as a service (DWaaS), etc, hydroinformatics 
is undoubtedly bound for several upgrades and 

uplifts. We would like to dive and dig deeper to 
extract the existing and emerging information, 
communication, sensing and actuation technolo-
gies in streamlining and simplifying the various 
changes and challenges of hydroinformatics. As 
SOA is the coolest paradigm in the ICT space, 
we would like to analyze and organize the im-
provisations that can be brought to table by the 
next-generation SOA. Especially we would like 
to emphasize on the aspects of SOA-sponsored 
real-time knowledge discovery and dissemination 
for intelligent analyses and actions. The support 
infrastructures in the form of clouds are maturing 
and hence heady days are in the offing for hydro-
logical engineering. Below we are to discuss two 
leading contributions of SOA for the stunning 
concepts in hydroinformatics.

The experimental ensemble 
forecast system (Xefs)

Ensemble Streamflow Prediction (ESP) has been in 
operation by NWS River Forecast Centers (RFC) 
for over 20 years. The ESP process was designed 
and implemented within the National Weather 
Service River Forecast System (NWSRFS) to 
serve as a long-range probabilistic forecasting 
tool. With the implementation of the Advanced 
Hydrologic Prediction Service (AHPS), the NWS 
Hydrology Program has committed to meeting 
customer requirements for hydrologic forecasts 
and information, including uncertainty informa-
tion, at all time scales. Implementation of ESP in 
the short and medium range is considerably differ-
ent from the long-range application. Long-range 
uncertainty is dominated by climatic uncertainty. 
Short- and medium-range ESP must integrate 
weather forecasts and their uncertainties as well 
as all significant sources of uncertainty associ-
ated with the hydrologic forecasting system and 
process. Additionally, short- and medium-range 
uncertainty estimates must be tightly associated 
with deterministic (i.e. single-value) forecasts 
issued for the same location and time periods. 
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Development to date has focused on the genera-
tion of reliable forcing ensembles and associated 
assessment utilities. Experimental Ensemble 
Forecast System (XEFS) is to be viewed as an 
evolutionary system. XEFS is SOA-compliant so 
that newer modules can be easily attached with 
the XEFS based on the regulatory compliance 
requirements and ground-level changes in aquatic 
environments.

Interoperable Routing services 
as an evacuation scheme 
due to Urban flooding

Climate change scenarios predict an increased 
number of extreme flood events in coastal areas. 
Flood protection schemes such as dike complexes 
have been built for protecting the population as 
well as the assets in these areas against flooding. 
But there are fears that these flood protection 
schemes will fail and the areas behind these 
structures will be flooded severely. Hence the 
main activities of disaster management are to 
save peoples’ and other creatures’ life as well as 
to avoid environmental hazards due to spilling 
of hazardous chemicals and to avoid assets to be 
destroyed. In order to design failsafe evacuation 
schemes for different flooding scenarios, evacua-
tion paths need to be determined for every building 
in the potentially flooded areas. The time needed 
for scheming flood mitigation approaches and ac-
complishing them need to be taken into account 
in this context. Routing services provide means 
for determining travel routes and travel times on 
the basis of a predefined street network.

Further on, a combination of flood wave 
propagation calculations behind dike systems 
(e.g. due to dike failures or dike overflowing) 
and determining bottlenecks for disaster manage-
ment for evacuating people from these areas or 
environmentally dangerous substances to flood-
safe areas is considered a promising option. Most 
of the data being utilized in these processes are 
spatially attributed. Therefore, GIS functional-

ity is assigned an important role in this process. 
Today there exist stable open source libraries 
for handling, processing and visualizing spatial 
data. But since disasters are not restricted to 
administrative boundaries, there is a need for 
tools and system components that interact easily 
across institutional boundaries. SOA is the key 
technology for achieving such interoperability 
facility. Also newer components can be devel-
oped and seamlessly attached with the existing 
components effortlessly and thus SOA guarantees 
the much-needed future-proof guarantee against 
any kind of intended or non-intended changes. 
There are several other long-term initiatives be-
ing contemplated in order to extensively leverage 
the value and the power of SOA in effectively 
dealing with water woes and realizing robust and 
resilient flood monitoring, managing, and mitiga-
tion systems. Further on, water processes can be 
fine-tuned and made lean through innovations 
and optimizations procedures. Composition is 
one standout technique contributing greatly for 
bringing in dramatic changes in water process. 
Process engineering and reengineering for aquatic 
industries gathers steam and gains the attention 
of many in this service era.

A VIeW On seRVIce ORIenTeD 
ARcHITecTURe (sOA) eVOLUTIOn

SOA is the most promising design approach for 
making and managing highly modular enterprise 
systems. Services are the primary building-blocks 
for realizing service-oriented systems. Services 
have encapsulated some unique capabilities that 
are being understood and utilised for creating 
adaptive business solutions. Researchers have 
come out with proven methodologies, incredible 
techniques, best practices, patterns and metrics 
for effective service oriented modelling, design, 
development, testing, configuration, governance 
and enhancement. There are complementary archi-
tectural approaches for strengthening the concept 
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of service orientation. The transformative and 
disruptive ‘service paradigm’ since its inception 
some years ago, has been undergoing through a 
number of notable corrections and remarkable 
value-additions. These empowerments clearly 
promise a simplified, sensible and sensitive SOA. 
In the following sections, we are to see the leading 
transformations that come along.

Process-centric sOA for 
flexibility, Agility and Adaptivity

Analysts, industry gurus, and vendors have 
debated and deliberated extensively about SOA 
and have authored papers and articles why it has 
to become the most dominant and prominent IT 
architecture in the near future. In hindsight, SOA is 
for producing sense and respond (S & R) systems. 
For that to fructify, a number of advancements need 
to be embedded in service technologies, processes 
and infrastructures. Inherently SOA guarantees 
extreme flexibility by bringing in a number of 
indirection layers and this clearly alleviates all 
the problems arising due to resource dependency. 
Precisely speaking, there is no tighter coupling 
between different elements in the SOA stack. For 
example, process description, flow, implementa-
tion logic, rule, etc. are cleanly segregated and they 
work together at run time on need basis. Separa-
tion of concerns is a highly successful software 
engineering technique and the aspect-oriented 
programming (AOP) paradigm has successfully 
adopted it in order to support inversion of control 
(IoC) and dependency injection concepts. Another 
beauty is that SOA enables perfect abstraction 
and dynamic virtualization besides facilitating 
choosing appropriate granularity of services. SOA 
is being strengthened by embedding all sorts of 
differentiators and is a clever amalgamation of 
best practices.

One of the most distinguishable points is SOA 
is its process-centricity. That is, there is a closer 
tie-up between processes and services. Business 
process modelling, control, integration, consolida-

tion, convergence, and innovation are taking an 
altogether new facet and perspective due to mas-
sive adoption of SOA principles. Firstly process 
models are being made machine-readable, storable 
and processable. Secondly process models are 
more comprehensive, structured and open in the 
sense that they are even attached with details about 
the implementing services, runtime platforms, and 
other interacting peripherals. Quite often, we hear 
and read about communication-enabled business 
processes (CEBPs), analytics-attached business 
processes (AABPs), etc. in online weblogs and 
news. With the astounding popularity of EDA, 
event-generating and consuming agents too are 
glued with process models (event-driven business 
processes). In short, process models are becoming 
formal, comprehensive and consolidated so that 
they can be persisted, manipulated and reused 
at a later point of time across domains. Process 
modelling has become a hot subject of intense 
study and research as processes are continuously 
being upgraded with newer capabilities such as 
communication-enablement, event-consumption, 
decision-facilitating metadata etc. In short, all 
kinds of next-generation requirements such as 
alacrity, dynamism, real-time response, adaptivity, 
extensibility, etc, can be attached at the process 
level itself. Another dimension is that business 
processes are made lean through optimizations 
thereby empowering performance improvement 
and maintaining quality of service with fewer 
resources. This process improvisation would have 
a definite and direct bearing on SOA.

There are several important SOA attributes 
being highlighted and enumerated. But the fore-
most is that in an SOA, the business rules can 
be extracted and abstracted from the underlying 
implementation. Traditional enterprise applica-
tions are monolithic and packaged. They try to be 
as all-encompassing as possible and include all 
the business functionality. The process details are 
embedded inside for delivering value to users. This 
containment however makes it difficult to bring 
in desired changes. That is, embedded processes 
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(the logic and the business rules together) induce 
a sort of inflexibility in the enterprise applications 
and they cannot be easily extended or amended 
to include newer demands or to access services 
provided by other applications within an organi-
zation or from outside. SOA steps in to demolish 
all those barriers once for all.

Thus service implementations have to be 
cleanly separated from business rules through a 
layer of indirection. In other words, rules are exter-
nalized in order to incorporate new requirements 
instantly. This segregation brings in a situation, 
wherein business rules would be developed and 
exposed as services (that is, rules as a service 
(RaaS)) so that any services can at any time 
access the rule service in order to incorporate 
any authorized and relevant changes on service 
concretization. Further on, SOA brings in a clear 
separation between process descriptions and their 
implementation modules (services) resulting in 
the much-needed system flexibility. Processes can 
be analyzed, modelled, validated, fine-tuned, and 
governed independently to create lean, agile, and 
scalable processes. Service composition promises 
process innovation. Processes are inherently as 
well as explicitly empowered to be dynamic, 
real-time, adaptive, etc. Ultimately the vision is 
to arrive at intelligent processes that in turn lead 
to intelligent systems. The idea is to start from the 
process domain and SOA is the most apt technol-
ogy to do that.

Thus principles such as process-centricity, 
propensity towards lean, open and formal pro-
cesses, and SOA along with next-generation 
BPM suites are going to do wonders for future 
application implementation and growth. Clearly 
worldwide service organizations are doubly quick 
to assimilate these evolving and exuberant ideas 
in order to develop, host, or deliver competent and 
compact service systems. In a nutshell, there is a 
creative and constructive coupling and chaining 
between business processes and services and the 
resulting synergies are leveraged cognitively to 
establish smart systems.

The process layer in any SOA ecosystem, a 
kind of indirection layer, brings in flexibility and 
efficiency in the workings and offerings of enter-
prises and this kind of architecture is referred to 
as process-driven SOA. If there is any change in 
company’s objectives, strategies, and directions, 
then the particular business rule can be suitably 
customized to accommodate the new require-
ment. However service components do not need 
any greater amendment as cognitive organiza-
tion of them is the more important factor rather 
than redo. Organizational flexibility will go up 
sharply if externalized business process models 
are quick to embrace changes. In short, business 
goals get closely acquainted with the underlying 
IT architecture. In the long run, the vision is to 
enable business process innovation through ICT. 
As processes are the central nervous system of 
any enterprise applications, process-driven SOA 
techniques and products will go a long way in 
sharpening and strengthening the organizational 
agility and ability enabling smoother and synchro-
nized collaboration with partners, in lightening 
complexity and in heightening customer satisfac-
tion, operation efficiency, system efficacy, etc. 
Process excellence is the evidence of stream of 
SOA innovations.

Model-Driven sOA for Application 
Productivity and Portability

Model-driven architecture (MDA) is a radical for-
mation and formulation for realizing automation at 
the higher-levels of the standard enterprise stack. 
As described above, models are being generated to 
be machine-readable. Today we draw the system 
or solution models in our mind and express them 
in physical papers. With the appreciable advance-
ments in digitalization, formal models in digital 
format are easily produced. In that line, process 
models too have become formal and digitalized to 
be stored and processed. The essence behind MDA 
is to create platform-independent models, which 
do not comprise the details about the technology, 
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platform, and protocol details. This sort of overly 
generic models helps to capture the essence in 
different situations, perspectives and views. And 
their usability, utility, and reusability factors go 
up sharply. Besides MDA, other automation-
guaranteeing mechanisms include semantic 
SOA for dynamic discovery, matchmaking, and 
composition of services, intelligent agents for 
task-orientation, plan, policy and goal-awareness, 
and policy-based governance, etc.

The typical sequence is as follows: from 
platform-independent models (PIMs), MDA 
then ensures automatic generation of platform-
specific models and from there, executable code 
in preferred programming languages can be 
generated through MDA-compliant toolkits, code 
generation cartridges, and a stream of patterns 
(transformation, technology and implementation). 
Domain-specific modelling languages (DSLs) 
are also being leveraged in order to create and 
craft process models that then are converted into 
deployable code using specific code generators.

As businesses inorganically grow, often as 
a result of mergers and acquisitions, the need 
to integrate disjoint and dilapidated enterprise 
systems has become a quintessential factor in the 
drive to remain steadily productive and strategi-
cally competitive. Towards this end, it is being 
widely recognized in the expert community that 
the decoupling of business requirements and 
implementation technologies provides the nec-
essary leg space to enterprise IT. By using MDA 
and architecture driven modernization (ADM) 
concepts spearheaded by object management 
group (OMG), it is possible to realize platform 
and technology-agnostic business models. The 
separation of business goals from the underlying 
platforms goes a long way in guaranteeing the 
much wanted application flexibility, portability, 
interoperability, composition and modernization. 
These empower to absorb any kind of changes 
(business and technical) and to ward off risks, 
threats, and vulnerabilities quickly and easily.

The platform independent models (PIMs) 
subsequently can be transitioned into platform-
specific business services. With the faster and eas-
ier understanding of service orientation concepts 
among the business managers, process analysts, 
and application architects, generating loosely and 
lightly coupled services directly from validated 
and radically refined models is the advantageously 
correct move. In future, even semantic services 
will be generated from PIMs and thus model and 
service concepts will go hand in hand in achieving 
rapidity and resiliency in system implementation.

MDA is a full-fledged and proven automation 
strategy. MDA enables generating services that 
can run not only on minicomputers and personal 
systems but also on handhelds, mobiles, wearables 
and even implantables such as sensors and actua-
tors. Model-driven systems development (MDSD) 
has become a popular software development 
methodology. Model-based SOA will become the 
most practical and preferred development practice 
for building service-oriented systems (SOSs) with 
the availability of more compact and compliant 
toolkits. Transforming models into executable 
services and vice versa goes a long way in faster 
growth in the stagnant and struggling domain 
of software engineering. Both forward as well 
as reverse engineering will get a new fillip and 
thereby software solutions and services can be 
made in minutes not in days and months.

event-Driven sOA for Proactive 
and Real-time systems

Events are generally asynchronous and are ex-
pected to cognition-enable service interaction, 
which in turn leads to the realization of concurrent 
systems. Precisely speaking, when something 
tangible happens somewhere, this incident / event 
/ activity (in other words, state change) would be 
compactly packaged and passed as a message to 
the event processing engine that in turn extract 
the information contained inside the message, 
enrich it with relevant details and pass it on to all 
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the subscribers to ponder about the next course of 
action. This is a recursive operation. For a fitting 
example, if we order a book on SOA in Amazon.
com, there are a number of business intelligence 
(BI) services (asynchronous event services on the 
background on the server side) waiting to capture 
this ordering (initiating event). These event ser-
vices on the backend server collaborate together 
to arrive at a smart decision, which ultimately 
leads to new revenue generation for amazon.com. 
Enterprise systems such as e-commerce, customer 
relationship management (CRM), sales force au-
tomation (SFA), supply chain management (SCM) 
etc. will become incredibly adaptive, dynamic and 
real-time with the leveraging of event capture and 
processing capabilities.

Events are turning out to be very fundamental 
for businesses to thrive in this competitive and 
knowledge-based market environment in design-
ing and delivering real-time and customer-centric 
services. In fact, there are thousands of enabling 
and enlivening events (happening inside as well 
as outside) for any growing enterprise these days. 
Enterprise IT is being strengthened to capture 
streams of events, to analyze, mine, and arrive 
at variety of patterns (beneficial for strategic 
decision-making and sometimes an impending 
danger and risk). Event Stream Processing (ESP) 
and complex event processing (CEP) are the 
prominent engines for event-driven architecture 
(EDA)-based sense and respond (S & R) applica-
tions. The interesting buzzword out of the CEP 
movement is the term “event cloud”, which is a 

huge repository of diverse events that flow through 
event processing engines. Appropriate usage of 
event cloud or heap ultimately determines the 
success of enterprises in this knowledge-driven 
economy.

EDA-compliant ESB is the most appropri-
ate intermediary providing and prospering as a 
decoupling layer among service consumers and 
publishers. Events are the best bet for implement-
ing service composition dynamically. A composite 
service can be implemented using flowing events 
and event middleware as vividly illustrated in 
Figure 1.

The service consumer sends the initiating event 
(a user pressing a submit button on a web form, 
an RFID reader reads a tag in a distant place, etc.). 
On receiving that, the central backbone (ESB) 
routes it to a set of business services (service 
providers) that have subscribed to this event. One 
or more of these service providers on receiving 
the event message, could, in turn, route the same 
message or formulate another message from the 
received, which will be again routed through the 
broker to another set of services. This smart se-
quencing of events effectively creates a compos-
ite service.

Experts recommended an orchestration en-
gine as the service mediator (Figure 2). This 
improves the programmatic implementation by 
using orchestration language instead of general 
programming language for composite implemen-
tation. This allows programming and maintaining 
composition logic using visual editors, tailored 

Figure 1. Implementing composite services using events
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specifically to simplify this kind of programming. 
It also allows utilizing the power of orchestra-
tion engines providing built-in capabilities for 
asynchronous invocations, state management, 
exception handling, etc.

An orchestration engine natively supports 
orchestration instances and context, required for 
implementation of composite services. Compen-
sation support, implemented in the orchestration 
language, makes transactional support incorpora-
tion significantly simpler. The enhancements 
guaranteed by employing orchestration engine in 
event-based service composition eliminate most 
of the difficulties and limitations of the mechanism 
in which there is no embedded orchestration 
engine. The orchestration engine can be further 
refined and retrofitted towards constructing com-
pact and QoS-compliant service composites. 
Besides creating versatile and affable composites, 
event-driven SOA ensures real-time, service-based 
and people-centric system design and develop-
ment.

service component Architecture 
(scA) for simplified construction 
and composition

The SCA defines a fresh programming and as-
sembly model besides a language-neutral syntax 
using XML for configuring and wiring disparate 
and distributed service components together to 
create business-aware and process composites. 
The components provide the actual business logic 
while the SCA assembly layer captures the con-
figuration of components and their dependencies 
on other local or remote services. The idea here is 
to achieve greater reusability of software compo-
nents (local as well as remote, legacy as well as 
modern, etc.) through scenario-specific custom-
ization and wiring. While individual components 
may be implemented in different languages, each 
component presents a standard SCA metadata. A 
component presents the interfaces of both the of-
fered service and the service reference it depends 
upon. A composite creator (assembler) wires the 
component references to either services offered 
by other components or to some external services.

Figure 2. Implementing composite services using orchestration engine
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In a nutshell, SCA is a service-based compo-
sition model for creating easily deployable and 
maintainable business solutions. SCA provides 
special capabilities to non-invasively reengineer 
existing business functionalities into new, value-
added and process-centric solutions. SCA simpli-
fies the creation and composition of distributed 
service components towards building SOA-based 
business applications. SCA comes with a proven 
mechanism to build coarse-grained components 
as assemblies of fine-grained components. SCA 
eventually relieves programmers from the drudg-
ery of traditional middleware programming by 
abstracting it from business logic. It allows de-
velopers to focus solely on writing business logic.

SCA offers a mechanism to package and de-
ploy sets of closely related components, which 
are developed and deployed together as a unit. It 
decouples service implementation and assembly 
from the details of infrastructure capabilities 
and from the mechanisms for invoking external 
systems. In the Figure 3, Service A represents the 
interface for the service component A, which is 
incidentally an implementation by joining two 
smaller components extracted out of two distrib-
uted packaged applications.

On concluding, SCA facilitates portability of 
services between different infrastructures. Any 

programming language (Java, C++, BPEL etc.) 
can be used for implementation, which is referred 
to as the servant of the business process. An imple-
mentation can provide a service, which is a set of 
operations defined by an interface used by other 
components. Implementations can also use service 
references to link the services referred by the 
service reference. That is, the implementation can 
utilize other providers’ services hosted elsewhere. 
An implementation may also have one or more 
configurable properties. A property is a data 
value that can be externally configured and affects 
the business function of the implementation. SCA 
is a maturing standard for streamlining service-
based application development with the contribu-
tions from leading vendors (IBM, Oracle, TIBCO 
etc.). There are both commercial-grade and open 
source SCA platform for enabling compactly and 
constructively assembling scattered and hetero-
geneous service components. While SOA is a 
design approach, SCA came as a development 
mechanism.

Agent-Driven sOA for smartness

A software agent is a piece of software that acts 
autonomously to understand and undertake tasks 
smartly using an internal or external knowledge-

Figure 3. Composites are generated out of distributed service components and exposed for client ap-
plications and agents
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base comprising business rules, policies, plans, 
goals, plans, previous lessons, etc. on behalf of 
users. The design of software agents is based on 
the idea that the user only needs to specify high-
level goals, constraints and other relevant details 
instead of issuing explicit instructions, leaving 
the “how and when” decisions to the agent. An 
agent exhibits a number of extraordinary features 
that make it beneficially different from other tra-
ditional components. The distinguishing features 
are autonomy, goal-orientation, collaboration, 
extreme flexibility, self-starting and disconnected 
operations, and mobility. Agent-like services are 
being developed and deployed for specialized 
purposes. Multi-agent system (MAS) is found 
extremely indispensable for establishing ambient 
intelligence (AmI) environments.

Agents are extremely crucial for dynamic 
and seamless service composition. Composition 
tasks can be efficiently and intelligently achieved 
by deploying specialized agents. The standard 
lifecycle of composition process include lookup 
for selection, matchmaking for compatible and 
conforming functionalities, and decision-making 
for call and use. Agents contribute in fully automat-
ing the sub-processes. Many a time, reactive / late 
composition is imperative due to unpredictable and 
swinging business momentum. Also consistently 
new services are being registered into the global 
service reservoir by individual developers, open 
source community, and even organizations from 
all parts of the world. The Internet is truly global 
and hence keeping the unique functionalities of 
each service being added and advertised in local / 
remote and private / public service inventories is 
a really tough job. All these advocate for dynamic 
composition mechanisms. Agents are very critical 
for this goal. There are positive tidings, prototypes, 
and products that guarantee for the efficiency and 
efficacy of software agents in fulfilling automated 
composition.

Semantic technologies ensure meaningful 
composition of services. Agents can be duly 
empowered with blossoming semantic technolo-

gies towards automated composition and this is 
the well-desired and deserved mechanism. Yas-
mine Charif-Djebbar and Nicolas Sabouret have 
proposed a new approach for dynamic service 
selection and composition based on MAS. Service 
composition could be performed dynamically 
through agent collaboration without predefining 
abstract plans. Agent technology offers excellent 
advantages to formally express and utilize richer 
semantic information such as non-functional 
characteristics of services. In short, agents add 
dynamism and smartness for the service world. 
Human intervention, interpretation and instruction 
would be very less and more of automation will 
flower and flourish in the forthcoming service 
era with the smooth combination of SOA and 
agent concepts.

semantic sOA for Dynamism

Attaching semantics to anything that goes into ICT 
systems in order to empower them to understand, 
act and present according to users’ preferences, 
prevailing situations, and impending needs is 
gaining immense attention. That is, computers 
should be able to extract actionable insights 
from the bountiful information being supplied 
through a variety of emerging techniques such as 
classification, summarization, mining, predictive 
modelling, collaboration, perception, etc. As we all 
know, computers are aptly termed as information 
systems but for the forthcoming era, we need to 
uncover a number of far-reaching advancements 
so that computers can become knowledge or cog-
nition-enabled systems. Machines are equipped to 
meaningfully process data and incoming requests 
before proceeding to take smart decisions and 
presenting them to outside world.

In a nutshell, semantics-attached files, com-
ponents and models are pertinent and paramount 
in order to delegate more works to computers. 
Unearthing technologies for enabling ICT systems 
to contemplate different options and choose the 
best answer or remedy at a particular situation and 
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scenario is an ongoing process. However there is 
no confusion or contradiction in the opinion that 
semantic technologies are the best bet for this 
long-pending objective. Ontology engineering 
especially automated generation and management 
of ontologies happens to be a silver lining.

The semantic web ultimately facilitates 
building and deploying semantic services. The 
semantic web considers the sprawling web as a 
globally linked database where web pages, ap-
plications, service components and agents are 
marked up with semantic annotations in order to 
be machine-processable. These annotations are 
assertions about the variety of web resources and 
their properties expressed in the Resource Descrip-
tion Format (RDF). Along with RDF, one can use 
RDF Schema to express classes, properties, ranges, 
and documentation for resources and the OWL-S 
ontology to represent further relationships and/or 
properties like equivalences, lists, and data types. 
With the semantic web infrastructure in place, 
practical and powerful applications can be written 
that use annotations and suitable inference engines 
to automatically discover, compare, compose, 
correlate and interoperate services.

Now with the faster proliferation and deeper 
penetration of the ever-shining SOA, the relevance 
and reliability of the semantic web concepts are 
very much appreciated especially in the context 
that present-day services do not have intrinsic 
support for machine-processable semantics. This 
hampers dynamic identification, accessibility, 
verifiability, and orchestration of services. The 
goal is to minimize human intervention so that 
service composition can happen in a systematic 
and task-driven way. Towards this end, experts are 
of the view that the seamless linking of semantic 
web technologies with business services would 
do wonders and lead to expected results. This 
combination will result in a stock of semantic 
services and the era of semantic SOA is all set to 
roll out and flourish in a massive scale. Semantic 
services are typically defined as self-contained, 
self-describing, and semantically marked-up 

resources that can be published, discovered, com-
posed and executed in an automated fashion. In a 
nutshell, semantic services will enable dynamic 
development and execution of business-aligned 
services to solve complex tasks in a decontrolled 
and decentralised way. The vision is to embolden 
next-generation systems and services with en-
abling semantics to facilitate semantic process-
ing and thereby they can mimic humans in their 
operations, interactions and deliveries. Semantic 
SOA will fulfil the realization of fully automated 
business systems.

The semantic web (alternatively referred to 
as web 3.0) is the solid foundation for semantic 
SOA. That is, any web content (unstructured, semi-
structured and structured) will be enhanced with 
metadata-like semantics. This enables machine-
reading and processing of web content so that 
intelligent searching, smart utilization of them, 
and intelligent decision-making can be made an 
everyday reality. For linking semantic services, the 
apt middleware is semantic enterprise service bus 
(S-ESB), the key integration platform for routing, 
brokering, securing, mediating, and enriching mes-
sages towards the linkage of distributed semantic 
services. Thus in SSOA, the services are based on 
ontologies with runtime invocation and inference 
capabilities playing a key role.

ReLeVAnce AnD ROI Of BUsIness 
InTeLLIGence (BI) sOfTWARe

Companies have spent millions on transactional 
systems to help automate key business processes. 
While these systems generate enormous amounts 
of valuable and usable data, they often have poor 
analysis, manipulation and reporting capabili-
ties, inhibiting the sharing and supplying of key 
information like demand forecasting, inventory 
levels, error rates, finances and budgets to right 
people at right time. The most common and cheap 
method for organizations to analyze and report 
on business data is through spreadsheets. Busi-
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nesses often have thousands of these analytical 
spreadsheets and reports, managed by individual 
owners. These spreadsheets remain difficult and 
costly to maintain, introduce data and analytical 
errors, and lock key information within the hands 
of too few employees.

BI is defined as an integrated set of tools to 
support the transformation of data into information 
in order to support decision-making. A typical BI 
architecture contains a data warehouse (DW), an 
extraction, transformation and loading tool (ETL) 
and an analytical tool. Data modelling, mapping, 
mining, and management tools are made avail-
able to streamline the process of data analysis. 
DW is an integrated repository of data collected 
and consolidated from different data sources 
through ETL tools. Usually, the approach used for 
data modelling in DW is the star schema, which 
defines that descriptions of the business (e.g. 
product description) are stored in dimensions, 
while the measures (e.g. amount of items sold) 
are kept in fact tables. DW supplies the data that 
is presented to the user through analytical tools. 
Different kinds of analytical and reporting tools 
are used to provide the means for users to define 
their analyses (i.e. reports or cubes) and explore 
the results through analytical functionalities. 
Typical analytical functionalities includes [1]: 
slice (i.e. reduces the dimensionality of a cube), 
dice (i.e. selects a set of data), drill up (i.e. ag-
gregates data along a hierarchy in a dimension), 
drilldown (i.e. increase the detail by descending 
along aggregation hierarchies), and drill across (i.e. 
moves from a cube to another one). Dashboards 
and Web 2.0-based rich client applications are the 
prominent displays of data.

BI software offerings hold great promise to 
automate consolidation, analysis, presentation, 
reporting and compliance capabilities necessary 
to leverage enterprise data for actionable insights. 
BI capabilities enable organizations to gain key 
business values ranging from simple cost avoid-
ance, such as saving on the labour, printing and 
distributing reports, to competitive advantage, 

such as recognizing hot selling items quickly 
enough to respond to customer demands and avoid 
“out-of-stock” conditions. BI enables to keep up 
the business momentum.

Distinct and Direct Benefits 
of BI solutions

1.  Integrated modelling, query, reporting, min-
ing, analysis, rule and decision-enabling 
modules

2.  Better leveraging important and valuable 
data currently being captured by ERP, CRM, 
SCM and other enterprise packages

3.  Improved integrity of analytics by assuring 
source data validity and calculation integrity, 
reducing or eliminating the cost of business 
decisions based on incorrect data

4.  Eliminating stove-piped analysis across 
departments and divisions, reducing the 
time people spend arguing about numbers 
or making conflicting decisions.

5.  Creating powerful dashboard applications 
for various user groups to help gain visibility 
into overall performance and specific key 
performance indicators. Dashboards can 
help the business act faster on important 
insights, like quickly recognizing a hot 
product in order to meet growing demand 
and eliminate “out of stock” conditions, or 
more competitively establish price points.

6.  Empower users to create, manage and 
distribute their own standard, ad-hoc and 
multi-dimensional reports and content, sav-
ing time on current report development and 
maintenance labour.

7.  Reduce report printing and distribution costs 
including saving on printers, toner and mail-
ing costs.

8.  Improve velocity of reporting and visibility, 
reducing report-time from weeks to minutes, 
gaining real-time visibility into the impact 
of pricing and promotional strategies on 
corporate profitability, or creating compli-
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ance reports quickly in order to meet audit 
demands.

9.  Uncover business issues, mistakes or fraud 
more easily, such as recognizing unusual 
business purchases or sales bookings.

10.  Reduce the impact of employee turnover 
and need for training by unlocking islands 
of information and analytics in proprietary 
Excel spreadsheets and standardizing on a 
BI platform.

11.  Better meet financial reporting and regula-
tory compliance by assuring consistency of 
information and automating analysis, valida-
tion and distribution of reports by policy.

Types of BI solutions

Most people assume that the starting point for 
any BI project is construction of a data warehouse 
(DW) by leveraging an extract, transform and 
load (ETL) tool. In reality, while DW is important 
for many types of analytical systems, they aren’t 
always necessary. Building a DW can dramati-
cally increase the cost of a BI project, there are 
cheaper alternatives too.

• A traditional data warehouse, periodically 
refreshed from production data sources

• A real-time data warehouse, constantly up-
dated by trickle-feeding data from produc-
tion data sources

• Operational data access, in which users ob-
tain a real-time view of business activity 
from operational data and applications.

• Information as a Service (IaaS) uses en-
terprise information integration (EII), in 
which BI users benefit from the real-time 
aggregation of corporate data across mul-
tiple data sources.

• Process integration, which involves de-
livering real-time information based on 
a business event or as part of a business 
process.

• Search technology that can rapidly scan 
indexed content to create Google-style 
results from data sources throughout the 
enterprise.

• Data mashup, a simpler method of aggre-
gating distributed data towards an unified 
and synchronized view of composite data.

• Data services, which can expose or extract 
data from multiple sources of information, 
irrespective of underlying operating sys-
tems, applications, or databases.

Due to the soaring expectations of clients, 
consumers and customers, every field including 
BI is on the move. Newer capabilities are being 
incorporated and nice-to-look interfaces are being 
created, timeliness is insisted these days, a kind 
of human-like intelligence is being introduced, 
etc. With the persistent and perceptible slump in 
IT spending pattern, there are renewed calls for 
optimised and catalytic IT. In the following sec-
tion, we are to see the specific improvements the 
BI field is passing through.

THe cHARAcTeRIsTIcs 
AnD cAPABILITIes Of neXT-
GeneRATIOn BUsIness 
InTeLLIGence (BI 2.0)

The constant kick-off of nimbler technologies has 
considerably increased the volume of data getting 
generated and captured, processed, stored, and 
leveraged in business organizations. Enterprises 
are mandated to shorten decision-making cycles in 
order to keep end-users and stakeholders happy. In 
order words, there are several opportunities to have 
more data these days with the arrival and adoption 
of modern data engineering concepts. This trend 
has undeniably forced the data complexity to go up 
and the resulting data management affair is getting 
murkier and messier too. In short, the size, schema, 
semantics, scope and security of data persisted are 
complicated yet have to be managed effectively in 
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order to benefit out of them to ward off all kinds 
of external competitions and internal constraints. 
Strategic decision-makers are being subjected to 
huge inflows of data and information from differ-
ent sources every day and they are under extreme 
stress to make the right and informed decisions in 
real-time. Data warehousing, data marts and cubes, 
decision support system (DSS), business analyt-
ics, data integration, data mining, information 
search and retrieval, knowledge discovery through 
summarization, simplification, and classification, 
predictive modelling are some of the hot subjects 
in BI, which is the incidentally the number one 
priority of worldwide executives according to 
leading market analysts and researchers.

The requirements of monitoring and reacting to 
enterprise- or organization-level events cannot be 
sidestepped anymore. Monitoring and processing 
a large chunk of data is more than just providing 
real-time alerts. It is all about unearthing actionable 
insights in the form of distinct patterns, blooming 
trends, favourable associations, impending risks, 
or lingering threats. Companies are mandated 
to track every worthwhile business activity and 
transaction such as order processing, quality as-
surance, inventory, logistics, compliance etc., in 
near real-time to improve operational efficiency 
and customer loyalty. C-level executives and 
senior management people are expected to make 
strategic decisions and stick to them through an 
effective and implementable roadmap.

However, with traditional data warehouse and 
business intelligence techniques, contemplating 
and taking real-time decisions and implementing 
them are totally out of question. There is a wide 
gap between the time the operational data is cre-
ated and the time the actionable information is 
made available. The old assumption of needing 
rich amount of historical data for tactical decision-
making still persists but with the availability and 
maturity of real-time IT concepts, infrastructures, 
and processes, real-time gathering, analysis, and 
delivering of information is increasingly becom-
ing possible. For real-time BI, there are several 

viable options emerging and evolving other than 
establishing an organization-level data warehouse.

Operational Business Intelligence

Companies are trying to improve efficiencies and 
performance of many day-to-day and real-time 
activities, such as customer interactions, finance 
and accounting processes, transportation / ship-
ping, sales activity, manufacturing, inventory 
management, business activity monitoring (BAM) 
etc. Best-in-class companies are improving their 
time-to-decision through a host of measures such 
as the implementation of capabilities, adopting 
proven technologies and refined processes and 
services that enable faster delivery of mission-
critical information to the people who need it, 
when they need it, and how they need it.

The flavours of Operational BI

Several flavours have emerged in order to differen-
tiate the timeframes within which data collection, 
analysis, decision-making, and reporting occur.

While traditional BI solutions continue to ad-
dress the strategic information needs of decision-
makers with analysis of historical data, organiza-
tions are looking forward to realize the potential 
of applying next-generation BI technologies and 
approaches to gain actionable insights at real-time. 
Some of the well-known benefits out of these 
developments in the BI field are:

• Manage business activities as they occur 
instead of waiting for the end of a day, 
week or even month before gaining to de-
cision-facilitating information

• Improve customer relations by respond-
ing to their needs more rapidly, smartly 
and heading off harmful events before the 
customer is aware, or possibly before they 
happen

• Increase business efficiency by providing 
actionable information to line-level knowl-
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edge workers in real-time, and automating 
manual processes to reduce costly, repeti-
tive report creation tasks.

• Enhance operational excellence across all 
of the business units

event-Driven and Real-Time 
Business Intelligence

The dynamic business environment of many 
organizations require critical monitoring of their 
processes in real-time in order to proactively and 
positively respond to exceptional situations and 
to reap the unique advantages of time-sensitive 
business opportunities. The ability to sense and 
interpret business events inside and outside and 
to actuate intelligent responses in a changing 
business environment requires an adaptive, on-
demand and event-driven IT infrastructure for 
considering well-informed decisions and quickly 
putting them into action. Thus companies yearn 
for dramatically enhanced BI architectures that 
cover the complete process to sense, interpret, 
predict, automate and respond to distinct demands 
of highly volatile business environments.

Real-Time BI Requirements

Many essential operational decisions such as 
promotion effectiveness, customer retention, key 

account information etc. need some actual yet 
integrated and subject-oriented data in or near 
real-time. This requirement is not achieved by 
traditional BI systems, which are generally dis-
connected from operational IT systems. Offline, 
the decisions are arrived at and they are getting 
communicated to the concerned causing severe 
latency. Timeliness quality is completely missed 
out here. The real-time analysis requirements 
demand a set of service levels as listed out below.

• Data Accuracy & Freshness – For achiev-
ing real-time analysis, data need to be ac-
curate, recent, and clean.

• Continuous data integration - This en-
ables (near) real-time capturing and load-
ing from different operational sources and 
event-based triggering of actions even dur-
ing data integration.

• Highly available analytical environments 
based on an analysis engine that can con-
sistently generate and provide access to 
current business analyses at any time

• Recommendations on discovered situations 
or exceptions: which require active deci-
sion engines that can trigger (rule-driven) 
tactical decisions for “routine-type tasks” 
encountered in an analytical environment

• Changes of a business process or settings 
in the operational environment must not 

Table 1.

Term Description Interval

Transactional BI Analysis and reporting capabilities embedded within transactional systems Ad hoc or daily

Real-time Analytics Automated analysis generated from business rules and algorithms applied to data 
as it is captured

Second or sub-sec-
ond

Near real-time Analytics Automated analysis generated from business rules and algorithms applied to data 
as it is captured

Second to hourly

Operational Reporting Reports automatically generated and distributed based on business rules, algorithms, 
or raw data as it is captured from transactional or integrated data sources

Any Interval

Business Activity Monitoring 
(BAM)

Typically refers to the performance monitoring of systems or processes including 
reporting, analytics, and automated actions based on pre-assigned targets

Minute, second or 
real-time

Decision Management Rules-based engines integrated with reporting and analytic applications that are 
designed to automate actions based on exceptions, thresholds and other rules

Any Interval
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disrupt the interoperability with the event 
stream processing. An adaptive platform 
for the event stream processing is required 
to deal with the changes of the operational 
environment.

• High availability and scalability are indis-
pensable criteria since the number of us-
ers and performance requirements for a 
real-time data warehouse will increase by 
orders of magnitude with the deployment 
of analytic applications enabling tactical 
decision support.

The ultimate vision is that real-time BI is to 
steer the goal of timeliness towards its logical 
extreme of instantaneous awareness and appro-
priate response to events captured in the business 
environment.

Real-Time BI Architecture

BI systems have to observe, understand, predict, 
react to, reorganize, automate and control the 
feedback loops in real-time. Therefore, the real-
time BI must include analytical services, which 
are continuously fed with data from the opera-
tional environment and can be directly invoked 
by other systems. The objective of analytical 
services is to handle real-time data and to cope 
with continuously updated data. The fresh data 
for the continuous analysis requests is provided 
by the real-time data cache.

In the classical three-tiered data warehouse 
(DW) architecture, data from data sources is 
extracted, transformed and loaded into the DW 
via ETL components (tier 1). The warehouse 
storage (tier 2) manages the heap of detailed and 
pre-aggregated data, which is available for com-
plex multi-dimensional analytical query from the 
OLAP server and other reporting tools (tier 3).

In this architecture, the ETL technology is 
designed for batch updates while the warehouse 
system is offline, and hence is not suitable for 
real-time processing. Therefore, besides the tradi-

tional ETL components, specialized real-time ETL 
components are necessary in tier 1. The continuous 
updates to a DW would reveal new problems such 
as interference with complex analytical queries, 
materialized aggregates, sophisticated index 
structures, views, and the costly maintenance of 
cubes. In tier 2, a traditional DW storage system 
needs to be extended by a real-time data cache, 
which serves as a staging area for managing real-
time updates and periodically batch updates to 
the DW. In tier 3, the analytical services retrieve 
their data from the real-time data cache as well as 
from the OLAP Cube (which built upon the DW) 
as soon as analytical requests are required by a 
business process. The analytical services continu-
ously analyze the data patterns and discovery of 
situations and exceptions. The rule engine assists 
the services to recognize certain situations and 
exceptions as well as generates an appropriate 
response. Therefore, by continuously observing 
and analyzing data, the analytical services can 
propose proactive responses to optimize a busi-
ness process and adapt the business environment. 
The notification service also analyzes data and 
sends relevant notifications to the user in the 
periodical manner.

One major problem of existing BI architectures 
as shown in the figure is the lack of integration 
between OLAP systems and the operational busi-
ness environment. Data for OLAP purposes are 
periodically refreshed. The proposed architecture 
uses OLAP as analytical service with current busi-
ness data and that allows business processes to 
take full advantage of OLAP capabilities during 
the process execution.|

sense & Response service 
Architecture (sAResA)

The main objectives of SARESA is to continu-
ously receives, processes and augments events 
from various source systems, and transforms 
these events in near real-time into performance 
indicators and intelligent business actions. It 
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automatically discovers and analyses business 
situations or exceptions and can create reactive 
and proactive responses such as generating early 
warnings, preventing damage, loss or extensive 
cost, exploiting time-critical business opportuni-
ties, or adapting business systems with minimal 
latency.

sAResA Architecture

This is SOA-based BI architecture comprising 
a pool of services (system services and Sense & 
Respond services) and a suite of infrastructures 
that enables a robust communication and interac-
tion between them. The underlying infrastructure 
offers many system services, which can be univer-
sally used by the sense & respond services. The 
system services fulfil basic tasks such as event 
correlation, event synchronization, logging, thread 
management, exception handling and centralized 
configuration management. The event service 
bus provides the core infrastructure that enables 
a robust and flexible communication between 
sense & respond services. Each phase in the sense 
& respond loop is supported by special sense & 
respond services which can flexibly interact with 
the event service bus. For instance, the event 
transformation services include event adapters 
to receive events from a business environment in 
order to transform them into a standardized format 
(sense phase). Additionally, they include compo-
nents to manage metrics such as the calculation 
of performance indicators (interpret phase). The 
remaining sense & respond services correspond 
to the phases of sense & respond loops. With 
SARESA, it is possible to include user defined 
services for various tasks such as discovering 
situations, a third-party analysis tool as an analyti-
cal service or an external rule engine for making 
automated decisions in sense & respond loops.

For data management, the authors have differ-
ent types of data: historical data, real-time data 
and metadata. The real-time DW provides a single 
view of historical data and real-time data. For 

multidimensional data analysis, SARESA obvi-
ously supports services for OLAP and reporting. 
All metadata of the SARESA system is stored in 
a separate metadata repository. SARESA includes 
a monitoring dashboard which provides a user in-
terface for the administrator. It gives an overview 
of the current status of the event processing dur-
ing the execution of sense & respond loops. With 
the monitoring dashboard, the administrator can 
easily recognize overloading situations in order 
to reconfigure the system. If failures arise during 
event processing, the administrator can intervene 
immediately and fix the problem.

semantic BI

Adding Semantics to 
Business Intelligence

Most of analytical tools come out with a limited 
set of exploratory functionalities such as drilldown, 
drill up, slice and dice, which operate over data 
sources only at the structural level. Current analyti-
cal tools lack the inference power needed to solve 
the requests of decision- makers in a flexible way. 
One overwhelming approach is integrating busi-
ness semantics into analytical tools by providing 
semantic descriptions of exploratory functional-
ities and available service. The main objective of 
the semantic web is to enable the description of 
web contents in such a way that it will be possible 
for software applications and services to locate 
and reason over web resources. Ontology is one 
of the main artifacts used to leverage the current 
web to the semantic web. Another key technology 
is semantic services. They enable the semantic 
interoperability of distributed services on top of 
data (XML) and protocol (SOAP) standards. The 
semantic description of service functionalities 
facilitates activities such as automatic discovery 
and composition of services.

Denilson Sell et al., have used IRS III, a 
framework and platform for developing WSMO 
based semantic web services and implemented 
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infrastructure for semantic services compliant 
with WSMO. The main components of WSMO 
are ontologies, goals, web services, and mediators. 
Ontologies provide the basic glue for semantic 
interoperability and are used by the three other 
components. Goals represent the types of objec-
tives that users would like to achieve via web 
services. A web service may be selected by a 
discovery process and then executed when a goal 
is required. Web services descriptions describe the 
functional behaviour of an actual web service. Me-
diators provide the means to link two components 
together, defining mappings between them. In this 
approach, the authors have used ontologies to cre-
ate the necessary knowledge models for defining 
exploratory functionalities in analytical tools, 
making them driven by the business semantics. 
They have used OCML [Figure 5] for creating 
the BI domain model, the service models and the 
application domain models. They are then able to 
define semantic functionalities including filters, 
relation navigation and semantic web services. 
By using the IRS III framework, they are able 
to connect these models in order to describe and 
invoke semantic web services.

BI is an interesting yet challenging discipline 
and a number of research works at academic in-

stitutions are being accelerated. Insights are 
mandatory for businesses to thrive in a competi-
tive environment and to surge ahead of others. 
Extracting intelligence is there crucial and critical 
for enterprises. For water industry too, real-time, 
relevant and right information is needed to pro-
actively work out various initiatives to guarantee 
peoples’ safety and the well-being of national 
wealth. In the section below, we would like to 
discuss how the BI methods, best practices and 
platforms get suitably amended to suit for the 
aquatic industry.

sOA eMPOWeRInG seRVIce 
ORIenTeD HYDROLOGIc 
InTeLLIGence

Hydrologic intelligence (HI) is the thriving 
discipline representing techniques and technolo-
gies for neatly unearthing the right and relevant 
information from stocked as well as streaming 
hydrology data. The information can be any kind 
of prevailing and futuristic trends, beneficial as-
sociations, peculiar patterns, or inspiring insights 
that can decide or throw some light about the future 
course of actions. All sorts of advancements being 

Figure 4. The SARESA architecture
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achieved in BI discipline is gradually replicated 
for the special case of hydrology. Newer and novel 
achievements in HI can be a real boost in putting 
HI in right perspective and there will be widespread 
acceptance and adoption of HI mechanisms. Water 
management officials and agents will be increas-
ingly confident about the benefits of HI towards 
forecasting and quantifying the risks, threats, and 
vulnerabilities of flood.

The noun ‘synergy’ means the combined action 
of discrete entities or conditions so that the total 
effect or output is distinctively greater than the 
sum of their individual effects. Service oriented 
hydrologic intelligence (SOHI) is the fruitful 
combination of the hydrologic intelligence (HI) 
and service orientation (SO) paradigms and de-
scribes the relevant patterns and architecture to 
effortlessly accomplish this goal by providing a 
best-practice implementation framework. There 
is a great value-add for SOHI and that has to be 
captured, consolidated and consumed.

sOA for Hydrology 

Companies extensively use a variety of open 
source as well as commercial-grade software 
solutions to manage their key business functions. 
However, the complexity and heterogeneity of IT 

infrastructures and applications present a huge 
challenge to many firms seeking to orchestrate 
enterprise processes that span departments, ap-
plications and technologies. These complex and 
heterogeneous environments also present and pose 
a challenge when organizations need to gain con-
trollability and deeper visibility into the business 
performance since the data that can collectively 
provide that information will typically be stored 
in many data stores.

Aquatic data too are scattered in different 
locations and in order to bring a kind of sanity 
and semblance, it is mandatory for agencies and 
governmental organizations to consolidate dif-
ferent hydrological applications and databases 
in order to make a critical and crucial impact on 
the hydrology processes. Climatic data are stored 
in meteorology, flood history data are deposited 
in other systems in distant places, water supply, 
distribution, monitoring and metering data are 
stocked in some other systems, etc. That is, the 
scene is quite chaotic and confusing. Service 
oriented technologies, approaches, and engines 
in sync with hydrologic intelligence are capable 
of bringing an order into this disparateness. Or-
chestration of hydrologic processes, which are 
getting complicated lately, is becoming possible 
with service thinking. Hydrological applications 

Figure 5. The semantic business intelligence architecture
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can be integrated with other professional and 
home-grown systems. There are three common 
requirements that water agencies using SOA tech-
nologies to achieve greater agility need to address:

• Understand the performance impact of 
hydrologic processes: Greater agility and 
adaptivity requires greater insights and vis-
ibility. If there is no insight into the impact, 
a hydrologic process has on the goals de-
cided, it will be difficult to determine what 
modifications should be made to hydrolog-
ic process to improve the throughput.

• Empower authorities to take actions as 
a result of resulting insights: When an 
official gets dependable insights that flag 
a performance problem, some kind of cor-
rective actions will need to be contemplat-
ed. Proven HI tools can be used to invoke 
hydrologic processes directly from HI 
dashboards and alerts.

• Orient hydrologic processes towards the 
aquatic goals: A common requirement is 
to define hydrologic processes that drive 
the state departments towards the key 
goals defined in terms of key performance 
indicators (KPIs) and aquatic metrics (e.g. 
people assest safety, water availability and 
cleanness, the quality of services being 
rendered to commoners). These KPIs often 
derive from information scattered in many 
data sources throughout the department.

Hydrologic Intelligence 
for Water Divisions

Government agencies need reliable, fresh, and 
actionable information for planning ahead. As 
indicated before, hydrology is a data-intensive 
domain. Climate data is huge in size and the impact 
on society and farming community is definitely 
enormous. Intelligence extraction tools are hence 
very much indispensable to benefit out of growing 
data. HI infrastructures, processes, services, ap-

plications, views, and data are hence very relevant 
for the welfareness of total population.

SOA promises to deliver hydrology agility 
and adaptivity and HI empowers firms to gain 
improved visibility and controllability into hy-
drologic process performance and to enable better 
and timely decision-making at all levels with all 
clarity and conciseness. Today HI and SOA are 
the top strategic focus areas for many government 
ministers and bureaucrats. As water resource 
ministries seek greater growth and the ability 
to adapt more quickly to change, there arises a 
greater need for insights into the impact hydro-
logical processes have in terms of competency, 
quality and timeliness to achieve ministry’s goals. 
Improved insights in turn drive a further demand 
for more rapid growth. The cool convergence of 
SOA into HI is to result in a number of credible 
shifts in gaining hydrology insights. SOA enables 
HI to gain next-generation capabilities and hence 
HI will become dynamic, real-time, operational, 
and adaptive.

seRVIce ORIenTeD 
HYDROLOGY InTeLLIGence 
(sOHI) ARcHITecTURe

Modern hydrology is more interdisciplinary than 
ever before. Astounding amounts and varieties of 
data pour in from GIS, satellite imageries, and re-
mote sensing systems every day. IT infrastructures 
have to have the real power and wherewithal to 
securely store, smartly interpret, seamlessly share 
the data collected and quietly and quickly create 
knowledge. As described above, the discipline of 
hydroinformatics is the direct fallout due to the 
cool marriage between hydrology and informatics.

It is all about the various data integration and 
intelligence approaches, tools, and platforms to 
extract the hidden knowledge behind the huge 
heap of geological, water, spatial, and temporal 
data. There is an increased awareness about the 
fact that hydrological science is closely linked with 
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service engineering, data warehouse, predictive 
modelling, grid computing, web 2.0, and database 
science. Figure 6 clearly illustrates the reference 
architecture for the union of service orientation 
and hydrological engineering. The top layer in-
dicates all kinds of data sources such as remote 
sensing satellites, GIS, web-based systems, sensor 
clusters, standard historical and legacy databases, 
etc. The data formats, frequencies, sizes, etc could 
be varying and hence data integration and transfer 
tools (ETL) need to be leveraged accordingly in 
order to create a centralised location or region-
level data warehouse.

Another mandatory infrastructure is to have a 
data cache for keeping changed or updated data 
in order to facilitate real-time data transfer and 
intelligence. Once the relevant date are in a secure 
place, mining, analysis, and manipulation tools 
are used in order to extract hidden patterns, fa-
vourable trends and associations, actionable in-
sights, etc. Then using the knowledge repository 
comprising business rules, decision-sponsoring 
policies, previous incidences, etc., decision engine 
would take the final call. Predictive modelling 
tool is another elegant module contributing in 
forecasting things to unfold. The total hydro-

logic intelligence package can be effortlessly 
implemented as a collection of interactive and 
constructive services. Enterprise service bus (ESB) 
and complex event processing (CEP) engine are 
the core mediation, routing, brokering, filtering, 
manipulating, transformation and integration 
backbones. The user interface front is too going 
through a number of positive changes. Based on 
the input / output devices, the presentation is be-
ing readied and delivered to the utmost comforts 
of users. The real worth of SOA in designing and 
delivering hydrology intelligence is depicted in 
this architectural diagram. SOA eliminates all 
kinds of diversities and complexities thereby lays 
the scintillating groundwork and framework for 
establishing smart, sensitive, semantic and sen-
sible hydrologic intelligence runtimes, applica-
tions, and services via its inherent potentials for 
dynamic service and data composition.

Wireless sensor network (Wsn) 
for effective flood Management

Floods causes havoc and hence flood monitoring, 
management and risk mitigation domains are very 
crucial. Leveraging WSN comprising a multitude 

Figure 6. The reference architecture for SOHI
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of miniscule sensors, actuators, controllers, and 
monitors is the overwhelming mechanism es-
pecially at emergency situation. WSNs are very 
powerful for extracting the environment data 
and pass on them to the centralised system for 
enabling managers and others who are actively 
involved in subduing the ferocity of flood to take 
very correct decision. SOHI helps to process the 
data coming from the flooded area in real-time 
and to come out with enough knowledge to draw 
the next course of action on the field.

cOncLUsIOn

As hydrology is increasingly data-intensive, 
aquatic IT gains prominence. Automatic data 
capture, manipulation, mining, and analysis tech-
nologies are increasingly being leveraged these 
days by water scientists for their explorations 
and experimentations. Having gained enough 
confidence on the capabilities of IT infrastruc-
tures, methodologies and best practices towards 
unearthing sufficient value out of distributed, 
decentralised and dissimilar geographical, climate, 
flood history, and water-related data, they have 
strongly recommended the purposeful usage of IT 
in understanding the water woes and in resolv-
ing them comprehensively. Product vendors and 
service companies too are enthusiastically com-
ing out with competent and standards-compliant 
platforms, toolsets, optimised processes, enabling 
frameworks and packages to bring compact 
and complete automation of the challenging as-
signment of transitioning hydrological data to 
information and to applicable knowledge, which 
sharply improve the aquatic insights that in turn 
add significant value.

Hydrology is one such popular and pulsating 
field getting extraordinary attention and results by 
increasingly applying these proven and time-tested 
technologies. Research organizations charged with 
creation of clean and green water management 
solutions use the sophistications achieved in vari-

ous information and communication technologies. 
Water and government agencies use integrated 
service oriented intelligence software solutions 
in order to perceive and utilise incoming oppor-
tunities proactively in order to sharply enhance 
the safety and security of natural resources and 
peoples’ lives. Technology-driven flood manage-
ment, guaranteeing of continuous availability of 
water even in drought situations, supply of clean 
water, preservation of environment sanctity, and 
finally optimization of aquatic processes to make 
them lean and mean are the leading contributions of 
service oriented hydrology technologies. Hydro-
logical intelligence is all about smartly leveraging 
the staggering amounts and varieties of water, 
flood occurrence, intensity, and risks, climate, and 
geography data (historical as well as current) using 
competent technologies to create actionable and 
applicable aquatic insights that go a long way in 
fulfilling the water needs of citizens and to save 
people and their assets from destructive flooding 
in this earth planet.
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APPenDIX

Acronyms

BPM: Business Process Management
COA: Composite-oriented architecture
SOA: Service oriented architecture
SCA: Service component architecture
DW: Data warehouse
EDA: Event driven architecture
MDA: Model driven architecture
MDSD: Model driven software development
WOA: Web oriented architecture
DSS: Decision support system
BPI: Business process innovation/intergaration
GIS: Geographical information system
BI: Business intelligence
ESB: Enterprise service bus
MOM: Message oriented middleware
ERP: Enterprise resource planning
CRM: Customer relationship management
SFA: Sales force automation
KM: Knowledge management
ICT: Information and communication technologies
CEP: Complex Event Processing
ETL: Extract Transform and Load
OLAP: Online Analytical Processing
XML: eXtensible Markup Language
SOAP: Simple Object Access Protocol/Service oriented architecture protocol
REST: Representational State Transfer
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Chapter 10

Chaos Theory for Hydrologic 
Modeling and Forecasting:

Progress and Challenges

Bellie Sivakumar
The University of New South Wales, Australia

InTRODUcTIOn

Hydrologic processes arise as a result of inter-
actions between climate inputs and landscape 
characteristics that occur over a wide range of 

space and time scales. The tremendous changes 
in climate inputs and heterogeneities in landscape 
characteristics sometimes give rise to processes 
that are highly irregular, complex, and random, but 
at other times result in processes that are regular, 
simple, and deterministic. When, where, why, 
and how either of these situations occurs remains 

ABsTRAcT

In hydrology, two modeling approaches have been prevalent: deterministic and stochastic. The ‘permanent’ 
nature of the Earth, ocean, and the atmosphere and the ‘cyclical’ nature of the associated mechanisms 
support the deterministic approach. The ‘highly irregular and complex’ nature of hydrologic processes 
and our ‘limited ability to observe’ the details favor the stochastic approach. In view of these, the ques-
tion of whether a deterministic approach or a stochastic approach is better is meaningless. Indeed, for 
most hydrologic systems and processes, both the deterministic approach and the stochastic approach are 
complementary to each other and, thus, an approach that can couple these two and serve as a middle-
ground would often be the most appropriate. ‘Chaos theory’ can offer such a coupled deterministic-
stochastic approach, since its underlying concepts of nonlinear interdependence, hidden determinism 
and order, sensitivity to initial conditions are highly relevant in hydrology. The last two decades have 
witnessed numerous applications of chaos theory in hydrology. The outcomes of these studies are en-
couraging, but many challenges also remain. This chapter is intended: (1) to provide a comprehensive 
review of chaos theory applications in hydrology; and (2) to discuss the challenges that lie ahead and 
the scope for the future.

DOI: 10.4018/978-1-61520-907-1.ch010

www.ketabdownload.com



200

Chaos Theory for Hydrologic Modeling and Forecasting

largely a mystery, despite our intense research 
efforts over a century or more.

Traditionally, two broad approaches have 
been adopted to study hydrologic systems and 
processes: deterministic and stochastic. Either of 
these approaches has its own merits, having solid 
foundations in scientific principles/philosophies, 
verifiable assumptions for specific situations, and 
the ability to provide reliable results. For example, 
the deterministic approach has merits considering 
the ‘permanent’ nature of the Earth, ocean, and 
the atmosphere and the ‘cyclical’ nature of the 
associated mechanisms, whereas the merits of the 
stochastic approach lie in the facts that hydrologic 
processes exhibit ‘highly irregular and complex’ 
structures and that we have only ‘limited ability 
to observe’ their detailed variations.

In light of these, the general question of whether 
the deterministic approach or the stochastic ap-
proach is better for hydrologic modeling is mean-
ingless. Such a question is really a philosophical 
one that has no general answer, but it is better 
viewed as a pragmatic one, which has an answer 
only in terms of specific situations (Gelhar, 1993). 
These specific situations must be viewed in terms 
of the process, scale (time and/or space), and the 
purpose of interest, which may collectively form 
the ‘hydrologic system’ (Sivakumar, 2008a). For 
some situations, both the deterministic approach 
and the stochastic approach may be equally ap-
propriate; for some other situations, the deter-
ministic approach may be more appropriate; and 
for still others, the stochastic approach may be 
more appropriate. It is also reasonable to contend 
that, for most (if not all) hydrologic systems and 
processes, both the deterministic approach and 
the stochastic approach are actually complemen-
tary to each other. This may be supported by our 
observation of both deterministic and stochastic 
properties at one or more scales in time and/or 
space of a hydrologic process. For example, it is 
common to observe a significant deterministic 
nature in river flow in the form of seasonality and 
annual cycle, while the interactions of the various 

mechanisms involved and their various degrees 
of nonlinearity bring stochasticity. The point is 
that use of a coupled deterministic–stochastic 
approach, incorporating both the deterministic 
and the stochastic components, will likely yield 
a higher ‘probability of success’ compared to 
either approach when adopted independently. 
An immediate question is: how to devise such 
an approach? The answer may well lie in ‘chaos 
theory’ (e.g. Lorenz, 1963).

In the dynamic systems science literature, the 
term ‘chaos’ is used to refer to situations where 
complex and random-looking behaviors arise 
from simple nonlinear deterministic systems with 
sensitive dependence on initial conditions (the 
converse also applies). The three fundamental 
properties inherent in this definition, namely (a) 
nonlinear interdependence; (b) hidden determin-
ism and order; and (c) sensitivity to initial condi-
tions, are highly relevant in hydrologic systems 
and processes. For example: (a) components and 
mechanisms involved in the hydrologic cycle act in 
a nonlinear manner and are also interdependent; (b) 
the daily cycle in temperature and annual cycle in 
river flow possess determinism and order; and (c) 
contaminant transport in surface and sub-surface 
waters largely depends upon the time (i.e. rainy or 
dry season) at which the contaminants are released. 
The first property represents the ‘general’ nature 
of hydrologic processes, whereas the second and 
third represent their ‘deterministic’ and ‘stochas-
tic’ natures, respectively. Furthermore, despite 
their complexity and random-looking behavior, 
hydrologic processes may be governed only by 
a few degrees of freedom (e.g. runoff in a well-
developed urban catchment depends essentially 
on rainfall), another basic idea of chaos theory.

In view of these properties, chaos theory has 
found numerous applications in hydrology (and 
in related fields, including atmospheric sciences, 
environmental sciences, and geomorphology) 
during the last two decades or so. Very early ap-
plications focused mainly on the investigation 
and prediction of chaos in rainfall, river flow, and 
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lake volume time series in a purely single-variable 
data reconstruction sense (e.g. Rodriguez-Iturbe 
et al., 1989; Wilcox et al., 1991; Berndtsson et 
al., 1994; Jayawardena and Lai, 1994; Abarbanel 
& Lall, 1996; Sangoyomi et al., 1996; Puente 
& Obregon, 1996; Porporato & Ridolfi, 1997). 
During the subsequent years, chaos theory was 
applied for other purposes, such as scaling and 
data disaggregation, missing data estimation, and 
reconstruction of system equations (e.g. Siva-
kumar, 2001a, 2001b; Sivakumar et al., 2001c; 
Elshorbagy et al., 2002a; Zhou et al., 2002), and 
other processes, such as rainfall-runoff and sedi-
ment transport (e.g. Sivakumar et al., 2000, 2001a; 
Sivakumar, 2002; Sivakumar & Jayawardena, 
2002). They also addressed some of the important 
issues that had been, and continue to be, perceived 
to significantly influence the outcomes of chaos 
methods when applied to real hydrologic data, 
including issues of minimum data size, data noise, 
presence of zeros, selection of optimal parameters, 
and multi-variable data reconstruction (e.g. Wang 
& Gan, 1998; Sivakumar et al., 1999a, 1999b, 
2002c; Jayawardena & Gurung, 2000; Porporato 
& Ridolfi, 2001; Sivakumar, 2001a; Elshorbagy 
et al., 2002b; Jayawardena et al., 2002; Islam 
& Sivakumar, 2002; Phoon et al., 2002). More 
recently, studies have applied the ideas of chaos 
theory either to advance the earlier studies or 
to address yet other hydrologic processes and 
problems, including groundwater contamination, 
parameter estimation, and catchment classifica-
tion (e.g. Hossain et al., 2004; Manzoni et al., 
2004; Regonda et al., 2004, 2005; Sivakumar, 
2004b; Sivakumar et al., 2004, 2007; Dodov & 
Foufoula-Georgiou, 2005; Jin et al., 2005; Salas 
et al., 2005; Sivakumar et al., 2005; Hossain & 
Sivakumar, 2006; Hill et al., 2008), while at the 
same time also continuing investigations into 
the potential problems with chaos identification 
methods (e.g. Laio et al., 2004; Khan et al., 2005; 
Sivakumar, 2005a, 2005b; Koutsoyiannis, 2006).

The outcomes of these studies are certainly 
encouraging, especially considering the fairly 

exploratory stage of chaos theory in hydrology 
when compared to the far more established deter-
ministic and stochastic theories. Among others, 
three points are noteworthy. First, in the absence 
of knowledge of system equations (deterministic 
theories require system equations), chaos theory 
offers a more simplified view of hydrologic phe-
nomena when compared to the view offered by 
stochastic theories. Second, chaos theory has been 
found to provide better results than other theories 
(e.g. stochastic theories, artificial neural networks) 
for hydrologic predictions especially in the short-
term (e.g. Jayawardena & Lai, 1994; Jayawardena 
& Gurung, 2000; Lisi & Villi, 2001; Sivakumar 
et al., 2002b; Laio et al., 2003), although this 
cannot be generalized. Third, chaos theory can 
connect the deterministic and stochastic theories 
and thus can serve as a more reasonable middle-
ground between these two dogmatic and extreme 
views of nature.

The realization and recognition, arising from 
the above outcomes, that chaos theory could 
provide new perspectives and alternative avenues 
towards modeling and forecasting hydrologic 
systems and processes have been important driv-
ing forces for its ever-increasing applications. 
Although this is heartening, one must also keep 
in mind that the true potential of chaos theory in 
hydrology can only be realized when it is attempted 
to solve the more challenging hydrologic problems 
faced today and in the future (e.g. hydrologic scal-
ing, model parameter estimation, generalization 
framework, incorporating the effects of global 
climate change), rather than simply chaos detection 
and prediction in hydrologic data. Identification 
of these challenging problems and evaluation of 
how chaos theory can be helpful towards solving 
them are crucial for true progress in hydrology. 
At the same time, concerns also remain in regards 
to the potential limitations in the applications of 
chaos methods to real hydrologic data and in the 
interpretation of outcomes. These issues are the 
motivation for this chapter.
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The rest of this chapter is organized as follows. 
First, some of the methods commonly used for 
chaos identification and prediction (with specific 
reference to hydrologic time series) are introduced. 
Next, a comprehensive review of chaos studies 
in hydrology is presented. This then leads to a 
discussion of the current status and the scope for 
further research, including potential directions and 
challenges that lie ahead. A strong case is finally 
made for the urgent need to formulate a ‘middle-
ground approach’ towards a more balanced and 
realistic representation of hydrologic systems and 
processes, wherein the vital role of chaos theory 
is also emphasized.

cHAOs IDenTIfIcATIOn 
AnD PReDIcTIOn

Autocorrelation function and 
Power spectrum (Linear Tools)

In the analysis of time series for identification 
of system properties, it is customary to use two 
basic linear tools: autocorrelation function and 
power spectrum.

The autocorrelation function (ACF) is a nor-
malized measure of the linear correlation among 
successive values in a time series. For a discrete 
time series, Xi, where i = 1, 2,..., N, and for dif-
ferent values of lag time, τ, the autocorrelation 
function, r(τ), is determined according to:
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The use of ACF in characterizing the dynamic 
properties of a time series lies in its ability to de-
termine the degree of dependence present in the 
values. For a purely stochastic process, the ACF 
fluctuates randomly about zero, indicating that the 

process at any certain instance has no ‘memory’ 
of the past at all. For a periodic process, the ACF 
is also periodic, indicating the strong relation 
between values that repeat over and over again. 
For signals from a chaotic process, the ACF is 
expected to decay exponentially with increasing 
lag, because the states of a chaotic process are 
neither completely dependent nor completely 
independent of each other (although this is not 
always the case).

The power spectrum is particularly useful for 
identifying the regularities/irregularities in a time 
series. For a purely stochastic process, the power 
spectrum oscillates randomly about a constant 
value, indicating that no frequency explains any 
more of the variance of the sequence than any 
other frequency. For a periodic or quasi-periodic 
sequence, only peaks at certain frequencies exist, 
measurement noise adds a continuous floor to the 
spectrum and, thus, in the spectrum, signal and 
noise are readily distinguished. Chaotic signals 
may also have sharp spectral lines but even in 
the absence of noise there will be continuous part 
(broadband) of the spectrum, which is an imme-
diate consequence of the exponentially decaying 
autocorrelation function.

Although autocorrelation function and power 
spectrum provide compelling distinctions be-
tween random and periodic (or quasi-periodic) 
signals, they are not reliable for distinguishing 
between stochastic and chaotic signals. This is 
demonstrated herein by employing them to two 
artificially generated time series [Figure 1(a) and 
(b)] that look very much alike (both look ‘complex’ 
and ‘random’) but nevertheless are the outcomes 
of systems (equations) possessing significantly 
different dynamic characteristics. The first series 
[Figure 1(a)] is the outcome of a pseudo random 
number generation function:

Xi = rand(),  (2)

which yields independent and identically dis-
tributed numbers (between 0 and 1). The second 
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[Figure 1(b)], however, is the outcome of a fully 
deterministic simple two-dimensional map (He-
non, 1976):

Xi+1 = a – Xi
2 + bYi Yi+1 = Xi,  (3)

which yields irregular solutions for many choices 
of a and b, but for a = 1.4 and b = 0.3, a typical 
sequence of Xi is chaotic. The initial values of X 
and Y used for this data series are 0.13 and 0.50, 
respectively.

Figure 1(c) and (d) shows the autocorrelation 
functions for these two series, while Figure 1(e) 
and (f) presents the power spectra. It is clear that 
both the tools fail to distinguish between the two 
series. The failure is not just in ‘visual’ or ‘quali-

tative’ terms, but also in quantitative terms: for 
instance, for both series, the time lag at which the 
autocorrelation function first crosses the zero line 
is equal to 1 (especially no exponential decay for 
the chaotic series) and the power spectral exponent 
is equal to 0 (indicating pure randomness in the 
underlying dynamics of both).

Phase space Reconstruction 
(nonlinear Tool)

Phase space is a useful tool for representing the 
evolution of a system in time. It is essentially a 
graph or a co-ordinate diagram, whose coordinates 
represent the variables necessary to completely 
describe the state of the system at any moment 

Figure 1.
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(e.g. Packard et al., 1980). The trajectories of the 
phase space diagram describe the evolution of the 
system from some initial state, which is assumed 
to be known, and hence represent the history of 
the system. The ‘region of attraction’ of these 
trajectories in the phase space provides at least 
important qualitative information on the ‘extent 
of complexity’ of the system.

Many methods are available for phase space 
reconstruction from an available time series. 
Among these, the method of delays (e.g. Takens, 
1981) is the most widely used one. According to 
this method, given a single-variable series, Xi, 
where i = 1, 2,..., N, a multi-dimensional phase 
space can be reconstructed as:

Yj = (Xj, Xj+τ, Xj+2τ,..., Xj+(m-1)τ)  (4)

where j = 1, 2,..., N-(m-1)τ; m is the dimension 
of the vector Yj, called embedding dimension; 
and τ is an appropriate delay time (an integer 
multiple of sampling time). A correct phase space 
reconstruction in a dimension m generally allows 
interpretation of the system dynamics in the form 
of an m-dimensional map, fT, given by:

Yj+T = fT(Yj)  (5)

where Yj and Yj+T are vectors of dimension m, 
describing the state of the system at times j (cur-
rent state) and j+T (future state), respectively. 
With Equation (5), the task is basically to find an 
appropriate expression for fT (e.g. FT) to predict 
the future.

To demonstrate its utility for system identifica-
tion, Figure 2(a) and (b) presents the phase space 
plots for the above two series [Figure 1(a) and (b)]. 
These diagrams correspond to reconstruction in 
two dimensions (m = 2) with delay time τ = 1, i.e. 
the projection of the attractor on the plane {Xi, 
Xi+1}. For the first set, the points (of trajectories) 
are scattered all over the phase space (i.e. absence 
of an attractor), a clear indication of a ‘complex’ 
and ‘random’ nature of the underlying dynamics 

and potentially of a high-dimensional system. On 
the other hand, the projection for the second set 
yields a very clear attractor (in a well-defined re-
gion), indicating a ‘simple’ and ‘deterministic’ (yet 
non-repeating) nature of the underlying dynam-
ics and potentially of a low-dimensional system.

correlation Dimension 
Method (nonlinear Tool)

The dimension of a time series is, in a way, a rep-
resentation of the number of dominant variables 
present in the evolution of the corresponding 
dynamic system. Dimension analysis reveals the 
extent to which the variations in the time series 
are concentrated on a sub-set of the space of all 
possible variations. Correlation dimension is a 
measure of the extent to which the presence of a 
data point affects the position of the other points 
lying on the attractor in (a multi-dimensional) 
phase space. The correlation dimension method 
uses the correlation integral (or function) for 
determining the dimension of the attractor in 
the phase space and, hence, for distinguishing 
between low-dimensional and high-dimensional 
systems. The concept of the correlation integral 
is that a time series arising from deterministic 
dynamics will have a limited number of degrees 
of freedom equal to the smallest number of first-
order differential equations that capture the most 
important features of the dynamics. Thus, when 
one constructs phase spaces of increasing dimen-
sion, a point will be reached where the dimension 
equals the number of degrees of freedom, beyond 
which increasing the phase space dimension will 
not have any significant effect.

Many algorithms have been formulated for the 
estimation of the correlation dimension of a time 
series. Among these, the Grassberger-Procaccia 
algorithm (Grassberger & Procaccia, 1983a, 
1983b) has been and continues to be the most 
widely used one. The algorithm uses the concept 
of phase space reconstruction for representing the 
dynamics of the system from an available single-
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variable time series, as presented in Equation (1). 
For an m-dimensional phase space, the correlation 
function, C(r), is given by

C r
N N

H r
N i j

i j
i j N

( )=
−( )

− −( )
→∞

≤ < ≤( )

∑lim
,

2

1
1

Y Y  

(6)

where H is the Heaviside step function, with H(u) 
= 1 for u > 0, and H(u) = 0 for u£0, where u = r 
- ||Yi - Yj||, r is the vector norm (radius of sphere) 
centered on Yi or Yj. If the time series is charac-

terized by an attractor, then C(r) and r are related 
according to:

C(r) r
r 0
N
→
→∞

≈ α ν

 (7)

where α is a constant and ν is the correlation ex-
ponent or the slope of the Log C(r) versus Log r 
plot. The slope is generally estimated by a least 
square fit of a straight line over a certain range of 
r (scaling regime) or through estimation of local 
slopes between r values.

Figure 2.
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The distinction between low-dimensional (and 
perhaps deterministic) and high-dimensional (and 
perhaps stochastic) systems can be made using the 
ν versus m plot. If ν saturates after a certain m 
and the saturation value is low, then the system is 
generally considered to exhibit low-dimensional 
deterministic dynamics. The saturation value of 
ν is defined as the correlation dimension (d) of 
the attractor, and the nearest integer above this 
value is generally an indication of the number of 
variables dominantly governing the dynamics. On 
the other hand, if ν increases without bound with 
increase in m, the system under investigation is 
generally considered to exhibit high-dimensional 
stochastic behavior.

To demonstrate the utility of the dimension 
concept, Figure 2(c) and (e) presents the correla-
tion dimension results for the first set, whereas 
those for the second set are shown in Figure 2(d) 
and (f). In each case, embedding dimensions from 
1 to 10 are used for phase space reconstruction. 
It is clear that the first set is indeed the outcome 
of an infinite-dimensional system, i.e. absence of 
saturation in dimension [Figure 2(e)], whereas the 
second set is the outcome of a low-dimensional 
system [with a correlation dimension value of 
1.22, Figure 2(f)].

nonlinear Prediction Method

The nonlinear prediction method serves two 
different (yet related) purposes in the context 
of chaos analysis: (1) prediction of the future, 
normally using a local approximation technique; 
and (2) identification of chaos from the prediction 
results, also termed as the ‘inverse approach.’ In 
this method, the fT domain in Equation (5) is sub-
divided into many sub-sets (neighborhoods), each 
of which identifies some approximations, FT, valid 
only in that sub-set. In this way, the underlying 
system dynamics are represented step by step lo-
cally in the phase space. The identification of the 
sets in which to sub-divide the domain is done by 
fixing a metric || || and, given the starting point Yj 

from which the forecast is initiated, identifying 
neighbors Yj

p, p = 1, 2, …, k, with jp < j, nearest 
to Yj, which constitute the set corresponding to 
Yj. The local functions can then be built, which 
take each point in the neighborhood to the next 
neighborhood: Yj

p to Yj+1
p. The local map, FT, 

which does this, is determined by a least squares 
fit minimizing

|| ||Y Y
j
p

T j
p

p

k

F+
=

−∑ 1
2

1

 (8)

The local maps can be learned in the form of 
local averaging (e.g. Farmer & Sidorowich, 1987) 
or local polynomials (e.g. Abarbanel, 1996). The 
local averaging technique has an important advan-
tage over the local polynomial technique in the 
sense that it is computationally inexpensive, but 
the local polynomial technique seems to provide 
more accurate results.

The prediction accuracy can be evaluated using 
a variety of measures, such as correlation coef-
ficient, root mean square error, and coefficient of 
efficiency. In addition, direct time series plots and 
scatter diagrams can also be used to choose the 
best prediction results among a large combina-
tion of results obtained with different embedding 
dimensions (m) and number of neighbors (k). The 
distinction between deterministic and stochastic 
systems can be made using the inverse approach, 
through assessing the prediction accuracy in a 
general sense (low or high) and against the pa-
rameters involved (embedding dimension, lead 
time, and neighbors). Further details on these are 
available in Casdagli (1989, 1992).

Other chaos Identification Methods

Although the correlation dimension method and 
the nonlinear prediction method have been popu-
lar in chaos studies in hydrology, several other 
methods do exist for chaos identification and 
prediction. Among the methods that have found 
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notable applications in hydrology include the false 
nearest neighbor algorithm (Kennel et al., 1992), 
the Lyaponov exponent method (Wolf et al., 1985), 
the Kolmogorov entropy method (Grassberger and 
Procaccia, 1983c), and the surrogate data method 
(Theiler et al., 1992) to detect nonlinearity. The 
false nearest neighbor algorithm provides informa-
tion on the minimum embedding dimension of the 
phase space required for representing the system 
dynamics. Lyapunov exponents are the average 
exponential rates of divergence or convergence 
of nearby orbits in the phase space. Kolmogorov 
entropy is the mean rate of information created by 
the system. The surrogate data method involves 
generation of substitute data in accordance to the 
probabilistic structure underlying the original 
data and rejection of the null hypothesis that the 
original data have come from a linear stochastic 
process. Still other chaos/nonlinearity detection 
methods include the BDS statistic (Brock et al., 
1991), close returns plot (Gilmore, 1993), and the 
method of redundancy (Palus et al. 1993).

Remarks on chaos Identification 
and Prediction Methods

The reliability of the chaos identification and 
prediction methods for distinguishing between 
low-dimensional (and perhaps chaotic) and high-
dimensional (and perhaps stochastic) systems has 
been under considerable debate, in view of their 
potential limitations when applied to real data, 
and much of the criticism has been directed at 
the Grassberger-Procaccia correlation dimension 
algorithm. Some of the relevant issues are: data 
size, data noise, presence of zeros, delay time 
selection, and even stochastic processes yielding 
low correlation dimensions. A brief account of 
some of these issues is presented next.

Data Size

A common criticism on the use of the Grassberger-
Procaccia algorithm is that it underestimates the 

dimension when the data size is small. The basis 
of this criticism lies with a basic assumption of 
the method that the time series is infinite. Since 
hydrologic time series are not only finite but also 
often short, the prevalence of this criticism is 
understandable. However, it must also be noted 
that strictly following this assumption would com-
pletely preclude the application of the algorithm 
for practical situations, since an infinite time series 
simply does not exist, whether in hydrology or in 
other fields. Recognizing this, some studies have 
presented theoretical guidelines on data size re-
quirement (e.g. Smith, 1988; Nerenberg & Essex, 
1990; Tsonis et al., 1993). In fact, these guidelines 
have often been used as a basis to criticize the 
reported correlation dimensions of hydrologic 
series (e.g. Ghilardi & Rosso, 1990; Schertzer et 
al., 2002). In general, these guidelines relate the 
minimum data size, Nmin, to embedding dimen-
sion, m (e.g. Smith, 1988; Nerenberg & Essex, 
1990) or a correlation dimension, d (Tsonis et 
al., 1993). Some studies (e.g. Tsonis et al., 1993; 
Sivakumar, 2000; Sivakumar et al., 2002a), based 
on analysis of artificial chaotic series, have pointed 
out that either or both of these relationships could 
be misleading; therefore, blindly following such 
guidelines for practical situations may not be 
appropriate. In view of this, any criticism of the 
reliability of dimension estimates based on data 
size alone must be carefully assessed [see Siva-
kumar et al. (2002a) for a discussion of results 
reported by Schertzer et al. (2002)].

A sensible way to obtain reliable estimates is to 
interpret the results carefully, taking into account 
the limitations of the algorithm. A further step may 
be to verify the dimension results using the out-
comes of other methods, as is done by Sivakumar 
et al. (2002c) through an inverse approach. An even 
more practical approach to investigate the effects 
of data size on the dimension estimate is through 
implementation of the dimension algorithm for 
different lengths of a given time series and inspect 
the ‘scaling regime’ in the correlation dimen-
sion plots. Sivakumar (2005a) performs such an 
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analysis to study the effects of data size on the 
correlation dimension estimate of monthly flow 
series from the Göta River basin in Sweden [see 
also Sivakumar et al. (1998) for rainfall data]. The 
procedure is first demonstrated on two artificial 
time series whose properties are known a priori 
(stochastic and chaotic; Equations (2) and (3) 
above) to facilitate interpretations. Based on the 
results, Sivakumar (2005a) reports that reliable 
estimation of correlation dimension is possible 
even with a few hundred values (about 300). He 
also opines that the data size requirement is not a 
function of the embedding dimension, but rather 
crucially depends on whether the time series is 
long enough to capture the essential features of 
the system changes over time. As Sivakumar 
(2005a) argues, since studies on chaos applica-
tions in hydrology typically use much longer data 
size (than 300), the dimension estimates reported 
could indeed be close to their actual ones, unless 
influenced by factors other than data size.

Delay Time

An appropriate delay time, τ, for phase space 
reconstruction is necessary because only an op-
timum τ gives the best separation of neighboring 
trajectories within the minimum embedding space. 
If τ is too small, then there is little new informa-
tion contained in each subsequent datum and the 
reconstructed attractor is compressed along the 
identity line; this situation is termed as redundance 
(Casdagli et al., 1991) and the result of which is 
an inaccurate estimation of the invariants, such as 
underestimation of the correlation dimension. On 
the other hand, if τ is too large, and the dynamics 
happen to be chaotic, then all relevant informa-
tion for phase space reconstruction is lost, since 
neighboring trajectories diverge, and averaging in 
time and/or space is no longer useful (Sangoyomi 
et al., 1996). This situation is termed as irrelevance 
(Casdagli et al., 1991), and this may also result in 
an inaccurate estimation of the invariants, such 
as overestimation of the correlation dimension.

In view of these, many researchers have ad-
dressed the issue of appropriate delay time selec-
tion and proposed various methods. Popular among 
these are the autocorrelation function method (e.g. 
Holzfuss & Mayer-Kress, 1986; Schuster, 1988; 
Tsonis & Elsner, 1988), the mutual information 
method (e.g. Frazer and Swinney, 1986), and the 
correlation integral method (e.g. Liebert & Schus-
ter, 1989). The autocorrelation function method, 
due to its computational ease, is the most com-
monly used one, especially in hydrologic studies. 
Holzfuss and Mayer-Kress (1986) suggest using a 
value of lag time at which the autocorrelation func-
tion first crosses the zero line. Other approaches 
consider the lag time at which the autocorrelation 
function attains a certain value, say 0.1 (Tsonis & 
Elsner, 1988) or 0.5 (Schuster, 1988). According to 
Frazer & Swinney (1986), however, the autocor-
relation function method measures only the linear 
dependence between successive points and, thus, 
may not be appropriate for nonlinear dynamics. 
They suggest the use of the local minimum of the 
mutual information, which measures the general 
dependence between successive points. They 
reason that if τ is chosen to coincide with the first 
minimum of the mutual information, then the re-
covered state vector would consist of components 
that possess minimal mutual information between 
them, i.e., the successive values in the time series 
are statistically independent but (also) without 
any redundancy. For a discrete time series, with 
Xi and Xi-τ as successive values, for instance, the 
mutual information function, I(τ), is computed 
according to

I P X X
P X X

P X P Xi i
i i

i i

i i
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where P(Xi) and P(Xi-τ) are the individual prob-
abilities of Xi and Xi-τ, respectively, and P(Xi, 
Xi-τ) is the joint probability density. The mutual 
information method is a more comprehensive 
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method of determining proper delay time values 
(e.g. Tsonis, 1992). However, the method has 
the disadvantage of requiring a large number of 
data, unless the dimension is small, and is also 
computationally cumbersome (this, however, 
should not constitute an excuse for not using it). 
A method that is based on the generalized cor-
relation integral (but is otherwise similar to the 
mutual information method), known as the cor-
relation integral method, to determine the delay 
time was proposed by Liebert & Schuster (1989). 
According to this method, the first minimum of the 
logarithm of the generalized correlation integral, 
C(τ, r, m), provides a proper choice of τ. For some 
r and embedding dimension m, one can calculate 
the correlation function C(r) as a function of τ. 
The logarithm of C(τ, r, m) is a measure of the 
averaged information content in the reconstructed 
vectors, and thus its minimum provides an easy 
way to define a proper τ.

Despite these observations, for some attractors, 
it does not really matter whether the autocorre-
lation function or the mutual information or the 
correlation integral is used. For example, when 
applied to the Rössler system (Rössler, 1976), all 
approaches provide a value of τ approximately 
equal to one-fourth of the mean orbital period 
(Tsonis, 1992). However, for some other attrac-
tors, the estimation of τ might depend strongly on 
the approach employed. Evidently, none of the 
aforementioned rules has emerged as a definitive 
guideline for choosing τ (although the mutual 
information method appears to have the edge). 
In the absence of clear-cut guidelines, a practi-
cal approach is to experiment with different τ to 
ascertain its effect on the correlation dimension, 
as is done by some chaos studies in hydrology 
(e.g. Rodriguez-Iturbe et al., 1989; Tsonis, 1992; 
Tsonis et al., 1993, Jayawardena & Lai, 1994; 
Sangoyomi et al., 1996; Sivakumar et al., 1999a).

Noise

All real measurements are, to some extent, 
contaminated by noise. There are two types of 

noise: measurement noise and dynamic noise. 
Measurement noise refers to the corruption of 
observations by errors, which are independent of 
the dynamics. Measurement noise may be caused 
by, for example, the measuring device. Dynamic 
noise, in contrast, is a feedback process wherein 
the system is perturbed by a small random amount 
at each time step. This type of noise arises from 
the propagation of minor random fluctuations in 
the settings of the main system parameters causing 
random-like fluctuations that are not specific to the 
system. It might also be caused by the influence 
of intrinsic system events taking place at random. 
Dynamic noise directly influences the evolution 
of the system in time.

The presence of noise affects the performance 
of chaos identification and prediction methods and, 
thus, the estimation of invariants. The severity 
of the influence of noise depends largely on the 
level and the nature of noise. In general, when the 
noise level approaches a few percent, estimates 
can become quite unreliable (e.g. Schreiber & 
Kantz, 1996; Kantz & Schreiber, 1997).

Noise influences the estimation of the correla-
tion dimension primarily from the identification of 
the scaling region. Noise may corrupt the scaling 
behavior at all length scales, but its effects are 
significant especially at smaller length scales. If 
the data are noisy, then below a length scale of a 
few multiples of the noise level, the data points are 
not confined to the fractal structure but smeared 
out over the whole available phase space. Thus, 
the local scaling exponents may increase. Some 
studies have observed that even small levels of 
noise significantly complicate estimates of dimen-
sion (e.g. Schreiber & Kantz, 1996), although 
this cannot be generalized for all time series [see 
Sivakumar et al. (1999b) for details].

Noise is one of the most important limiting 
factors for the predictability of chaotic systems. 
Noise limits the accuracy of predictions in three 
possible ways: (1) the prediction error cannot be 
smaller than the noise level, since the noise part of 
the future measurement cannot be predicted; (2) 
the values on which the predictions are based are 
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themselves noisy, inducing an error proportional to 
and of the order of the noise level; and (3) in the 
generic case, where the dynamic evolution has to 
be estimated from the data, this estimate will be 
affected by noise (Schreiber & Kantz, 1996). In the 
presence of the above three effects, the prediction 
error will increase faster than linearly with the 
noise level. Sivakumar et al. (1999b) report that 
noise likely has far greater effect on prediction 
than dimension estimation of chaotic systems.

The sensitivity of the chaos identification and 
prediction methods to the presence of noise is 
the price one has to pay for using these methods 
to identify chaos in real time series. The defini-
tions of the invariants involve the limit of small 
length scales because it is only then that the 
quantity becomes independent of the details of 
the measurement technique, the data processing 
and the phase space reconstruction method. The 
permissible noise level for a practical application 
of these methods depends on the details of the 
underlying system and the measurement. If it is 
found that the level of noise is only moderate, and 
there are hints that there is a strong deterministic 
component in the signal, then one can attempt to 
separate the deterministic signal from the noise. To 
this end, many nonlinear noise reduction methods 
are available in the literature (e.g. Schreiber & 
Grassberger, 1991; Schreiber, 1993; Grassberger et 
al., 1993), some of which have been successfully 
employed for noise reduction in hydrologic time 
series (e.g. Berndtsson et al., 1994; Porporato & 
Ridolfi, 1997; Sivakumar et al., 1999b; Jayawar-
dena & Gurung, 2000; Elshorbagy et al., 2002b).

PROGRess In cHAOs THeORY 
APPLIcATIOns In HYDROLOGY

The ideas of chaos theory have thus far been 
applied to study numerous hydrologic systems, 
processes, and problems. Extensive reviews of 
these applications and the associated issues are 
already available in the literature (Sivakumar, 

2000, 2004a, 2009). In this section, some selected 
studies are highlighted, with reference to the 
hydrologic process studied.

Rainfall

In a very early investigation of chaos in rainfall, 
Hense (1987) applied the correlation dimension 
method to a series of 1008 values of monthly 
rainfall from Nauru Island and reported the pres-
ence of chaos observing a correlation dimension 
between 2.5 and 4.5. Rodriguez-Iturbe et al. 
(1989) studied a storm event recorded at 15-s 
intervals in Boston, USA and a weekly rainfall 
series from Genoa, Switzerland. Employing the 
correlation dimension method, they reported 
the presence of chaos in the former (correlation 
dimension 3.78) and absence of chaos in the 
latter (no finite correlation dimension); support 
to the presence of chaos in the storm event was 
also provided through estimation of a positive 
Lyapunov exponent. Jayawardena & Lai (1994) 
employed four different chaos identification meth-
ods (correlation dimension, Lyapunov exponent, 
Kolmogorov entropy, and nonlinear prediction) 
to daily rainfall data from three stations in Hong 
Kong. The study provided convincing evidence 
regarding the presence of chaos in these rainfall 
data sets. Berndtsson et al. (1994) analyzed, us-
ing the correlation dimension method, a 238-year 
monthly rainfall series recorded in Lund, Sweden, 
and found no evidence of chaos in the raw rainfall 
series, but the noise-reduced series was found to 
exhibit chaos with a dimension less than 4. Pu-
ente & Obregon (1996) reported the presence of 
chaos in the above Boston storm event through 
application of correlation dimension, Kolmogorov 
entropy, false nearest neighbors, and Lyapunov 
exponent methods. Koutsoyiannis & Pachakis 
(1996) reported that, even if one used chaos 
methods for characterization, a synthetic rainfall 
series (rainfall depths measured at 15 minutes) 
generated by a well-structured stochastic rainfall 
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model might be practically indistinguishable from 
a historic rainfall series.

Sivakumar et al. (1998) reported preliminary 
evidence on the presence of chaos in the daily 
rainfall series from Singapore, through obser-
vation of low correlation dimensions for data 
from six stations; they also addressed the issue 
of minimum data size requirement for correla-
tion dimension estimation by analyzing rainfall 
records of different lengths. An extension of this 
study was presented by Sivakumar et al. (1999a) 
using the nonlinear prediction method (including 
the deterministic versus stochastic diagram, DVS; 
Casdagli, 1992) and the surrogate data method, 
and the presence of nonlinearity and chaos was 
reported. Studying the influence of noise in these 
rainfall data on correlation dimension estimate 
and prediction accuracy, Sivakumar et al. (1999b) 
proposed a systematic approach for noise reduction 
by coupling a noise level determination method 
(Schouten et al., 1994) and a noise reduction 
method (Schreiber, 1993). Analyzing rainfall data 
observed at four different temporal scales (i.e. 
daily, 2-day, 4-day, and 8-day) in the Leaf River 
basin in the USA, Sivakumar (2001a) suggested 
possible presence of chaos in rainfall process at 
each of these scales and, hence, in the scaling re-
lationship between them. The study also addressed 
the issues of rainfall data length and presence of 
zeros. With further analysis of the daily rainfall 
data using fractal methods, Sivakumar (2001b) 
suggested the possibility of a chaotic multi-
fractal approach for modeling rainfall process. 
Encouraged by these results, Sivakumar et al. 
(2001c) formulated a chaotic approach for rainfall 
disaggregation through analysis of distributions 
of weights between rainfall process at different 
temporal resolutions.

In a somewhat similar manner to the study by 
Sivakumar et al. (2001c), Gaume et al. (2006) 
investigated rainfall weights for the presence 
of chaos. Employing the correlation dimension 
method to an eight-year rainfall weight series 
obtained by disaggregating a 10-min series 

to a 5-min series, neither they observed low-
dimensional chaotic behavior nor that the data 
were composed of independent and identically 
distributed random variables. The results, how-
ever, suggested that the correlation dimension 
method could be an effective tool for exploring 
data also in other contexts in addition to chaos 
analysis. Koutsoyiannis (2006) analyzed the daily 
rainfall series from Vakari in western Greece (and 
also daily streamflow series from Pinios River in 
Greece) and reported absence of chaos (in both). 
He concluded, through theoretical analyses, that 
specific peculiarities of hydrologic processes on 
fine time scales (e.g. asymmetric, J-shaped distri-
bution functions, intermittency, and high autocor-
relations) are synergistic factors that could lead to 
misleading conclusions regarding the presence of 
low-dimensional deterministic chaos. Sivakumar 
et al. (2006) investigated the dynamic nature of 
rainfall in California’s Sacramento Valley, through 
studying rainfall data observed at four different 
temporal scales from daily to monthly (i.e. daily, 
weekly, biweekly, and monthly). Employing the 
correlation dimension method, they reported that 
the rainfall dynamics were dominated by a large 
number of variables at all these scales but also 
that dynamics at coarser resolutions were more 
irregular than at finer resolutions. Comparison 
of all-year and winter rainfall, to investigate the 
effects of zeros, showed that winter rainfall had 
a higher variability.

River flow

Wilcox et al. (1991) employed the correlation 
dimension method to daily snowmelt runoff mea-
sured from the Reynolds Mountain catchment in 
southwestern Idaho, USA. Since no correlation 
dimension estimate was observed, they concluded 
that the random-appearing behavior of snowmelt 
runoff was generated from the complex interac-
tions of many factors, rather than low-dimensional 
chaotic dynamics. However, Jayawardena & Lai 
(1994), applying four different chaos methods, 
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reported presence of chaotic dynamics in the daily 
streamflow from two stations in Hong Kong. Por-
porato & Ridolfi (1996, 1997) offered clues and 
then confirmations on the existence of a strong 
deterministic component in the daily flow data 
from Dora Baltea, a tributary of the river Po in 
Italy. They employed a host of methods, includ-
ing phase space, Poincare section, correlation 
dimension, nonlinear prediction, noise reduction, 
and interpolation. Liu et al. (1998), applying 
the nonlinear prediction method, reported that 
daily streamflow signals at 28 selected stations 
in the continental United States spanned a wide 
dynamic range between deterministic chaos and 
periodic signal contaminated with additive noise. 
Wang & Gan (1998) reported low correlation 
dimension estimates of about 3.0 for the daily 
unregulated streamflow series of six rivers in the 
Canadian prairies, but also interpreted, observing 
an underestimation of the correlation dimension 
for the randomly re-sampled data, that the actual 
dimension of these series should be between 7 
and 9 and that the streamflow process might be 
stochastic. Pasternack (1999) reported absence 
of chaos in daily river flow observed in Western 
Run in Maryland in the Gunpowder River basin 
in USA.

Jayawardena & Gurung (2000) performed a 
systematic analysis on the presence/absence of 
chaos in river flow from the Chao Phraya River 
and the Mekong River in Thailand, by employing 
both nonlinear dynamic and linear stochastic ap-
proaches, and concluded that the flow phenomena 
were indeed nonlinear deterministic. Lambrakis 
et al. (2000) applied the correlation dimension 
method and the surrogate data method to discharge 
series of the spring of Almyros, Iraklion, Crete, 
Greece, and presented evidence to nonlinearity 
and chaotic nature of the discharge process; they 
subsequently attempted short-term forecasting 
using local approximation prediction method and 
compared the results with those obtained using arti-
ficial neural networks. Lisi & Villi (2001) reported 
presence of nonlinear deterministic chaotic type 

dynamics in the flow process of the Adige River 
in Italy, and also performed comparison of predic-
tions obtained using local approximation method 
and a stochastic (ARIMA) model. Sivakumar et 
al. (2001b) employed the local approximation 
method to the monthly flow series in Coaracy 
Nunes/Araguari River basin in northern Brazil, 
and reported the presence of chaos in the flow 
dynamics. The results were subsequently verified 
and confirmed by Sivakumar et al. (2002c) using 
prediction results obtained from artificial neural 
networks and the correlation dimension estimate.

Following up on their earlier studies on the 
Dora Baltea flow, Porporato & Ridolfi (2001) 
presented an extension of the phase space re-
construction and local approximation prediction 
concepts to a multi-variate form to include infor-
mation also from other time series (rainfall and 
temperature) and reported that the multi-variate 
approach performed better than the uni-variate 
approach as well as the stochastic ARMAX model. 
Elshorbagy et al. (2001, 2002a) employed the 
principles of chaos theory for estimation of missing 
streamflow data. In Elshorbagy et al. (2001), miss-
ing data in one streamflow series were estimated 
from another complete and cross-correlated flow 
series, whereas Elshorbagy et al. (2002a) used 
only a single streamflow series for estimating 
consecutive missing values in the series. These 
studies also led them to address the issue of noise 
reduction (Elshorbagy et al., 2002b). Phoon et 
al. (2002) proposed a practical inverse approach 
for optimal selection of the parameters involved 
in phase space reconstruction, chaos identifica-
tion, and prediction, and tested it on river flow 
series observed in the Tryggevaelde catchment in 
Denmark and in the Altamaha river in Georgia, 
USA. Jayawardena et al. (2002) presented a new 
criterion, based on the generalized degrees of 
freedom, for optimum neighborhood selection 
for local modeling and prediction, and tested it 
on three river flow series in Thailand and Laos. 
Zhou et al. (2002) employed the concepts of chaos 
theory and the inverted theorem of differential 
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equations to reconstruct the flood series in the 
Huaihe River basin in eastern China.

Sivakumar et al. (2002b) employed the nonlin-
ear prediction method for forecasting the daily flow 
dynamics of the Chao Phraya River in Thailand, 
and also compared its performance with that of 
artificial neural networks. Sivakumar (2003) stud-
ied the dynamic behavior of monthly streamflow 
in the western United States, through application 
of the local approximation method to data from 
79 stations across 11 states. Regonda et al. (2004) 
investigated the type of scaling behavior in the 
temporal dynamics of river flow, employing the 
correlation dimension method. Analyzing daily, 
5-day, and 7-day flow series from each of three riv-
ers in the United States, they reported the presence 
of chaotic scaling behavior in the flow dynamics 
of the Kentucky River (Kentucky) and the Merced 
River (California), and stochastic scaling behavior 
in the flow dynamics of the Stillaguamish River 
(Washington state). They also observed an increase 
in the dimensionality (or complexity) of the flow 
dynamics with the scale of aggregation. Sivakumar 
et al. (2004) introduced a chaotic approach for 
streamflow disaggregation, through making ap-
propriate modifications to the approach proposed 
earlier for rainfall by Sivakumar et al. (2001c). 
The approach was employed for disaggregation 
of streamflow from the St. Louis gaging station 
in the Mississippi River basin, USA. Disggrega-
tion was attempted for four successively doubled 
resolutions: 2-day to daily, 4-day to 2-day, 8-day 
to 4-day, and 16-day to 8-day. Sivakumar et al. 
(2007) used the phase space reconstruction concept 
to analyze a host of river flow series from different 
geographic locations and/or at different scales in 
their attempt towards formulating a catchment 
classification framework.

Rainfall-Runoff

Sivakumar et al. (2000, 2001a) investigated the 
presence of chaos in the rainfall-runoff process at 
the Göta River basin in Sweden, through analysis 
of the rainfall series and the runoff series first 

separately and then jointly (using runoff coeffi-
cient = runoff/rainfall). Employing the correlation 
dimension method and the nonlinear prediction 
method, they suggested the presence of chaos in 
the rainfall-runoff process. However, in view of 
the assumptions made in the use of rainfall, runoff, 
and runoff coefficient series for characterizing the 
rainfall-runoff process, they also cautioned on the 
interpretations of the results and recommended 
further verifications and confirmations. Dodov and 
Foufoula-Georgiou (2005) studied the nonlinear 
dependencies of rainfall and runoff and the effects 
of spatio-temporal distribution of rainfall on the 
dynamics of streamflow at flood time scales in two 
basins in Central North America. They proposed 
a framework based on ‘hydrologically-relevant’ 
rainfall-runoff phase space reconstruction, but 
with acknowledgment that rainfall-runoff is a 
stochastic spatially extended system rather than 
a deterministic multivariate one. This framework 
involved three specific tasks: (1) quantification of 
the nonlinear dependencies between streamflow 
dynamics and the spatio-temporal dynamics of 
precipitation; (2) study of how streamflow pre-
dictability is affected by the trade-offs between 
the level of detail necessary to explain the spa-
tial variability of rainfall and the reduction of 
complexity due to the smoothing effect of the 
basin; and (3) exploration of the possibility of 
incorporating process-specific information, in 
terms of catchment geomorphology and an a 
priori chosen uncertainty model, into nonlinear 
prediction. The results indicated the potential of 
using this framework for streamflow predictabil-
ity and limits to prediction, as a function of the 
complexity of spatio-temporal forcing related to 
basin geomorphology, via nonlinear analysis of 
observations alone and without resorting to any 
particular rainfall-runoff model.

Lake Volume

As far as applications of chaos theory to lakes are 
concerned, the Great Salt Lake (GSL) has been the 
focus thus far, especially its volume time series 

www.ketabdownload.com



214

Chaos Theory for Hydrologic Modeling and Forecasting

at the biweekly scale. Sangoyomi et al. (1996) 
employed the correlation dimension method, the 
nearest neighbor dimension method, and the false 
nearest neighbor algorithm to the GSL biweekly 
volume series and reported presence of low-
dimensional chaos. Further verification of this 
result was made by Abarbanel & Lall (1996) using 
the Lyapunov exponent method. Abarbanel & Lall 
(1996) also attempted forecasting of this series 
using local approximation method and construct-
ing local polynomial maps. The results indicated 
excellent short-term predictions for the GSL series, 
but also revealed degrading predictions for longer 
time horizons. Abarbanel et al. (1996) extended 
this prediction study by attempting multi-variate 
adaptive regression splines (MARS). Regonda 
et al. (2005) proposed a nonparametric approach 
based on local polynomial regression for ensemble 
forecast of time series, and tested its effective-
ness on the GSL biweekly volume series, among 
others. They selected a suite of combinations of 
the four parameters involved in this approach 
(i.e. embedding dimension, delay time, number 
of neighbors, and polynomial order) based on an 
objective criterion, called the Generalized Cross 
Validation (GCV). This ensemble approach (also 
providing the forecast uncertainty) yielded im-
proved performance over the traditional method 
of providing a single mean forecast, and its su-
perior performance was particularly realized for 
short noisy data.

sediment Transport

Sivakumar (2002) and Sivakumar & Jayawardena 
(2002) conducted the initial studies on the ap-
plications of chaos theory to sediment transport 
phenomenon. Sivakumar (2002) employed the 
local approximation method for one step ahead 
predictions of daily suspended sediment concen-
tration dynamics at the St. Louis gaging station 
in the Mississippi River basin, USA. Observing 
that a small embedding dimension yielded the 
best prediction results, Sivakumar (2002) also 

suggested that the suspended sediment concentra-
tion dynamics were dominantly influenced by only 
three variables. Sivakumar & Jayawardena (2002) 
employed the correlation dimension method to 
time series of river water discharge, suspended 
sediment concentration, and suspended sediment 
load from the St. Louis gaging station. Observing 
low correlation dimensions, they suggested pres-
ence of chaos in the dynamics of each of these 
components and also possibly in the complete 
sediment transport phenomenon. Based on the 
chaotic disaggregation approach of Sivakumar 
et al. (2001c) for rainfall data, Sivakumar & 
Wallender (2004) introduced a chaotic approach 
for disaggregation of suspended sediment load 
data and tested it on data from the St. Louis 
gaging station. Sivakumar & Wallender (2005) 
conducted a more comprehensive study on the 
predictability of daily river flow and suspended 
sediment transport processes at the St. Louis 
gaging station. This study was an extension of 
the study by Sivakumar (2002) in two specific 
ways: (1) predictions of river flow and suspended 
sediment load series were also made, in addition 
to the suspended sediment concentration series; 
and (2) predictions were made not just for one 
day ahead but up to ten days ahead. The local 
approximation method yielded extremely good 
one-day ahead predictions for all the series, but 
the accuracy decreased with increasing lead time, 
and more so for suspended sediment concentra-
tion and suspended sediment load. Sivakumar & 
Chen (2007) employed the correlation dimension 
method to investigate the dynamic behavior of 
suspended sediment load transport at different 
temporal scales at the St. Louis gaging station. 
They studied data corresponding to five different 
temporal scales. The results indicated the presence 
of low-dimensional determinism in the suspended 
sediment transport series at each of these scales, 
hinting at possible scale-invariance in the sediment 
load dynamics. Sivakumar et al. (2007) present 
further analysis of sediment-related data, as part 
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of their work on formulation of a catchment clas-
sification framework.

Groundwater

Faybishenko (2002) analyzed time series of pres-
sure fluctuations from two water-air flow experi-
ments in replicas of rough-walled rock fractures 
under controlled laboratory conditions, using a 
host of methods, including correlation dimen-
sion, global and local embedding dimensions, 
and Lyapunov exponents. The results were also 
compared with the chaotic analysis of laboratory 
dripping-water experiments in fracture models and 
field-infiltration experiments in fractured basalt. 
Sivakumar et al. (2005) studied the potential use 
of chaos theory to understand the dynamic nature 
of solute transport process in subsurface forma-
tions. They employed the correlation dimension 
method to time series of solute particle transport 
in a heterogeneous aquifer medium (which was 
simulated using an integrated transition prob-
ability/Markov chain model, groundwater flow 
model, and particle transport model, for varying 
hydrostratigraphic conditions), with the western 
San Joaquin Valley aquifer system in California 
serving as a reference system. The results gener-
ally indicated the nonlinear deterministic nature of 
solute transport dynamics (dominantly governed 
by only a very few variables, on the order of 3), 
even though more complex behavior was found 
to be possible under certain extreme hydrostrati-
graphic conditions. Hossain & Sivakumar (2006) 
studied the spatial patterns of arsenic contamina-
tion in the shallow wells of Bangladesh. Particular 
emphasis was given to the role of regional geol-
ogy (Pleistocene vs. Holocene) on the spatial 
dynamics of arsenic contamination. Observing 
correlation dimensions ranging between 8 and 
11 depending on the region, they suggested that 
the arsenic contamination dynamics in space is 
a medium- to high-dimensional problem. These 
results were further verified using logistic regres-
sion, with an attempt to explore possible (physical) 

connections between the correlation dimension 
values and the mathematical modeling of risk of 
arsenic contamination (Hill et al., 2008).

cHALLenGes In cHAOs THeORY 
APPLIcATIOns In HYDROLOGY

Although the progress we have made on the ap-
plications of chaos theory in hydrology is encour-
aging, there also remain many challenges. Two 
general challenges are noteworthy: (1) improving 
our understanding of the largely less-understood 
chaos concepts for hydrologic applications; and 
(2) finding ways to integrate the chaos concepts 
with one or more other scientific concepts towards 
better hydrologic modeling and forecasting. The 
former is important for avoiding ‘blind’ applica-
tions of the methods and ‘false’ claims, while 
the latter is important for taking advantage of 
the merits of the different approaches for their 
‘collective utility’ to solve hydrologic problems. 
In what follows, some examples to the potential 
limitations of chaos studies in hydrology thus far 
and to the challenges ahead are presented.

The studies by Sivakumar et al. (2000, 2001a) 
on the rainfall-runoff process at the Göta River 
basin are encouraging from the viewpoint of 
overall watershed modeling, as they suggested 
presence of chaos and possibly adequacy of sim-
pler rainfall-runoff models than that are currently 
being used. However, the studies have at least two 
drawbacks. First, observing chaos in rainfall and 
runoff series independently does not necessarily 
mean that the joint rainfall-runoff process is cha-
otic. Second, the runoff coefficient was found to 
be inadequate to connect rainfall and runoff (as 
many of the runoff coefficient values were greater 
than 1.0); how to obtain a more suitable parameter 
and how to utilize it within the context of chaos 
theory to understand the rainfall-runoff process are 
open questions. Similarly, in the aftermath of the 
studies by Sivakumar & Jayawardena (2002) and 
Sivakumar & Wallender (2005), how to utilize the 

www.ketabdownload.com



216

Chaos Theory for Hydrologic Modeling and Forecasting

concepts of chaos to derive a relationship between 
river discharge, suspended sediment concentra-
tion, and suspended sediment load and how to 
understand the sediment transport phenomenon 
as a whole are relevant questions to ask.

An important assumption of the study by 
Elshorbagy et al. (2001) in the estimation of miss-
ing data in one streamflow series from another 
complete and cross-correlated series was the 
presence of chaos in both the series; the obser-
vation of chaos in both the series in their study 
was also probably the reason why the multiple 
local model performed better than a single global 
model. This assumption, however, gives rise to 
several questions: Is the presence of chaos in two 
cross-correlated streamflow series a necessary 
condition for missing data estimation in one series 
from the other? If only one series exhibits chaotic 
behavior, would it be better to estimate missing 
values in the non-chaotic series from the chaotic 
series or vice-versa? Would multiple local models 
still perform better than a single global model?

In the reconstruction of system equations 
for sunspot numbers, Jinno et al. (1995) used a 
modified form of the Rössler equation (Rössler, 
1976) as reference system equations, essentially 
because the attractor, amplitude, and pseudoperiod 
of sunspot numbers’ were similar in structure 
to those of the Rössler equation. Although the 
results of their study are promising, the basis 
for choosing the Rössler equation as a reference 
system is still questionable: for instance, how to 
reconstruct hydrologic phenomena that do not 
exhibit attractors and other properties similar to 
that of any artificial chaotic system? Zhou et al. 
(2002) presented an approach for reconstruction 
of flood series (in the Huaihe River Basin) using 
the concepts of chaos theory and inverted theo-
rem of differential equations. They performed 
reconstruction in three dimensions (and with 
linear and 2nd power nonlinear terms), but then 
also stressed on the need for higher-dimensional 
reconstruction based on the correlation estimation 
estimate of 4.66 for the flood series. Since even 

a three-dimensional reconstruction (and with 
2nd power terms) involves as large as 27 coef-
ficients, an important concern is how complex 
and complicated the equation(s) would be when 
reconstruction is done at still higher dimensions? 
With the fact that simplification in modeling is 
one of the purposes behind searching for chaos, 
wouldn’t higher-dimensional reconstructions 
defeat the intended purpose?

In the contexts of scaling and data aggregation 
in hydrology, some studies suggest that complexity 
of the system dynamic dynamics increase (often 
from a more deterministic nature to a more sto-
chastic nature) with aggregation in time scale (e.g. 
Sivakumar, 2001a; Regonda et al., 2004; Salas et 
al., 2005; Sivakumar et al., 2006, 2007). Although 
this may well be the case in certain situations, 
one must be careful in generalizing this obser-
vation, especially considering that the system’s 
dynamic complexity essentially depends on the 
climate inputs and the catchment characteristics. 
For instance, the catchment area (and, thus, the 
time of concentration, not to mention the rainfall 
characteristics) plays a vital role in the relationship 
between scale and dynamic complexity. As has 
also been observed by some studies (Sivakumar 
et al., 2001c, 2004), depending upon the catch-
ment, the dynamic complexity may increase with 
aggregation in time up to a certain point (probably, 
somewhere close to the concentration time) and 
then decrease with further aggregation, possibly 
implying a ‘scaling regime.’

In an attempt towards simplification of our 
modeling and parameter estimation practices, 
Sivakumar (2004b) proposed an approach that 
incorporates and integrates the chaos concept 
with expert advice and parameter optimization 
techniques. The simplification was brought forth 
through the determination of the ‘number’ of 
dominant variables governing the system (using 
the correlation dimension method) with the use 
of only a limited amount of data (often data cor-
responding to a single variable) representing the 
system. Whether or not integration of different 
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concepts would be effective remains to be seen. 
At the same time, it is also important to note that 
such an integration requires adequate knowledge 
of the advantages and limitations of each of the 
existing concepts in the first place. As Sivakumar 
(2005c) points out, considering our increasing 
emphasis and expertise on individual concepts in 
our research, the idea of integration of different 
concepts seems less appealing.

The studies on the search for nonlinear de-
terministic dynamics in solute transport in a het-
erogeneous aquifer (Sivakumar et al., 2005) and 
arsenic contamination in shallow wells (Hossain 
& Sivakumar, 2006) are a right step forward. It 
must be noted, however, that these studies are 
only crude one-dimensional approximations to 
the complex three-dimensional groundwater flow 
and transport processes, as they consider only the 
time or the space, while what is really needed is 
a spatio-temporal perspective. Another important 
point to be recognized is that, although there is no 
‘mathematical’ constraint, there are questions on 
the ‘philosophical’ and ‘scientific’ merits behind 
the use of phase space reconstruction concept in a 
spatial context with its delay parameter defined in 
space, as is done in Hossain & Sivakumar (2006).

Sivakumar et al. (2007) explored the utility 
of the phase space reconstruction concept for 
formulation of a catchment classification frame-
work. The ‘region of attraction of trajectories’ in 
the phase space was used to identify the data as 
exhibiting ‘simple’or ‘intermediate’ or ‘complex’ 
behavior and, correspondingly, classify the system 
as potentially low-, medium-, or high-dimensional. 
The effective demonstration and testing of this 
proposal on synthetic time series and real river-
related data seem to provide strong clues to its 
potential. What remains to be done, however, is 
the incorporation of the catchment characteristics 
into this classification framework and establishing 
connections between data (usually at the catch-
ment scale) and the actual catchment physical 
mechanisms (at all scales) for this classification 
framework to be successful.

The presence of periods (or a large number) 
of zeros in a time series could result in an under-
estimation of the correlation dimension and thus 
(in the absence of any other analysis) potentially 
lead to the conclusion that chaos exists, when 
actually it does not. This issue can turn out to be 
very serious in chaos studies in hydrology (e.g. 
Tsonis et al., 1994, Sivakumar, 2001a; Kout-
soyiannis, 2006), since zero values are a common 
occurrence in hydrologic time series (especially 
high-resolution rainfall and also runoff during dry 
periods). The fact that zero values are intrinsic to 
the hydrologic system dynamics and thus must not 
be removed in any analysis (unless in exceptional 
circumstances, such as in disaggregation analysis) 
makes the problem even more complicated. This 
does not, in any way, preclude the application of 
the correlation dimension method to hydrologic 
series, because dimension is simply a represen-
tation of the variability of the time series values 
(zeros included). At the same time, any attempt to 
realistically deal with this problem necessitates an 
adequate definition of what constitutes ‘periods’ 
(or a large number) of zeros; in other words, what 
is the ‘threshold’ for the number (or percentage) of 
zeros in a time series that can still yield a reliable 
estimation of correlation dimension? This is a dif-
ficult question to answer, because determination 
of the ‘sensitivity’ of correlation dimension to the 
number of zeros is not straightforward. In fact, 
the above question is not just limited to zeros but 
simply to the ‘repetition’ of any value in a time 
series (e.g. minimum streamflow, maximum/
minimum water level in a reservoir, water release 
from a reservoir).

It is now a widely accepted view that global cli-
mate change will have threatening consequences 
for our water resources, which is also buttressed by 
the increases in abnormal events (e.g. floods and 
droughts) around the world. Study of the impacts 
of global climate change on global, regional, and 
local water resources is a hot topic of research at 
the current time. To this end, since Global Cli-
mate Models (GCMs) provide climate data only 
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at much coarser scales than that are required for 
hydrologic predictions at regional and local lev-
els, ‘downscaling’ of GCM outputs is essential. 
The existing statistical and dynamic downscaling 
techniques can provide some success, but the as-
sumption of linearity inherent in almost all of these 
techniques is too simplistic and thus may impose 
serious constraints on their effectiveness, since the 
climate systems and the associated processes are 
essentially nonlinear, and possibly chaotic (e.g. 
Lorenz, 1963; Tsonis & Elsner, 1988). In view of 
this, there is increasing realization on the urgent 
need for nonlinear downscaling approaches that 
explicitly take into account the system’s chaotic 
properties, but unfortunately nothing seems to 
have been done yet. This downscaling problem 
is also a complex spatio-temporal problem, and 
thus may necessitate significant modifications to 
the single-variable, and even multi-variable, phase 
space reconstruction approach that has widely 
been adopted in hydrologic and climate studies 
thus far. The nonlinear-dynamic based disaggre-
gation approach of Sivakumar et al. (2001c) for 
rainfall may provide some clues to deal with this 
problem, but even that will only be of limited use 
and in a purely temporal sense.

The methods that have been employed by 
studies on chaos applications in hydrology are 
essentially data-based. As a result, their relevance 
to the actual catchment physical mechanisms and 
system dynamics is often questioned. For example, 
the basic idea in phase space reconstruction is 
that a (nonlinear hydrologic) system is charac-
terized by self-interaction and that a time series 
of a single variable can carry the information 
about the dynamics of the entire multi-variable 
system. Although it is possible to provide con-
vincing explanation of the relevance of this idea 
to some overall scenarios (e.g. input-output, 
rainfall-runoff, river discharge-sediment load), 
explanation as to the relevance of the parameters 
to specific system components is very difficult. 
The following example elucidates this difficulty. 
There is sufficient information in the history of 

runoff data about the rainfall properties and the 
catchment characteristics over a period of time, and 
thus a single-variable phase space reconstruction 
(with runoff) should be able, at least theoretically, 
to reflect the system’s dynamic changes. At the 
same time, however, how the delay time in the em-
bedding procedure is related to any of the system 
components and/or dynamics is hard to explain. 
The absence of consensus on the appropriate 
method for the selection of optimum delay time (as 
discussed in Section 2.6.2) makes this issue even 
more difficult to address. This issue, and similar 
ones, must be resolved in order to establish links 
between data and physics and to truly reflect the 
advances that can be made with nonlinear dynamic 
and chaos concepts in hydrology.

cLOsInG ReMARKs

Chaos theory, with its underpinning concepts 
of nonlinear interdependence, hidden order and 
determinism, and sensitivity to initial conditions, 
can offer a balanced and more realistic middle-
ground perspective for hydrologic modeling and 
forecasting against our extreme but popular views 
of determinism and stochasticity. The finding that 
‘complex and random-looking’ behaviors can arise 
also from simple nonlinear deterministic systems 
with sensitive dependence on initial conditions 
has far reaching implications in hydrology, since 
hydrologic outputs (e.g. time series) are typically 
‘complex and random-looking.’ An immediate 
implication of this finding is the need to first of 
all identify the dynamic nature of the given sys-
tem towards selecting an appropriate framework 
for modeling and forecasting, against the current 
widely followed practice of simply resorting to a 
particular approach based on certain preconceived 
notions (determinism or stochasticity) that may 
or may not be valid for that system.

The last two decades of research on the ap-
plications of chaos theory and related concepts 
in hydrology has resulted in some important new 
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findings about hydrologic systems and processes 
and brought to light their far reaching implications 
pertaining to hydrologic modeling and forecasting. 
Most of the studies (as highlighted in Sections 3 
and 4) seem to point to the possibility that many 
hydrologic time series are the outcomes of rather 
simpler nonlinear dynamic systems when compared 
to the assumptions made in the stochastic approach, 
but at the same time not as rigidly deterministic as is 
the assumption in the deterministic approach. These 
studies suggest, in general, that many hydrologic 
systems are dominantly governed by only a few 
variables or mechanisms, in the order of less than 5 
or 6. This is an important result, especially consider-
ing the fact that hydrologic models that are currently 
being developed (whether time series models or 
physical models) are much more complex than 
the models that the above numbers would suggest 
adequate. Since an increase in model complexity 
increases data requirements and creates additional 
difficulties in the estimation of model parameters 
(e.g. Beven, 2002), the ‘number of dominant vari-
ables’ identified in these studies, even when using 
a single-variable time series appropriately repre-
senting the system, certainly has both theoretical 
and practical merits in hydrologic model develop-
ment exercise (e.g. Sivakumar, 2004b). Further, 
some chaos theory tools, such as the Lyapunov 
exponents and the nonlinear local approximation 
prediction method, offer important clues as to the 
predictability of system behavior, in particular the 
‘predictability horizon.’ This information is crucial 
to assess the system’s short-term dynamic changes 
(more accurate prediction up to the predictability 
horizon) against the long-term ones (less accurate 
prediction beyond the predictability horizon), which 
is not easily possible either in the purely stochas-
tic approach (probabilistic prediction both in the 
short-term and in the long-term) or in the purely 
deterministic approach (deterministic prediction 
both in the short-term and in the long-term).

At the current time, many different ideas are 
floated to achieve more efficient and effective 
means to deal with hydrologic modeling and 

forecasting. These ideas include, among others, 
(1) simplification of modeling and collection 
of more reliable data; and (2) development of a 
common modeling framework. There are several 
proposals for model simplification, such as the 
dominant processes concept (e.g. Grayson & Blos-
chl, 2000), data-based mechanistic modeling (e.g. 
Young & Parkinson, 2002), top-down modeling 
(e.g. Sivapalan et al., 2003), and integration of 
concepts (e.g. Sivakumar, 2004b). The common 
modeling framework has many different facets as 
well, such as catchment classification framework 
(e.g. McDonnell & Woods, 2004), scaling theory 
(e.g. Gupta et al., 2007), and consistent modeling 
terminology (e.g. Refsgaard & Henriksen, 2004). 
Although these ideas have strong merits and, 
looking at the success of their implementation 
to certain situations, are also promising, they are 
mostly disparate ideas and a coherent effort to 
bring these together are almost non-existent (Siva-
kumar, 2008a). It is interesting to note, especially 
in this context, that almost all of these ideas have 
been addressed by studies employing concepts of 
chaos theory in hydrology (e.g. Sivakumar, 2000, 
2004b; Sivakumar et al., 2001c, 2002c, 2007; 
Hossain et al., 2004; Regonda et al., 2004; Salas 
et al., 2005; see also Sivakumar (2004a, 2008a, 
2009) for general reviews) and that the outcomes 
are encouraging.

Amid the continuing skepticisms and criticisms 
on the applications of chaos theory in hydrology 
(e.g. Schertzer et al., 2002; Koutsoyiannis, 2006), 
it is important to recognize that the progress made 
thus far is significant, especially considering the 
still exploratory stage of chaos theory in hydrology 
when weighed against the much-longer existing, 
and far more established, deterministic and sto-
chastic approaches. While challenges still remain 
in many aspects of chaos applications in hydrol-
ogy, including the need to better understand the 
theoretical concepts and finding ways to integrate 
these concepts with others, there is also optimism 
and enthusiasm among the hydrologic community 
to explore the concepts further towards improving 
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our understanding, modeling, and prediction of 
hydrologic systems and processes. As Sivakumar 
(2008b) points out (referring also to the observa-
tion made by Yevjevich (1968)), there is indeed 
an urgent need for an approach that can couple 
the deterministic approach and the stochastic 
approach to explain all the salient characteristics 
of hydrologic systems and processes (e.g. linear-
ity, nonlinearity, determinism, stochasticity). As 
discussed above, chaos theory offers one such 
balanced and middle-ground approach to this chal-
lenge, and thus could become to play an even more 
important role in the area of Hydroinformatics, 
and in the field of hydrology and water resources 
at large. It is my hope that this chapter, as part of 
the “Handbook of Research on Hydroinformatics: 
Technologies, Theories and Applications,” would 
form another important contribution to this aspect.
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KeY TeRMs AnD DefInITIOns

Determinism: A situation in which later states 
evolve from earlier ones according to a fixed law.

Stochasticity: A situation in which the progres-
sion from earlier to later states is not completely 
determined by any law.

Chaos: A situation where a complex and 
random-looking behavior arises from simple 
nonlinear deterministic systems with sensitive 
dependence on initial conditions.

Autocorrelation Function: A normalized 
measure of the linear correlation among succes-
sive values in a time series.

Phase Space: A graph or a co-ordinate diagram, 
whose co-ordinates represent the variables neces-
sary to completely describe the state of a system 
at any moment.

Attractor: A geometric object that character-
izes the long-term behavior of a system in the 
phase space.

Correlation Dimension: A measure of the 
extent to which the presence of a data point af-
fects the position of the other points lying on the 
attractor in a multi-dimensional phase space.

Lyapunov Exponent: The average exponen-
tial rate of divergence or convergence of nearby 
orbits in the phase space.
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ABsTRAcT

Seasonal streams (wadis) are of vital importance in dry and semidry countries including Sudan. 
Depending on the rainfall variability of the country, the annual discharge of such wadis was estimated 
to range from 3 to 7 km3 per annum. In the present study two wadi-discharge prediction methodologies 
were used to predict the discharge of Khor (wadi) Abu Fargha. The first methodology depends on the 
El Nino Southern Oscillation (ENSO) event which was divided into six distinct stages. The discharge 
during each stage was compared to previously estimated rainfall in the dry zone of the Sudan during the 
concurrent stage. The methodology was found to illustrate about 83% of the discharge behaviour of Khor 
Abu Fargha. This high prediction skill is attributed to the fact that the wadi is located in an area that 
is influenced by the ENSO event and to the availability of the discharge data for consecutive 34 years. 
The use of global sea surface temperatures (SSTs) in rainfall seasonal forecast studies was initiated 
during the 1990s through the development of empirical-statistical models. Using such methodology the 
models predicting Abu Fargha discharges were found to excel those for some meteorological stations 
and the dry zone of the Sudan as well. This is attributed to the fact that wadi discharges represent the 
whole catchment area whereas rainfall data represent only the rain gauge readings. The models using 
May global SSTs achieved better predictability in Abu Fargha discharges the thing which was found to 
be consistent with the results obtained in previous studies by Kassala meteorological station which is 
located in the vicinity of the wadi. The chapter illustrates the use of the wadi prediction information in 
forecasting the available storage of the aquifers and concluded that combining the different information, 
realistic management of surface and ground water resources can be achieved. The study recommended 
the use of water conservation techniques and integrated dryland management approaches.
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InTRODUcTIOn

Sudan is located in the northeastern part of Africa 
with an area of about 2.5 km and an estimated 
population of 40 million people. The river Nile 
system which includes the Blue Nile and the White 
Nile together with other tributaries and the main 
Nile traverses Sudan from Ethiopia and Uganda 
to Egypt and constitute the most important water 
resource of the country. It is estimated that about 
35% of the population of the country live on or 
close to the river Nile flood plains. The desert, 
arid and semi-arid ecosystems occupy more than 
50% of the area of the country. Meanwhile, the 
Savannah ecosystems cover less than 10%. The 
southern region of the country receives an ample 
amount of rainfall that exceeds 1000 mm/ annum 
most of which occur between March and Octo-
ber. However, high temperatures result in high 
evaporation rates. Land degradation affects both 
the north and the south parts of the country (El 
Mustsfa, 2005).

According to El Gamri (2009) the rains of the 
country are affected by the following:

• The position of the Inter-Tropical 
Convergence Zone (ITCZ).

• The three sub-tropical anticyclones (high 
pressure systems) around the African 
continent.

• The inter-hemispherical monsoonal wind 
systems.

• The Mediterranean depression (low pres-
sure system).

• Easterly waves and associated jet streams.
• Meso-scale systems.
• Teleconnections e.g. with ENSO event.
• Anthropogenic influences.
• Climate Change.

Aridity which dominates about two- thirds of 
country enhanced conflicts over the limited natural 

resources to the extent that social integrity and 
political stability were affected. It is worth men-
tioning that the dry and semidry region extends to 
about 96% of the total geographical area in North 
Africa (Saeed and El Gamri, 2000).

Currently water resources management is 
a serious problem in the country however, due 
to demographic and hydro-political reasons the 
problem will be more drastic in the future. Mean-
while anticipated impacts of climate change on the 
water resources of Sudan include the following 
(Björklund, et al., 2009):

• The anticipated more frequent droughts 
will result in decreased accessibility to wa-
ter for household and the other uses.

• Droughts and floods will result in deterio-
ration in soil fertility as well as the loss of 
crops and livestock, thus bringing about 
severe food security conditions.

• Droughts will adversely impact the hy-
droelectric power generation on which the 
country is dependant to a great extent.

• Frequent droughts and less surface water 
also result in reduced groundwater re-
charge and an accentuated lack of access 
to water.

• Migration of both internally displaced war 
affected people and refugees from neigh-
boring countries in addition to the increas-
ing population put more pressures on water 
resources.

• Reduced flowing water in the swampy ar-
eas will harbor insects, plant diseases as 
well as vector-borne diseases and may re-
sult in loss of life.

• Secondary impacts of floods may also oc-
cur to the infrastructure.

One-six of the area of the country is under 
cultivation meanwhile, a quarter is devoted to 
forestry and pasture. Agriculture which constitutes 
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the main occupation in the country accounts for 
less than 50% of its GDP although it covers almost 
80% of the total exports.

Wadis are important water resources in the 
Sudan specially in areas remote from the Nile that 
are dominated by the Basement Complex or with 
high ground water salinity (Ahmed et al., 2004). 
Their use for water supply and agriculture has been 
practiced widely in the country. For instance the 
area flooded or irrigated from wadis is 300,000 
fed which is equivalent to about 11% of the area 
irrigated from the Nile.

For many locations e.g. northern Sudan inte-
grated wadi management constitutes an optimal 
solution for addressing water scarcity (Salih, 
1998). In the Sudan the total flow from non-Nile 
streams (wadis) varies from 3 to 7 km3, following 
the erratic nature of rainfall, (MOIWR, 1999). 
Evaluation of the potential of such wadis and 
creation of sustainable development and manage-
ment plans are of prime importance.

According to Ahmed et al., (2004) the ma-
jor watersheds in the country are: Jebel Marra 
(Darfur), Nuba Mountains (Southern Kordofan 
State), Red Sea Hills (Red Sea State), Angasana 
Hills (Blue Nile State), Butana Hills (Gedarif 
State) and the Ethiopian Plateau. Each watershed 
comprises many wadis and khors of various sizes 
and discharges that range from less than 1 million 
m3 to about 100 million m3. It is worth mention-
ing that most of these wadis originate inside the 
country and flow internally. However, part of them 
crosses the borders such as Azoom and Kaja that 
flow to Chad.

Due to the orographic effects of Jebel Marra 
the largest discharges are witnessed in Darfur 
where the gross wadi discharges were estimated at 
about 1 km3 per annum. According to Seid Ahmed, 
(2001) and Ayoub, (1998) the Nuba Mountains 
and Jebel Marra were subjected to water erosion 
due to the combined effect of the removal of the 
vegetative cover and inclination (steep slopes).

BAcKGROUnD

El Nino (Spanish word) has been recognized by the 
Peruvian fishermen as the appearance of unusually 
warm water in the tropical portion of the Pacific 
Ocean. The name means “The Little Boy or The 
Christ child” was adopted since the phenomenon 
tend to occur around Christmas. During El Nino 
warm surface water from the western equato-
rial part of the Pacific Basin invades the eastern 
equatorial region (Salinger, 1992). On the other 
hand, La Nina (means The Little Girl in Spanish) 
is the establishment of the cold pattern along the 
equator through drag of the warm surface water 
westward by easterlies and the mutual upwelling 
of cold water from deeper layers along the coasts 
of South America and the Equator. These oceanic 
phenomena are resultants of interactions between 
the surface of the ocean and the atmosphere. The 
term Southern Oscillation (S.O.) denotes the 
linkage of these oceanic phenomena to the global 
atmosphere. The concept of S.O. constitutes a 
major step towards the understanding of the global 
climate system. It is an exchange of mass between 
two centres of action, the centre of permanent high 
atmospheric pressure (represented by Tahiti) in 
the southeastern Pacific and the centre of lower 
pressure (represented by Darwin in Australia) in 
the Indonesian region. When atmospheric pres-
sure is higher than average in Tahiti, it is lower 
than average in Darwin and vise versa. Southern 
Oscillation Index (SOI) is a frequently used index 
of the S.O. It is defined as: the difference in the 
normalized pressure anomaly Tahiti minus Dar-
win (Salinger, 1992). La Nina is characterized by 
highly positive SOI meanwhile it is negative in El 
Nino phase. The two phenomena (El Nino and La 
Nina) in addition to SOI constitute the so-called 
El Nino Southern Oscillation or The ENSO event. 
Since the continental influence (seasonal reversal 
winds) is significantly less in the Southern Pacific 
than that of North Pacific, hence the annual cycle 
of SSTs is proportionally less in the former region 
(WMO, 1999).
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The skill in predicting the onset of El Nino 
is still very little; however once it started; the 
subsequent evolution over the next 6-9 months 
can be predicted reasonably. It is worth noting 
that such events may last for a year or even more. 
Different theories try to illustrate the mechanisms 
of El Nino but none of them has given real skill in 
making a forecast in advance. Linkages between 
El Nino and climate anomalies are stronger in 
the South Pacific and southern continents. For 
instance, during El Nino rainfall is above average 
in parts of Peru and Equator, below average in 
New Guinea and Indonesia and southern Africa. 
On the other hand, La Nina produces the opposite 
climate variation from El Nino. However, since 
1975, La Nina is only half as frequent as El Nino.

According to recent research concerning the 
African rainfall, the continent shows strong ENSO 
correlation in southern, eastern, and the far north 
and a notable signal in the Atlantic coast around the 
Equator and the Sahel. Different parts of eastern 
Africa (including Sudan) show correlation with 
El Nino event but with differences in magnitude 
and direction (WCRP/CLIVAR, 2002).

Recently, much emphasis has been put on the 
ENSO event in rainfall forecast studies. This is 
attributed to the relatively longer time scale of 
variability which allows for predictability of cli-
mate that potentially extends for many seasons. El 
Gamri, (2005) stressed the impacts of the ENSO 
stages on the rainfall of dry Sudan and the fol-
lowing facts were revealed:

• It is above normal rainfall during pro-
longed La Nina and below normal during 
prolonged El Nino, with higher forecast 
skills for La Nina. It is markedly above-
normal rainfall during starting and well es-
tablished La Nina, normal during starting 
El Nino and markedly below-normal dur-
ing dying La Nina, dying and well estab-
lished El Nino.

• Influences of the La Nina stage are direct 
and concurrent while El Nino works with 
lag-time.

• Below normal rainy seasons start normally.

The last finding is confirmed by Ward, (1999) 
who concluded that “For Sahel region June rains 
(early season) are generally good in El Nino years 
whereas July–September rains (main season) are 
reduced”.

Cobon et al., (2003a) used the climate analysis 
package “Rainman International” in the forecast 
of the rainfall of Southern Africa using three 
months average SOI (in spring) as predictant for 
the summer rainfall with forecast lead times of 
0-2 months. The authors found that during the 
months August through October an average SOI>5 
is associated with above median rain in central 
South Africa and Zimbabwe and below median 
rainfall in southern Kenya and Tanzania and 
the opposite occurred for SOI<-5. Cobon et al., 
(2003b) described a methodology of using daily 
rainfall data for assessing the impacts of ENSO 
event on the onset and number of rain events. 
The results showed that a total shift of 14 days is 
induced and a shift in the median number of rain 
events (6 for SOI<-5 and 9 for SOI>5) from the 
climatic median of 7 with a forecast lead time of 
0-3 month. The methodology was found to be 
convenient for decision-making by the farmers. 
However, lack of long-term (>80 years) of daily 
rainfall data limits widespread application.

The use of SSTs in rainfall prediction during the 
1990s was considered as one of the most significant 
developments. That was possible because of the 
mutual influences between the atmosphere and 
oceans. The hypothesis was stated by (Mutemi, 
1999) as “if significant correlation exists between 
rainfall and SSTs it can be assumed that they will 
be related in the same way in the future”. Hence 
empirical-statistical rainfall prediction models 
can be developed.
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MATeRIALs AnD MeTHODs

Wadi (Khor) Abu fargha

This wadi originates from the highlands of East-
ern Sudan within the Gedarif State at an altitude 
of 640m above mean sea level (m. s. l.). Three 
tributaries of the wadi confluence in Gedarif town 
at an altitude of 590m m. s. l. Ultimately the wadi 
joins River Rahad at an altitude of 430m m. s. l. 
with a total difference in elevation of 210 m. Ac-
cording to NCR, (1982) Gedarif State like most 
parts of eastern Sudan is underlaid by the Basement 
Complex that occupies about 50% of the area of 
the country and hence the wadi constitutes a vital 
water resource for the area. The average annual 
discharge of the wadi is more than 4 million m3 
with a catchment area of about 5000 km2. Due to 
geological formations and soil type, the section 
upstream Gedarif is shallow and narrow. Hence, 
flood hazards are serious for Gedarif e.g. the 
famous flood on the 12th of August 1982 when 
more than the annual average discharge occurred 
during 4.5 hours only. Previous studies proved that 
the wadi is responsible for the recharge of Abu 
Naga Aquifer near the town. However, recently 
it has been found that some branches of the wadi 
overly the Azaza Aquifer. The aquifer was iden-
tified (12 km northwest of Gedarif) in the year 
1990 after extensive geophysical surveys. It is 
worth mentioning that such alluvial aquifers cover 
about 2% of the area of the country often overly 
the Basement Complex (SRFAC/SUST, 2001).

The wadi discharge data were collected from 
the Wadi and Ground water Administration, Min-
istry of Irrigation and Water Resources. The data 
extend through the period from 1960 up to 1993 
representing the whole gauging period of 34 years.

Influences of the Different ensO 
stages in Wadi Discharges

To Study the influence of the different stages of 
the ENSO event in Khor Abu Fargha discharges 

the discharge data were first classified into the six 
groups that coincide with the different stages of 
the ENSO event as suggested by El Gamri, (2005). 
These namely are Starting La Nina (Sna), Start-
ing El Nino (Sno), Dying La Nina (Dna), Dying 
El Nino (Dno), Well established La Nina (Wena) 
and Well established El Nino (Weno). The mean 
annual discharges as well as the mean for each 
ENSO stage were calculated and the discharge 
during each stage is represented as a percentage 
from the mean annual discharge. According to 
El Gamri et al., (2007) this classification is valid 
for the general rainy season of the Sudan and the 
similar conditions.

correlation between Global ssTs 
and Khor Abu fargha Discharges: 
(Development of empirical 
statistical Wadi Prediction Models)

One of the recent developments during the 1990s 
and because of the mutual influences between the 
atmosphere and oceans the use of SSTs in rainfall 
prediction was started and hence, empirical-statis-
tical rainfall prediction models can be developed. 
According to El Gamri, (2005) such models were 
developed using the following software packages:

• Climlab2000
• Excel
• SYSTAT 8.0

The models for discharge prediction were 
developed in the same procedure used for rainfall 
prediction as illustrated by El Gamri, (2005).

Verification of forecast Models

Contingency table and some of the associated 
scores were used for model verification. Con-
tingency table lists the frequency (or relative 
frequency) of observations across two or more 
attributes (Atheru, 1999). The methodology was 
also used by Abdalla, (2002) and it proved to be 
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satisfactory. To prepare the contingency tables, 
both forecasts and observations, for each particu-
lar model, were first arranged into a descending 
order. Then the set was divided into 3 groups the 
above-normal group comprises the top 12 years, 
and the normal group comprises the second 11 
years and the last 11 years represent the below-
normal group.

The associated scores which were used for 
model verification are represented in Equations 
1, 2 and 3 as shown below:

• Percent correct:

P.C. =100 (a+e+i)/T  (1)

where a, e, and i are the numbers of correct fore-
casts in each category and T is the total number 
of forecasts.

• Post agreement (PA) and False alarm ratio 
(FAR): Post agreement is the number of 
correct divided by the number of forecasts 
for each category. FAR is sensitive only to 
false predictions of the severe events, not 
to missed events.

FAR=1-Post agreement of the severe event  
(2)

• Probability of detection (POD): hit rate. It 
is a measure of the ability to correctly fore-
cast a certain category

POD= a/J, e/K, i/L  (3)

ResULTs AnD DIscUssIOn

Influences of the ensO event 
on Wadi Discharges

As shown in Figure 1 during Sna Khor Abu Fargha 
showed markedly above-normal (about 13 times 
the normal) discharge which is consistent with 
El Gamri et al., (2007) on that the rainfall of the 
region is markedly above-normal during the same 
stage. The markedly above-normal discharge of 
Abu Fargha during Sno is in a disagreement with 
the normal rainfall of the region. The below-normal 
discharge recorded during Dna is also consistent 
with the markedly below-normal rainfall of the 
region. During dying El Nino Abu Fargha dis-
charge and the rainfall are both within the markedly 
below-normal. The wadi showed above-normal 
discharge during Wena which is consistent with 
the markedly above-normal rainfall of the region. 
The markedly below-normal discharge recorded 
for the wadi during Weno is consistent with the 
below-normal rainfall of the region.

Figure 1. Abu Fargha annual discharge during ENSO stages
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Hence, it can be concluded that this methodol-
ogy is capable enough for predicting 5 out of 6 
phases (about 83%) of the discharge behaviour 
of Khor Abu Fargha i.e. with an excellent predic-
tion skills. This can be attributed to the following:

• The availability of the discharge data of the 
wadi for 34 years.

• The wadi is located in an area that is influ-
enced by the ENSO event.

The high skills of the forecast techniques based 
on the teleconnection with the ENSO event were 
also confirm by Cane et al., (1994). The author 
concluded that such techniques are capable of 
producing valuable information that can be 
used in water resources management and in the 
reduction of the impacts of drought. The authors 
revealed that the techniques were used to forecast 
crop production with 0.71 correlation coefficient. 
This information can be used to determine food 
shortages, crop marketing strategies and planning 
relief operations.

However, during El Ninos of 1990s’ Gedarif 
showed above-normal rainfall (Abdalla and Fota, 
2001). This may illustrate the markedly above-
normal discharge recorded for the wadi during 
Sno. It is worth mentioning that, Damazin which 
is located in the same area tends to show markedly 
above-normal rainfall during El Nino of the same 

period. Critical studies are therefore highly recom-
mended for recent rainfall behaviour in Eastern 
Sudan. However, this is consistent with Cobon et 
al., (2003a) in that the skill in the forecasts oc-
curred for La Nina rather than El Nino conditions.

Wadi Prediction Models

Appendix (1 A and B) shows the correlation maps 
between monthly (May/ June) global SSTs and an-
nual discharge for Abu Fargha. On the other hand, 
Figures 2 and 3 show the models predicting the 
discharge of Khor Abu Fargha using global SSTs 
of the two months of May and June respectively. 
Meanwhile, Table 1 shows summary of the scores 
evaluating the two models.

Equations 4 and 5 shows the developed em-
pirical forecast models:

Pm =0.454*AT4-0.773*IN3-0.471*IN5  
+0.828*PA3-0.283*PA5 (4)

Pj =-0.413*IN4+0.208*IN7-1.031*PA2  
+0.926*PA3-0.506*PA4-0.243*PA5  (5)

Where:

Pm: indicates the use of May global SSTs to predict 
the wadi discharge.

Figure 2. Abu Fargha actual vs. predicted discharge using May SSTs’
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Pj: indicates the use of June global SSTs to predict 
the wadi discharge.

AT= Atlantic Ocean
IN= Indian Ocean
PA= Pacific Ocean

The numbers 2, 3, etc indicate location on the 
different oceans.

The models predicting Abu Fargha discharge 
show higher skills than those developed by El 
Gamri, (2005) for predicting rainfall. For instance 
they achieve average PC and POD of 70% and 
0.70 respectively which exceeds those of all sta-
tions and the Region as well. In addition to that 
the wadi discharge models achieved average PA 
and FAR of 0.96 and 0.06 respectively which are 
similar to those obtained for Kassala the station of 

the highest predictability. Excellence of the models 
predicted wadi discharges over those of rainfall 
may be attributed to the fact that wadi discharge 
data represent the whole catchment area of the 
wadi while rainfall data represent only the rain 
gauge readings at each particular station.

The model predicting wadi discharge using 
May SSTs achieved better predictability than 
that using June SSTs. However, the latter shows 
better skills in predicting PA and FAR with 100% 
predictability for both scores. In addition to that, 
this model also achieved POD of 0.92 which ex-
ceeded those obtained by El Gamri, (2005) who 
studied rainfall prediction for some meteorological 
stations and the dry region of the Sudan. Hence, 
combining the skills of the two models, effective 
management plans can be developed for Khor 
Abu Fargha. The mutual use of prediction mod-
els is in agreement with Osman and Shamseldin, 
(2002) who argued that combination of forecast 
models would normally improve the quality of 
the prediction.

The high prediction skills of global SSTs is 
also confirmed by Giannini et al., (2003) who used 
version 1 of an atmospheric general circulation 
model developed at NASA called (NSIPPI). When 
forced by global SSTs for the period 1930-2000 
the model reproduced much of the variability in 
the observed Sahel JAS rainfall with a correlation 

Figure 3. Abu Fargha actual vs. predicted discharge using June SSTs’

Table 1. Scores evaluating Khor Abu Fargha 
discharge prediction models 

SSTs Cat-
egory

PA FAR PC POD

AN N BN

May AN-N 0.75 0.25 74% 0.75 0.73 0.73

N-BN 1.0 0.0

June AN-N 1.0 0.0 65% 0.92 0.46 0.55

N-BN 1.0 0.0

Legend: AN: Above-N ormal, N: Normal, BN: Below-Normal
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of 0.6. Hence, SSTs variability is instrumental in 
determining rainfall in the region, whereas coher-
ent land-atmosphere interaction acts to amplify 
them the authors concluded.

The highest predictability achieved for Kassala 
meteorological stations over the other stations and 
the high skills performed in predicting Khor Abu 
Fargha discharges suggest that eastern Sudan, 
where both the wadi and the station are located, 
has got higher predictability than the other studied 
parts of the country. Another striking observation 
is that the models developed using May SSTs are 
better than those developed using June SSTs for 
both Kassla and Khor Abu Fargha. Such observa-
tion may suggest that global SSTs affect Sudan’s 
rainfall with a lag-time for at least the eastern 
part of the country. However, results obtained 
by Cobon et al., (2003a) showed that the ENSO 
signal decreases with greater forecast lead-times 
in southern Africa, but with no significant dif-
ference for the lead-times 0-1 that correspond to 
June and May respectively in the present study.

Water Resources Management 
in Gedarif Area

As stated earlier Gedarif area like most parts of 
eastern Sudan is underlain by the Basement Com-
plex that occupies about 50% of the area of the 
country and hence Khor Abu Fargha constitutes 
a vital water resource for the area.

Due to the combined effects of increase in 
population and activities and the presence of some 
refugee camps, Gedarif town can secure only about 
40% of its water demand utilizing the current 
available resources. Azaza Aquifer consists largely 
of consolidated fine sand and silt. According to 
Abdo, (2004) its ground water potentialities and 
water quality are generally very good. Although 
the aquifer is covered by a thin layer of very low 
permeability there are indications of recharge 
from the wadi. This is reflected by the fact that 
the wells closer to the wadi show higher ranges of 
head variation. The thickness, storage coefficient 

and transmissivity of the aquifer were found to 
be 135 m, 0.0025 and 50 m3/day respectively.

As mentioned earlier some branches of Khor 
Abu Fargha overly the alluvial Azaza Aquifer. 
According to Abdo, (2004) the recharge coeffi-
cient is estimated at about 5% of the discharge of 
these branches. Hence, the aquifer available stor-
age can be forecasted utilizing the wadi forecast 
information using the Equation (6) as suggested 
by Abdo, (2004):

Recharge Rate = Rc*Q (m3/ month)  (6)

Where,

Rc = recharge coefficient
Q = wadi discharge

The usual practice is to estimate recharge us-
ing wadi water level but due to lack of such data 
discharges were used instead. However, according 
to Abdo, (2004) relying upon wadi discharges 
is safer, in the sense that it certainly yields zero 
recharge when there is zero wadi flow. Alterna-
tively, a non-zero recharge might be obtained if 
water levels and recharge are related inaccurately.

Artificial groundwater recharge is finding 
widespread use as a mean to increase groundwater 
reserves (Viessman et al., 1989). According to 
the authors the surface water spreading artificial 
recharge method is convenient for aquifers like 
Azaza provided that the top impervious clayey 
soil is removed.

This forecasted aquifer storage combined 
with the fact that the recommended permissible 
limit of drawdown equals to two-thirds of the 
saturated thickness of the aquifer (Abdo, 2004), 
the other characteristics of the aquifer and the 
demand of the different water users can be used 
to set more realistic planning and management 
rules for the aquifer instead of depending on long 
term averages.

One of the recent developments of Khor Abu 
Fargha is the construction of an earth dam in pur-
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suit of solving the escalating water shortages of 
Gedarif. Such practice is common in various parts 
of the Sudan. According to Schwab et al., (1993) 
design of suitable water control and conservation 
structures requires that the following factors be 
taken into consideration:

• Equitable water resources allocation be-
tween the upstream and the downstream 
communities.

• For most purposes it is often more eco-
nomical to have a periodic failure than to 
design for the greatest rainfall that has ever 
occurred.

• When human life is endangered, howev-
er, the design should handle runoff from 
storms even greater than been recorded.

• Environmental considerations.

On the other hand, Orev, (1986) illustrated the 
difficulties facing engineering works on very large 
(unpredictable) desert wadis with catchments of ≥ 
1000 km2 and he attributed that to the following:

• Lack of adequate hydrological data,
• Large volume of water and sediment, and
• The high cost of structures needed to con-

trol such volumes.

Water volumes exceeding the design capacity 
may lead to washing out of earth dams e.g. Rawa-
keeb dam in western Omdurman area (El Gamri, 
2004). This is confirmed by El Khidir, (1998) 
who attributed the frequent failure of such dams 
in the country for the disregard of sluice gates (to 
prevent silt deposition during the first few floods) 
and spillways (to regulate the amount of stored 
water to the design capacity).

Fadul et al., (2003) illustrated the use of Remote 
Sensing and GIS for planning water harvesting 
in North Darfur State. The authors used Landsat 
images to investigate the drainage systems (macro 
catchment areas), vegetative cover and surface 
conditions. Using GIS techniques information on 

soil, meteorology and others were added. Finally 
the area under investigation was classified into 
catchment, runoff, storage and the target. The 
methodology proved to be technically feasible 
with a reasonable price. However, the authors 
recommended other parameters like the hydrol-
ogy of the area, soil texture and depth as related 
to the adaptable crops to be included.

Ahmed et al., (2004) considered the discharge 
data (maximum, minimum and average) at a prop-
erly selected location as the most important data 
for wadi development through which the storage 
capacity and cost of the hydraulic structure can be 
determined. In addition to that and for successful 
development of the seasonal wadis the topogra-
phy, soils, geology, climate of the area and close 
supervision of construction are to be considered

One of the traditional water harvesting tech-
niques in the Sudan is to cultivate large discharge 
wadis like Khor Abu Fargha after recession (A/ 
Latif et al., 2003). On the other hand, simple 
obstructions like branches or small earth bunds 
or ridging and soil disturbance were made across 
low discharge wadis to improve the soil moisture 
condition. The latter practice can be adopted for 
the small branches of the wadi.

To improve productivity in rain fed areas e.g. 
northern Gedarif water harvesting and supplemen-
tary irrigation together with other improved crop 
production packages are to be adopted. According 
to Farah and Ali, (2000) these packages include 
optimum sowing date, optimum plant density and 
crop rotation. The authors argued that due to the 
erratic nature of rainfall it is difficult to apply the 
recommendation on sowing date. However, using 
water harvesting and supplementary irrigation 
will facilitate adoption of this recommendation. 
It is worth mentioning that a one day delay in 
sowing results in a loss of 1-2% of productivity. 
With regard to crop productivity water harvesting 
was reported by Farah and Ali, (2000) to achieve 
an increase by about 116% and when coupled 
with phosphorus and nitrogen fertilization the 
increase amounts to 166%. On the other hand, 
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supplementary irrigation and addition of organic 
manure were found to increase productivity by 
about 130% in Khor Abu Habil in western Sudan. 
Improved productivity will assist in stopping 
the horizontal expansion in the rain fed sector 
freeing more lands for rangeland, forestry and 
environmental protection like control of gully 
erosion which affect vast areas in eastern Sudan 
(Seid Ahmed, 2001). On the other hand, water 
harvesting techniques were reported by A/ Latif, 
(1995) to increase pasture and tree plantations 
4-6 times. In addition to the above mentioned 
techniques, to prevent land degradation Adam, 
(2000) suggested the use of sustainable and inte-
grated approaches in selecting hafeer size, use of 
machinery, moisture conservation and adopting 
agro forestry techniques.

cOncLUsIOn AnD 
RecOMMenDATIOns

conclusion

1.  The effect of the La Nina stage is direct 
and concurrent while El Nino works with a 
lag-time.

2.  The ENSO classification methodology was 
found to illustrate 83%, of the discharge 
behaviour of Khor Abu Fargha.

3.  Khor Abu Fargha discharge empirical sta-
tistical prediction models excelled those of 
rainfall prediction.

4.  Available groundwater storage and crop 
production can be projected utilizing forecast 
information.

Recommendations

1.  Rehabilitation and establishment of new 
wadi discharge gauging stations and me-
teorological stations are crucially needed.

2.  Studies on the hydrology of dry and semidry 
regions are to be strengthened.

3.  The mutual use of prediction models is highly 
recommended to integrate the various skills 
of the models used.

4.  Improvement of the awareness in the po-
tential uses of rainfall and wadi discharge 
forecast information is very much needed 
for appropriate management of conventional 
water resources.

5.  The use of the modern technologies of 
Remote Sensing and GIS are strongly rec-
ommended in water resources monitoring 
and management.
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KeY TeRMs AnD DefInITIOns

Abu Fargha: A large seasonal stream that 
originates from the high lands of eastern Sudan 
and flows westwards an ultimately joins river 
Rahad which is a tributary of the Blue Nile. It 
constitutes a major water supply as well as a flood 
hazard to Gedarif which is a major town in the 
eastern part of the country.

Arid: An arid area receives rainfall of about 
200 mm/annum

ENSO event: This term denotes the linkages 
between abnormal Sea Surfaces Temperatures 
(SSTs) that occur in the tropical portion of the 
Pacific Ocean (above normal SSTs known as El 
Nino and below normal SSTs known as La Nina) 
and the global climate systems.

Forecast: From hydrological point of view 
forecast denotes the anticipated discharges of 
a seasonal or perennial stream during a certain 
coming season.
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Management: In the context of IWRM water 
resources management is considered as the process 
of the coordinated (Participatory) management 
of land resources including water to achieve 
maximum socioeconomic development while 
preserving the vital ecosystems.

Wadi: An Arabic word that means a seasonal 
stream however, it is gaining more and more 
recognition in the recent literature in hydrology 
and water resources management.

Water Harvesting: This term denotes ancient/ 
modernized practices of collecting the runoff 
generated from rain water for various purposes 
including water supply for both humans and ani-
mals, agricultural production, recharge of ground 
water resources an environmental protection.

Watershed: Is an area though which water 
flows on its way to an ocean, a sea, a river or 
a lake. A watershed may drain a huge area of 
thousands of square miles or very small of an 
area of 20-acre.
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APPenDIX

correlation Maps between Global ssTs and Abu fargha Discharges

Figure 4. Correlation map between May SSTs’ and Abu Fargha discharges

Figure 5. Correlation June between SSTs’ and Abu Fargha discharges
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ABsTRAcT

The present chapter describes an end-to-end methodology for assessing flood protection strategies, 
including the whole methodological process from hydrological statistics to detailed 2D hydraulic model-
ling, damage calculation and flood risk evaluation. This risk-based approach serves as a component of 
a decision-support system (DSS) developed in Belgium for identifying cost-effective flood management 
strategies in the context of climate change. The DSS accounts for both hydraulic and socio-economic 
parameters to quantify the benefits (in terms of avoided risk) and the cost of each strategy. Besides 
reviewing fundamentals of flood risk assessment, including the inundation model and main concepts 
related to flood risk, a consistent methodology for micro-scale flood risk analysis is presented in detail, 
combining complementary sources of GIS information such as high resolution and high accuracy land 
use database as well as socio-economic datasets. Finally a case study on a main tributary of river Meuse 
in Belgium is described.
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InTRODUcTIOn

For centuries people have settled in areas nearby 
rivers. They exploited rivers for many purposes, 
such as inland navigation, fishery, irrigation in dry 
regions or electricity production. They also had 
to face inundation events but, to a certain extent, 
they adapted their settlements and their behaviour 
to cope with this hazard. Flood occurrence and 
the consequences of flooding were generally ac-
cepted by society.

Nowadays, riversides are becoming more 
and more urbanized but the communities living 
along rivers tend not to accept the risk of flooding 
any longer. Drastic reductions in flood risk are 
requested. Moreover, within the framework of 
climate change, heavy precipitations are expected 
to increase in terms of frequency and intensity 
(IPCC 2001). In this context, it is reasonable to 
think that peak discharges in rivers will also rise 
and such events will become more frequent. Thus, 
protection of people threatened by flooding and 
integrated flood risk management are becoming 
issues of growing importance.

At present, the design and the optimization 
of flood protections is gradually shifting from a 
method based on a single return period to a full 
risk analysis, which takes into account a large 
range of occurrence probability (Merz 2006). 
This type of approach may lead to cost benefit 
analyses, for which predicted losses are estimated 
from the risk analysis procedure. This chapter 
is in line with the framework of this emerging 
approach for elaborating flood management 
strategies. Indeed, the procedure detailed in this 
chapter relies on a risk modelling chain handling 
the data flow from statistical analysis of river 
flows to the risk evaluation. This risk modelling 
system enables to assess psycho-social impacts 
of floods as well as direct and tangible economic 
losses, with the aim of designing and optimising 
local flood protection strategies.

While most risk analyses are performed at 
macro- or meso-scale, in this chapter an original 

micro-scale analysis is described. It means that 
each asset (house, company, public building …) is 
analyzed individually. Such a refined investigation 
leads to detailed economic as well as psycho-social 
damage evaluations which prove to be helpful to 
rank different adaptation measures (e.g. mobile 
dikes, rehabilitation of floodplains, diversion 
channel …) in terms of overall effectiveness.

The developed tool also handles a large number 
of detailed and accurate input data necessary in 
such a micro-scale analysis. First, 2D flow model-
ling is essential for providing as an output high 
resolution flood maps detailing the distribution of 
water depth and flow velocity in the floodplains 
and representing interactions between main chan-
nel and floodplains. Secondly, accurate land use 
databases have to be used in order to identify each 
building individually and for determining their 
type (residential, industrial, petrol station …).

RIsK AnALYsIs MeTHODOLOGY

fundamentals

Flood risk is generally defined as the product of 
hazard and vulnerability (Apel et al. 2007). The 
hazard component of risk is related to the statistical 
and the physical characteristics of the considered 
floods. The occurrence or exceedance probability 
of a flood is typically derived from its statistical 
return period commonly used in hydrological 
sciences. The vulnerability results from a com-
bination of the exposure of the elements-at-risk, 
such as number of threatened people and other 
affected assets, with their susceptibility.

This view of the concept of risk is consistent 
with Directive 2007/60/EC of the European 
Union, which states: “flood risk means the com-
bination of the probability of a flood event and 
the potential adverse consequences for human 
health, the environment, cultural heritage and 
economic activity associated with a flood event” 
(EU 2007). As shown in Figure 1, the evaluation 
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of the risk from flooding relies basically on two 
main parameters: the probability of occurrence of 
each flood event and its consequences, expressed 
as the induced damages.

The four main parameters of flood risk, 
namely, probability, exposure, element-at-risk and 
vulnerability may be defined as follows:

• In hydrology and river management, the 
probability associated to a given flood is 
typically expressed as a return period in 
years (e.g. the discharge value of a 20-year 
return period flood would statistically be 
exceeded once in a period of 20 years).

• The exposure is the set of values of the 
hydraulic parameters of a flood event af-
fecting the assets and the people in the 
floodplains. Hydraulic parameters typical-
ly include the inundation extent, the water 
depth and the flow velocity, the rising rate 
of water and the duration of the flood. This 
information is directly derived from nu-
merical flow modelling.

• The elements-at-risk are people, dwellings, 
industrial buildings, road and rail network 
as well as others facilities which may be 
affected by a flood event.

• Their vulnerability results from the combi-
nation of several parameters such as resil-
ience, i.e. capacity of an element to recover 
its initial state, and susceptibility, i.e. the 
propensity of a particular receptor to expe-
rience harm.

Methodology

Flood risk may be practically evaluated following 
the process described in the flow chart of Figure 
2, which also shows the main input data needed 
as well as the outcomes of the methodology.

The procedure involves the following four 
basic steps:

1.  first, statistical analysis of hydrological data 
provides the exceedance probability of each 
considered flood discharge and, if relevant, 
this may be complemented by assumptions 
regarding impacts of future climate change 
on the river hydrology;

2.  next, hydraulic modelling is conducted to 
generate hazard maps (i.e. inundation extent, 
water depth and velocity field corresponding 
to each exceedance probability);

3.  by combining the predicted inundation extent 
and geographical data such as land use and 
location of buildings, the exposure may be 
evaluated;

4.  finally, the flood impacts may be computed 
by conducting socio-economic analyses, 
based on social indexes and economic dam-
age functions, which lead eventually to the 
risk evaluation.

While step 1 is considered as input data in the 
present study, the application of the rest of this 
four-step procedure is described in detail in the 
next paragraphs.

Figure 1. Main components of flood risk (Dewals et al. 2008c; Ernst et al. 2008)
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Hydraulic flood Mapping: Hazard

The hydrological study of the catchment response 
and the river flow time series provides the inflow 
boundary conditions to be prescribed for hydraulic 
modelling. Possible climate change impacts may 
be taken into account at this stage by adapting the 
hydraulic boundary conditions or their associated 
exceedance probability.

Consistency between the analysis scales for 
inundation mapping and for the rest of the risk 
analysis is important. Thus, in accordance with 
the micro-scale approach followed here, flow 
computations must enable to predict water depth 
and flow velocity at the scale of individual build-
ings in all floodplains.

For this purpose, simplified 1D flow models, 
such as often used as hydrodynamic input data 
for flood loss estimation, are basically unable 
to reach a satisfactory accuracy. Moreover, for 
damage quantification in particular in strongly 
urbanized areas, one dimensional flow models 
have already been reported to provide too coarse 
approximations of the flow field (McMillan and 
Brasington 2008). Therefore, fully dynamic two-
dimensional flow modelling is used here, with 
the aim of modelling properly the interactions 
between the main riverbed and the floodplains, 

as well as to account for the complex topographic 
structures of urbanized floodplains.

Geomatic: exposure

The third step consists in combining the flood maps 
and the land use databases in order to identify the 
affected assets.

Since water depth is the main parameter influ-
encing damages, this value needs to be known for 
each individual element-at-risk. However, since 
hydraulic modelling is run on a Digital Surface 
Model, which includes obstacles relevant to the 
flow such as buildings, the water level inside these 
over grounded structures cannot be deduced di-
rectly from the modelling results (since computed 
water depths are zero at the location of buildings). 
Therefore, two techniques have been implemented 
to evaluate the water depth inside buildings:

• either the average of the water depth com-
puted in the wet cells connected to the con-
sidered asset is used (Figure 3 a.),

• or the ground level and the free surface el-
evation in the vicinity of the asset are lin-
early interpolated based on a least square 
method and the water depth inside the 

Figure 2. Flow chart describing the risk analysis procedure along with main input and outcomes
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building is deduced from this interpolation 
(Figure 3 b.).

As a result, a value of water depth may be 
ascribed to each asset.

Figure 4 shows an example of output of the 
exposure analysis. In this example, the houses 
affected by the inundation are classified as a 
function of the water depth, based on a standard 
three-class ranking commonly used for inundation 
mapping in Belgium: inundation depth (i) below 
0.3 meter, (ii) between 0.3 and 1.3 meter and (iii) 
above 1.3 meter.

socio-economic Risk

The fourth step of the risk evaluation procedure 
is the impact analysis, which leads to the socio-
economic risk assessment.

Psycho Social Impact

The social flood impact is a function of three 
main parameters. First, the flood characteristics: 
the social impact depends on the water level, the 
water rising rate, the flow velocity and the dura-
tion of flooding. Second, the vulnerability of the 
people-at-risk: some population groups may have 
more difficulties in coping with flooding than oth-
ers. Third, the adaptive capacity of communities, 
i.e. the capacity available in the society to adapt 
to floods: measures existing to support people 
during and after flooding.

The social vulnerability and the adaptive 
capacity of people is evaluated by means of a 
composed index that incorporates socio-economic 
data, such as age, health condition, financial status, 
property type, nationality and family composition 
at the district level (Coninx & Bachus 2007). The 

Figure 3. Sketch of both techniques used to evaluate the water depth inside over grounded assets

Figure 4. Example of result of exposure analysis: number of inundated houses as a function of the dis-
charge (black curves: all houses, grey curves: water depth ≤ 1.3m, light grey curves: water depth ≤ 0.3m)
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social impact is computed as a combination of 
these social vulnerability and adaptive capacity 
indices and the flood characteristics, leading to 
a flood impact index enabling to distinguish be-
tween three social impact categories: (i) low, (ii) 
medium or (iii) high.

In the next graph (Figure 5), the psycho-social 
vulnerability results are plotted as a function of 
the exceedance probability (Ernst et al. 2009a; 
Ernst et al. 2009b). Note that there are no people 
affected by high social impact in this example. The 
graph in Figure 5 is called risk curve (Kaplan & 
Garrick 1981) and constitutes a genuine expression 
of the risk since it links the impact (or damage) 
to the corresponding exceedance probability. To 
avoid significant losses of information, Kaplan 
and Garric (1981) advise not to reduce such 
curves to a single risk value or indicator, since 
“a single number is not a big enough concept to 
communicate risk”.

Economic Impact

The economic impact analysis is based on stage-
damage curves or damage functions, linking the 
hydraulic parameters, typically only the water 
depth and the expected damage encountered by 
the elements-at-risk. Such depth damage functions 

are internationally accepted as a standard approach 
to assess flood damage (Smith 1994). Two main 
types of damage functions are available:

• absolute depth-damage functions, which 
relate the damage to water depth,

• and relative depth-damage functions, 
which lead to an estimation of a loss ratio 
compared to the total value of the affected 
asset.

The later kind of damage functions is pre-
dominantly used (Merz et al. 2004), because of 
the possibility to apply these functions in dif-
ferent regions and countries without changing 
the damage estimation model itself, but simply 
by adapting the estimation of the asset value. In 
this study, the recently developed Flood Loss 
Estimation Model - FLEMO was used because 
it was developed to be applicable to micro-scale 
risk analysis (Thieken et al. 2008).

The economic impact evaluation consists in 
combining the computed water depth inside the 
elements-at-risk and the depth-damage functions 
(Ernst et al. 2008). Typical results are plotted in 
the graph of Figure 6.

Since the present methodology is applied 
mainly to urbanized areas with limited areas of 

Figure 5. Example of output of the risk modelling process in terms of social impact as a function of the 
exceedance probability
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crops or fields, this chapter focuses on socio-
economic impacts of floods on household and 
people, whereas environmental and agronomic 
issues such as soil erosion or effects on vegetation 
and animals were disregarded.

HYDRAULIc MODeL

As an onset for evaluating socio-economic impacts 
of floods, simulations of floodplain inundation 
flows are conducted with the numerical model 
WOLF 2D, developed at the University of Liege 
and based on a finite volume scheme.

Mathematical Model

The hydraulic model is based on the two-dimen-
sional depth-averaged equations of volume and 
momentum conservation, namely the “shallow-
water” equations (SWE). In the “shallow-water” 
approach the basic assumption states that velocities 
normal to a main flow direction are smaller than 

those in this main flow direction. As a consequence 
the pressure field is found to be almost hydrostatic 
everywhere.

The large majority of flows occurring in rivers, 
even highly transient, can reasonably be seen as 
shallow everywhere, except in the vicinity of some 
singularities (e.g. weirs). Indeed, vertical veloc-
ity components remain generally low compared 
to velocity components in the horizontal plane 
and, consequently, flows may be considered as 
mainly two-dimensional. Therefore, the approach 
presented here may definitely be regarded as suit-
able for floodplain inundation modelling.

Conservation Laws

The conservative form of the depth-averaged 
equations of volume and momentum conservation 
can be written as follows, using vector notations,

∂
∂
+
∂
∂
+
∂
∂
+
∂

∂
+
∂

∂
= −

s f g f g
S S

t x y x y
d d

f0
,  

(1)

Figure 6. Example of output of the risk modelling process in terms of damage compared to the damage 
corresponding to a 100 year flood, as a function of flow rate (may be alternatively expressed as a func-
tion of return period or exceedance probability)
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with s = [h hu hv]T the vector of the conservative 
unknowns. f and g represent the advective and 
pressure fluxes in directions x and y, while. fd and 
gd are the diffusive fluxes:
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S0 and Sf designates respectively the bottom 
slope term and the friction term:
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The following notations have been used: t = 
time; x and y = space coordinates; h = water depth, 
u and v = depth-averaged velocity components, 
zb =bottom elevation, g = gravity acceleration, 
ρ = density of water, τbx and τby = bottom shear 
stresses, σx and σy = turbulent normal stresses, and 
τxy = turbulent shear stress.

Closure Relations: Friction 
and Turbulence

The bottom friction is conventionally modelled 
thanks to an empirical law, such as the Manning 
formula. The model enables the definition of a 
spatially distributed roughness coefficient. Be-
sides, the friction along side walls is reproduced by 
means of a process-oriented formulation (Dewals 
et al. 2008a; Dewals et al. 2008d):
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where the Manning coefficients nb and nw (s/
m1/3) characterize respectively the bottom and 
the side-walls roughness. Those relations are 
particularized for Cartesian grids, as exploited 
in the present study.

The internal friction may be accounted for 
thanks to the turbulence model included in WOLF 
2D. The turbulent stresses are expressed follow-
ing the Boussinesq approximation (Rodi 1984; 
ASCE Task Committee on Turbulence Models 
in Hydraulic Computations 1988):
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where ν = molecular kinematic viscosity, νΤ = 
eddy viscosity computed by a turbulence closure 
model (ν † νT). For this purpose, two different 
approaches are available in WOLF 2D:

• first, a simple algebraic turbulence closure, 
assuming that the turbulence is bed-domi-
nated, leading to the following expression 
for the turbulent kinematic viscosity: 
ν α

T
= hu

*
, with α taking values of the or-

der 0.5 (Fischer et al. 1979);
• second, an original depth-averaged k-ε 

model with two length-scales accounting 
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for vertical and horizontal turbulence mix-
ing, as developed by Erpicum (2009b).

computational Implementation

Space Discretization

The computation domain is discretized by means 
of a multiblock grid, in which each block consists 
in a locally Cartesian mesh. Since this multiblock 
structure enables refined meshes close to interest-
ing areas, it compensates for the usual drawbacks 
of Cartesian grids, while keeping the benefits of 
structured grids in terms of accuracy and com-
putation time.

The space discretization of the divergence form 
of the 2D conservative shallow-water equations is 
performed by means of a finite volume scheme. 
Within each block, variable reconstruction at 
cells interfaces can be performed by constant or 
linear extrapolation, in conjunction with a slope 
limiter, leading respectively to a first or second 
order accuracy. Variables at the border between 
adjacent blocks are extrapolated linearly, using 
additional ghost points. The value of the variables 
at the ghost points is evaluated from the value of 
the subjacent cells. Moreover, to ensure conser-
vation properties at the border between adjacent 
blocks and thus to compute accurate volume and 
momentum balances, fluxes related to the larger 
cells are computed at the level of the finer ones.

Appropriate flux computation has always 
been a challenging issue in computational fluid 
dynamics. In the present study, fluxes f and g are 
computed by a Flux Vector Splitting (FVS) method 
developed by the authors. According to this FVS, 
the upwinding direction of each term of the fluxes 
f and g is simply dictated by the sign of the flow 
velocity reconstructed at the cells interfaces. It has 
thus the advantage of being completely Froude 
independent and of facilitating a satisfactory ad-
equacy with the discretization of the bed elevation 
gradient (Erpicum et al. 2009a). A Von Neumann 
stability analysis has demonstrated that this FVS 

leads to a stable spatial discretization of the terms 
∂f/∂x and ∂g/∂y in Equation 1.

This FVS has already proved its validity and 
efficiency for numerous applications (Dewals et 
al. 2006a; Dewals et al. 2008d; Erpicum et al. 
2009b), including inundation mapping (Archam-
beau et al. 2004; Dewals et al. 2008a; Erpicum et 
al. 2008) and dam break flow simulations (Dewals 
et al. 2006b; Erpicum et al. 2009a; Roger et al. 
2009). Due to their diffusive nature, the fluxes fd 
and gd are legitimately evaluated by means of a 
centred scheme.

Time Discretization

Since the model is applied to compute steady-state 
solutions, the time integration is performed by 
means of a three-step first order accurate Runge-
Kutta algorithm, providing adequate dissipation 
in time. For stability reasons, the time step is 
constrained by the Courant–Friedrichs–Levy 
(CFL) condition. A semi-implicit treatment of the 
bottom friction term (3) is used, without requiring 
additional computational costs.

Boundary Conditions

The value of the specific discharge is prescribed 
as an inflow boundary condition. Besides, the 
transverse specific discharge is set to zero at the 
inflow. The outflow boundary condition may be 
a prescribed water surface elevation, a Froude 
number or no condition in case of supercritical 
outflow. At solid walls, the component of the 
specific discharge normal to the wall is set to 
zero. For the purpose of evaluating the diffusive 
terms, the gradients of the unknowns must also 
be specified at the boundaries. These gradients in 
the direction parallel to the boundary are set to 
zero, while the gradients of the variables in the 
direction normal to the boundary are evaluated 
by finite difference between the boundary and 
the centre of the next cell (Erpicum et al. 2009b).
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Mesh Adaptation and 
Automatic Refinement

A grid adaptation technique is used to restrict the 
computation domain to the wet cells and a narrow 
strip surrounding these wet cells. The grid is thus 
adapted at each time step. As a result of an iterative 
resolution of the continuity equation prior to the 
evaluation of the momentum equations, wetting 
and drying of computation cells is handled free 
of volume and momentum conservation errors, as 
reported by Dewals et al. (2008a) and also used 
by Roger et al. (2009).

In addition, the model includes an automatic 
mesh refinement algorithm (AMR). For steady-
state simulations, the AMR tool consists in per-
forming the computation on several successive 
grids, starting from a coarse one and gradually 
refining it up to the finest one (Archambeau et 
al. 2004; Dewals et al. 2008a). When the hy-
drodynamic fields are stabilized on one grid, the 
solver automatically jumps onto a finer one. The 
successive solutions are interpolated from the 
coarser towards the finer grid. This fully automatic 
method considerably reduces the number of cells 
in the first grids, while increasing the time step, 
and thus substantially reduces the total run time, 
despite slight extra computation time required for 
meshing and interpolation operations.

Other Features

The herein described model constitutes a part 
of the modelling system “WOLF”, developed at 
the University of Liege. WOLF includes a set of 
complementary and interconnected modules for 
simulating free surface flows: process-oriented 
hydrology (Khuat Duy et al. 2009), 1D & 2D 
hydrodynamics, sediment (Dewals et al. 2008b) 
or pollutant transport, air entrainment, as well as 
an optimisation tool based on Genetic Algorithms.

Other functionalities of WOLF 2D include 
the use of moment of momentum equations, the 
application of the cut-cell method, as well as 

computations considering bottom curvature ef-
fects by means of curvilinear coordinates in the 
vertical plane (Dewals et al. 2006a).

A user-friendly interface, entirely designed and 
implemented by the authors, makes the pre- and 
post-processing operations particularly conve-
nient. Import and export operations are easily 
feasible from and to various classical GIS tools. 
Several layers can be handled to make the analysis 
of various data sets easier such as topography, land 
use, vegetation density, hydrodynamic fields...

Application to Inundation Mapping

Topographic Data and 
Inundation Mapping

For about a decade, high resolution high accuracy 
topographic datasets have become increasingly 
available for inundation modelling in a number 
of countries. In Belgium, a data collection pro-
gramme using airborne laser altimetry (Light 
Detection And Ranging - LiDAR) has generated 
high quality topographic data covering the flood-
plains of most rivers in the southern part of the 
country. Simultaneously, the bathymetry of the 
main rivers has been surveyed by means of an 
echo-sonar technique.

Consequently, combining data generated from 
those two remote sensing techniques enables to 
obtain a complete Digital Surface Model (DSM) 
characterized by a horizontal resolution of 1 m 
by 1 m and with a vertical accuracy of 15 cm. As 
regards non navigable rivers, cross sections are 
properly interpolated in order to generate a two-
dimensional bathymetry.

Those high quality topographic data combined 
with simulations performed on grids as fine as 2 
m by 2 m enable to set the value of roughness 
coefficients to represent only small scale rough-
ness elements and not to globalize larger scale 
effects such as blockage by buildings or by large 
irregularities of the topography. It also enables to 
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conduct inundation modelling at the scale of each 
house and street individually.

Nevertheless, since inundation flows may be 
extremely sensitive to some local topographic 
characteristics, such as for instance the exact 
height of a protection wall, a crucial step con-
sists in validating and enhancing the DSM by 
removing automatically residual obstacles non 
relevant for the flow such as vegetation. Another 
important pre-processing step is the integration of 
additional sources of topographic data (including 
field survey) as well as the detailed geometry of 
flood protections and other hydraulic structures 
(weirs, water intakes …). The large amount of 
data collected from those various sources is stored 
within an efficient database structure.

Steady State Approach

All numerical simulations detailed in the pres-
ent chapter refer to river reaches located in the 
sub-basin of river Meuse situated in Belgium. As 
detailed by de Wit et al. (2007), in the central part 
of the Meuse basin, between Charleville-Mézières 
and Liège, rivers are captured in the Ardennes 
massif, characterized by narrow steep valleys, 
where flood waves are hardly attenuated.

Consequently, flood waves along this type 
of rivers are hardly attenuated as a result of the 
combination of the steep longitudinal gradients 
and of the relatively narrow cross-sectional shape 
of the valleys (de Wit et al. 2007), leading to rela-
tively low storage capacity in the floodplains. As 
a result the floodplains are completely filled with 
water quickly after the beginning of the flood and 
a quasi-steady flow is then observed.

For instance, for typical floods occurring on 
river Ourthe, it has been verified that the volume 
of water stored in the inundated floodplains along 
a 10 km-long reach remains lower than one per-
cent of the total amount of water brought by the 
flood wave.

Besides, comparisons have been made between 
inundation patterns predicted by unsteady flow 

simulations, for which the real flood hydrograph 
is prescribed as an upstream boundary condition, 
and inundation patterns computed assuming a 
steady-state flow (constant discharge close to 
the peak discharge of the hydrograph). Those 
comparisons have confirmed that the maximum 
flood extents predicted by the two approaches are 
in very good agreement.

Therefore, the steady-state assumption has 
been considered as valid for simulating floodplain 
inundation along most rivers of the Ardennes 
Massif and is systematically used in the simula-
tions discussed in the subsequent paragraphs. An 
additional benefit of this assumption is reduced 
run time as a result of the possibility to exploit 
automatic mesh refinement.

Free surface elevation is prescribed as a bound-
ary condition, based either on the simulation result 
of a downstream reach or on a stage-discharge 
curve at a gauging station. Since relatively short 
reaches are considered, without main tributaries, 
the lateral inflows are neglected.

Model Validation

The two-dimensional flow model used for inun-
dation modelling WOLF 2D has been compre-
hensively validated. First, the accuracy of the 
modelling system has been established based on a 
number of standard benchmarks. Secondly, results 
of inundation mapping have been compared with 
observations from historical flood events. Data 
collected during these events have been used to 
confirm the validity of the flow model for inun-
dation mapping.

Gauging Stations

First, the water depth (or free surface elevation) 
computed by WOLF 2D has been compared to 
observed water levels at gauging stations. Figure 
7 shows observed water levels at two gauging 
stations (plotted in grey), while the black curves 
represent computed water levels for six simulated 
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discharges. The later match fairly well the observa-
tions. The gauging stations are respectively located 
on river Vesdre (Figure 7 a.), which is a tributary 
of river Ourthe, and on river Semois (Figure 7 
b.), a tributary of river Meuse. The maximum 
modelled discharges are respectively 300 m³/s 
for river Vesdre and 750 m³/s for river Semois.

In the same scope, Figure 8 and Table 1 com-
pare water elevations measured during the De-
cember 1993 flood on river Amblève, another 
tributary of river Ourthe, with the numerical 
computation of the same event. Table 1 confirms 
the satisfactory agreement between the results of 
hydraulic modelling and the observations of the 
real event. The difference remains systematically 
lower than 4 centimetres.

Aerial Imagery

Another way to validate the hydraulic model 
consists in comparing simulated flood extent with 
aerial pictures, taken at the time of the peak dis-
charge. Figure 9 illustrates the results of this valida-
tion at Wanlin, on river Lesse during the January 
1995 flood (discharge = 180 m³/s – corresponding 
to a 15-year return period). The numerical results 
(Figure 9 b.) represent the flood extension, which 
is in good agreement with the picture of the real 
event (Figure 9 a.). The caravans in the campsite 
have been removed from the DSM since they 
don’t constitute obstacles relevant for the flow. 
Indeed, in this kind of residential campsite most 
caravans are built on piles (Figure 9 – Point 2).

Figure 7. Validation of the hydraulic model WOLF based on gauging station measurements

Figure 8. Computed inundation extent for the December 1993 flood on a 3 km long reach of river Am-
blève (peak discharge = 298 m³/s) and location of the 4 points mentioned in Table 1
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APPLIcATIOn: AssessMenT Of 
PROTecTIOn MeAsURes

case study Description

The considered case study is located in the lower 
part of river Ourthe (Belgium), the catchment of 
which has an area of about 2900 km2 at the down-
stream limit of the case study. The risk analysis 
has been applied to three reaches of the river, 
situated respectively 18.5 km (reach n°1), 12.5 
km (reach n°2) and 10 km (reach n°3) upstream 
of the mouth of river Ourthe into river Meuse. 
The total length of the simulated reaches is about 
16 km, with a computational Cartesian grid of 2 
by 2 meters, leading to a total number of 8.2 × 
105 computational cells. Two municipalities are 

situated along the studied part of river Ourthe: 
Esneux and Tilff.

Over the last 25 years, communities living 
along the river have experienced four major 
flood events: (1) in 1993 flooding occurred with a 
maximum peak discharge of 742 m³/s; (2) in 1995, 
520 m³/s; (3) in 2002, 570 m³/s; (4) in 2003, 508 
m³/s. During these floods validation data were 
collected, such as aerial pictures and gauging 
station measurements. With the aim of validat-
ing the hydraulic modelling for the studied area, 
these historic flood events have been simulated 
and results were found to compare reasonably 
well with observations.

Concerning hydraulic modelling, the case 
study is located in the Ardennes massif, where 
the valleys are relatively narrow and the storage 
capacity in the floodplains remains very low. As 
discussed above, the steady state assumption is 
thus valid for inundation modelling.

Available GIs Data

A micro-scale risk analysis has to handle large sets 
of geographic information, such as land use data, 
with different spatial resolution and quality. The 
main GIS data available in the area of the case 
study are listed and described below.

Table 1. Comparison between water elevations 
survey and numerical results on river Amblève 

Location Real event 
[m]

Numerical results 
[m]

Pt. 1: Martinrive 
bridge (boundary 
condition)

112.77 112.77

Pt. 2: Downstream 
of the football field

118.38 118.4

Pt. 3: Aywaille 
boarding school

119.81 119.85

Pt. 4: Bridge of 
Aywaille

120.81 120.85

Figure 9. Flood event on river Lesse (January 1995, discharge = 180 m³/s); (a) aerial picture, (b) 
modelled inundation extent
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Land Use Databases

In Belgium, there are several geographic land 
use data producers, the most important of which 
are: the Belgian Institut Géographique National 
- IGN and the Service Publique de Wallonie 
- SPW. Both provide accurate land use vector 
database, respectively named Top10v-GIS and 
PICC. The first one contains 18 layers related to 
information categories (e.g. land use, structure, 
hydrography...), while the PICC data set is based 
on stereoscopic aerial imagery restitution and a 
post processing enrichment with ancient database 
such as house number, street name…

Both PICC and Top10v-GIS data constitute 
detailed and accurate complementary spatial 
database at a very high scale (1:10000). The 
challenge is to extract the strong points from each 
database and to combine them into a single data 
set in order to identify with maximal accuracy 
the elements-at-risk (geometric aspect) and their 
type or use (semantic aspect).

Land Registry

The Land Registry lists all private properties and 
an index related to their value. The information 
is also recorded in a geographic database, i.e. 
each asset listed in this database is located. But 
since this register is partly based on older data 
sources, its geometric accuracy is significantly 
lower compared to the others databases. Thus, the 

geometric information from the Land Registry is 
not exploited here, but only its semantic content 
is used with the single purpose of estimating the 
economic value of the goods.

Statistical Data

Belgium is subdivided into a large number of 
statistical sectors, for which statistical data are 
available, such as number of inhabitants, average 
age, … These data are used in the social study 
(Coninx & Bachus 2007) providing estimates for 
the social vulnerability of people and adaptive 
capacity of society.

Summary

The challenge of a micro-scale analysis is to deal 
with several sources of complementary GIS data 
sets characterized by different geometric and 
semantic levels of quality. With the aim of sum-
marizing this section, Table 2 lists available data 
and characterizes their quality and main features.

situation without new flood 
Protection Measure

Before evaluating the impact of possible protec-
tion measures, it is important to assess the risk 
in the current situation without additional flood 
protections. In this framework, fourteen return 
periods have been considered, leading to inunda-

Table 2. Geometric and semantic characteristics of relevant geographic data sets 

Data Format Geometric 
quality

Semantic 
quality

Features used in the risk 
analysis

Availability

LiDAR Raster + - Accurate elevation (DSM) Floodplain of main river

Top10v-GIS Vector + + Very rich land use data Everywhere

PICC Vector + + Eg. cornice height, single 
buildings

Not in rural area

Land registry Vector -/+ + Mainly economic informa-
tion

Privacy conditions

Statistical data Vector - + Mainly socio-economic data Everywhere
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tion modelling for fourteen different discharge 
values (Table 3):

• four historical flood events (1993, 1995, 
2002 and 2003) used to validate the hy-
draulic model;

• discharges corresponding to two statistical 
return periods, namely 25- and 100-year;

• eight additional discharges (statistical re-
turn period increased by 5, 10, 15 and 30 
percent).

Hydraulic simulations have been performed 
with the flow model WOLF 2D described detail 
above. The validation of the model was achieved 
by comparison of computed and observed inun-
dation extent for four historical flood events. As 
shown above, the inundation extent predicted by 
numerical modelling agrees with the observed one.

The main outputs of the risk analysis proce-
dure are provided in Figures 5 and 6. Another 
significant result, obtained thanks to the semantic 
quality of the GIS available in the studied area, 

Table 4. Example of inventory of affected buildings, automatically obtained from the exposure analysis 
(■ water depth ≥ 1.3m, n  1.3m ≥ water depth > 0.3m,n water depth ≤ 0.3m) 

Table 3. Considered return periods and corresponding discharges 

1993 1995 2002 2003

Discharge [m³/s] 742 520 570 508

25-year 25+5% 25+10% 25+15% 25+30%

Discharge [m³/s] 726 762.3 798.6 834.9 943.8

100-year 100+5% 100+10% 100+15% 100+30%

Discharge [m³/s] 876 919.8 963.6 1007.4 1138.8

Return period [year]

4 5 7 25 29 34 48 68 10
0

15
4

10
0+

5%

10
0+

10
%

10
0+

15
%

10
0+

30
%

Hospital n n n n n n n n n n n n n n 

Camping Site n n n n n n n n n n n n n n 

Supermarket n n n n n n n n n n n n 

Church n n n n n n n n n n n 

School n n n n n n n n n n 

Petrol station n n n n n n n n 

Petrol station n n n n n n 

Recreational facility n n n n 

Castel n n n 

SME n n 

Engineering company n n 

Supermarket n n 

Factory n 
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is the identification of all affected buildings and 
facilities, as shown in Table 4. In this table, the 
grey scale indicates the computed water level 
inside the inundated assets.

flood Protection Measure: 
Mobile Dikes

The flood protection measure studied for the ap-
plication of the risk evaluation methodology is 
the heightening of an existing protection wall by 
means of mobile dikes. The existing protection 
wall was originally designed to protect the town 
of Esneux from a 20-year flood. The mobile dikes 
would enable to extend the range of discharges 
and thus return periods for which protection re-
mains effective.

This measure has a number of interesting ad-
vantages such as the little visual inconvenience for 
local communities and limited investment costs. In 
contrast, emergency teams need to remain ready 
and operational in the case of flood warnings.

Figure 10 shows an aerial picture of the town 
Esneux during the 1995-flood. The picture was 
taken approximately at the peak discharge of 
520m3/s. The black lines drawn along the river-
side indicate the projected location for additional 
mobile dikes. The following analysis focuses on 

the residential area located on the left bank of 
the river.

Risk Analysis

The methodology of risk evaluation has been 
applied for the case study. The first output of the 
methodology is the result of the social impact 
evaluation, expressed by the number of people 
affected by low, medium or high social impacts.

Figure 11 reveals that no inhabitants of the 
floodplain are highly socially vulnerable with 
respect to flood. It also appears that, for river 
discharges lower than approximately 900 m³/s, 
the mobile dike has a beneficial effect, while it 
causes more people to be affected by flood for 
discharges exceeding 900 m³/s. This result is due 
to the reduction of the cross-section of the river 
when mobile dikes are implemented, leading to 
higher water heads in the upstream part of the 
river reach. This is confirmed in Figure 12, which 
shows the evolution of the water level as a function 
of the discharge for two representative points in 
the main channel (point A and B in Figure 10), 
located respectively upstream and downstream 
of the mobile dikes.

Figure 13 shows the estimated direct tangible 
damage to housing for the whole range of con-

Figure 10. Aerial picture of the town of Esneux during the 1995 flood event (peak discharge 520 m3/s)
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Figure 13. Estimated direct tangible monetary losses to housing with (continuous curve) and without 
the mobile dikes (dotted curve)

Figure 11. Number of people threatened by flooding as a function of the discharge (grey curves: number 
of people with low social vulnerability, black curves: total number of people with low to medium social 
vulnerability)

Figure 12. Computed water depth as a function of the discharge at two representative locations in the 
main channel (see Figure 10)
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sidered flood events, from low discharge inducing 
hardly any losses to extreme events. Monetary 
damage is expressed as a percentage of the dam-
age induced in the case of the 100-year flood in 
the present situation. Once again, mobile dikes 
reduce damage for discharges below 900 m³/s, 
whereas for higher discharges the increased water 
level upstream of the mobile dikes causes higher 
economic damage than in the present situation.

This definitely confirms the practical need to 
evaluate projected flood protection measures 
based on the analysis of flow for a relatively wide 
range of discharges (and thus return periods) and 
not to base the assessment on just a single “design 
discharge” or “design return period”.

cOncLUsIOn

A consistent micro-scale flood risk modelling 
methodology has been presented, which leads to 
practical outcomes for assessing flood manage-
ment strategies and handles detailed hydraulic 
modelling in 2D (including velocity fields in 
the floodplain). The methodology succeeds in 
automatically evaluating the exposure and the 
socio-economic flood risk for a wide range of 
discharges on large flood-prone areas. High 
resolution object-oriented geographic databases 
are effectively handled by the procedure, thus 
drastically reducing the need for field surveys. 
In conclusion, the present paper describes an in-
novative, reliable and practical tool, which may 
be used both for assessing the impact of climate 
change on flood risk and for evaluating adapta-
tion strategies.
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InTRODUcTIOn

Flood events are the world’s most dangerous 
natural disasters. They cause immense damage 
and account for a large number of casualties 

world wide. Extreme flood events are a natural 
hazard that, with climate change, become more 
and more significant regarding the involved risks 
and associated level of damage. In recent years it 
has been increasingly recognized that managing 
flood risks rather than full flood protection is the 

ABsTRAcT

“River basin management with a special focus on management of flood events” deals with the fore-
cast, management and mitigation of flood desasters that have a severe impact on riparian communities 
and national economies. In recent years it has been increasingly recognized that managing flood risks 
rather than full flood protection is the way forward for coping with these extreme events. The chapter 
describes management approaches resulting from the “RIMAX – Risk Management of Extreme Flood 
Events” research program carried out in Germany for which results were adapted for their adaptation 
in developing countries. Areas that are covered in the chapter include: (1) Analysis, forecasting and 
warning; (2) Information management and communication; and (3) Protection and control strategies. 
The work does not provide packaged solutions but describes results and problems and highlights aspects 
of importance that would need to be considered for successful implementation in a variety of conditions. 
It therefore provides a guideline for researchers and practitioners to utilize the generated information 
under a variety of conditions.
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way forward to coping with these extreme events, 
as forecasts still include some level of uncertainty, 
technical and financial limit apply to protection 
assets and the social acceptance of measures has 
to be considered. So while much progress has been 
made with regards to flood forecasting, calculation 
of flood mitigation and flood protection assets as 
well as operation strategies, it has been recognized 
that extreme events can not be harnessed but that 
they need to be dealt with and managed.

Developing as much as developed countries 
are affected by flood events. This chapter de-
scribes management approaches resulting from 
the “RIMAX – Risk Management of Extreme 
Flood Events” research program.

The national research programme “RIMAX: 
Risk Management of Extreme Flood Events”, 
funded by the German Federal Ministry of Edu-
cation and Research (BMBF) was initiated as a 
consequence of several flood events through the 
last couple of years and their effects on people 
and environment. Between 2005 and 2010 more 
than 30 projects are being supported with 24 
million Euros. The results of the programme are 
now being offered to the interested public and 
practitioner, the German IHP/HWRP Secretariat 
is a partner of the RIMAX coordination office 

at the German Research Centre for Geosciences 
(GFZ) in Potsdam in this regard. The presented 
methodologies and findings are based on work of 
the project teams that are referred to in RIMAX 
(2007) and by Petersen (2009). Further informa-
tion can be found on the webpage www.rimax-
hochwasser.de.

The aim of RIMAX is developing strategies and 
instruments for flood prediction as well as for the 
improvement of flood protection and management 
solutions during extreme events both on local as 
well as basin wide scales integrating a variety of 
disciplines. A significant feature of the research 
results is the close interaction and applicabil-
ity between research and practice. Through the 
variety of projects, RIMAX describes a holistic 
picture, covering the following main areas, also 
displayed in Figure 1.

Analysis, forecasting and warning:

• Operational flood management
• Forecasting and early warning
• Analysis of historical floods
• Trans-disciplinary analysis of extreme 

flood events and their consequences
• Risk-based approaches to flood mitigation

Figure 1. Main Areas of the RIMAX research programme (Merz & Bittner, 2008)
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Information management and communication:

• Risk education and preparedness
• Networking and flood management
• Flood awareness
• Risk communication

Protection and control strategies:

• Dike safety, monitoring and dike protection
• Management of dams and retention 

systems
• Management of urban infrastructure dur-

ing floods
• Risk-based reliability analysis of flood de-

fence system

In the following sections, the research results of 
the different projects will be presented as general 
strategies and methods, generally applicable and 
useable for the improvement of strategic plan-
ning tasks by operational service providers, water 
authorities, interested agencies and NGO’s. This 
can significantly contribute to reduce the impacts 
of flood disasters in the future by applying the 
guidelines to country and site specific condi-
tions. It is hereby important to carefully assess 
and address these site specific issues in order to 
capture the specific conditions. Also in relation 
to Climate Change scenarios with an expected 
increased probability for the occurrence of extreme 
events, a timely knowledge of issues can be of 
vital importance. For detailed project background 
and references please refer to RIMAX (2007).

The sections will transfer, present and explain 
the RIMAX results into applicable practice by 
presenting and demonstrating the aspects, strate-
gies and methods for application considering pos-
sibly different conditions in different climatic and 
cultural regions. Methodologies and approaches 
will be explained and adaptation strategies and 
concepts highlighted. Based on relevant projects, 
four thematic areas are explained in detail:

• Forecast and warning
• Preparedness of defences
• Flood management
• Damage assessment and social impact

Flood forecasting and warning is an important 
mechanism for the protection of populations 
against flood hazards. Flood forecasting systems 
have advanced through new techniques and 
methods and have developed in different fields 
covering whole river catchments with longer 
reaction times as well as head catchments and 
highly vulnerable urban areas where short lead 
times can be expected. Matured systems include 
flood forecast and flood warning elements as 
well as decision support tools, information and 
monitoring elements. Depending on the location 
of the target area that is to be protected, lead- and 
reaction times which are depending on the nature 
of the upstream catchment and meteorological 
conditions may vary; a factor that needs to be 
taken into account to decide on suitable forecast 
and warning systems as well as the related pre-
paredness and mitigation measures. Over time, 
the abilities of flood forecasting systems have 
developed from simple indications of the likeli-
hood of a flood event to an accurate prediction of 
its magnitude and timing. The forecasting systems 
provide a basis for warning local authorities and 
the affected population of the expected flood levels 
and extent of flood inundation in defined areas. In 
doing so, the systems provide major and highly 
cost effective benefits on numerous aspects of 
people’s life and the national economy.

Preparedness of defences advocates long term 
planning to prepare communities and crucial in-
frastructure for floods with a primary objective 
to attempt to find permanent structural solutions 
to flood problems. While flood defences exist 
in many locations, their structural standard and 
level of protection is often inadequate or unknown 
resulting in a high risk of failure and/or a low 
degree of protection. Upgrading defences may be 
expensive so that the state of the defence assets 

www.ketabdownload.com



267

River Basin Management with a Special Focus on Management of Flood Events

and a prioritization as well as the possibilities for 
improvements is worth careful and detailed assess-
ments. While a range of best practice improvement 
methods is available, the timing of maintenance 
as well as improvement and/or upgrading works 
as well as monitoring aspects can be utilized to 
optimize the cost-benefit ratio and to allow for a 
long term upgrading program of a defence system. 
Experience shows that for an optimized program 
and design solution a thorough assessment of asset 
specific parameters needs to be combined with an 
assessment of the external loading conditions as 
well as passive excitation factors.

Flood management aims to mitigate effects 
of floods that worldwide cause the largest share 
of mortality and economic losses from all natu-
ral hazards. Types of flood disasters range from 
inundation of large relatively flat areas to rapid 
flash floods and debris flows in steep catchments. 
The latter, while mostly being smaller scale 
events often cause high mortality rates. Practical 
management of the flood disasters is therefore an 
important issue to avoid losses of life and mini-
mize economic damage. The topic covers both 
pre and post event tasks including e.g. awareness 
raising and emergency planning for rescue and 
relief operations. The role of local communities 
and organizations is particularly important here.

Damage assessment and social impact deals 
with the estimation of direct and indirect economic 
damages of flood events to support management 
decisions based on cost-benefit calculations, 
providing cost efficient flood management. 
The assessments cover damages to agricultural 
land, residential property, businesses and public 
infrastructure but also look into the socioeco-
nomic aspect of disruption of daily life and loss 
of production.

The thematic areas in this chapter are described 
from a holistic point of view, incorporating multi 
stakeholder and conflicting interest river basin 
management aspects, considering the whole event 
chain from an upcoming storm that is to be fore-
casted, the runoff event itself for which prediction 

can be optimized, the processes in the river system 
itself that can be influenced and to a potential flood 
event itself that can be mitigated or prepared for. 
Considering these individual elements, the whole 
string of events from forecasting a precipitation 
scenario, calculate or model the runoff event, 
utilize technical retention and protection assets 
as well as their operation schedules, considering 
social and financial impacts and plan emergency 
cases should be considered when managing flood 
scenarios. The involved decisions regarding future 
strategies as well as decisions during extreme 
events ideally need to be made as a combination 
of knowledge and forecast systems, based on 
optimum information availability and evaluation.

An important issue in managing extreme flood 
events is to address related actions and risks in an 
integrated and sustainable manner, by considering 
various aspects. On the technical side, various 
cause-consequence chains have to be taken into 
account when considering changes to improve 
flood security. The improvement in one location 
should not worsen the situation in another and all 
involved elements that contribute to a potentially 
catastrophic flood event should be considered. On 
the socioeconomic level, varying and possibly 
conflicting multiple stakeholder interests need 
to be considered in order to find a fair distribu-
tion of levels of risk and safety. This approach 
should lead to the best possible overall reduction 
of flood risk under the prevailing natural, socio-
cultural and financial conditions. Some general 
factors, important for the appraisal of flood risk 
and considering mitigation options, are described 
in the following paragraphs.

A flood situation itself is generally an event 
caused by a cause-consequence chain with many 
interrelated layers. Upstream catchment factors 
both static and dynamic have an influence on 
possible flooding scenarios. Static factors include 
e.g. typical magnitude of precipitation events and 
slope gradients while dynamic factors include 
land use change, vegetation cover change, sea-
sonal variations, and the state of soil saturation. 
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Progressing downstream along the river network, 
many aspects can contribute to flooding problems. 
Actions taken to reduce flooding in one location 
may lead to an increase in flooding in another. 
Despite being related to an upstream precipita-
tion event that triggers a runoff event and related 
flood wave, the elements of a cause-consequence 
chain are connected in both downstream as well 
as to a lesser extent also in an upstream direction. 
Downstream relations exist where e.g. flood pro-
tection assets are constructed or flood retention 
areas were reduced, causing more water to be 
discharged and also creating a more peaked flood 
wave. Upstream relations are caused when for 
the purpose of protecting a downstream location 
upstream flood control assets are used to reduce 
discharge, consequently leading to rising water 
levels in the upstream area.

In line with decisions made to protect from 
flooding, mitigate flood consequences and control 
flood flows, decisions have to be made for which 
generally multiple and conflicting stakeholder 
aspects need to be considered. Pre-planning may 
help in planning decisions ahead of time and com-
munication of the residual risk. In addition less 
valued stakeholders that will receive less physical 
flood protection or that will be less considered 
in favour of protecting higher valued areas dur-
ing flood events can be prepared. Also during 
operation of flood retention assets under normal 
non-flood conditions multiple stakeholder aspects 
need to be considered as e.g. dams may have multi 
purpose roles in providing irrigation and drinking 
water next to their flood retention function. The 
required operation levels may be different and the 
different aspects need to be carefully considered.

With the changing conditions that can be 
monitored in catchments due to long term climate 
change scenarios, land use change, population 
pressure or other factors, adaptation strategies 
play an important role in adapting to new condi-
tions. Planning, prevention, mitigation or coping 
approaches can be used here, and the ideal way 

forward will depend on the individual conditions 
in a setting including expected additional future 
changes.

Considering the described factors that may, 
individually or in combination, be involved and 
important in a flood event, a flood risk manage-
ment strategy and a holistic assessment and judge-
ment in appraising the flood risk and considering 
mitigation options is imperative. Natural as well 
as socioeconomic conditions in a catchment in 
addition are undergoing changes over time that 
need to be considered in respective planning 
approaches in order to maintain sustainable and 
effective flood risk reduction.

An important issue, sometimes overseen due 
to limited knowledge or unknown interactions, 
is the interdependence in-between different fac-
tors within a river system that, if changed, have 
an impact on flood risk elsewhere. A first level 
assessment may lead to the result that e.g. chang-
ing a local dam operation schedule will reduce 
the downstream flood risk but may have severe 
impacts on flooding in the reservoir area itself. In 
the same way, the construction of flood protection 
assets may lead to increased flood risk elsewhere. 
Such issues need to be assessed in detail before 
making decisions to change the system, also 
including other secondary stakeholder aspects 
regarding the use of resources that may involve 
plans and practices contrary to those beneficial 
for a flood risk reduction. An example would be 
the tendency to keep dams filled for water supply 
purposes while for flood retention a dam should 
provide as much free storage capacity as possible. 
After such an assessment, decisions can be made to 
find the overall most beneficial approach to reduce 
the flood risk. Such a decision may include the 
acceptance of locally increased flood risk in order 
to protect other higher valued areas. Factors that 
should be taken into account for such an approach 
would be related to the vulnerability of certain 
areas. Population density, population vulnerability, 
structure fragility, property value, property type, 
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importance of affected infrastructure, sources of 
pollution and hazards could be some factors to be 
considered, aiming at an assessment of the overall 
flood damage potential.

While for certain decisions the assessment 
of flood risk based on the above mentioned hard 
factors is important, other decisions can be made 
based on adapted management plans that can be 
shaped to mitigate flood risk or to substitute for 
a physical reduction in flood risk. Preparation 
and warning strategies as well as strategic plan-
ning aspects regarding what developments may 
be allowed in certain flood risk areas should be 
considered when conducting flood risk reduction 
and flood mitigation strategy assessments. The 
preparation strategy would require an active educa-
tion and involvement of the affected stakeholders 
like industries and communities. It can only be 
carried out where circumstances like building 
fragility and the possibility for safe havens are 
given. Warning strategies would require to be set 
up in line with a functioning flood forecasting 
and warning strategy, including the necessary 
monitoring assets, modelling tools and validated 
systems as well as suitable and tested commu-
nication channels for timely warnings. Strategic 
planning would be a way forward to control new 
developments. Decisions would need to be based 
on the establishment of flood risk maps, showing 
the risk of flooding under different probability 
events. Types of use and types of property could 
then be allowed in the different zones depending 
on their fragility and risk potential.

The following chapters will give a broad over-
view of methodologies that have been developed, 
applied and tested under RIMAX. While not 
comprehensive presentations, the methodologies 
and respective adaptation strategies can be used 
as ideas how flood risk problems can be tackled. 
For more detailed information about the individual 
projects please visit the respective websites as 
available in RIMAX (2007).

fLOOD fORecAsTInG 
AnD WARnInG

Overview

Flood forecasting and warning systems are impor-
tant tools for the protection of our societies against 
flood hazards. Flood forecasting systems have 
advanced through new techniques and methods. 
They have developed in different fields cover-
ing whole river catchments with longer reaction 
times as well as head catchments and highly 
vulnerable urban areas where short lead times 
must be considered. Depending on the degree 
of sophistication, systems may include linked 
elements for flood forecasting and flood warn-
ing as well as decision support, information, and 
monitoring tools. Depending on the location of 
the target area that is to be protected, lead- and 
reaction times, which are depending on the nature 
of the upstream catchment and meteorological 
conditions, may vary. This factor as well as the 
vulnerability of the target area needs to be taken 
into account. With time, the functionality of flood 
forecasting systems has developed from simple 
indications of the likelihood of a flood event to an 
accurate prediction of its magnitude and timing. 
The forecasting system provides a basis for warn-
ing local authorities and the affected population 
of the expected flood levels and extent of flood 
inundation. An overview is given in Figure 2.

An integrated functional flood warning system 
can be divided into five stages, namely:

• Data collection
• Data processing and evaluation
• Warning decisions
• Warning distribution
• Receipt and response

To run a flood forecasting and warning system, 
a network of monitoring stations should exist 
from which data is collected and provided to a 
forecasting centre. This data serves as a basis 
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to calculate a predicted runoff event allowing 
for decisions to be made based on the severity 
of the forecasted event. Communication is then 
necessary between the forecasting centre and the 
respective flood defence and flood management 
units to effectively respond to the potential threat.

The forecasting procedure typically includes 
a series of hydrological and hydraulic models 
(rainfall-runoff, flood wave propagation, inunda-
tion) capturing flood extent, depth of inundation 
and specific timing of the event. The decision-
making actions generally include all formal deci-
sion making such as the type of response, type of 
protection and allocation of resources to various 
protection activities and areas.

Methodologies and Adaptation

While the general approach to generate reliable 
flood forecasts is similar in most cases, methods 
can be adapted and fine tuned depending on the 
conditions they are applied to in order to generate 
the best possible results. In a standard approach 
starting from a prediction of the meteorological 
conditions, rainfall-runoff models are applied 
under consideration of the catchment conditions 

that influence runoff. The distance and hydraulic 
processes between the runoff area and the affected 
area then need to be considered for local impact 
predictions and estimation of lead times. Gener-
ally there are a number of issues to be considered 
when utilizing general methods in individual 
environments and the points shown in Figure 3 
should be taken into consideration.

Within the framework of a flood forecasting 
system, the specific needs for the individual catch-
ment type and size, also considering the indi-
vidual aspects of the area at risk have to be met. 
General decisions are required on:

• What is the minimum lead time required, 
i.e. the time required to produce and imple-
ment warnings

• What level of complexity / robustness is 
adequate and required for the task

In general, if large basins with slow flood gen-
eration processes are involved, relatively simple 
and robust systems for observation, data transfer 
and forecast modelling can serve the purpose of 
a timely warning. This may include:

Figure 2. Integrated flood warning system (Kron, 2008)
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• Manual observations of rainfall and water 
level

• Reporting of data at set intervals by tele-
phone or radio

• Utilization of low profile modelling 
resources

Where response times are shorter, or there is 
a high value associated with risk, for example a 
major conurbation, or remoteness prevents the 
use of manual instruments, the requirements 
would be for:

• Automatic recording instruments and 
sensors

• Data to be transferred automatically from 
instrument to operation centre, at frequent, 
regular intervals

• Automatic checking and reporting systems 
for data

• Automatic input into forecast model

In addition to on ground measurements also 
other data, namely remote sensing information 
may be used. There are a number of data sources 
available here that provide public domain data at 
no cost. These include digital elevation models, 
land cover information, satellite imagery (Land-
sat) and other products that can mainly be found 
on the USGS EROS database server, accessible 
through e.g. http://edc.usgs.gov/ or https://lpdaac.
usgs.gov/.

In addition to data, software is necessary to 
carry out GIS assessments and modelling tasks. 
Also here, next to commercial packages, there 
are very useful public domain tools available of 
which examples could include Global Mapper 
for GIS use (http://www.globalmapper.com/) and 
HEC-HMS for hydrological modelling purposes 
(http://www.hec.usace.army.mil/software/hec-
hms/). There are as well numerous plug-in tools 
available for commercial software, enabling the 
user to tailor a software package to his needs, as 

Figure 3. Consideration aspects for flood forecast and warning. Priorities to be decided depending on 
individual circumstances.
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an example the USGS GeoSFM (http://pubs.usgs.
gov/of/2007/1441/) may be mentioned here, a 
tool that allows watershed delineation and basic 
hydrological modelling. Other tools may be found 
for a variety of different purposes.

PRePAReDness Of Defences

Overview

Flood management is a broad topic with various 
aspects that need to be considered. While many of 
the aspects to be considered are rather soft topics, 
a hard engineering aspect is that about flood de-
fences, in most cases found as dikes, implemented 
with different means, different materials and to 
different standards, constructed since generations 
to protect people and assets from flood events.

Dikes are geotechnical structures that can be 
constructed from different soils in a homogenous 
or zoned way, with the selected design mostly 
depending on the availability and quality of the 
available materials as well as the availability of 
construction assets and methods. Especially the 
latter have significantly changed over time, result-
ing in today’s dike standards being significantly 
different to older structures. These differences in 
quality do of course have a direct impact on the 
resistance of the dikes to failure. Dikes may fail 
to a number of reasons of which the two most 
significant are leeside erosion during overtopping 
and internal erosion due to seepage. An overview 
of failure mechanisms is given in Figure 4.

Dike failures can be caused by a range of 
reasons and can happen in different forms and 
during different kinds of loading condition, also 
depending on the internal condition of the dike. 
In general dikes fail when the loading conditions 
that act upon the dike body exceed the loads the 
structure can withstand, be it through surface or 
internal erosion or sliding failure caused by water 
load or weakening of the dike body due to seep-
age. All these aspects can be monitored and cal-

culated, both from the side of the occurring loads 
as well as from the surface condition and struc-
tural stability the dike offers. In addition observa-
tion during events may help to assess internal 
problems with the structure where e.g. seepage 
is reported. The use of local knowledge may be 
a useful asset for such observations.

Due to changing climatic events and a changing 
land use and land cover situation that cause more 
extreme river levels as well as due to ageing effects 
on flood defence assets, breaches have become 
more likely. The research programs presented and 
evaluated in this section deal with this scenario 
through a range of approaches ranging from risk 
analysis, monitoring and the assessment of im-
provement possibilities to detailed suggestions of 
improvement possibilities.

Methodologies and Adaptation

Several different approaches are applicable and 
feasible to monitor, prepare and improve flood 
defences. Approaches depend on the setting, the 
logistic and financial constraints, the loading 
conditions as well as the risk for the protected 
people and assets but applicable solutions can be 
found in most cases.

The methodologies described in the following 
sections are examples of what can be done but 
can and should be adapted and enhanced to suit 
specific needs and circumstances. The general fact 
to be appreciated is that not every dike within a 
defence system is in best condition or designed 
to the necessary standards. Monitoring and mea-
surement techniques can identify locations where 
rehabilitation or improvement is necessary and 
can, during a flood event, inform about sections 
susceptible to dike failure, allowing for emergency 
works to be carried out.

On the management and control side, dams 
and other retention structures can be used to 
temporarily store water to reduce discharge peaks 
during flood events. Forecast calculations can be 
used to establish the design events and ensure that 
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structures are built or improved to the required 
levels. For an optimum usage and operation of 
the flood defence assets, control systems have to 
be used that can flatten flood waves and avoid 
their superposition in case of joining river arms.

In many countries flood defence assets and 
namely dikes have been built a long time ago, 
to unknown or non-existing standards and may 
in addition suffer from a lack of maintenance. 
Dealing with such conditions is reflected in the 
RIMAX approaches. Considering suitable adapta-
tion strategies, the knowledge generated within 
the different RIMAX projects was used, provid-
ing the possibility to substantially increase the 
defence potential of the assets. Tailored monitor-
ing approaches to identify sections at risk, means 
to avoid dangerous seepage conditions through 
drainage elements and the use of geotextiles to 
avoid erosion during exposition to overtopping 
may be used.

In general, a variety of innovative approaches 
can be utilized to tackle certain problematic situ-
ations. The importance is to assess the individual 
situation and respectively design the possible 
solution for the individual case. It needs to be 
appreciated that conditions vary based on every 
single location having its own material parameters, 
climatic and topographic conditions, leading to the 

need to individually appraise different sections of 
defence systems. Potential improvement strate-
gies then can be defined based on the individual 
outcomes of the appraisals. Factors that could be 
of interest during an appraisal may include:

• Soil parameters
• Dike geometry and dimensions
• Surface protection
• Climate and related vegetation
• Potential loading conditions
• Exposure to accidents and attacks
• Local knowledge about dike behaviour 

during previous events
• Knowledge about circumstances of histor-

ic damages or failures

The above factors should be considered in a 
holistic approach. Improvement strategies are to 
be identified that can cope with, and improve the 
reliability of the defence asset considering the 
overall circumstances of a location. A potential 
strategy for assessing an asset system and develop-
ing means of improvement is outlined in Figure 5.

A list of possible improvement strategies can 
be summarized as follows. Local circumstances 
regarding the asset conditions, loading conditions 
and available means for carrying out improvement 

Figure 4. Failure mechanisms and functional chain with principal possibilities to act, warn, react, etc. 
(modified from Bieberstein, 2007)
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methods will determine the feasibility of the in-
dividual possibilities:

• Reduction of current velocities
• Improvement of surface protection to 

avoid erosion during overtopping
• Lowering of seepage line

• Protection of landside toe where seepage 
occurs

fLOOD MAnAGeMenT

Overview

Flood management is an important issue for 
emergency agencies to deal with situations that 
have gone out of control. Pre planning, decision 
support tools and damage prevention plans can 
help in mitigating the effects of disastrous floods 
by helping to focus on the most important tasks 
and prioritizing assets and actions.

Different aspects need to be distinguished when 
planning flood management actions. Depending 
on local circumstances, areas of action can be 
split in emergency operation actions, emergency 
protection actions and evacuation actions. While 
timely and spatially interconnected and dependent 
on local circumstances, the different action groups 
may be triggered by different circumstances. 
Scenarios with identified threshold values that 
are operationally updated can be used for decision 
support. It also needs to be considered that actions 
benefiting one area may have adverse effects in 
others, leading for the need to consider multiple 
stakeholder aspects and take into account vulner-
ability as well as cost aspects in the management 
decisions. Local aspects like alarming possibilities 
and event related aspects like the hazard potential 

Figure 5. Strategy outline for assessing asset prob-
lems and identifying improvement possibilities

Figure 6. Possibilities for flood management along a spatiotemporal hazard path
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need to be considered as well. A schematic over-
view is shown in Figure 6.

Methodologies and Adaptation

Methodologies for flood management are a prod-
uct that depends on the nature of the threat which 
can actually vary on a case by case basis, the type 
and vulnerability of the object at risk and other 
local circumstances that may vary over time or 
with location within the area of interest. Meth-
odologies therefore need to be shaped depending 
on these circumstances on a case by case basis. 
Different scenarios are taken into account as they 
can be foreseen with different magnitudes of flood 
events or depending on seasonal variability in 
catchment characteristics. This may influence 
runoff or seasonal shifts in risk patters through 
operational aspects or utilization levels of season-
ally inhabited settings.

Based on the described influence of various 
possible circumstances, the flood management 
methodologies described in the following sections 
should be considered with care. They can be used 
as guidelines or examples of what is possible, while 
for an implementation in a new setting adaptation 
steps need to be undertaken.

Floods occur, and when causing disaster they 
need to be managed as efficient as possible to 
minimize damages and avoid loss of life and 
property. General issues that need to be considered 
when attempting to manage extreme flood events 
mainly aim at who and what can be protected and 
how much time it takes. In order to be efficient, 
preplanning of the possible range of events that 
can affect a catchment is a key task. Flood manage-
ment can only be carried out effectively if priori-
tized plans, tailored to individual scenarios exist 
and the involved players including the effected 
population as well as the emergency agencies and 
administration knows what to do.

There are therefore a number of levels on 
which flood management needs to be planned and 
carried out. Emergency plans need to be in place, 

involved bodies need to be clear about their action 
strategies, responsibilities and report chains and 
finally also the possibility to communicate with 
the effected population for flood warnings and 
evacuation is essential.

The emergency plans drawn up based on differ-
ent scenarios may be available as simple checklists 
that can be applied or can be set up in form of 
operational decision support tools that are handled 
by a control centre. The level of communication 
and sophistication of methods and assets will in 
this case be an important point to consider. It also 
needs to be taken into account that in case of a 
disaster the simpler and more straightforward 
method may be the better one.

As a baseline for flood management, flood 
maps (Figure 7) are a useful tool that can be set 
up based on local knowledge from historical 
events or based on modelling approaches defin-
ing different areas of risk. Prioritization aspects 
for protection and evacuation, accessibility of 
areas, emergency access and egress routes can 
be planned with these maps.

When drawing up the emergency plans, mul-
tiple stakeholder conflicts can be expected. Re-
sources and time in flood- and flood management 
are limited so that cost-benefit analyses considering 
holistic aspects need to be used in order to prioritize 
resources and actions. An outline and interconnec-
tions of importance when developing a flood 
management strategy is shown in Figure 8.

DAMAGe AssessMenT AnD 
sOcIAL IMPAcT

Overview

The assessment of damages and social impacts of 
flood events are an important step in integrated 
flood risk management to provide a base for deci-
sion making processes and to learn lessons for the 
better management of future events. It is important 
to see the different areas that can sustain losses 

www.ketabdownload.com



276

River Basin Management with a Special Focus on Management of Flood Events

during floods. Agricultural areas are normally 
the first ones to be affected but damages are not 
limited to the agricultural sector with significant 
damages also occurring to residential property, 

businesses and public infrastructure, particularly 
in larger floods. On the far end of the scale also 
losses in human life can be encountered.

Figure 7. Flood information map (Freiwald & Planek, 2007)

Figure 8. General flood management strategy, outline and interconnections
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Flood damages can be classified differently 
but a general distinction is between tangible and 
intangible or direct and indirect, reflecting the 
ability to assign monetary values. Intangible dam-
ages arise from adverse social and environmental 
effects caused by flooding, including factors such 
as loss of life and limb, stress and anxiety. Tangible 
damages are monetary losses directly attributable 
to flooding. They may occur as direct or indirect 
flood damages. Direct flood damages result from 
the actions of floodwaters, inundation and flow, 
on property and structures. Indirect damages arise 
from the disruptions to physical and economic 
activities caused by flooding. Examples are the 
loss of sales, reduced productivity and the cost of 
alternative travel if road and rail links are broken.

Methodologies and Adaptation

The assessment of damages and social impacts 
of flood events is a base for the appraisal of 
the effects of flood events through cost-benefit 
analysis, judging both direct and indirect dam-
ages. The results of these assessments are readily 
useable for improving damage appraisals as well 
as providing input data for flood preparedness 
planning exercises.

Generally the following sectors and areas have 
to be considered when appraising flood damages:

• Agriculture
• Industry
• Commercial
• Residential
• Infrastructure
• Environment
• Loss of life
• Interruptions
• Stress

The general questions to be asked include

• WHERE do damages occur,
• WHO is affected,

• WHAT damages occur and what is the 
value,

• HOW do these damages occur and
• WHY do they occur and how could they 

have been avoided

To link damages with a flood event, the loca-
tion of different damages is of much interest. 
Different damages may occur in different areas 
of the flooded river and flooded surrounding 
areas as well as out side the flooded zone itself. 
The former areas generally bear both direct and 
indirect damages, in the latter surrounding areas 
generally indirect damages based on intercon-
nections with the flooded zone occur. The same 
principle applies for the question who is affected 
by the floods.

To be able to measure and compare damages 
and interruptions, groups with definite damage 
characteristics need to be used and monetary values 
need to be assigned to the individual damages. For 
direct damages these values can either be taken 
directly from repair cost records or quotations or 
can be deduced from records of similar events. In 
order not to be too detailed, damages need to be 
classified in e.g. unit length of a specific road class, 
unit area of a certain commercial or residential 
setting, unit area of a certain agricultural crop class 
and so on. For industrial settings generally more 
individual assessments need to be made but also 
here reference values may be available.

For indirect damages, the assessment and ap-
praisal may be more difficult as damages may not 
be reported or directly visible. In addition dam-
ages may have an effect for an indefinite period 
after the flood event that also is difficult to judge. 
Different approaches would be available to tackle 
these problems but e.g. productivity values of 
flood affected areas can be relatively compared 
to previous year’s figures. This should be verified 
by trends of surrounding similar locations in order 
to show the impact of the flood event compared 
to the general trend. For such cases care must be 
taken as interrelations may exist even to non flood 
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affected areas so that productivity may go down 
in these areas as well.

Next to the nature and value of the damages, 
also the question how these damages occur is of 
much interest to provide information to prepare 
for future flood events and if possible avoid dam-
ages. Direct damages are generally caused by 
inundation as well as by current velocities, indirect 
damages occur through interruption and stress. 
Environmental damages may be another aspect in 
this case as damages may not only occur through 
inundation but by secondary impacts through e.g. 
spills from inundated industrial plants. Also such 
effects need to be taken into account.

As shown in Figure 8, a wide range of im-
pacts need to be considered when assessing flood 
damages and social impacts. For data collection 
a variety of techniques can be used, including 
remote sensing data, technical on ground surveys, 
information held by local authorities, direct poll 
and questionnaires in the effected community, 
and monitoring of economical trends. As with 
these methods different parameters are monitored, 

a mixture of information sources is advisable, 
also depending on the desired study output to be 
achieved. An overview of aspects important for 
damage assessment and social impact assessment 
is shown in Figure 9.

sUMMARY AnD cOncLUsIOn

In this short description of flood management 
aspects and strategies, results from a variety of 
RIMAX research projects have been evaluated 
and adaptation strategies for their implementation 
under varying conditions summarized. Descrip-
tions covered forecast and warning, preparedness 
of defences, flood management as well as damage 
assessment and social impact aspects. Depending 
on the individual circumstances these individual 
aspects or where necessary a combination of them 
need to be considered when evaluating a problem 
and planning changes to a system. Out of a vari-
ety of criteria that have an influence and should 

Figure 9. Aspects for assessment of flood damage and social impact
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be considered when approaching a problem, the 
following two points are of mayor importance.

Changes to a part of a system will always have 
effects on other, not necessarily only downstream 
parts of a system. A holistic approach is therefore 
essential to come to an overall beneficial solution, 
including different stakeholder requirements, 
conflicting needs, multiple user aspects and cause-
consequence criteria. Tackling the problems of 
a specific location, the overall system needs to 
be considered as after respective changes to a 
system, negative impacts at secondary locations 
may outweigh the positive effects at the immediate 
location of interest.

Next to the need for a holistic approach, the 
application of engineering judgement in assessing, 
evaluating, planning and implementing of flood 
management efforts is of highest importance. As 
every system is unique, solutions can mostly not 
be transferred directly from other example sites 
but need to be adapted carefully depending on the 
local and overall circumstances. The adaptation 
strategies described in this guide should therefore 
be considered with care and the persons in charge 
need to carefully judge the conditions, needs and 
desired results for their respective location and 
circumstances.

Considering these two main points, the 
described results of the RIMAX projects and 
derivations of them can be applied for a variety 
of problems, settings and circumstances. As 
stated, a holistic and sustainable approach should 
always be preferred to avoid negative secondary 
effects. Further information to these projects can 
be found on the website www.rimax-hochwasser.
de, all projects can be considered individually or 
in combination.

Another important aspect that should be con-
sidered when planning and implementing changes 
to a river or flood management system is that the 
changed system should be monitored in order to 
be able to optimize changes where possible and 
mitigate unwanted side effects. Changes and/or 
additional measures may be necessary or beneficial 

in this monitoring stage to improve the overall 
project results. The monitoring should include 
wider aspects that could be affected by the changes 
both locally and remotely. Future monitoring may 
be beneficial to track long term effects and learn 
for following projects.

WORKInG eXAMPLe

example catchment Description

To show the potential of the RIMAX approach 
in a holistic way, considering sustainable options 
for catchment wide implications, a schematic 
example is shown in this section that highlights 
the different elements that need to be considered. 
A medium scale river catchment in a semi-arid 
region has been chosen for this example, with the 
involved elements shown in Figure 10.

For the catchment it is assumed that scattered 
and partly only short term historical records exist 
and that the monitoring network in the catchment 
is sparse. Rainfall patterns are non-frequent, 
highly localized and can be of extreme magnitude 
in rare events. Vegetation is sparse and erosion is 
a problem in the upper catchment as well as in 
the upstream river bed while in the downstream 
stretches sedimentation prevails, causing problems 
in the reservoirs. The river itself shows generally 
low flow conditions, partly showing no surface 
flow during the dry season. The scenario is shown 
in Figure 11. It is further assumed that the reser-
voirs are operated with a certain individual op-
eration schedule and that in the urban area some, 
partly deteriorated flood defence assets exist. Due 
to population growth, village settlements as well 
as uncontrolled settlements in the urban area are 
assumed to encroach into the riverbed which dur-
ing normal conditions is carrying a low water 
level. Under flood conditions the banks may 
anyhow be overtopped. As an additional problem 
the area shows declining groundwater tables due 
to over-extraction.
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Applying the RIMAX approach for this catch-
ment, different assessments for forecasting & 
warning aspects, preparedness of defences, flood 
management and damage assessment & social 
impact aspects can be carried out. These different 
assessments are described in the following para-
graphs, leading to a holistic and sustainable 
proposal for the management of the catchment. 
It should be noted that the aspects which are 
highlighted are a representation of what is pos-

sible to implement and that a variety of decisions 
may be made depending on prioritization of the 
circumstances.

forecasting and Warning Aspects

For an assessment of the forecasting & warning 
aspects that are of importance in the given catch-
ment and considering the elements as shown in 
Figure 3, as a first step the current situation and the 

Figure 10. Schematic catchment overview in an arid region

Figure 11. Catchment example image taken by the author in northern Kenya. Features showing moun-
tainous conditions in the background and the river bed, hardly carrying any surface water, in the front. 
Further downstream the river would enter more flat agricultural terrain.
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mayor problems should be identified. As briefly 
described when introducing the catchment, the 
major problems with regards to forecasting and 
warning include a hydrometeorological monitor-
ing station network that is not adequate to provide 
enough spatial and temporal coverage to be suf-
ficient to feed into advanced forecast modelling 
tools. The available modelling tools in return 
are simple routines, not designed to generate ad-
hoc flood warnings providing output that is not 
sufficient for analysis, prediction and warnings. 
Consequently, also warning procedures are non 
existent. Preparedness aspects that could help in 
such situations are insufficiently developed. Areas 
that have proven to be at risk of flooding on the 
other hand contain villages and agricultural areas 
in the middle reaches of the assessed catchment 
as well as industrial sites and the larger urban 
settlements downstream. While the areas in the 
middle reaches of the river do not contain any 
flood defence assets, the downstream industrial 
and urban areas are partly protected by river dike 
structures. Individually operated dams in the 
middle river sections contribute to control flood-
ing by providing limited retention capacity that 
is threatened by sedimentation in the reservoirs.

Options for actions that can be considered under 
the given conditions are plentiful. On the physical 
side the chain of potential improvements starts with 
the collection of data which could be implemented 
through a more dense hydrometeorological moni-
toring station network this network would allow 
for a better assessment of the conditions that lead 
to flooding in the catchment, while to use it for 
operational flood forecasting purposes automated 
stations with data transmission possibility would 
be needed. With the catchment experiencing highly 
localized rainfall events as typical for arid catch-
ments, a spatially wide distribution of monitoring 
stations that would be adequate in humid regions 
with more uniform rainfall patterns would not be 
suitable to capture the spatiotemporal distribu-
tion of rainfall in the catchment. A dense station 
network would need to be applied, or, depending 

on the financial conditions and more detailed 
catchment characteristics, the implementation 
of a rainfall radar system may be an option. The 
meteorological station network would need to be 
supplemented with stream gauges measuring water 
depth in the river and its tributaries. Here again the 
better the spatially distribution of the gauges, the 
better the results with regards to flood forecasting 
will be. An important aspect for these stations in 
order to judge the remaining carrying capacity of 
the river bed would be their ability to capture the 
sub-surface flow conditions. An important aspect 
in the design of the monitoring station network 
is more than often that budgetary constraints 
overrule the technically optimum requirements. 
Nevertheless with well thought through engi-
neering judgement, a station network can still be 
designed in order to provide valuable data. Based 
on historical data hot spots and important nodes 
in the catchment can be identified and stations be 
placed strategically to provide optimum benefits. 
The approach may include neglecting parts of the 
catchment for which historical evidence regard-
ing their non-contribution to flood events exist or 
which, e.g. based on terrain data can be judged as 
less runoff generating.

The improved station network would then 
need to be connected to an optimized data centre 
with the facilities and computational power to 
handle and evaluate the incoming data. This data 
could feed into a range of possibilities of flood 
forecasting models which could be stepped or 
operationally updated. The model results in re-
turn could feed into a Decision Support System 
designed for flood warning. The decision to what 
standard such a system will be implemented will 
depend in the quality of the monitoring station 
network providing the required data as well as 
again on budgetary constraints, leading to a range 
of possibilities between single standalone model 
approaches to ensemble forecast systems. It should 
be noted here, that especially depending on the 
data situation, a well designed but simple flood 
forecasting system may have advantages over 
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complicated systems which data needs can not 
be satisfied to the required extents. In addition 
budget may better be allocated to improve the 
monitoring station network and its transmission 
system than be spent on the software side as even 
simple scripts may be used to evaluate the incom-
ing data and generate flood alerts.

On the organizational side, the way between 
data collection and evaluation, the decision for 
raising flood warnings and the dissemination of 
these warnings are the main steps where trained 
staff members and a good organization can make 
large differences in the flood warning process. In 
the described catchment, issues would include 
trained and knowledgeable staff for monitoring 
station maintenance, data collection and its trans-
mission to the data centre. Where transmission of 
the data is not automated, clear procedures need 
to be in place for ensuring data quality and deliv-
ery in time. This can again reach from ensuring 
automated transmission from highly sophisticated 
stations to low key weather observations and their 
reporting via radio to the data centre. For both 
highly automated systems as well as for purely 
manual flood monitoring and warning systems 
organizational aspects are of importance. For 
the automated system the parameters that lead 
to triggering alarms need to be clear, for manual 
systems a strict organization will ensure quality 
and timely delivery of the necessary data. Further 
effort would then need to be spent to improve and 
strengthen the decision making as well as dissemi-
nation aspects of a flood warning system with the 
latter preferably being embedded in the general 
administrative concept of a flood prone region 
to allow interlinkages and communication with 
emergency agencies. It should be considered that 
the flood forecasting and decision making process 
is also closely interlinked with the operational 
possibilities and control options that are further 
described in the Disaster Management section.

Preparedness of Defences’ Aspects

Flood protection assets in the flood prone catch-
ment are found in the middle and lower reaches 
of the river system, protecting objects of higher 
value including industrial areas and domestic 
settlements. Based on Figure 5, key action to en-
sure optimum preparedness of the existing flood 
defence asset is a thorough survey of the flood 
protection assets themselves as well as an assess-
ment of the loading conditions that act upon them. 
Both groups of factors will then be considered 
in combination to the locations that are at risk in 
order to come up with prioritized decisions on 
improvement possibilities.

In the case of the described catchment, the 
flood defence asset system comprises two dams 
including their reservoirs that are independently 
operated and that cater for multiple individual users 
in domestic water supply, fisheries and recreation. 
In the downstream section, deteriorated river 
dikes protect industrial as well as urban areas. As 
a first step in this case, detailed assessments of 
the reservoir facilities, stakeholder requirements 
and operation principles, followed by assessments 
of the river dike system with regards to condition 
and implication of breaches in different loca-
tions are necessary. Findings may yield that the 
reservoirs are operated to maximize benefits for 
water supply aspects, maintaining an as high as 
possible water level to be prepared for droughts. 
Findings on the river dikes may yield deteriorated 
conditions where the surface protection of the 
dikes is partly destroyed, local settlements occur 
and vegetation growth and animal burrows have 
weakened the dikes.

Following these hard engineering aspects, 
loading conditions on the flood retention and 
defence assets are assessed. Results may show 
increasing magnitudes of flood events considering 
climate change scenarios, leading to flow quanti-
ties and water levels beyond historical records. 
Overlaying these findings with the flood asset 
parameters, reservoir storage volumes and related 
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to that spillways may show inefficient capacity 
and dikes may show levels that are at the brink 
of overtopping. Where geotechnical investigation 
results of the dike body are available, recalcula-
tions may show problems with erosion, seepage 
through the dike body and related secondary ef-
fects like sliding and slip failures.

The findings of these analyses are then used 
in combination with knowledge collected about 
objects at risks behind the flood defences. The 
differentiation of the impact of the failure of the 
flood defence assets and the consequence onto 
certain effected objects is of importance here. 
In the case of the reservoirs, the uncontrolled 
overtopping of a reservoir spillway may lead to 
erosion and breach of the dam with, depending 
on the breaching scenario itself, enormous conse-
quences downstream for any kind of object. For 
the river dikes on the other hand, the situation may 
be more different depending on where a failure 
occurs. Considering the described catchment, 
the downstream river dikes protect both urban 
as well as industrial areas. While in the urban 
areas loss of life may be the key parameter for 
decisions, in the industrial areas secondary effects 
including widespread pollution may be of higher 
importance, even overruling protection needs 
for smaller settlement areas. The aspects that are 
considered for these analyses are in close relation 
to those considered in the planning of disaster 
management options.

With the scenarios analyzed and priorities 
identified, improvements of flood defences can be 
planned and scheduled, possibly using techniques 
as described in the RIMAX approaches. As, also 
depending on the depth of the assessments carried 
out, no assessment is perfect, immediate needs to 
stabilize endangered dike sections as e.g. close to 
the industrial sites may also become necessary.

flood Management Aspects

Disaster management is based on preparatory 
work, allowing decisions to be made quickly in 

the event of a flood. In the described catchment, 
mainly the middle and lower parts of the catch-
ment are prone to flooding and would benefit 
from disaster management efforts. In the upper 
catchments flash floods may be expected, which 
negative impacts may be mitigated with respec-
tive planning efforts. Disaster management may 
also be seen as part of the work or going hand in 
hand with the works carried out for prioritizing 
improvements of defences, so synergies and cost 
savings should be found when tackling the tasks 
in close cooperation. Conducting an analysis for 
planning disaster management efforts, assets on 
the one hand and stakeholders on the other hand 
plan the mayor roles and need to be considered in 
combination with certain flood scenarios. Multiple 
layers of cause-consequences relations exist in 
between the different involved elements so that 
the development of a thorough methodological 
approach under involvement of all these rela-
tions is imperative. For the described catchment 
the assessments can be carried out split into the 
upper catchment for flash flood events and for 
the middle and lower catchment for main flood 
events. The further descriptions in this section will 
focus on the more complicated management of the 
middle and lower catchment, the main principles 
are shown in Figure 8.

A possible approach for the described catch-
ment could, based on the evaluation of hydrologi-
cal data including the consideration of climate 
change scenarios, lead to the reconsideration 
of prioritization of stakeholder needs in the res-
ervoirs. Multiple stakeholder needs in the case 
of disaster management would in addition not 
only include reservoir users themselves but also 
downstream users like fisheries, agriculture or 
settlements which could benefit or suffer from 
certain operation changes or the discharges of 
large amounts of water.

With an increased risk for flood events, reser-
voirs may be operated at lower levels to provide 
more room for the storage of flood waters. In 
addition operation rules for the reservoirs may 
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be linked to utilize the benefits of a combined 
approach. Such changes do not necessarily imply 
the need for hardware changes in the dams or the 
utilization of extensive software packages, but 
could be based on operation rules based on up-
stream gauge indications as well as an improved 
communication between monitoring or flood 
warning agencies and the reservoirs as well as 
the reservoirs in-between themselves.

Having considered a wide range of possible 
scenarios and different strategies, a cost benefit 
analysis, similar to the one conducted to assess 
improvement needs for flood defence assets needs 
to be conducted. Each possible solution will have 
certain benefits but also impacts which need to 
be judged and considered carefully. Based on a 
prioritization of benefits, a preferred solution 
may be found. For the described scenario, mid 
catchment water demands, agricultural needs, the 
protection of downstream urban and industrial 
infrastructure are the main points for consider-
ation. Prioritizing the downstream areas in order 
to prevent loss of life and pollution from flood-
ing and destruction in the industrial areas, dam 
operation schedules for the two reservoirs would 
be adapted and generally operated at a lower 
level. The linked and coordinated operation plans 
would in addition ensure that in case of a flood 
event that was forecasted or detected upstream, 
large amounts of water would be spilled and the 
reservoir levels drawn down in order to provide 
maximum storage. Low level inundation if the 
agricultural areas downstream of the dams would 
be tolerated for an overall benefit and in order to 
prevent especially the downstream areas from 
even larger floods. The reduced storage of water 
for domestic and agricultural use in the dams that 
would lead to an increased utilization of ground-
water resources would need to be considered for 
a holistic approach. Groundwater recharge plans 
could make up for the less available surface water 
and prevent depletion of groundwater resources. 

Smaller recharge dams could be utilized for such 
tasks which in addition would also work as small 
scale flood retention dams. This topic could be 
further considered in the preparedness of defences 
section.

For judging the impacts of flooding as well as 
to avoid further developments in areas potentially 
prone to flooding, flood mapping exercises are 
strong tools. Such flood mapping would, depend-
ing on budget be carried out for at least the urban 
and industrial downstream sections as well as in 
other expanding areas with high population pres-
sures where development control would be ben-
eficial. Nest to the prevention of losses in the case 
of floods, floodplain reduction could be avoided 
through this planning and control mechanism.

The results of the flood management works 
would finally lead to scenario related emergency 
management plans that would be anchored in 
suitable agencies which would be responsible 
for detailed implementation, enforcing and future 
updating of the strategies.

Talking about flood management, also catch-
ment management is an important issue. Overgraz-
ing of the upstream areas is a major factor that 
contributes to flooding. In addition erosion, also 
triggered by overgrazing leads to the filling up of 
reservoirs through accumulating sediment, further 
enhancing the flood risk by reducing retention 
storage volumes.

Damage Assessment and 
social Impact Aspects

Damage assessments and social impacts aspects in 
the catchment would be assessed from a holistic 
point of view as shown in Figure 9. Questions 
to be asked would include where does flooding 
happen, who will be effected, what damages will 
occur, how will they occur and why can they not 
be avoided. Depending on the measures taken 
when looking into preparedness of defences and 
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flood management aspects, potential flood dam-
ages will vary. In the described catchment as it 
stands, damages would be expected mainly to the 
medium and lower section of the river. With the 
propagation of the flood wave, flood damages 
are first expected to agricultural areas as well as 
to village settlements along the middle sections 
of the river. Here not only direct but also indirect 
flood damages through e.g. delays need to be 
considered. Further downstream the residential 
and also industrial areas are at risk, with the lat-
ter causing secondary risks to the environment 
through flood related pollution. In addition the 
floods may cause loss of life. Damages to road, 
rail, power, telecommunication and other supply 
infrastructure can be expected with the flood event. 
The floods will also interrupt daily life and lead 
to economic losses for both small and large busi-
ness in the larger area effected by the flooding. 
Cleaning up requirements after the floods will 
lead to additional losses in production.

Data sources that would be used to carry out 
these assessments would include data and lessons 
learned from previous floods as well as informa-
tion generated when developing the flood maps 
as described in the flood management section. 
With a monetary value assigned to the described 
damages and interruptions, damage maps, based 
on the flood maps can be developed and further 
evaluated.
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Despite many advances in the field of hydroinformatics, the policy and decision-making world is unable 
to use these highly technical decision support systems (DSSs) because there has been an undue emphasis 
on the technological aspects. The historical analysis of hydroinformatics concepts and modelling shows 
that the technical aspects have been incorporated far better than the social aspects. Hence, there have 
been calls for the development of ‘socio-technical’ DSSs. However, far greater effort is required to in-
corporate social and political sciences into the domain of DSSs. The goal of this chapter is to elaborate 
on the illusive interface between science and water policy within the context of DSSs. It is an attempt 
to address one main question: how to link or find an interface between policy (institutional matters) 
and science (technical and natural environment aspects). To achieve this goal, a new paradigm for the 
DSS modelling approach has been envisaged based on combining multiple theoretical and analytical 
frameworks into a single methodological framework to attain a linkage between science and policy-
making. The integrated methodological framework comprises of: (1) two ‘conceptual’ frameworks: (a) 
decision-making perspectives and (b) IWRM interface frameworks; (2) analytical frameworks: (a) DPSIR 
socio-technical assessment and (b) institutional analysis (IA) frameworks; (3) core engine of the DSS 
consisting of coupled decision support tools (DST) such as process, planning and evaluation models; 
and (4) a stakeholder participation interface framework consisting of (a(a multi-windowed dynamic 
cyber stakeholder interface (MDCSI) system and (b) DSS performance assessment (uncertainty and risk 
analysis) tools, within a shell of a graphical user interface (GUI). From experience, it can be concluded 
that DSSs are not just about software packages but they are a participatory communication platform for 
an interactive multi-stakeholder decision-making process. The required science-policy interface can be
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InTRODUcTIOn

Substantial growth in the world population, 
increased economic activities and improved liv-
ing standards have put the world’s freshwater 
resources under immense pressure which in turn 
has resulted in competition and conflict over this 
precious resource. In addition, water pollution is 
inherently connected with human activities as it 
often acts as a medium for transporting domestic, 
agricultural and industrial waste and as a constraint 
on the use of water resources. The above problems 
are aggravated by shortcomings in the manage-
ment of water. Fractional (sectoral) approaches 
to water resources management have dominated 
and still prevail, especially in the developing 
world; as a result, fragmented and uncoordinated 
development and management of the resource is 
a real practice. The overall problem is deepened 
by inadequate legal legislation (governance), poor 
enforcement, increased demand (competition) 
for this finite resource, and imperfect conflict 
resolution mechanisms. Hence, there is a need 
for an integrated approach to water resources 
management (Cosgrave and Rijsberman 2000). 
The complexity of the nature of the problem is 
clear as Biswas (2004) lists some 36 issues that 
should be integrated. Hydroinformatics has the 
potential to foster the desired integrating approach 
but historically, there has been a tendency to 
model those issues that can be easily modelled 
with the available analytical and numerical tools 
(i.e. a highly technical approach) and we have 
many models that have not found any meaning-
ful application and have gone on the archive list 
(Cornell, 1972). Although made many years ago, 
Cornell’s (1972) point that it is better to model 

the whole even if we employ assumptions and 
oversimplification rather than modelling a small 
part of the problem that we may know very well is 
a valid one. He implicitly makes a point for large 
scale, basin-wide DSSs (Hashemi & O’Connell, 
this issue). Therefore, hydroinformatics can facili-
tate an integrated assessment of water resources 
problems because it is an interdisciplinary area 
of study which draws from the three worlds of 
science, technology and society (Abbott 2002). 
It blends technological, hydrological, hydraulics 
and environmental engineering with social and 
ethical interests. It encompasses the application 
of information, communication and data technolo-
gies as well as geographical information systems 
(GIS) to problems of aquatic environments (e.g. 
Savic and Walters 1999; See et al, 2007).

Despite many advances in the field of hy-
droinformatics, the policy and decision-making 
world is unable to use these highly technical 
DSSs because there has been an undue emphasis 
on the technological aspects (See et al, 2007). 
The usual simple policy questions such as ‘what 
should be the environmental water allocation for 
say year 2020?’ cannot be easily answered within 
technically oriented DSSs. Therefore, DSSs are 
required to increasingly become “socio-technical” 
(Abbott, 2002) to create the “socio-technical de-
mocracy” (Steyaert and Jiggins, 2007) required 
for an integrated policy appraisal. Hence, a new 
methodological framework is required to reflect 
the realities and complexity of the water resource 
system or aquatic environment as there are im-
portant exogenous factors (external constraints) 
that affect one or a group of water resource sys-
tem components such as political, economic, and 
demographic. Likewise, climate vagaries, climate 

achieved by using a unique analytical approach in which technical, policy and institutional frameworks 
are combined within a DSS platform with an output framework, the MDCSI system, that facilitate policy 
dialogue by having a dynamic and interactive policy interface which can be linked to other technical 
and non-technical systems. DSSs should be integrated with institutional and socio-political frameworks 
to help attain both financial and institutional sustainability.
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change and climate extremes (floods and droughts) 
greatly influence the water resource system in 
ways that can have a significant impact on the 
implementation of integrated and sustainable 
management plans.

To develop a policy relevant DSS, three ap-
proaches need to be taken. First, we need to rede-
fine the social data; they are not only ‘facts’ but 
they can be perceptions, values, perspectives etc. 
Social data can be both ambiguous and imprecise 
and can have tremendously varied and complicated 
subjective meanings i.e. they are prone to different 
interpretations. Secondly, a DSS cannot just be 
considered as a piece of ‘predictive’ software but as 
a set of integrated technical and social assessment 
frameworks Thus, the DSS acts as a platform for 
participatory decision-making using technical, 
socio-economic and institutional frameworks 
to reach agreement based on viable evidence or 
output from the modelling system. Hence, DSS 
outputs can bring some objectivity, functionality 
and rationale to chaotic social problem settings. 
Thirdly, there should be an advocacy to bring 
scientists, decision-makers and stakeholders 
together on one platform to achieve integrated 
river basin management; one such attempt has 
been the HELP (Hydrology for the Environment, 
Life and Policy) project coordinated by UNESCO 
(Falkenmark et al, 2004).

In order to foster an open approach to social 
learning processes by all parties involved in pro-
viding and using DSSs, the relationship between 
knowledge, policy and research has to be based 
on a strong partnership strategy with long term 
commitment and socio-economic and political 
support. To be open to social learning is to ac-
cept the limitations and have an understanding 
that the process is not a one way flow (e.g. from 
researchers to the stakeholders). Researchers are 
continuously learning from the participatory ap-
proach and participation is a strategic policy in 
integrated modelling. Openness to learning also 
entails being prone to errors. Although scientific 
errors can occur, it should not limit the social role 

of the researchers/modellers as policy-makers 
or decision-makers are prone to mistakes too. 
Openness means a fair playing field. It has to be 
remembered that decisions must be made whether 
we have full knowledge or not and inaction in an 
environmental situation is a kind of passive action 
in itself. The passive management option is not a 
satisfactory option. Therefore, we have to make 
decisions under uncertainty and modelling will 
help partially -if not conclusively- the decision-
making process. Perhaps one of the initial steps to 
bring science and policy together is to create the 
ideal social role play for scientists. They neither 
should become an alibi nor a scapegoat in policy 
formulations. There are three ways in which this 
role can be shaped (Steyaert and Jiggins, 2007): 
(1) as an observer; (2) as a facilitator and (3) as a 
co-researcher. A flexible attitude can be taken to 
suit individual preferences. The most important 
aspect is that the nature of the role play should 
be clearly communicated and mutually agreed.

The interplay between water policy (in the 
domain of political science) and hydroinformatics 
can provide a strong potential for assessing water 
related problems as the management of aquatic 
environments (including water resource systems) 
is becoming more and more complex. Hence, 
hydroinformatics has a vital role in communicat-
ing effectively scientific evidences (information) 
to technical and non technical professionals to 
make timely and appropriate decisions by using 
the available technologies to assess, simulate, and 
evaluate different socio-economic, environmental, 
hydrological, ecological and institutional systems.

The goal of this chapter is to elaborate on 
the illusive interface between science and policy 
within the context of DSSs. It is an attempt to 
address one main question: how to link or find 
an interface between policy (institutional matters) 
and science (technical and natural environment 
aspects). To achieve this goal, a new paradigm for 
the DSS modelling approach has been envisaged 
based on combining multiple theoretical and ana-
lytical frameworks into a single methodological 
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framework to attain the required linkage between 
science and policy. The chapter has three main 
sections: (1) a theoretical background of the domi-
nant governing concepts is provided; (2) a meth-
odological framework is proposed to link policy 
and science by considering different technical and 
institutional methodological frameworks and (3) 
a new hydroinformatics modelling paradigm is 
envisaged based on sections (1) and (2).

THeOReTIcAL BAcKGROUnDs

Governing concepts and Definitions

The aim of this chapter is to design a new meth-
odological framework with the aim of having a 
policy-science interface implemented in a DSS. 
Before embarking on the proposed framework, 
there is a need to consider the governing con-
cepts and definitions which form the underlying 
principles and assumptions in the development of 
the DSS framework. The principle concepts and 
definitions include Integrated Water Resources 
Management (IWRM), sustainable develop-
ment, ethics of decision-making (perspectives) 
and water institution. In addition, we need to 
evaluate the process of policy-making within an 
institutional context in order to link this to our 
conceptual paradigms. Furthermore, we need to 
unfold these governing paradigms and consider 
the implication of sub-components of each para-
digm in real modelling activities. Taking IWRM 
as an example, there is a need to understand the 
implication of ‘integration’ in a modelling sense; 
i.e. to re-conceptualise the IWRM paradigm into 
modelling constituents.

The concept of IWRM was envisaged by 
the International Water Resources Association 
some four decades ago (Braga, 2001). A critical 
landmark in the history of the development of 
IWRM was the UN Water Conference in Mae Del 
Plata in 1977 which set the general principles for 
international and national agencies (Amezaga, 

2005) and these principles were updated in 1992 
in Dublin. The Dublin principles contributed to 
the Agenda 21 recommendations (see chapter 18 
of UN (1992) on freshwater resources) and were 
adopted at the UN conference on Environment 
and Development (UNCED) in Rio de Janeiro, 
1992. They provide the basis for an integrated 
approach to water management. GWP (2000) 
defines IWRM as:

‘a process which promotes the co-coordinated 
development and management of water, land and 
related resources, in order to maximise the resul-
tant economic and social welfare in an equitable 
manner without compromising the sustainability 
of vital ecosystem (GWP 2000, p.22).’

Therefore, IWRM considers all the components 
of a water resources system and consists of three 
interacting components:

a.  Physical (infrastructure and technology) and 
natural environment;

b.  Institutional; and
c.  Socio-economic.

Neglecting a particular aspect of the system 
poses great challenges to the sustainable manage-
ment of this precious resource. Hence, the water 
resource system is not only about the natural sys-
tem and the infrastructure and technology, but it is 
inter-related with institutional and socio-economic 
subsystems as well. GWP (2000) acknowledges 
that there is no unique definition of IWRM. 
Moreover, GWP (2000) has further elaborated on 
the meaning of ‘management’ and ‘integration’; 
management encompasses both development and 
management and integration is defined as:

the art and science of blending the right propor-
tions of regular interaction and interdependent 
groups of items into a whole. The concept of inte-
grated water resources management in contrast to 
traditional fragmented management is concerned 
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with the management of water demand as with its 
supply (GWP 2000; p.23).

The essence of integration is challenging and 
the process of integration using DSSs has been 
beset with both technical and conceptual problems. 
Collaboration, cooperation and coordination are 
terms used to describe partially the meaning of 
‘integration’ within the context of an integrated 
management decision-making process. However, 
Morrison et al (2004) suggest that integration 
means all of the named terms and more. A seven 
dimensional diagnostic framework has been en-
visaged including strategic, structural, procedural, 
facilitative, functional and methodological inte-
grations (Morrison et al, 2004). An integration of 
water resources may have four characteristics or 
dimensions as shown in Table 1.

Sustainable development. In the 1970s, the 
concept of sustainable development (SD) came 
into the domain of academia and since then it has 
been promoted by different United Nation agen-

cies and has become a policy world wide. The 
1987 World Commission on Environment and 
Development (WCED) report, also known as the 
Brundtland Report (named after the former Nor-
wegian Prime Minister, Gro Harlem Brundtland), 
brought the concept of sustainable development 
into prominence. The report defines sustainable 
development as”development that meets the needs 
of the present without compromising the ability 
of future generations to meet their own needs” 
(WCED, 1987: 43).

The word “needs” is used twice in the above 
sentence and some critics have argued that the 
anthropocentric nature of the Brundtland report 
is a paradox and accused her of taking a political 
stance in her approach by putting human needs 
at the centre of sustainable development (Barr, 
2008). Braga (2001) points out that the explana-
tion of the meaning of the term given by WCED 
(1987) is rather ambiguous and argues that the 
sustainability of natural systems is a measure of 
how they come into equilibrium during naturally 

Table 1. Governing principles in DSS development and their hydroinformatics (modelling) implications 

Four Dimensions of inte-
gration 

(Morrison et al, 2004))

Five Criteria for sustain-
ability (sustainable devel-

opment 
(Gasparatos et al, 2008)

Principles of IWRM In terms of Hydroinformatics

1- a multi-jurisdictional 
spatial organization

1- integration of social, eco-
nomic, environmental and 
institutional issues and their 
interactions and interdepen-
dencies;

Holistic approach Using technical and social (e.g. Institutional) 
framework; linking or coupling different mod-
elling systems

2-participatory coordination 
of different stakeholders, 
civil societies and actors

2- creating a participatory 
environment; empowerment 
policies;

a participatory ap-
proach

in modelling terms this requires stakeholder 
participation platforms

3- collaborative decision- 
making from the participa-
tory approach

3- predictions of future 
trends and the impact of 
policies and development 
plans on sustainability; 
4- dealing with uncertainties 
by taking conservative and 
precautionary measures

Using a systems 
analysis approach 
(policies, scenarios, 
management options 
(measures) and strate-
gies).

Planning and evaluation modelling: e.g. using 
scenario analysis, statistical, multi-criteria 
analysis and technological techniques

4- agreement based on 
rationality

5- to foster ecocentric ethics 
and equity (intergeneration-
al and intergenerational);

supporting the socio-
economic welfare of 
people i.e. eradicating 
poverty; empowering 
women; sustaining the 
environment

Using measurable and appropriate indicators 
based on sustainability, equitable water alloca-
tion criteria, sustainable use and environmental 
integrity

www.ketabdownload.com



291

Science and Water Policy Interface

occurring changes. However, humans have used 
these natural resources as if they are in ‘infinite 
supply’ which is a linear approach or “the one- 
way society” approach (Braga, 2001).

In the last decades there have been many 
contributions to the sustainable development 
debate(e.g. Barr, 2008; Khan, 1995; Hediger, 
2000; Pearce 1988; Pearce et al, 1989 among 
others), notably Khan’s (1995) triangular model 
of sustainable development (social, economic and 
environmental sustainability) and Giddings et 
al’s (2002) nested sustainability model based on 
tradeoffs among social, ecological and economic 
objectives. Gasparatos et al’s (2008) review on 
the SD debate came up with a consensus on five 
criteria for sustainability which forms the basis 
of a holistic sustainability assessment (Table 1).

Ethical principles are frequently ignored 
in water management (Sohail and Cavil, 2006). 
Ethics is a vital element in decision- and policy-
making situations. Lord Selborne (2000) has com-
missioned a report for UNESCO on ‘the ethics of 
freshwater use’ with the following main elements: 
(1) human dignity (rights); (2) stakeholder par-
ticipation, (3) equity; (4) sustainability; and (5) 
good governance. The interrelationship between 
different concepts used in DSS development 
activities is shown in Table 1: it can be deduced 
that the ethical elements are considered within the 
principles of IWRM and sustainable development. 
Proops and Wilkinson (2000) describe the his-
torical development of environmental ethics from 
anthropogenic to eco-centric ethics with biocentric 
ethics having a transitional role. Anthropocentric 
ethics have dominated throughout history with 
severe environmental consequences resulting in 
environmental degradation and resource depletion 
(Proops and Wilkinson, 2000). This is because 
humans are considered to be at the centre of the 
universe. The anthropocentric ethics are obviously 
inadequate. The biocentric ethics consider animal 
rights but fail to recognize ecosystems as a unit. 
Therefore, a better environmental ethic has to be 

ecocentric, giving full environmental protection 
(Hashemi et al, 2007b).

The ethical dimension of decision-making 
using DSSs is acknowledged since it empowers 
a certain group of people to make robust deci-
sions using outputs from DSSs and a stakeholder 
participation platform such as web-based (inter-
net) participatory tools. For example, Marttunen 
and Suomalainen (2005) describe a participa-
tory DSS which can evaluate the ecological and 
socio-economic impacts of changing watercourse 
regulations; the DSS comprises of three compo-
nents: Multi-criteria decision analysis (MCDA) 
techniques, a hydrological model and a value tree 
(stakeholder) analysis REGAIN model. Hashemi 
and O’Connell (this issue) provide other examples 
such as a participatory DSS for fish policy ap-
praisal (Jarre et al, 2008) and the graph model 
for conflict resolution (GMCR) DSS, GMCR II 
which is a negotiation framework tool that enables 
the modelling and analysis of real world conflicts 
(Nandalal & Hipel, 2007).

A water institution. It is difficult to define 
the meaning of the word ‘institution’ and there 
is no unique definition for the term (e.g. Ostrom 
1999, 2005). Institutions are considered to be 
the mould of social life, consisting of interacting 
systems of laws (rules) with inbuilt monitoring 
and enforcing mechanisms (Campbell, 2004). 
The mechanisms are enabled by actors to make 
decisions regarding water resources management 
(Cowie and Borrett, 2005). Institutions, therefore, 
are the means of stability in society by channelling 
and regulating conflicts.

A confusing prospect for non-institutional 
experts is the varying ways in which institutions 
are analyzed based on the conceptual definition 
of an institution. In an institutional analysis (IA) 
process, we must clearly state what they mean by 
a water institution. While classical institutionalists 
such as Elinor Ostrom (1999, 2005) take the view 
that institutions are the rules that organisations 
(administrative institutions) or actors adhere to, 
Saleth and Dinar (2004) and Bandaragoda (2000) 
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have taken a broader view to consider institutions 
in terms of three main components (the basis for 
the Institutional Analysis and Decomposition 
(IDA) Framework): water policy, water law and 
water administration. This is a pragmatic view 
since water administrations cannot exist without 
the other two and vice versa.

From comprehensive literature reviews by e.g. 
Amezaga, 2005; Hashemi et al, 2007a,b; Ivey et 
al, 2006; Cowie and Borrett, 2005), a water body 
institution can be a mixture of six broad categories:

1.  Policies and objectives and guidelines (op-
erational plans and procedures)

2.  Laws (which can be formal and informal), 
rules, regulations and conventions

3.  Administrative structures (organisations), 
their bylaws and core values

4.  Political structures and processes 
(Accountability mechanisms)

5.  Economic and financial arrangements e.g. 
incentive mechanisms.

6.  Norms, traditions, practices and customs

The above water institution categories can be 
further classified into two principle institutional 
elements: institutional arrangements (or gover-
nance) and the institutional environment which 
considers institutional change (Saleth and Dinar; 
2004). A further consideration is the need to un-
derstand the government system. A governmental 
system (part of a larger governance system) is 
characterized by its sectoral, functional and hier-
archical differentiations which are the sources of 
governance complexity (Blau and Meyer, 1956). 
Sectoral and functional differentiations are the 
result of government specialization in a discrete 
policy area and usually cause duplication of ef-
forts and fragmentation of responsibility. This is 
not necessarily disadvantageous (Imperial, 1999).

Searle (2005) makes an outstanding contribu-
tion to the institution debate as he advises those 
who are involved with the theory of institutions that 
they should see an institution from the first person 

point of view since the institutional ontology is 
subjective. Searle (2005) believes that you can see 
the institution through the lens of the participant 
and no external functionalist can understand the 
situation. You have to be an insider rather than an 
outsider looking into institutional problems. An 
inner knowledge of institutional matters will foster 
good relationships and partnerships (long term 
commitments), socio-political support (financial 
sustainability) as well as achievable stakeholder 
participation for a given DSS development plan.

In a world in which water scarcity is a fact of 
life, water sector institutions need to be re-oriented 
to cater for the needs of changing supply-demand 
and quantity-quality relationships in the emerging 
realities (Saleth & Dinar, 2004). One of the main 
obstacles to implementing IWRM is institutional 
inadequacy (WWF, 2006). Consequently, the 
neglect of the institutional dimension has created 
a huge drawback in implementing the IWRM 
paradigm worldwide. Institutional matters were 
still the most important issue in the 2009 Istanbul 
World Water Forum (WWAP, 2009).

THe scIence AnD POLIcY 
InTeRfAce: InTeGRATInG sOcIO-
TecHnIcAL AnD POLITIcAL AnD 
InsTITUTIOnAL fRAMeWORKs

Understanding the Meaning 
of a framework and Policy-
Making Process

As mentioned before, to attain a science-policy 
interface within a DSS framework, social assess-
ment frameworks (such as institutional analysis 
and policy analysis frameworks) and technical 
assessment frameworks should be linked. There 
are three issues to be considered in developing 
socio-technical DSSs: (1) the underlying assump-
tions (IWRM, sustainable development, decision 
making perspectives as described in the previous 
section; (2) stakeholder participation (see Hashemi 
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and O’Connell (this issue)) and (3) the science-
policy interface. The main theme of this chapter 
is to obtain a framework for the science-policy 
interface. Therefore, the methodological approach 
consists of:

1.  Two conceptual frameworks: comprising of 
(a) a decision-making perspective frame-
work and (b) an IWRM interface framework.

2.  Two analytical frameworks are considered: 
(a) DPSIR (Driver-Pressure-State-Impact-
Response) socio-technical assessment 
framework and (b) an institutional analysis 
(IA) ‘social assessment’ framework.

3.  The DSS’s core engine framework consist-
ing of coupled DST tools such as process, 
planning and evaluation models and tools 
(see Hashemi and O’Connell (this issue)), 
statistical and multi-criteria decision-making 
(MCDA) tools.

4.  A stakeholder participation interface frame-
work consisting of (a (a multi-windowed dy-
namic cyber stakeholder interface (MDCSI) 
system and (b) DSS performance assessment 
(uncertainty and risk analysis) tools within 
a graphical user interface (GUI) shell.

Before explaining the new proposed method-
ological framework, we need

• to understand the meaning of the frame-
work and differentiate it from theory and 
model (see e.g. Clement, 2008);

• appreciate the implications (and advan-
tages) of the use of different theories and 
frameworks to form the methodological 
framework; and

• to understand the policy-making process.

As explained by Clement (2008) “A framework 
identifies structures and links the relevant vari-
ables or elements that affect the issue in concern, 
but does not make any predictions” (p. 33). By 
comparison, a theory “makes specific assumptions 

on the linkages between variables and outcomes” 
and a model “makes more precise predictions 
than a theory and often relies on mathematical 
tools” (ibid). Some might criticise this approach 
of combining various theoretical frameworks in a 
single conceptual methodological framework to be 
“an internally contradictory and messy approach, 
with a limited explanatory capacity” (Clement, 
2008, p.40). However, we need to appreciate that 
these frameworks are non-mutually exclusive and 
there are interfaces or points of contacts between 
them; hence they can be conceptually linked to 
each other as can be seen in the next section.

A water policy is usually based on water uses. 
There are different policies for agricultural, do-
mestic, urban, industrial energy and environmental 
uses of water. Now, on an international platform, 
water policy comes within broader policies on sus-
tainable development, Millennium Development 
Goals, (MDGs) and human development. The 
most crucial stage for an issue to become policy 
is to gain agenda status. Framing an issue depends 
in part upon whether the claims persuade others 
that “X is a social problem or that Y offers the 
solutions” (Best, 1995). Issues labelled as social 
or public problems get the attention of legislative 
bodies and hence will gain agenda status. Issues 
that are not perceived as a problem by the society 
will not become a policy. Therefore, it must be 
remembered that policies are made by politicians 
in response to perceived social problems and for 
the advancement of their own political interests 
and careers. There are three major policy process 
theories which are summarized in Box 1. A detailed 
comparative analysis of the theories is given by 
Schlager and Blomquist (1996).

A policy has two goals: the interests of indi-
vidual wellbeing and the interests of the society 
as a whole. However, these two goals are not 
the same (Pearce, 2000). In a politically correct 
world, decision-making based on self-interest 
(the first goal) is unacceptable, and so citizens’ 
preferences are accepted. Pearce (2000) asserts 
that this kind of contrast between the preferences 
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is exaggerated and unhelpful. Socially motivated 
preferences are elicited by political means whereas 
self-interests are well served by the economic 
medium. However, political decision-making is 
open to the influence of lobby groups and political 
self-interest. A central question in policy appraisal 
is how to take environmental issues into account 
in the decision-making process. DSSs have to 
be designed to assess the environmental impact 
of policy decisions. Moral (value-laden, ethical, 
religious) considerations have been the backbone 
of environmental agenda (Healy & Shaw, 1994). 
Hence, ethical perspectives are an important issue 
in any policy appraisal.

Policies should be relevant to the communi-
ties they serve. The local knowledge systems 
are important elements for a successful policy 
on the use of resources (Armitage, 2004); thus 
community-based natural resources management 
is increasingly popular (Fortmann et al., 2001). 
Armitage (2004) recalls a top-down approach in 
policy-making in West Africa in which the main-
stream narratives and policy discourses based on 
resource mobilisation mechanisms from interna-
tional sources were promoted to control population 
growth and environmental degradation. However, 
this approach has caused the marginalization of 
local communities (disadvantaged resource us-
ers) least able to protect their interests and rights. 
Similarly, Kidane-Mariam (2003) notes that the 
top-down policies adopted by Ethiopia and Ghana 
had little impact on actual population growth and 
environmental degradation because of the lack of 
implementation strategies at local, regional and 
national levels.

The policy-making process should ideally be 
participatory since policy decisions are based on 
societal values as a whole (Stave, 2002). Another 
challenge is that there is no clear way to assign 
and determine the weights (qualitative value) of 
different management options in a multi-criteria 
analysis decision making. Thus on this basis, 
all stakeholders should be given a voice and be 
heard without prejudice and advantage (Hampton, 

2004) and should be involved in discussing the 
tradeoffs. It is argued that participation provides 
legitimacy for a given policy (Hendriks, 2005). 
Furthermore, people’s evaluation of policies may 
change as their perception changes about issues 
they value. Therefore, in recent years, far-reaching 
public policy changes have occurred in many 
countries so that some scholars consider them as 
shifts in policy paradigms (Menahem, 1998). A 
policy paradigm comprises of a system with two 
components (ideas and standards) that defines 
policy goals.

Summary of Major Policy 
Process Theories

1.  Ostrom’s Institutional Rational Choice 
conceives public policies as institutional 
arrangements or rules so policy changes 
result from action by rational actors in an 
action area. There are four levels of actions 
and each level comprises of situations where 
choices are made and actions are taken. 
Decisions at a higher level determine the rule 
sets or institutional arrangements (IAs) at 
the lower level. However, the actions at the 
operational level will directly affect water 
and land resources’ distribution and usage 
in the physical world. By monitoring and 
assessing the distribution of outcomes at the 
operational level, a process of feedback to 
higher levels is established. Therefore, the 
processes at each level are not mutually 
exclusive. Another aspect of the framework 
is that it allows human behaviour to be ana-
lyzed by considering community attributes 
in terms of culture and perceptions. Hence, 
factors impacting on the action arena can be 
selected.

2.  Moe’s Politics of Structural Choice sug-
gested that Ostrom’s economic conception 
of institutional arrangements should be “sup-
plemented by a political theory that views 
institutional development and modifications 
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as political processes involving conflict over 
power” (Schlager and Blomquist, 1996). 
Moe acknowledges how interest groups and 
politicians are important within the context 
of political policies.

3.  Sabatier’s Advocacy Coalitions puts 
emphasis on multiple major actors which 
are interacting in the policy process. In 
conclusion, these theories have made a huge 
contribution to the science of policy process. 

The main constituents of environmental policy 
are regulatory institutions (Emel & Roberts, 1995). 
Therefore, in our appraisal of a policy, we must 
consider the costs of regulation. Despite being a 
common issue, there is little understanding of the 
economy-wide costs of regulation (Pearce, 2000). 
Regulations impose costs on business and impair 
competitiveness. Therefore, economic measures 
can bring these costs down by accelerated depre-
ciation on clean technology (removing uncertainty 
of policy change for businesses); inducing and 
simulating technological change; encouraging 
savings (less consumption); and investing in hu-
man capital (education). Technological changes 
affect institutions and governments (economic 
agents) and in response, they have to adapt to 
these changes in order to survive in a competitive 
environment (Archibugi et al., 1999).

In a dynamic world (climate and technological 
and resource availability changes), policy-makers 
have to consciously change their assumptions. 
So, policy-makers tend to use DSSs to legitimise 
policy decisions which have a great deal of uncer-
tainties. We have to understand that the interplay 
between public policy and legitimacy is a vital 
component in a policy analysis (PA) (Hashemi et 
al., 2007a) and to remember that the primary role 
of the DSS is to educate the policy-makers about 
the nature of the problem and provide evidence 
for policy-making and not to legitimize policy 
(Sharifi, 2003).

A Methodological Approach: 
Development of a Proposed 
science-Policy Interface

In order to achieve the science-policy interface, 
two objectives must be attained: (1) the DSS itself 
should be designed to accommodate non-technical 
experts (common users); and (2) the DSS should 
yield easily interpreted or understood evidence 
(data/information). Based on these two objectives, 
the proposed science-policy interface integrated 
methodological framework (Figure 1) is a unique 
analytical approach (similar to Blomquist et al, 
2005) that can establish the links or interfaces 
between technical and policy and institutional 
frameworks.

The analytical approach uses the following 
multiple frameworks:

1.  The Conceptual Frameworks consist of:
a.  A decision-making perspective frame-

work acts as a conceptual model filter-
ing human perspectives and measuring 
cultural and ethical influences on the 
policy- making decisions. Perspectives 
can be implemented in the DSS using 
‘agent technology’ and is linked to 
other components of the DSS such as 
analytical frameworks and the informa-
tion management system.

b.  An IWRM interface framework is the 
central component providing interfaces 
to link analytical frameworks within 
the DSS. It provides multilayered 
levels of analysis based on national, 
management and local institutional 
setups reflecting the physical and 
natural environmental realities.

2.  Analytical frameworks are defined in the 
DSS to capture socioeconomic, institutional 
and technical and natural environment sub-
components of the water resources system.
a.  The DPSIR framework: this is used 

to establish the contextual factors and 
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initial conditions and to measure the 
degree of change. The output from 
DPSIR should provide the management 
options and strategies (responses) that 
are then interfaced with the IA analysis 
framework.

b.  The institutional analysis (IA) frame-
work is used to assess the extent of 
central government’s recognition of 
local level basin governance i.e. the 
extent of bottom up and decentraliza-
tion processes. The main question is 
whether IWRM is implemented. One 
would start with some policy options 
from the IA analysis, then feed these 

through to DPSIR to provide some of 
the Drivers, and then iterate back to the 
IA so that the various management op-
tions/strategies/plans can be fed into the 
policy making framework to reshape 
policy etc. The internal configuration 
of the basin level institutional arrange-
ments are assessed e.g. how knowledge 
based system information or scientific 
facts are shared among stakeholders; 
what monitoring systems are in place 
and so forth.

3.  DSS Core engine (as described earlier; see 
Hashemi and O’Connell, this issue).

Figure 1. The proposed science-policy interface integrated methodological framework for developing 
Decision Support Systems (DSSs)
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4.  A stakeholder participation interface which 
consists of:
a.  the multi-windowed dynamic cyber 

stakeholder interface (MDCSI) system 
which has bi-directional feedback 
mechanisms and can store, retrieve, 
analyse different outputs from the ana-
lytical frameworks with stakeholder-
holding analysis capabilities and

b.  a set of DSS performance indicators 
which can convey the degree of accu-
racy, uncertainly and risks associated 
with the information or evidences 
provided by the methodological frame-
work for an informed decision making 
process.

The stakeholder participation interface frame-
work has distinct advantages:

1.  it fosters the participatory approach by 
facilitating access for all stakeholders to 
obtain evidence (information/data) needed 
to make decisions as defined in the IWRM 
approach;

2.  it acts as a stakeholder participation medium;
3.  A Web based interface means that:

a.  evidence can be shared easily by dif-
ferent levels of decision-makers/stake-
holders at different institutional levels 
and in various geographical locations; 
and

b.  it can be used to disseminate informa-
tion to the public at large.

4.  it is a dynamic and interactive interface 
which can be linked to other technical and 
non-technical systems;

5.  it enhances the ownership, accountability 
and legitimacy of the evidences from the 
DSS;

6.  it facilitates the assessment of stake-holding 
changes over time and policy change; and

In the following sections each of the frame-
works is described.

conceptual frameworks

The Decision-Making 
Perspectives Framework

The ethical aspects of DSS development have 
two elements: first, the human elements of ethics 
that deals with human perspectives (Spranger, 
1928) and second, a cultural context of ethics. 
The latter relates to the environment in which 
decision making takes place. Spranger (1928) 
made a great contribution by considering value 
laden human perspectives: theoretical, economic, 
atheistic, social, political and religious as shown 
in Table 2. Spranger argued that these perspec-
tives are not mutually exclusive and so a man 
can have multiple perspectives at the same time. 
Perspectives are important as shown in the case of 
policy-making on climate change: the action taken 
by the decision-makers has been influenced by 
their perception of the ‘danger’ of climate change 
(Daniels & Endfield, 2009). Other frameworks 
include Mitroff and Linstone’s (1993) proposed 
three dimensional and multilayered perspectives 
namely technical, operational and personal or 
TOP model; Courtney (2002) added two more 
perspectives to the TOP model: aesthetic and 
ethical perspectives or TOPEA model as shown 
in Table 2. Based on the above-mentioned works, 
a decision-making perspective framework has 
been envisaged as shown in Table 2.

Perspectives have been modelled using the 
‘agent technology’. Hall et a., (2003), Hall and 
Davis (2007) and Hall (2008) describe the value-
based decision-making (VBDM) model based on 
Courtney’s (2001) perspective TOPEA (Technical-
Organizational-Personal-Ethical and Aesthetic) 
model (Table 1). They have added a sixth perspec-
tive (Economic). Hall et al., (2003) and Hall and 
Davis (2007) describe the model construction by 
applying agent technology, given the level of 
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sophistication of software agents today. They have 
used BDI (Belief, Desire-Intention) which was 
developed by the Australian Artificial Intelligence 
Institute (Hall et al., 2003). The agents are re-
garded as “intelligent entities” with two charac-
teristics: ability to make some decisions as well 
as knowledge processing capacity. By this, mul-
tiple perspective development is facilitated. In 
this case, Belief is considered to be the agent’s 

information base and is parallel to the concept of 
mental models (Hall et al., 2003); Desire represents 
the agent’s goals and Intention represents the 
current policy or Plan. In the VBDM model, the 
belief agent is further partitioned into two sub-
agents: a meta-belief sub-agent which represents 
the foundation of ethical, moral, religious values 
of an agent or the worldview of a person which 
could not change and another sub-agent consist-

Table 2. Comparative and parallel perspectives with reference to governing DSS development paradigms 

Name of perspectives 
model

Perspectives’ values and their attributes

Spranger ‘s (1928)
individuality 
values/’Types of Men’

Theoretical Economic Aesthetic Political Social Religious

Spranger’s (1928) 
values main attributes

general legality, 
value of objectiv-
ity

utilitarian 
ethics 
the value of 
utility

inner form and 
the value of 
proper form and 
harmony

desire or will 
to gain political 
status (power)

ethics of helpful 
love and loyalty 
and social ties

holiness in 
God

Courtney’s (2001)
perspectives or 
TOPEA model based 
onMitroff and Lin-
stone (1993)

Technical - Aesthetic Personal Organizational Ethical

TOPEA Model’s main 
attributes

A functional, ra-
tional and ordered 
orientation

- The beauty and 
harmony of a 
solution design

Prestige, power organizational 
self-interest

Integrity, way 
criticism is 
dealt with

TOPEA Model plus 
economic (Hall et al., 
2003; Hall & Davis; 
2007andHall, 2008)

Technical Economic Aesthetic Personal Organizational Ethical

TOPEA Model plus 
economic main at-
tributes

A functional, ra-
tional and ordered 
orientation

Efficiency The beauty and 
harmony of a 
solution design

Prestige, power organizational 
self-interest

Integrity, way 
criticism is 
dealt with

Decision-making 
Perspectives frame-
work (DMPF)

Natural physical 
environment

Economic Ecological 
Harmony

Institutional and 
political

Social Ethical

DMPF attributes Functional, 
rational, 
Multidisciplinary, 
predicting future 
trends, 
Dealing with 
uncertainty (sce-
nario analysis), 
integration

Efficiency Conservation, 
adaptive man-
agement,

Good gover-
nance, 
efficiency, 
integrated man-
agement, 
Rule of law and 
enforcement

common good, 
sustainable devel-
opment, 
, participation, 
women empower-
ment

Equity 
Equitable 
allocation, 
rights

Relevant governing 
paradigms in DSS 
development

IWRM, Sustain-
able Develop-
ment

Sustainable 
Develop-
ment, IWRM

Ecosystem ap-
proach, Sustain-
able Develop-
ment

IWRM Sustainable 
Development, 
IWRM,

Sustainable 
Develop-
ment, IWRM
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ing of actual facts obtained from the environment 
and “interpreted through the lens of the meta-
beliefs” (Hall et al., 2003). The Desire agent can 
be portioned into sub-goals, each with a particu-
lar action plan with specific tasks.

Kolkman et al., (2007) report a successful use 
of an ethical perspective model in an IWRM case 
study in the city of Zwolle, Netherlands. They 
used TOPEA in a framework analysis in which the 
mental model in this approach was considered to 
act like a filter, receiving real world information 
and processing it to the perspective processors 
which then produce meaningful knowledge. The 
methodology is based on analyzing mental models 
of informants using a semi-structured interview 
technique. Then, the TOPEA perspective model is 
used to characterize the initial and final positions 
of the actors. The aim of this process is to emerge 
with “facts” or “opinions” of relevant actors and 
to identify controversies and conflicting stories.

Perspectives are important in the participatory 
DSS development as noticed by many research-
ers as well as gaining knowledge about what is 
required or the initial needs assessment Usually, 
simple questions have no or very difficult answers 
such as Penman’s (1961) famous question: “what 
happens to the rain?” and so ‘how much water 
should be allocated to the environment?’. They are 
simple in linguistic form but very hard to answer 
and require many negotiated deliberations and 
often decision makers make mistakes on these 
types of simple-looking questions.

The cultural aspects of ethics can be observed 
when considering the role of beliefs in decision 
making. Most religions have the same value-laden 
perspectives with regard to water. Decision-mak-
ing actors’ beliefs are very important and religion 
is considered to be part of a meta-belief (Hall et 
al., 2003; Hall & Davis, 2007 and Hall, 2008). 
Hashemi et al., (2007) have illustrated (Table 3) 
how Islamic environmental ethics are comparable 
to ecological ethics in an Iranian case study (see 
also Adam, 2007; Bagader et al., 2007, Faruqi et 
al., 2001; Khalid, 2002; Izzi Deen, 1990; Schwarte, 
2003). However, the Muslim world, such as the 
Middle East and North Africa (MENA) histori-
cally suffers from anthropogenic ethics in water 
management despite a very explicit ‘green’ cre-
dential of the Muslim religious perspective on the 
environment. Certain religious and non-religious 
perspectives can override strongly-held beliefs. 
For instance the idea of ‘basic human needs’ (which 
is both social and religious) and ‘life necessities’ 
(which are economic, natural and religious) can 
override the environmental needs belief (which is 
natural and religious). This prioritisation of human 
basic need and its right and integrity forms part 
of the “meta-belief” that has to be considered. As 
per the WECD’s report (1987) it is not enough 
just to dismiss the needs concept.

The decision-making perspectives model may 
have six ‘agents’: natural physical environment, 
economic, ecological harmony, institutional (po-
litical), social and ethical. These are parallel to 

Table 3. The degree of applicability of different dominant theories in conjunction with Ecological Law 
(after Hashemi et al, 2007b) 

Ecological Law Liberal Theory Democratic theory Islamic theory

Enforcement of environmental 
morals is implicit in the ethics 
to save the ecosystem

Tenets of liberalism asserts that 
one should not interfere with 
matters of personal morality

Popular support can approve 
non-enforcement strategies 
such as short-term plans (e.g. 
development plans)

Duty to preserve God’s 
Creatures: so enforcement is 
implicit in the ethics

Based on what is right, good 
and virtuous

No interference except on the 
grounds of harm

Based on popular support 
‘participation’

Based on what is right, good 
and virtuous

Community as a unit Individualism Popular majority rule Community as a unit
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the dominant paradigms of IWRM, sustainable 
development, holistic and ecosystem approaches 
as shown in Table 2. The model has an important 
role and can have inputs into both analytical and 
conceptual frameworks by measuring cultural and 
ethical influences on policy-making decisions. 
Perspectives are mental models of actors involved 
in designing or using socio-technical DSSs. Hu-
man perspectives are considered as part of evi-
dences or input information and hence this 
framework is an important element of the proposed 
methodological framework.

IWRM Interface Framework

By definition, IWRM is a process or a paradigm 
and not a goal; thus it can be considered as a 
framework. The word ‘paradigm’ refers to the idea 
that IWRM is a balancing process that facilitates 
tradeoffs among competing goals and not a goal in 
itself (Jønch-Clausen & Fugl, 2001). IWRM has 
three institutional interfaces for intervention: the 
national level interface provides a linkage to the 
national water policy level through the IDA policy 
map framework; the management level interface 
captures the institutional administrative aspects of 
the water resources system and provides links to 
the multilevel IAD and the DPSIR frameworks. 
The local level interface is an operational level in 
which water availability and allocation is evalu-
ated based on the three pillars of sustainability 
(equity, economic efficiency and environmental 
sustainability) using the DPSIR framework. Also, 
it can be considered as an institutional interface by 
linking to the action arena of the IAD framework.

Institutional interventions can occur at:

1.  local level; the day to day management of 
the water resources (or action arena)

2.  organisational (administrative) manage-
ment level in which development plans are 
developed monitored and evaluated; and

3.  governance level in which policies are re-
viewed and revised.

Georgakakos (2007) has suggested that a 
systems analysis approach, which has its origins 
in the Harvard Water Program (Hashemi and 
O’Connell, this issue), is needed to implement the 
IWRM principles within a DSS. Here, the DSS 
core engine can incorporate the systems approach 
in four modes:

1.  Scenario building; drivers from the DPSIR 
framework can be used to formulate the 
scenarios.

2.  Management options /measures or actions: 
these represent responses from the DPSIR 
framework which together with results from 
IA frameworks can be used to formulate 
management policy options).

3.  Strategy building: a group of management 
options to be evaluated in the MCDA model

4.  A list of appropriate socio-economic indi-
cators based on sustainability criteria to be 
used in the evaluation models

Analytical frameworks

DPSIR Framework

The methodological framework requires analytical 
frameworks to study change, predict future trends, 
assess impacts of policies on the water resources 
systems and provide alternative options. In this 
methodological framework, the Driver-Pressure-
State-Impact-Response (DPSIR) (AidEnviron-
ment, 2004; ProGea, 2004) is adopted to assess, 
evaluate and offer alternative management options 
change and the impact of the policy in question 
as shown in Table 4.

The DPSIR framework has been successfully 
implemented in major DSS projects such as the 
WaterStrategyMan DSS, WSM DSS (ProGea, 
2004), MULINO DSS (Giupponi et al., 2004) and 
SUSMAQ DST (SUSMAQ Team, 2006. In the 
WSM DSS the DPSIR framework has been imple-
mented as follows (ProGea, 2004):
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• Drivers: input data such as population 
growth, land use patterns, precipitation 
and evaporation, scenarios representing al-
ternative futures etc

• Pressures: Pre Processor (e.g. available 
supply, forecasted demands, water quality 
of supply sources)

• State: e.g. Water allocation, environmental 
and economic models

• Impacts: Postprocessor: environmental, 
social and economic impacts

• Responses: strategy responses or policy 
options e.g. demand management, supply 
enhancement etc.

The DPSIR framework is linked to the DSS 
core engine to access the models needed for evalu-
ating States, Impacts and Responses (Figure 1) 
and is a powerful tool to study the development 
of strategy/policy options in conjunction with the 
IA framework.

Institutional Analysis (IA) Framework

The institutional analysis (IA) framework con-
sists on two institutional analysis approaches: (1) 
the Institutional Decomposition Analysis (IDA) 
Framework (Saleth & Dinar, 2004) and (2) the 
Institutional Analysis and Development (IAD) 
Framework (Ostrom, 1999, 2005). One thing we 

Table 4. The DPSIR Framework: Definitions and examples 

Variables Examples

D, the Drivers: root causes on a macro level described through 
scenarios representing alternative futures

- Climate change: Climatic driver controls availability of water 
resources in time and space 
- Socio-economic drivers include local and global economic 
development, lifestyles etc 
- Social: Population growth 
- Economic: affordability and incentive measures 
- Institutional: compliance, privatization, legislations/regulation 
and administrative issues

P, The Pressures (threats) variables: immediate causes - Demand for water from various sectors 
- Pollution which impacts on water quality and constrains resource 
availability e.g. the amount of pollution by wastewater 
-

S, The States: describing physical and measurable characteristics 
and social livelihood systems

-Income levels, poverty levels 
- Natural resources/environmental: availability of water/energy/
land, water consumption indices, Chemical composition of water, 
ecosystem state/biodiversity 
-Economic: level and security of investments, Condition of assets/
infrastructure 
- Social: access to water/link with poverty, ability to pay, social 
capacity, employment in the water industry 
- Institutional: institutional arrangements, governance frameworks, 
capacity and functioning

I, The Impacts: monitor the long term impacts of change defined as 
changes in states resulting from pressures

- urbanisation 
-diseases caused by polluted water 
-changes in consumption behaviour, 
-environmental degradation

R, The Responses: are problem-solving policies, actions or 
investments; an appropriate mix of Structural Options e.g. new 
reservoirs/pipelines etc and Non-Structural Options e.g. legislation, 
institutional reform, demand management etc.

assemble portfolio of Options into robust Management Strategy
-Social: capacity building and awareness raising campaigns. 
- Environmental: source protection, 
-Economic: the use of water saving infrastructure, incentives. 
- Institutional: efficiency measures, accountability, transparency, 
integration approach
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have to remember is that we have to re-define 
the meaning of an institution when dealing with 
different institutional analysis frameworks as the 
meaning of an institution is different in each of 
the institutional frameworks used.

Using the IDA framework, a water institution 
is defined in a pragmatic way by considering it to 
have three main components: (1) Water Policy; 
(2) Water Law; and (3) Water Administration 
(Saleth & Dinar, 2004). Exogenous factors are 
also considered in order to understand the insti-
tutional performance e.g. political system, legal 
system, demographic system, economic policies, 
and environmental constraints. Saleth and Dinar 
(2004) make a distinction from earlier approaches 
in which institutional arrangements (governance) 
were analytically separated from the institutional 
environments. The justification for this is that the 
water institutions are the executive arms needed 
to translate and implement water laws and policy 
so they cannot exist independently of each other. 
Hence, administration is considered as part of the 
rules of the game rather than as part of the play-
ers. The IDA framework is useful to study the 
performance of water sector policies. However, 

there are limitations to this methodology because 
it does not include: the role of individuals who are 
behind institutional change and the role of culture, 
value and religion in understanding institutional 
behaviour. Nevertheless, it is a very useful and 
pragmatic approach for the institutional analysis 
of the water sector at governance level. The 
IDA framework can be a useful tool to analyse 
the interlinkage between different institutional 
components in the water sector, but in the meth-
odological framework proposed here, a partial 
use is made to obtain a ‘policy map’ by looking 
at different aspects or features of the water policy 
at governance level. Hence, it can be linked to the 
IWRM interface framework and can be used as 
input data in the analytical frameworks.

On the other hand, the IDA framework is a 
multi-level analysis framework and is useful as 
it can link local with higher decision levels. The 
IAD Framework provides four levels of analysis 
as shown in Figure 2 (Ostrom, 1999):

1.  Meta-constitutional level: at this level, rules 
are prescribed, invoked, monitored, applied 
and enforced which affect how rules are 

Figure 2. IAD Framework, adapted from Ostrom (1999) “© 2009 Perseus Books Group. Used with 
permission.”
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made at the constitutional level (next 
level).

2.  Constitutional level: at this level, rules are 
prescribed, invoked, monitored, applied and 
enforced which affect how rules are made 
at the collective choice level (next level).

3.  Collective choice level: at this level, rules are 
prescribed, invoked, monitored, applied and 
enforced which affect how rules are changed 
at the operational level (next level).

4.  Operational level: deals with rules that 
govern how decisions on water and land 
resources management are taken in terms 
of provision, production, distribution, ap-
propriation, assignment and consumption 
of the resource

In this case, Ostrom (1999, 2005) defines insti-
tutions as rule sets that direct/constrain actions at 
multiple levels. Each level comprises of situations 
where choices are made and actions are taken in 
an action arena influenced by a set of external 
variables. These variables include (Figure 1):

• biophysical conditions;
• community attributes; and
• rules in use.

Decisions at a higher level determine the rule 
sets or institutional arrangements (IAs) at the 
lower level. However, the actions in the opera-
tional level (and action arena) will directly affect 
the distribution of water and land resources and 
usage in the physical world. By monitoring and 
assessing the distribution of outcomes at the op-
erational level, a process of feedback to higher 
levels is established. Therefore, the processes at 
each level are not mutually exclusive.

The IAD framework is a powerful analytical 
tool to capture institutional levels which do not 
necessarily correspond to administrative levels. 
For example, local communities can establish their 
own rules which can operate at collective choice 
or even the constitutional levels (see e.g. Clement, 

2008). Therefore, it is not a rigid framework and 
can be used in a variety of situations depending 
on the actors and action situations. The IAD 
framework can be linked to the perspective model 
and DPSIR framework to reflect the institutional 
aspects of the decision-making process.

Stakeholder Participation Interface

The stakeholder participation interface consists of 
two components: (1) a multi-windowed dynamic 
cyber stakeholder interface (MDCSI) system: this 
is a multilayered dynamic web-based information 
management system that can handle the informa-
tion and database management systems of the 
DSS and provide a participatory decision making 
platform with stake-holding analysis capabilities; 
and (2) DSS performance indicators.

The MDSCI system can have the following 
features:

• a multi windowed (layered) graphical in-
terface to reflect the multidisciplinary na-
ture of the policy-making process with 
multi-directional feedback ‘engines’ to 
provide various decision making evidenc-
es- for example, the economic model in the 
DSS’s core engine can provide information 
about economic indicators and so forth;

• a cyber environment to store, retrieve and 
present policy evidences (data/informa-
tion) that are easily accessed by all stake-
holders. New web-based technologies can 
offer the implementation of this interface 
that has to be clearly defined within the set 
up of the DSS design architecture;

• a dynamic feature to register policy chang-
es over time from the IDA policy map 
framework;

• facilitate real stakeholder participation by 
following a ‘glass box’ approach i.e. trans-
parency of the model data and outputs is 
achieved; as more (or less) users can have 
access to the system, a real stake-holding 
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analysis takes place. Stake-holding is de-
fined as a measure of the changing atti-
tudes of stakeholders as described earlier. 
Instead of having only potential DSS us-
ers, the MCDPI model offers information 
about actual stakeholders;

• import outputs from the decision-making 
perspective model which is a mental model 
of actors’ beliefs, intentions or desires. So, 
the added advantage is that the value of a 
particular policy can be measured, com-
pared, analysed and disseminated. This 
shows a clear interface between science 
and policy-making;

• acting as a medium for other pressing is-
sues such as climate change, sustainabil-
ity and so on and building on information 
from other DSS systems and research pro-
grammes relevant to the practitioner;

• this approach can help in revitalising the 
process of the DSS implementation to re-
flect the needs of new or old users.

Hence, the MDCSI approach is an interactive 
interface for policy discussions and can act as a 
medium for confidence building and enhancing 
the ownership of the DSS. There are two distinct 
advantages: first, it offers a medium to track and 
analyse institutional policy changes over time and 
second, it can indeed be used as a platform for 
adaptive policy-making decisions.

A set of DSS performance indicators are needed 
using risk and uncertainty analysis tools to mea-
sure the accuracy of the evidence formulated by 
the MDCSI system. The inherent and scientific 
uncertainties can be estimated and this will con-
tribute to an informed decision making process 
reflecting both risks and uncertainties.

eVOLVInG THe IWRM PARIDIGM

Falkenmark et al., (2004) call for the redefinition 
of ‘water science’ intersecting established applied 

and pure sciences such as agricultural, medical, 
social, economic, ecology and environmental, 
water law and geophysical sciences. Public health 
(sanitation and water supply), equity issues (pov-
erty elimination) and environmental sustainability 
(conservation of aquatic resources) are the main 
drivers for some of the UN policies such as the 
Millennium Development Goals (MDGs) and 
hence water is seen as part of larger societal and 
ecological issues. Traditionally, renewable water 
resources (Blue Water) have been considered in 
traditional water management. However, there 
are five omissions i.e. water sources which are 
not fully considered:

1.  soil moisture and water consumed by plants 
(Green Water) (Falkenmark et al., 2004),

2.  wastewater (Falkenmark et al., 2004),
3.  environmental services (ecological func-

tions) of water (Falkenmark et al., 2004). 
Many researchers agree that a share of 
water resources should be allocated to the 
environment for the purpose of maintaining 
the health and viability of water-dependent 
ecosystems (including estuaries) at catch-
ment level (Robins et al., 2005).

4.  The impact of land-use change on Blue 
Water resources is an important factor not 
only for water resources but for the land 
resource as well. There is an explicit inter-
linkage between land and water management 
(Amezaga, 2006 and Calder, 2005). Calder 
(2005) argues that many land and water 
policies failed because of the “mismatch 
between the public and scientific percep-
tions of the biophysical impacts of changing 
land-use, that policies were more often based 
on ‘land and water myths’ than modern sci-
ence.” (Calder, 2005; p.309). Calder (2005) 
proposes an Integrated Water and Land 
Resources Management (IWLRM).

5.  A fifth omission is the idea of ‘virtual water’ 
which is not usually considered in the tra-
ditional IWRM concept. The idea of virtual 
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water trade postulated by Allan (2003) is 
already being used and many countries de-
pend on imports of agricultural produce and 
virtual water. Virtual water “is a measure of 
the total water used in producing a good or 
service (Frontier Economics, 2008)”. The 
embedded water in food and other products 
is considered to be virtual water

Considering the above conceptual constraints, 
the IWRM framework needs to be reshaped as 
follows:

1.  Redefinition of the scope or focus of IWRM 
- this means that an equitable allocation 
strategy should not only consider blue water 
(as at present) but consider the whole water 
balance (Blue and Green Water or so called 
the ‘ever-green’ revolution: Falkenmark and 
Rockstörm, 2006). This means that we need 
to understand the physical processes affect-
ing green water (vapour flow and green soil 
flow) and be able to include these concepts 
in the water balance components of the water 
resources models. There are many technical 
challenges to initiate the evergreen revolu-
tion. Physical processes such as the rate of 
plant vapour uptake in different climates 
have to be studied. Modelling techniques will 
have an important role to play and will need 
to adjust to the redefined IWRM paradigm 
i.e. an adaptive and innovative modelling 
strategy.

2.  Redefinition of the scale of IWRM 
(Falkenmark & Rockstörm, 2006) - at pres-
ent the river basin is considered to be the 
ideal unit for IWRM. ”. A depoliticized river 
basin concept approach has been postulated 
by IWRM and the need for establishing in-
terconnections within an ecological unit has 
been taken into consideration. Nevertheless, 
decisions on natural resources such as water 
are ultimately political and have political, 
financial and ecological costs. Some parts 

of the basin have to pay the price of the 
decisions. It is argued that the environment 
has endured the cost due to unsustainable 
practices. Since most of the blue renewable 
resources are used in agriculture (this is true 
in the developing world), and since agricul-
ture is an important economic sector with a 
vital social role, a smaller physical unit (at 
catchment or watershed level) can be used 
to reflect what happens at the farming level.

3.  Establishing the water and land interlinkage 
and a shift towards the IWLRM paradigm 
(see e.g. Amezaga, 2006; Calder, 2005; 
Falkenmark & Rockstörm, 2006) – chang-
ing land use patterns have a great impact 
on water resources and there are indications 
that they can have implications for climate 
change so this can be considered as a double 
whammy. The concept of ecohydrology 
might be a useful basis for a sustainable land 
use management programme. Application of 
this concept entails three steps as described 
by Gouder de Beauregard et al., (2002):
 ◦ A comprehensive ecological study of 

the catchment (climate, soil science, 
vegetation, human occupation)

 ◦ Implementation of a water quality 
catchment modelling system to as-
sess the fluxes of pollutants. The out-
puts of the model will contribute to a 
land use management policy and long 
term management strategies

 ◦ Implementation of technologies to re-
store the ecosystem

4.  Inclusion of the concept of ‘virtual water’ 
in formal water policy assessments or in the 
water balance model to appreciate the real 
potential of water resources. In reality the 
concept of virtual water trading is a novel 
idea and is already put into practice. The 
rich Middle East and North African (MENA) 
countries are trading virtual water by pur-
chasing farmlands in Pakistan, Sudan and 
Malaysia to grow food. On the other hand, 
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they import up to 85% of their domestic 
foodstuff.

5.  Environmentalists such as Pearce (2007) 
call for a new water ethic that cherishes 
water and respects the river. Falkenmark 
(1997) concludes that there is a need for 
more reverence for this precious resource. 
Religious values for example can provide 
reverence to water and certainly help the 
idea of respecting this finite resource. For 
example, Islamic environmental ethics was 
shown to be inline with ecological law as 
shown in Table 3. (Hashemi et al., 2007b); 
this is partly due to the high moral ground 
that both religious and ecological approaches 
take in ethical terms.

6.  To consider the impact of non-water po-
lices on water resources management such 
as national food security and the politics 
of irrigation. National food security is a 
distinct agricultural policy of many coun-
tries. The impact on this policy on water 
resource systems is to allocate more water 
for irrigation. UN and international agencies 
have other goals such as hunger alleviation 
and eradication of poverty which means 
greater food production and hence more 
water for irrigation. According to Llamas 
and Martinez-Santos (2005) and many 
other researchers, the impact of irrigation on 
water policy change has been minimal and 
less attention has been drawn to the “silent 
revolution” of irrigational expansions that 
began in the second half of the 20th century. 
The economic strength of irrigation politics 
has made it less possible to stop the silent 
revolution. Of course, we have to remember 
that the social advantages that this revolu-
tion has brought are immense. According to 
Falkenmark and Rockstörm (2006), the first 
green revolution lifted hunger from many 
parts of Asia and the new green revolution is 
required (shift of agricultural policy towards 
rain-fed or dryland agriculture) to solve the 

world’s hunger problem. Expanding blue 
water consumption (that is irrigation) is 
not a sustainable option (Calder, 2004 and 
2005; Falkenmark & Rockstörm, 2004, 
Falkenmark et al., 2004). On the social side, 
the ever-green revolution is a difficult propo-
sition to lead and control and depends on 
decision-making at both micro (e.g. farmers) 
and macro (e.g. market forces) levels. The 
question is how we can influence farming 
decisions since water scarcity is essentially 
a food scarcity (Green, 2003).

7.  Traditionally, decision-makers (actors) in 
water management are considered to be 
managers and supervisors in the water sec-
tor and officials of the central, provincial 
and local environmental and governmental 
agencies. However an effective and efficient 
response to inadequate water resources man-
agement lies in the re-evaluation of current 
management practices so that all stakehold-
ers (governmental and non-governmental 
organizations (NGOs), hydrologists, civil 
engineers, water planners and managers, the 
general public and cross-sectoral alliances 
and civil society groups) interact to achieve a 
‘water for all’ strategy. In the literature, there 
is a great deal of reference to institutional 
change and reform. Institutional problems 
are “more prominent, persistent and per-
plexing” than the natural environmental 
problems fostering far greater frustrations in 
water resources planning and management 
(Ingram et al, 1984). One of the reasons for 
this is that institutional change or reforms are 
affected by internal resistance to change and 
lack enthusiasm within the water resources 
institutional arrangements (Bandaragoda, 
2006). Thus, the popular integration ap-
proach to management requires institutional 
capacity (Van der Zaag, 2005)

8.  Despite much discussion on the need for 
sustainable approaches to water manage-
ment, there is a great difficulty in measuring 
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sustainability and many modelling attempts 
to employ sustainability criteria have been 
limited to using cost-benefit analysis (CBA), 
sustainability indicators, composite indi-
ces, and more lately multi-criteria analysis 
tools. None of the mentioned tools can 
capture the whole picture and satisfy the 
criteria for holism; unlike Environmental 
Impact Assessment (EIA) and Strategic 
Environmental Assessment (SEA), the sus-
tainability assessment framework has not 
matured (Gasparatos et al 2008). Gasparatos 
et al (2008) review the current ‘reduction-
ist’ sustainability assessment approaches by 
classifying them into three broad categories:
 ◦ monetary tools (e.g. CBA, Contingent 

Valuation Method (CVM) and Index 
of Sustainable Economic Welfare, 
ISEW);

 ◦ biophysical models (Exergy, Emergy 
and Ecological Footprints); and

 ◦ sustainability indicators and compos-
ite indices.

The main conclusion drawn from the review 
and comparison of the assessment tools is that 
none of the approaches can fulfil all the criteria for 
holism due to the complex nature of natural physi-
cal, socio-political, economics and institutional 
issues coupled with ethical dimensions. These 
approaches are complementary to each other and 
a variety of sustainability assessment tools might 
be considered depending on the context of the 
assessment. Another obvious point is that these 
shortcomings are not disadvantageous to the point 
of null but it is advised that stakeholders should 
know about these limitations and assumptions as 
to make informed decisions.

9.  Sustainability indicators have been popular 
in the IWRM studies as well as monetary 
tools such as CBA. Ioris et al (2008) envis-
age eight criteria in their methodology and 
adopted nine holistic sustainability indica-

tors which are comparable to the five criteria 
of holism: integration, spatial adequacy 
(basin level), manageability, systematic, 
representation (participation), comparabil-
ity, communication (precautionary) and 
forward looking (prediction). However, 
there is a difficulty in applying them due to 
lack of data availability. Furthermore, the 
process will benefit from better dialogue 
between natural and social scientists, water 
users, environmental regulators and the 
public at large (Ioris, et al, 2008). Although 
other frameworks such as EIA, has not 
been successful in implementation due to 
uncertainties related to impact projections 
and political factors but its performance is 
continually improving (Tullos, in press). 
Tullos (in press) suggests that an integration 
of EIA with policy and planning improves 
its implementation using SEA guidelines 
adopted by the World Bank.

IWRM is seen as an evolving paradigm and it 
is clear that the above agenda of issues constitutes 
a major challenge for the IWRM evolutionary 
process which will need to develop within an 
integrated methodological framework such as 
that proposed above. Only if the evolving IWRM 
paradigm is embedded within such a framework 
will the benefits feed through gradually to policy-
making.

DIscUssIOn

The future of hydroinformatics as a discipline 
relies mainly on two elements: (1) its ability to 
incorporate greater socio-technological aspects 
than in the past. There has been a heavy focus on 
data-driven technological aspects; therefore, there 
must be a shift in the hydroinformatics paradigm 
to cope with the realities of the decision-making 
arena which is within the domain of socio-political 
science. (2) Its maintenance and introduction of 
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consistent and progressive definitions: “Hydro-
informatics becomes and remains a discipline 
just so long as it introduces and maintains a 
disciplined language” (Abbott 2002; p. ii). Thus 
it is logical to ask, for example, “Why does the 
use of a fuzzy-theoretical framework constitute 
hydroinformatics, but not when a rigorous proba-
bilistic approach is applied to the same problem?” 
(See et al 2007, p.392). In this chapter we take a 
broader definition of hydroinformatics modelling 
systems (DSSs) to include all types of technolo-
gies involved in the modelling of water related 
problems. This is a logical proposition for two 
main reasons: (1) hydroinformatics is a mixture 
of technology, science and society disciplines and 
limiting it to a particular technology will restrict 
its use; and (2) the trend in developing integrated 
DSSs is to employ different technologies accord-
ing to the requirements of the stakeholders and the 
problem situation. Sometimes, using a different 
approach can be used to check the validity of 
another approach.

An integrated methodological framework is 
proposed to create a science-policy interface based 
on: first, establishing the relationships between the 
dominant paradigms (e.g. IWRM) and different 
methodological frameworks (e.g. Institutional 
Analysis, DPSIR); and second, linking social 
(policy) and scientific methodological approaches 
through an exchange mechanism among outputs 
of the frameworks used in the DSS. An IWRM 
approach can use scenario analysis which is 
embedded in the DPSIR framework. This will 
interface with the IA framework. The interface 
between science and policy can be established 
by looking at integrating technical and social as-
sessment methodologies on a dynamic, interactive 
multi-windowed stakeholder interface platform. 
The IWRM paradigm will itself need to evolve to 
embrace emerging issues such as the management 
of ‘green’ water and accounting for virtual water.

cOncLUsIOn

To maintain the relevance and applicability of 
DSSs in the future, a new paradigm for a DSS 
development approach is required based on re-
definitions of governing concepts and to consider 
paradigm shifts of the underlying principles used 
in the modelling approach. The technological 
advancements in computer graphics, visualization 
and GIS have revolutionized the hydroinformat-
ics industry but it has to be remembered that 
this is just a part of the solution; there has to be 
a strategy within the scientific community and 
their funding and support agencies, to enhance 
our understanding about the physical processes 
and their complex interactions and relationships 
that govern the natural environment. Furthermore, 
fieldwork and data observations can be used to 
validate models as suggested by Sutcliffe (2004).

The literature review (Hashemi & O’Connell, 
this issue) reveals that the ways to foster a partici-
patory and multidisciplinary modelling approach 
are through the evolution of inbuilt institutional 
arrangements and by linking hydroinformatics to 
the social sciences and policy-making. The survey 
of the current practices shows the relevancy of the 
DSSs to the policy-making processes (Hashemi 
and O’Connell, this issue) and therefore there 
is an explicit relationship between institutional 
sustainability and the science and policy inter-
face. The DSS development approach should in 
the first instance be based on systems analysis 
and multidisciplinary approaches together with 
the use of rigorous mathematical frameworks 
with clear statements of assumptions (theoretical 
frameworks).

A historical analysis of DSS development 
shows that the technical aspects have been incor-
porated far better than social aspects in the model-
ling process. Much greater efforts are required to 
incorporate social and political sciences into the 
domain of DSSs, bearing in mind that the ever in-
creasing need for making policy decisions is based 
on evidence. DSSs have become indispensable and 
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important tools for complex, unstructured natural 
environment and water resources problems. The 
ever increasing role of participatory approaches 
to decision making has a direct relationship with 
model applications as modelling systems have 
become an educative, interactive, enabling and 
facilitative platform for multi-faceted decision- 
and policy-making processes.

Hydroinformatics has become an established 
field of study and a great deal of progress has been 
made since its inauguration but there has been a 
lack of acceptability of hydroinformatics within 
the wider hydrological community (See et al 2007). 
One of the obstacles is related to definitions and 
jargon used in the field of hydroinformatics. This 
has created a language barrier between the field 
of hydrology and hydroinformatics; for example, 
hydrologists use the term ‘model calibration’, 
whereas this is called model training in hydroin-
formatics language (See et al., 2007). Therefore, 
there should be attempts to close these gaps and 
to be consistent in using definitions and jargon. 
Perhaps the outstanding criticism of using models 
based on hydroinformatics technologies such as 
ANN is that these models are “black boxes” and do 
not follow the natural physical and mathematical 
principles (See et al., 2007). Nevertheless, there 
have been attempts to unfold the ‘black boxes’ 
and now many hydroinformatics papers appear 
in mainstream hydrological and water resources 
journals (See et al., 2007). These scepticisms can 
be a driving force for achieving advancement and 
progress in the field of hydroinformatics.

This chapter has attempted to address one main 
question: how to link or find an interface between 
policy (institutional matters) and science (tech-
nical and natural environment aspects); in other 
words, an interface between scientific knowledge 
systems and policy-making decisions. Hence, an 
integrated methodological framework has been 
proposed to obtain the science-policy interface 
that could be implemented within a DSS. The 
science-policy interface can be achieved by using 
a unique analytical approach in which technical 

and policy and institutional frameworks are used 
within a DSS platform that interfaces with stake-
holders through a MDCSI system linked to the 
GUI (Figure 1) DSSs should be integrated with 
institutional and socio-political frameworks to 
attain both financial and institutional sustainabil-
ity. This framework can provide a basis for DSS 
development for integrated water resources as-
sessments. However, the methodological approach 
must first be turned into an implementation plan 
that prescribes the necessary DSS architecture. 
Then it must be tested and further research and a 
case study approach will be required to enhance 
and validate its applicability.
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KeY TeRMs AnD DefInITIOns

Framework: A non-predictive representation 
of structures and provides interlinkges for the 
relevant components of a system that influence 
the policy in question.

Perspectives: Are mental models of actors in-
volved in designing or using socio-technical DSSs.

Science-Policy Interface: Defines the points 
of interaction, interplay and linkage between 
technical and social or non-technical frameworks.

Stake-Holding: Defined as a measure of the 
changing attitudes of stakeholders.

Virtual Water: The embedded water in food 
and other products and services.
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InTRODUcTIOn

Lakes are important reservoirs of large quanti-
ties of water and other resources of priceless 
value to society. Computer models have been 

crucial in understanding dynamic processes and 
their combined influence on large water bodies. 
Computer-based modelling and simulation under 
various assumed scenarios have been useful in the 
wider decision-making process for water resource 
management. To be useful for decision-making 
in this era, these models must have the expanded 

ABsTRAcT

The continuing decline in lake water levels is both a concern and daunting challenge to scientists and 
policymakers in this era, demanding a rethinking of technological and policy interventions in the con-
text of broader political and socio-economic realities. It is self-evident that diverse factors interact in 
space and time in complex dynamics to cause these water-level changes. However, the major question 
demanding sound answers is how these factors interact and by what magnitude they affect lake water 
balance with time. This chapter uses Lake Victoria’s hydrological system to shed light on the extensive 
and flexible modelling and simulation capabilities availed by modern computer models to understand 
the bigger picture of water balance dynamics. The study used the 1950-2000 hydrological data and 
riparian population growth to develop a dynamic simulation model for the lake’s water level. The intui-
tive structure of the model provided clear insights into the combined influence of the main drivers of 
the lake’s water balance. The falling lake water levels appeared to be mainly due to dam outflows at the 
outlet and reduced rainfall over the lake. The ensuing conclusions stressed the need for checks against 
over-release of lake water for hydropower production and measures for sustainable land and water 
management in the entire basin.
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capability of accommodating multidisciplinary 
and multi-stakeholder inputs. Strategic policy and 
technical decisions can be better informed using 
simulations based on accurate data and sound 
mathematical relationships.

There is a need to understand and simulate the 
multiple scenarios that affect the water balance 
of large water bodies such as lakes, especially for 
strategic management and policy interventions. 
This becomes even more critical at this time when 
lake water levels are seriously affected by envi-
ronmentally degrading human activities in their 
basins and global climate change. By providing 
the flexibility needed to construct and improve 
model structures as new knowledge becomes avail-
able in an interdisciplinary and multi-stakeholder 
setting, structural models can greatly add value 
to lake management decisions. The necessity to 
expand the hydroinformatics agenda by ensuring 
a more participatory process calls for a tool that 
can facilitate the exploration of the combined im-
pact of the diverse factors and views influencing 
water management decisions in a transparent and 
versatile manner. The motivation of the moment 
is to transcend the usual black-box limitations of 
statistical analysis by using conceptual models to 
shed more light on the dynamic structural con-
nections between the main system drivers within 
a given systems boundary.

This chapter uses a case study of Lake Victoria 
to demonstrate how a structural modelling ap-
proach with system diagrams showing dynamic 
interrelationships can improve the understanding 
and simulation of changes in lake water levels. 
The inflow and outflow processes, population 
growth, and accompanying state variables were 
modelled using STELLA, a dynamic modelling 
and simulation software system that has found 
many favourable applications to studies of com-
plex dynamic systems. A brief background to the 
study highlights the main features of the study 
area and a review of the relevant literature. The 
methodology used to construct a conceptual model 
for the lake’s hydrological subsystem is described 

and the results got by simulating various assumed 
scenarios of water withdrawal and climatic vari-
ables are discussed. The chapter concludes with 
recommendations for improving the modelling ap-
proach to better support interdisciplinary research 
and holistic studies of the complex environmental 
problems facing lakes.

BAcKGROUnD TO THe sTUDY

By surface area, Lake Victoria is the largest tropi-
cal lake and the world’s second largest freshwater 
lake. It supports a dense riparian population 
exceeding 30 million and growing at an annual 
rate averaging 3%. The Lake Victoria basin has 
the highest population density increase of the 
world’s rural areas (GNF, 2005). It is evident 
that there is increasing pressure on the lake to 
meet the demands of the fast-growing population, 
economy, and ecosystem services. Like many 
lakes in the region, Lake Victoria is affected by 
problems of loss of species biodiversity, invasive 
species, eutrophication, and a water-level decline 
reported to be beyond two metres over the last 
decade. Destructive human activities aggravate 
this degradation (LVEMP, 2005).

The falling water level of Lake Victoria is 
outstanding among its many problems known 
in the public domain. Even the eleventh World 
Lakes Conference convened in Nairobi in October 
2005 reached an international consensus that an 
“accelerated push” to save the lake was necessary 
to sustain its life-support functions (GNF, 2005). 
There are fears that the lake may go the fateful 
way of Lake Chad and the Aral Sea, both of which 
have virtually disappeared – exacerbated by the 
negative impact of destructive human activities in 
their basins. Urging greater environmental caution 
in water management, Gleick (2003) has detailed 
the need to choose “soft-path” solutions in the 21st 
century as opposed to “hard-path” solutions. The 
former type mainly involves efficiency measures 
that cut down on the wastage caused by misman-
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agement of available fresh water. The latter type of 
solutions involves expensive and massive physical 
structures and imposes adverse long-term costs on 
ecology and the human society in general.

Scientists have been applying models to 
simplify and increase the understanding of the 
complex dynamics in lake ecosystems. There is 
concurrence that limited knowledge has remained 
the main constraint to modelling environmental 
systems even after the introduction of ecological 
modelling as a management tool in the 1970s 
(Jørgensen & Bendoricchio, 2001; Hall & Day, 
1977). The introduction of the so-called structur-
ally dynamic models (fifth generation models) 
has improved modelling capabilities, though the 
balance between their simplicity and complexity 
remains a basic requirement. A systems-thinking 
approach has lately gained preference in modelling 
environmental systems. This change of approach 
is needed to overcome the ineffective long tradi-
tion of piecemeal, narrow-focused research. The 
Brundtland Report also recommended this change 
of approach as a necessary step towards sustain-
able development (WCED, 1987).

There is a growing body of literature on ap-
plications of a systems approach to modelling 
of environmental systems. Computer-based 
examples by Deaton and Winebrake (2000) use 
Systems Thinking in an Experimental Learning 
Lab with Animation (STELLA) - a graphically 
interfaced dynamic modelling and simulation 
software system. The system enables icon-based 
model building and simulation with input of 
parameters and equations in a mathematical 
module. It uses the concept of stocks and flows, 
where stocks refer to state variables (denoted by 
rectangles) and flows (denoted by directional 
arrows) are the processes that change the size of 
the stocks over time. A system parameter called 
converter (denoted by circles) represents a rate 
variable whose value substantially modifies the 
processes and hence the behaviour of the entire 
system. These conceptual models are finding 
increasing applications to intricate problems in 

modern economics and applied sciences, with 
more study cases found in the USA and Asia (isee 
Systems, 2006).

Many studies on Lake Victoria have mainly 
focused on specialised aspects of wetlands ecol-
ogy, modelling of carbon fluxes, remote sensing 
of surface vegetative cover, point and diffuse 
pollution loading, and sources of sediments and 
nutrients (Kiwango & Wolanski, 2008; Future 
Harvest, 2004; Albright et al., 2004; LVEMP, 
2002; World Agroforestry Centre, 2003). This 
specialist approach hardly conveys the interac-
tion of causes and effects in the big picture of 
the lake’s degradation. A holistic approach that 
can integrate the various study findings for effec-
tive decision-making has been recommended by 
several authors (Odada et al., 2004; Verschuren, 
2003; LVEMP, 2002).

There is extensive literature on the assessment 
of world water resources with different levels of per 
capita use and availability in different geographical 
and socio-economic regions (see Shiklomanov, 
2000). According to WWF (2004) Living Planet 
Reports, freshwater biodiversity declined by a 
record 55% between 1970 and 2000, 25% more 
than the decline in forest and marine species for 
the same period. This fact places sustaining fresh-
water bodies such as Lake Victoria, one of the few 
large reservoirs of easily accessible and renewable 
fresh water, top on global environmental agenda.

Water balance equations are used to analyse 
changes in lake water levels based on the net bal-
ance of inflow and outflow processes. Kiwango 
and Wolanski (2008) expressed the water balance 
equation for Lake Victoria as:

ΔH(i) = Pw + I - (E + D)  (1)

where ΔH(i) is the change in the lake level during 
year i from the preceding year (i -1), Pw is the 
annual precipitation over the lake, I is the tributary 
inflow, E is evaporation over the lake, and D is 
the White Nile discharge. Kiwango and Wolanski 
(2008) determined the right-hand variables in 
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Equation (1) above from empirical relationships. 
The equation omits water withdrawals for use in 
various sectors to satisfy the needs of the ripar-
ian population. The usual assumption that this 
component is insignificant can be challenged 
if long-term growth projections are considered.

Satellite image analysis has been applied to 
study changes in Lake Victoria level by analysing 
remotely sensed data on rainfall and changes in 
the geoid and tropopause temperatures (Awange et 
al., 2008a). These studies linked the decline in the 
water level mainly to over-drawing of water from 
the lake for hydropower production. The findings 
of the EAC (2006) are similar. Using time series 
data ranging from 1965 to 2005, Awange et al. 
(2008b) applied linear trend analysis and cyclic 
trend analysis using Discrete Fourier Transform 
(DFT) to confirm the high sensitivity of the lake’s 
water level to fluctuations in climatic factors, 
especially direct rainfall over the lake – attributed 
to its large surface area. A Drought Severity Index 
(DSI) based on quartiles of normal precipitation, 
as can be seen from their work, is important for 
classification into wet, normal and dry conditions.

So far, most of these hydrological modelling 
efforts have applied knowledge in statistics and 
geodetic sciences. Analytical as they are, such 
approaches are not effective in reaching a wide 
cross-section of readers from various disciplines 
because they hardly show clear structural relation-
ships between the key drivers of change in the 
lake ecosystem. The numerous results obtained 

remain detached and need to be integrated into a 
holistic framework. In such cases, new research 
should develop a tool for modelling the interactive 
influence of the many drivers of change in the 
entire system. To integrate interdisciplinary inputs 
and allow detection of high-leverage interven-
tion points, a user-friendly and flexible systems 
approach is essential. This chapter demonstrates 
how flow-based structural models can help inte-
grate the main anthropogenic and natural drivers 
of lake level changes and dynamically simulate 
their combined influence.

The mean depth of about 40 m (LVEMP, 1996) 
for Lake Victoria ranks it as a shallow lake, with 
less water than the neighbouring Lake Tanganyika 
and Lake Malawi though it far much exceeds the 
two in surface area. The main physical features of 
Lake Victoria are summarised in Table 1.

MeTHODOLOGY

The first step was to identify the significant in-
flows, outflows, state variables and exogenous 
factors that make up the hydrological subsystem of 
the lake. The outflow process related to population 
growth was factored in using estimated annual per 
capita water withdrawal as an exogenous variable. 
It can be seen from the usual water balance equa-
tions such as Equation (1) above that the population 
component is often neglected under the presump-
tion that it is insignificant. This assumption was 

Table 1. The main physical features of Lake Victoria (Source: LVEMP, 1996) 

Variable Total Kenya Tanzania Uganda Rwanda Burundi

Surface area 
(km2)

68 800 4 100 
(6%)

33 700 
(49%)

31 000 
(45%)

0 0

Catchment 
area (km2)

193 000 42 500 
(22%)

84 900 
(44%)

30 900 
(16%)

21 200 
(11%)

13 500 
(7%)

Shoreline 
length (km)

3 450 550 
(17%)

1 150 
(33%)

1 750 
(50%)

0 0

Location 
(Φ, λ, h)

0.5°N - 3°S 
31.5°E-35°E 
1 135 m
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tested in the long run. The model development 
process applied the principles of cause-effect re-
lationships and closed-loop viewpoint of system 
functioning (Deaton & Winebrake, 2000).

Hydrological data from the Lake Victoria En-
vironmental Management Project (LVEMP) Water 
Quality Management Division, in Western Kenya, 
were supplemented by published data (LVEMP, 
2005). Model construction, input of parameters, 
and dynamic simulation were carried out using 
windows-based STELLA software (version 9). 
The modelling procedure involved constructing 
conceptual diagrams, input of essential variables 
and mathematical equations, and calibration us-
ing available data. Model sensitivity to changing 
parameters was tested. What-if scenarios were 
then simulated to explore possible future changes 
in lake level.

The following state variables (stocks) were 
constrained using the non-negativity condition 
in the software system: “Riparian population”, 
calendar years/“Year count”, and “Lake volume” 
in km3. The connectors in the system diagrams 
imply essential mathematical relationships. Sce-
narios were projected from 2005 as the base year 
to the year 2025.

conceptual Model of Riparian 
Population Growth

As can be seen from Figure 1, the flow processes 
in the conceptual model of population growth are 
“Population growth” (number of people added 
in a year) and “Time change” (change in years 
from the base year). “Net growth rate” in this 
model is the number of people added per capita 
per year, expressible as a percentage. Net growth 
rates calculated at five-year intervals using UN 
population data from 2005 to 2050 were used to 
plot a graph with years on the x-axis. From such 
a graph, the software estimates net growth rates 
at any chosen interval for the model calculations.

Panel data on population together with supple-
mentary information from other published data 
were used to construct the population growth 
model (GNF, 2005; LVEMP, 2005; NEMA, 2004). 
A riparian population of 30 million and a mean 
net growth rate of 3% were used for the base year, 
2005. According to UN-Population (2005), the 
medium-variant1 population projections for East 
Africa were used to simulate population growth 
rates in the lake basin up to 2025 (see Table 2 and 
Table 3). The rate equation below represents the 
positive feedback that characterises population 
growth:

Figure 1. Conceptual model of riparian population growth (relevant equations shown below)
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dP t
dt

rP t
( )

( )=  (2)

P(t) is the population size in any given year. 
Equation (2) was integrated between P(t) and Po, 
and between zero (base year 2005) and a given 
year t in future. With k as an annual multiplying 
factor between successive state variables, P, the 
relationship ln k = r was used to arrive at the 
general solution in Equation (3), which facili-
tated direct input of net rates or converters2 into 
the mathematical model:

P t Pe k t( ) (ln )=
0

 (3)

The last column of Table 3 shows the projected 
annual growth rates, based on the trend analysed 
from the last column of Table 2. The values in 
the last column of Table 3 were used to plot in 
STELLA a graph of the projected growth rates 
against the years of projection. Stepwise calcula-
tions of population sizes were then effected using 
the difference equations at a step interval of one 
year (Adero, 2006).

The difference equations in Equation (4) were 
used in the equations’ layer of STELLA, initial-
ising model calculations with a stock size of 30 
million people.

P t P t dt dP dt

P

dP P net growth rate from g

( ) ( ) *

, ,

* _ _ ( _

= − +
=
=

0
30 000 000

rraph

Year count t Year count t dt Time change dt

Initial

)

_ ( ) _ ( ) _ *= − +
__ _year count = 2005

 

(4)

Hydrological Model

Multiplying surface area by average depths 
yielded volumes. The underlying assumption for 
this estimation was that a significant reduction in 
the lake’s extensive surface area is only realised 
given a substantial decrease in its depth. Hence, 
within a depth of a few metres, the initially esti-
mated surface area of 68 800 km2 (LVEMP, 1996) 
could be used for acceptable estimates of volume. 
Given the altitude of 1135 m at a mean depth of 
40 m (LVEMP, 1996; also see Table 1), an initial 
volume of 2750 km3 was assumed at this elevation. 
A graph of lake elevation (m) against lake volume 
(km3) was constructed based on this estimation 
and used to guide the simulation in STELLA.

The hydrological model (Figure 2) is made 
up of water inflows (basin discharge and rainfall 
over the lake) and water outflows (evaporation, 
dam-controlled outlet through the Nile, i.e. “Nile 
outflow”, and estimated annual withdrawals by 
the riparian population). The following rates 
were applied:

Table 2. Population projection for riparian 
countries for years 2005-2025  (Source: UN-
Population, 2005) 

Year Kenya Uganda Tanzania Total

2005 34 256 000 28 816 000 38 329 000 101 401 000

2010 38 956 000 34 569 000 41 838 000 115 363 000

2015 44 194 000 41 918 000 45 598 000 131 710 000

2020 49 563 000 50 572 000 49 265 000 149 400 000

2025 54 997 000 60 601 000 52 807 000 168 405 000

Table 3. Trend analysis of annual riparian popula-
tion growth rates based on Table 2

Years Projected annual population growth rate %

Kenya Uganda Tanza-
nia

Aver-
age3

Ripar-
ian4

2005 
- 2010 2.6 3.7 1.8 2.6

3.0

2010 
- 2015 2.6 3.9 1.7 2.7

3.1

2015 
- 2020 2.3 3.8 1.6 2.6

3.0

2020 
- 2025 2.1 3.7 1.4 2.4

2.8
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Average regional water withdrawal for do-
mestic (municipal), industrial and agricultural 
use = 50 m3/capita/year (using FAO (2006) esti-
mates).

Return flow = 40% (based on the range of 40-
60% given by Shiklomanov (2000) for comparable 
locations in developing countries).

Equation (5) shows the corresponding differ-
ence equations for the hydrological model.

Lake volume t Lake volume t dt Rain over lake Ba dis_ ( ) _ ( ) ( _ _ sin_= − + + cch e

Evaporation Nile outflow Water withdrawal dt

Initia

arg

_ _ )− − −

ll Lake volume km

Water withdrawal Population Annual w

_ _

_ * _

=
=

2750 3

iithdrawal per capita_ _

 

(5)

The developed conceptual model for the main 
drivers of change in this subsystem included 
population growth. The influence of the Agreed 
Curve, designed in 1954 to help regulate the lake’s 
outlet at Jinja after replacement of a natural rock 
weir (Rippon Falls) by Owen Falls Dam, was 
factored into the conceptual model as a graph of 
“Nile outflow” against the variable named “Jinja 
gauge level”. The curve was designed based on 
the observed Nile outflow regime (y-axis) and 
lake levels (x-axis) before the dam was built. The 
variable “Jinja gauge level” in the model diagram 

refers to the local gauge readings of the lake level 
at Jinja, Uganda. Because the origin of readings 
on this gauge is known to be at 1122.86 m above 
sea level, the elevations were changed into “Jinja 
gauge level” readings for use in the model by 
subtracting 1122.86 m from lake levels.As shown 
by the systems diagram in Figure 2, “Jinja gauge 
level” depends on the state variable “Lake volume” 
according to the earlier graph plotted for lake 
elevation (m) against lake volume(km3). “Lake 
volume” determines “Nile outflow” as shown 
by the connectors through to the Agreed Curve 
(graph of Nile outflow against Jinja gauge level). 
The average inflows and outflows for the period 
1950–2001 were used to simulate the effects of 
excluding the population growth sub-model from 
the integral model for 20 years. Inflows during 
this period averaged 114.5 km3/year (rain over 
the lake) and 24.5 km3/year (basin discharge); 
outflows averaged 105.0 km3/year in evaporation 
and 33.0 km3/year as Nile outlet (COWI, 2002).

ResULTs AnD DIscUssIOn

The simulated results are presented here as graphs 
that compare the trends of the chosen variables 

Figure 2. Conceptual model for Lake Victoria’s hydrological system
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in specific codes and scales corresponding one-
to-one with the respective variables. During cali-
bration, model results were compared to results 
from fundamental calculations. Choosing Euler’s 
Integration in STELLA at a step interval of one 
year was found sufficient when the model results 
were compared with results from the fundamental 
mathematical equations.

simulated Riparian 
Population Growth

For the period 2005-2025, projections based on 
the UN population data yielded results that were 
practically similar to the ones obtained by assum-
ing a constant growth rate of 3%. Projected to 
2025, the riparian population rose to 54 million. 
The effect of changing the size of the initial stock 
(population size) for the base year by up to a mil-
lion was determined to be much less conspicuous 
than the effect of changing net growth rates by 
only a small percentage. This outcome confirmed 
the expected high sensitivity and potency of con-
verters in dynamic modelling and further pointed 
to appreciable degree of predictive and structural 
validity of the developed model. Figures 3 illus-
trates the simulated population growth. Figure 4 
shows sensitivity to assumed changes in popula-
tion growth rates or converters from 1% to 4%. 

The model results showed a high likelihood of 
overpopulation in the lake basin. This foretells 
excessive pressure on the lake’s limited water and 
fishery resources and increased waste emissions, 
all of which are detrimental to environmental 
sustainability.

simulated Water Level changes

Flows including water withdrawal are scaled in 
km3/year and gauge levels at Jinja  (“Jinja gauge 
level”) in metres.

The flow-regulating function of the Agreed 
Curve is incorporated into the model results 
shown in Figures 5 and 6. The opposite trends of 
the curves in Figures 5 and 6 suggest that riparian 
population growth, given the current large size and 
high growth rate, has indeed an influence on the 
water-level projections that is not negligible as 
sometimes assumed in water balance equations. 
This result challenges the usual assumption that 
water abstraction by the population around Lake 
Victoria has little effect on its water level (usually 
omitted in the water balance equation). As shown 
here, excluding the effect of population growth 
results in over-estimation of the lake volume by 
a considerable 6 km3 at the end of the 20th year. 
This quantity of water is enough to satisfy food 
production requirements as well as industrial, mu-

Figure 3. Simulated riparian population growth (2005–2025) based on UN projections
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nicipal and domestic needs for about four million 
people in a year – assuming the general human 
water requirement index of 1700 m3/capita/year 
(Figuerès et al., 2003). In a systems approach, the 
effect becomes more evident with the passage of 
time because complex nonlinear trends and long 
lag times are involved. As Figuerès et al. (2003) 
also emphasise, the 21st century needs a new gen-
eration of water managers with new mindsets that 
can develop and implement innovative policies 
and practices for effective solutions. Effective and 

sustainable solutions must take into account the 
long-term effects of such growth factors.

Simulation for the period 1998–2001, which 
according to LVEMP (2005) had a lower mean 
rainfall over the lake (81.0 km3/year) and mean 
basin discharge of 25.6 km3/year compared to the 
1950–2000 mean value of 114.5 km3/year as rain 
over the lake and 24.5 km3/year of basin discharge, 
yielded results crucial to this discussion. The 
period also incurred the highest evaporation 
losses at 111.3 km3/year, at least 5% higher than 

Figure 4. Sensitivity analysis to changing annual growth rates varying from 1% to 4%

Figure 5. Simulated change in lake level if population growth is integrated
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the preceding observations (Annex Tables). Heavy 
water hyacinth invasion during this period must 
have increased evaporation losses.

The modelled fall over the period 1998–2001 
was substantial at 1.37 m, assuming that the Agreed 
Curve was obeyed. Simulation using the observed 
1998-2001 mean Nile outflow of 36.0 km3/year 
(LVEMP, 2005) yielded a bigger drop of 1.82 m, 
which is 33% more. Awange et al. (2008c) got a 
general water-level decline of 1.83 km3/month 
using GRACE (Gravity Recovery And Climate 
Experiment) for 45 months from 2002 to 2006. 
This translates into about 1 m decline in three 
years. These results showed that both drought and 
the dam-controlled outflow in Uganda through 
the Nile are significant drivers of change in the 
lake’s water level. Excessive dam outflows above 
the Agreed Curve rapidly reduce the lake’s level, 
but unlike climatic factors, the dam outflows are 
under human control and can be regulated using 
the Agreed Curve as a reference.

USDA (2005) observed a low gauge level5 
of 10.69 m by radar altimetry on 27th December 
2005. Modelled under the observed long-term 
average climatic conditions with the inclusion 
of population growth, a possible recovery of the 
lake’s water level by 1.1 m was simulated to take 
10 years given adherence to the Agreed Curve 
policy, which in this case would dictate outflows 
between 500 m3s-1 and 1,000 m3s-1. The simula-

tion showed a recovery to equilibrium gained in 
the 15th year and sustained at 1134.7 m above 
sea level, all despite a projected rise in water ab-
straction attributable to population and economic 
growth. The situation advanced to a steady Nile 
outflow of about 32 km3/year (1015 m3s-1) if the 
Agreed Curve’s water release pattern is followed 
(see Figure 7).

To test the long-term effects of steady outflows, 
a Nile discharge of 1030 m3s-1  (32.5 km3/year) 
was used and the model was then run for 40 years 
to get the results shown in Figure 8. The assumed 
Nile outflow was lower than the 1950-2000 aver-
age of 33 km3/year. It can be seen from Figure 8 
that a steady Nile discharge is not effective as a 
long-term strategy for sustainable water flows.

The parabolic response seen above has special 
implications to understanding the system’s re-
sponse. It means the differential rate equation 
gradually approaches zero as inflows and outflows 
try to balance out, but then changes sign when, 
eventually, the inflows and outflows do not bal-
ance. The initial gradual rise in lake level may 
justify the steady discharge only for a time (the 
first 19 years in this simulation). The steady out-
flow of 32.5 km3/year tested above is below the 
amounts permitted by the Agreed Curve for the 
entire 20-year period. This can explain the initial 
rise before the 20th year.

Figure 6. Simulated change in lake level if population growth is not factored into the model
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The conceptual models clearly showed the 
important system components and their interre-
lationships. This outcome is in line with the key 
goal of improving the understanding of complex 
systems in any modelling exercise, as emphasised 
in modelling literature (Jørgensen & Bendoric-
chio, 2001; Deaton and Winebrake, 2000). This 
approach promotes the desired advancement 
from the so-called black-box models to white-
box models. Interdisciplinary research should 
substantially improve the model’s structural 
validity, since the various connections need to be 
informed adequately from different disciplinary 
perspectives. Validation using extensive data and 

empirical investigations remains a key require-
ment for improving the reliability of these models. 
It is also noteworthy that this water balance model 
solves a lumped mass balance equation, whereas 
much more complex and advanced simulation 
models exist today for lake and reservoir hydro-
dynamics with 2-D or 3-D space discretizations, 
including eddy simulations. The more complex 
models can only impress a few select specialists. 
The presented structural modelling approach is, 
however, of significant advantage when clarity of 
communication, transparency, and flexibility in a 
broad interdisciplinary setting are of the essence.

Figure 7. Possible recovery trend from the low Dec. 2005 lake level if the Agreed Curve is followed

Figure 8. Simulated long-term effects of replacing the Agreed Curve policy by a lower but steady Nile 
discharge
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The simulations gave convincing results. The 
effects of economic growth on water consump-
tion can be added to the flexible model structure 
by simply adjusting to the projected annual per 
capita consumption. The Agreed Curve showed 
resilience in regulating outflows from Lake 
Victoria by ensuring a substantial recovery in 
water level towards equilibrium after critical 
reductions, as well as gradual reductions in water 
level after attaining higher levels, asymptotically 
approaching an equilibrium position. Regulating 
outflows based on this curve therefore forms the 
high-leverage intervention point because it acts as 
a control function, being under human control and 
determined within the system by the lake’s water 
levels, unlike climatic factors. The simulated ex-
amples also suggest that reducing global warming 
and overpopulation can contribute significantly to 
the lake’s sustainability. Besides socio-economic 
losses, the fall in the shallow lake’s water level 
compromises its ecological integrity. This prob-
lem is aggravated by its increasing sensitivity to 
lower pollutant loads as the water level recedes.

cOncLUsIOn AnD 
RecOMMenDATIOns

The objective of this chapter was to demonstrate 
through a case study of Lake Victoria how mod-
ern computer-aided modelling and simulation 
can improve the study of water-level changes in 
lakes. The flow-based structural models showed 
convincing structural validity and facilitated 
insightful querying of the combined influence 
of the main drivers of lake water balance under 
various assumptions. Today’s lake management 
decisions need to be guided by deep insights 
into the numerous assumed scenarios of popula-
tion and economic growth, basin discharge, and 
climate change.

Dynamic modelling of vast environmental 
systems is highly challenging due to the complex 
dynamics and simultaneity involved. The STELLA 

modelling approach, however, enabled extensive 
simulation of water-level changes under various 
what-if scenarios. The conceptual models showed 
system relations more clearly and delivered a big-
ger picture than is usually possible from purely 
analytical approaches, which only attract a nar-
row, specialised readership. As demonstrated, a 
systems approach can better inform strategies for 
reversing the lake’s degradation in an integrated, 
multi-stakeholder and consultative process than 
the traditional piecemeal approaches. This ap-
proach is more intuitive and resourceful to cross-
disciplinary audience than most analytical ap-
proaches. Meaningful cross-disciplinary dialogue 
for relevant policy and technology decisions can 
gain substantially from such integrative synthesis 
within a network of cause-effect relationships.

In this particular case of Lake Victoria, the 
model showed a high likelihood of overpopula-
tion in the basin, with the riparian population 
likely to exceed 50 million by the year 2025. This 
will pose greater challenges to sustainable water 
and waste management, hence to environmental 
sustainability. The lake’s water level is likely 
to decline much further if water is over-drawn 
from the dams at the Nile outlet. Related to this 
observation is the need to avoid expensive “hard-
path” solutions like building massive dams and 
sophisticated centralised structures, given their 
high ecological and socio-economic costs in 
the deprived lake basin. Policies that encourage 
“soft-path” solutions in water management like 
efficient usage and decentralised low-cost systems 
for rainwater harvesting and alternative energy 
generation therefore deserve top priority. Regu-
lated outflows at the Jinja Nile outlet (which can 
be based on the Agreed Curve) and basin-wide 
strategies to mitigate catchment degradation and 
global warming are recommended. Innovativeness 
and interdisciplinary approaches are essential to 
building sufficient capacity to lead, investigate 
and manage effective environmental restoration 
efforts in the stressed lake basin.
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Though some schools of thought assign little 
value to the possible contribution of models to 
policy making, it can be seen that well constructed 
models give important direction in multidisci-
plinary dialogue and setting of research priorities 
in policy research and analysis. The dynamic 
modelling approach demonstrated here is crucial to 
achieving the transparency and flexibility required 
for interdisciplinary and participatory decision-
making towards sustainable lake management.

Major limitations in knowledge still hinder 
accurate modelling of complex environmental 
systems. A particular example in this study is the 
difficulty in accurately linking water-level changes 
to volume changes because of related changes in 
lake surface area. This necessitated simplification 
of the approach to assuming a constant area within 
depths of a few metres. To improve simulation of 
water-level changes in similar reservoirs, better 
knowledge of the reservoir bathymetry is critical. 
More spatial data capture and analysis towards es-
tablishing accurate bathymetric aspects is needed 
for accurate modelling of changes in water level 
(depth) with related changes in lake volume and 
surface area. As an outlook, these models need to 
be improved and validated through further research 
and more widespread data. As demonstrated by this 
case study, more research effort should be directed 
to capturing and analysing riparian population 
growth dynamics, water use dynamics as well as 
return flows in order to improve projections. This 
will in turn improve the quality and relevance of 
policy and technical interventions.

The examples in this chapter place the water 
recession problems facing lakes within the broader 
research agenda on suitable technologies, theories 
and applications for integrated water resources 
management. Socio-economic and political reali-
ties accompany this challenge, and they need to be 
factored into the modelling framework, possibly 
by expanding model parameters and boundaries. 
Validation aspects must be emphasised as a way of 
improving these flow-based structural modelling 

approaches. This study gives hope that further 
validation and improvement of model structure 
as new knowledge is acquired will enhance wider, 
cross-disciplinary research for holistic studies of 
reservoir level dynamics.
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KeY TeRMs AnD DefInITIOns

Altimetry: Technique for measuring altitude, 
applied to monitoring the water levels of large 
water bodies from space using satellite systems.

Calibration: Refers to using known data to test 
if model results are close to the expected results.

Converter: In dynamic modelling, a con-
verter is a rate to which the system behaviour is 
so highly sensitive that even small changes to it 
can be noticed significantly in the state variables. 
Annual population growth rate is a fitting example 
in modelling population growth.

Geiod: Equipotential surface approximating 
the mean sea level.

State Variable: A quantifiable stock size that 
varies with time in a system depending on the sum 
of the inflow and outflow processes connected to it.

STELLA: Is a graphically interfaced dynamic 
modelling and simulation software system.

Simulation: In modelling refers to predict-
ing system behaviour by running a model using 
input data.

Systems Thinking: A holistic concept of tack-
ling problems and events by taking into account 
the larger scope in the complete environment.

Validation: Refers to evaluating model reli-
ability by comparing its output with extensive 
empirical findings.

enDnOTes

1  Lies between low-variant (pessimistic) and 
high-variant (optimistic) projections

2  Given an annual growth rate of 3%, k be-
comes 1.03

 Table 2. Population projection for riparian 
countries for years 2005-2025 (Source: UN-
Population, 2005).

3  Calculated based on the totals in the last 
column of Table 2

4  According to the trend in the penultimate 
column of Table 3

5  The datum to which the gauge levels at Jinja 
are referred is at 1122.86 m above sea level
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APPenDIX

Table 4. Average inflows and outflows for Lake 
Victoria: 1950-2000  (Adapted from COWI, 2002) 

Type of flow Flows 
(m3s-1) Flows(km3y-1) Per-

cent

Inflows

Rain over Lake 3631 114.5 82

Basin discharge 778 24.5 18

Outflows

Evaporation from 
lake

-3330 -105.0 76

River Nile -1046 -33.0 24

Balance 33 1.0

Table 5. Average inflows and outflows for Lake Vic-
toria: 1998-2001  (Adapted from LVEMP, 2005) 

Type of 
flow

Expressed as 
depths (mm)

Flows 
(m3s-1)

Flows 
(km3y-1)

Per-
cent

Inflows

Rain over 
Lake 1177 2567 81 76

Basin 
discharge 372 812 25.6 24

Outflows

Evapora-
tion from 
lake

-1618 -3530 -111.3 76

River Nile -524 -1143 -36 24

Balance -593 -1294 -40.8
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Chapter 16

Evolutionary Computation 
for Single and Multiobjective 
Water Distribution Systems 

Optimal Design:
Review of Some Recent 
Applied Methodologies

Avi Ostfeld
Technion-Israel Institute of Technology, Israel

InTRODUcTIOn

A water distribution system (WDS) is a collection 
of hydraulic control elements connected together 
to convey quantities of water from sources to 
consumers. Such a system can be described as 
a graph with the nodes representing the sources 

and consumers, and the links - the connecting ele-
ments: pipes, pumps, and valves. The behavior of a 
WDS is governed by: (1) the physical laws which 
describe flow and pressure distributions; (2) the 
consumer’s demands; and (3) the system layout.

The common definition of the single objective 
optimal design problem of a WDS is to find its 
component characteristics (e.g., pipe diameters, 
pump heads and maximum power, reservoir stor-

ABsTRAcT

Water distribution systems least cost pipe sizing/design is probably the most explored problem in water 
distribution systems optimization. Attracted numerous studies over the last four decades, two main ap-
proaches were employed: decomposition in which an “inner” linear programming problem is solved 
for a fixed set of flows/heads, while the flows/heads are altered at an “outer” problem using a gradient 
or a sub-gradient type technique; and the utilization of an evolutionary optimization algorithm (e.g., a 
genetic algorithm). In reality, however, from a broader perspective the design problem is inherently of 
a multiobjective nature incorporating competing objectives such as minimizing cost versus maximizing 
reliability. This chapter reviews some of the literature on single and multiobjective optimal design of 
water distribution systems and suggests a few future research directions in this area.
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age volumes, etc.) which minimize the systems 
capital and operational costs such that the system 
hydraulic laws are maintained (i.e., Kirchoff’s 
Laws No.1 and 2.), and constraints on quantities 
and pressures at consumer nodes are fulfilled.

From a wider perspective the design problem 
of a WDS involves competing objectives, such as 
minimizing cost, maximizing reliability, minimiz-
ing risks, minimizing deviations from specific 
targets of quantity, pressure, and quality, etc. The 
design problem is thus inherently of a multiob-
jective nature. In a multiobjective optimization 
framework there is not a single optimal solution 
but a set of compromised solutions which form a 
Pareto optimal solution set. Incorporating multiple 
objectives in the optimal design of water distribu-
tion systems provides an improvement compared 
to using a single design approach as a larger range 
of alternatives is explored, thus making the design 
outcome more realistic.

The problem of water distribution systems 
optimal design has attracted numerous studies 
over the last four decades concentrating mainly 
on the single least cost objective problem. Only 
recently multiobjective schemes have been pro-
posed to tradeoff competing objectives for water 
distribution systems optimal design.

This chapter reviews some of the literature on 
single and multiobjective optimal design of water 
distribution systems and suggests some future 
research directions in this area.

BAcKGROUnD

This section is a brief literature review on a num-
ber of single and multiobjective optimal design 
studies of water distribution systems.

single Objective Water Distribution 
systems Optimal Design

Water distribution systems design is the phase in 
which the sizes and characteristics of the compo-

nents of a water distribution system are selected for 
a given system layout. The single objective design 
problem is commonly defined as finding the water 
distribution systems component characteristics: 
pipe diameters, pump heads and maximum power, 
and tanks storage which minimize the total system 
cost, such that constraints at the consumer nodes 
are fulfilled and hydraulic laws are maintained.

Numerous models for least cost design of water 
distribution systems have been proposed during 
the last four decades. A possible classification for 
those is into four major categories:

Decomposition

Methods based on decomposing the problem into 
an “inner” linear programming problem which is 
solved for a fixed set of flows (heads), while the 
flows (heads) are altered at an “outer” problem 
using a gradient or a sub-gradient optimization 
technique (e.g., Alperovits & Shamir, 1977; 
Quindry et al., 1979, 1981; Kessler & Shamir, 
1989; Eiger et al., 1994; Ostfeld & Shamir, 1996).

Mathematically, decomposition is the split of 
an optimization problem as described in Equation 
(1) to the form presented in Equation (2):

min  f x, y  x  X , y   x
x  R  y  Rn m∈ ∈

( ) ∈ ∈ ( )



,

: Ω  

(1)

min  h x  = min  f x , y  
x  X y   x∈ ∈ ( )

( ) ( )











:
Ω

 (2)

where: x ∈ Rn, y ∈ Rm = decision variables; f (x, y), 
h (x) = objective functions; X = a nonempty subset 
of Rn; Ω (x) = a nonempty subset of Rmdefined in 
Equation (3), wheregi (x, y) = the i-th constraint, 
and p = total number of constraints.

Ω x  = y  R : g  x , y  0   i = 1,...,pm
i( ) ∈ ( ) ≤



  

(3)
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Decomposition formulates an “inner” and 
an “outer” problem. The “inner” problem is the 
minimization of f (x, y) within the subset Ω (x) 
over y for a fixed value of x, while the “outer” 
problem is the minimization of h (x) over the 
subset X, with respect to x. h (x) is entitled the 
optimal value function, while gi (x, y) form the 
constraints of the “inner” problem.

Decomposing an optimization problem is 
beneficial if: (1) for every fixed value of x the 
function f (x, y) is convex; (2) the dimension of 
x is much smaller than that of y; (3) Ω (x) is a 
convex set; and (4) it is easy to solve the “inner” 
problem (e.g., the “inner” problem is a linear 
programming formulation).

The first to utilize decomposition for least cost 
design of water distribution systems were Alpero-
vits and Shamir (1977). Following the formulation 
of Kessler and Shamir (1989), decomposition 
for a gravitational one loading water distribution 
system, can be defined as:

min
q  Q

  q  = min
u  

 c uT

∆
Θ ∆

∈ ≥
( )











:
0

 

(4)

Subject to:

L I J(q0 + LT∆q)  u = 0 (5)

P I J(q0 + LT∆q)  u ≤ b1 (6)

I u = b2 (7)

where: Δq = vector of the circular flows (same 
dimension as the basic water distribution system’s 
loops); Q = sub space of the circular flows; c = unit 
cost vector of the candidate pipe diameters; q0 = an 
initial vector of flows satisfying mass continuity 
at nodes (i.e., Kirchoff’s Law No. 1); u = vector 
of length of the candidate pipe diameters; L, P, J, I 
= basic loop, path, hydraulic gradient, and identity 
matrices, respectively; and b1, b2, = right-hand 
side parameter vectors, respectively. Equation (5) 

represents continuity of energy constraints over 
closed loops (i.e., Kirchoff’s Law No. 2); Equa-
tion (6) minimum pressure head constraints, and 
Equation (7) length constraints.

Using the above formulation Θ(Δq) is the 
“outer” optimal value function which is highly 
non-linear and non-smooth (see for example the 
Θ(Δq) surface in Loganathan et al., 1995, Figure 2); 
where the “inner” problem minimizes cTu subject 
to the domain defined by Equations. (5) – (7).

Methods based on decomposition are limited 
in the number of loading conditions that can be 
considered, to converging to local optimal solu-
tions, and to fixed flow directions in the pipes as 
of the non-smoothness properties of the “outer” 
problem (excluding Eiger et al., 1994; Ostfeld and 
Shamir, 1996 who used a sub-gradient scheme to 
minimize the “outer” problem), but can account 
for split pipe diameter solutions.

Combined Simulation with 
Nonlinear Programming

Methods based on combining a network simulation 
program with a general nonlinear optimization 
code (e.g., Ormsbee & Contractor, 1981; Lansey 
& Mays, 1989; Taher & Labadie, 1996). These 
schemes divide the overall problem into two 
levels. In the lower level the system is analyzed 
for flows, pressures, and cost using a network 
simulation program, while in the upper level the 
system design variables: pipe diameters, pump 
heads, and reservoir volumes are modified ac-
cording to the information provided by successive 
runs of the simulation program. The upper level is 
a general purpose optimization package, such as 
MINOS (Murtagh & Saunders, 1982) or GRG2 
(Lasdon et al., 1984). The optimization algorithm 
uses values of the objective function generated in 
successive runs of the simulation program, and 
information on constraint violations to determine 
the next solution to be tested.

No convergence is guaranteed for this type of 
scheme, the user’s insight is limited, and the com-
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putational time required to utilize such an approach 
depends on the number of simulation evaluations 
which can generate a highly computational cost.

Nonlinear Programming

Methods based on a nonlinear programming code 
which simultaneously solves for optimal heads 
and flows using a general optimization scheme. 
Watanatada (1973) solved the least cost design of 
a water distribution system with pipes and pumps 
under one loading condition with the design 
problem been transformed into an unconstrained 
optimization problem using an exterior penalty 
method. Shamir (1974) developed a methodol-
ogy for the least cost design/operation of a water 
distribution system under multiple loading condi-
tions based on the general reduced gradient (GRG) 
(Abadie, 1970).

Methods based on using a straightforward 
nonlinear code are limited with respect to the water 
distribution systems size that can be handled, the 
user intervention, the number of loading condi-
tions, and most likely converge to local optima 
solutions.

Evolutionary Computation

Methods utilizing evolutionary optimization (e.g., 
genetic algorithms, ant colony, cross entropy). 
The capabilities of solving the optimal least cost 
design problem of water distribution systems have 
improved dramatically since the employment 
of evolutionary computation, and in particular 
through using genetic algorithms (Holland, 1975).

Genetic Algorithms

Genetic algorithms are domain heuristic inde-
pendent global search techniques that imitate the 
mechanics of natural selection and natural genetics 
of Darwin’s evolution principle. The basic idea is 
to simulate the natural evolution mechanisms of 
chromosomes, represented by string structures, 

involving: selection, crossover, and mutation. 
Strings may have binary, integer, or real values.

A typical form of a genetic algorithm (GA) 
involves three main stages: (1) initial population 
generation: the GA generates a bundle of strings 
(termed population, or generation), with each 
string been a set of values of the decision variables 
(not necessarily feasible); (2) computation of the 
strings fitness: the GA evaluates each string fitness 
(i.e., the value of the objective function that cor-
responds to each string), giving a “fitness-penalty” 
to non- feasible strings; and (3) generation of a 
new population: the GA generates the next popu-
lation by performing: Selection, Crossover, and 
Mutation, where: Selection involves the process 
of choosing chromosomes from the current popu-
lation for reproduction according to their fitness 
values; Crossover involves partial exchange of 
information between pairs of strings; and Mutation 
a random change in one of the string locations.

A typical GA involves the following stages:

1.  Initialization
a.  Set the generation counter t: = 0;
b.  Generate an initial population G (0);
c.  Evaluate G(0).

2.  Main Scheme

Repeat

a.  Set: t = t +1;
b.  Generate G(t) using G(t-1);
c.  Evaluate G(t);

Until stopping conditions are met.
Simpson et al. (1994) were the first to use 

genetic algorithms for water distribution systems 
least cost design. They applied and compared 
a genetic algorithm solution to the network of 
Gessler (1985) to enumeration and to nonlinear 
optimization. Savic and Walters (1997) used 
genetic algorithms to solve and compare optimal 
results of the one-loading gravity systems of the 
Two Loop Network (Alperovits & Shamir, 1977), 
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the Hanoi network (Fujiwara & Khang, 1990), 
and the New York Tunnels system (Schaake & 
Lai, 1969). Salomons (2001) used a genetic al-
gorithm for solving the least cost design problem 
incorporating extended period loading conditions, 
tanks, and pumping stations. Vairavamoorthy and 
Ali (2005) presented a genetic algorithm frame-
work for the least cost design problem of a pipe 
network which excludes regions of the search 
space where impractical or infeasible solutions 
are likely to exist, and thus improves the genetic 
algorithm search efficiency. Wu and Walski (2005) 
introduced a self-adaptive penalty approach to 
handle the transformation from a constrained 
into a non-constrained framework of the least 
cost design and rehabilitation problems of a water 
distribution system, as applied in a genetic algo-
rithm scheme. Loganathan et al. (1995) used the 
decomposition idea introduced by Alperovits and 
Shamir (1977) but with minimizing the “outer” 
problem through a simulated annealing scheme, 
showing substantial improvements over previous 
decomposition methods which used a gradient 
type procedure to minimize the “outer” prob-
lem. Krapivka and Ostfeld (2009) used the same 
approach as Loganathan et al., (1995) but with 
minimizing the “outer” problem using a genetic 
algorithm. Eusuff and Lansey (2003) developed 
a swarm based meta-heuristic algorithm, entitled 
the Shuffled Frog Leaping Algorithm (SFLA). 
The SFLA was applied and compared to the same 
problems as in Savic and Walters (1997).

Ant Colony

An additional evolutionary computation technique 
employed for water distribution systems optimal 
design is ant colony optimization (ACO) (Dorigo, 
1992), which is a meta-heuristic stochastic com-
binatorial computational framework inspired by 
the behavior of ant colonies.

One of the problems studied by ethologists is 
to understand how ants which are almost com-
pletely blind could manage to establish shortest 

paths from their nest to their feeding sources 
and back. It was found that ants communicate 
information by leaving pheromone trails. A 
moving ant leaves, in varying quantities, some 
pheromone on the ground to mark its way. While 
an isolated ant progresses essentially at random, 
an ant encountering a previously laid trail is able 
to detect it and decide with high probability to 
follow it, thus reinforcing the track with its own 
pheromone. The collective behavior that emerges 
is thus a positive feedback: where the more the 
ants following a track, the more attractive that 
track becomes for being followed; thus the prob-
ability with which an ant chooses a path increases 
with the number of ants that previously chose the 
same path. This elementary behavior inspired the 
development of ACO.

Quantitatively, ACO can be outlined as follows: 
consider a colony of ants moving on a graph G (N, 
E) where N is the set of nodes (decision points) 
i = 1, …, N and E is the set of edges (links) e = 
1,…E, the basic scheme of ACO (Dorigo et al., 
1996), involves the following stages:

1.  The probability of the k-th ant situated at 
node i at stage t, to choose an outgoing edge 
e is:

P t  = 
t   

t  
e, i
k e

 

e

e

 

e

( )
( )









( )









τ η

τ η

α
β

α
  

e  i t+

β

∈ ( )
∑

 (8)

where: P t
e, i
k ( )= the probability of the k-th ant at 

node i at stage t, to choose edge e; τe(t) = the 
pheromone intensity (quantity per unit of length) 
present on edge e at stage t; i + (t) = the set of 
outgoing edges (i.e., all the outgoing allowable 
directions) from node i at stage t; ηe, α, and β = 
parameters (ηe= visibility, α, β = parameters that 
control the relative importance of the pheromone 
amount present on edge e at stage t).
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2.  The pheromone intensity at τe (t + 1) is 
updated using (9) – (11):

τe (t+1) = p τe(t) + Δτe (t+1)  (9)

∆ ( ) ∆ ( )∑t t
e e

k

k = 1

A

t + 1  = t + 1  (10)

∆ ( ) ( )t
e
k

kt + 1  = 
 

R

C t
 if the k-th ant used edge e at stage  t 

     0                         otherwise





















(11)

where: ρ = a coefficient less than one represent-
ing a pheromone evaporation intensity between 
consecutive stages; Α = total number of ants; R 
= a pheromone reward constant; and Ck (t) = the 
solution cost generated by ant k during stage t 
[e.g., the length of a complete k-th ant tour at 
the traveling salesman problem (TSP) at stage t].

3.  Generation of one solution [i.e., Ck (t) ] by 
the k-th ant at stage t is defined as an iteration 
while the completion of all ants’ solutions at 
stage t denotes a cycle. Ants thus complete 
iterations by generating solutions, and once 
all ants have produced solutions, a cycle (i.e., 
a stage) has been completed. The algorithm 
parameters are: α, β, ηe, ρ, R; the number of 
ants A, and a penalty induced for non-feasible 
solutions.

A pseudo-code for an ant colony optimization 
algorithm can take the following form:

Initialization

          Set: t = 0;τe(0),Δτe;(0) 
= 0 ∀e∈E distribute the A ants 
(indexed k) on the N nodes (de-
cision points). 
          Set the ant colony pa-
rameters: α, β, ηe, ρ, and R.
          Compute P 0   e E

e, i
k ( ) ∀ ∈  

using (8). 
Main scheme 
                    Repeat 
                              Repeat 
          For the k-th ant situ-
ated at node i generate a solu-
tion by performing a random walk 
on G (N, E) usingP t

e, i
k ( ) (e.g., 

for the TSP visit all towns 
exactly once). 
          Compute C

k
 (t) - the 

solution cost produced by the 
k-th ant.  
          Until A (total number 
of ants) 
Update the best cost solution 
found. 
Compute τ

e
(t+1) ∀e∈E  using (9) 

– (11). 
Compute P t + 1   e E

e, i
k ( ) ∀ ∈ using 

(8). 
Set: t ←t+1 
Until T

max
, where: T

max
 = maximum 

number of cycles (stages); or 
until no improvement of the best 
solution is encountered at some 
consecutive stages. 

ACO has been successfully applied to a number 
of NP hard combinatorial optimization problems 
such as the TSP or the quadratic assignment 
problem (QAP). The first to use ACO for water 
distribution systems were Maier et al., (2003). 
Maier et al., (2003) applied an ant colony algo-
rithm based on Dorigo et al., (1996) and Stützle 
and Hoos (2000) to the gravitational network 
of Gessler (Gessler, 1985) and to the New York 
Tunnels system (Schaake & Lai, 1969). Ostfeld 
and Tubaltzev (2008) extended Maier et al. (2003) 
to the conjunctive least cost design and operation 
of multiple loading pumping water distribution 
systems.
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Multiobjective Water Distribution 
systems Optimal Design

Most of real-world problems have multiple ob-
jectives which are often competing. In a single 
objective optimization framework the solution 
must satisfy a set of constraints. In a multiobjective 
optimization problem there is not a single optimal 
solution but a set of compromised solutions. This 
set of solutions is entitled the Pareto optimal or the 
non-dominated solution set, and the corresponding 
set of objective vectors is termed the Pareto front.

Mathematically, multiobjective optimization 
deals with the problem of finding the vector of 
decision variables which satisfies constraints 
and optimizes a vector function whose elements 
represent the objective functions. Consequently, 
multiobjective optimization problems can be 
formalized as:

Optimize: F(x) = (f1(x), f2(x),…, fM(x))T (12)

Subject to:

gi(x) >0, i = 1,2,…,kk inequality constraints  
(13)

hj(x) = 0, j = 1,2,…,ll equality constraints  
(14)

where x = (x = (x1, x2,…,xn)
T is the vector of deci-

sion variables.
The goal is to find from all the sets of solutions 

which satisfy Equations (13) and (14) the set of 
solutions which yield optimal values with respect 
to all the objective functions. Each solution x in 
the Pareto optimal set is optimal in the sense that 
it is not possible to improve one objective without 
making at least one of the others worse.

Any two solutions x(1) and x(2) are compared 
based on domination, where a solution x(1) is said 
to dominate x(2) if the following holds:

1.  x(1) is no worse than x(2) in all objectives:

f x f x j j M
j j
( ) ( ) , ,...,( ) ( )1 2 1        ∀ =  

And x(1) is strictly better than x(2) in at least one 
objective:

2.  f x f x j j M
j j
( ) ( ) , ,...,( ) ( )1 2 1        ∃ =

where: ‘⊲’ indicates a better performance evalua-
tion of an objective function and M is the number 
of objective functions.

There are two conceptual targets in multiob-
jective optimization: to find a set of solutions as 
close as possible to the Pareto optimal front, and 
to find that set of solutions as diverse as possible.

Several algorithms have been developed to 
address multiobjective type problems during the 
last fifty years. Along with the development of 
evolutionary optimization schemes for single 
objective optimization problems, so were in 
recent years methods extending single objective 
evolutionary schemes to multiobjective evolution-
ary algorithms. Three of the more contemporary 
algorithms are: multiobjective genetic algorithm 
(MOGA) (Fonseca & Fleming, 1995), the non-
dominated sorting genetic algorithm II (NSGA 
II) (Deb et al., 2000), and the strength Pareto 
evolutionary algorithm II (SPEA II) (Zitzler et 
al., 2001).

In MOGA a rank is assigned to the generated 
solutions based on the number of individuals in the 
current population by which it is dominated. Us-
ing this rank the solutions are promoted towards a 
Pareto optimal front. All non-dominated solutions 
are assigned a rank 1, and the dominated ones are 
penalized according to the population dominating 
them. This method is used in combination with 
a niche-formation method to spread the solu-
tions over the Pareto-optimal region, but instead 
of performing sharing on the parameter values, 
sharing is performed on the objective functions.
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In NSGA-II a nondominated sorting approach 
is used for each individual to create a Pareto rank, 
and a crowding distance assignment method is 
applied to complete density estimation.

In a fitness assignment between two individu-
als, the point with the lower rank value, or the 
point located in a region with a less number of 
points is selected if both of the points belong to 
the same front. Figure 1 is a schematic flowchart 
of NSGAII.

In SPEA-II instead of calculating standard 
Pareto rank, each individual in both main popula-
tion and elitist archive is assigned a strength 
value, which incorporates both dominated and 
density information. From the strength value, the 
final rank value is determined by the summation 
of the strengths of the individuals that dominate 
the current one.

The use of multiobjective optimization for wa-
ter distribution systems has started a decade ago. 

Halhal et al., (1999) were the first to introduce a 
multiobjective procedure to solve a water distribu-
tion systems management problem. Minimizing 
network cost versus maximizing the hydraulic 
benefit served as the two conflicting objectives 
with the total hydraulic benefit evaluated as a 
weighted sum of pressures, maintenance cost, 
flexibility, and a measure of water quality benefits. 
Kapelan et al., (2003) used a multiobjective genetic 
algorithm to find sampling locations for optimal 
calibration. Keedwell and Khu (2003) applied a 
hybrid multiobjective evolutionary algorithm to 
the optimal design problem of a water distribution 
system. The hybrid approach employed a non-
dominated sorting genetic algorithm coupled with 
a neighborhood search technique. Prasad and Park 
(2004) applied a non-dominated sorting genetic 
algorithm for minimizing the network cost versus 
maximizing a reliability index. Babayan et al., 
(2005) used a multiobjective genetic algorithm to 
solve the design problem of a water distribution 
system under uncertainty.

Cross Entropy

Perelman et al. (2008) used cross entropy (CE) 
for multiobjective design of WDSs. The CE 
method originates from an adaptive algorithm 
for rare events simulation estimation based on 
variance minimization (Rubinstein, 1997). Ru-
binstein (1999) suggested the CE algorithm for 
combinatorial optimization through modifying the 
rare events simulation estimation algorithm by: 
(1) employing the Kullback-Leibler (Kullback & 
Leibler, 1951) distance measure for solving the 
rare event simulation estimation problem, and 
(2) by utilizing a supplementary random mecha-
nism which translates the optimization problem 
considered into an associated stochastic problem 
(ASP). The rationale and theory underlying the 
CE optimization method are briefly described 
below, starting from the problem of rare event 
estimations, then through invoking the Kullback-
Leibler distance measure, and finally through 

Figure 1. NSGA II methodology flowchart
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utilizing an associated stochastic problem which 
needs to be solved. A complete outline of the CE 
method theory can be found in Rubinstein and 
Kroese (2004).

Consider estimating the probability ℓ(λ):

ℓ(λ) = P (Z ≤ λ)  (15)

where: Z = a random variable, and λ = a real 
number. A straightforward attempt to estimate 
ℓ(λ) is through Monte Carlo sampling:

��      
  

l l( ) = ≤( )
=
∑1

1RT i i
i

RT

 Z  (16)

where: �� l( )  = the estimator of ℓ(λ) Zi = the i-th 

(Z1,..., ZRT) generated sample from the probabil-
ity density function (PDF) of Z, and 

i
 = the i-th 

Indicator function outcome, receiving the value 
of one if at the i-th sample Zi ≤ λ, and zero oth-
erwise.

For a very low value of λ, ℓ(λ) is very small 
and the estimation of ℓ(λ)is of a rare event. Ap-
plying crude Monte Carlo sampling to estimate 
ℓ(λ) [i.e., Equation (16)] is practically impossible 
[e.g., about 1010 samples are required to estimate 
ℓ(λ)with a relative error of 0.01, if ℓ(λ) = 10-6 
(Rubinstein & Kroese, 2004)].

Rubinstein (1997) proposed Importance Sam-
pling (IS) for rare events probability estimations. 
IS is a variance reduction technique in which sam-
pling is performed using a probability distribution 
which increases the occurrence likelihood of rare 
events, and thus estimates their probabilities more 
efficiently. The major deficiency of employing an 
IS scheme is its unknown associated parameters, 
which are complex to calibrate (Rubinstein & 
Melamed, 1998).

An alternative approach for estimating the 
IS reference parameters (Rubinstein, 1999) is to 
minimize the Kullback-Leibler distance measure 
which quantifies the distance,

D [g (x), w (x)] between two density functions 
g (x) and w (x) as:

D g x w x g x LN g x dx g x LN w x         ( ) ( )



 = ( ) ( )



 ( ) ( )∫ ∫, - 


dx

 
(17)

where LN denotes the natural logarithm.
The minimization of the Kullback-Leibler 

distance as in Equation (17) for estimating the 
IS reference parameters is particularly appealing 
as its solution can often be obtained analytically 
(Rubinstein, 1999).

Minimization of the Kullback-Leibler distance 
measure within the context of IS yields the main 
CE algorithm for rare events simulation estima-
tion, which further forms the CE algorithm for 
combinatorial optimization.

To apply the CE method, the problem in hand 
needs to be transformed into an associated sto-
chastic graph problem representation of one of 
two types: (a) a stochastic edge network (SEN) 
– introducing randomness to the graph links; or 
(b) a stochastic node network (SNN) – introduc-
ing randomness to the graph nodes. An example 
of a SNN representation is the max-cut problem 
(i.e., given a graph with a weight associated to 
each link, find the maximum cut which partitions 
the graph nodes into two sets); an example of 
a SEN representation is the traveling salesman 
problem (i.e., find the shortest tour length of an 
agent required to visit a predefined number of cit-
ies exactly once, given that all cities are directly 
connected and that their associated distance length 
are known). A detailed description of the associ-
ated stochastic graph problem construction and 
the SNN and SEN examples for the max-cut and 
traveling salesman problems, respectively, can be 
found in De Boer et al. (2005).

Once an associated stochastic problem is for-
mulated the CE iterates between two main steps: 
(1) generation of random sample data solutions, 
and (2) updating of the parameters of the associated 
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stochastic problem on the basis of the sampled 
data in the direction of solution improvements.

As a water distribution system is intuitively 
modeled as a graph with the links representing 
the pipes and the nodes representing connections 
between pipes and hydraulic control elements, 
each random parameter of the associated stochastic 
problem can uniquely define a node or an edge 
of the system.

The proposed multiobjective CE algorithm, 
based on the underling theory of the CE method 
(i.e., Equations 15-17), involves the following 
steps:

1.  Iteration counter: set an iteration counter t 
= 0.

2.  Initialization: choose an initial probability 
vector p̂0  with components p0,i (i = 1,…,m) 
where p0,i is the probability of success of a 
diameter i (i.e., selection) at t = 0, and m is 
the total number of available diameters.

3.  Sample solutions: randomly generate N 
sample vectors Xi(i = 1,…,N), at iteration t 
using the probability vector p̂t  (i.e., generate 
N “zero-one” solution vectors each of size 
m, where a “one” implies a diameter selec-
tion and a “zero” otherwise).

4.  Performance assignment: assign each gener-
ated solution vector Xi a vector of perfor-
mance objective values S(Xi) (e.g., for the 
two objectives employed: the cost of design 
Xi and the maximum pressure deficit of the 
system corresponding to design Xi).

5.  Rank assignment: assign each sampled vec-
tor Xi a rank R[S(Xi)]:

R N
i j

j

N

S X( )



 = + ( )





=
=
∑         i     
  

1 1
1

Γ S X , ..., ;   i  j≠
 

(18)

Γ S X
X X

j
j i

if do ates

otherwise( )




=  

        

         

1

0

min





  

(19)

6.  Solution sorting: sort solutions according to 
their assigned ranks:

R R R
N N1 1 2 2

S X S X S X( )



 ≤ ( )



 ≤ ≤ ( )



       ....

(20)

where R
1 1

S X( )



  is the lowest rank value cor-

responding to design X1. The solution ensemble 
associated with the lowest rank values comprises 
the best Pareto front of the current iteration.

7.  Updating of the probability vector p̂t :
a.  Elite sample: select a percentage (e.g., 

1%) of the top best performance vectors 
X (denoted also as the Elite sample) 
corresponding to the top best (i.e., 
lowest) rank solutions.

b.  Updating: update the probability vector 
p̂t  to p̂t +1 :

ˆ
,

,p
Nt i

t i

   

 

+ =
1

Φ

r
 i = 1, …, m  (21)

where: ˆ
,

p
t i   + 1

= the i-th component of the prob-
ability vector p̂t +1  at iteration t + 1; ρ = the Elite 
sample percentage (e.g., 1%); and F

t i, 
 = the 

number of times diameter i is selected at iteration 
t within the Elite sample [e.g., if N = 1000, ρ = 
0.01, and diameter i is selected 6 times within the 
best 1% ranked performance vectors X, then: F

t i, 

= 6, ρN = 10, and ˆ
,

p
t i    + 1

= 0.6].

c.  Smoothing: to reduce the likelihood that 
the probability vector will get “stuck” on a 
“zero-one” solution which will prevent the 
exploration of new domains, a smoothing 
parameter α [α ∈ (0, 1)] is employed:

ˆ ˆ ( ) ˆ
, , ,

p p p
t i t i t i       

      + +← + −
1 1

1a a  
∀ i = 1,…,m  (22)
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For example, the probability value of 0.6 of 
diameter i above at iteration t = 1 with ˆ

,
p

i0  
= 0.5, 

and α = 0.7, is smoothed to:

ˆ . . . . . .
,
p
i1  
= × + −( )× =0 7 0 6 1 0 7 0 5 0 57

8.  Check convergence criteria: assemble the 
Pareto front using the solutions of all previ-
ous iterations. Convergence is declared if for 
a predefined number of subsequent iterations 
no additional non-dominated solutions are 
added to the assembled Pareto front. If 
convergence is attained – STOP and define 
all current non-dominated solutions as the 
best approximated Pareto front; otherwise: 
t ← t + 1 and return to step (3).

cOncLUsIOn AnD 
fUTURe TRenDs

A substantial number of studies were published 
over the last four decades for water distribution 
systems optimal design concentrating mainly on 
the least cost single objective problem. The meth-
ods ranged from the early gradient type schemes 
(Alperovits & Shamir, 1977) to the more recent 
evolutionary applications of genetic algorithms 
(Savic & Walters, 1997) and ant colony (Maier 
et al., 2003).

The many number of publications are due to 
the challenging highly non-linear and non-smooth 
properties of the optimal design problem (Eiger et 
al., 1994), whose search space grows exponentially 
with system size (Savic & Walters, 1997; Maier 
et al., 2003).

Extensions of the optimal design problem to 
multiobjective formulations started recently (e.g., 
Halhal et al., 1999; Babayan et al., 2005; Kapelan 
et al., 2003; Keedwell & Khu, 2003).

Although substantial improvements were 
accomplished in addressing more realistically 

design issues associated with water distribution 
systems a few challenging future trends in this 
area can be noted:

1.  Most of the current research has focused on 
optimization refinement of existing method-
ologies, rather that optimization synthesis/
formulation. Recent optimization techniques 
tend to be computationally and algorithmi-
cally efficient at finding optimal solutions 
but less to fundamental understanding of the 
nature of the solution. From a practitioner 
perspective, model parameters (e.g., friction 
coefficients, nodal demands) are largely 
unknown with any degree of certainty. The 
challenge facing practitioners is in making a 
decision in a framework of conflicting objec-
tives. Development of tools for narrowing 
this research-practitioner gap should be a 
primary goal.

2.  Nowadays evolutionary optimization is 
the primary operations research vehicle 
for WDSs optimal design. As such reduc-
tion of the dimensionality and price of the 
optimization process is of high importance. 
An avenue for accomplishing this task is 
by incorporating schemes which employ 
aggregation algorithms which construct 
“equivalent” reduced networks containing 
fewer nodes and links which match the 
hydraulics of the entire/original system. 
Such aggregation formulations should be 
developed and incorporated in the optimal 
design process.

3.  Complementing point 2 above for compu-
tational effort reduction is by establishing 
hybrid evolutionary - data driven modeling 
schemes such as genetic algorithms - neural 
networks/decision trees frameworks. This 
type of approach for water distribution sys-
tems single/multiobjective optimal design 
has only started to be explored.

4.  Most of the applications in the research litera-
ture are for relatively simple networks. More 
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complex water distribution systems and the 
inclusion of new objective formulations as-
sociated with topics such as reliability, water 
quality, security, are warrant.
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Chapter 17

Use of Sediments Water in 
Environmental Monitoring

Nadia Babiker Ibrahim Shakak
Ministry of Irrigation and Water Resources, Sudan

ABsTRAcT

In this chapter we concentrate on the status of sediment, sources of siltation, sediment Information, also 
concentrates on the process of setting up monitoring program for the purpose of providing a valid data 
base for sediment water quality assessments, and modeling. Also the choice of variables to be mea-
sured in the water, the sediment in biota and the common procedures for data handling. This chapter 
concentrates on the existing process of monitoring programmes for interpretation of these data for the 
purpose of assessing sediment water quality in rivers, and reservoirs, also focus on monitoring strate-
gies requirements for water quality data and interpretative techniques. The choice of the appropriate 
methods is illustrated by case studies for typical water pollution situations, beside the strategies for 
sediment water quality assessment. Within the range of water quality issues addressed in this chapter 
efforts have been concentrated on major areas of vital importance. Monitoring, analysis is done usually 
as part of the quality control program for drinking water. It concentrates mainly on (Daily, and monthly 
base) physical parameters mainly suspended sediment and turbidity. While for sediments transport 
concentration and load, they adopted stations along the Blue Nile and within Al Gezira scheme only, 
so establishment of National Monitoring Network for sediment monitoring covering all the Nile system 
highly recommended. Turbidity and suspended solids imposes the major constrains on the development of 
surface water for domestic use, where silt content exceeds the designed capacity of the treatment plants 
and their efficiency drop to almost half, and water contamination risk increases. Also due to continuous 
deforestation, and erosion in the catchments areas, the turbidity of rivers and seasonal streams increase 
by up to 50% per decade. The sediment creates many difficulties and problems to Sudan, at the same 
time, it has its negative impact on the Ethiopian Highlands, from where it originates, and degraded the 
land by erosion and reducing its productivity. Assessment of River Nile and its tributaries, show that the 
maximum value recorded of suspended solid load in Blue Nile during the flood season approximately 22
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InTRODUcTIOn

Water resources in Sudan are heavily utilized by 
densely populated communities, but its availability 
and sustainability in supply the needs of growing 
population is a problems. Water supply in Sudan 
is obtained from River, seasonal streams, rain 
water collected in Haffairs; earth Dams, irriga-
tion canals, ground water by boreholes and open 
shaft wells. The total of water available about 76 
million cubic meter, the water which should be 
provided is 153 million cubic meter, this deficit 
should be provided from surface water, but quality 
of surface water is very low.

The River Nile and its tributaries display the 
most prominent physical and geographical feature 
of the country. The White Nile originates mainly 
from the Equatorial lakes on the lake plateau; it 
leaves Lake Albert as the Albert Nile and con-
tinues northward into- Sudan. At Khartoum the 
White Nile joins the Blue Nile which originates 
from the Ethiopian Plateau and form the main 
Nile at Khartoum. The main Nile joined by River 
Atbara., before flowing north to the high Aswan 
Dam Reservoir.

The Nile acts as the spinal cord for any sustain-
able socioeconomic development of the riparian 
countries. The prevailing good environment con-
ditions of wide Nile basin and valuable source of 
water should be used to maximize benefits and 
improved livelihood.

Water quality means different things to differ-
ent persons because of the various perspectives 
from which they approach it. Generally, it refers 
to characteristics or attributes of water, good or 
bad, that relate to its acceptability for certain 
purpose or uses. From a technological point of 
view, those characteristics usually are defined 
in terms of appropriate physical, chemical, and 
biological parameters.

Due to its flashy and rapid nature of the Blue 
Nile, Atbara, Dendir, and Rahad rivers carry an-
nually huge load of Sediments affects negatively 
the capacity of water storage facilities and canals. 
More over it increases turbidity which increases 
the cost of water treatment for drinking and causes 
blockage of the hydropower generation turbines 
and dams gates.

Particulate matter is derived primarily from 
rock weathering processes, both physical and 
chemical, and may be further modified by soil-
forming processes. Particulate matter (PM) refers 
to particles greater than 0.4 micrometer (μm). By 
this definition dissolved matter includes particles 
finer than 0.45 micrometer (μm), including col-
loids. Erosion subsequently transfers the sedi-
ments or soil particles from their point of origin 
into freshwater systems. During transport, the 
sediment is sorted into different size ranges and 
associated mineral fractions until it is deposited 
on the bottom of the receiving water body. Sedi-
ment may then be re suspended and transported 
farther afield, by intermittent storm activity until 

kg/m3. The sediment carried annually by the Nile River was averaging 110 million tons as measured in 
Aswan. However, since the 90s the average increased to about 40 million tons (HRS, 1996), during the 
last ten years the maximum sediment concentration increased to about 8500 ppm, (45% sand, 15% silt 
and 40% clay). The Nile water requires careful management to support sustainable development and 
avoid excessive abstraction, contamination and environmental degradation. To achieve these objectives 
it needs proper assessment, control and protection in short and long term perspectives. Establishment 
of adequate monitoring networks can help in solving these problems by implementation of most efficient 
tools to delimitation of vulnerable zones to siltation and sedimentation. Several models were developed 
to assess and quantify the impact of land management on water, sediment, nutrients and pesticides at 
field scale as well as at small watershed scale.
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it comes to its ultimate resting point or sink, where 
active sediment accumulation occurs. Modifica-
tion of the composition of sediments may occur 
as a result of the input of Autochthonous organic 
and inorganic particles (calcite, iron hydroxides).

Particle size and mineralogy are directly related 
because individual minerals tend to form within 
characteristic size ranges. Sediments may thus 
be described in terms of discrete compositional 
fractions, the overall characteristics of which are 
due to the variation in the proportions of these 
fractions and the consequent changes in particle 
size. Once polluting substances are introduced 
into a river, they are transported and transformed 
by physical, chemical, biological and biochemi-
cal processes. It is important to understand these 
various pathways in order to achieve the best 
sampling design and to determine the impact of 
the substance on the water system and the rates 
at which elimination may occur. Sampling and 
analytical strategies for river assessments must 
be related to the present and future water uses. 
Two major concepts must be recognized in the 
design of assessment programmes which address 
water uses. Multiple use of river water may occur 
within any region of the river basin. Each use 
has different water quality requirements and user 
conflicts may occur. Ideally, water quality should 
meet the most stringent use requirements which, 
in virtually all cases, are the provision of good 
quality water. There is always a responsibility for 
upstream users to ensure adequate water quality 
for the needs of downstream users.

Multiple use of a river system necessitates 
careful design of assessment programmes to en-
sure that the requirements of individual uses are 
accommodated in the monitoring strategy.

Sediment measurements are not necessary for 
the assessment of certain water quality issues of 
major concern in some countries, such as faecal 
contamination. Eutrophication of lakes and res-
ervoirs and fluxes of which are becoming more 
important in all world regions, and increasing the 
need for sediment-quality measurements.

Unfortunately, water quality agencies, In Sudan 
still tend to pay little or no attention to suspended 
sediment quality. The most frequently identified 
reasons, lack of current techniques in sedimentl-
ogy, poorly defined objectives for monitoring 
programme, and Lack of funding, expertise, 
equipment, etc.

Objectives

1.  To pinpoint critical areas within the River 
Nile watershed contributing to siltation, and 
to priorities the watershed for the potential 
severity of siltation on water quality.

2.  To identify the influence of the sediment 
loads carried by River and its tributaries on 
the basin environment, and the water quality 
of the River and reservoirs.

3.  3-Overview of the existing monitoring in 
assessment of the extend of this problems 
by implementation of most efficient tools to 
delimitation of vulnerable zones to siltation 
and sedimentation.

4.  Suggest a design for adequate monitoring 
networks and to develop optimal reme-
dial and monitoring techniques as mitigate 
measures.

5.  To evaluate the existing models used for 
sediment transport from upstream sources 
to receiving watershed, and to suggest the 
suitable models to evaluate the effect of 
applying alternative management practices 
by development of different scenarios.

BAcKGROUnD

Rivers are dynamic systems which respond to the 
physical characteristics of the watershed, which 
in turn are controlled by the local and regional 
geological and climatic conditions. The size of 
the watershed controls the fluctuations in water 
level, velocity and discharge. Extreme or rapid 
fluctuations are dampened as watershed size 
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increases. The flow characteristics of a river are 
important to the understanding of the water mixing 
processes in the river channel, i.e. in association 
with laminar flow, helical overturn and turbulent 
mixing in channels with rapids and waterfalls. A 
basic knowledge of these processes is necessary 
for the correct sitting of sampling stations within 
the watershed. Determination of river discharge is 
extremely important for the measurement of the 
flux of material carried by the river and transported 
to downstream receiving waters. The changing 
concentrations of chemical variables relative to 
the changing volume and velocity of river waters 
can provide useful diagnostic information on the 
origins of contaminants. In general, with increas-
ing discharge point sources of contaminants are 
diluted whereas diffuse sources show increased 
concentrations. Sediment related variables fluctu-
ate with suspended solids concentrations which 
in turn are related to discharge.

Sediment transport and deposition are impor-
tant issues in the design and operation of irriga-
tion systems. Frequently observed problems in 
irrigation systems are, e.g. clogging of turnouts, 
reduction of the conveyance capacity of canals 
by siltation, and instability of side slopes and of 
structures due to erosion. Each year large invest-
ments are required to maintain or to rehabilitate 
these systems and to keep them in an acceptable 
condition for irrigation purposes. The sediment 
deposition was the main problem in the irrigation 
system, which was in fact a result of mismanage-
ment besides other reasons. The medium and large 
floods always carry heavy bed and suspended 
loads, which deposit when the velocity decreases 
in water course. The sediments accumulated up 
in the head reach and along the canals creat-
ing irrigation difficulties and water shortages. 
Sediment deposition in front canal off-takes and 
along the canal system posed serious threats to 
the network. It caused many problems such as 
blocking the off-take pipes and gates, raising 
canal beds and reducing canals slope, increasing 

the field levels and reducing canal flow capacity 
(Ahmed et al, 2006).

The composition of sediment may be character-
ized by measuring the particle size, distribution 
and the total organic carbon (total volatile sol-
ids) of the sample because hydrophobic organic 
contaminants partition to the organic fraction of 
sediment.

Sediment data is often normalized to frac-
tion organic carbon to account for differences in 
organic content among sediments. Hydrophobic 
organic contaminants and heavy metals also tend 
to associate with fine-grained sediment (UNEP/
WHO, 1996).

The suspended matter may present some 
variations in major elements, when chemical 
alteration exceeds mechanical erosion, the most 
soluble elements are carried in the dissolved phase 
as ions (Ca2+, Mg2+, Na+ K+) and dissolved 
SiO2, whereas the least soluble ones (Al, Fe, Ti, 
Mn) remain in the soil which gradually becomes 
more enriched.

The organic carbon content of river suspended 
matter, usually expressed as a percentage of to-
tal suspended solid (TSS), ranges from 0.5 per 
cent to 20 per cent and is inversely related to the 
amount of particulate matter found in the river, 
the particulate organic nitrogen (PON) is closely 
linked to particulate organic carbon (POC) and 
the POC/PON ratio is very constant: between 7 
and 10 g in unpolluted rivers.

High turbidity values are detectable in the Blue 
Nile water during the flood season accompanied 
by huge sediments load and hence high values of 
suspended solids. The specific electric conduc-
tivity is higher in the Blue Nile indicating total 
dissolved solid (TDS) ranges between 200 and 90 
mg/l. Generally, the hardness values suggest soft 
to medium hard water. The concentration of the 
main cat ions and anions in the Nile water is far 
below the permissible limits and the water type 
of the Blue Nile is calcium –Magnesium-Sodium 
bicarbonate, Sodium Calcium-Magnesium Bicar-
bonate in the White Nile, while the main Nile water 
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type is Magnesium – Calcium Bicarbonate. The 
Fluoride values are normal in most conditions but 
need to be substitute by food or fluoridation in few 
conditions. Nitrification process increases along 
the water path showing high values downstream. 
The bacteriological test indicates that the White 
Nile water is relatively high in contamination with 
total coli form bacteria compared with Blue Nile 
and the Main Nile.

In some instances, contaminated sediments 
may pose an ecological risk to aquatic biota and 
piscivorous wildlife either through direct exposure 
or as a source of contaminants for bioaccumulation 
through the food chain, for example mercury (Hg) 
contaminated sediments may also pose a risk to 
terrestrial flora and fauna if these sediments are 
dredged and applied to land. (Heiskary, 1996)

The environmental protection agency (EPA) 
has developed sediment quality criteria for the 
non-ionic organic compounds like, acenapthene, 
dieldrin, endrin, fluoranthene, and penanthrene), 
also sediment quality criteria development is for 
the metals: cadmium, copper, nickel, lead, and 
zinc, (U.S. EPA). In addition, several Canadian 
jurisdictions have prepared some sediment qual-
ity guidelines.

As a result of the regional differences in soils, 
land use, landform (Lake Morphometry), and 
climatic factors, such as precipitation and evapora-
tion, differences in lake trophic state are evident. 
Based on previous lake water quality assessments, 
these differences, as well as differences in the de-
livery of contaminants to lakes may lead to some 
differences in surface sediment contaminant levels 
between regions (Heiskary, 1996).

Particulate organic matter largely originates 
from plant detritus although some animal debris 
may also be present lead to complete anoxia when 
all the oxygen has been consumed especially in 
reservoirs and lakes. Nutrients elements required 
for plant growth (of which the most important are 
phosphorus and nitrogen) which actively exchange 
between sediment and water. Sediment-bound nu-
trients create a reserve pool which, under specific 

conditions, can be released back to the overlying 
waters, enhancing nutrient enrichment effects, 
and causes Eutrophication.

Toxic inorganic pollutants sorbet heavy met-
als, arsenic, mercury,.which controlled by various 
processes, such as adsorption and desorption, 
uptake and recycling, and redox conditions, while 
toxic organic pollutants sorbet organ chlorine 
compounds, hydrocarbons, which controlled for 
example, by hydrophilic/hydrophobic character-
istics and lip-solubility.

The major forms in which pollutants and nu-
trients occur in the particulate matter are:

i.  Adsorbed (electro statically or specifically) 
onto mineral particles;

ii.  Bound to the organic material, which con-
sists mainly of organic debris and human 
substances

iii.  Bound to carbonates;
iv.  Bound to sulphides;
v.  Occluded in iron (Fe) and Manganese ox-

ides, which occur commonly as coatings 
on particles within the mineral lattice (e.g. 
apatite or calcium phosphate for phosphorus, 
copper oxide or sulphide

vi.  Silicates and other non-alterable minerals.

As environmental conditions change, the 
various phases of elements, bound in sediment 
are also affected as:

1.  Nutrients,.found in particulate matter are 
altered, and various amounts of these sub-
stances may be released into solution.

2.  Various forms of organic matter, such as 
detritus and organic coatings on mineral 
particles, can be degraded under oxidizing 
conditions, leading to the release of bound 
substances into solution.

3.  The solubility of metals is primarily a func-
tion of the oxidation state, for example, 
reduced forms of iron and manganese (Fe2+ 
and Mn2+) are highly soluble under anoxic 
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conditions and, as a result, are released from 
particulate matter into solution.

4.  Particulate phosphates, in the form of 
Al-phosphates, Fe-phosphates and Ca-
phosphates are more soluble at low pH. 
Acidification (pH< 5) results in the solubili-
sation of Fe, Mn, Al and other metals from 
most minerals.

5.  Some toxic elements, like lead (Pb), form 
insoluble sulphides under low pH and redox 
conditions. The solubility of sulphides is 
inversely related to the pH.

6.  The adsorption of trace elements, hydro-
carbons, organ chlorines, as well as of 
some forms of nutrients (PO4, NH4 +, etc.), 
onto particulate material has been clearly 
established.

sUDAn eXPeRIence In seDIMenT 
MOnITORInG AnD MAnAGeMenT: 
RIVeR nILe sYsTeM

The goal of this study was to provide a prelimi-
nary assessment of the range of concentrations 
encountered in River Nile system sediments in 
Sudan, provide a baseline to which comparisons 
could be made in future.

River Nile system is vulnerable to sedimen-
tation risks from several sources.The most evi-
dent are siltation, urbanization and agricultural 
activities. A huge volume of municipal wastes 
is discharged directly to an upstream from the 
sewage water treatment plant. This poses a seri-
ous environmental hazard downstream. Such 
pollutants can find their way to the reservoir, 
these polluted water contain sediment (Sludge), 
pathogenic organisms (bacteria and viruses) as 
well as chemicals that are hazardous to human 
health. So Nile basin is threatened by:

• Naturally scouring and erosion due to diag-
onal currents and waves is taking a heavy 

toll of the soil and plantation year by year 
and endangering the river environment.

• Intensive and irrational agricultural prac-
tice, agrochemical such as organic - chlo-
rine pesticides, are persistent and they can 
contribute threat to the water resources in 
the rivers basin, it accumulate into river 
bed sediment.

• Fertilizer and animals manure contain-
ing inorganic nitrogen as well as waste 
containing organic nitrogen are the main 
sources of nitrate contamination in the 
watershed.

environmental Issues Associated 
with sediment Transport in River nile

The suspended load is further divided into the 
wash load which is considered to be the silt + clay-
sized material (< 62 μm in particle diameter), and 
the amount of sand (>62 μm in particle size) in 
the suspended load is directly proportional to the 
turbulence and mainly originates from erosion of 
the bed and banks of the river. Clay particles are 
plate-like in shape and have a maximum dimen-
sion of about 4μm. Silt particles, like sand, have 
no characteristic shape; their size is between those 
of clay and sand with diameters ranging from 4 
μm to 62 μm. Since the smallest mesh size of 
commercially available sieves is about 40 μm, 
the sizes of clay and small silt particles cannot 
be determined by sieving, and sedimentation 
techniques are used instead. The samples collected 
by hydraulic research station to measure sediment 
grain size in the laboratory using sieve analyses 
found, the D > 75 microns and hydrometric test 
for D < 75 microns. And Less than 5%of this 
sediment consisted of particles in the sand size 
range that is larger than 63 microns. Average size 
for sediment deposited in some minor canals at 
Gezira- Scheme with diameters in the range 6 to 
14 microns.
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chemical composition of River 
nile suspended Matter

The suspended matter may present some varia-
tions in major elements, when chemical alteration 
exceeds mechanical erosion, the most soluble 
elements are carried in the dissolved phase as 
ions (Ca2+, Mg2+, Na+ K+) and dissolved SiO2, 
whereas the least soluble ones (Al, Fe, Ti, Mn) 
remain in the soil which gradually becomes more 
enriched.

The organic carbon content of river suspended 
matter, usually expressed as a percentage of 
TSS, ranges from 0.5 per cent to 20 per cent and 
is inversely related to the amount of particulate 
matter found in the river, the particulate organic 
nitrogen (PON) is closely linked to particulate 
organic carbon (POC) and the POC/PON ratio is 
very constant: between 7 and 10 g.

The Nile water in Sudan, generally, is alkaline 
with a PH of 7-9.5, and the dissolved oxygen 
levels are satisfactory except in areas of swamps 
and at some locations during low flow. Nitrate, 
phosphate, metals and oxidizing organic matter at-
tain their peak in the flood season while alkalinity, 
calcium, sodium, and potassium tend to increase 
during the dry season. Alkalinity phosphate, met-
als, oxidizable organic matter, sodium, potassium, 
magnesium were always higher in the White Nile 
while calcium and sulphate are higher in the Blue 
Nile. During the rainy season suspended solids 
(SS), total dissolved solids (TDS), and Nitrate 
sore to extremes due to the great quantities of 
silt, clay and fine sand coming from the Ethiopian 
highlands and to atmospheric sources of nitrogen.

The problem of trash collection, lake stratifica-
tion and thermal inversion is realized in reservoirs 
where dam gates are located close to the bottom 
and, therefore, multiple level intake are frequently 
used to overcome this deficiency.

Dam and reservoir lakes are a potential of 
low oxygen and high BOD water. The bottom 
of reservoir lakes, due to thermal stratification, 
undergoes anoxic conditions due to low oxygen 

solubility at great depths. In addition to the above, 
the sedimentation process creates a bottom layer of 
sediments contain organics that exert what is called 
sediment oxygen demand(SOD) and encourages 
formation of nitrogen compounds (Ahmed, 2006)

Environmental issue related to present of Silts 
and clays particles can be summarized as:

• Erosion, especially loss of topsoil in agri-
cultural areas; lead to gullying.

• High sediment loads to reservoirs lead to 
reservoir siltation and reduced its storage 
capacity.

• Chemical transport of nutrients, metals, 
and Chlorinated organic cause the con-
tamination of drinking-water supply, ac-
cumulation of contaminants in organisms 
at the bottom of the food chain (particulate 
feeders), silting of fish spawning beds and 
disturbance of habitats (by erosion or silt-
ation) for benthic organisms.

• River bed and bank erosion affect river 
channel deposition, navigation problems 
instability of river cross-sections, and hab-
itat disturbance.

The sediment in the Blue nile River

The Nile Basin in Sudan is composed of five sub-
basins the White Nile, the Blue Nile, the Atbara, 
the river Sobat, and the main Nile.

The Blue Nile has an average annual flow 
of 50 billion m3, with high flow variations dur-
ing the year. The flow of the river rises steeply 
from June to August with a peak during August 
/ September, followed by a sharp decline before 
it picks up again in May. The Blue Nile carries 
large quantities of silt as a result of its steep 
gradient and heavy seasonal rainfall in its upper 
catchments area. It can transport high sediment 
concentrations during July and August. Figure 
3 shows the comparison between the discharge, 
sediment concentration and average rainfall in the 
Ethiopian Highlands, the catchment’s of the river. 
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It is clear that the sediment peak occurs before 
the peak of the flow by about two weeks. This is 
due to the fact that rainfall in Ethiopia Highlands 
falls on bare lands at the beginning of the rainy 
season in July, and brings high sedimentation 
load before the maximum runoff occurs in the 
area. The runoff coefficient is estimated to range 
between 20-30%.

Sediment concentrations vary from year to 
another; however the peak is about 1% by weight 

in the third period of July, Figure 3, then reduces 
to a few hundred parts per million in October. 
High sediment concentrations are usually main-
tained for only a few weeks, on the rising limb of 
the flood hydrograph of the Blue Nile. Analysis 
of sediment concentrations measured at the outlet 
of the Rosaries dam, (Wallingford, 1990), shows 
that there is no a clear relationship between 
sediment concentration and the river discharge. 
This indicates that sediment loads are supply 

Figure 1. Geography of the Blue Nile Figure 2. Tlsiat falls, Blue Nile

Figure 3. Comparison of rainfall, discharge and sediment yield in the Blue Nile basin
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controlled, a feature called the wash load sediment 
transport. It is clear that, the behaviour of the 
sediment distribution in Gezira scheme is highly 
linked to the sediment distribution in the Blue 
Nile.

The ministry of irrigation and water resources 
records show that between 1933/1938 the mean 
sediment concentration entering the Gezira main 
canal in August was only 700 part per million 
(ppm), while the average sediment concentration 
in August 1988 /1989 was increased to 3800 ppm, 
an increase of more than five times. However, dur-
ing the nineties the sediment concentration values 
jumped to about 8000 ppm, more than 10 folds, 
which indicate the serious land degradation and 
soil erosion in the catchments of the Blue Nile in 
Ethiopia Highland. In addition to the contribu-
tion of the local seasonal streams and Rosaries 
reservoir inside Sudan, which carry high sediment 
load Figure 5 indicates the increase of sediment 
in the Gezira scheme two main canals with time 
especially in the last few years. The phenomena 
of the sediment sharp Increase since 1997 up to 
now with very high rate needs further and serious 
studies. (Ahmed et al, 2006) 

sediment Monitoring Programs in 
River nile

Monitoring the sediment process in the Nile is an 
important issue for the study of reservoir sedimen-

tation, catchments erosion; and river morphology 
information. Historically, Nile water quality 
monitoring was mainly focused on sediment load, 
a serious problem costing the country increasing 
loss of the strategic water storage and convey-
ance capacity and blockage of the turbines. Also 
increase the cost for water treatment for domestic 
used. In addition the sedimentation process creates 
a bottom layer of sediment Oxygen Demand (SOD) 
and encourages formation of nitrogen compounds 
which is effect the ecology of the River, and act as 
a shield for organism and toxic substances. Two 
major natural sources of sediment to rivers and 
reservoirs can be considered:

Sediment monitoring is carried out by the 
Nile Water Directorate assisted by the Hydraulic 

Figure 4. Blue Nile from Lake Tana

Figure 5. Blue Nile moving along high land

Figure 6. Blue Nile, spot 5 image

www.ketabdownload.com



355

Use of Sediments Water in Environmental Monitoring

Research Station (HRS). Although later started at 
the GWW directorate -Labs, the HRS took over 
most activities as part of a program started in 1988. 
Sixteen stations (16) (Table 1) were established 
along the Nile system to monitor the sedimentation 
process. Out of 16 measuring stations in the river 
Nile System and the irrigation canal networks there 
are 4 stations in the Blue Nile, namely Rosaries, 
Wad Alais, Sennar & Wad Medani.

HYDROLOGIcAL DATA

The Monitoring Network comprise of over 200 
stations for Gauge Readings, Discharge and sedi-
ment load measurements, however most of these 
stations are not working now for different reasons. 
The distribution of the stations is as follows:

• 12 on the Main Nile and Atbara River,
• 14 on the Blue Nile,
• 16 on the White Nile d/s Malakal, 10 on 

the White Nile US Malakal 45 on the Sobat

Table 1. Nile Sediment monitoring practice in Sudan 

Station River Starting date Data Collection Lab Analysis

1. Edam Blue Nile 1970 Nile Water HRS

2. Wad El-Ayes Blue Nile 1970 Nile Water HRS

3. D/S Sennar Dam Blue Nile 1970 Nile Water HRS

4. Hawata Rahad 1991 Nile Water HRS

5. Giwaisi Dindir 1991 Nile Water HRS

6. Gezira and Managil Canals 1991 HRS HRS

7. Soba Blue Nile 2000 Egyptian Dept. G W  &  W a d i s 
+ 
HRS

8. Khartoum White Nile Egyptian irrg. Dept.

9. Malakal White Nile 2000 Egyptian irrgation. 
Dept.

G W  &  W a d i s 
+ 
HRS

10. Tamaniat Main Nile 2000 Egyptian irrigation. 
Dept.

G W  &  W a d i s 
+ 
HRS

11. Atbara K3 Atbara River 2000 Egyptian irrgation. 
Dept.

HRS

12. Hudeiba + Hassanab Main Nile 2000 Egyptian irrgation 
Dept.

HRS

13. Dongola Main Nile 2000 Egyptian irrgation 
Dept.

G W  &  W a d i s 
+ 
HRS

14. El Karro (South Abu-Hamad) Main Nile 1990 Nile Water Merwi dam Lab

15. Wad El Bahi Main Nile 2004 Merwi dam Merwi dam Lab

16. El-Bagaria Main Nile 2004 Merwi dam Merwi dam Lab

17. El-Jebel Main Nile 2004 Merwi dam Merwi dam Lab

18. El-Hosh + Abu Saleem Main Nile 2004 Merwi dam Merwi dam Lab

19. Gash River Gash HRS
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• 19 on Bahr el Zeraf
• 41 on Bahr el Ghazal
• 52 on Bahr el Jebel

It is worth mentioning that, at some locations, 
e.g. at some confluence’s and downstream Dams 
of the Blue Nile, the discharge is measured at two 
different locations according to the volume of flow.

Measured Parameters Include

1.  Discharges that are computed using various 
methods. The standard velocity-area method 
is followed for flow computation. The mid 
section technique is used to calculate the 
mean velocity and cross sectional area.

2.  Water levels are read from staff gauges of 
standard type (masonry structure with marble 
scale) with a frequency varying from the 
daily in the dry season to two hourly during 
the flood peak.

sampling for sediment, strategies, 
Types, and frequency

The methods and equipment used for sampling 
suspended sediment are different from those used 
for deposited sediments. Also sampling methods 
for measurements of the quantity of sediment in 
transport are different than for measurement of 
sediment quality. The reason for these differences 
reflects the fact that sediment quantity must in-
clude the sand-size fractions which are unequally 
distributed in depth, whereas sediment quality 
focuses on the silt + clay fraction which is not 
depth-dependent. For bottom sediments it may 
be necessary to collect deposited sediments with 
minimum disturbance in order not to lose the fine 
material on the sediment surface, or because the 
vertical distribution of the sediment components is 
important (such as during establishment of histori-
cal records or depositional rates). In deep waters 
this necessitates the use of grabs or corers, but in 
shallow water a scoop or spatula may be used.

There are four main types of samplers for 
suspended sediments:

• integrated samplers,
• Instantaneous grab samplers,
• pump samplers, and
• Sedimentation traps.

To establish background levels of particulate 
matter composition, samples of bottom sediment 
should be taken in the upper reaches of the river 
basin. The effects of tributaries on the main river 
should be covered by sampling tributaries close 
to their junction with the main river.

The possible effects of point sources can be 
estimated from a sample taken from the point 
source (effluent or tributary), whereas the impact 
on the river is determined by taking samples im-
mediately upstream and downstream of the source. 
These samples must be taken from the same side 
of the river as the effluent input, since the river 
flow will maintain an influx to the bank of origin 
for many kilometers downstream. The impact of 
land-use (diffuse sources) and the influence of a 
city should be covered by sampling both upstream 
and downstream of the city or land-use area. Single 
bottom sediment samples are adequate provided 
the objective is to assess only the qualitative impact 
on the composition of the sediment.

The concentration of sediment is usually 
obtained according to one of the following three 
schemes:

1.  Depth-integrated samples collected at stream 
verticals representing areas of equal water 
discharge in the cross section.

2.  depth-integrated samples collected at equally 
spaced stream verticals in the cross Section.

3.  point-integrated samples collected at selected 
depths at stream verticals representing areas 
of equal water discharge.

Monitoring stations selected in the River Nile 
to measure the suspended sediment concentration 

www.ketabdownload.com



357

Use of Sediments Water in Environmental Monitoring

is sampled on daily basis during the flood period. 
Records of sediment discharge are generally 
computed on daily basis (between Junes to Octo-
ber) or annual basis using current metering. The 
method used for computing daily or annual values 
depends upon the data collected, the frequency 
of the field observations, and the size of the bed 
material in transport.

The sampling frequency should depend on the 
size and regime of the river. For the largest rivers, 
weekly or bi-weekly TSS samples during floods 
are convenient, while for smaller rivers daily 
TSS measurements are needed. The frequency 
of chemical analysis should be adapted to the 
variability of the considered elements.

Measuring Suspended Sediment Load

For determining suspended sediment load, it is 
necessary to consider all particle sizes (sand + silt 
+ clay). Therefore, a depth-integrating sampler 
must be used to ensure that the depth-dependent 
sand-sized fraction is correctly sampled. There 
are generally accepted methods for measuring 
suspended sediment concentration for load de-
termination in the river Nile as described below.

Equal Discharge Increment Method

This method requires first that a complete 
flow measurement be carried out across the 
cross-section of the river. Using the results, the 
cross-section is divided into five increments (i.e. 
vertical sections) having equal discharge. The 
number n of increments is based on experience. 
Depth integrated suspended sediment sampling 
is carried out at one vertical within each of the 
equal-discharge-increments, usually at a location 
most closely representing the centroid of flow for 
that increment. The mean discharge-weighted sus-
pended sediment concentration (SSC) is obtained 
by taking the average of the concentration values 
C obtained for each interval i.

SSL CiQi
i

n

( ) .∗

=
∑

1

0 0864  (1)

The discharge-weighted suspended sediment 
load (SSL), in tonnes per day, for the river cross-
section is obtained by multiplying the concentra-
tion, C, in ppm (mg l-1) by the discharge, Q, in 
m3 s-1 of each equal-discharge- increment, i, and 
summing for all increments.

SSL CiQi
i

n

( ) .∗

=
∑

1

0 0864  (2)

There is a moderately good relationship 
between suspended sediment concentration 
and discharge, i.e. the higher the discharge the 
higher the suspended sediment concentration. 
This procedure is carried out daily, and the daily 
loads are summed for the year. The alternative to 
extrapolating from a rating curve is some form of 
statistical estimation in which concentration data 
are clustered so that they represent a specified flow 
interval (e.g. by dividing the annual flow record 
into 10 per cent intervals of discharge)

Sediment Information

Available Sediment Information gathered from 
the Blue Nile System is summarized in table (2), 
and downstream at Dongola station Table 3. The 
sediment carried annually by the Nile River was 
averaging 110 million tons as measured in Aswan. 
However, since the 90s the average increased to 
about 140 million tons (HRS, 1996). According 
to HRS (1996) Average sediment concentration 
is estimated by HRS at 4000 ppm with maximum 
values reaches sometime 6000 ppm. However, 
during the last ten years the maximum sediment 
concentration increased to about 8500 ppm, (45% 
sand, 15% silt and 40% clay). (Table 2)

The annual estimated sediments load in Sudan 
Wad Medani is 120 million tones resulted in high 
turbidity values; Maximum 7275, 115 and 6575 
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NTU at the Blue Nile, White Nile, and the Main 
Nile respectively. The main sediment load con-
tributor to the White Nile is River Sobat, while 
River Atbara sediments contribution to the main 
Nile is notable at north Atbara town.

TRAn BOUnDARY WATeR QUALITY 
MOnITORInG neTWORK

Tran boundary water quality management compo-
nent of NTEAP approach is composed of regional 
interventions to enhance national capacities and 
create awareness on importance of water quality 

Figure 7. A system for the complete analysis of the inorganic components

Table 2. 10 days mean sediment concentration for 
the Blue Nile at different location (Mg/l) 

Month El Deim Wad Alais Sennar

June II 
III

1956 1172 -

July I 
II 
III

3361 
3895 
4335

2454 
2724 
3274

3200 
4072 
3612

August I 
II 
III

5660 
3095 
2948

2772 
2859 
2654

2790 
2415 
2154

Sept. I 
II 
III

3589 
2305 
1755

2588 
1669 
1028

1887 
1500 
1442

Oct. I 
II 
III

1294 
591 
317

990 
946 
-

900 
- 
-

Sources: MONA.O. M, 2006

Table 3. Illustrate WQ, and sediment concentra-
tion for the main River Nile (Dongola station) in 
Sudan (2005-2006) 

D. 
Sampling pH E.C. 

µs/cm
T.D.S. 
mg/L

Turbidity. 
FTU

S.S. 
mg/L

12/1/2005 8.4 189 132 72 22

14/2/2005 8.07 200 140 47 41

27/2/2005 8.3 219 153 30 36

15/3/2005 8.3 228 159.6 18 23

10/4/2005 8.3 362 253.4 241 50

19/5/2005 7.5 268 187.6 11 21

24/8/2005 8.3 275.3 192.71 3211 2045

14/12/2005 7.4 153.8 107.7 120 111

Source: GWR Laboratories
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assessment as a planning and management tool. 
Regarding Tran boundary water quality control, 
key stations upstream the Nile system in Sudan 
include:

El Deim on the Blue Nile,
Wad-el-Hiliew on Setit River
Kubur on Atbara River
Giwaisi on Dindir
Hawata on Rahad River
Nimoly on Bahr el Jebel
Hillet Dolieb on Sobat River

Timing and frequency of sampling

Visits should capture temporal variability in 
the Nile water in accordance with monitoring 
objectives and seasonal changes in quality. The 
frequency of sampling should be seasonally.

The selected Parameter

Conductivity
pH
Dissolve oxygen
Temperature
Suspended solids
Nutrients (TN,TP)

Chemical oxygen demand
Biochemical oxygen demand
Fecal coli form
Grease and oil
Total organic carbon
Heavy & trace elements

criteria for selection

• Have a profound adverse effect on human 
and animal health

• That adversely affects the aquatic environ-
ment and may have Serious socio-econom-
ic effects between basin countries

• Adversely affect the ecosystems
• show persistence
• show bioaccumulation
• can travel long distances downstream with-

out degradation, and toxic, and has adverse 
effects on Environment

A regular monitoring of the Nile at the above 
stations is lacking although incidents of poor 
quality inflow has been observed by the local 
communities.

Figure 8. Sediment Yield and average flow hydrograph in the Blue Nile at EL Deim Station
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nile sediment Database

Currently the only sediment database is estab-
lished at Hydraulic Research Station (HRS). HRS 
database is stored in Excel spreadsheet consisting 
of long-term monitoring data on suspended load 
of the Nile at fixed location. These data were 
under stringent quality assurance and quality 
control. Data checking takes place in many stages 
including laboratory data collection, data entry 
and statistical summary of data. Data from other 
administrations such as Roseiris Dam laboratory 
are included in the database only when the data 
are thoroughly documented.

Modeling

Unscientific management and over exploitation 
of natural resources had resulted into accelerated 
soil erosion and associated problems of land deg-
radation. The alarming rates of soil erosion and 
land degradation call for efficient and immediate 
management activities for protecting the available 
land and water resources. Several models were 
developed to assess and quantify the impact of 
land management on water, sediment, nutrients 
and pesticides at field scale as well as at small 
watershed scale.Common distributed models are 
ANSWERS, CREAMS, SEDIMOT, AGNPS, 
and ASWAT.

Most of these models simulate processes of 
Interception, infiltration, surface storage, and 
surface flow for the hydrologic component. Some 
of them use the soil conservation service (SCS), 
runoff curve number approach, combined with 
a unit hydrograph type for uniform rainfall.Ero-
sion is based on the Universal soil loss equation 
(USLE), or modifications of it, to estimate the soil 
loss caused by rainfall and runoff. The AGNPS 
model is widely used.

AGNPS agriculture non point pollution model, 
use a distributed group response unit approach 
for water quantity and quality modeling, runoff, 
sediment yield and soluble nutrient concentrations 

are calculated separately for each land cover class, 
weighted by area and then routed down stream.

Modeling is performed for sediment transport 
and roughness predictors by HRS to study the 
Nile river sedimentation and erosion problems. 
Annual Reports on the sediment monitoring 
program is produced by HRS, and is accessible 
neither inside nor outside can used for developing 
sediment models.

cOncLUsIOn

The Nile Water system is a principal factor in the 
livelihoods of the present and future Nile basin 
generations. River Nile system is vulnerable to 
sedimentation risks from several sources the most 
evident are siltation, urbanization and agricultural 
activities. Naturally scouring and erosion due to 
diagonal currents and waves is taking a heavy toll 
of the soil and plantation year by year and endan-
gering the River Nile environment, so monitoring 
the sediment process in the Nile is an important 
issue for the study of reservoir sedimentation, 
catchments erosion; river morphology informa-
tion, and sediment water quality.

Nile water quality monitoring now mainly 
focused on sediment load which lead to increase 
the cost for water treatment for domestic use. 
In addition the sedimentation process creates a 
bottom layer of sediment oxygen demand (SOD) 
and encourages formation of nitrogen compounds 
which affects the ecology of the River, also act as 
a shield for micro organisms and toxic substances. 
Agrochemicals such as organic - chlorine pesti-
cides, fertilizer and animals manure are persistent, 
they accumulate into river bed sediment, threaten-
ing the water resources in the river basin.

Rivers can be characterized by particular 
communities of organisms which are dependent 
on certain conditions of discharge and the physi-
cal, chemical and structural effects that it has on 
the river bed and water quality. Changes in the 
structure or quality of the river resulting from 
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anthropogenic activities often produce specific 
changes in the biological communities which, 
once identified, can be used to monitor changes 
in the River environment.

To improve water quality, there is a need to 
know how severely the water resources are be-
ing impacted by pollution or erosion. Till now 
no information is available from national or Tran 
boundary agencies neither from other organiza-
tions and institutions to help make this determi-
nation. Through a water-monitoring program 
and watershed assessment, it will be possible to 
restore the Nile environment. Even if pollution is 
not yet severe enough to impact water use, pollu-
tion prevention efforts can still be implemented 
to prevent future problems

RecOMMenDATIOn

Establishment of National and Regional Monitor-
ing Network for sediment monitoring covering 
all the Nile Basin is highly recommended, and 
selection of monitoring stations along the River 
Nile System is important, concentrated on the Tran 
boundary stations between the basin countries. 
The concentrations of chemicals in soil, water, 
biota, sediment, or air that must not be exceeded 
to prevent specified detrimental effects from oc-
curring, under specified environmental conditions, 
and guidelines for acceptable concentrations of 
chemicals in soil, water, biota, or air to protect, 
maintain, and enhance a designated use of the 
aquatic environment, and a consistent sampling 
and analytical protocol should be used whenever 
possible in future.

Studies of sacrificial sediment contaminants, 
this will provide the opportunity for compar-
ing data between studies, individual rivers, and 
regions whenever possible, as well as providing 
information on intra-rivers variability. In addition 
to the parameters of concern, study additional 

data should be gathered to more adequately char-
acterize the physical texture of the sediments 
and to allow for normalization of concentrations 
between samples, total organic carbon and grain 
size are recommended at a minimum to evaluate 
sediment texture.

It would be desirable to compile additional 
morphometry, watershed, and water quality data 
on future comparative studies, and the following 
should be considered for inclusion: discharge and 
water volume, watershed area, watershed land 
use composition, geomorphology, basic water 
chemistry, and understanding of factors which may 
contribute to inter- and intra-regional differences 
in sediment contaminants.

Good environmental practice in agriculture, 
which may include contour Ploughing and terrac-
ing, helps to protect against soil loss and against 
contamination of surface waters, and part of the 
sediment problem can be solved through joint 
efforts between Sudan and Ethiopia.

There is need to invest more funds in water 
quality monitoring to improve management of 
our scarce water resources in the Nile basin, and 
water quality issues should be given high priority 
in order to improve health and reduce poverty.

Reliable water quality data collection is an 
essential component of IWRM. Collected water 
quality data should be transformed into attention-
catching, consumable information, and status 
reports for dissemination to bureaucratic and 
political decision makers, and knowledge manage-
ment experts should be hire for this need.

Develop of clear water resources quality objec-
tives, especially ambient water quality standards; 
effluent, discharge standards, and monitoring 
programmes should be geared to achieving the 
water quality objectives.

Effects of climate change on water quality 
need to be captured in integrated water resource 
management, and water quality regulation should 
be regularly reviewed to meet new challenge.

www.ketabdownload.com



362

Use of Sediments Water in Environmental Monitoring

RefeRences

Ahmed, A., Osman Ishraga, S., & Babiker, A. 
(2006). Sediment and Aquatic Weeds Management 
Challenges in Gezira Irrigated Scheme.

Ahmed, E. (2006). National Consultancy to De-
velop Training Modules Identify key Water Quality 
Parameters. Khartoum, Sudan: NBI/NTEAP.

Ahmed, M. K., & Shakak, N. B. (2007). Nile 
Water Quality and Threats. Khartoum, Sudan: 
National Forum.

Gismalla, Y. A. (2002). Annual Report of Hydrau-
lics Research Station, the Sediment Monitoring 
Programme. Khartoum, Sudan.

Heiskary, S. (1996). Lake Sediment Contaminant 
Levels in Minnesota.

Mona, O. M. (2006). Consultation Report. Water 
Quality Data management. Khartoum, Sudan: 
NBI/NTEAP/WQC.

Nile Basin Initiative, SVP. (2001). Tran- Bound-
ary Environmental Analysis. Project Appraisal 
Document, Khartoum Sudan.

Nile River Awareness Kit (NRAK). (2005). River 
Science, Earth Observation. CD-ROM. Produced 
by NTEAP, Khartoum Sudan (www.nileteap.org).

Samia, M. A., & Nadia, S. B. (2007). Nile Water 
Quality Monitoring in Sudan, National Workshop. 
Khartoum, Sudan: MOIWR.

Thomas, R., & Meybeck, M. (1996). UNEP Re-
port. The use of Particulate Material.

Tran -boundary Environmental Action Project 
(2002). Project implementation plan. Khartoum, 
Sudan.

Tran -boundary Environmental Action Project 
(2005). Water Quality Baseline Report-Sudan. 
Khartoum, Sudan.

UNEP/WHO. (1996). UNEP/WHO. In Bar-
tram, J., & Balance, R. (Eds.), Water Quality 
Monitoring-A Practical Guide to the design and 
Implementation of Freshwater Quality Studies 
and Monitoring Programs.

UNESCO/WHO/UNEP. (1996). UNESCO/WHO/
UNEP. In Chapman, D. (Ed.), Water Quality As-
sessments.

Wallingford, H. R. (1990). Research for Reha-
bilitation Sediment Management Study. (Final 
Report). Khartoum, Sudan.

KeY TeRMs AnD DefInITIOns

AGNPS: Agriculture Non Pollution Model, 
use a distributed group response unit approach 
for water quantity and quality modeling, runoff, 
sediment yield and soluble nutrient concentrations 
are calculated separately for each land cover class, 
weighted by area and then routed down stream.

Basin Wide: Pertaining to the whole Nile 
Basin (10 countries).

Contamination: Introduction of substances 
make the water unfit for its intended use.

Cross- Border: Effects only being felt across 
the border.

Particulate Matter (PM): Agriculture Non 
Poi-Refers to particles greater than 0.4 micrometer 
(μm), by this definition dissolved matter includes 
particles finer than 0.45 micrometer (μm), includ-
ing colloids.

Trans-Boundary: Involving one, two or more 
countries.

Water Pollution: Refers to a condition of 
water within a water body caused by the presence 
of undesirable materials.

Water Quality Monitoring: Long -term 
program to establish status or trends.

Water Quality: Defined as the physical, 
chemical, and biological composition of water 
as related to its intended use for such purposes 
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as drinking, recreation, irrigation, fisheries and 
industry. (Also the term is used to describe the 
physical, chemical, biological and aesthetic wa-
ter quality properties of water which determine 
its fitness for use and its ability to maintain the 
“health” /integrity of aquatic ecosystems many 

of these properties are controlled or influenced 
by constituents who are either dissolved or sus-
pended in water.)

WQ Assessment: Full process of monitoring, 
data evaluation and reporting.
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Chapter 18

Principal Component Analysis 
of Hydrological Data

Petr Praus
VSB - Technical University of Ostrava, Czech Republic

Motto: Variation is information

InTRODUcTIOn

The hydrological data set is typically represented 
by a matrix of water samples (objects), which are 
characterized by many physical, chemical, micro-
biological, and biological parameters (variables) 

of different magnitude and units. The data contain 
specific parameters, such as nitrate, ammonium, 
chloride, individual heavy metals and organic 
compounds, and group parameters, which give 
the total concentrations of similar compounds: for 
instance, total nitrogen, conductivity, total organic 
carbon, mesophilic bacteria etc. The parameters 
are determined by various analytical methods, 
including microbiological and biological tests.

Except of important information, the real data 
contain also useless or even confusing informa-

ABsTRAcT

In this chapter the principals and applications of principal component analysis (PCA) applied on hy-
drological data are presented. Four case studies showed the possibility of PCA to obtain information 
about wastewater treatment process, drinking water quality in a city network and to find similarities in 
the data sets of ground water quality results and water-related images. In the first case study, the com-
position of raw and cleaned wastewater was characterised and its temporal changes were displayed. 
In the second case study, drinking water samples were divided into clusters in consistency with their 
sampling localities. In the case study III, the similar samples of ground water were recognised by the 
calculation of cosine similarity, the Euclidean and Manhattan distances. In the case study IV, 32 water-
related images were transformed into a large image matrix whose dimensionality was reduced by PCA. 
The images were clustered using the PCA scatter plots.

DOI: 10.4018/978-1-61520-907-1.ch018
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tion, which can be considered as a noise. They 
are loaded by the different errors of sampling and 
analytical procedures performed directly in field or 
in laboratory. The parameters are often co-linear 
and not normally distributed. The analytical results 
can be further distorted during the subsequent 
administrative handling by typist’s errors or data 
transfer between laboratory and user’s systems. 
All these factors contribute to the creation of the 
noise, which can lead to data misunderstanding 
and consequently to making wrong decisions.

Useful information has to be extracted from the 
data using so called data mining methods. They 
can uncover hidden structure in the data and can 
be applied to the data sets of any size. Principal 
component analysis belongs to the essential data 
mining methods. PCA applied on the hydrologi-
cal data is able to remove the data noise and to 
cluster the refined samples of similar composition 
into groups to reveal relationships among their 
parameters. Unlike other statistical methods (e.g. 
discriminant analysis), PCA is a robust technique 
that does not require normally distributed and 
uncorrelated variables.

The goal of this chapter is to show the appli-
cations of PCA in the hydrological data analysis 
using waste, drinking, ground, and surface wa-
ter data in four case studies. PCA is explained 
with minimal statistical theory that is properly 
explained elsewhere, e.g., in the books of Jollife 
(2002), Timm (2002) etc. The principals of several 
basic computational methods commonly used for 
PCA are described here as well.

BAcKGROUnD

Principal component analysis is a basic multivari-
ate statistical method. The method was firstly in-
troduced by Karl Pearson (1901) and subsequently 
developed by Hotelling (1933 a,b). Until the 1950s, 
the method had limited applications due to the 
lack of computational equipment.

The main objective of PCA is looking for new 
latent (hidden) variables of n samples, which are 
not correlated to each other. Each latent variable 
ti (principal component) is a linear combination 
of p variables and describes a different source of 
total variation

t1 = w1,1x1,1 + w1,2 x1,2 + …+ w1,px1,p

t2 = w2,1x2,1 + w2,2 x2,2 + …+ w2,px2,p (1)

tn = wn,1xn,1 + wn,2 xn,2 + …+ wn,pxn,p

where wi,j and xi,j (1< i ≤ n, 1< j ≤ p) are component 
weight (loading) and original variable (parameter), 
respectively. The component loadings are the 
contribution measures of a particular variable to 
the principal components. It also holds

w2
i,1 + w2

i,2 +...+ w2
i,p = 1  (2)

The variability of the principal components is 
ordered as follows Var(t1) > Var(t2)... Var(tn). The 
condition of t1 with maximum variance implies 
to look for the vector w1 (w1,1, w1,2,..., w1,n), which 
maximises the variation var(Xw1) = w1

TCw1, where 
C is a covariance matrix and the normalisation 
condition holds w1

Tw1 = 1. The product w1
TCw1 

equals the largest eigenvalue λ1, w1 is the eigenvec-
tor. Similarly, the maximum variance of the second 
component is computed if var(Xw2) = w2

TCw2 and 
also it holds w2

Tw2 = 1 and w1
Tw2 = 0. Generally, 

the k-th component tk = Xwk has maximum when 
var(Xwk) = wk

TCwk and on the conditions of wj
Twj 

= 1 and wi
Twj = 0 if j < i.

The Equation (1) can be rewritten for a data 
matrix X(n x p)

X = T WT (3)

where T (n x k) and W (k x p) are the matrices 
of the k principal components (score matrix) and 
their loadings (loading matrix), respectively. PCA 
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consists of computing the eigenvalues and corre-
sponding eigenvectors of the covariance matrix C:

L = WT C W (4)

where L is a diagonal matrix with elements λ1, λ2,..., 
λp called the characteristic roots or eigenvalues. 
The columns of W are called the characteristic 
vectors or eigenvectors. For the orthogonal ma-
trix W it holds W WT = WT W = I. It holds for the 
covariance matrix: C = XT X. The determination 
of the principal components consists of calcula-
tion of the eigenvalues and eigenvectors of the 
covariance or correlation matrix. This eigenvalue 
problem is based on finding of the nontrivial solu-
tions of this expression

Cx = λx  (5)

which is equivalent to finding of the roots of the 
equation

|C-λIp|= 0  (6)

This equation creates a p-th degree multino-
mial, from which the eigenvalues λ1, λ2,..., λp are 
calculated.

As the variability represents information, the 
components with low variability can be neglected. 
Therefore, from p original variables only a few 
new principal components can be extracted. In 
this manner, the original data dimensionality 
is reduced. The largest (main) or first principal 
component (PC) is oriented in the direction of 
largest variation of the original variables and 
passes through the data centre. The second PC is 
directed towards the next largest variation, passes 
through the centre of the data and is orthogonal to 
the first PC. The third PC goes towards the next 
largest variation through the data centre and is 
orthogonal to the first and second PCs, and so 
forth. Such new co-ordinate system decorrelates 
the original variables. In addition, according to 

Equations (1) we can recognise the relationships 
among original variables.

The very important aspect of PCA is a visu-
alisation of the data structure in one, two and 
three-dimensional space. The data projections 
into 2D and 3D subspaces of the two and three 
largest PCs are called scatter plots. In these co-
ordinate systems an each object is represented as 
a point. When all objects are plotted we can see 
the clouds of similar objects as well as outliers 
having distant co-ordinates laying apart. In such 
a way PCA enables the data clustering.

BAsIc ALGORITHMs 
UseD fOR PcA

The data matrix X decomposition (3) has been 
mostly performed by several algorithms of lin-
ear algebra: non-linear iterative power method 
(POWER), non-linear iterative partial least squares 
(NIPALS), singular value decomposition (SVD), 
and eigenvalue decomposition (EVD). NIPALS 
and SVD use the data matrix X, while POWER 
and EVD use the product XTX. SVD and EVD 
calculate the principal components simultane-
ously, and NIPALS and POWER sequentially.

The POWER algorithm (Hotteling, 1933a,b) 
is a basic method used for the calculation of the 
eigenvalues and eigenvectors. In the simplest 
form, it is used to find the largest eigenvalue and 
the corresponding eigenvector. The procedure is 
based on choosing a vector v0 and computing the 
sequence with the covariance matrix C

v1 = Cv0

v2 = Cv1 = C2v0 (7)

v3 = Cv2 = C3v0

and so forth. The vector v0 can be expressed as 
the linear combination of the independent eigen-
vectors gi
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v0 = a1g1 + a2g2 +... + apgp (8)

At every iteration step the vector vn is given

Cnv0 = a1λ1
ng1 + a2λ2

ng2 +...+ apλp
ngp (9)

where n = 1, 2, 3.... The basic feature of this 
method is that it is a sequential method and the 
iteration can be finished after the computation of a 
certain number of eigenvalues. And also, another 
feature is that the procedure can be applied on 
unsymmetrical matrices.

The NIPALS algorithm (Wold et al., 1987) 
splits the data matrix X into a sum of a matrix 
product TPT and a residual matrix E (n x p)

X = T WT + E = Data structure (model) + 
Noise          (10)

E is not a part of the data structure. It is a part 
of X, which cannot be explained by the principal 
components, and therefore, is a good measure of 
“lack-of-fit” that indicates how close the model is 
to the original data. The matrix E includes variables 
errors, non-typical variables, outlaying variables 
etc. It is useful to rewrite this equation as the 
vector products corresponding to individual PCs,

X = t1w1
T + t2w2

T +...+ tpwp
T + E (11)

where ti is the score vector and pi is the loading 
vector. This algorithm works sequentially:

1.  It calculates t1 and w1 from X,
2.  It subtracts the contribution of the first PC: 

E1 = X - t1w1
T,

3.  It calculates t2 and w2 from E1,
4.  It subtracts the contribution of the second 

PC from E1: E2 = E1 - t2w2
T

5.  It calculates t3 and w3 from E2

and so forth until k principal components are 
calculated. The general feature of this method is 
k << p. The POWER and NIPALS methods are 

important when only few main PCs are required. 
The NIPALS algorithm is used more often than 
the POWER one although POWER is faster than 
NIPALS.

SVD computes singular values associated with 
singular vectors corresponding to the principal 
components by the decomposition of data matrix 
X (n x p):

X = U S WT (12)

where U (n x r) and WT (r x p) are orthogonal and 
normalised matrices, respectively, i.e., UT U = I 
and WT W = I. S (r x r) is a diagonal matrix of the 
singular values in decreasing order. The columns 
of U are the left singular vectors and the rows of 
WT are the right singulars vectors. The k-reduced 
singular value decomposition reduces X (n x p) 
matrix to Xk (n x k):

Xk = Uk Sk Wk
T (13)

where the Uk denotes the (n x k) matrix derived 
from the matrix U by selection of the k first 
columns, Sk is the (k x k) diagonal matrix with a 
diagonal including the first k singular values, and 
Wk is the (k x p) matrix acquired by the selection 
of the k first columns of W (Berry & Shakhina, 
2005). The columns of Wk

T contain the transformed 
values of the original data. In other words, SVD 
approximates X by Xk. The k-approximation of 
the matrix X is acquired by choosing only the k 
first singular values of the matrix S while the other 
ones are neglected.

EVD decomposes the covariance or correlation 
matrix C as follows

C = W L WT (14)

where W (p x p) is the orthogonal matrix of the 
eigenvectors and L (p x p) is a diagonal matrix 
created by the eigenvalues.

The efficiency of these algorithms evaluated 
according to the number of floating point op-
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erations decreases in the order: SVD > EVD > 
NIPALS > POWER (Wu et al., 1997). SVD was 
evaluated as the fast and reliable algorithm suitable 
for the decomposition of the large data matrices.

The crucial question of PCA is how many 
principal components should be extracted from 
the data. The importance of eigenvectors/singular 
vectors is given by their values. The number of 
the k largest PCs can be estimated from a scree 
plot suggested by Cattel (1966) or according to the 
eigenvalues greater or equal 1 (Kaiser, 1960). The 
scree plot consists of the sorted eigenvalues from 
large to small ones as a function of the principal 
components number. The first part of the plot com-
ing through the largest eigenvalues decreases very 
steeply. After the k largest principal components 
the plot decrease is nearly stopped. Therefore other 
components can be omitted. Unlike factor analysis 
the composition of the principal components does 
not depend on their number.

cAse sTUDIes Of THe 
PcA APPLIcATIOn On 
HYDROLOGIcAL DATA

The practical applications of PCA in hydroinfor-
matics are demonstrated on the following case 
studies. Each study is focused on the different 
type of hydrological data and their use in water 
quality assessment and water research.

PCA and other multivariate methods are typi-
cally used for temporal and spatial data analysis 
in the environmental research (Vega et al., 1998; 
Wunderlin et al., 2001; De Bartolomeo et al., 2004; 
Lambarkis et al., 2004), which is also demonstrated 
in the case study II. The case study I deals with 
the application of PCA in the field of wastewater 
treatment. The study III demonstrates the PCA-
based finding of similar ground water samples 
and the study IV exhibits PCA of water-related 
images. Except of the case study II, where PCA 

was performed by a commercial software pack-
age, in the other cases PCA was performed via 
SVD computed in MATLAB (The MathWorks, 
Inc., USA).

case study I. Temporal Analysis 
of Municipal Wastewater Data

The samples (n = 68) of domestic wastewater were 
taken at the inlet of a small biological wastewater 
treatment (BWWT) plant (Praus, 2005). This 
type of wastewater consists of the fall-outs of 
households, humans, and commercial institutions. 
Information about variability of the amount of 
organic and inorganic wastes is necessary for 
monitoring and optimising BWWT processes. 
PCA was performed on the data matrix summaris-
ing chemical and physical wastewater analyses.

Data and Methods

The measured parameters in wastewater were 
pH, biochemical oxygen demand within 5 days 
(BOD), chemical oxygen demand by dichromate 
(CODCr), ammonium, nitrate, nitrite, phosphate, 
total phosphorus (TP), total nitrogen (TN), total 
suspended solids (TSS), total dissolved solids 
(TDS).

The data matrix was prepared and processed in 
MS Excel. PCA was performed by SVD. Statisti-
cal calculations were performed by the software 
package STATGRAPHIC Plus 5.0 (Statistical 
Graphics Corp., USA).

The summary statistics of wastewater compo-
sition is given in Table 1. The data are far from 
normality as indicated by skewness and kurtosis. 
Because of the very different scales of individual 
variables, the data were centred by average x and 
scaled by standard deviations s in order to avoid 
misclassifications arising from the different orders 

of magnitude of tested variables: ( ) /x x s
i
-

-

.
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Results and Discussion

The number of the principal components - singu-
lar vectors can be estimated from the scree plot 
demonstrated in Figure 1a. As it is shown in this 
figure, the singular values sharply decrease within 
the first three PCs and then slowly stabilise for 
remaining ones that contain a great deal of noise 
and, therefore, are not useful. According to the 
SVD theory, the singular values correspond to 

the square roots of eigenvalues. Therefore, the 
principal components variance can be expressed 
according to the equation

var .=

∑

s

s

k

i

n

2

2

1

 (15)

Table 1. Summary statistics of the wastewater composition 

NH4 NO3 NO2 TN BOD CODCr PO4 TP pH TDS

Number 66 66 66 66 66 66 66 66 66 66

Average 29.9 42.4 0.715 40.4 87.4 205 19.0 7.86 7.46 608

Variance 1203 1959 1.331 587 11300 52024 64.0 15.2 0.223 39321

Stnd.dev. 34.7 44.3 1.154 24.2 106 228 8.00 3.897 0.472 198

Minimum 0.03 0 0.016 14 1 10.7 4.87 2 6.21 302

Maximum 143 144 5.5 122 392 918 41.8 24.7 8.41 1580

Skewness 4.30 1.76 8.704 4.75 3.43 3.79 1.40 5.54 -2.19 7.01

Kurtosis 1.92 -2.00 10.84 2.77 0.394 1.246 -0.170 8.20 0.463 13.2

Figure 1. Screen plots of the singular values and eigenvalues
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where sk is the singular value and k = 3. PC1 to 
PC3 are of 58.7%, 13.8%, and 8.3% (in sum 
80.8%) of the data variance, respectively. The 
time fluctuation of wastewater composition is 
demonstrated in Figure 2a. Figure 2b displays 
that PC1 contains the greatest deal of information 
and in contrast with PC2 and PC3, which are of 
higher content of the noise, is smooth and exhib-
its the significant decrease of PC1 in the period 
within the samples 21 to 58.

The loadings of the most important PCs, cal-
culated as the correlations of these PCs with the 
original variables, are summarised in Table 2. The 
first PC contains mostly the parameters indicating 
organic wastes, such as BOD, CODCr, TN, am-
monium, TP, and phosphate. These parameters 
correlate to each other because the compounds 
come from the same organic (human) wastes col-
lected by the municipal sewer system. Nitrate 
negatively correlates with ammonia, which agrees 
with ammonium nitrification based on the action 
of the nitrification bacteria:

NH4
+ + 2 O2 ⇆ NO3

- + 2 H+ + H2O

The second PC reveals the influence of nitrite 
that is a product of incomplete nitrification:

2 NH4
+ + 3 O2 ⇆ 2 NO2

- + 4 H+ + 2 H2O 

PC3 is closely connected with TDS mainly 
including inorganic salts, such as sulphate, chlo-
ride, and bicarbonate. These salts occur in the 
higher amounts than nitrate and phosphate that 
belong to PC1.

The parameters analysed at the BWWT plant 
outlet are shown in Figure 2c. The summary 
statistics of treated water are given in Table 3. 
The four principal components characterising the 
treated water composition were identified using 
the scree plot in Figure 1a. PC1, PC2, PC3, and 
PC4 explain 29.0%, 20.2%, 15.4%, and 8.9% of 
the total variance, respectively. PC1 can be called 
as the nutrient component because it contains 
the significant contributions of nitrogen and 
phosphorus compounds, such as nitrate, total ni-
trogen, phosphate, and total phosphorus. Nitrate 
and phosphate are the terminal forms of N and P 

Figure 2. Graphs of the wastewater variables at the BWWT inlet (a,b) and outlet (c,d)
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transformation during biological wastewater treat-
ment. During this process ammonium is nitrified.

PC2 is characterising the content of organic 
compounds because it consists of the “organic” 
parameters BOD and CODCr. Unlike wastewater 
at the BWWT inlet, these parameters do not cor-
relate with the content of nitrogen and phospho-
rus. It can be explained by the higher efficiency 
of the organic matter removal in comparison with 
the removal of nitrogen and phosphorus. Nitrogen 
is removed by denitrification performed in mixed 
activated sludge:

5 C6H12O6 + 24 NO3
- ⇆ 12 N2 + 18 H2O +  

30 CO2 + 24 OH 

where organic matter expressed as glucose is a 
donor of electrons for nitrate reduction. Prior to 
denitrification, ammonium must be nitrified.

The third principal component is composed 
from ammonium and pH. It represents the rest of 
ammonium, which went through the BWWT plant 
without nitrification. The pH values change due 
to nitrification, therefore, this component can be 
considered as the indicator of nitrification process: 
the lower values of PC3 are, the more efficient 

Table 3. Summary statistics of the biologically treated water samples 

NH4 NO3 NO2 TN BOD CODCr PO4 TP pH TDS

Number 68 68 68 68 68 68 68 68 68 68

Average 5.38 3.18 28.1 74.6 0.60 17.2 24.8 5.15 6.10 7.2

Variance 72.6 5.32 334 1350 3.08 48.0 44.9 16.7 5.45 0.16

Stnd.dev. 8.52 2.31 18.3 36.7 1.76 6.93 6.70 4.09 2.33 0.40

Minimum 0.031 1 10.7 0.67 0.012 2.67 11 0 0.94 6.21

Maximum 48.4 12.5 161 159 14 30.7 42 19 10.9 8.03

Skewness 48.4 11.5 150 158 14.0 28.0 31 19 10.0 1.82

Kurtosis 9.51 8.03 19.9 -0.11 23.4 -0.17 2.02 5.09 -0.47 -1.18

Note: Except of pH, all units are given in mg/l.

Table 2. The loadings of the largest principal components of wastewater 

BWWT inlet BWWT outlet

Variable/loadings PC1 PC2 PC3 PC1 PC2 PC3 PC4

NH4 0.8825 -0.1386 0.0922 0.406 0.4013 -0.6344 -0.2112

BOD 0.9304 0.0733 0.0306 0.372 0.8384 0.0577 0.1643

COD 0.9429 0.0317 0.0089 -0.0045 0.686 0.1998 0.5484

NO3 -0.7438 -0.4626 0.1149 -0.8147 -0.0427 0.4124 0.0042

NO2 0.0497 0.7907 -0.229 0.1552 0.57 0.0010 -0.2715

PO4 0.701 -0.5668 0.063 -0.8047 0.1922 -0.4588 0.1335

TN 0.8915 -0.0467 0.1167 -0.7406 0.3152 -0.1754 -0.1436

TSS 0.8967 0.0102 0.0903 0.3761 0.4345 0.2708 -0.0519

TP 0.8149 -0.3994 -0.0102 -0.7951 0.2402 -0.3924 0.1502

pH 0.7184 0.3239 0.0502 0.3856 -0.1914 -0.7643 0.0447

TDS 0.3088 -0.2655 -0.8995 -0.2809 0.3743 0.1603 -0.6951
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nitrification takes place. PC4 of the outlet as well 
as PC3 of the inlet are both saturated by TDS. It 
can be explain by the fact that the inorganic salts, 
such as sulphate and chloride, cannot be removed 
from water by the BWWT process and, therefore, 
their concentrations are not changed.

The mentioned principal components can be 
expressed using the original variables and their 
loadings according to these equations,

PC1 = 0.883 NH4 + 0.930 BOD + 0.943 
CODCr – 0.744 NO3 + 0.701 PO4 +

+ 0.892 TN + 0.897 TSS + 0.815 TP + 0.718 
pH          (16)

PC2 = 0.791 NO2  (17)

PC3 = - 0.900 TDS  (18)

In the case of raw wastewater, one can as-
sume that the distinct decrease of PC1 shown in 
Figure 2b was caused by the temporary reduction 
of domestic wastes from food or similar type of 
industry and/or civic amenities in this area. On the 
other hand, PC2 and PC3 behave in quite a dif-

ferent way. Their graphs show several accidental 
extremes. Similarly, such extremes are obvious 
at the graphs of PCs characterising cleaned water 
in Figure 2d.

PCA gives information about the parameters 
that are important for the BWWT process. It also 
allows to reduce the number of parameters and to 
select only a few of them that should be routinely 
monitored for the BWWT plant control. The main 
three PCs can be expressed as in the previous 
Equations (16-18),

PC1 = -0.815 NO3 - 0.805 PO4 – 0.741 TN –  
0.795 TP  (19)

PC2 = 0.838 BOD + 0.686 CODCr  (20)

PC3 = -0.634 NH4 – 0.764 pH  (21)

The treatment process can be controlled only 
by these three PCs (19-21) and TDS. By the cal-
culation of skewness and kurtosis, the normality 
of PC1 (skew = -0.1663, kurt = 2.576) and PC3 
(skew = -0.4231, kurt = 3.651) was proved. PC2 
(skew = 2.130, kurt = 9.848) and TDS (skew = 
1.046, kurt = 3.399) are not normally distributed. 

Figure 3. Histograms of PC1-PC3 and TDS. x is the PC loading.
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The histograms of PC1-PC3 and TDS are shown 
in Figure 3. The temporal changes of the principal 
components (Figures 2b and 2d) and TDS could be 
statistically monitored by the Shewhart, EWMA 
(Hunter, 1986), CUSUM (Woodall & Adams, 
1993) and other control charts to keep the BWWT 
under quality control.

case study II. spatial Analysis of 
Drinking Water Data

Drinking water samples, taken for the sake of the 
regular screening of drinking water quality in a 
city network, were characterised by 16 chemical 
and physical and 2 microbiological parameters 
(Praus, 2007). The water network is supplied 
from several sources of drinking water. PCA was 
applied on these data to recognise the origin of 
drinking water used in the city.

Data and Methods

The original data matrix (123x18) was prepared 
and processed in MS Excel. The 18 parameters 
were pH, ammonium, nitrate, nitrite, colour, 
turbidity, temperature, calcium, iron, electrical 
conductivity, hardness, alkalinity, acidity, chemi-
cal oxygen demand by permanganate (CODMn), 
total chlorine (TC) and free chlorine (FC). From 
the microbiological parameters only those, which 
were not of zero values, i.e. psychrophilic (culti-
vated at 20oC) and mesophilic bacteria (cultivated 
at 37oC), were used. However, the bacteria colony-
forming units in one millilitre (CFU/ml) were 
deeply below the drinking water quality criteria. 
The coliform and faecal coliform bacteria were 
not detected in the samples at all.

The summary statistics are given in Table 4. The 
observations bellow detection limits were replaced 
by the values equal one half of the detection limits 

Table 4. Summary statistics of the drinking water samples 

Parameter Median Median st. 
dev.

Minimum Maximum Skewness Kurtosis

Acidity (mmol/l) 0.1 0 0.05 0.75 15.0484 22.9599

Alkalinity (mmol/l) 1.1 0.04 0.75 3.40 6.1111 1.6253

Ammonium (mg/l) 0.006 0 0.006 0.054 17.0816 34.8977

Calcium (mg/l) 30.1 1.63 21.2 120 5.2919 0.6279

Chlorine free (mg/l) 0.05 0.005 0.020 0.26 6.0272 2.3748

Chlorine tot.(mg/l) 0.15 0.010 0.02 0.35 3.5110 0.4462

CODMn (mg/l) 0.77 0.041 0.30 1.9 2.2432 1.1325

Colour (mg/l) 7.3 0.70 1.40 20.0 2.7912 -0.5130

Conductivity (µS/cm) 22.9 1.58 18.8 74.8 4.3275 -1.2249

Iron (mg/l) 0.12 0.015 0.02 0.44 3.9541 0.8788

Hardness (mmol/l) 1.0 0.06 0.7 3.5 4.5301 -0.9926

Mesophiles (CFU/ml) 0 0.3 0 46 20.8225 49.9124

Nitrate (mg/l) 7.68 0.224 1.71 42.3 11.4585 12.9512

Nitrite (mg/l) 0.002 0 0.002 0.008 12.2134 17.7015

pH 7.82 0.028 6.49 8.29 -7.8288 5.2785

Psychrophiles (CFU/ml) 0 0.3 0 54 21.0270 57.0145

Temperature (oC) 10.5 0.74 5.8 19.2 2.2739 -2.7540

Turbidity (NTU) 0.45 0.020 0.13 1.07 3.2805 0.2162
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(Zeng & Rasmussen, 2005). PCA, cluster analysis, 
and other statistical calculations were performed 
by the software package STATGRAPHIC Plus 
5.0 and QCExpert (Trilobyte, Czech Republic). 
Before PCA, the original data were centred and 
scaled as in the previous study.

Results and Discussion

From the drinking water data, the six largest 
PCs explaining 83% of the total variance were 
estimated according to the Kaiser criterion and 
from the scree plot (Figure 1b). The loadings of 
the principal components are demonstrated in 
Table 5. It is obvious PC1 can be called the salt 
component because it is mainly saturated by cal-
cium, conductivity, and hardness, which includes 

calcium and magnesium. The second principal 
component is associated with nitrate, pH, and 
bicarbonate expressed via alkalinity. The relation 
between nitrate and pH cannot be explained by 
nitrification because of the low concentrations 
of ammonium, organic matter and, of course, the 
absence of the nitrification bacteria in drinking 
water. This relation rather indicates the different 
sources of drinking water used in the city net-
work. Really, there are ground water sources and 
surface water reservoirs in this area, from which 
raw water is processed. Bicarbonate and nitrate 
do not significantly contribute to PC1. From this 
it follows that the inorganic salts mostly consist 
of majority anions, such as chloride and sulphate.

The third component is mainly composed from 
colour, iron, and turbidity, which are all con-

Table 5. Loadings of the largest principal components of drinking water 

Parameter PC1 PC2 PC3 PC4 PC5 PC6

Acidity 0.30067 0.42108 0.04324 0.01120 -0.05174 0.03606

Alkalinity 0.31881 -0.41704 -0.12066 -0.02343 0.10338 0.04134

Ammonium -0.10772 0.06600 -0.05462 -0.00944 0.43977 0.33297

Calcium 0.43365 -0.15237 -0.10097 -0.04501 0.06875 0.04112

CODMn -0.29351 -0.07623 -0.13840 -0.13373 0.11998 0.10814

Colour -0.08028 -0.24234 0.44076 0.24652 0.03083 0.03319

Conductivity 0.42307 -0.19351 -0.11142 -0.01648 0.10036 0.06081

Hardness 0.43420 -0.17996 -0.09648 -0.01605 0.10530 0.07639

Chlorine free 0.04218 -0.01864 -0.18426 0.62665 -0.11232 -0.08802

Chlorine total -0.04868 -0.04107 -0.20821 0.60734 -0.14516 -0.09225

Iron 0.04309 -0.13804 0.52467 0.18423 0.22438 0.12079

Mesophilic b. -0.04226 -0.06378 -0.02941 -0.01218 -0.40316 0.57465

Nitrate 0.26770 0.44664 0.13679 0.02656 -0.00028 0.07331

Nitrite -0.09440 0.11824 -0.04021 0.05758 0.42005 0.34665

pH -0.23475 -0.44597 -0.20023 -0.09851 0.08011 -0.05883

Psychrophilic b. -0.00049 -0.09015 -0.01514 0.00371 -0.42038 0.55675

Temperature 0.04915 -0.10005 0.14823 -0.32405 -0.37854 -0.24902

Turbidity 0.04797 -0.17656 0.54698 0.06037 -0.05075 -0.00764

Eigenvalue 4.51970 2.62920 2.39520 2.02728 1.61568 1.28716

Percent of variance 25.11 14.61 13.31 11.26 8.98 7.15

Cumulative percentage 25.11 39.72 53.02 64.29 73.26 80.41
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nected with pipeline corrosion. PC4 is the chlorine 
component because represents free and total 
chlorine. It is also obvious the chlorine content 
does not depend on the iron concentrations in 
water. Therefore, the low residual concentrations 
of chlorine in tap water can be rather attributed 
to its escape from the network.

The fifth PC mainly consists of ammonium, 
nitrite, and temperature. Unlike nitrate, ammo-
nium and nitrite concentrations are very low, 
often around their detection limits. This principal 
component characterises the traces of ammonium 
in drinking water that is further oxidised to nitrite 
and nitrate. A negative sign of the temperature 
loading indicates its reciprocal relation to am-
monium and nitrite. It can be simply explained 
by their chemical oxidation to nitrate (not nitrifi-
cation), which depends on the temperature. PC6 
represents the bacteria found in drinking water. 
Both bacteria types belong among heterotrophic 
bacteria, which naturally exist in the environment. 
Their CFUs per a millilitre of water can be toler-
ated up to the limits strictly defined by the water 
quality regulations. In this study, no such limits 
were exceeded. These bacteria occur very often 
in inner house distribution systems.

Since bacteria and chlorine belong to the dif-
ferent principal components, the occurrence of 
psychrophiles and mesophiles cannot be effected 

by the residual chlorine concentrations. In addi-
tion, no correlation between chlorine and pH, 
which is important for the chlorine disinfecting 
efficiency, was observed.

The scatter plot in Figure 4a (PC2 vs. PC1) 
demonstrates the clusters I, II, and III. The cluster 
I agglomerates the samples, which are typical by 
the high concentrations of nitrate, low values of 
pH, and the high contents of the inorganic salts. 
The clusters II and III differ mainly in the con-
centrations of the inorganic salts. These clusters 
can be assigned to three city parts (Figure 4b) that 
are supplied by the different ground and surface 
water sources.

This scatter plot well indicates the sample 
groups but it cannot always show each sample 
because of their overlapping. The sample partition 
among the groups is not often clear as well. In 
order to sort the samples more effectively, they 
were clustered using hierarchical clustering meth-
ods. Especially, the Ward’s dendrogram provides 
three well organised clusters I to III shown in 
Figure 5a. The basic statistics of each cluster were 
calculated and summarised in Table 6. As it is 
obvious from these results, the samples belonging 
to the cluster I are typical by their high concentra-
tions of nitrate and low pH values. On the other 
hand, the samples from cluster III posses the high 

Figure 4. Scatter plot of the drinking water samples (a) and city map divided into three parts according 
the PCA results (b)
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amounts of the inorganic salts. All these findings 
have been already indicated in Figure 4a.

The cluster finding was also verified by the 
Ward’s clustering of the original data (Figure 5b). 
Both dendrograms manifest almost the same 
clusters, which confirms that PC1 and PC2 contain 
the most important parameters of drinking water. 

The clusters constructed from PC1 and PC2 (Fig-
ure 5a) are better separated than those construct-
ed from all variables (Figure 5b). It is likely caused 
by the noise contained in the original variables.

According to the values from Table 5, the qual-
ity of drinking water can be now characterised by 
using the six principal components:

Figure 5. The Ward’s dendrograms of the samples characterised by PC1 and PC2 (a) and by the original 
variables (b)

Table 6. Summary statistics of the revealed clusters 

Parameters Cluster I
Median
(n=11)

Cluster I
Median
st. dev.

Cluster II
Median
(n=27)

Cluster II
Median
st. dev.

Cluster III
Median
(n=85)

Cluster III
Median
st. dev.

Acidity (mmol/l) 0.6 0.11 0.1 0 0.1 0

Alkalinity (mmol/l) 1.4 0.15 2.5 0.15 1.0 0.05

Ammonia (mg/l) 0.006 0 0.006 0.93 0.006 0

Calcium (mg/l) 73.9 6.71 73.0 4.6 26.2 0.41

CODMn (mg/l) 0.3 0.02 0.7 0.08 0.8 0.05

Colour (mg/l) 1.4 2.65 7.3 0.93 9.1 0.46

Conductivity (μS/cm) 54.0 1.31 62.1 4.64 21.3 0.36

Hardness (mmol/l) 2.4 0.12 2.6 0.21 0.9 0.02

Chlorine free (mg/l) 0.08 0.033 0.06 0.015 0.05 0.005

Chlorine total (mg/l) 0.15 0.038 0.15 0.013 0.16 0.013

Iron (mg/l) 0.07 0.066 0.12 0.020 0.13 0.023

Mesophiles (CFU/ml) 0 0.5 1 0.8 0 0.3

Nitrate (mg/l) 32.1 1.61 7.30 0.878 7.66 0.224

Nitrite (mg/l) 0.002 0.0003 0.002 0 0.002 0

pH 6.62 0.045 7.98 0.026 7.81 0.028

Psychrophiles (CFU/ml) 0 1.0 1 0.8 0 0.3

Temperature (oC) 10.5 2.63 12.1 1.12 10.0 0.66

Turbidity (NTU) 0.45 0.163 0.44 0.043 0.47 0.026
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PC1 = 0.434 Calcium + 0.423 Conductivity + 
0.434 Hardness         (22)

PC2 = 0.421 Acidity – 0.417 Alkalinity + 0.447 
NO3 – 0.446 pH  (23)

PC3 = 0.441 Colour + 0.5247 Fe + 0.547 Tur-
bidity          (24)

PC4 = 0.627 FC + 0.607 TC  (25)

PC5 = 0.440 NH4 + 0.420 NO2 – 0.379 temp  
(26)

PC6 = 0.575 Mesophil. + 0557 Psychrophil.  
(27)

It is interesting that CODMn characterising the 
total content of organic compounds significantly 
contributes to no selected principal components. 
An explanation is that the variation of this param-
eter is very low and relevant information remains 
in the noise. The possible reasons are:

i.  CODMn is determined by the volumetric 
method well known as the Kubel method and, 
therefore, the traces of organic compounds 
cannot be observed.

ii.  CODMn is based on the oxidation of organic 
compounds by permanganate at 96-98oC. 
Under these temperatures, volatile com-
pounds escape from the samples.

iii.  Parmanganate is not an effective oxidising 
agent for many organic compounds, such as 
short aliphatic aminnoacids and alcohols, 
some aromatic and aliphatic compounds, 
etc.

From these reasons, the presence of organic 
compounds should be monitored by other more 
sensitive and reliable parameters, such as total 
organic carbon (TOC) and/or dissolved organic 
carbon (DOC).

Reduction of the Number of 
Analysed Parameters

In general, the number of analysed parameters 
can be reduced by the reduction of parameters 
saturating the largest principal components. In this 
study, the inorganic salts of PC1 and the corrosion 
parameters of PC3 can be characterised by con-
ductivity and the iron concentrations, respectively. 
Chlorine in PC4 could be expressed by free chlo-
rine and PC5 can be represented by ammonium. 
The bacteria in PC6 can be characterised by the 
psychrophilic bacteria only. The question is the 
representation of PC2. Nitrate and pH belong to the 
basic parameters characterising the water quality, 
therefore, they both should represent this principal 
component. On the whole, only 7 parameters can 
be used for the water quality monitoring instead 
of the original 18 ones. The selected parameters 
were chosen according to their reliability, health 
and technological importance, costs, and analysis 
time. Of course, the coliform bacteria including E. 
coli, Clostridium perfringens etc., have to be also 
monitored regularly with strictly given periodicity.

case study III. finding of 
similarities in Ground Water Data

The data visualisation by means of the 1D, 2D, 
and 3D plots is the very important feature of PCA. 
Sometimes it is possible to look for similar samples 
in large data sets where the data points are often 
overlapped and cannot be well resolved. In addi-
tion, when more than three PCs are extracted each 
2-3 D projection is only an approximation of the 
reduced dimensionality space. In these cases, the 
similar samples can be found by the computation 
of similarity measures between them. As mention 
above, the real data contain a significant portion 
of the noise that should be removed. In this case 
study, a strategy for the retrieval of similar ground 
water samples is demonstrated. Firstly, the data 
noise is removed by PCA and in then the similar 
samples are retrieved.
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Data and Methods

The ground water samples were taken from five 
different localities on the area of an industrial city 
(Praus & Praks, 2007). The water composition 
was represented by 14 hydrochemical parameters, 
such as pH, ammonium, nitrate, chloride, sul-
phate, hardness, conductivity, alkalinity, acidity, 
CODMn, iron, manganese, dissolved oxygen, and 
aggressive carbon dioxide. The summary statistics 
of these samples are given in Table 7. PCA and 
other statistical calculations were performed by 
STATGRAPHIC Plus 5.0. The (14 x 95) matrix 
of 95 samples was prepared and processed by 
MS Excel. Before PCA, the data were centred 
and scaled.

Results and Discussion

The number of the largest principal components 
was estimated according to the scree plot (Figure 
1c) and the Kaiser criterion. All eigenvalues and 
their variances are summarised in Table 8. The 
three principal components explaining nearly 

80% of the total variance were extracted and 
thus the 14-dimesional data space was reduced 
to the 3D one.

Generally, the similarity between two samples 
can be defined as the distance between two points 
(xk, xl) in the n-dimensional space. The distance 
is often expressed by the Euclidean distance,

D x x
E

j

n

k j l j
= −

=
∑ ( )

, ,
1

2  (28)

and by the Manhattan distance,

D x x
M k j l j

j

n

= −
=
∑ , ,

1

 (29)

Other possibility is, e.g., cosine of an angle φi 
between two vectors q and D:

cos
qD

q D
=  (30)

Table 7. Summary statistics of the ground water samples 

Average
Standard 
deviation Minimum Maximum

Standard 
skewness

Standard 
kurtosis

Ammonia 0.74 0.98 0.014 3.62 5.17874 1.41348

Chloride 34.9 15.5 12.3 90 4.73363 3.2008

CODMn 0.84 0.52 0.21 2.36 2.69893 -0.73901

CO2 aggressive 44.1 24.3 0.21 91.3 -0.73533 -1.99214

Nitrate 17.1 18.2 0.50 81.7 4.21018 1.23388

Iron 5.76 7.57 0.06 27.8 4.19133 -0.18692

Alkalinity 1.50 0.93 0.25 4.1 1.6625 -1.69405

Manganese 0.463 0.490 0.06 1.76 3.09299 -1.39442

pH 6.33 0.35 5.63 7.01 -0.17751 -2.34029

Dissolved oxygen 4.04 3.23 0.49 11.9 3.69017 -0.78504

Sulphate 147 74.4 37.7 367 3.05774 -0.09845

Hardness 2.20 0.83 0.83 4.4 1.49623 -1.30413

Conductivity 50.3 17.4 24.5 95.8 2.26373 -0.53798

Acidity 1.20 0.45 0.25 2.25 2.31862 -0.86485

www.ketabdownload.com



379

Principal Component Analysis of Hydrological Data

Increasing cosφ (decreasing φ) indicates the 
increasing similarity between the samples. The 
cosine similarity is often used in the Latent se-

mantic indexing (LSI) method that is useful for 
the finding of similarities in large text documents 
(Berry et al., 1995, 1999). All these metrics oper-
ate correctly supposing that the coordinate system 
is orthogonal.

The scatter plot of the ground water samples 
is shown in Figure 6. The similar samples were 
retrieved in the reduced 3D space of the largest 
principal components. For this purpose, five 
samples serving as the reference samples (queries) 
were selected: 1 (1), 53 (3), 62 (5), 90 (2), and 91 
(2). They represent different sampling localities 
that are specified in the parentheses. The sample 
91 was also taken in the locality 2 but it has a 
very different composition. Therefore, it was 
used to test ability of the retrieval procedure for 
the detection of outliers. According to the cosine 
similarity (CS), the Euclidean (ED) and Manhattan 
distances (MD), the five samples most similar to 
each query were found (Table 9). If the samples 
are close to the query, then CS is close to 1 and 
ED and MD are close to 0. It is obvious that the 
CS values in each group differ mutually much 
less than ED or MD because of the cosine nature.

Table 8. The PCA results of the groundwater 
samples 

Com-
ponents 
Number

Eigenvalue Percent of Vari-
ance

Cumulative 
Percentage

1 6.7485 48.203 48.203

2 3.4133 24.381 72.584

3 0.99894 7.135 79.719

4 0.93317 6.665 86.385

5 0.55969 3.998 90.382

6 0.39427 2.816 93.199

7 0.31603 2.257 95.456

8 0.21552 1.539 96.995

9 0.16182 1.156 98.151

10 0.096367 0.688 98.84

11 0.070438 0.503 99.343

12 0.052860 0.378 99.72

13 0.022748 0.162 99.883

14 0.016415 0.117 100

Figure 6. Scatter plot of the ground water samples
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The significantly low CS and high ED/MD 
values were calculated for the samples close to 
the queries 53 and 91, which differ from the oth-
ers (see Figure 6). On the other hand, the best 
similarities were obtained for the samples close 
to the query 62. The coincidence of at least two 
of the calculated similarities was necessary to 

determine the final retrievals. It is obvious in 
Figure 6 that some of the samples are farther or 
closer to their queries in comparison with the 
computations in Table 9. This disagreement is 
caused by the approximate 2D projection of the 
3D data structure. However, the queries 53 and 
91 are also well indicated as the outliers.

Table 9. Retrieval results in the reduced space of the largest principal components 

Query CS Sample ED Sample MD Sample Final
Retrieval

1 1 1 0 1 0 1 1

0.98237 4 0.57514 4 0.98333 4 4

0.97368 2 0.70561 2 0.98577 2 2

0.93804 92 1.11183 82 1.50261 82 82

0.93761 82 1.14576 92 1.93577 92 92

0.89648 9 1.48980 95 2.12801 95 95

53 1 53 0 53 0 53 53

0.99489 52 1.07221 52 1.32709 52 52

0.98576 48 1.17489 50 1.64388 50 50

0.98202 43 1.22594 51 1.64409 51 51

0.97610 50 1.30816 54 1.93142 54 54

0.97128 51 1.42770 49 2.02518 49 49

62 1 62 0 62 0 62 62

0.99944 58 0.11708 63 0.17356 58 58

0.99939 63 0.13953 58 0.17889 63 63

0.99814 61 0.20813 61 0.33346 61 61

0.99660 60 0.28080 60 0.40899 60 60

0.99486 57 0.34685 57 0.59230 57 57

90 1 90 0 90 0 90 90

0.99115 93 0.69204 7 1.13807 7 7

0.98832 7 0.90573 93 1.47857 93 93

0.97690 80 1.13750 72 1.67111 80 80

0.97608 72 1.17352 80 1.81713 72 72

0.92948 9 1.64025 15 2.53176 9 9

91 1 91 0 91 0 91 91

0.91720 6 1.68150 6 2.39294 6 6

0.89133 84 1.96819 84 2.96495 84 84

0.87837 94 2.02971 94 3.22116 81 94

0.87375 73 2.10816 73 3.41920 73 73

0.85527 81 2.18609 81 3.43120 94 81
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In order to verify the retrieval results, the 
CS, ED, and MD values corresponding to the 
same queries were calculated in the systems of 
all principal components (Table 10) and all stan-
dardised (centred and scaled) original variables 
(Table 11). The former system is orthogonal and 
contains 100% of the data variance along with the 
noise. The latter one is also noisy but includes the 

co-linearity of some standardised variables. The 
similarities summarised in Tables 10 and 11 are 
worse in comparison with those of Table 9. It is 
likely caused by the higher content of the noise 
presented in the data. The partial findings within 
the pentads well correspond to those of Table 9 
with an exception of the query 91. It indicates 
this ground water sample possesses a very dif-

Table 10. Retrieval results in the non-reduced space of all principal components 

Query CS Sample ED Sample MD Sample Final retrieval

1 1 1 0 1 0 1 1

0.91683 4 1.49693 4 3.80429 2 4

0.90600 2 1.54286 2 4.59018 4 2

0.76427 82 2.37783 82 6.45849 10 82

0.72031 10 2.61399 10 6.84825 82 10

0.69507 95 2.69796 95 7.64711 88 95

53 1 53 0 53 0 53 53

0.94777 50 1.70115 50 4.66442 55 50

0.93395 51 1.71218 54 4.84198 54 54

0.93129 52 1.81084 51 4.93559 50 ?

0.92890 54 1.84822 52 5.25973 51 ?

0.91628 55 1.85378 55 5.27729 52 55

62 1 62 0 62 0 62 62

0.97698 63 0.79229 63 1.78903 63 63

0.97523 61 0.91868 61 2.28258 61 61

0.94643 58 1.15158 58 3.03039 58 58

0.94347 60 1.23313 60 3.32778 60 60

0.91603 57 1.54407 57 3.70719 57 57

90 1 90 0 90 0 90 90

0.94455 7 1.58393 7 4.72122 7 7

0.92390 80 2.05824 80 5.86247 92 80

0.92267 72 2.06915 72 6.29608 72 72

0.91035 93 2.16216 9 6.31814 80 ?

0.89269 9 2.22597 93 6.36658 9 9

91 1 91 0 91 0 91 91

0.64100 8 4.06752 8 12.9145 8 8

0.59844 15 4.27509 43 13.4969 15 15

0.59536 43 4.34204 15 13.5630 43 43

0.52925 44 4.50489 44 13.6390 44 44

0.52669 6 4.60308 48 13.9443 53 ?
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ferent composition. However, most of these final 
retrievals do not agree with the final retrievals in 
the reduced data space. Even in several cases no 
coincidence among all three metrics was reached.

It is hard to decide, which of the retrieval 
strategies mentioned above provide the most ac-
curate results. Very likely it holds: the better 
similarity measures are calculated, the more reli-

able retrievals are obtained. Of course, there are 
a lot of mathematical representations of the dis-
tances between two points in the n-dimensional 
space and several similarity metrics should be 
used in order to reach the ultimate results.

The simple calculations of the similarities in 
the reduced data space are favourable because of

Table 11. Retrieval results in the system of all standardised original variables 

Query CS Sample ED Sample MD Sample Final retrieval

1 1 1 0 1 0 1 1

0.91683 4 1.47736 4 4.25965 4 4

0.90600 2 1.57465 2 4.92736 2 2

0.76427 82 2.38379 82 6.25877 82 82

0.72031 10 2.59602 10 6.60402 10 10

0.69507 95 2.71054 95 6.98073 95 95

53 1 53 0 53 0 53 53

0.94777 50 1.63516 50 3.73375 54 50

0.93395 51 1.64777 54 4.04703 50 ?

0.93129 52 1.74994 51 4.14097 55 ?

0.92890 54 1.80303 52 4.17307 51 ?

0.91628 55 1.83975 55 4.68545 49 55

62 1 62 0 62 0 62 62

0.97698 63 0.80535 63 2.18649 61 63

0.97523 61 0.84230 61 2.36455 63 61

0.94643 58 1.23411 58 3.55407 60 58

0.94347 60 1.24984 60 3.84475 57 60

0.91603 57 1.51195 57 3.99467 58 57

90 1 90 0 90 0 90 90

0.94455 7 1.57099 7 4.45454 7 7

0.92389 80 2.01873 80 4.61109 80 80

0.92267 72 2.02148 72 5.43215 72 72

0.91035 93 2.18158 9 6.03704 93 93

0.89269 9 2.20540 93 6.92830 9 9

91 1 91 0 91 0 91 91

0.64100 8 4.29207 8 7.61912 8 8

0.59844 15 4.39139 43 8.71374 15 15

0.59360 43 4.42421 15 9.78178 94 ?

0.52925 44 4.61800 44 10.4119 81 44

0.52669 6 4.80205 48 11.3319 7 ?
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i.  the data noise removal,
ii.  the simple processing of large data sets with-

out any complicated clustering algorithms,
iii.  the easy implementation for automatic 

retrieval.

case study IV. PcA of 
Water Related Images

As it was demonstrated, water quality has been 
mostly monitored using a lot of chemical, physi-
cal, and biological methods, which are mostly 
expensive and time consuming. Moreover, these 
methods can be performed in laboratories, into 
which samples have to be transported from distant 
sampling localities. It takes time and costs of ma-
terials. In many cases, only the visual monitoring 
of water surface by means of digital images is 
satisfactory. For instance, unusual objects, such as 
oil spots, tree branches, dead animals, can indicate 
environmental problems that consequently will be 
solved using sophisticated laboratory methods.

Multivariate image analysis (MIA) was intro-
duced by Esbensen and Geladi (1989). According 
to this approach, an image can be represented by 
a 3D array (n x m x l) consisting of (n x m) pix-
els with l spectral channels. For example, a true 
current colour image has 512 x 512 pixels in 3 
colours (red, green, blue) that can be transformed 
into an (512 x 512 x 3) array. This 3D array can 
be reshaped to a 2D matrix that is n x m by 3. 
Then, PCA can be performed on this new matrix 
in the usual way.

MIA has been used for the analysis of pixel 
properties. Its applications in food (Yu & Mac-
Gregor, 2003), skin (Prats-Montalbán et al., 2009), 
texture (Bharati at al., 2004) and chemical analy-
sis (Payne et al., 2005; Lupetti et al., 2005), the 
classification of medical images (Kucharyavski, 
2007), etc. have been reported in the literature. 
MIA can be performed by several methodologies, 
from which SVD was found as the most capable 
method (Prats-Montalbán et al., 2009).

In this study, the water-related images were 
collected and reshaped into vectors that were ar-
ranged into an image matrix. The similar procedure 
inspired by LSI has already been used for the 
recognition and retrieval of human irises (Praks 
et al., 2006). The image matrix was decomposed 
by SVD and the scatter plots were constructed 
for the image clustering.

Data and Methods

The test database of 32 images showing some 
objects flowing on water surface or placed close 
to water was prepared. The low number of images 
enables the easier verification of the PCA results. 
Some objects of various shapes and colours were 
selected to represent real objects existing in the 
water environment: water in a BWWT activation 
tank, water bloom in ponds, leafs, water lilies, 
stones on river banks and bottoms, fern etc. The 
images as well as SVD of the image matrix were 
processed in MATLAB.

The original RGB images were resized to the 
(256 x 192) red, green, blue, and greyscale im-
ages. Each image represents a 49154 (=256 x 192) 
dimensional vector. These vectors were arranged 
into the (49152 x 32) image matrix X to represent 
the whole image database. The image matrix was 
decomposed by SVD to obtain Xk according to 
Equation (13). Now, each image is represented 
by k rincipal components. A problem of the k es-
timation was solved by means of the screen plot 
shown in Figure 1d. After the first three singular 
values the decrease of the plot is nearly stopped, 
therefore the data dimensionality was reduced at 
k = 3. That is, each image is represented by the 
three PCs and thus can be simply visualised as a 
point in, e.g., the 2D scatter plots of PC2 vs. PC1 
demonstrated in Figure 7.

The scatter plots of the green and greyscale 
images are very similar. This fact is in consis-
tency with the MATLAB calculation of the 
greyscale intensities I(grey) from the intensities 
I of other colours
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I(Grey) = 0.2989 I(Red) + 0.5870 I(Green) + 
0.1140 I(Blue)         (31)

in which the “greyscale” values are mostly loaded 
by the “green” ones. The image clusters A, B, 
and C are well distinguished in Figures 7b and 
7d and only one cluster, which is a combination 
of B and C, can be identified in Figure 7c. From 
this it follows that the red and blue colours do not 
bring important information about the objects on 
water surface.

Some examples of the images are demonstrated 
in Figure 8. The large cluster A contains the images 
displaying the various shapes of foam on brown 
wastewater in the activation tank (Figure 8a). The 
smaller cluster B agglomerates the images of the 
green water bloom (Figure 8b) found on pond and 
small lake surfaces. The cluster C consists of the 
only two images of water lilies in the database 
(Figure 8c). The outlaying image 4 displays small 
leafs and branches fallen into a fountain (Figure 
8d) and is similar to Figure 8b but contains a 
smaller portion of the green water bloom.

The good clustering results well demonstrate 
that SVD-based PCA of the image matrix is able 
to recognise the objects of similar colours and 
shapes placed on water. Its application for the 
environmental monitoring should be further 
tested by means of the large collections of scene 
and water-related images.

fUTURe TRenDs

Principal component analysis is not a new method 
but will be still used for the visualisation and 
searching hidden variables in various types of 
hydrological data. It is the essential platform for 
many statistical multivariate techniques, such as 
principal component regression (PCR) (Geladi 
& Kowalski, 1986) and soft independent model-
ling of class analogy (SIMCA) (Esbensen, 2006; 
Hopke, 2003), etc. In addition, the new applica-
tions of PCA can be expected in automated data 
collection and treatment systems, in which it can 
serve as the noise filter. For example, the process-
ing of signals received from on-line sensors built in 

Figure 7. Scatter plots of red (a), green (b), blue (c), and greyscale (d) images
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various remote waterworks and scene-monitoring 
stations (remote sensing) can be treated by PCA.

Also, the very interesting area of the PCA ap-
plication is the multivariate image analysis. The 
photographs are very good indicators of water 
pollution and can be simply taken and transferred 
by modern communication technologies for on-
going exploration. For this purpose commercial 
satellites with high-resolution sensors are very 
useful (Zhang et al., 2004).

cOncLUsIOn

The principals and examples of the PCA appli-
cations were presented. In the case study I, the 
composition of raw and cleaned wastewater was 
characterised by the four and three largest prin-
cipal components, respectively. Their temporal 
changes were displayed in the 1D graphs. It was 
also shown that PCs can be further statistically 
processed like the original variables. The number 

of parameters characterising wastewater composi-
tion was reduced from 22 to 8.

In the case study II, the six largest PCs were 
extracted for the drinking water quality characteri-
sation. The first and second PCs were visualised in 
the 2D scatter plot and the samples were divided 
into three groups in consistency with their sam-
pling localities. These clusters well agree with 
those obtained by the Ward’s clustering analysis. It 
was also demonstrated that the Ward’s clustering 
of the principal components is better than that of 
the original variables.

In the case study III, finding of the similar 
ground water samples was demonstrated. PCA 
reduced the original 14-th dimensional data space 
to the 3D one of the main principal components. 
In the original and reduced data spaces the similar 
samples were retrieved by means of the cosine 
similarity, the Euclidean and Manhattan distance 
calculation. The better retrieval results were ob-
tained in the reduced space due to the absence of 
the data noise.

Figure 8. Some examples of the water-related images used in this study
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In the case study IV, the clustering of 32 water-
related images was presented. The RGB images 
(photographs) were converted into the red, green, 
blue, and greyscale images of 256 x 192 pixels 
and reshaped into the vectors that were arranged 
into the large image matrix. The matrix was 
decomposed by SVD to extract the three largest 
principal components. Using the scatter plots PC2 
vs. PC1 of the green and greyscale images, the 
three well-defined clusters were obtained. This 
case study indicates that PCA is able to recognise 
the similar objects flowing on water.
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KeY TeRMs AnD DefInITIOns

Principal Component: A linear combination 
of variables, which describes a different variation 
in observations.

Component Loading (Loading): A contri-
bution of the particular variable to the principal 
components.

Scatter Plot: A two or three dimensional co-
ordinate system showing observations as points 
characterised by the principal components.

Singular Value Decomposition: A method 
of linear algebra for the decomposition of m x n 

data matrix into three matrices: m x r matrix, r 
x r matrix of singular values, and r x n matrix.

Screen Plot: A graph of eigenvalues or singular 
values that demonstrates the portion of total vari-
ance represented by the principal components.

Clustering: A partition of observations into 
groups called clusters whose members have 
similar properties.

Water Quality: A complex of chemical, physi-
cal, microbiological, and biological parameters 
defining the composition of water for the specific 
utilization, for example, drinking.
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ABsTRAcT

The scarcity of water resources exhibited in different parts of the world and the dysfunctional consequences 
associated with urban water processes and services are encouraging countries to adopt transforma-
tive innovative thinking. The movement from the “visions” of urban water management to ‘actions” 
demands more emphasis on the development of relevant platforms and frameworks that enable effective 
transitions and sustainability of actions and good practices. Within the context of a changing environ-
ment, urban water management processes need to be “shifted” from the “conventional” approach to 
a wider context capable of addressing the growing urban water management lock-ins. Complexities in 
urban water management originate from the difficulty of maintaining sector-based balances (mainly 
supply-demand balances) governing internal functionality as well as from the intensity and uncertainty 
of the dynamics of both the entire water system and the wide range of change agents interacting in its 
external environment. Such lock-ins are affecting the capacity of urban water managers and policy 
makers to develop suitable strategies and implementation pathways and improve the overall resource 
utilization and service provision capacity and efficiency. While conventional approaches continued to be 
widely used to address such lock-ins, little improvement tend to be gained with regards to the dynamics 
of the “problem domain” and the feasibility of “solution spaces”. Over years, emphasis continued to 
be on advocating “nesting” urban water management processes into the context of integrated water 
management, but without ensuring the availability of relevant change management strategies, tools 
and agents. Issues relating to water governance, decentralization of water management processes and 
authorities, involvement of stakeholders, development and adoption of appropriate information platform, 
and capacity building are moving to the front line agenda of urban water managers and policy makers. 
In the absence of relevant tools and integrated frameworks, the capacity of conventional urban water 
management approaches to address such a new context remains questionable. The complexity
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InTRODUcTIOn

Effective urban water management is directly 
and inexorably linked with water resources man-
agement, sustainable development and human 
security. While the maintenance of such linkage 
is usually viewed at the “abstract” organizational 
level, a thorough understanding of the function-
alities of urban water management process calls 
for understanding of the interactions that shape 
its internal and external environment both at the 
local and global scale.

Urban water resources have been affected by 
from the intensity of demand-oriented, supply-
specific and spatial considerations that influence 
the ability of policy makers to optimize the utility 
matrix of its urban stakeholders. Demand for water 
resources is increasing due to socio-economic 
activities, demographic transformation, indus-
trial developments, and ecosystem preservation 
requirements. On the other hand, available water 
supplies are being affected by spatial variability 
and rain fall rates, pollution, water losses through 
evaporation and climate change. The impacts of 
external factors interacting in the surrounding 
environment of the entire water system are being 
reflected in the ability to sustainably, manage 
water development projects and provide quality 
urban water services.

Urban water resources have also been affected 
by imperfections resulting from extreme events 
such as climate change. Because it produces 
higher temperatures, climate changes influence 

water availability, reliability of direct abstrac-
tions, seasonality and intensity of rainfall, runoff 
status and water percolation into aquifers (Claire 
Smith & Geoff Levermore, 2008). From an ur-
ban management point of view, climate changes 
create peri-urban spaces that can be regarded as 
‘‘heterogeneous mosaic of ‘natural ecosystems’, 
‘productive’ or ‘agro-ecosystems’ and ‘urban eco-
systems’ (Hallie Eakin, Amy M. Lerner, & Felipe 
Murtinho, 2009) and urban heat-island (Yukihiro 
Kikegawa, et al, 2006) that significantly affect 
the functionality and capacity of the entire urban 
water resources and related urban management 
services and processes. The resulting fragmented 
landscapes, small towns and cities, modified 
residence and housing patterns and styles, and the 
modified values and assumptions are re-shaping 
the context of urban management. On the other 
hand, the modified or new spatial and social 
impacts of climate changes on urban centers are 
also influencing the capacity of the urban water 
management organizations to address the conse-
quences of the growing urbanization growth rates 
and other shift and developing trends.

Meeting these challenges has been chal-
lenges by many lock-ins. institutionally, urban 
water management continued to be affected 
by the institutional frameworks and initiatives 
used to conceptualizing linkages among the sub-
systems of the entire “total” water system. Such 
frameworks tend to follow different paradigms 
ranging from “conventional”, through “sustain-
able’ to “integrated”. Conventional urban water 

exhibited across the entire urban water subsystem (both in scale and magnitude) calls for not only the 
development on new or modified “program sets” but also transformed and enriched ‘mind sets”. Such 
migration can be envisioned through the adoption of system thinking, innovation and strategic niche 
management. This will improve the capacity of the overall urban management “sub-system’ to orchestrate 
its functionalities with the overall water system using a holistic approach. This contribution focuses on 
the imperativeness of capacity building in urban water management in a changing environment and the 
importance of developing sustainability framework and approach in accordance with the principles of 
system innovation and thinking.
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management practices aim at meeting water 
supply-demand budgets, the provision of clean 
drinking water, floods control and protection of 
public health through wastewater management and 
conveying storm water away from urban settings. 
On the other hand, sustainability and integration 
frameworks emphasize the use of a holistic cause-
effect approach to understand internal functions 
and cross sector links. The complexity of interac-
tions (and sometimes interdependence) between 
water sectors (including urban waters) and other 
systems significantly affects the capacity of or-
ganizations and the society at large to adapt. This 
calls for identifying (1) the interdependence and 
hierarchy of resource management scales (basin, 
catchments, tributary, and water use course such 
as urban water and agriculture) and (2) organiza-
tional mainstreaming.

Over years, emphasis continued to be on 
advocating “nesting” urban water management 
processes into the context of integrated water 
management, but little has been done to ensure 
the existence of relevant change management 
strategies, tools and agents. In the absence of 
comprehensive preparedness pathways, the call 
for “nesting” remains a “use-less” exercise. The 
lack of such a “preparedness context” in urban 
water management frames undermines the issues 
which are moving towards the front line agenda of 
policy makers: water governance, decentralization 
of water management processes and authorities, 
involvement of stakeholders, development and 
adoption of appropriate information platform, 
and capacity building.

Organizationally, water management authori-
ties continued to face different challenges. Because 
the majority of them are public organizations they 
are characterized with inflexible organizational 
structures, limited community-oriented capa-
bilities and inefficiency in managing technology-
intensive acquisitions. Rigid organizational 
control mechanisms complicate the process of 
infrastructure acquisition and management as well 

as service provision, and accordingly reducing the 
adaptive capacity of urban water organizations. 
Therefore, they may appear as significant barriers 
to change as they limit and challenge effective 
organizational communication, responsiveness 
and shared visions. Especially with regards to 
adaptation to extreme events, improved organi-
zational responsiveness and adaptability looms 
very big to address the “portfolio” generic and 
specific barriers. Generic barriers influence the 
way the adaptation challenge is defined and 
potential adaptation responses identified and se-
lected. On the other hand, specific barriers relate 
to individual adaptation option and influence the 
capacity to carry out the solution. While some of 
these barriers are manageable through adaptation 
mechanisms others are not (Arnell & Charlton, 
2009). The intensity of organizational limitations 
and complexities of procedures threaten the fea-
sibility of vulnerability management strategies 
and the development of “organizational” and 
“population” adaptive capacity to environmental 
change (Hallie Eakin, Amy M. Lerner, & Felipe 
Murtinho, 2009) in urban water settings.

The intensity, multiplicity and complexity 
of such problems require a radical change in 
the institutional, technological and social basis 
of those systems. Most importantly, both the 
domain and context needs to change across 
the wider socio-technical setting that structure 
the behavior and decisions of actors involved 
i.e., re-structuration, innovation and transition 
thinking (Tagelsir, 2000). Therefore, the adop-
tion of fundamentally new practices, structures 
and culture is looming very big. Because water 
systems are conceptualized as “social systems”, 
the problems of un-sustainability experienced in 
different water-related sectors originate from the 
large complexity, high uncertainty, and existence 
of multiple actors with different perspectives and 
values (Grin, 2000; Tagelsir 2004).
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cAPAcITY DeVeLOPMenT 
In URBAn WATeR 
MAnAGeMenT DOMAIns

“Capacity”, is defined as ‘the ability of individu-
als, institutions and societies to perform functions, 
solve problems, and set and achieve objectives 
in a sustainable manner. Capacity building and 
development describe the processes through 
which capacity building projects are obtained, 
strengthened, adapted and maintained over time. 
Such projects provide the “tools” needed for the 
effective delivery of programmes or services, and 
ensuring the ability of stakeholders to demonstrate 
accountability for the “resources” deployed. They 
also create a learning platform that significantly 
supports the identification and implementation of 
capacity based processes, enhance their strategic 
viability and harmonize the standard operating 
procedures associated with them.

Capacity development incorporates human, 
social, institutional and economic dimensions 
(Lisa Robins, 2008; Timmer, Loe & Kreutz-
wiser, 2007; Pieter van der Zaag, 2005). Human 
dimension relate to improvement of knowledge 
bases, skills and experience and strengthening of 
managerial systems. Social dimensions relate to 
the advocation of trust and reciprocity, values, 
attitudes, behavior, commitment, motivation and 
networks relationships. Institutional dimension 
relate to improved governance, accountability, 
involvement of stakeholders, facilitating decision-
processes and managing upstream–downstream 
linkages. Economic dimension relates mainly to 
financing water infrastructure.

Healey (1998) advocated that institutional ca-
pacity incorporates three dimensions: knowledge 
resources, relational resources, and capacity for 
mobilization. Knowledge resources include ‘lo-
cal knowledge’ built up through a combination of 
practical experience and the frames of reference 
that people use to filter and give meaning to that 
experience, as well as the knowledge provided 
by other stakeholders including professionals. 

Relational resources refer to the development of 
networks that facilitate sufficient appreciation, 
trust and communicative skill for the involvement 
of different stakeholders and interactions among 
them. Such networks improve the social capital 
of communication, encourages general ‘trust-
ability’, facilitates smooth flow of knowledge 
and contribute to mobilizing the political and eco-
nomic resources that are necessary to achieve the 
objectives of stakeholders. On the other hand, the 
application of knowledge and relational resources 
shapes the capacity to mobilize resources such as 
funds, equipment, people, etc to make a difference.

According to Pieter van der Zaag (2005), 
institutional capacity development incorporates 
training courses, on-the-job training, awareness-
raising, facilitating knowledge exchange activi-
ties, developing expertise in multi-party agree-
ments, developing institutions governing and 
facilitating required cooperative bodies, as well 
as developing knowledge bases, human resources 
or organizational strength.

Especially in water resources management, 
capacity building continued to be challenged by 
different limitations:

a.  The limited view about capacity building:

Despite the fact that capacity building is re-
garded as a process that includes a wide range of 
dimensions (as described above), there has been 
a trend of considering capacity building to be 
equivalent to “training and research”. Training 
can be long term (academic training) leading to 
academic degrees or short term training. It assists 
in establishing new urban water management op-
tions, implementing new urban water systems, 
improving water productivity and enhancing 
efficient urban water use. However, despite the 
“narrow” conceptualization of “capacity build-
ing”, training faces some challenges including 
the diversity and heterogeneity of water-related 
organizations, misunderstanding of training needs 
and priorities, weak coordination, and lack of fund-
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ing and un sustainability of training budgets and 
failure to keep pace with technological changes. 
Because of such limiting conceptualization, there 
has been an over emphasis on “technical” training. 
However, technical skills neither strengthen an 
organization’s analytical capacity (i.e. the ability 
to step back and critically review its work and the 
changing environment in which it functions) nor 
its adaptive capacity (i.e., its ability to change 
behavior as a result of that learning and reflection).

b.  The lack of effective capacity building 
paradigms:

The narrow conceptualization of capacity 
building has been accompanied with a consid-
erable failure to orchestrate capacity building 
processes in accordance with water manage-
ment approaches and paradigms. It is only the 
determinants of the water management adopted 
which shapes the context and domain of capacity 
building. While integrated water management 
paradigms encourage orchestration of the vari-
ables interacting in problem domains and solution 
spaces, actual practice in some countries adopts a 
conventional approach to water management that 
views capacity development processes based on 
the locations of “water entry and exit” together 
with the partners involved at each point (humans, 
animals, land cover, biodiversity, etc). Viewing 
capacity development according to the water-
entry-and-exist locations, for example, tends to 
be problematic. The problem with this approach is 
the difficulty of articulating such actors and their 
roles. Moreover, their roles are plotted across hy-
drological and administrative boundaries therefore 
the use of entry-exit paradigm limits the capacity 
of using a holistic approach and is affected by the 
lack of coordination. Such disharmony signifi-
cantly results in a complete jamming regarding 
the capacity development matrix and needs and 
affects the capacity of the entire organization(s) 
to develop and implement capacity development 
monitoring and evaluation mechanisms. Integrated 

management approaches, on the other hand, are 
guided (at least at the theoretical level) by the 
principles of “coordination”, “involvement” 
and “benefit sharing”. Therefore, the context of 
capacity building incorporates a wider array of 
perspectives. Because it attempts to understand the 
environment of water management in general and 
urban water courses in particular, emphasis tends 
to be made on both micro (internal) and external 
(macro) settings and the multiplicity of variables 
interacting within and between them. Instead of 
focusing on water entry and exit issues, focus also 
includes supply-related variables, demand-related 
variables, and the consequences (functional and 
dysfunctional) of water development and use 
in a complex socio-economic, political, spatial, 
demographic and technological context.

c.  Thematic fragmentation of capacity building:

The lack of a systematic conceptualization 
of capacity building created a serious thematic 
fragmentation with regards to the articulation of 
capacity building processes and activities in dif-
ferent water-based sectors. The lack of flexible 
organizational forms, over emphasis on “sub-op-
timization”, and weak organizational coordination 
(both within and across water-related organiza-
tions) is curtailing the abilities of organizations 
to develop their capacity building priorities and 
develop suitable monitoring and evaluation tech-
niques. Such fragmentation has been reflected on 
the sustainability and productivity of urban water 
courses. It has been also reflected on the investment 
attraction of urban water systems and attitudes of 
donors (who contribute heavily to water infra-
structures especially in developing countries) and 
investors and water companies through its impacts 
on the Standard Growth Value Index (SGVI) and 
the Business Leaders Confidence Index (BLCI) 
determining the investment attraction capacity of 
a particular country.
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sUsTAInABLe TRAnsITIOns In 
URBAn WATeR MAnAGeMenT

While the migration from “conventional” to 
‘integrated” domains of urban water manage-
ment seems to be “demanding” in terms of 
organizational, institutional, technological, etc 
considerations, the whole situation will move into 
disarray without increasing emphasis on capac-
ity building and adopting a holistic approach for 
its conceptualization and implementation. The 
adoption of transition thinking and the use of 
system innovation concepts ensure the existence 
of a dramatic shift in terms of structures, organi-
zations, policies, cultures, and systems, among 
others. Innovation-based capacity building leads 
for not only the development on new or modified 
“program sets” but also transformed and enriched 
‘mind sets”.

Transition thinking and system innovation 
are based around the concept of “transitions”. 
A transition is a process of structural societal 
change from one relatively stable system state to 
another (new or modified) via a co-evolution of 
networks, structures, culture, practices, institu-
tions, technologies, policies, individual behavior 
and autonomous trends. It may result into new 
domains or significant modification of exist-
ing setups (Raven, 2005, Rotmans et al. 2000). 
Transitions processes exhibit some degree of 
multiplicity in terms of scale, magnitude, level, 

structure and domain of the dynamics of social 
systems. Therefore, they require a re-evaluation 
of the basic values and standards of the society 
that shape the context of cooperation, innovation 
and sensitivity towards environmental and societal 
issues and values.

Transition thinking and system innovation 
tends to be perceived and conceptualized using 
a multi-level perspective that distinguishes three 
analytical concepts: niches, regimes and the 
landscapes as shown in Figure 1.

Niches represent new and relatively instable 
set of rules and institutions for innovative prac-
tices. They denote a series of experimental proj-
ects such as demonstration projects, pilot plants, 
constellation of structures, specific application 
domains, special geographical locations, culture 
and practices that deviates in the way societal 
functions are fulfilled. Therefore, they can be used 
as a strategy to ‘test’ the innovation in different 
settings (Lynn, et al, 1996). Niches form pro-
tected spaces where visionary actors can experi-
ment with an innovation and learn about potential 
benefits and barriers. As it is the case of the water 
system, alternative water uses such s irrigated 
agriculture, hydropower production, domestic 
water use and industrialization, can be taken as 
niches cross basin, watershed and administrative 
levels. Accordingly, actors such as water users, 
policy makers, and NGO’s among others can form 
new social networks in these niches, which become 

Figure 1. Multi-level perspective on socio-technical changes (Geels, 2002)
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advocacy coalitions for the emerging innovation. 
Through a series of experiments in different 
niches an innovation may eventually replace 
dominant regime practice and contribute to a 
transition towards sustainability. Because of their 
potential contribution to a transition, these ex-
periments are referred to as ‘transition experi-
ments’.

A regime represents a set of cognitive, regula-
tive and normative rules or institutions that are 
coherent and guide the choices and behavior of 
the actors in that regime. The regime rules and 
institutions guide regime actors in a specific 
direction and make them blind for alternatives 
or even discourage or punish the development 
of alternatives. However, current regimes have 
actually developed from a positive and legitimized 
way of doing things, e.g. to deal with persistent 
problems in the past (Vleuten & Raven, 2006). 
Regimes generally have a very stable institutional 
structure that individual actors can influence only 
very limitedly and indirectly.

The landscape offers a metaphor for the 
background setting and developments for re-
gimes and niches and the possibilities for regime 
change, including structural socio-economic, 
demographic, political and international develop-
ments. It represents the source of pressure on the 
regime to change and the behavior and choices of 
actors. This is because the institutional structure 
of niches, is often very limitedly developed and 
offers little structure to the behavior and choices 
of actors despite the fact that niche actors, at the 
same time, still have a lot of options to develop 
those institutions according to their own prefer-
ences and in interaction (through discussion and 
negotiation) with others.

Viewing the water system as a sociotechnical 
system, the partners associated with its manage-
ment programs and projects can have different 
perspectives on what they see as part of its regimes, 
niches or landscapes. A new irrigated scheme 
that aims at introducing a new and sustainable 
innovation (in terms of products) to the market 

will perceive a change in agricultural schemes’ 
acts and legislations as a change in the landscape, 
because the scheme’s organization cannot influ-
ence those decisions, while the legislation can 
have a major influence in the possibilities for the 
organization and the innovation. A member of the 
water management authorities, on the other hand, 
has more possibilities to influence the agricultural 
legislation decisions, but may perceive technologi-
cal change as an external development.

The rationale for using transitions and system 
innovation for urban water management practices 
are the flowing:

1.  The potential for maintaining sufficient 
openness, stability and adaptivity of water-
related regimes and their improved capacity 
to accept radical innovations. Interactions 
and motivations from the landscape for 
change are effective only when such radical 
innovations have been developed in niches 
that can be used to exploit the opportunities 
for change.

2.  The use of niches on the other hand, allows 
more chances for understanding the con-
text of “resource” and “benefit” sharing as 
it assists in multi-disciplinary structuring 
of problems, enhancing vision-oriented 
understanding and the role of innovation, 
motivating involvement of stakeholders and 
creating learning organizations.

3.  The use of niches enables the harmoniza-
tion of capacity building programs and 
activities by understanding interactions 
and interdependence among regimes across 
the landscape as well as among niches in-
teracting within the same regime or across 
multiple regimes. The resulting integrated 
environment constitutes a platform for mu-
tual understanding, coordination and change 
management. Accordingly, the entire water 
authority (s) can easily foresee and forecast 
all possible “under-estimated”, ‘over-esti-
mated”, less-focused niches and recommend 
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possible system-wide landscape-based and 
regime-specific intervention scenarios.

Using the systems’ innovation approach, the 
water system can be viewed as a complex socio-
technical system characterized with uncertainty 
and sophistication in terms of its internal and ex-
ternal interconnections. Socio-technical systems 
are complex systems that conceptualize process 
and work design by emphasis on understanding the 
social aspects of people (managers, stakeholders 
and beneficiaries), society and technical aspects of 
machines and technology. While such orientation 
provides an intellectual tool to understand technol-
ogy diffusion and infusion processes, it also assists 
in recognizing managerial patterns under different 
technological setups. Water as a sociotechnical 
system is not limited to people and technology 
but it includes hardware, software, physical sur-
roundings and infrastructure, procedures, laws 
and regulations, data and data structures, among 
others. While some of these components incorpo-
rate social rules and procedures, others affect the 
swing of the pendulum of social and organizational 
behavior as they influence the way processes are 
designed and implemented.

The difficulty of managing change, address-
ing embedded social structures and optimizing 
the matrix of social preferences is complicating 
the process of understanding such system. The 
challenges range from the hierarchy of decision 
making contexts, through the unfamiliarity of the 
majority of actors with the domain of complex-
ity and their willingness to exert some influence 
despite their lack of governance capacity, to the 
complexity of articulating and evaluating options. 
The interventions associated with the management 
of water systems tend to overlook the variety of 
objectives and values to be realized and the way 
they prevail. Within this context, the optimization 
of the utility matrix of stakeholders tends to be 
based on partial solutions in a way that threatens the 
establishment of integrated cause-effect networks 
and exploration of opportunities and threats in ac-

cordance with the pattern that collective images 
and shared languages take to develop.

Transitions of shared water system demand 
a thorough understanding of the context and 
magnitude of existing bottlenecks, opportunities, 
and potential interventions. A systematic analysis 
of relevant elements of such a social system i.e., 
stocks and flows, in this case, is essential for the 
identification of the main problems exhibited in 
the water system and the transitions or transfor-
mations required as intervention mechanisms. 
Therefore, the identification of relevant landscapes 
(together with their layers) and system boundaries 
(that govern interactions in accordance with the 
prevailing managerial style and patterns), relevant 
regimes and relevant niches, images and synergies 
assumes a high level priority for understanding 
the context of transition (Tagelsir, 2009).

The water system incorporates a wide range of 
“stocks” and “flows”, involves complex planning 
and monitoring activities and expands across a 
spectrum of decision making domains and orga-
nizational scales. Because of its “shared context”, 
hierarchy and the existence of layers exists in 
different perspectives. Stocks denote collections 
of physical resources including environmental, 
managerial, demographic, social, economic, 
and technological, among others. Flows denote 
flow of physical objects as well as information 
and financial flows. Figure 2 provides a sketch 
representation of some stocks and flows.

As shown in Figure 3, the regimes constituting 
the main social structures of the water system 
tend to operate as change agents that negatively 
or positively affect the success of the entire system. 
Water management institutions, donors, com-
munity, water users, water use aids, laws and 
regulations, culture and paradigms, infrastructure 
(technologies and methods), among others, are 
the main social structures that make up the water 
system as a social system. The capacity of each 
regime to affect the fabric, functionality, power 
structure and objectives of the entire social system 
is contingent upon its individual innovations and 
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niches and their capability to contribute to a cor-
porate niche-regime interaction matrix dominat-
ing the activities of the overall system. While the 
boundaries of the water system tend to be stan-
dardized as an open system, the impact of 
changes tends to start from the inner domain of 
different regimes rather than the overall boundar-
ies of the social system at large.

The identification of such regimes takes place 
at different levels of conceptualization: hydro-
logical (the basin, tributary and watershed), ad-
ministrative (federal, city, and municipality) or a 
combination of both. The advantage of articulat-
ing regimes originates from the fact that it assists 

in maintaining linkage between the water system 
(at the landscape level) and its surrounding other 
systems, ensures the availability of monitoring 
and evaluation mechanisms across the layers of 
the water system’s managerial domain and devel-
oping effective platforms for negotiation, involve-
ment and improvement of awareness. As shown 
in Figure 3, such exercise is the cornerstone for 
improving appreciation of stakeholders about 
alternative water management approaches as it 
assists in:

a.  The identification and clear voicing of ex-
pectations of stakeholders;

Figure 2. Stock and flow analysis (Tagelsir, 2009)

Figure 3. Analysis of water as a socio-technical system
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b.  Building social networks; and
c.  Developing a comprehensive learning 

environment

However, the internal structure of the water 
system as well as its external engagement with 
other systems is usually affected by the pattern by 
which regimes respond to changes and the style 
adopted by the total system to strategically manage 
innovations and niches. While, some regimes may 
change themselves automatically by restructuring 
their internal goals and resources, others may wait 
for the emergence of change in other interrelated 
domains of changing or stable regimes.

As shown in Figure 4, the identification of 
the above mentioned elements should take place 
within the domain of an integrated water manage-
ment arena. To achieve this linkage, the overall 
social system should further be understood based 
on the following dimensions:

a.  Corporate procedural specifity which de-
notes its status and stability of corporate 
objectives, regime-specific goals, resources, 
and standard operating procedures governing 

the maintenance and sustainability of such 
specifity.

b.  Organizational fitness denoting readiness 
and capability to achieve the corporate 
objectives and nested regime-specific goals 
through improved coordination among the 
main organizational levels, effective decision 
making capacity, enhanced planning orienta-
tions and enriched practical and participatory 
managerial styles.

c.  Thorough framing of the domains of analysis 
(using SWAT and ETOP, among others) gov-
erning the implementation of an integrated 
water management paradigm by focusing 
on the scale and magnitude of interactions 
and dependencies.

Paradigm analysis and linkages guides the 
process of identifying landscapes (system bound-
aries), social structure (regimes), innovations 
(niches) and accordingly key players and decision 
making partners (together with their role in the 
corporate power structure), organizational levels, 
and the impact of decision and managerial syner-
gies upon the regime-niche structure, expectations 

Figure 4. Paradigm analysis and linkages
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of stakeholders and the capacity of the entire 
system to achieve its overall goals and objectives.

The effective management of urban water 
resources is affected by alternative water uses 
(hydropower, irrigated agriculture, industrializa-
tion etc) represent the core region-wide niches 
according to which the programs of the action 
plans can be formulated. As shown in Figure 6, the 
articulation of the attributes characterizing each 
and every niche need to be identified because they 
justify the existence of that niche as a niche for 
experimentation and intervention. The corporate 
image of each niche is contingent upon a network 
of niche-niche interaction matrix denoting the 
dependency (and sometimes complementarities) 
among niches. The attributes of urban water 
hydropower (which means the establishment of 
dams) is related to irrigated (mechanized agricul-
ture) and industrialization regimes, for example. 
The identification of niches and their attributes 
is also contingent upon the interaction (and 
sometimes competition) and resource availabil-
ity perceived within the context of an integrated 
resource-objective matrix of both regimes and the 

landscape. On the other hand, the functionality 
of the urban water regime is also affected by the 
managerial style adopted for the management of 
water resources at the landscape level. The hier-
archy of decision making at the landscape level 
tend to follow a hierarchical pattern (reflecting 
the rigid structure of public organizations) and 
may incorporate different (individual or coupled) 
measures of centralization or decentralization.

Within a multi participatory integrated water 
management domain, the niches to be identified 
in each regime (as well as across regimes) inter-
acting within the entire landscape constitute a 
framework for “negotiating” urban water manage-
ment policies. The endorsement of such niches 
(acceptance, re-engineering or rejection) reflects 
the dynamics of the entire water system and the 
degree of “interdependence” among the variables 
interacting across the existing and potential util-
ity matrix. Therefore, the niches articulated will 
reflect, to a larger extent, the actual water-use 
potential of each sector at the different layers of 
use (river, tributary, major canal and field for 
example). When viewing niches in this way, the 

Figure 5. Niche and regime interoperability
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meeting points of win-win solutions will be clear. 
Prioritizing niches in each regime critically affects 
the functionality of the entire urban water regime.

As shown in Figure 5, interactions at the 
niche and regime level reflect the functionality of 
water-related regimes interacting (and sometimes 
competing) with the urban water regime as well 
as the impacts of socio-economic, technological, 
etc regimes shaping the surrounding environ-
ment. Therefore, the articulation of niches and 
the perception of their attributes should reflect 
a cross-referencing domain to understand the 
functionality of the urban water regime in wider 
cause-effect context.

A sYsTeM InnOVATIOn ORIenTeD 
InTeGRATIOn Of MAnAGeMenT 
InfORMATIOn sYsTeMs In URBAn 
WATeR MAnAGeMenT: A HYDRO-
InfORMATIcs PeRsPecTIVe

The adoption of system innovation theory and ar-
ticulation of niches and regimes together with their 

relationships can be used for capacity development 
in urban water management. As shown in Figure 
6, incorporating urban water management within 
the wider context of integrated water management 
demands a thorough understanding of:

a.  Regime-based or cross-regime oriented 
shifts and transformations to its existing 
functionality in the light of existing and 
potential change agents.

b.  The context of perceived impact (together 
with the scale and magnitude of such im-
pacts) of the perceived change agents.

c.  Potential interventions (including capac-
ity building) and necessary re-engineering 
processes.

Regime based shift include change of the 
resource acquisition and allocation matrix, shifts 
of stakeholders utility matrix, and regime-based 
adaptation capacity. Other shifts may take place 
at the level of related regimes operating in the 
entire landscape as well as those existing in its 
external environment. Different change agents 

Figure 6. Innovative capacity building domain
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have different impacts and lead to a wide variety 
of interventions. Capacity building programs, 
processes and activities reflect the nature of in-
terventions and re-engineering processes. Without 
adopting an integrated regime based analysis of 
functions and capacity building requirements the 
existing disharmony and lack of coordination will 
continue to evolve.

The use of system innovation and thinking 
constitute a base for creating an integrated envi-
ronment that links the urban water regime with 
other regimes. As shown in Figure 7 linkages take 
place between urban water regime and other water-
related regimes such as irrigation or agriculture 
regime as well as those taking place with related 
regimes interacting within the external environ-
ment of the entire water landscape such as the 
socio-economic regime. To main such linkages 
and integration, capacity building efforts and 
processes start by understanding regime based 
functionality indicators in the light of its internal 
and external interactions. The resulting capacity 
development processes and activities fall into two 
main components: regime-specific and landscape-
based. On the other hand, capacity building also 
incorporates the determinants of cross-referenced 
integrated water management scenarios in order to 
avoid duplication of capacity building processes, 
share scare resources and maintain sustained har-

monization of processes. Because urban water is 
affected by the functionalities of other regimes, 
different scenarios of other regimes interacting in 
the landscape may lead to a regime-based and/or 
landscape oriented intervention.

From a hydro informatics point of view, the 
management information system of the organiza-
tions involved in water management and planning 
constitute a platform for capacity building and 
integrated functioning. As shown in Figure 7, the 
indicators that govern the functionality at the 
regime or landscape level can be used to analyze 
capacity building development processes, de-
velop intervention mechanisms and optimize the 
utility matrix of different stakeholders in different 
regimes through cross-referenced analysis of 
scenarios. In this form, capacity building activities 
will be process-oriented and reflect the integration 
(as well as the dynamics) of the entire water 
landscape.

Incorporating niche based and regime oriented 
indicators and functionalities allow information 
systems to guide the process of capacity develop-
ment in urban water management by:

1.  Ensuring a situational “match” (Tagelsir, 
2000) and benefiting from shared organiza-
tional and institutional resources including 
databases.

Figure 7. Capacity building: a hydro informatics perspective
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2.  Creating a community-oriented “learning” 
platform for discussion, negotiation and 
analysis in a way that allows for wider 
involvement and preparedness for transfor-
mation, reconciliation and open pragmatic 
thinking. The lack of such platform threatens 
effective organizational communication with 
stakeholders and the community at large, 
make the whole society ‘blind’ about alterna-
tives and lead them to support an old system 
even when alternatives have improved in 
terms of their societal, environmental and 
economic characteristics affecting the entire 
urban water regime (Geels, 2002; Tagelsir, 
2006, Vleuten & Raven, 2006; Cowan & 
Hultén, 1996).

3.  Maintaining coherence between sustain-
ability of urban water management and 
integrated management principles by main-
streaming connections between the entire 
urban water system across the entire water 
management landscape as well between it 
and the other systems operating in its sur-
rounding environment.

Such a harmonized and integrated view assists 
in improved urban water management as it helps 
in articulating:

a.  The divers and barriers to effective urban 
water management. “Drivers” include 
particular knowledge, tools, technology, 
market mechanisms, forums, interest groups, 
environmental/political/social conditions, 
etc. that hasten/affect positively whether 
or not the effective management of urban 
water is achieved. “Barriers” on the other 
hand hinder/affect negatively whether or not 
the effective management of urban water is 
achieved.

b.  Relevant policy and legal frameworks 
required to facilitate the planning and 
implementation of urban water management 
strategies necessary for the improvement of 

efficiency and resilience capacity. Ssetting 
up of regulations that monitor and enforce the 
implementation of some market mechanism; 
planning policy guidance which integrates 
different sectoral interests; the creation of 
framework directives to prescribe particular 
approaches to public participation or the 
creation of law or agreements governing 
multi-lateral decision-making on water 
management, among others, are examples 
of such frameworks.

c.  Relevant “stakeholders” involvement plat-
forms and mechanisms to enable participa-
tory planning of urban water resources.

cOncLUsIOn

The complexity experienced in the management 
of urban water resources has been accompanied 
with the need to “nest” urban water management 
principles and frameworks into the “integrated” 
context of water resources management. Despite 
the “imperativeness” of such a call nesting ad-
ditional efforts are required to maintain overall 
preparedness and improved capacity. The chal-
lenges facing water management at the landscape 
level significantly affect the functionalities at the 
urban water regime. Therefore, urban water man-
agement should be cross-referenced with water 
management processes in different water-related 
regimes that share water with it. This is because 
the context of effective management is no longer 
limited to the optimization of the utility matrix of 
stakeholders, but a wide range of transformations 
(and accordingly issues) are moving to the front 
line agenda of policy makers and demanding 
structural changes and transformations.

To move from the vision of improving urban 
water management towards an integrated archi-
pelago of water regimes, emphasis on improved 
capacity and transitions in its context constitutes 
a priority.
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The adoption of system innovation approaches 
and transition thinking allows for the establish-
ment of a wider domain of interaction and enables 
in-depth analysis of niches interacting across 
the components of the urban water management 
regime and other related regimes. Experimenting 
through regimes establishes connections between 
different stakeholders in a multidisciplinary ne-
gotiation and discussion context and enables the 
creation of social learning networks. It is only the 
confidence felt at the level of niches and stake-
holders which ensure confidence about “resource 
sustainability” and stability at the landscape level. 
System innovation facilitates the migration from 
conventional urban water management to a wider 
integrated context of interaction. From a hydro 
informatics point of view, the use of system and 
innovative thinking to address capacity building 
issues improves the knowledge base of water 
related information systems (mainly management 
information systems and decision support systems) 
and increases the responsiveness capacity of the 
entire urban water regime and orchestrates its 
functional interaction with other regimes. In ad-
dition, capacity building activities will be related 
to urban water management processes in accor-
dance with the interaction and interdependences 
among all water-related regimes and the impacts 
of environmental factors.
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KeY TeRMs AnD DefInITIOns

Integrated Water Resources Management: 
(IWRM) is a process of conceptualizing the water 
system as a sociotechnical system, articulating and 
managing its internal and external dependencies, 
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and sharing information in pursuit of improving the 
effectiveness and efficiency of the entire system.

Integrated Urban Water Management: is 
the practice of managing fresh, waste and storm 
water using hydrological, administrative or hydro-
administrative boundaries and different scales 
(catchment, tributary, river basin) with emphasis 
on the determinants of water supply and sanitation 
in urban settlements.

Strategic Niche Management: is the approach 
that focuses on investigating the experimental 
introduction of sustainable technologies using 
societal experiments (e.g. pilot plants, demonstra-
tion plants) in technology introduction in pursuit 
of improving interactions among the elements 
of a sociotechnical system and its efficiency in 
achieving its objectives.

Sociotechnical Systems Theory: focuses on 
understanding the social aspects resulting from 
interactions among people in their societies and 

technical aspects machines and technology in 
pursuit of optimizing a corporate utility matrix.

Climate Change: is the statistical distribution 
and variation of weather events (mainly changes 
in global temperatures and precipitation) over 
periods of time as a result of recurring cyclical or 
singular climate patterns and/or human activity in 
a specific region or across the globe.

Capacity Building: is the process of enhanc-
ing the human, scientific, technological, organi-
zational, resources and institutional capabilities 
in pursuit of improving policy development and 
implementation abilities.

Adaptation: is the process of adjusting the 
elements and functionalities of natural or human 
systems in response to actual or expected climatic 
shifts or impacts. It takes different forms including 
reactive, private, public, autonomous and planned 
adaptation.
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ABsTRAcT

This chapter discusses the environmental conditions in Lake Victoria and how they impacts on the fish 
stocks. Results show that in last 4 decades Secchi disc visibility decreased by about 75%. Oxycline depth 
decreased by 50% indicating that a large body of the lake water in the deeper waters cannot support 
life. Chlorophyll a has increased three times as compared to historical values. Results show that the 
redfield ratio has decreased to 8.2:1 (N: P). Low oxygen conditions in the deep water causes rapid deni-
trification with subsequent loss of nitrogen. Primary productivity has doubled over the period and algal 
biomass increased by 8-10 folds. The algal biomass is currently dominated by Cyanophyta. Zooplankton 
communities have changed to smaller sized species and a dominance of rotifers while Caridina nilotica 
has a higher abundance in inshore waters compared to offshore waters. Environmental changes have 
influenced changes in herbivorous and Zooplanktovore fish species resulting to increase in “Dagaa” 
Rastrineobola argentea, and decline of carnivore species. Changes in ecological interactions due to 
species introduction, predation accelerated by the environmental changes and increased fishing pressure 
have further complicated the ecosystem dynamics of Lake Victoria and pose serious uncertainties on the 
lakes future stability and sustainability of the fisheries resources. Lake Victoria’s future sustainability 
requires effective management of fishing effort and phosphorous loading.
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InTRODUcTIOn

East Africa has a high diversity of freshwaters 
bodies that include lakes, rivers and streams. Lake 
Victoria is the largest tropical lake in the world and 
is surrounded by Tanzania, Kenya and Uganda. It 
lies at an altitude of 1134 m above sea level and has 
a surface area of 68,800 km2. The lake is roughly 
square in shape with its greatest length and width 
of about 400 m and 320 km respectively. Much of 
the lake is shallow (≤ 40 m), but deep regions of 
the lake have maximum depth in the range of 60 
m to 92 m. Lake Victoria has a catchments area 
of about 194, 200 km2 (Piper et al. 1986) and is 
located between latitudes 0° 20’ N, 3° 0’ S and 
longitudes 31° 39’ E, 34° 53’ E. The lake bottom 
is mainly covered by thick layer of organic mud, 
but a few areas have patches of hard substrate, 
sand or rock (Scholtz et al. 1990). The coastline 
is indented with many bays and gulfs. The Kagera 
and Nzoia Rivers are the major inflows while the 
major out flow is via the River Nile.

Lake Victoria, like any other African Great 
Lakes experienced dramatic changes in the past 
century. These changes occurred in the drainage 
basin involving the vegetation, industrialization, 
agricultural developments, introduction and inva-
sion of alien species and intensive non-selective 
fishing. These, among other factors, have led to 
destruction of native and endemic components 
of the Lake Victoria basin lakes such as decline 
in fish stocks, reduction in fish species diversity. 
Lake Victoria lost about 60% of its over 300 cichlid 
taxa in the last decade (Lowe-McConnell 1993) 
and faced deterioration in water quality. Other 
developments were over exploitation of the fishes 
and human impacts on the ecosystem (Witte et 
al. 1992; Ochumba et al. 1994; Ogutu-Ohwayo, 
1990). Other components of aquatic system that 
changed included algae, macrophytes, inverte-
brates, birds, amphibians and reptiles those are 
important in an ecosystem. This document has 
synthesized on trends in the major environmental 

parameters to elaborate the changes in the lake 
environment and the fisheries.

BAcKGROUnD

Since the late 1960s disruptions of physical and 
biogeochemical processes have occurred in the 
Lake Victoria basin caused by intense human 
activity in the watershed caused by acceler-
ated population growth, intense cultivation, poor 
animal husbandry and introduction of exotic fish 
species (Bugenyi and Balirwa, 1989; Hecky, 1993; 
Balirwa et al. 2003; Lowe-McConnel, 1997). 
These disruptions have lead to over fertilization 
(eutrophication) which affects water quality and 
aquatic biota including fish in Lake Victoria 
(Mugidde, 2001; Lungayia et al. 2000; Kolding 
et al. 2008). The symptoms of eutrophication as 
characterised by elevated nutrient concentrations; 
hypoxia; massive fish kills and algal blooms have 
become a common phenomenon in Lake Victoria 
in the late 1990’s (Silsbe et al. 2006). The inter-
ventions by the respective governments and some 
development partners have reduced the effects but 
still this is very far from control.

Changes in the environment involving water 
quality especially turbidity may have brought 
about dramatic losses in biodiversity. Increased 
sediments loads and elevated algal biomass have 
direct effects on the fish habitat as well as fish 
production. Fish require good light conditions for 
visual recognition during mating and territorial 
defense. The changed light environment in Lake 
Victoria as indicated by the increased water turbid-
ity has reduced the effectiveness of colour signals 
between mates leading to the breakdown of the 
reproductive barriers and consequence erosion 
of the cichlid species diversity in Lake Victoria 
(Seehausen et al. 1997; Seehausen et al 2008). 
This has had direct effect to the other species as 
the Rastrineobola argentea which shared the same 
ecological niche. The introduced species on the 
other hand also competed with the endemic species 
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for habitat and food resulting to marked changes 
in species diversity, composition and the fishery.

Changes in phytoplankton and zooplankton 
biomass and species composition following 
eutrophication has influenced the changes in 
herbivorous fish species as well as the zooplank-
tivore resulting to the increase of zooplankton 
fish species such as the Rastrineobola argentea, 
locally named Dagaa and decline of other species. 
Changes in other ecological interactions due to 
species introduction and predation accelerated by 
the environmental changes and increased fishing 
pressure have further complicated the ecosystem 
dynamics of Lake Victoria and pose serious un-
certainties about the future stability and sustain-
ability of this resource. Some of the changes and 
concerns are presented in this paper.

General Description of 
Lake Victoria Basin

Lake Victoria, the second largest fresh-water 
lake in the world, is shared by three East African 
countries, with Tanzania having 51%, Uganda with 
43% and Kenya with 6% (4,128 km2). The Lake 
has a surface area of 68,800 km2, at an altitude of 

1134 m above sea level and extends from 2.5° S 
to 0.5° N and from 31.5° E to 34° E, thus being 
approximately 400 km long by 250 km wide. The 
lake is relatively shallow, with a maximum depth 
of about 84 m, and an average depth of about 40 
m (Figure 1).

Lake Victoria is a vital resource on which about 
30 million people in the riparian countries are 
dependent. It is a moderator of climate for the 
basin and is a source of domestic and industrial 
water. The fisheries resources of Lake Victoria 
are very important to the East African Commu-
nity (EAC) Partner States. The estimated annual 
yield for 2006 was 1 million tons valued at US $ 
350 – 400 million at beach level. Nile perch exports 
from the lake are estimated at about 80,000 tones 
of fillets valued at 250 million US$. Three to four 
million people in the basin are depend directly of 
indirectly on the fishery; and the fishery provides 
raw material for about 30 factories with a capac-
ity to process about 1,800 tonnes of fish per day. 
The array of different Haplochromine species 
(Over 500 species) and other 28 endemic fish 
species before the introductions and other eco-
logical changes had made Lake Victoria a living 
museum for biodiversity and evolution studies.

Figure 1. Lake Victoria and its location in East Africa and in the Africa continent
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LOnG TeRM TRenDs In 
enVIROnMenTAL fAcTORs AnD 
fIsHeRIes Of LAKe VIcTORIA

changes in the Water 
Quality of Lake Victoria

Introduction

The beginning of the slow deterioration of Lake 
Victoria ecology is very much linked to the 
rapid riparian population growth and consequent 
livelihood activities associated with farming and 
urbanization. The increase in population in a 
100km (62-mile) buffer zone around Lake Victoria 
between 1950 and 2000 outpaced the continental 
average (Figure 2). Lake Victoria supports one of 
the densest and poorest rural populations in the 
world, with densities of up to 1200 persons per 
square kilometre in parts of Kenya. An average 
annual population growth rate of three per cent 
is exerting increasing pressures on the lake’s 
natural resources.

Indicators of Eutrophication in Lake 
Victoria

The indicators of eutrophication i.e. Chlorophyll 
a, Transparency (Secchi depths), Oxycline depth 

recorded in 2005/06 were compared with the 1965 
readings (Talling, 1966) and with fish production 
which has increased almost ten-fold (Figure 3).

Chlorophyll a increased three times but with 
higher variability indicated by wide standard er-
rors as algae blooms are very seasonal and more 
common in inshore shallow waters. Secchi disc 
visibility decreased by about 75%. (ranged from 
0.5m in the shallow bays around Nyanza Gulf to 
5.7m in deep waters reading at 70 m depth in Feb 
2006. Oxycline depth decreased by 50% as further 
elaborated for a deep station of 60 m depth in 
north western sector of Lake Victoria during 
February-March 2006 sampling where the ther-
mocline and the oxycline was at 32 metres deep 
(Figure 4). With the increase of ten-folds in fish 
production, fishing efforts has also increased 
five-fold from 1970s to 2006.

Nutrient Loading

Atmospheric deposition is a major source of pol-
lutants into the Lake Victoria (Table 1). Most the 
nutrients are from biomass burning mainly form 
the slash and burn agriculture (Fire is used to 
clear the land surface, to regenerate nutrients, for 
hunting as well as for domestic uses) and burning 
of wetlands, which is a common practice in the 
Lake region to create new growth for pasture.

Figure 2. Population density growth around Lake Victoria compared to the continent average. Adapted 
from Africa Atlas, UNEP, 2006.
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The practice is also common in the main na-
tional parks such as the Serengeti national park. 
The nutrient laden dust is swept into Lake Victo-
ria by the strong winds, which converge at the 

centre of the lake. The Redfield ratio for TN: TP 
is 16:1 and this has decreased to 8:2:1 (N:P) in 
the lake, indicating more P and less N (Table 2).

Low oxygen conditions (hypoxia) causes 
rapid denitrification which offsets nitrogen fixa-
tion by cyanophyta on an annual basis

Changes in Primary and 
Secondary Production

Changes in dominance of diatoms in the 1960s 
to blue green algae in 2000s are shown in Figure 
5. In the surveys of 2005/06, Cyanophytes were 
the dominant algae by over 45% in all the three 
national waters (Figure 5 a-c). Data from Talling 

Figure 3. Indicators of Eutrophication recorded in 2005/2006 compared with records in 1960s by Talling 
(1966)

Figure 4. Temperature and dissolved oxygen 
profiles at a stratified station off Bokassa (00° 
46’S; 032°52’ E) in the north western sector of 
Lake Victoria during the February-March 2006 
survey. The arrows indicate the beginning of the 
thermo- and oxyclines.

Table 1. Relative magnitude of loading sources 
to Lake Victoria (Kolding et al. 2005) 

Pollution 
source

Total ni-
trogen 
(tonnes/
year)

% TN Total 
phos-
phorus
(tunes /
year)

% TP

Atmospheric 
deposition

167600 17 39978 79

Rivers sourc-
es

38800 4 9247

Biological N 
fixation

757 000 78 - -

Point sources 4300 1 1690 3

TOTAL 967700 100 50915 100
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(1966) indicated a dominance of diatoms by 69% 
(Figure 5d).

Zooplankton communities have also changed 
to smaller sized species with a dominance of 
rotifers (Figure 6a) while the micro-invertebrate 
Caridina nilotica has a higher abundance in in-
shore waters compared to offshore waters (Figure 
6b)

The status of fish Production

Fish production has been increasing with the 
increase in eutrophication as indicated by total 
landings (Figure 7). However, in early 2000s Nile 
perch catches have slightly declined or stabilized 
while the pelagic Dagaa Rastrineobola argentea 
is further increasing in the landings.

A clear picture of possible declines in the 
predator Nile perch, and increase of the pelagic 
dagaa is shown from hydro-acoustic survey results 
(Figure 8).

Biological Indicators of Eutrophication 
and/or Fishing Effort

Length-frequency distribution of Dagaa catches 
from 5-mm and 10-mm nets before 2000 and in 
2006 indicate that the species now matures more 
rapidly than before and adults and juveniles are 
now more difficult to separate (Figure 9).

The same trend was observed in Nile perch 
catches (Figure 10). In 1983 Nile perch exhibited 
a marked sexual dimorphism with small males 
and large females but by 2006 males and females 

Table 2. TN: TP ratios for the various localities 
in Lake Victoria (IFMP reports, 2005) 

Locality
Date of sampling

Nutrient

TN 
(µgN/l)

TP 
(µgP/l) N:P ratio

Nyanza Gulf

March-05 353.85 74.11 4.8

June -July 
2005 1272.32 136.29 9.3

Tanzanian 
waters

June -July 
2005 709.26 76.83 9.2

Zones 1,2,3 
(Uganda)

March-05 763.00 106.00 7.2

June -July 
2005 1006.50 95.10 10.6

Aver-
age

8.2:1 
(N:P)

Figure 5. Algal species Composition in (a) Kenya, (b) Uganda, (c) Tanzania compared with (d) Lake-
wide compositions in 1960s. (Source: IFMP reports, 2005)
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Figure 6. (a) Zooplankton composition in 2005, Lake Victoria (b) The composition of semi planktonic 
freshwater prawn Caridina nilotica in inshore and offshore waters in 2005, Lake Victoria

Figure 7. Trends in landings per species from 1980s to 2006 and the corresponding increase in effort 
in Lake Victoria
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were maturing at smaller sizes and occurring in 
approximately equal numbers over all size 
ranges, except > 100 cm (only three females of > 
100cm were in the 2006 samples)

The increasing eutrophication in Lake Victo-
ria resulting to changes in plankton communities 
and composition might be influencing changes in 
fish species composition and production. The 
increased water turbidity and reduced transpar-

ency (Hecky et al. 1996; Mugidde 2001; Gi-
chuki et al. 2006; Lungayia et al. 2000) are known 
to have reduced the effectiveness of colour signals 
between mates leading to the breakdown of the 
reproductive barriers and consequence erosion of 
the cichlid species diversity in Lake Victoria 
(Seehausen et al. 1997; Seehausen et al. 2008). 
Increase in the algal biomass has also recently 
favored the proliferation of fresh water shrimp 

Figure 8. Trends in estimated biomass from lake-wide Acoustic Surveys in Lake Victoria

Figure 9. Changes in size structure of Dagaa Rastrineobola argentea in Lake Victoria
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Caridina nilotica. The juveniles of Nile perch 
feed largely on the semi-planktonic freshwater 
prawn, Caridina nilotica (Mkumbo & Ligtvoet, 
1992; Ogutu-Ohwayo, 1990; Ogari & Dadzie, 
1988) but of recent Caridina contributed over 
60% to the diet of Nile perch upto 60 cm total 
length. The Nile perch stocks from acoustic sur-
veys indicate a decline in biomass while Dagaa 
is increasing and also Haplocromines recovering 
and becoming an important component again in 
the diet of Nile perch (IFMP Reports, 2005; 
Mkumbo et. al. 2005; Njiru et al. 2008a; Njiru et 
al. 2008b). How far are the environmental 
changes and eutrophication influencing biomass 
and feeding habit changes of the fish?. Total land-
ings have been increasing but the population 
structure and size at first maturity have declined 
while fishing effort kept increasing. To what 
extent is fishing mortality impacting on the ob-
served changes in species demography and later 
top down effects to the ecosystem?

solutions and Recommendations

The main issues from the synthesis are that hu-
man population growth/Livestock numbers are 
majorly responsible for the increasing pollution 
and eutrophication of Lake Victoria. The suggested 

mitigation measures involve population control 
and educating communities in family planning. 
This will also involve widespread use of immu-
nization and handling of preventable diseases. 
To manage livestock numbers, there is need to 
adopt improved livestock systems (AI, cross-
breeding, zero grazing). With regard to pollution 
and eutrophication there is need for of reduction 
nutrient emissions of P of anthropogenic origin 
by adopting good land use-reduce soil erosion, 
slush and burn agriculture, forest fires started 
deliberately to clear the forest for agriculture as 
well as to upgrade the industrial and municipal 
treatment systems to include tertiary treatment 
of waste using constructed wetlands. In addition 
there is need for promotion of cleaner production 
practice; Soaps and detergents regulations and 
also with respect to conservation (sustainable 
use) of wetlands 

fUTURe TRenDs

Results predict that the continuing nutrient enrich-
ment of Lake Victoria will not increase gross phy-
toplankton production as it is already light limited 
over most of the lake’s surface area. In contrast 
Further nutrient inputs will only cause a higher pro-

Figure 10. Changes in the Nile perch demography
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pensity of algal blooms in response to shallow di-
urnal stratification, thus further deteriorating water 
quality with no added benefit to the lake’s fishery. 
Further reducing nutrient fluxes into the lake will 
decrease phytoplankton biomass in inshore areas 
without necessarily significantly decreasing gross 
phytoplankton production. Zooplanktons form the 
sole food source for the pelagic cyprinid, Rastri-
neobola argentea (Mwebaza-Ndawula, 1994) and 
pelagic Haplochromines. The composition and 
diversity of zooplankton communities changed 
from dominance of larger types (Calanoids, Co-
pepods; Cladocerans) to smaller types (Cyclopoid 
copepods). This simplified the food web and re-
duced the grazing efficiency of the zooplankton. Is 
the simplied food web the only cause of changes 
observed in Dagaa stocks?. The recovery of Hap-
locromines might result in competition with Dagaa 
for food and habitat, and probably further reduce 
grazing efficiency of zooplankton resulting to even 
more algae blooms. The switch of Nile perch to 
feed on Haplochromines as they re-appear will 
probably control the eruption of Haplochromines 
to their previous levels and thus continue to favor 
the increase of Dagaa. Increase in fishing effort 
will also control the Dagaa population. Control of 
eutrophication therefore needs dedicated efforts 
to recover the health of Lake Victoria ecosystem 
and ensure a balance in food web and sustainable 
fish production.

In general research indicates that without 
better management on an urgent basis the lake is 
likely to suffer irreversible environmental damage. 
Should this occur, a valuable regional and global 
asset will become a costly liability.

In light of the foregoing we propose further 
studies on; Nutrient dynamics and eutrophication/
fishery production; Digestibility (quality) of the 
blue green algae role in the benthic food chain- 
production of phycotoxins. Further studies should 
also be carried out on within lake processes and 
land water interactions using the ecosystem ap-
proach) since the lake is not a microcosm. Some 
aspects of fish behavior are crucial especially 

when fish is stressed by eutrophication. We also 
propose further studies with relation to impacts 
of global warming as well as regular monitoring 
to provide data for use in guiding management 
advice and to serve as an early warning mechanism 
to detect environmental changes

cOncLUsIOn

Results show that increased eutrophication will 
result in a greater increase in P available than N 
(lower the N:P ratios) since denitrification mini-
mizes the influence of additional N input. This 
will result into the proliferation of the N-fixing 
Cyanobacteria algae of poor quality which might 
result into in a lower efficiency of energy transfer 
to higher trophic levels. Previous studies indicate 
that cyanobacteria are generally poor food source 
but in some cases the tilapiines eg Oreochromis 
spp. (Moriarty and Moriarty, 1973; Njiru et al. 
2004) have been observed to digest the said algae. 
In addition, some haplochromine especially the 
phytoplankton feeders (Goldschmidt et al. 1993) 
are also able to digest the algae. C.nilotica has 
also been found to feed on decaying detritus (of 
cyanophyta origin) at the bottom of the lake (Hart, 
1981). In terms of public health the production of 
microcystin by Cyanophyta may pose a potential 
health risk to human and livestock. We observed 
a wide distribution and high abundance of co-
pepods, dipteran larvae, molluscs and Caridina 
nilotica have adjusted to the new conditions and 
can provide a sustainable and resilient food web. 
Restoring visibility in the system by reducing 
algal biomass would have benefits for food web 
efficiency, fish biodiversity and potentially growth 
rates of mature Nile perch if haplochromines were 
restored as prey of the perch. In general the current 
ecosystem conditions are a threat to sustainable 
utilization of lake resources including the fishery 
since they they impose deep water anoxia limiting 
habitable volume for higher organisms, 2) limit 
fish biodiversity, 3) create the potential for algal 
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toxins to affect food webs and human consumers 
and 4) favor resurgence or invasion by water hya-
cinth and other floating macrophytes, With regard 
to water shed studies – fish originally thought to 
be endangered still present and thriving with the 
diverse aqua-scapes - biodiversity banks (rocky 
habitats, rivers, wetlands, satellite lakes and dams) 
being the key to the resurgence of these species 
(Chapman et al. 2008; Mbabazi et al. 2004). In 
conclusion the Lake Victoria ecosystem appears 
resilience to increasing eutrophication.

RefeRences

Balirwa, J. S., Chapman, C. A., Chapman, L. J., 
Cowx, I. G., Geheb, K., & Kaufman, L. (2003). 
Biodiversity and Fishery Sustainability in the 
Lake Victoria Basin: An Unexpected Marriage? 
Bioscience, 53(8), 703–715. doi:10.1641/0006-
3568(2003)053[0703:BAFSIT]2.0.CO;2

Bugenyi, F. W. B., & Balirwa, J. S. (1989). Hu-
man intervention in natural processes of the Lake 
Victoria ecosystem - the problem, (pp. 311-340). 
In J. Solanki & S, Herodek (eds.), Conservation 
and management of lakes. Symp. Biol. Hung. 38. 
Akademiai Kiado, Budapest.

Chapman, L. J., Chapman, C. A., Kaufman, L., 
Witte, F., & Balirwa, J. (2008). Biodiversity 
conservation in African inland waters: Lessons 
of the Lake Victoria region Verh. Internat. Verein. 
Limnol, 30(1), 16–34.

Gichuki, J., Mugidde, R., Lung’ayia, H. B. O., 
Muli, J. R., Osumo, W., & Kulekana, Y. (2006In 
press). Diversity of Aquatic Ecosystems. In 
Kansoma, P. (Ed.), Aquatic Biodiversity of Lake 
Victoria Basin: Its Conservation and Sustainable 
use. Lake Victoria Management Project (pp. 9–30). 
Book Chapter.

Goldschmidt, T., Witte, F., & Wanink, J. H. (1993). 
Cascading effects of the introduced Nile perch on 
the detritivorous / phytoplanktivorous species in 
the sublittoral areas of Lake Victoria. Conserva-
tion Biology, 7, 686–700. doi:10.1046/j.1523-
1739.1993.07030686.x

Hart, R. C. (1981). Population dynamics and pro-
duction of the tropical freshwater shrimp Caridina 
nilotica (Decapoda: Atyidae) in the littoral of 
Lake Sibaya. Freshwater Biology, 11, 531–547. 
doi:10.1111/j.1365-2427.1981.tb01284.x

Hecky, R. E. (1993). The Eutrophication of Lake 
Victoria. In Proc. Int. Ass. Theor. Appl. Limnol, 
25, 39 –48.

Hecky, R. E., Bootsma, H. A., Mugide, R., & 
Bugenyi, F. W. B. (1996). Phosphorus pumps, 
nitrogen sinks and silicon drains: Plumbing nutri-
ents in the African Great Lakes. In Johnson, T. C., 
& Odada, E. (Eds.), The Limnology, Climatology 
and Paleoclimatology of the East African Great 
Lakes (pp. 205–224). Toronto: Gordon and Breach.

Kolding, J., van Zwieten, P., Mkumbo, O., Silsbe, 
G., & Hecky, R. (2008In Press). Are the Lake 
Victoria fisheries threatened by exploitation or 
eutrophication? Towards an ecosystem based ap-
proach to management. In Bianchi, G., & Skjoldal, 
H. R. (Eds.), The Ecosystem Approach to Fisheries. 
CABI. doi:10.1079/9781845934149.0309

Kolding, J., van Zwieten, P. A. M., Manyala, 
J., Okedi, J., Mgaya, Y. D., & Orach-Meza, F. 
(2005). Lake Victoria Environmental Management 
Program (LVEMP): Regional Synthesis Report 
on Fisheries Research and Management. States, 
trends and processes. Entebbe, Uganda: LVEMP 
National Secretariat.

Lowe-McConnel, R. H. (1997). EAFRO and after: 
a guide to key events affecting fish communities 
in Lake Victoria (East Africa). South African 
Journal of Science, 93, 570–574.

www.ketabdownload.com



417

The Status of Lake Victoria Environment

Lung’ayia, H. B. O., M’Harzi, A., Tackx, M., 
Gichuki, J., & Symeons, J. J. (2000). Phytoplank-
ton Community Structure and Environment in 
the Kenyan Waters of Lake Victoria. Freshwater 
Biology, 43(4), 529–543.

Mbabazi, D., Ogutu-Ohwayo, R., Wandera, S. 
B., & Kizito, Y. (2004). Fish species and tro-
phic diversity of haplochromine cichlids in the 
Kyoga satellite lakes (Uganda). African Journal 
of Ecology, 42, 59–68. doi:10.1111/j.0141-
6707.2004.00492.x

Mkumbo, O. C., Getabu, A., & Tumwebaze, R. 
(2005). The State of the Fisheries Resources of 
Lake Victoria and their Management. In R. Ogutu 
Ohwayo, J. Balirwa, J. Njiru, O.C. Mkumbo and 
E. Birabwa (eds.), Proceedings of the Regional 
Stakeholders’ Conference 24th -25th February 
2005, Entebbe, Uganda. Swift Commercial Es-
tablishment, Kampala, Uganda

Mkumbo, O. C., & Ligtvoet, W. (1992). Changes 
in the diet of Nile perch, Lates niloticus (L.) in 
Mwanza Gulf, Lake Victoria. Hydrobiologia, 
232, 79–83.

Moriarity, C. M., & Moriarity, J. M. (1973). The 
assimilation of carbon from phytoplankton by 
the two herbivorous fishes: Tilapia nilotica and 
Haplochromis nigripinnus. Journal of Zoology, 
171, 41–56.

Mugidde, R. (2001). Nutrient status and planktonic 
nitrogen fixation in Lake Victoria, Africa. (Ph.D. 
Thesis) University of Waterloo, Ontario, Canada.

Mwebaza-Ndawula, L. (1994). Changes in relative 
abundance of zooplankton in northern Lake Vic-
toria, East Africa. Hydrobiologia, 272, 259–264. 
doi:10.1007/BF00006526

Njiru, M., Getabu, A., Jembe, T., Ngugi, C., Owili, 
M., & van Knaap, M. (2008a). Management of 
the Nile tilapia (Oreochromis niloticus (L.) fishery 
in the Kenyan portion of Lake Victoria, in light 
of changes in its life history and ecology. Lakes 
and Reservoirs: Research and Management, 13, 
117–124.

Njiru, M., Kazungu, J., Ngugi, C., Gichuki, J., & 
Muhoozi, L. (2008b). An overview of the current 
status of Lake Victoria fishery: Challenges, Op-
portunities, and Management strategies. Lakes and 
Reservoirs: Research and Management, 13, 1–12.

Njiru, M., Okeyo-Owuor, J. B., Muchiri, M., & 
Cowx, I. G. (2004). Shifts in the food of Nile tila-
pia, Oreochromis niloticus (L.) in Lake Victoria, 
Kenya. African Journal of Ecology, 42, 163–170. 
doi:10.1111/j.1365-2028.2004.00503.x

Ochumba, P. B. O., Gophen, M., & Pollinger, U. 
(1994). Ecological Changes in Lake Victoria after 
the invasion by Nile perch (Lates niloticus): the 
catchment, Water Quality and fisheries Manage-
ment. In E. Okemwa, E. Wakwabi and A. Getabu 
(Eds.), Recent trends of research on Lake Victoria 
fisheries. pp 29-40. ICIPE press, Kenya. (KMFRI).

Ogari, J., & Dadzie, S. (1988). The food of Nile 
perch, Lates niloticus (L.), after the disappearance 
of the haplochromine cichlids in the Nyanza Gulf 
of Lake Victoria (Kenya). Journal of Fish Biol-
ogy, 32, 571–577. doi:10.1111/j.1095-8649.1988.
tb05396.x

Ogutu-Ohwayo, R. (1990). Changes in the prey in-
gested and the variations in the Nile perch and other 
fish stocks of Lake Kyoga and the northern waters 
of Lake Victoria (Uganda). Journal of Fish Biol-
ogy, 37, 55–63. doi:10.1111/j.1095-8649.1990.
tb05926.x

Piper, B. S., Plinston, D. T., & Sutcliffe, J. V. 
(1986). The water balance of Lake Victoria. 
Hydrological Sciences Journal, 31(1), 25–38. 
doi:10.1080/02626668609491025

www.ketabdownload.com



418

The Status of Lake Victoria Environment

Scholz, C. A., Rosendahl, B. R., Versfelt, J. W., 
& Rach, N. (1990). Results of high-resolution 
echo-sounding of Lake Victoria. Journal of African 
Earth Sciences, 11(1/2), 25–32. doi:10.1016/0899-
5362(90)90073-N

Seehausen, O., van Alphen, J. J. M., & Witte, F. 
(1997). Cichlid fish diversity threatened by eutro-
phication that curbs sexual selection. Science, 277, 
1808–1811. doi:10.1126/science.277.5333.1808

Silsbe, G. M., Hecky, R. E., Guildford, S. J., & 
Mugidde, R. (2006). Variability of chlorophylla 
and photosynthetic parameters in a nutrient-
saturated tropical great lake. Limnology and 
Oceanography, 51(5), 2052–2063. doi:10.4319/
lo.2006.51.5.2052

Talling, J. F. (1966). The annual cycle of stratifica-
tion and phytoplankton growth in Lake Victoria. 
Internationale Revue der Gesamten Hydrobiologie 
und Hydrographie, 51(4), 545–621. doi:10.1002/
iroh.19660510402

UNEP. 2006. (n.d.). Africa’s Lakes: Atlas of Our 
Changing Environment. Division of Early Warning 
and Assessment (DEWA). United Nations Envi-
ronment Programme (UNEP), Nairobi, Kenya. 
Retrieved from Earthprint.com

Witte, F., Goldschmidt, T., Wanink, J., van Oijen, 
M., & Goudswaard, K. Witte-Maas’ E., & Bouton, 
N. (1992). The destruction of an endemic species 
flock: quantitative data on the decline of the haplo-
chromine cichlids of Lake Victoria. Environmental 
Biology of Fishes 34: 1 -28. Amsterdam: Kluwer

www.ketabdownload.com



419

Copyright © 2011, IGI Global. Copying or distributing in print or electronic forms without written permission of IGI Global is prohibited.

Chapter 21

Determination of Retention 
Efficiency of Kimondi Wetland 

in North Nandi District in Kenya
Shadrack. M. Mule

University of Eastern Africa, Kenya

Charles M. Nguta
Egerton Univerity, Kenya

InTRODUcTIOn

In recent years, wetlands have been applied to 
address water quality degradation associated with 
municipal and industrial wastes, and agricultural 
run-off, Nutrient run-off from agricultural fields 
in the form of nitrate-nitrogen and phosphate The 
enrichment of surface waters with pollutants from 
municipal, industrial, and agricultural sources 
have produced concern on the quality of water in 

water bodies. This has resulted in quite a number 
of studies to ascertain the level of pollution in such 
bodies (Goody D.C et.al, 2002; Griffioen, 2006). 
Agricultural run-off has been cited as the major 
point source of nutrients into water bodies due to 
the ecological impacts they have on both fresh-
water and estuarine systems. A number of studies 
have compiled evidence linking excessive nutri-
ent loading, particularly nitrates and phosphates 
from anthropogenic sources to eutrophication 
of lakes, rivers dams and wetlands (Cooper., et 
al. 1987; Heathwaite., et al, 2006). As pollution 

ABsTRAcT

Wetland buffers may play an important role in the retention of nitrogen (N) and phosphorus (P) which 
are released in large quantities from agricultural, municipal and industrial sources with run-off from 
agricultural lands being a common source of such nutrients to wetland ecosystems. Wetlands receiving 
crop field drainage are shown to lower nitrogen and phosphorus in water of such ecosystems. The main 
objective of the study was to determine the retention efficiency of Kimondi wetland in terms of nitrogen 
and phosphorus. Results of the study show that it the wetland has mean retention efficiency of 90% and 
95% for nitrogen during rainy and dry seasons respectively and mean retention efficiency of phospho-
rus of 80% and 93% during rainy and dry seasons respectively an indication that the wetland has high 
retention efficiency and its buffering ability has not been exceeded in both seasons.
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point sources have become easier to identify and 
control, attention is now being focused towards 
the contribution of such nutrients from agricultural 
catchments to water quality and the use of wetland 
ecosystems to improve water quality and retain 
pollutants. These vegetated riparian zones appear 
to act as a natural buffer for nitrogen, phosphorus 
and suspended sediment, thus controlling nutrient 
movement from the drainage area into the lake 
(Kadlec, 2003; Lucassen., et al, 2006).

Research has suggested that wetland areas 
can play a critical role in reducing water pollu-
tion, especially by intercepting surface runoff, 
subsurface flow, and certain ground-water flows. 
Their role in water quality improvement includes 
processing, removing, transforming, and storing 
such pollutants as sediment, nitrogen, phosphorus, 
and certain heavy metals (Cooper., et al. 1987; 
Marschner, 2003). Nutrients, mainly nitrogen and 
phosphorous from agricultural sources, human 
wastes and industrial discharges, may be retained 
by wetland ecosystems by accumulating in the 
wetland sub-soil, where they are transformed by 
chemical and biological processes or they can be 
taken up by wetland vegetation which can then 
be harvested and effectively removed from the 
system The efficacy of wetlands in removing 
pollutants from the upslope surface and ground-
water is highly dependent upon hydrology For 
effective removal of pollutants, flow must occur 
as sheet flow rather than highly focused flows, and 
advance at a slow velocity and shallow enough 
depth to allow interaction with the rooting zone of 
wetland vegetation (Chescheir., et al, 1991). High 
flows especially during rainy season may even 
lead to net nutrient release through the flushing 
of nutrient rich soil water, desorption processes 
and sediment erosion (Marschner, 2003). Longer 
residence times experienced during the dry season, 
however, promote removal processes, particularly 
denitrification, plant uptake and sedimentation, 
effectively increasing nutrient retention (Howard-
Williams, 1985; Healy & Cawley, 2002; Haycock 
and Pinay, 1993).

Although wetlands and riparian areas reduce 
water pollution, they do so within a definite 
range of operational conditions. When hydrologic 
changes or pollutants exceed the natural assimila-
tive capacity of these systems, wetland and riparian 
areas become stressed and may be degraded or 
destroyed (Griffioen, 2006). Wetlands and riparian 
areas should be protected from changes that would 
degrade their existing functions. Furthermore, 
degraded wetlands and riparian areas should be 
restored, where possible, to act pollution abate-
ment sites (Parsons et al, 1991; Toet et al, 2005). 
Not all wetlands therefore, contribute to water 
quality. While some wetlands impede drainage 
flow from developed land, filtering out pollutants 
and greatly improving the quality of the water 
entering streams, others provide no significant 
water-quality benefits. The aim of this research 
work was to assess the efficiency of Kimondi wet-
land in retention of nitrogen and phosphorus and 
in regulating surface water quality. Specifically 
the objectives of the study were to: (1) determine 
the retention efficiency of Kimondi wetland in 
relation to nitrogen and phosphorus, and to (2) use 
water quality indicators to determine the on-stream 
and out stream water quality of such a wetland.

BAcKGROUnD

The Ramsar Convention defines wetlands as 
“areas of marsh, fen, peatlands whether natural 
or artificial, permanent or temporary with water 
that is static or flowing, fresh, brackish or salty 
including areas of marine water the depth of 
which at low tide does not exceed six meters” or 
water lands transitional between terrestrial and 
aquatic systems where the water table is usually 
at or near the surface or the land is covered by 
shallow waters” (Chimney et al, 2000). Wetlands 
are increasingly being recognized as important 
ecosystems with great economic and biological 
values. As transition zones between land and water, 
wetlands are used extensively for water quality 
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improvement for instance through attenuation of 
organic pollutants (Chescheir et al, 1991). Some 
of the wetlands have been used traditionally as 
wastewater receptors and chemical disposal sites 
apart from being natural sinks for stormwater.

Wetlands are of great biological importance 
and form essential, often international, connec-
tions in ecological networks (Tylov-Munzarova 
et al, 2005). Wetlands may also contribute to 
the improvement of water quality downstream 
where nutrient and sediment loads are trapped 
or biologically transformed (Cooper & Gilliam, 
1987; Healy & Cawley, 2002). Structure and 
functioning of many river wetlands are, however, 
strongly affected by human activities in developing 
countries. Wetland ecosystems affect the trapping 
of sediment and adsorbed nutrients during flood-
ing because it influences water velocity (Kadlec, 
2003; Marschner, 2003).

Modeling of Fate and 
Transport Processes

The environmental fate and transport of contami-
nants, whether from point or nonpoint sources, are 
affected by many factors related to soil properties, 
land use, management strategies, contaminant 
properties, and climate. Field investigations ex-
ploring these relationships are limited in space and 
time; yet the interplay of soil-water-vegetation-
climate in determining contaminant transport 
sometimes may be obscure and difficult to observe 
over a short spatial and time scales. These particu-
larly true for nonpoint source pollutions because 
they are highly dispersed in the environment. In 
addition, the lack of the capability to manipulate 
liberally the environmental parameters regulating 
contaminant transport, fate and persistence also 
restricts the retention of such pollutants in the 
environment (Lucassen., et al, 2006).

The limitations of conventional field methods 
in investigating the environmental fate and per-
sistence of contaminants have led to the devel-
opment and use of simulation models. Modeling 

has become a popular approach for investigating 
environmental problems. They are built upon 
fundamental principles and empirical relations 
that are well established or tested. Mathemati-
cal models are derived based on steady-state, 
plug-flow assumptions which combine removal 
processes and variables affecting those processes 
into single, first-order removal rate functions. 
These models take the general form of:

C C K t
o i v
= −exp( )  (1)

where Ci = final target concentration (μg/l) of 
pollutant at time t; Co = initial (day 0) measured 
concentration of the pollutant of interest (μg/l); 
−Kv = is the volumetric removal rate constant 
(days−1); and t = is the hydraulic retention time 
(days) of the pesticide as reported by Chimney et 
al (2000). The value of the volumetric removal rate 
constant increases with increase in temperature as 
shown in the equation below suggested by Healy 
& Cawley (2002):

K A
v r

E
RT= −exp( )  (2)

where Ar is the Van’t Hoff–Arrhenius coefficient, 
E is the activation energy (J mol−1 K−1), R is a gas 
constant (8.314 J mol−1 K−1) and T is temperature 
in degree Kelvin. At high temperatures, Kv is 
high and wetlands should require lower hydraulic 
residence times to retain pollutants than at colder 
temperatures. In the winter, Kv is low because the 
water temperature is around 4°C and therefore, the 
PRT (pollutant retention time) required to retain 
a given amount of a pollutant should be higher.

According to Lucassen., et al (2006) the initial 
estimate of initial pollutant fate can be determined 
using physical, chemical, and biological attributes 
of the pollutant. Factors which affect fate, includ-
ing transfer and transformation processes, are 
assimilated into individual partition coefficients 
for water, sediment, and plants. These partition co-
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efficients are then summed to provide an ‘overall’ 
partition coefficient for wetland. By substituting 
the new partition coefficient into the first order 
Equation (1) above, it is possible to determine 
the amount of time necessary to retain a pollutant 
(PRT) in order to reach a final target concentra-
tion. Specific half-lives can then be determined 
by substituting Kv into the following equation:

t
K
v

1
2

0 693
=

. ,  (3)

where t 1
2

 is half-life of the pesticide in days.

Pollutant retention can be calculated by us-
ing the removal efficiency formula suggested by 
(Chescheir et al, 1991):

RE
QC QC

OC
i o

i

=
−

×100  (4)

where RE is the retention efficiency and mass 
(i, inlet; and o, outlet) is the flow (Q) times the 
concentration (C).

First-order removal and retention efficiency are 
exponentially related if volumetric removal rate 
is held constant (Chescheir et al, 1991):

RE K t
v

= − −1 exp( )  (5)

Average retention efficiencies with corre-
sponding average PRT can then be plotted for 
each season to fit the first-order removal model. 
Observed half-lives in each wetland’s environ-
mental compartments (plant, sediment, water) 
can be determined by performing a regression on 
measured concentrations across a wetland.

Wetland Nutrient Retention

Freshwater nutrient concentrations, particularly 
nitrogen (N) and phosphorus (P), are increasing 

globally (Heathwaite et al., 2006). The increase 
has been primarily attributed to increasing use 
of fertilizers in agricultural catchments to meet 
increasing global demand for agricultural and 
animal products. The increasing use of fertilizers 
has been further stimulated by a need to increase 
food security in all countries. The transport of 
fossil fuel emissions and other airborne pollut-
ants has increased atmospheric N deposition and 
enriched even isolated and relatively pristine 
catchments with nutrients (Cooper & Gilliam, 
1987; Gusewell & Koerselman, 2002). Nutrient 
concentration increases in aquatic systems have 
also been linked to: urban development, the use 
of phosphorus detergents, disposal of untreated 
human and animal wastes, and the mobilization 
and leaching of fertilizer N and P. In developing 
countries, the lack of or ineffective waste treat-
ment and disposal systems in urban catchments is 
a major environmental and human health problem 
(Goody et al, 2002; Griffioen, 2006; Lucassen et 
al, 2004).

Quantifying nutrient retention in natural wet-
lands is an important scientific and environmental 
task in the effort to enhance water quality (Cooper 
et al, 1987; Fogler, 1992; Daniels et al, 1984). 
Nutrients retention in surface flow wetlands occurs 
when the out flowing nutrients load is lower com-
pared to the inflowing load and is measured over 
a wide range from high to low removal efficiency 
rates. Nutrients retention is the effect of several 
biogeochemical and physical processes including 
plant uptake, peat accumulation, denitrification 
and sedimentation (Meuleman etal, 2002; Tunney 
et al, 1997). In the case of nitrates, denitrification 
is quantitatively the most significant process in 
water quality improvement in surface flow wet-
lands. Denitrification is a microbiological process 
which reduces nitrate in several steps to gaseous 
nitrogen by using carbohydrates as an electron ac-
ceptor. The process of denitrification is controlled 
by several direct and indirect factors operating 
at different spatiotemporal scales (Young & 
Rose, 2001). Whereas sediment deposition and 
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denitrification can both be considered as output 
fluxes for nutrients from the river water, sediment 
deposition forms an input flux on the nutrient 
balance of the floodplain vegetation. This input 
flux, as well as the N output by denitrification, 
most likely affects nutrient availabilities for the 
wetland vegetation and hence wetland retention 
ability (Parsons et al, 1991).

Denitrification is a microbially facilitated 
process of dissimilatory nitrate reduction that 
may ultimately produce molecular nitrogen (N2) 
through a series of intermediate gaseous nitrogen 
oxide products. The process is performed primarily 
by heterotrophic bacteria (such as Paracoccus de-
nitrificans and various pseudomonads), although 
autotrophic denitrifiers have also been identified 
(e.g.,Thiobacillus denitrificans). In denitrifcation, 
soil bacteria convert nitrate-nitrogen to nitrogen 
gas, which eventually returns to the atmosphere. 
Although both the narrow areas of vegetation and 
the large downstream areas can process nitrogen 
through denitrification, most of this nutrient is 
removed before the water reaches the downstream 
areas (Toet et al, 2005; Vymazal, 2002).

Jacobs & Gilliam (1985) and Cooper et al 
(1987) investigated how wooded riparian areas 
reduce pollution in water flow originating from 
upland areas, such as agricultural fields in North 
Carolina. Their results shown that runoff water 
from developed areas, like agricultural fields, 
often contains large amounts of nitrate-nitrogen 
(NO3-N) and phosphorus, which are nutrients 
essential to crop growth but harmful to humans 
and animals in high doses. The estimated move-
ment of water through the riparian areas reduced 
the nitrate-nitrogen content of the upland runoff 
nearly 85 percent annually, from 27 pounds of 
NO3-N per acre at the agricultural field edge to 
approximately 4 pounds per acre at the wetland 
edge near the streams.

Chescheir et al (1991) reported a similar reduc-
tion of nitrates in water as the flow passed through 
wetland ecosystems. The nitrate-nitrogen in the 
shallow groundwater that passed through the ripar-

ian vegetation was reduced from approximately 
15 milligrams per liter to 2 milligrams per liter or 
less corresponding to a retention capacity of 87% 
NO3-N per liter of water. The reduction occurred 
as the water passed through the first 30 to 50 feet 
of the riparian area. Wetlands also remove large 
amounts of sediment and phosphorus from surface 
runoff. Vegetation growth slows the flow of the 
surface water, depositing much of the coarser 
sediment in the wetland. As the water moves 
further through the wetland into the higher-order 
streams and finally into the floodplain swamp, the 
texture of the deposited sediments becomes finer 
and finer. By the time it reaches the floodplain 
swamp, the sediment layer is extremely thin and 
consists mostly of clay-sized particles (Dierberg 
& DeBusk, 2005; Fogler, 1992). A study carried 
out to estimate the effect of riparian wetlands on 
the deposition of sediment and phosphorus leaving 
agricultural land in surface runoff, it was found 
that most of the sediment deposited in a wetland 
ecosystem reduced the levels of phosphates in 
such water systems. Extrapolating the results, 
it was estimated that 85 to 90 percent of the 
sediment remained trapped in wooded areas and 
never reached major streams (Daniel et al, 1984; 
Luvassen et al, 2004).

MATeRIALs AnD MeTHODs

study Area

Kimondi wetland situated in North Nandi District, 
Riftvalley Province in Kenya is located a few ki-
lometers north of Kapsabet town (0°15’14.68”N, 
35°05’30.38”E). The wetland is sited in a shallow 
trough-like valley that lies at an elevation of be-
tween 1,955 m and 2,100m above sea level. The 
dominant wetland vegetation includes a central 
band of dense papyrus (Cyperus papyrus) with 
narrow fringing stands of shorter emergent macro-
phytes, Cyperus spp. (C. rotundus, C. triandra, C. 
laevigatus). The section of the wetland described 
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in the investigations is approximately 5 km long. 
The wetland receives a permanent stream inflow 
from the Kimondi River whose catchment area is 
Nandi Forest. The wetland is situated in an agri-
cultural intensive region and therefore agricultural 
inputs are highly used which may have an impact 
to the quality of water in river Kimondi.

Five- sampling points were established 
within the wetland. Each of the internal sampling 
points was marked by a stake. Water and sediment 
samples were taken each month at each of the 
three wetland sections over the period 2007 to 
2008. All water samples were filtered through 
0.45-μm filters, digested and analyzed for total 
nitrogen. The absorbance of the samples were 
measured at two wavelengths at 220 nm and a 
second reading was taken at 275 nm to allow the 
correction for the interference due to dissolved 
organic matter using. The difference between the 
two absorbance measurements was calculated by 
the formula:Abs Abs

220 275
2- * ( ) . Analysis of 

phosphorus by the formation of molybdophos-
phoric acid, which is reduced to the intensely 
colored complex, molybdenum blue was done 
and absorbance measured at 650nm. All absor-
bance measurements were taken using UV-Vis 
spectrophotometer (HACH DR5000 UV-Vis). 
Total suspended solids (TSS), Total Dissolved 
Solids (TDS) and pH were measured in situ at 
vertical intervals from a portable SensIon 
pH/TDS/TSS meter. All results were subjected to 
statistical analysis for ANOVA using SPSS version 
17.0 and Microsoft Excel.

ResULTs AnD DIscUssIOns

The mean values of pH during rainy season were 
within the range of 5.98 to 7.27 and 6.11 to 8.03 
during the rainy and dry seasons respectively as 
in Figure 1 below. The most extreme acid values 
were recorded at the SP3 of the wetland (pH = 5.93) 
during the rainy season and the highest pH value 

recorded at SP2 (pH = 8.03) during dry season 
which may be attributed to the strong influence of 
evaporative concentration, denitrification and due 
to the endorheic nature of the wetland during dry 
season. The source of the low-pH water is likely 
to be derived from near-surface runoff sources in 
the SP3 which include: (1) shallow groundwater 
draining acid and poorly-buffered coarse acidic 
soil deposits, which contribute to low-alkalinity 
water (Toet et al, 2005) and (2) soil water from 
organic-rich peat soils which have been found 
to provide an important source of low-pH water 
wetland ecosystems (Daniel et al, 1984; Luvassen 
et al, 2004). The seasonal variation shows that 
pH values fluctuate relatively low during rainy 
season to relatively high pH values during the dry 
season which may be attributed to the fact that 
wetland waters have high residence time during 
dry seasons and this is encouraged by biological 
and chemical build up in the wetland ecosystem 
(Chescheir, et al.1991). The relationship between 
pH of the sampling points at the inlet to outlet of 
the wetland is positive curvilinear and shows a 
relatively high degree of scatter (r2 = 0.797).

Total suspended solids (TSS) concentrations 
indicate the amount of solids suspended in the 
water, whether mineral (e.g., soil particles) or 
organic (e.g., algae). The average Kimondi wetland 
TSS was 98.6 milligrams per liter (mg/L) with a 
range of 32 to 153 mg/L during the rainy season 
and a mean of 12.8 with a range of 1.9 to 20.1 
mg/L during dry season. Elevated TSS levels oc-
curred during rainy season are attributed to high 
water flow rate from farm lands causing high 
turbidity and water turbulence in the wetland 
ecosystem. There was a corresponding drop of 
TSS values from SP1 to SP5 with a slight increase 
from SP3 to SP4 due to the inflow of water into 
the wetland from a tributary joining the main 
river at sampling point 3 as shown in Figure 2 
above. Lower levels in TSS in the dry season are 
due to high sedimentation within the wetland 
ecosystem. High water residence time coupled 
with low stream flow causes the total suspended 
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solids to settle down to the basement of the wet-
land and hence high water clarity as compared to 
the rainy season. Recorded concentrations of 
total suspended solids (TSS, Table 1) consis-
tently suggest medium to high TSS retention 
performance of the wetland of between 78 to 81% 
during the rainy season and a high TSS retention 
of 85 to 92% during the dry season. This can be 
attributed to high TSS retention at the wetland 
during the dry season as compared to the rainy 
season where water has relatively high velocity. 
The values of TSS for Kimondi wetland ecosys-

tem is greater than the KEBS and U.S.A EPA 
requirement (TSS values should not exceed 5 
mg/L) and thus there is a need to control the flow 
of sediments from farm lands by setting up buffer 
places before water enters the wetland.

There is also a high correlation of TSS values 
during the two seasons (r = 0.9675) with a linear 
relationshipy x= −0 374 0 775. . . The wetland is 
significantly effective in reducing the amount of 
suspended solids in water flowing through the 

Figure 1. Mean pH values of Kimondi wetland ecosystem and seasonal variation

Figure 2. Mean Values of TSS in mg/L during dry and rainy seasons
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wetland. The risk of re-suspension is negligible 
even during the rainy season.

Mean TDS values observed for water samples 
was 547 mg/L with a range of 485 to 599 mg/L 
during rainy season and a mean of 473 mg/L with 
a range of 400 to 535 mg/L during dry season. 
Total Dissolved Solids (Figure 3 above) values 
give fair idea of wetland retention ability. The 
line graph shows a drastic decline in TDS values 
from inlet to outlet of the wetland ecosystem. The 
TDS values for the inlet were quite high (597 
mg/L during the rainy season and 532 mg/L in 
dry season) as compared with outlet TDS values 
of 268 mg/L at the outlet during the rainy season 
and 176 mg/L during the dry season. The wetland 
retention efficiency with respect to TDS was av-
eraged between 54 to 58% during rainy season 
and 63 to 69% during dry season showing an 
increase in retention efficiency of the wetland 
during dry season which is characterized by low 
water velocity.

The mean values of total nitrogen in the water 
samples ranged from 0.168 mg/L to 2.311 mg/L 
during the rainy season and 0.081 mg/L to 2.248 
mg/L during the dry season. Mean values of total 
phosphorus in water samples ranged from 0.992 
mg/L to 5.882 mg/L during the rainy season and 

from 0.997 mg/L to 2.211 mg/L during the dry 
season. Post-wetland water samples showed that 
there was a high decrease of nitrates and phos-
phates with a retention efficiency of 90% and 80% 
for total nitrogen and total phosphorus respec-
tively during the rainy season and retention ef-
ficiency of 95% and 94% for total nitrogen and 
total phosphorus respectively during the dry sea-
son. The high retention efficiency of the total 
nitrogen and total phosphorus during the dry 
season as compared to the rainy season may be 
contributed by the reduced water velocity from 
inlet water runoff to the wetland ecosystem hence 
high water residence time in the wetland which 
favors chemical reactions (Young & Ross, 2001) 
and physical processes like denitrification, voli-
talization, ammonia fixing to sediments, leaching, 
settling of sediments and uptake of nutrients by 
aquatic plants help to reduce the nutrients from 
the wetland system hence the high (Tylova-
Munzarova et al, 2005). The results are in agree-
ment with what Parsons et al, 1991 reported for 
a wetland in North Carolina which was found to 
reduce 87% of nitrogen that passed through a 
wetland. The higher removal of phosphates from 
the wetland during the dry season than during the 
rainy period is due to the fact that there is an in-

Figure 3. Mean TDS values in mg/L in the wetland ecosystem
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crease in sedimentation rate, direct plant uptake 
during the dry period, and the pH, all of which 
contribute to removal and retention of P in the 
more low water velocity ecosystem. Researchers 
have also found that wetlands remove large 
amounts of sediment and phosphorus from surface 
runoff from 85 – 95 percent of the sediment re-
maining trapped in the vegetative wetlands 
(Güsewell & Koerselman, 2002; Meuleman et al. 
(2002).

cOncLUsIOn

From the results presented above, outputs of 
nutrients by discharge were lower than total 
input loadings with retention efficiencies above 
87%. The values of pH were within the normal 
values of water although TSS and TDS values 
were above the standards set by Kenya Bureau 
of Standards for both seasons. The conditions of 
the wetland are favorable for processes which 
ensure processes like denitrification, plant uptake 
of the nutrients, and sedimentation take place and 
thus increase the reduction of nutrients in outflow 

water. This is an indication that Kimondi wetland 
has significantly high buffering ability, a property 
which needs to be maintained. This investigation 
can serve as the basis for modeling, optimization, 
and design studies.

RecOMMenDATIOn

To increase the nutrient retention and hence 
wetland buffering ability of Kimondi wetland the 
following factors should be considered:

(i)  restrict anthropogenic activities within and 
around the wetland

(ii)  allow natural and re-establishing of the al-
ready affected parts of the wetland through 
harvesting of papyrus and farming.

(iii)  encouragement of low intensity farming 
practices on farms used for agricultural pur-
poses (i.e. preservation or re-establishment 
of natural or high water regimes, renunciation 
of fertilization and ploughing);

(iv)  introduction of environmentally sound 
practices for maintenance of watercourse;

Figure 4. Mean values of total nitrogen and phosphorus in Kimondi wetland ecosystem
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(vi)  development of programs and action taken 
to implement the above mentioned measures 
and to report on the effect of these measures 
or any other measures taken to reduce nutri-
ent discharges in the said wetland ecosystem 
will be of high importance.
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KeY TeRMs AnD DefInITIOns

Wetland: A wetland is an area of land whose 
soil is saturated with moisture either permanently 
or seasonally. Such areas may also be covered 
partially or completely by shallow pools of water. 
Wetlands include swamps, marshes, and bogs, 
among others. The water found in wetlands can 
be saltwater, freshwater, or brackish.

Retention: The capacity to hold or retain a 
pollutant.

Efficiency: The state or quality of being ef-
ficient; competency in performance.

Nutrient: A nutrient is a chemical that an 
organism needs to live and grow or a substance 
used in an organism’s metabolism which must be 
taken in from its environment.

Nitrate: A nitrate is a salt of nitric acid with an 
ion composed of one nitrogen and three oxygen 
atoms (NO3

-). In organic chemistry the esters of 
nitric acid and various alcohols are called nitrates.

Phosphorus: A phosphate, an inorganic 
chemical, is a salt of phosphoric acid. In organic 
chemistry, a phosphate, or organophosphate, is 
an ester of phosphoric acid.

Concentration: In chemistry, concentration 
is the measure of how much of a given substance 
there is mixed with another substance. This can 
apply to any sort of chemical mixture, but most 
frequently the concept is limited to homogeneous 
solutions, where it refers to the amount of solute 
in the solvent.
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Application of Remote Sensing 
Technologies and Geographical 

Information Systems in 
Monitoring Environmental 
Degradation in the Lake 

Victoria Watershed, East Africa
Charles K. Twesigye

Kyambogo University, Uganda

ABsTRAcT

Accurate information on the state of water resources in the Lake Victoria watershed is crucial for plan-
ning and sustainable development in the East African region. This region largely depends on its natural 
resource-base for economic development, and therefore comprehensive information on its resources 
dynamics is key in implementing poverty alleviation strategies, improving human condition and pre-
serving the biological systems upon which the region’s population depends. This chapter focuses on key 
issues, which have emerged as a result of population growth and development in the region. The research 
on which this chapter is based aims to address the concerns on land use and settlement trends in the 
study sites, vulnerability of the communities to water stress and sustainability of the livelihood systems 
in the watersheds of Nzoia River Basin (Kenya), Nakivubo Wetland (Uganda) and Simiyu River Basin 
(Tanzania). These communities engage in unique land use practices that have intensified environmental 
degradation in recent times. The research adopts a multi-disciplinary approach in bringing to the fore 
the various processes affecting watershed resources use and management in the selected wetlands of 
the Lake Victoria Drainage Basin (LVDB). The data presented covers trends in vegetation cover loss, 
pesticide pollution and general water quality parameters. Geographic information systems (GIS) and 
remote sensing techniques were employed to unveil land use patterns that have resulted in the degradation 
of the watershed. Wetland degradation levels have been characterized using secondary data generated 
by analytical techniques. New emerging challenges of environmental degradation caused by industrial, 
domestic and agricultural activities are presented and discussed. The potential of the new science of 
hydroinformatics in integrated watershed management through mathematical modeling, geographic 
information systems analysis and water supply management is highlighted.
DOI: 10.4018/978-1-61520-907-1.ch022
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InTRODUcTIOn

The riparian countries of the Lake Victoria Region 
have in recent years seen the Lake as a resource 
that requires rational management to protect it from 
pollution and degradation (Klohn and Andjelic, 
2001). For this reason the countries have formed 
research teams to assess the resources and the 
problems of the Lake, to develop management 
tools and to establish adequate institutional ca-
pacity in research. With the growing population 
and urbanization the multiple activities in the 
lake basin have increasingly come into conflict 
with ecological principles. This has contributed 
to rendering the lake environmentally unstable. 
The problems have arisen in the surrounding ba-
sins due to population pressure on environmental 
resources and associated human activities. The 
overall objective of this chapter is to present new 
emerging challenges of pollution and possible 
solutions. The on-going research on which this 
chapter is based is to examine current trends in en-
vironmental degradation and design interventions 
based on democratic community participation in 
the implementation of sustainable and environ-
mentally sound land use and cultural practices that 
control soil erosion, water pollution, maximize 
biological diversity, sustain stream-flow as well 
as promote community livelihoods.

Visual interpretation of satellite data prod-
ucts coupled with field checking is a very useful 
technique of finding out the physical growth of 
urban centres. The expansion of urban centres is 
very fast and conventional ground methods are 
slow and in-accurate because by these methods, 
delineation of built-up area is difficult. Mapping 
and monitoring the urban sprawl, as a result of 
urban decay of city centre, at regular intervals is 
very essential for urban planners to understand the 
trend of development on the urban periphery and 
subsequently to regulate it. In this chapter various 
data products like Landsat MSS, TM, Topo sheets 
are used to find out the growth of built environment 
over a given period of time. Thematic Mapper 

imagery are used to prepare broad landuse/land 
cover maps. These technologies are very useful in 
finding out the potential, as well as shortcomings 
of satellite data products in various urban aspects 
such as water management models.

In related studies, Landsat Mult-Spectral 
Scanner (MSS) and Landsat Enhance Thematic 
Mapper (ETM) data have been used to analyze 
different habitats which are under different forms 
of land use (Harris 2003). Analysis of environ-
mental and agricultural change can be used to 
further understand the implications of change at 
river basin levels.

Remote Sensing (RS) and GIS can also be used 
in the development of groundwater resources. 
However, one aspect of the limitations of ap-
plying GIS and RS to groundwater exploration 
and development is a current incompatibility 
between hydrological and hydrogeological models 
(Hawari et al 2007). There is need for a common 
platform that is compatible with both GIS and 
hydrological/hydrogeological models. Other is-
sues of concern are in the areas of land surface 
temperature from thermal infrared data, surface 
soil moisture from passive microwave data, se-
lecting groundwater recharge sites, simulation of 
groundwater systems, water quality using visible 
and near-infrared data, and estimating landscape 
surface roughness using radar and assessment 
of natural resources of mountain oases as well 
as water storage systems which determine the 
hydrological sustainability of watersheds (Lu-
edeling 2007). The topographic, hydrologic and 
geologic characteristics as well as the locations 
of watersheds can be determined through use of 
remote sensing and image processing techniques.

Monitoring Urban Growth using satellite 
images and GIS (Al-Awadhi & Azaz 2005) and 
creating a database of historical land use informa-
tion for the understanding and prediction of urban 
growth throughout the Lake Victoria Basin is 
critical for the management of natural resources in 
the region. For this case study, Aerial Photos and 
satellite images were used to map urban growth. 
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The data presented in this chapter shows that the 
total built-up area has expanded at a very fast rate 
since 1986. More than just describing the incred-
ible increase in urban areas, these results show 
the possibilities for future application of GIS in 
measuring growth in other areas. Maps showed an 
increase of about 50% in already urbanized areas. 
Residential land, itself, had the largest share of 
build-up in the case of Kampala City (Figure 1).

Although the entire area of the Lake Victoria 
Drainage Basin (LVDB) is over 184,000 km2 
(Kohln and Andlejic, 2001) the work in this chap-
ter is based on studies in Nzoia River Basin 
(Kenya), Nakivubo Wetland (Uganda) and 
Simiyu drainage basin (Tanzania). These three 
case studies were purposively chosen because 
they bear excellent examples of activities that 
threaten the sustainability of the LVDB wetlands. 
The Budalangi Floodplain area which extends 
between 33º56’30” to 34º10’30”E and 0º30”S to 
0º11’30”N was selected to demonstrate flood 
management challenges. A large part of the area 
has poor communication network and is annu-

ally prone to flooding from the Nzoia River. The 
population engages in rice cultivation fishing and 
livestock keeping.

Nakivubo Watershed area covers the con-
structed part of the channel and the wetland area 
draining into the Inner Murchison Bay. The greater 
part of Kampala between Kabaka’s Lake and Mu-
kono area between 32º33’00” to 32º41’00”E and 
0º15’30”N to 0º21’30”N. (195 Km²) was consid-
ered in mapping the trends of urban growth and 
its impact on land resources. A special focus was 
given to the Nakivubo wetland and the Channel 
from the Industrial Area to the Inner Murchison 
Bay between longitudes 32º36’00” to 32º38’30”E 
and latitudes 0º16’30”N to 0º19’30”N (36 Km²). 
The swamp (a tropical perennial natural wetland) 
lies about 5 km southeast of Uganda’s capital 
city, Kampala and connects the city to the Inner 
Murchison Bay and Lake Victoria. The Nakivubo 
swamp is one of the many shallow drowned valley 
swamps that occupy the northern fringes of Lake 
Victoria. Although Nakivubo and other swamps in 
the Lake Victoria basin were originally river val-

Figure 1. The watershed of Lake Victoria Drainage Basin
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leys, tectonic activity and lake level rises flooded 
the river valleys in the historical times, which 
resulted in the swamps that are now colonized by 
wetland macrophytes (Kansiime and Nalubega, 
1999). The main challenge in the wetland is the 
impact from urban and industrial liquid/sewerage 
waste, storm runoff and draining for cultivation.

The specific objectives of this chapter are: (i) 
to demonstrate the impacts of land use activities 
on watershed resources using remote sensing 
techniques and GIS tools (ii) to examine the 
extent of environmental degradation caused by 
agricultural, domestic and industrial wastes and 
how this affects the quality of water resources.

Remote sensing technologies were applied in 
assessing (tracking) land use/cover changes over a 
approximately a 10 year interval since 1973. The 
size of the farms and the vegetation cover changes 
mapped, coupled with the pixel size of the chosen 
satellite remote sensing data types, provided the 
potential for accurate remote sensing assessment 
of the changes in land use and land cover in the 
three study sites.

BAcKGROUnD

Rivers Nzoia, Simiyu and Nakivubo Channel and 
their watersheds are primary sources of pollution 
to Lake Victoria. The Lake Victoria Research 
Initiative (VICRES) started in 2003 is intended 
to generate research data that would be used as 
basis for integrated watershed management of the 
Lake Victoria basin. Although that goal has not 
been reached, great progress has been made in 
identifying pollution hotspots and their primary 
causes. The pollution cluster of the VICRES pro-
gram has identified the major sources of pollution 
and measured the relative contributions of each. 
This chapter presents a framework for addressing 
problems of pollution within the Lake Victoria 
Basin by looking beyond treatment and focusing 
instead on prevention methods.

It is the mission of VICRES to develop poten-
tial solutions and implement projects which will 
lead to the restoration of water quality in the Lake 
Victoria basin. The objectives of VICRES are to:

(i)  provide a safe and healthy lake basin resource 
for present and future generations;

(ii)  re-establish a healthy and diverse ecosystem 
within the Lake Victoria Watershed;

(iii)  protect downstream water resources such as 
the Nzoia River, Simiyu River and Nakivubo 
Channel and

(iv)  help ensure compliance with Regional, 
National and local environmental laws which 
protect human health and environment.

These objectives will be accomplished through 
the development, implementation, and financial 
integration of technical, social, and institutional 
frameworks leading to cost-efficient and in-
novative watershed based solutions to pollution 
problems. This watershed-based program will 
provide municipalities across the region facing 
similar problems with guidance and potentially 
effective solutions.

The VICRES program will build on lessons 
learned from previous efforts and focuses on fur-
ther integration of the goals of the overall mission. 
To this end, the VICRES project concentrates on 
the following key project areas:

Watershed Management focuses on the devel-
opment and evaluation of storm water alternatives, 
the planning of long-term monitoring programs, 
and the ongoing efforts to enhance instream water 
quality, monitor rain and flow levels, interpret data 
analysis, and present recommendations.

Nonpoint Source Pollution Control aims at 
providing guidance and technical advice on storm 
water management, applications, and develop-
ment of financial and institutional alternatives for 
watershed management in concert with enhanced 
efforts to establish institutional partnerships. To-
ward the goal of institutional partnering, several 
community projects have been undertaken with 
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watershed communities. Additional efforts include 
the inventory of wetlands and measurement of 
pollutant loads.

Public Involvement and Information in col-
laboration with participating institutions and 
civil societies, scientific conferences and public 
lectures have been organized to promote infor-
mation dissemination regarding new innova-
tions and appropriate technology transfers. The 
Uganda Society (founded in 1923) has played a 
significant role as link between research institu-
tions and the General Public through a “Science 
Conference Series” since 2002. This has provided 
opportunities to interact with more stakeholders, 
institutions, and regulatory agencies, thus fostering 
a renewed understanding and continued commit-
ment to reducing pollution, and continuing the 
transfer of watershed management approaches 
way beyond the project. The science conference 
series will continue the central mechanism for 
transmittal of information necessary for sustaining 
a watershed management support system directly 
to varied audiences both within and outside the 
Lake Victoria watersheds.

The aim of the pollution cluster of VICRES is to 
evolve a Watershed Management Model (WMM) 
that supports development of watershed manage-
ment plans and establishes an overall framework 
for assessing pollution control strategies within 
the watershed. A watershed management plan 
should address the following:

• Existing and projected future pollutant 
loads and the impacts of these pollutant 
loads on receiving water quality;

• Pollutant loading reduction goals required 
to attain a desired level of water quality;

• Watershed-specific best management prac-
tices (BMPs) that may include specific 
management policies, and facility sitting 
and designing criteria that will be imple-
mented under the watershed plan; and,

• Methods for assessing the effectiveness of 
BMPs for reducing pollutant loadings.

To support watershed planning efforts, a user-
friendly database model needs to be developed to 
simulate the generation and fate of pollutant loads 
from a number of watershed pollutant sources. The 
model will use land use categories with associated 
event mean concentrations (EMCs), depending on 
the constituents of concern, to simulate annual or 
seasonal pollutant loads carried in storm water 
runoff. Additionally, the model should estimate 
loads from other pollution sources such as waste-
water treatment plant or industrial wastewater 
discharges, combined sewer overflows (CSOs) 
and failing septic systems. The model should also 
be capable of analyzing the effects of pollutant 
controls for storm water and CSOs. The Watershed 
Management Model, originally developed by 
Camp Dresser and McKee (1994) will be enhanced 
and customized for use as a planning tool in the 
Lake Victoria Basin Watershed.

sOURces Of POLLUTIOn 
In WATeRsHeDs

A watershed is the land area which supplies all of 
the water that eventually flows into downstream 
receiving water body such as a river, lake, or 
reservoir. The major sources of water in a wa-
tershed typically include rainfall runoff from the 
watershed surface and seepage into streams from 
groundwater sources. The major sources of pol-
lutants in a watershed are typically storm water 
runoff pollution from urban and agricultural areas 
and discharges from wastewater treatment plants 
(WWTPs) or industrial facilities. Storm water run-
off pollution, traditionally referred to as nonpoint 
source pollution (NPS), discharges into streams 
at many dispersed points. A WWTP discharge or 
industrial process wastewater discharge typically 
referred to as “point source pollution,”releases 
pollution into streams at discrete points.

Urban nonpoint pollution sources have become 
a growing concern over the past 20 years as most 
cities throughout the world have compiled moni-
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toring data on the significant increase in pollution 
discharges which occur when an area becomes 
urbanized. For example, compared to undeveloped 
land uses (such as forested areas), annual runoff 
pollution (kg/ha/yr) from urban development is as 
much as 10 times greater in the case of nutrients 
and as much as to 50 times greater in the case of 
toxicants like heavy metals.

Nonpoint pollution contributed by agricultural 
and other rural land uses can also be a significant 
concern, particularly for existing undeveloped 
areas in a watershed. Sediment and nutrients are 
of particular concern with rural land uses.

As the amount of paved impervious surface area 
increases, the volume and rate of runoff (as well 
as the accompanying pollutant loads) increases. 
Storm water flowing over roofs, streets, lawns, 
commercial sites, industrial areas, and other 
permeable and impermeable surfaces transports 
many pollutants into surface and ground waters. 
Rain washes sediments from bare soil; transports 
heavy metals, oils, and greases deposited on 
streets and parking lots by motor vehicles; picks 
up nutrients from fertilized lawns and crops; and 
carries coliform bacteria from animal wastes into 
receiving waters (Livingston, 1985).

Experience has shown that the conservation 
of water resources, the level of tax expenditures, 
and the assurance of a high quality of life are 
intimately associated with a region’s land use. 
As land is changed from its original state to more 
intensive uses, water quality tends to deteriorate. 
Transition periods between different uses (e.g., 
constructions in Kampala City) are especially 
critical. Each progression toward more intensive 
land use disrupts the natural processes which 
protect and preserve water quality. While not 
all urban centers are predestined to poor water 
quality, as the intensity of land use increases, it 
becomes more important to manage resources 
effectively. Therefore, it is essential that the ef-
fects of alternative land uses be fully understood 
if local governments plan to protect their limited 
natural and financial resources.

LAnD Use POLLUTIOn 
LOADInG MODeLs

Watershed pollution loading models are beneficial 
in local government planning because they can 
provide a forecast of the approximate impact of 
planned actions or alternatives on water quality 
and pollution loadings. Models can also be used to 
estimate and analyze trade-offs between planning 
objectives through the management of all water-
shed pollution sources. However, the modeling 
of water quality requires data for model input. 
Data can be obtained from existing studies or may 
require extensive field monitoring (Huber 1990).

Several years of water quality data are typi-
cally required to produce a database that reflects a 
sufficient range of hydrometeorologic conditions 
to permit definitive conclusions. For example, 
water quality data collected during drought con-
ditions may support management decisions very 
different from decisions based on data collected 
during periods with normal or above normal 
precipitation. Urban nonpoint pollution loading 
factors can also be transferred from one region to 
the next with considerable confidence, as long as 
regional differences in rainfall/runoff relationships 
are accounted for.

Although a watershed pollution loading model 
can only be calibrated with local data, the model 
can still be used to analyze relative changes be-
tween various alternatives or scenarios. The model 
can provide municipalities with an indication of 
the relative direction (improvement vs. deteriora-
tion) and magnitude (increase/decrease) of water 
quality changes under various land use or BMP 
alternatives and will aid in the development of a 
comprehensive watershed management program.

WATeRsHeD MAnAGeMenT 
DATA ReQUIReMenTs AnD 
POTenTIAL sOURces

Application of WMM requires that watershed 
data be compiled and analyzed.
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The data available for each particular water-
shed under study will be different. In all cases, 
it is advantageous to collect as much local data 
as possible and to perform field investigations 
within the watershed to determine site specific 
conditions. In some cases, data from adjacent or 
neighboring watersheds may be applicable to the 
study watershed. The common pollutants and their 
impacts on water quality and aquatic habitat are 
described below:

Biochemical Oxygen Demand: Biochemi-
cal Oxygen Demand (BOD) is caused by the 
decomposition of organic material in storm water 
which depletes dissolved oxygen (DO) levels in 
slower moving receiving waters such as lakes 
and estuaries. Low dissolved oxygen is often the 
cause of fish kills in streams and reservoirs. The 
degree of DO depletion is measured by the BOD 
test that expresses the amount of easily oxidized 
organic matter present in water.

Sediment: Sediment from nonpoint sources 
is the most common pollutant of surface waters. 
Many other toxic contaminants adsorb to sediment 
particles or solids suspended in the water column. 
Excessive sediment can lead to the destruction of 
habitat for fish and aquatic life. Total suspended 
solids (TSS) is a laboratory measurement of the 
amount of sediment particles suspended in the 
water column. Excessive sediment pollution is pri-
marily associated with poor erosion and sediment 
controls at construction sites in developing areas 
or unstable channels throughout river systems.

Nutrients: Nutrients (phosphorus and nitro-
gen) are essential for plant growth. Within a water 
supply reservoir, impoundment, lake, or other 
receiving water, high concentrations of nutrients, 
particularly phosphorus, can result in overpro-
duction of algae and other aquatic vegetation. 
Excessive levels of algae present in a receiving 
water is called an algal bloom.

Heavy metals are also toxic to aquatic life and 
may bioaccumulate in fish. Lead, copper, zinc 
and cadmium are heavy metals which typically 
exhibit higher nonpoint pollutant loadings than 

other metals found in urban runoff. The presence 
of these heavy metals in streams and reservoirs in 
the watershed may also be indicative of problems 
with a wide range of other toxic chemicals, like 
synthetic organics, that have been identified in 
previous field monitoring studies of urban runoff 
pollution (USEPA, 1983b).

Bacteria: Bacteria such as Fecal coliform are 
indicators of human or other animal waste con-
tamination. Pathogenic organisms found in feces 
pose a threat to human health because they carry 
bacteria, viruses, and protozoa which may have 
been excreted by diseased persons or animals. 
The presence of bacteria in a stream may be an 
indication of failing septic tanks, illicit connections 
to the storm sewer, combined sewer overflows or 
sanitary sewer overflows within the watershed.

event Mean concentrations (eMc)

Nonpoint pollution monitoring studies have shown 
that annual “per acre” discharges of urban storm 
water pollution (e.g., nutrients, metals, BOD, fe-
cal coliform) are positively related to the amount 
of imperviousness in the land use (i.e., the more 
imperviousness the greater the nonpoint pollution 
load) and that the EMC is fairly consistent for a 
given land use. The EMC is a flow weighted aver-
age concentration for a storm event and is defined 
as the sum of individual measurements of storm 
water pollution loads divided by the storm runoff 
volume. The EMC is widely used as the primary 
statistic for evaluations of storm water quality data 
and as the storm water pollutant loading factor in 
analyses of pollutant loadings to receiving waters.

Nonpoint pollution loading analyses typically 
consist of applying land use specific storm water 
pollution loading factors to land use scenarios in 
the watershed under study. Runoff volumes are 
computed for each land use category based on the 
percent impervious of the land use and the annual 
rainfall. These runoff volumes are multiplied by 
land use specific mean EMC load factors (mg/L) 
to obtain nonpoint pollution loads by land use 
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category. This analysis can be performed on a 
sub area or watershed-wide basis, and the results 
can be used for performing load allocations or 
analyzing pollution control alternatives, or for 
input into a river water quality model.

To estimate annual pollutant loads discharged 
to receiving waters from a municipality, median 
EMCs are converted to mean values (USEPA, 
1983b; Novotny, 1992) by the following rela-
tionship:

M = T *√ (1+ CV2) 

Where:

M = arithmetic mean;
T = median; and
CV= coefficient of variation = standard deviation/

mean.

nOnPOInT POLLUTIOn 
LOADInG fAcTORs

The model estimates pollutant loadings based upon 
nonpoint pollution loading factors that vary by land 
use and the percent imperviousness associated with 
each land use. The EMC coverage is typically not 
changed for various land use scenarios within a 
given study watershed, but any number of land use 
data sets can be created to examine and compare 
different land use scenarios (e.g., existing versus 
future) or land use management scenarios.

BesT MAnAGeMenT PRAcTIces

Best Management Practices (BMPs) are tech-
niques, approaches, or designs which promote 
sound use and protection of natural resources. 
Types of BMPs include:

• Source Controls: Practices that are intend-
ed to improve runoff quality by reducing 

the generation and accumulation of poten-
tial storm water runoff contaminants at or 
near their sources. Nonstructural controls 
that can be analyzed by the model include: 
development density restrictions, restric-
tions on industrial/commercial land uses 
(or other highly impervious uses), land ac-
quisition, and buffer zones. Other source 
controls such as public education programs 
that reduce the EMC of the runoff can also 
be simulated by reducing the EMC in the 
data file.

• Treatment Controls: Practices that are 
aimed at controlling the volume and dis-
charge rate of runoff from urban areas as 
well as reducing the magnitude of pollut-
ants in the discharge water through physi-
cal containment or flow restrictions de-
signed to allow settling, physical removal 
through filtration, percolation, chemical 
precipitation or flocculation, and/or bio-
logical uptake (FDER, 1988)

Best Management Practice 
Treatment controls

The use of a specific BMP depends on the site 
conditions and the needs such as water quality 
protection, flood control, aquifer recharge, or 
volume control. Source controls may be analyzed 
with WMM by modifying land use types and 
impervious areas.

RAInfALL/RUnOff ReLATIOnsHIPs

Nonpoint pollution loading factors for different 
land use categories are based upon annual runoff 
volumes and event mean concentrations (EMCs) 
for different pollutants. The EMC is defined as 
the average of individual measurements of storm 
pollutant mass loading divided by the storm runoff 
volume. One of the keys to effective transfer of 
literature values for nonpoint pollution loading 
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factors to a particular study area is to make adjust-
ments for actual runoff volumes in the watershed 
under study. In order to calculate annual runoff 
volumes for each subbasin, the pervious and im-
pervious fractions of each land use category are 
used as the basis for determining rainfall/runoff 
relationships. For rural/agricultural (nonurban) 
land uses, the pervious fraction represents the 
major source of runoff or stream flow, while 
impervious areas are the predominant contributor 
for most urban land uses.

Annual Runoff Volume

WMM calculates annual runoff volumes for the 
pervious/impervious areas in each land use cat-
egory by multiplying the average annual rainfall 
volume by a runoff coefficient. A runoff coefficient 
of 0.95 is typically used for impervious areas (i.e., 
95 percent of the rainfall is assumed to be con-
verted to runoff from the impervious fraction of 
each land use). A pervious area runoff coefficient 
of 0.20 is typically used. The total average annual 
surface runoff from land use (L) is calculated by 
weighting the impervious and pervious area runoff 
factors for each land use category as follows:

RL = [Cp + (CI - CP) IMPL] * 1 

Where:

R = total average annual surface runoff from land 
use L (mm/yr); L

IMP = fractional imperviousness of land use L;
I = long-term average annual precipitation (mm/

yr);
Cp = pervious area runoff coefficient; and
Ci = impervious area runoff coefficient.

Total runoff in a watershed is the area-weighted 
sum of R for all land uses.

The impervious area includes the surfaces 
listed below:

• Buildings/structures, garages, sheds, shel-
ters, patios, decks;

• Paved roads and major dirt/gravel roads;
• Paved parking areas and major dirt/gravel 

parking areas;
• Paved, dirt and gravel driveways;

HYDROInfORMATIcs: WATeR 
sUPPLY MAnAGeMenT

Occurrence of water in time and area is not equal, 
and demand is not equal as well. These aspects 
create problems with water supply – insufficient 
water supply of population with potable water. Ar-
eas with insufficient water resources, insufficient 
quality or quantity need support from oversupply 
areas. Water supply networks aim at providing 
solutions to this problem. These networks dis-
tribute water even in small cities or in big areas, 
which connect together big water resources and 
more demands.

Water supply networks are built for distribut-
ing water from oversupply water sources areas to 
deficit water sources areas, or for securing alter-
native water supply from more water resources 
for long distances.

Management of water supply network, or 
management of water supply company is not ef-
ficient without understanding of principles of the 
whole system. It is important to know the history 
of the system, evolution of the system, present 
condition of the system and of all objects on it, 
technical conditions and to formulate development 
plan for the future. It is a complex process and all 
these components are important. Putting together 
theoretical knowledge with practical information 
from years of operation can bring positive effect 
for whole water supply system.

Water supply Management

Management is an organizational process in-
cluding strategic planning, goals determination, 
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resources management, organization of human 
resources, technical and financial sources which 
are necessary for the achievement of goals and 
for the measurement of results.

Management of water supply system is a 
complex process and involves wide problematic 
distribution of water for long distances. Man-
agement of water supply system includes also 
management of water resources, water distribu-
tion and management of demand. Management 
of water supply system must solve new task and 
problems like:

(i) securing of suitable hydraulic conditions 
for distribution and accumulation of water, (ii) 
securing of water quality during distribution, (iii) 
establishing of economical rate or sustainable costs 
of building water supply system, (iv) securing of 
water supply safety.

For more effective management of water 
supply systems it is convenient to use modern 
hydroinformatics tools such as dispatching, GIS 
and mathematical modeling.

Hydroinformatics as a science discipline was 
established at the end of the past century.

Development of hydroinformatics began with 
efforts of integration of single science disciplines 
in water management - from hydrology over 
hydraulic to informatics. Intense development of 
computer techniques and referring areas, measure-
ment technique, methodology of collection and 
data processing and GIS, result into creating tools 
for simplification and streamlining operation of 
water network infrastructure.

Tools in Hydroinformatics

Management of water supply system brings an-
swers for correct and effective operation of water 
supply. Correct understanding of the system, 
definition of weak and strong aspects, definition 
of potential of the system for the future, possibili-
ties of expansion and efficiency are all important 
aspects of hydroinformatics. Solutions to these and 
many other problems must be based on concrete 

water supply management system. Tools of hy-
droinformatics are very useful for solving these 
tasks. Water managers have to pay attention for 
retrieving, collecting and storing great amount 
of information about water supply system and 
objects on it.

Mathematical Modeling

Mathematical models are among the most useful 
tools of hydroinformatics. Most of water sup-
ply systems consist of loops and mathematical 
modeling is necessary for their analysis. Most 
frequent usage of hydroinformatic tools in urban 
areas is exploitation of mathematical models for 
requirements of simulation and behavior of the 
engineering network.

The basic function of construction of water 
supply system is of transporting water from over-
supply areas into deficit areas. Joining of water 
supply systems into one big unit brings a number 
of advantages as well as problems with their opera-
tion. The main advantages are increasing of safety 
of water supply for inhabitants with potable water 
because of connecting more water sources into 
one system and possibility of their exploitation 
in non-standard operational conditions.

On the other side this springs up new problems 
with mixing water, long time of water retention in 
system, capacity of water sources, accumulation 
of objects, economic efficiency and preservation 
of safety of the system. Hyndroinformatics is also 
used in simulation of non-standard operational 
conditions and making operation of water sup-
ply network more effective and hence serving as 
a very strong decision-making tool for correct 
management of water supply system.

Water Dispatching

The task of dispatching is to automatically collect, 
transfer, archive and analyze information from 
monitored technological tools of objects by the 
creation of deflect from normal conditions, register 
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these events, compile messages and protocols. 
Remote monitoring and control elements of water 
supply system means connection of operator with 
the devices on short and long distances. Modern 
water dispatching is two-way control system. 
It means not only monitoring production and 
distribution of water, but also based on collected 
and processed data from monitoring to evaluate 
situation and to enter commands for controlling 
chosen system elements.

Water dispatching has four main features:

(i)  Information function
(ii)  Control function
(iii)  Automatization function

Geographic Information systems

GIS (Geographic information systems) has been 
used since 1960. The operations being done us-
ing GIS today have been done manually for more 
than 100 years. GIS is a computer based tool for 
mapping and analysis of objects and events of real 
world. The GIS is an information technology tool 
which connects current database operations as en-
tering tasks and statistical computing with unique 
possibilities of displaying and spatial analyses and 
presents in form of maps. The technology of GIS 
can display information and is able through the 
special programs to execute different operations, 
classify them, evaluate and export these processed 
data into other information systems. Geographic 
information system is a set of technical and pro-
grammatic tools for storing, processing and using 
geographic information in two forms - graphic 
and database, mutually linked and topologically 
ordered. GIS is essential in managing such great 
amount of information in tabular, database and 
graphic forms. Before the development of hy-
droinformatics this process was time consuming 
and could take several years from single database 
system after collecting and verification all the 
information. Creation of a mathematical model 
is for functioning and effective management of 

water supply system very effectively. Creation and 
calibration of mathematical models is based on 
information from GIS and from water dispatch-
ing rates.

WATeR MAnAGeMenT 
cHALLenGes In THe 
LAKe VIcTORIA BAsIn

Lake Victoria, the second largest freshwater lake 
in the world (69,400 km2) is a common resource to 
the three Eastern Africa Community (EAC) partner 
states; Kenya Uganda and Tanzania. Its drainage 
basin (Figure 1) is the focus of the Lake Victoria 
Research Initiative (VICRES) Projects. Although 
subsistence agriculture is the major activity within 
the Lake’s watershed, there are significant activi-
ties such as urbanization occasioned by develop-
ment of agro-based industries. Fishing, population 
pressure on the lake’s ecosystem and ownership 
and management jurisdiction of the lake’s aquatic 
resources has caused concern from the viewpoint 
of socioeconomic challenges and poverty levels.

IssUes, cOnTROVeRsIes, 
AnD PROBLeMs

These three case studies (Figure 1) bear excellent 
examples of activities that threaten the sustain-
ability of water resources in the region. The 
following key issues have emerged as a result of 
population growth and development in the region: 
(i) the relationship between the environment and 
development, (ii) natural resources endowment 
and management, (iii) demographic characteristics 
and social development, (iv) policies, legislation, 
and institutional arrangements and environmental 
information. These four issues are central to inte-
grated watershed management and development.
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The simiyu Drainage Basin

This study focuses on wetland management in 
areas around the Simiyu wetland which is in 
Magu district in Mwanza region (Figure 1 and 
Figure 2). The part of the Simiyu wetland under 
study extend between 33o23’30” – 33o28’50”E 
and 2o30’30” – 2o35’00”S. The altitude of the 
wetland ranges from 1134 to 1137 metre above 
sea level. The wetland is fed mainly by Simiyu 
River whose tributaries (Simiyu and Duma) 
originate from Shinyanga and Arusha regions. The 
Simiyu wetland comprises a diversity of habitats, 
including swampy areas, rivers, ponds, seasonally 
inundated grassland, bushland and rivers. The 
swampy area is dominated by Cyperus papyrus, 
associated with sedges, reeds, cattails and other 
plant species. The floodplains and draw-downs 
are used for agricultural purposes.

The Simiyu wetland area under study was 
divided into:

• The upstream area located at the upper part 
of Simiyu river system (Kitongo Village)

• The middle part draining the middle area 
of the river (Bubinza Village)and

• The downstream at the floodplain at the 
lakeshore (Ilungu Village).

Stratified random sampling was used to select 
40 respondents from each of the villages. In cases 
where a respondent was unwilling to be ques-
tioned, then the next person was selected leading 
to a total of 116 respondents interviewed. The 
population was then subdivided into subgroups/
strata based on gender, duration of stay and age 
categories (youth, adults and old people).

A procedure for random sampling of re-
spondents was employed using existing village 
household lists in Ward Executive Office. In the 
villages where a household list was not available, 
a taxpayer list was used. In areas where women 
were exempted from tax paying, efforts were made 
to get a household list to make sure that women 
headed households were represented.

A review of the secondary information and 
data from different project documents and other 
existing literature from previous studies was 
carried out to gather relevant information about 
the study area.

Observation from satellite images enhanced as-
sessment of the impact of wetland use over 20 year 

Figure 2. The location map of the study villages in Magu District
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period (1985-2005). From interpretation, broad 
classes of land use/land cover were established 
and maps prepared. After ground truthing (field 
verification) was carried out, the broad classes of 
land use/land cover established by image interpre-
tation were digitised and georeferenced to UTM 
co-ordinates Zone 36 using ARC/INFO and then 
fed into ARC/VIEW software for spatial analyses.

Both supervised and unsupervised image clas-
sification methods were used to extract different 
land use/land cover classes from the images. Visual 
interpretation was performed to discriminate those 
uses/covers which were spectrally inseparable. 
The area of each land cover type was calculated 
for each data set and the difference in aerial cov-
erage between the various land cover types over 
time was then determined.

Nzoia River Drainage Basin

Field studies were carried out twice in the year, 
during the wet season (February-March, 2006) 
and the dry season (November-December, 2007). 
Data collection from the study sites was by ground 
survey, collecting water, effluent and soil samples 
from designated sites along the Nzoia River, the 
industries and the Sugarcane plantations (Nucleus 
estates), respectively. Some parameters such as 
Dissolved Oxygen (DO), Conductivity, Total 
Dissolved Solids (TDS), temperature and pH 
were measured in situ. Other parameters were 
determined in the laboratory. Making visual ob-
servations of the impacts by various economic 
activities on the water quality of the Nzoia River 
profile was carried out. Photographs of some 
selected points were taken with a digital camera. 
The geographical position for each point from 
which samples were taken was recorded.

The quality of the effluent generated by the 
industries found within Nzoia Basin was deter-
mined and their effects downstream of discharge 
were also determined. The soil samples from the 
sugarcane fields were characterized. Soils were 
analyzed for pesticide residue levels. Biodegrada-

tion of one of the pesticides (hexazinone) in the 
field was carried out to study the effect of mud-cake 
(compost) generated from the sugarcane process-
ing. The mud-cake is used as an organic fertilizer.

The study sites consist of the Middle Nzoia 
Catchment and the flood plain area of Nzoia 
River at Budalangi (Figure 3). The Middle Nzoia 
Catchment (934 Km²) is in Bungoma District and 
lies between longitudes 34º34’00” to 34º51’30”E 
and latitudes 0º23’00” to 0º37’30”N. Within this 
location is the Nzoia sugarcane growing area 
covering nucleus estates of 44.0 Km² and an out-
growers area of 230 Km². Budalangi floodplain 
is in Busia District in Western Province of Kenya 
and extends from latitude 0º to 0º 45” North and 
longitude 33º55’ to 34º25’ East (1262km²) with 
137km² of its land under permanent wetland 
conditions. In the flood plains at Budalangi, the 
Bunyala Rice irrigation scheme which collapsed 
in 1986 has been revived.

The region is one of the high agricultural 
potential areas in Kenya with high land productiv-
ity that is supported by rain-fed agriculture and 
irrigation at the lowland floodplains close to the 
lakeshore. The main food crops grown are maize, 
millet, yams, cassava and sweet potatoes which 
are consumed locally. River Kuywa, one of the 
main tributaries of the Nzoia River drains the 
nucleus estates in the southerly direction while 
the Nzoia River drains the area in south-westerly 
direction. Most of the Nzoia River Drainage 
Basin (NRDB’s) area falls in agro-climatic zone 
I under the Kenyan classification (Sombrock, et 
al., 1980). This zone is well-watered humid and 
semi-humid areas with annual rainfall average of 
1100mm-2700mm that support arable agriculture 
with sugarcane as the main cash crop. The rainfall 
is well distributed varying between 1000mm close 
to the lakeshore area, 1950mm at the Mumias 
sugarcane growing area, 1500 mm at Uashin 
Gishu plateau area and the Nandi escarpment area 
(KMD, 1984). The River Nzoia drainage system 
passes through areas where major manufacturing 
industries namely Pan Africa Paper Mill, Nzoia 
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Sugar Factory, Mumias sugar factory and the 
Heavy Chemical industries (Sulphuric Manufac-
turing) are located within the basin.

Nakivubo Wetland

The study focused on Nakivubo wetland and 
channel from the Industrial Area to the Inner 
Murchison Bay between longitudes 32º36’00” to 
32º38’30”E and latitudes 0º16’30”N to 0º19’30”N 
(36 Km²). The wetland lies about 5 km southeast 
of Uganda’s capital city, Kampala and connects the 
city to the Inner Murchison Bay of Lake Victoria. 
The Nakivubo swamp is one of the many shallow 

drowned valley swamps that occupy the northern 
fringes of Lake Victoria.

Using a survey, study sites along the Nakivubo 
swamp were purposively identified basing on the 
extent of the pressure exerted on the watershed 
resources in a place. Participatory Rapid Appraisal 
(PRA), Focus Group Discussion (FGD), transect 
walks, and questionnaires administration were 
used to collect socio-economic data. The data 
collected was qualitatively and quantitatively 
analyzed.

In addition, the study used secondary sources 
of data which included: the annual Environment 
Reports of Uganda; The Constitution of the Re-
public of Uganda (1995); The National Policy for 
the Conservation and Management of Wetland 
Resources (1995) and the Land Policy (1998.

Heavy Metal Determination

Heavy metals were determined as outlined in 
the atomic absorption spectrophotometer (AAS) 
manual. 100mls of sample were transferred in a 
100ml conical flask. 5mls of concentrated nitric 
acid (HNO3) and a few boiling chips were then 
added. The mixture was brought on slow boil and 
evaporated on a hot plate to the lowest volume 
possible as precipitation occurred. Heating was 
continued with adding of concentrated HNO3 
where necessary until digestion was complete 
as shown by a light – colored clear solution. 
The mixture was then filtered; the filtrate put in 
a 100ml volumetric flask with 2.5ml portion of 
water. It was cooled, diluted to the mark, and mixed 
thoroughly. Portion of this solution was taken for 
heavy metal determination using an AAS. Prior 
to this, standards for the different heavy metals 
were prepared for use in calibrating the standard 
curve which was consequently used in estimat-
ing the various heavy metal concentrations in the 
water samples.

With reference to Nakivubo wetland, the 
state of environment reports since 1994 showed 
that the wetland authorities have tried to design 

Figure 3. Interpreted land cover/use classes for 
the Nzoia sugarcane growing area
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mitigation measures for wetland degradation. 
Different strategies have been used at different 
times with the hope of averting the degradation 
of the wetlands. Different factors were examined 
to capture the effectiveness of policies and strate-
gies on wetland conservation and sustainable use.

effects of Land Use on 
Watershed Management

Satellite images of 1985, 1995, 2001, 2005 of 
Simiyu watershed, indicated progressive depletion 
of wetland size as seen from changes in biomass 
cover on the Simiyu river floodplain. There is 
progressive degradation of land resources in the 
Simiyu basin as it can be observed in Table 1 
below that the bare ground increased from 11.4% 
(150.0 km2) in 1985 to 37% (473.5 km2) in 2005. 
Also due to land degradation, indigenous forest 
has been disappeared completely. Beyond the 
valley of river Simiyu (northern side) it shows 
that, there was initially some settlement which 
has disappeared.

There is observed increase in erosion due to 
increased density of livestock as it was confirmed 
during the ground truthing. The discharge from 
the river’s tributaries has reduced with time prob-
ably due to grazing which leads to high evapora-
tion.

Bands 453 RGB (assigned red, green and blue 
colours) were used in interpreting land cover 
for Nzoia River basin. In this band combination 
maturing sugarcane appeared in purple to red co-
lour, while open ground and tilled ground (soils) 
appeared in green. Settlement and built up area 
appeared in various shades of blue (Figure 3a). 
All the resulting land cover/use classes generated 
from image interpretation are shown in Figure 3b 
for the 2005 satellite image. Table 2 shows the 
acreage of the interpreted land cover/use for the 
years considered (1986, 1995, 2005 for Landsat 
and 2005 for SPOT image).

Based on the reflectance, the north-east of the 
study area was predominantly green and therefore, 
suggesting more open ground. This was due to 
small scale arable farming comprising food crops 

Table 1. Land Cover Classification Analysis for Simiyu watershed 

1985 1995 2001 2005

Land coveruse Area (km 2) % Area (km 2) % Area (km 2) % Area (km 2) %

Bare Ground 150.0 11.4 261.9 20.5 241.1 16.6 473.5 37.0

Burnt Area 12.0 0.9 18.7 1.5 114.1 7.8 16.5 1.3

Clear Water 190.0 14.5 158.6 12.4 208.3 14.3 45.1 3.5

Dense Marshland Vegetation 85.0 6.5 14.9 1.2 19.6 1.3 18.4 1.4

Drained Wetland 18.0 1.4 9.8 0.8 5.3 0.4 6.3 0.5

Grassland 17.0 12.8 185.8 14.5 180.8 12.4 166.9 13.1

Open Shrubland 310.0 23.4 193.5 15.1 300.2 20.6 21.4 1.7

Riverine Vegetation 71.0 5.5 66.5 5.2 3.3 0.2 97.9 7.7

Silted Water 100.0 8.0 135.8 10.6 84.2 5.8 244.9 19.2

Small Scale Farmland 65.0 5.0 63.7 5.0 61.2 4.2 19.7 1.5

Large Scale Farmland 0.0 0.0 32.9 2.6 37.4 2.6 36.2 2.8

Wooded Shrubland 63.0 4.8 44.1 3.4 62.8 4.3 48.1 3.8

Marshland Vegetation 150.0 3.6 81.3 6.4 72.7 8.4 67.2 5.2

Urban Areas 27.0 2.1 10.5 0.8 12.9 0.9 14.4 1.2

Indigenous Forest/vegetation 1.5 .01 0.0 0.0 0.0 0.0 0.0 0.0
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such as maize, cassava and sweet potatoes. The 
purple reflectance was a consequence of sugarcane 
cultivation, which was conspicuously present in 
the western side of the study area. However, the 
presence of moisture in the month of April 1995 
resulted in enhanced colour reflectance of light 
red. The only forest cover in the area were small 
pockets at Malaba, Kalelwa and Nandi Escarp-
ment. All the images showed dynamic land 
cover change within the forest area. The escarp-
ment area is legally supposed to be free of any 
settlement due to high slope aspect. From the 
image evidence there was sustained encroachment 
of the escarpment and confirmed during the field 
survey.

The digital images of Nzoia River Drainage 
Basin show the extent of degradation of both land 
and water resources by different economic activi-
ties. The expansion of various land use activities 
in different periods was interpreted from the land 
cover/use classes. Forest depletion and encroach-
ment to the Nandi Escarpment’s hilly area has led 
to severe erosion as reflected in the high turbidity 
of the water and land slides (Figure 4a, b) often 
leading to loss of human lives as was documented 
in August 2007. The intensification of agriculture 
is seen from the land being converted to medium 
scale and larger scale sugarcane growing from 84 
Km² in 1986 through 102.28 Km² in 1995 to 262.75 
Km² in 2005 most of which is in reclaimed wetland 

Table 2. Acreage of land cover/use classes identified from Landsat images of 1986, 1995, 2005 and 
SPOT image of 2005 for Nzoia 

Land Cover/Use Classes Code Area_1986 Km² Area_1995 Km² Area_2005 Km² Area_Spot Km²

Degraded Forest DF 12.971 8.819 11.506 10.765

High Density Settlement HD_S 5.792 14.225 13.295 12.372

Indigenous Forest IF 2.589 2.320 3.274 3.373

Low Density Settlement LD_S 24.393 14.934 7.200 16.232

Medium Density Settlement MD_S 9.993 30.764 24.768 13.096

Medium Scale Farmland_Maize MSF_M 60.387 64.794 64.173 64.468

Mixed Farming_Medium Scale MF_MS 245.293 8.886 - -

Plantation Forest PF 1.988 3.300 - -

Riverine Vegetation RV 1.408 3.580 1.366 1.102

Sewage Ponds SW_P 0.429 0.600 0.660 0.470

Shrubby_Grassland SG 13.198 8.259 - -

Small Scale Farming_Maize SSF_M - 55.789 50.212 12.397

Small Scale_Mixed Farming SS_MF 36.292* 263.385 244.036* 261.466

Sugarcane Farmland_Riverine SF_R 111.118 106.970 106.627 93.168

Sugarcane Plantation SP 39.553 43.428 44.327 44.599

Sugarcane_Large Scale S_LS - - 73.399 129.854

Sugarcane_Medium Scale S_MS 84.013 73.137 189.452 232.072

Sugarcane_Medium Scale & Vegetation S_MSV - 29.143 - -

Total (medium – large scale) 84.013* 102.280* 262.752*

Sugarcane_Small Scale S_SS 239.757 189.321 93.324 32.135

Wooded Shrubland W_SH 44.214 11.730 5.769 5.817

TOTAL 933.388 933.384 933.388 933.386
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areas. Small scale mixed farming increased from 
36.29 Km² in 1986 to 244.036 in 2005.

With reference to the pollution problem in 
Nzoia River, the degradation of Nzoia River by 
industrial effluents from the African papers mills 
was also captured (Figure 4c, d) in the field and 
seen from the foam waters due to partially 
treated discharge from the Pan Paper factory into 
the receiving waters. The results clearly showed 
that the effluents from the industries are not ad-
equately treated (Tables 4) and therefore, im-
pacted negatively on the quality of the receiving 
waters. The total suspended solids for example, 
measured 95-540mg/l which were found to be 
higher than the USPH recommended value of 50 
mg/l

Pesticide studies on River nzoia

The Nzoia River study site consists of the Middle 
Nzoia Catchment and the flood plain area of Nzoia 
River at Budalangi. The Middle Nzoia Catchment 
(934 Km²) is in Bungoma District and lies between 
longitudes 34º34’00” to 34º51’30”E and latitudes 

0º23’00” to 0º37’30”N. Within this location is the 
Nzoia sugarcane growing area covering nucleus 
estates of 44.0 Km² and an out-growers area of 
230 Km². Budalangi floodplain is in Busia District 
in Western Province of Kenya and extends from 
latitude 0º to 0º 45” North and longitude 33º55’ 
to 34º25’ East (1262km²) with 137km² of its land 
under permanent wetland conditions. In the flood 
plains at Budalangi, the Bunyala Rice irrigation 
scheme which collapsed in 1986 has been revived.

The region is one of the high agricultural po-
tential areas in Kenya (RoK, 1996; RoK, 1999; 
RoK, 2001a,b; RoK, 2002) with high land pro-
ductivity that is supported by rain-fed agriculture 
and irrigation at the lowland floodplains close to 
the lakeshore. Most of the Nzoia River Drainage 
Basin (NRDB’s) area falls in agro-climatic zone 
I under the Kenyan classification (Sombrock, et 
al., 1980). The NRDB encompasses areas where 
major manufacturing industries namely Pan Africa 
Paper Mill, Nzoia Sugar Factory, Mumias sugar 
factory and the Heavy Chemical industries (Sul-
phuric Manufacturing) are located.

Figure 4. Challenges on land and water resources of Nzoia River Basin
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The dominant crop cultivated in the NRDB 
is sugarcane and as such, the sugar industry is a 
major user of insecticides and other agricultural 
chemicals, in particular herbicides. These insecti-
cides, particularly DDT, have gained a notorious 
reputation globally since their introduction due 
to persistence in the environment, detrimental 

effects on wildlife, widespread contamination of 
previously pristine environments (Hunter et al. 
1996). Although most organo-chlorines such as 
DDT are banned in Kenya for agricultural use, 
a wide range of these organo-chlorines insecti-
cides were detected in high concentrations in the 
sugarcane-cultivated soils and in surface water 

Table 4. Concentrations (ppb) of the pesticide residues in water and sediments collected on the 15th 
August 2005 

Pesticide P1 (water sample) P1 (sediment sample) P2 (Water sample) P2 (sediment sample)

aldrin 0.427 ± 0.195 2.547 ± 0.009 7.529 ± 0.179 0.737 ± 0.257

dieldrin 0.874 ± 0.094 1.122 ± 0.281 1.141 ± 0.034 0.580 ± 0.058

endosulfan 0.352 ± 0.089 1.806 ± 0.135 Nd Nd

DDT 1.362 ± 0.128 2.258 ± 0.058 1.796 ± 0.095 4.492 ± 0.041

permethrin 6.253 ± 0.070 6.049 ± 0.826 0.902 ± 0.156 0.582 ± 0.141

endrin 0.557 ± 0.303 1.108 ± 0.747 0.663 ± 0.180 0.547 ± 0.100

alachlor 0.984 ± 0.212 Nd 1.913 ± 0.339 1.124 ± 0.085

Diuron 1.749 ± 0.035 2.735 ± 0.088 2.299 ± 0.076 Nd

atrazine 0.142 ± 0.012 Nd 0.037 ± 0.001 0.218 ± 0.031

lindane 0.123 ± 0.003 0.108 ± 0.002 0.198 ± 0.007 0.205 ± 0.014

hexazinone 0.521 ± 0.126 0.634 ± 0.021 1.476 ± 0.012 3.156 ± 0.215

Table 3. In-situ and laboratory measurements for water quality parameters along Nzoia River 

Study Site / Parameters Temp 
(0C)

pH TDS 
mg/L)

EC 
(m s)

DO 
(mg/L)

TSS 
(mg/L)

NO3-

(mg/L)
PO4-

(mg/L)

Pan Paper Webuye Upstream 19.0 8.99 167.7 135 7.73 112 10 3

Midstream 
(Discharge pt)

24.4 8.77 1179.3 139 2.05 540 2.84 15

Downstream 20.0 9.10 260.6 158 6.02 220 5.06 43

Nzoia 
Sugar 
Co.

Upstream 19.0 8.50 152.3 50 9.50 95 66.5 9

Midstream 19.0 8.95 153.9 54 9.35 120 114.4 8

Downstream 19.0 8.96 159.2 102 8.76 185 127.6 10

Mumias Sugar Co. Upstream 19.2 8.42 115.5 70 9.06 154 86.5 15

Midstream 20.6 9.12 115.9 87 9.50 141 120.4 20

Downstream 19.7 9.19 112.5 137. 8.58 203 150.8 24

Lower 
Nzoia River

Rwambwa 20.3 8.35 114.3 111 9.76 125 55 12

Siginga 22.5 8.79 117.6 115 8.98 171 68 7

Port Victoria 23.8 9.08 115.4 132 7.50 214 48 5

USPH 
Stds

19.0 6.0 –8.5 500 300 6.0 50 45 0.1

Note: USPH - United States Public Health standards
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from the major rivers draining the sugarcane belt 
(Getenga et al. 2004). Pesticides are introduced 
into water systems from various sources such 
as industrial effluents, agricultural runoffs and 
chemical spills. Even if these compounds are 
present only in very low concentrations in the 
water, they are hazardous because some species 
of aquatic life are known to concentrate them 
100-fold or more (Barlas, 2002).

Due to many anthropogenic activities under-
taken within the NRDB, we determined concentra-
tions of organochlorine pesticide residues, their 
metabolites and residues of frequently applied 
herbicides in water, soil and sediment samples 
in the NRDB.

Soils from some selected fields in Nzoia River 
basin showed high levels of compounds such as 
aldrin, dieldrin, endosulfan, DDT, endrin, alachlor 
which together are referred to as persistent organic 
pollutants (POPs).

Table 4 contains data for the concentrations of 
the pesticides partitioned between water and the 
associated sediments along river Kuywa which 
drains the sugarcane fields. The pesticides espe-
cially the organochlorines are banned in Kenya and 
yet were detected in the water samples showing 
that they are illegally applied. The pesticides are 
initially transported through agricultural runoffs 
into the water systems. The observed varying 
concentrations of the pesticides in the water and 
sediment matrices is governed by the values of 
partition coefficients of the pesticides between 
water and sediments which vary from pesticide 
to pesticide.

For pesticide residue analysis in water and 
sediment samples, samples collected in dry and 
wet season showed the presence of pesticide resi-
due. The higher concentration for the pesticides 
atrazine, lindane and hexazinone in sediments 
on the dry day could be due to reduced volume 
of river water leading to higher adsorption of the 
pesticides by sediments. The lower concentrations 
of lindane and atrazine in water samples collected 
on a wet day than in water samples collected on 

a dry day is due to differences in precipitation 
intensities prevailing at the respective days. Pre-
cipitation resulted in the increase in the volume 
of the water body (river Kuywa) thus reducing 
the pesticide concentration. The incorporation of 
compost in soil during the biodegradation studies 
in Nzoia River basin had the effect of increasing 
the degradation of hexazinone in soil compared 
with the soil with no mud-cake.

sOLUTIOns AnD 
RecOMMenDATIOns

The watershed address should be the basis for 
effective local watershed partnerships and can be 
used as a reference to improving the ecological 
environment and water quality in LVDB. The 
strategies to be used should be specific to LVDB 
and have a framework that involve partnerships 
with a broad range of stakeholders who make 
decisions based on ecological principles. Future 
research projects should focus on developing a 
community GIS mapping and use several mod-
els to address both economic and environmental 
concerns within the study sites of the LVDB. The 
watershed computer model for example should 
be used to better understand the cause and effect 
relationships within the watershed. The models 
will be used by the partnerships to make decisions 
on what alternatives to consider in resources use 
management.

Hydroinformatics, which can be broadly de-
fined as the application of modern information 
technologies to the solution of problems associ-
ated with the aquatic environment has a very big 
role to play in finding solutions to water related 
problems. In their future working and professional 
environment, researchers in this field of study are 
expected to effectively work in the “Information 
Society” which represents a change from applica-
tion of disciplinary topics to competence based 
working where knowledge, skills and attitudes are 
integrated across separate disciplines. The learning 
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environment therefore should be tailored on the 
future working and professional environment with 
the main focus on development of professional 
competences of students. The students learn to 
apply knowledge in professional situations where 
their competence development is measured and 
assessed.

The concepts of “Hydroinformatics” as a new 
and distinct academic discipline were conceived 
and defined in the 1990s (Abbott 1991). As al-
ready indicated hydroinformatics is concerned 
with the study of the flow of information and the 
generation of knowledge related to the dynamics 
of water in the real world, through the integration 
of information and communication technologies 
for data acquisition, modelling and decision 
support, and to the consequences for the aquatic 
environment and society and for the management 
of water based systems. Hydroinformatics focuses 
on applications to all areas of integrated water man-
agement, and especially to river basins, aquifers, 
irrigation systems, urban water systems, estuaries, 
and coastal waters. It is as much concerned with 
the management of the environment (as an asset) 
from a planning and design perspective or from a 
real time forecasting and warning point of view, as 
it is with the simulation and analysis of extreme 
events: floods, surges, droughts, pollution and 
significant morphological and ecological changes.

A handbook of research in Hydroinformatics 
should aim at introducing innovative approaches 
in order to open up for the students much broader 
perspectives by taking advantage of modern 
research tools of information technology. In Hy-
droinformatics the students should be introduced 
to the process of developing mathematical models 
as a means for solving real problems, by looking at 
several different modelling situations that utilize 
a variety of topics, but with continued reference 
to their use in finding the solutions to problems.

There are three fundamental major goals for 
the research in hydroinformatics: (i) to establish 
the underlying principles of hydroinformatics, 
(ii) to reinforce students’ modelling skills through 

investigation of applications involving those skills, 
and (iii) to give students the opportunity to develop 
projects and assignments for later use in their 
career as water professionals. Hydroinformatics 
focuses heavily on the use of technology to solve 
problems in the aquatic environment.

Research in hydroinformatics should expose 
researchers to a wide range of applications and 
problems involving hydroinformatics. Water prob-
lems usually cut across boundaries which requires 
establishing networks that link professionals at 
many locations. The growing complexity and the 
increased interdisciplinary nature of engineering 
projects require a wide academic education and 
practical training of modern-day engineers.

A new approach in teaching is the competence-
based learning, which is part of the current research 
in Hydroinformatics, regarding the use of new 
technologies and methodologies in teaching and 
in education.

To address the constraints in watershed 
management and land resource use challenges, 
initiatives have been undertaken at the policy and 
institutional level. These include:

• Establishment of National Environment 
Management organs (Authority) and re-
porting annually on the state of environ-
ment at district level

• Enactment of Environment Management 
and Coordination instruments (Acts)

• Development, review and enactment of 
various sectoral policies legislations and 
action plans on environment and natural 
resources management;

• Establishment and use of five-year 
Development Plans as instruments to di-
rect resource use planning at District level

• Establishment of Disaster Management or-
gans as an avenue to deal with recurrent 
environmental hazards especially flooding 
and drought etc
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The watershed address should be the basis for 
effective local watershed partnerships and can be 
used as a reference to improving the ecological 
environment and water quality in LVDB. The 
strategies to be used should be specific to LVDB 
and have a framework that involve partnerships 
at the community levels

fUTURe TRenDs

Hydroinformatics, initially established as the filed 
of study of numerical modelling and information 
flows related to aquatic systems, has increasingly 
transformed its focus from improving the numeri-
cal modelling tools, into developments in applica-
tion, placing more effort on user interfaces, visu-
alisation, parameter controls, structured database 
facilities and knowledge management systems, 
systems engineering, optimisation, and compu-
tational intelligence. It has largely contributed to 
the development of generic modelling systems of 
the fourth generation which enabled the increase 
of potential users of hydroinformatics tools from 
the restricted group of numerical modelers to a 
large number of specialists in hydraulics, hydrol-
ogy and water resources, who now form distinct 
group of model users. By taking advantage of the 
latest technological developments in the areas 
of instrumentation, real-time data transmission, 
data assimilation, remote sensing and model-GIS 
interfaces, it is nowadays recognized as a field 
which continuously seeks synergic combination 
of such diverse technologies for the purpose of 
developing improved modelling tools and services.

Following the developments in ICT, the models 
have become increasingly embedded into larger 
systems for decision support or impact assess-
ment. Through these developments the user base 
of hydroinformatics tools has been expanded 
even more. With the growing scarcity and qual-
ity deterioration of water resources, in many 
developing countries, in addition to the current 
trends of increasing floods and climate change, 

the contribution and role of modellers in river 
basins has increased and become a necessity as 
well. The users of Hydroinformatics tools, and of 
river basin models in particular, need a substantial 
experience to develop models, which will in the 
end build organisations capacity to manage and 
protect water resources in order to optimise their 
utilization.

The overall goal of research in hydroinfor-
matics is to equip water professionals with the 
knowledge and skills for emerging challenges 
flood management. By using catchment, river ba-
sin and urban flooding models they can maximize 
economic and social well-being in an equitable 
manner without compromising the sustainability 
of their ecosystem. Competence based model 
is used in the flood modelling for management 
(Cheetam and Chivers (2005)

One of the most important watershed and land 
resources management issues in the LVDB is to 
correctly identify and document challenges and 
opportunities. These include:

• Ability to influence change
• Willingness of the community to change
• Delay between actions and results (legisla-

tion implementation)
• Cost/benefit ratio analysis of land 

productivity

These would require partnerships in four main 
types of action areas: Information/education, 
Technical assistance, Funding, Regulatory. The 
four action areas will be important in the effort to:

• Review and harmonize agricultural legis-
lation and formulate appropriate land use 
policy

• Formulate a stronger National Food Policy 
that will strengthen local and international 
markets for agricultural products.

• Strengthen National programmes for pub-
lic education, awareness and exchange of 
information on biodiversity conservation
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• Develop an integrated conservation policy 
framework.

• Policy, institutional and legal frameworks 
provide opportunities and threats as envi-
sioned in the National Action Plan

The study sites of Nzoia sugarcane growing 
areas, Budalangi flood plain, Nakivubo Channel 
and Simiyu river basin can be put under rain fed 
or irrigable crop production some of which like 
sugarcane is on industrial scale. The production 
from the farms has however failed to contribute 
towards food security and poverty alleviation. In 
addition the impact on the ecological functions 
of the wetlands from the unsustainable land use 
practices have led to non-point source pollution 
and point source pollution with impacts on:

• The unique and sometimes endemic biodi-
versity, including migratory birds, fishes, 
plants

• The water quality and quantity, leading to 
none use of such waters as those of Nzoia 
river by the community or their livestock

Indigenous and scientific knowledge, and com-
munity participation in planning should be put in 
place to promote the application of appropriate 
technologies, communication and networking that 
would empower the local people to conserve and 
use the soil and wetland resources sustainably.

Resource management questions in the LVDB 
relate to planning and management of space, and 
answers have to be geographically linked for ac-
curacy and consistency.

Resource poverty requires integrating ap-
proaches to avoid costly experiments and develop 
effective cost cutting strategies. Remote sensing 
application and spatial data storage in GIS makes 
it possible to relate information of areas to devel-
opment and resource use.

One of the most important watershed and land 
resources management issues in the LVDB is to 
correctly identify and document challenges and 

opportunities. This should be followed by forming 
partnerships in four main types of action areas: 
Information/education, Technical assistance, 
Funding, Regulatory. The four action areas will 
be important in the effort to review and harmonize 
agricultural legislation and formulate appropriate 
land use policy. The study sites of Nzoia sugarcane 
growing areas, Budalangi flood plain, Nakivubo 
Channel and Simiyu river basin can be put under 
rain fed or irrigable crop production some of which 
like sugarcane is on industrial scale.

The production from the farms has however 
failed to contribute towards food security and 
poverty alleviation. In addition the impact on 
the ecological functions of the wetlands from 
the unsustainable land use practices have led to 
non-point source pollution and point source pol-
lution with impacts on the unique and sometimes 
endemic biodiversity, including migratory birds, 
fishes and plants. The water quality and quantity 
are affected, leading to none use of such waters 
by humans and their livestock as is the case with 
River Nzoia.

Due to the prevailing food insecurity in the 
areas, there is the desire to open up and put the 
wetlands under food production as in the case of 
Simiyu and Budalangi. At the same time the areas 
qualify to be put under conservation status for 
the above reasons. This brings conflict of inter-
est and dilemma as to what use wetlands should 
be put under.

Wetlands have significant multiple uses of 
social and economic values to the riparian com-
munities if measures are taken for their sustainable 
development. Indigenous and scientific knowl-
edge and community participation in planning 
should be put in place to promote the application 
of appropriate technologies, communication and 
networking that would empower the local people 
to conserve and use the soil and wetland resources 
sustainably. On the basis of the project findings 
and the challenges illustrated above, further re-
search should aim at assessment of how diverse 
sectoral legislation impinge on/or address issues 
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pertaining to the National Action Programmes 
(NAP), resource use planning and development 
of institutional framework as a core arsenal in 
waging the war on poverty in the basins.

cOncLUsIOn

The major challenge facing the East Africa Com-
munity states is that the economic potential and 
human settlement patterns are closely linked to the 
agro-climatic characteristics of the region. Only 
a small fraction of the area, much of it within the 
LVDB, is considered high to medium potential. 
This supports a large population; contains most 
water catchments areas, and forests both indig-
enous and plantations. This has led to immense 
land use competition and conflicts where land 
use has often disregarded land potential, carrying 
capacities, and limitations of land resources as well 
as their diversity and distribution. The problem is 
compounded further by rapid population increase, 
increased poverty levels and limited institutional 
capacity to deal with the challenges.

Resource management questions in the LVDB 
relate to planning and management of space, and 
answers have to be geographically linked for ac-
curacy and consistency.

Resource poverty requires integrating ap-
proaches to avoid costly experiments and develop 
effective cost cutting strategies. Remote sensing 
application and spatial data storage in GIS makes 
it possible to relate information of areas to devel-
opment and resource use.

Water resources management has become a 
field where computer-based techniques are ex-
pected to facilitate the complex process of deci-
sion making which involves several stakeholders 
with varied interests and various socio-economic 
objectives, of the natural resources. The decision-
making related to water resource management is a 
process that requires water resources engineering 
expertise combined with suitable use of hydroin-
formatics models. Formulating competencies for 

hydroinformaticians, acting as flood modellers 
for river and urban floods is not an easy task as 
it demands a thorough knowledge in the core 
elements of the profession. A curriculum built 
on competencies is one of the cornerstones for 
educating professionals in the new field of hy-
droinformatics.
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KeY TeRMs AnD DefInITIOns

Remote Sensing: The small or large-scale 
acquisition of information of an object or phenom-
enon, by the use of either recording or real-time 
sensing device(s) that are wireless

Biological Diversity: Or “biodiversity,” refers 
to the variety of life on earth. It includes diversity 
of ecosystems, species and genes, and the ecologi-
cal processes that support them.

Environmental Degradation: The deterio-
ration of the environment through depletion of 
resources such as air, water and soil; the destruc-
tion of ecosystems

Watershed Management: The process of 
creating and implementing plans, programs, and 
projects to sustain and enhance watershed func-
tions that affect plant, animal and human com-
munities within a watershed boundary

The Uganda Society: A literary and scientific 
organization founded in Uganda in 1923 and work-
ing for the preservation culture, natural heritage 
and advancement of science and technology

Biochemical Oxygen Demand: or BOD: A 
chemical procedure for determining the uptake rate 
of dissolved oxygen by the biological organisms 
in a body of water. It is not a precise quantitative 
test, although it is widely used as an indication 
of the quality of water

Geographic Information System (GIS): 
Captures, stores, analyzes, manages, and presents 
data that is linked to location.

Dissolved Oxygen: (analysis) Measures the 
amount of gaseous oxygen (O2) dissolved in an 
aqueous solution.

A Pesticide: Any substance or mixture of 
substance intended for preventing, destroying, 
repelling or mitigating any pest
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ABsTRAcT

In recent years, many countries have faced great challenges due to their limited water resources. According 
to these challenges, they have undertaken large scale projects to reuse agricultural drainage water in 
irrigation purpose. The Governments in these countries can enhance water management and sustainable 
development by adopting policies that enable them to meet water demands and supply management. 
Therefore, there is a need for unconventional methods to provide better tools for the assessment and 
management of water quality problems to adopt management policies and set the limits for sustainable 
drainage water reuse. The implementation of Geographic Information System (GIS) in this field offers 
an ideal tool for measurements with limited number of sampled points. Statistical analysis that can be 
provided within GIS is rapidly becoming an impressive tool for statistical analysis of continuous data. 
The main objective of this chapter is to discuss using GIS to in-follow the pollution caused by fertilizers 
migration to the water and the soil by applying statistical analysis within the GIS using geostatistical 
analyst. Geostatistical analyst is an extension of Arc Map™ that bridges the gap between geostatistics 
and GIS and provides a powerful collection of tools for the management and visualization of spatial 
data by applying Spatial Statistics.
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InTRODUcTIOn

Water is one of the most important inputs of 
economic development. Water management has 
been identified as one of the elements of sustain-
able development. Size, type, and location of the 
economic activities depend on the nature, quan-
tity, quality, and location of the available water 
resources. In arid and semi arid regions limited 
water supply constraints economic activity. Na-
tional governments can enhance economic growth 
and development by adopting policies that enable 
water demands management in addition to water 
supply management to overcome water scarcity.

Hydroinformatics is a branch of Informatics 
which concentrates on the application of informa-
tion and communications technologies (ICTs) in 
addressing the increasingly serious problems of 
the equitable and efficient use of water for many 
different purposes. Growing out of the earlier dis-
cipline of computational hydraulics, the numerical 
simulation of water flows and related processes 
remains a mainstay of hydroinformatics, which 
encourages a focus not only on the technology but 
on its application in a social context. On the techni-
cal side, in addition to computational hydraulics, 
hydroinformatics has a strong interest in the use 
of techniques originating in the so-called artificial 
intelligence community, such as artificial neural 
networks or recently support vector machines and 
genetic programming. These might be used with 
large collections of observed data for the purpose 
of data mining for knowledge discovery, or with 
data generated from an existing, physically based 
model in order to generate a computationally ef-
ficient emulator of that model for some purpose.

Hydroinformatics recognises the inherently 
social nature of the problems of water management 
and of decision making processes, and strives to 
understand the social processes by which technolo-
gies are brought into use. Since the problems of 
water management are most severe in the majority 
world, while the resources to obtain and develop 
technological solutions are concentrated in the 

hands of the minority, the need to examine these 
social processes are particularly acute.

Hydroinformatics draws on and integrates 
hydraulics, hydrology, environmental engineering 
and many other disciplines. It sees application at 
all points in the water cycle from atmosphere to 
ocean and in artificial interventions in that cycle 
such as urban drainage and water supply systems. 
It provides support for decision making at all levels 
from governance and policy through management 
to operations.

Arid and semi arid regions are facing great 
challenges due to their limited water resources 
compared to the expanded water demands. The 
demand for water in agriculture, industry, and 
municipal purposes has been increasing due to 
population growth and increase of income. The 
agricultural sector is the largest consumer of wa-
ter. The increasing demands for food production 
require more attention to be given for reclama-
tion and cultivation of more agricultural areas. 
Consequently, the irrigation water consumption 
increased. This increase was made available by 
increasing in drainage water reuse and ground-
water abstraction. Therefore, governments have 
undertaken large scale projects to reuse agricul-
tural drainage water in irrigation. The agricultural 
drainage water is one of the most feasible resources 
of reuse because it is relatively of good quality 
and has nearly no environmental impacts in com-
parison to other resources such as sewage water.

Taking into consideration the environmental 
aspects of drainage water reuse, diffuse pollu-
tion of water resources from agricultural sources 
(agrochemicals) is a major environmental issue. 
Agrochemicals are usually introduced to increase 
the crop productivity or to resist herbs and insects. 
Highly productive lands receive large applications 
of fertilizers, pesticides, and organic amendments. 
Part of these additions could be leached by irriga-
tion water into the drainage water as water flows 
over land surface and passes through the plant root 
zone. Therefore, they are regarded as potential 
source of environmental pollution. In addition 
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to salts, substances such as nitrates, phosphorus, 
potassium, and pesticides are the most common 
pollutants leached into the agricultural drainage 
water (Abdel Dayem and Abdel Ghany, 1992). 
Application of fertilizers increased with deterio-
ration of the quality of soils regarding nutrients 
percentage. This became essential for maintaining 
soil fertility and increasing crop production. High 
percentage of the applied fertilizers is lost due to 
poor management which leads to nutrients leach-
ing in the form of ammonia, nitrate or phosphorus 
through different crop rotations (Korany, 1997).

All over the world, the governments are in-
creasingly confronted with crucial water quality 
aspects. Health hazards and increased environ-
mental concerns have called for an active policy in 
the field of water quality management. Therefore, 
there was an increasing need to develop an active 
policy for prevention and control of pollution, in 
view of the deteriorating water quality and its 
impact on human health and environment. The 
movement of agricultural chemicals into ground 
and surface waters has become an international 
concern. Nitrate leaching depends on soil type, 
crop type, irrigation quantity, temperature, 
groundwater level, drainage and soil cultivation. 
Moreover, Nitrate leaching also depends on the 
rate, timing and form of Nitrogen containing 
fertilizers. Economical and ecological reasons 
require nitrate losses to the groundwater to be 
kept at a low level.

Therefore, there is a need for unconventional 
methods to provide better tools for the assessment 
and management of water quality problems for 
the aim of adopting management policies and 
establishing the limits for sustainable drainage 
water reuse. As a Hydroinformatics technology, 
Geographic Information System (GIS) provides a 
powerful collection of tools for the management 
and visualization of spatial data (Krivoruchko 
and Gotway, 2003). Under such conditions, it is 
undoubted that application of GIS is a powerful 
tool for understanding, modeling, and managing 
complex water quality problems. This tool can 

be even more powerful when it is integrated with 
methods for spatial statistical data analysis.

Statistical analysis within GIS is rapidly be-
coming an impressive suite of tools developed 
for statistical analysis of spatial continuous data. 
These data can be measured at any location in 
space. Geostatistical Analyst is one of the sta-
tistical software packages through the GIS. It is 
an extension of Arc Map™, which bridges the 
gap between geostatistics and GIS and provides 
a powerful collection of tools for the manage-
ment and visualization of spatial data. Not only 
are interpolated surfaces created, but also a wide 
range of analytical and exploratory tools are in-
corporated to extract useful information from the 
data. It is a flexible software package that allows 
any user with spatially continuous data to explore 
and analyze their data using statistical tools and 
interpolate optimal surfaces. Some of the various 
fields that utilize Geostatistical Analyst include 
environmental and agricultural issues, explora-
tion, geology, meteorology, hydrology, archeol-
ogy, forestry, health care, mining and real estate. 
Therefore, the main objective of this chapter is to 
discuss how to apply GIS to in-follow the pollut-
ing fertilizers migration to the water and soil by 
applying statistical analysis within a GIS using 
Geostatistical Analyst.

BAcKGROUnD

The quality of irrigation water is of particular 
importance in arid zones where high temperatures 
and low relative humidity result in high rates of 
evaporation, with consequent deposition of salts, 
which tends to accumulate in the soil profile. The 
physical and mechanical properties of the soil, 
such as dispersion of particles; stability of ag-
gregates; soil structure and permeability, are very 
sensitive to the type of exchangeable ions present 
in irrigation water. So, the success of the drainage 
water reuse is associated with minimizing the long 
term effect of reuse in degradation of crop pro-
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ductivity and soils and preserving environmental 
values and public health. Therefore, five aspects 
of drainage water reuse have become subjects of 
paramount importance. These aspects are health 
aspects, environmental aspects, economic aspects, 
institutional aspects and socio-cultural aspects 
(Pescod and Arar, 1985).

The main issue that faces expanding drainage 
water reuse practices is the pollution of most of 
the main drains according to the application of 
nitrogen, phosphate and potassium fertilizers in 
agriculture. This lead to add pollution load to 
drainage water and restrict strategies of reuse 
drainage water. The application of nitrogen, phos-
phate and potassium fertilizers in agriculture has 
considerably increased. World Urea consumption 
has increased from 2.3 to 37.6 million tones of 
nitrogen in the period from 1973 to 1998 (FAO, 
2000).

Subsurface drains are common systems to 
many parts of the world. Water from subsurface 
field drains eventually discharges into surface 
drains and may affect its quality. In this respect, 
water can act as a vehicle for all kinds of soluble 
elements that are stored in the soil. These elements 
(e.g. nutrient, herbicides, pesticide, organic mat-
ter, salts and toxic trace elements) can be leached 
from soil causing pollution the drainage effluent. 
The effect, which these elements have on the 
environment depends, among other things, on 
climatological conditions, agricultural practices 
(quantity and quality of the fertilizers and pesti-

cides used), as well as the type of soil. Sometimes 
the effect can be positive (i.e. when the losses of 
nutrients can be reduced) and sometimes it can 
be negative (i.e. when fertilizer applications are 
excessive). If the effects are negative, preventive 
measures to reduce the flow of drainage water are 
often the only options because measures to treat 
this type of non- point pollution are extremely 
costly (Ritzema and Braun, 1994).

Nitrogen is essential to all life, and most crop 
plantation requires large quantities to sustain high 
yields. Nitrate is a naturally occurring form of ni-
trogen found in the soil. The formation of nitrates 
is an integral part of the nitrogen cycle in our 
environment. Plants use nitrates from the soil to 
satisfy nutrient requirements and may accumulate 
nitrate in their leaves and stems. Unfortunately, 
nitrate can be leached from the rooting part of 
the soil or through the subsurface drain efflu-
ent and cause environmental problems such as 
eutrophication and health hazard. The biological 
fixed nitrogen is not immediately available for 
plant roots; it has to be mineralized in the soil 
by a chain of microbial processes (Jurgens and 
Gschwind, 1989). Figure 1 shows the behaviour 
or the flow chart of fertilizers after being added 
to the soil and plant.

Skaggs and Chescheir (1999) reported that 
“nitrogen losses from agricultural lands are being 
increasingly recognized as a major contributor to 
environmental problems in receiving streams, 
lakes and estuaries”. Runoff water from any land 

Figure 1. Change in Ammonium Fertilizer (Jurgens and Gschwind, 1989)
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contains plant nutrients; including nitrogen; which 
are necessary for healthy surface waters. How-
ever, they cause problems (nuisance alga blooms, 
hypoxia and anoxia leading to fish kills) when 
present in excessive amounts. Nutrients are de-
livered to estuaries and lakes by discharge from 
rivers, atmospheric deposition through rainfall 
and groundwater discharge.

They are derived from point sources (waste-
water treatment plants, industrial and municipal 
discharges) and from non-point sources (runoff 
from agricultural and forested lands, rural com-
munities and atmospheric deposition). With the 
development of agriculture, the quantity of applied 
nitrogen fertilizer has been increased from year 
to year, and the average rate of application has 
far exceeded the demand of the crops. In addi-
tion, a part of the surplus nutrients is consumed 
by volatilization and the worst part of the losses 
in surface runoff, goes with infiltrated water to 
deeper layers of the soil and groundwater.

Since nitrate ions (NO-3) in difference to the 
ammonium ions (NH+4) are highly soluble in wa-
ter and not retained by humus and clay complexes, 
they are most mobile and leach with percolating 
water. Nitrate not taken up by plants, can get lost 
to deeper soil layers or, after de-nitrification, to 
the atmosphere in the gas forms of N2 or N2O. 
The nitrogen being leached is likely in the NO3 
form, although certain levels of NH4+ have been 
detected in deep horizons (Isermann, 1987) and 
(Muller, 1987). Webster et al (1986) reported that 
the distribution of applied nitrogen as fertilizer 
could be distributed as follows:

• 54-72% taken up by.crop plants,
• 8-23% bound in the organic matter of the 

soil,
• 2-18% lost as gas to the air after de-nitrifi-

cation had took place, and
• 2-8% leached into the subsoil.

The soil nitrogen cycle can be viewed as a 
conceptual summary of interaction between the 

chemical, physical and biological transformations 
undergone by nitrogen in soils. The key nitrogen 
transformation is the cycling of nitrogen between 
organic and inorganic forms:

• Mineralization and immobilization
• Gaseous losses of nitrogen (ammonia 

volatilization and denitrification) to the 
atmosphere.

• Losses associated with water movement 
(leaching and erosion)

• Biological nitrogen fixation (NH+
4) can be 

held as an exchangeable ion by clays or 
other soil colloids or fixed in the interlayer 
of certain clay minerals.)

Sonzongni et al (1982) showed that, soluble 
phosphate forms were usually readily bio-avail-
able to aquatic organisms, while the bioavail-
ability of phosphate associated with particular 
forms depended on adsorption / desorption of 
inorganic phosphate and mineralization of or-
ganic phosphate. They added also that, forms of 
phosphorus presented in subsurface and surface 
drainage water depended on soil type, historical 
phosphate applications, land use and associated 
management functions. In subsurface drainage 
water dominant forms of phosphorus were soluble 
fractions, which are referred to soluble reactive 
phosphate (SRP), soluble condensed phosphate, 
and soluble organic phosphate.

Because of the higher dependence on chemical 
fertilizers and increased rate of agro-chemicals ap-
plication to increase agricultural productivity they 
are regarded as potential source of environmental 
pollution in water resources. Part of these materials 
can be leached by irrigation water into the drain-
age water as water flows over land surface and 
passes through the plant root zoon and other part 
leached to groundwater through the soil profile. 
Therefore, there is a need for an unconventional 
method to provide better tools for the assessment 
and management of quality problems and follow 
the fertilizers pollution to adopt management 
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policies and establish the limits for sustainable 
drainage water reuse.

Geographic Information System (GIS) is 
a computer –based system that can be used to 
store and manipulate geographic information. It 
provides a powerful collection of tools for the 
management and visualization of spatial data 
(Krivoruchko and Gotway, 2003). GIS is effective 
especially if there is a large volume of data that 
need to be analyzed where many features and fac-
tors related to these features are to be considered. 
These features being temporally and spatially 
varying make it more complex for the data to be 
handled manually. GIS techniques can foster better 
decision-making by allowing managers to conduct 
analysis that would be impractical or infeasible 
otherwise (Abu-Zeid M. K., 1994). Under such 
conditions, it is undoubted that application of GIS 
is a powerful tool for understanding, modeling, and 
managing complex quality problems. Therefore, 
it could be applied to in-follow and investigates 
the extent of the environmental impacts of fertil-
izers and agro-chemicals pollution. This tool can 
be even more powerful when it is integrated with 
methods for spatial data analysis.

Statistical analysis within GIS is rapidly be-
coming an impressive suite of tools. This suite is 
a set of models and tools developed for statistical 
analysis of continuous data. These data can be 
measured at any location in space, but they are 
available in a limited number of sampled points. 
The input data may be also false due to errors in 
the measurement device, human recording errors, 
changes in the measurement conditions, data in-
tegration and faulty sampling techniques. So the 
statistical analysis within GIS is approximations 
of the reality and predictions accompanied by 
information on uncertainties (Krivoruchko and 
Gotway, 2003).

Geostatistical Analyst is one of the statistical 
software packages through the GIS. It is an exten-
sion of Arc Map™ that bridges the gap between 
geostatistics and GIS. It uses sample points taken 
at different locations in a landscape and, based on 

this similarity of nearby points, creates a continu-
ous surface, which is referred to as interpolation. 
Geostatistical Analyst provides unique interpola-
tion tools for the user’s predictive needs. Not 
only are interpolated surfaces created, but also 
a wide range of analytical and exploratory tools 
are incorporated to extract useful information 
from the data. Geostatistical Analyst provides 
a cost-effective, logical solution for analyzing 
a variety of data sets that would otherwise take 
long time and cost enormous amounts of money 
to accomplish. However, Geostatistical Analyst 
is a flexible software package that allows any 
user with spatially continuous data to explore 
and analyze their data using statistical tools and 
interpolate optimal surfaces. Some of the various 
fields that utilize Geostatistical Analyst include 
environmental, agricultural, exploration, geology, 
meteorology, hydrology, archeology, forestry, 
health care, mining and real estate. (http://www.
esri.com/library/whitepapers/pdfs/geostat.pdf).

Wang et al (2001) mentioned that “Nitrogen 
and phosphorus, coming mainly from non-point 
sources (NPS), are major nutrients to cause eutro-
phication to degrade water quality of groundwater 
reservoir, The spatial nature of the NPS pollution 
problem necessitates the use of GIS to manipulate, 
retrieve, and display the large volumes of spatial 
data based on the relevant data which range from 
meteorological and hydrological data to land use, 
fertilizer and pesticide usage, and even livestock 
raising information”. Raghavan and Arnold (1994) 
also stated that “GIS has been successfully inte-
grated with distributed parameter, single-event, 
water quality models such as AGNPS (Agricultural 
Non Point Source) and ANSWERS (A real Non 
point Source Watershed Environmental Response 
Simulation). These linkages proved to be an ef-
fective way to collect, manipulate, visualize, and 
analyze the input and output date of water quality 
models”. Halliday and Wolfe (1991) was used GIS 
to correlate the availability of nitrogen fertilizer 
with the susceptibility of groundwater to pollution 
in Texas, USA to identify potential groundwater 
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quality problems. They create agricultural pollu-
tion susceptibility map and combined with infor-
mation on cropped areas, recommended nitrogen 
fertilizer application rates, and aquifer outcrops.

Assimakopoulos et al (2003) used GIS tech-
nology and fuzzy classification methodology to 
map the agricultural soils according to the kind 
and the rate of application of N-fertilizer that 
should be used. The maps produced can easily 
be interpreted and used by non-experts in the 
application of the fertilization policy at national, 
local as well as at farm level. Jordan and Smith 
(2005) stated that “the agriculture is a signifi-
cant source of nitrate pollution”. Recently, the 
European Commission has indicated that Nitrate 
Vulnerable Zones (NVZs) should be designated 
when agriculture can be shown to contribute more 
than 20% of the overall nitrate loading to those 
waters. They use two methods; the first method 
employs GIS to predict diffuse losses of nitrate 
from agricultural land to surface waters based on 
livestock data and a leaching factor to apportion 
the annual fertilizer usage and manure between 
all major catchments. The second method is based 
on export coefficient modeling.

Babiker et al (2003) employed the GIS tech-
nology to investigate nitrate contamination of 
groundwater by agrochemical fertilizers. The 
spatial analysis indicated that groundwater con-
tamination by nitrate is closely associated with 
one specific land use class, the “vegetable fields”. 
The nitrate concentration of groundwater under 
vegetable fields was significantly higher than 
that under urban land or paddy fields. Most of 
the unacceptable nitrate levels were encountered 
in boreholes assigned to “vegetable fields” but 
a few were also found in boreholes allotted to 
“urban” class. Andreas et al (2005) also used 
GIS technology to study nutrient cycling in two 
mountain oases of Oman, Their research on crop-
land, grapes and date palm was conducted over 
2 years in two mountain oases of northern Oman 
to determine their role as hypothesized sinks for 
nitrogen (N), phosphorus (P) and potassium (K). 

The data shows that both oases presently are large 
sinks for nutrients. Potential gaseous and leach-
ing losses could at least partly be controlled by 
a decrease in nutrient input intensity and careful 
incorporation of manure.

Anne (2005) used GIS model to assess the 
potential excess nitrogen (PEN) under different 
land use categories and compare modeling results 
with observed data in porijoge river catchments 
(258Km2) in southern Estonia. He used three 
catchments to calibrate the GIS model. PEN was 
calculated as a difference between inputs to and 
output from an organic nitrogen pool. In 2005 
also, Kersebaum et al used GIS technology and 
HERMES model to derive site specific fertilizer 
recommendations by subsequent model runs at dif-
ferent development stages combining actualized 
real weather data and a typical weather scenario 
of the specific site for a predictive calculation of 
the nitrogen deficiency.

Li LF et al (2004) used GIS technology and 
multivariate statistical approaches to asses the 
pollution of nitrogen and phosphorus of Beijing 
surface water. Carlo and Irena (2006) used GIS 
technology and screening model (Ag-PIE) for 
the assessment of pressures from agricultural 
land use and the consequent impacts on surface 
and groundwater. They applied this model at the 
European scale (EU15), with focus on nitrogen 
pollution from chemical fertilizers and manure. 
The objective of that is to provide a tool making 
use of state-of-the-art geographical database to 
support policy-makers at the European level.

APPLYInG sTATIsTIcAL 
AnALYsIs WITHIn GIs

Geographic Information System (GIS) could be 
used to infollow and predict any geophysical ele-
ment by applying Geostatistics, which is based 
on the assumption that, on average, there is more 
likelihood of having similar values between two 
points closer together than further apart, offers a 
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way of describing this spatial continuity (Isaaks & 
Srivastava 1989). This could be achieved by using 
Geostatistical Analyst which is an extension of Arc 
Map™, bridges the gap between geostatistics and 
GIS. It uses sample points taken at different loca-
tions in a landscape and, based on this similarity 
of nearby points, creates a continuous surface, 
which is referred to as interpolation.

Geostatistical Analyst is a new extension to 
ArcGIS that provides a dynamic environment to 
help solve spatial problems as improving estima-
tion temperature values, assessing environmental 
risks, or predicting the existence of any geophysi-
cal element. Geostatistical Analyst provides a 
wide variety of tools for spatial data exploration, 
identification of data anomalies, evaluation of error 
in prediction surface models, statistical estima-
tion, and optimal surface creation. Geostatistical 
Analyst gives anyone with spatial data the freedom 
to investigate, visualize, and create surfaces using 
sophisticated statistical methods. Geostatistical 

Analyst creates statistical interpolated continuous 
surfaces from measured samples. These surfaces 
represent a statistical estimation or prediction of 
where a certain phenomenon may occur (Johnston 
et al. 2003).

Geostatistics and ArcGIs 
Geostatistical Analyst

Geostatistical Analyst is a flexible software pack-
age that allows any user with spatially continu-
ous data to explore and analyze their data using 
statistical tools and interpolate optimal surfaces 
(Figure 2). Geostatistical Analyst creates statistical 
interpolated continuous surfaces from measured 
samples. These surfaces represent a statistical 
estimation or prediction of where a certain phe-
nomenon may occur. From determining the impact 
of biohazard releases to identifying where a plant 
species may be thriving, it provides unique inter-
polation tools for the user’s predictive needs. Not 

Figure 2. ArcGIS Geostatistical Analyst Tool
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only are interpolated surfaces created, but also a 
wide range of analytical and exploratory tools are 
incorporated to extract useful information from 
the data. It also provides a cost-effective, logical 
solution for analyzing a variety of data sets that 
would otherwise cost an enormous amount of time 
and money to accomplish (http://www.esri.com/
library/whitepapers/pdfs/geostat.pdf).

The more the user understands about tile phe-
nomenon being investigated the better tile surface 
produced from the sample points will be. Geosta-
tistical Analyst provides a full suite of Explor-
atory Spatial Data Analysis (ESDA) tools to ex-
plore tile data. Each tool provides a view of the 
data in a separate window, and each tool is linked 
to each other and with the map. The ESDA tools 
allow the user to explore the distribution of the 
data, look for global trends in the data, identify 
local and global outliers, understand the spatial 
structure in the data, examining spatial autocor-
relation, and understanding the co variation among 
multiple data sets are all useful tasks to perform 
on the data. ESDA is a powerful set of explor-
atory tools for determining which interpolation 
method is appropriate for the data. (http://www.
esri.com/library/whitepapers/pdfs/geostat.pdf)

There are two main groups of interpolation 
techniques, deterministic and geostatistical. The 
deterministic interpolation technique is used for 
creating surfaces from measured points based 
either on the extent of similarity (e.g., inverse dis-
tance weighted [IDW]) or the degree of smoothing 
(e.g., radial basis functions and global and local 
polynomials). The geostatistical interpolation 
technique is based on statistics and is used for 
more advanced prediction surface modeling that 
also includes errors or uncertainty of predictions 
(http://www.esri.com/library/whitepapers/pdfs/
geostat.pdf).

Deterministic Methods

Deterministic interpolation techniques can be 
divided into two groups: global and local. Global 

techniques calculate predictions using the entire 
data set. Local techniques calculate predictions 
from the measured points within specified neigh-
borhoods, which are smaller spatial areas within 
the larger study area. Geostatistical Analyst pro-
vides the global polynomial as a global interpolator 
and the IDW, local polynomials, and radial basis 
functions as local interpolators.

An interpolation can either force the resulting 
surface to pass through the data values or not. 
An interpolation technique that predicts a value 
identical to the measured value at a sampled loca-
tion is known as an exact interpolator. An inexact 
interpolator predicts a value at a sampled location 
that is different from the measured value. The lat-
ter can be used to avoid sharp peaks or troughs 
in the output surface. IDW and radial basis func-
tions are exact interpolators, while global and 
local polynomials are inexact. A typical usage of 
a deterministic method might be a retail analyst 
that needs to determine the purchasing power of 
distant retail locations based on the proximity 
from the consumer’s home. By applying weights 
with the IDW method, this analyst may be able 
to effectively identify the optimal locations for 
retail stores.

Geostatistical Methods

The geostatistical interpolation technique is based 
on statistics and is used for more advanced pre-
diction surface modeling that also includes errors 
or uncertainty of predictions. Many methods are 
associated with geostatistics but they are all in 
the Kriging family. Ordinary, simple, universal, 
probability, indicator, and disjunctive Kriging 
along with the multivariate versions in Cokriging 
are available in Geostatistical Analyst.

Kriging Interpolation Method
Kriging is a spatial interpolation method used first 
in meteorology, then in geology, environmental 
sciences, and agriculture, among others. It opera-
tionally and theoretically depends on models of 
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spatial autocorrelation, which can be formulated 
in terms of covariance or semivariogram func-
tions. In either formulation, the models of spatial 
autocorrelation often exhibit similar characteris-
tics, which are called nugget, sill, and range. Sill 
represents the total variation in the data, and range 
is the distance where autocorrelation vanishes or 
nearly vanishes.

Kriging is divided into two distinct tasks: 
quantifying the spatial structure of the data and 
producing a prediction. Quantifying the spatial 
data structure, known as variography, is fitting a 
spatial-dependence model to the data. To make 
a prediction for an unknown value for a specific 
location, Kriging will use the fitted model from 
variography, the spatial data configuration, and 
the values of the measured sample points around 
the prediction location. Geostatistical Analyst 
provides many tools to help determine which 
parameters to use, and defaults are also provided 
so that a surface can be created quickly. A typical 
usage of the Kriging method might be an environ-
mentalist who is sampling aquifers and identifies 
that a spatial correlation between sample points 
is apparent. This analyst may then use the prob-
ability Kriging method to determine the likelihood 

of exceeding the critical arsenic level established 
by the Environmental Protection Agency.

Kriging is a moderately quick interpolate that 
can be exact or smoothed depending on the mea-
surement error model. It is very flexible and allows 
the user to investigate graphs of spatial autocor-
relation. Kriging uses statistical models that allow 
a variety of map outputs including predictions, 
prediction standard errors, standard error of indi-
cators, and probability. The flexibility of Kriging 
can require a lot of decision making. Kriging as-
sumes the data comes from a stationary stochas-
tic process. A stochastic process is a collection of 
random variables that are ordered in space and/
or time such as elevation measurements. Some 
methods, such as ordinary, simple, and universal 
Kriging assume normally distributed data. Krig-
ing methods depend on mathematical and statis-
tical models. The addition of a statistical model 
that includes probability separates Kriging meth-
ods from the deterministic methods described in 
Deterministic methods for spatial interpolation. 
For Kriging, you associate some probability with 
your predictions; that is, the values are not per-
fectly predictable from a statistical model. Con-
sider the example of a sample of measured nitro-

Figure 3. Kriging Method within ArcGIS Geostatistical Analyst Tool
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gen values in a field. Obviously, even with a large 
sample, you will not be able to predict the exact 
value of nitrogen at some unmeasured location. 
Therefore, you not only try to predict it, but you 
also assess the error of the prediction.

Cokriging Interpolation Method
Cokriging is the multivariate equivalent to Kriging. 
By using multiple data sets it is a very flexible 
interpolation method, allowing the user to inves-
tigate graphs of cross-correlation and autocorre-
lation. The flexibility of Cokriging requires the 
most decision making. Cokriging can use either 
semivariograms or covariances (the mathemati-
cal forms used to express autocorrelation) and 
cross covariance (the mathematical form used to 
express cross-correlation), use transformations 
and remove trends, and allow for measurement 
error in the same situations as those of the vari-
ous kriging methods: Ordinary Kriging, Simple 
Kriging, and Universal Kriging.

The other Cokriging methods, including 
Universal, Simple, Indicator, Probability, and 
Disjunctive, are all generalizations of the forego-

ing methods to the case where you have multiple 
datasets. For example, Indicator Cokriging can be 
implemented by using several thresholds for your 
data, then using the binary data on each threshold 
to predict the threshold of primary interest. In this 
way, it is similar to Probability Kriging but can 
be more robust to outliers and other erratic data.

Output Interpolation surfaces

There are four interpolation surfaces available 
with Geostatistical Analyst. These are prediction, 
quintile, probability of exceeding thresholds, and 
errors of predictions. These allow the user to ana-
lyze the data in a variety of ways. Prediction map 
Produced from the interpolated values to display 
random variables at locations where data has not 
been collected. Quintile map Produced when the 
user specifies a probability and wants a map of 
the values where predictions exceed (or do not 
exceed) the values at the specified probability. 
Probability map Produced when the user specifies 
a threshold and wants a map of probabilities that 
the values exceed (or do not exceed) the specified 

Figure 4. Semivariogram and covariance Modeling
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threshold. Error of predictions map that Produced 
from the standard errors of interpolated values or 
the standard error of interpolated indicator values 
displays the uncertainty of the predictions.

Investigation of spatial Data 
structure Variography

The semivariogram and covariance functions 
measure the strength of statistical correlation as 
a function of distance. Geostatistical Analyst pro-
vides the user with a semivariogram / covariance 
preview. This makes adjusting the parameters of 
the model, including anisotropy and modeling 
measurement errors, easier and more efficient.

The semivariogram displays the statistical 
correlation of nearby data points. As the distance 
increases, the likelihood of these data points be-
ing related becomes smaller. When two locations 
are close to each other, then we expect them to 
be similar and so their covariance will be large. 
As the locations get farther apart, they become 
less similar and so their covariance becomes zero.

error Modeling

Regardless of the interpolation method there will 
always be some error in the analysis. This error 
can be influenced by many factors such as inac-

curate base data, variation in physical properties of 
data samples, human error and temporal changes 
between measurements. All of these factors play 
a role in the severity of the measurement errors. 
Error modeling is used to minimize the effect 
of these measurement errors. When measure-
ment error is specified, Kriging is an inexact 
interpolation technique. Therefore, predictions 
in the measurement locations are different from 
the actual measurements. Geostatistical Analyst 
allows the analyst to adjust the measurement er-
ror to optimize the error model. For coincidental 
data (multiple measurements at one location) 
Geostatistical Analyst can estimate measured 
variation for the user.

Autocorrelation

As the data locations become farther away from 
a location where the value is unknown, they may 
not be as useful when predicting the value at an 
unmeasured location. At some distance, the points 
will have no correlation with the prediction lo-
cation, and it is possible that they may even be 
located in an area much different than the un-
known location. Therefore, it is common practice 
to specify’ a search neighborhood that limits the 
number and the configuration of the points that 
will be used in the predictions. There are two 

Figure 5. Neighborhood Autocorrelation
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controlling mechanisms to limit tile points used, 
namely, specifying the shape of the neighborhood 
and establishing constraints on the points within 
and outside the shape.

Data Transformations

Transformations can be used to make the data 
more normally distributed and satisfy assump-
tions of constant variability. Data transformations 
are performed before using some geostatistical 
methods such as disjunctive kriging and for maps 
that require the normality assumption. Quantile 
and probability maps from simple, ordinary, and 
universal kriging methods require the normal-
ity assumption. Geostatistical Analyst supports 
transformations including Box Cox, logarithmic, 
arcsine, and normal score.

Perform Diagnostics

After creating a prediction surface, it is useful 
to recognize if the model is optimal for the data 
set in question. Geostatistical Analyst provides 
cross-validation and validation tools that allow 
the analyst to evaluate the surface. The tools 

quantify the “accuracy” of the model. The user 
can either accept the model and its parameters 
or refine the parameters of the model to create 
a better surface. Cross-validation and validation 
help the analyst make an informed decision as 
to which model provides the best predictions. 
The calculated statistics serve as diagnostics that 
indicate whether the model and/or its associated 
parameter values are reasonable.

Cross-validation and validation use the follow-
ing idea withhold one or more data locations and 
then predict their associated data using the data at 
the rest of the locations. In this way, the analyst 
can compare the predicted value to the observed 
value and from this, acquire useful information 
about some of the analyst’s previous decisions on 
the kriging model (e.g.. the semivariogram pa-
rameters, the searching neighborhood. and so on).

Cross-Validation

Cross-validation uses all of the data to estimate the 
trend and autocorrelation models then it removes 
each data location, one at a time, and predicts 
the associated data value. For all points, cross-
validation compares the measured and predicted 

Figure 6. Cross Validation and Validation Process
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values. After completing cross-validation, some 
data locations may be set aside as unusual requiring 
the trend and autocorrelation models to be refitted.

Validation

Validation uses part of the data to develop the 
trend and autocorrelation models to be used for 
prediction. Then predictions to the known loca-
tions are compared with the measured data. Vali-
dation checks whether a “protocol” of decisions 
is valid (for example. choice of semivariograin 
model, choice of a size. and choice of search 
neighborhood).

Graphs and Summaries for Cross-
Validation and Validation

Geostatistical Analyst gives several graphs and 
summaries of the measurement values versus the 
predicted values. The Predicted plot has a blue 
fitted line through the scatter of points and an 
equation is given just below the plot. The Error 
plot is the same as the prediction plot, except here 
the true values are subtracted from the predicted 
values. For the Standardized Error plot, the true 
values are subtracted from the predicted values 

and then divided by the estimated Kriging standard 
errors. All three of these plots help to show how 
well kriging is predicting. With autocorrelation 
and a good kriging model, the blue line should be 
closer to the 1:1 (black dashed) line.

The QQP1ot shows the quintiles of the dif-
ference between the standardized errors and the 
corresponding quintiles from a standard normal 
distribution. If the errors of the predictions from 
their true values are normally distributed, the 
points should lie roughly along the dashed line. If 
the errors are normally distributed, the user can be 
confident of using methods that rely on normality.

Model Comparison

The Comparison dialog box uses the cross-
validation technique and allows the analyst to 
examine the statistics and plots the side by side. 
Generally, the best model is the one that has the 
standardized mean nearest to zero, the smallest 
root mean-squared prediction error, the average 
standard error nearest the root-mean-squared 
prediction error, and the standardized root-mean-
squared prediction error nearest to one.

Figure 7. Cross Validation Comparison
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Display formats

A geostatistical layer can be viewed in four dif-
ferent formats (Filled contours, Contours, Grid or 
hill shade). The analyst can also combine multiple 
formats in a single display of the layer to achieve 
various effects. A full range of symbology and 
controlling parameters exists for each format.

UsInG GIs TO InfOLLOW 
feRTILIzeRs POLLUTIOn

According to the previous sections that explain 
how could Geographic Information System (GIS) 
be used to infollow and predict any geophysical 
element by applying Geostatistical Analyst, it 
could be applied also practically to infollow and 
predict fertilizers pollution migration.

Therefore, the main objective of this section is 
to discuss a case study of applying and validating 
Geostatistical Analyst of Geographic Informa-
tion System to in-follow the fertilizers pollution 
migration to drainage water, groundwater and 
soil, and use the geographic information system 
(GIS) to plot the maps of pollutant distribution as 

a tool to help the decision makers to develop an 
optimum accurate and economical schedule for the 
monitoring program. The study was conducted in 
two main steps. The first step is the experimental 
field work that was formulated to obtain measured 
data necessary to assess the fertilizers pollution 
migration to the water and soil. The second step 
is the geostatistical analysis within GIS, by using 
Geostatistical Analyst, of the continuous field 
data that can be measured, and are available in a 
limited number of sampled points.

The field measurements were carried out in 
Mashtul Pilot Area (MPA). It is located in the 
south-eastern part of the Nile Delta of Egypt with 
an area of approximately 260 feddans (1 feddan 
= 0.42ha). The area is divided into eighteen units. 
MPA was controlled under the current farming 
conditions aiming to apply the data measurement 
program for two years. The area was surveyed with 
the Global Positioning System (GPS) to locate the 
boundaries of the area and the sampling locations 
with the GIS (Figure 9). The measurement pro-
gram included determination of the crop pattern, 
the fertilizers amount and time of application for 
each crop and collecting water samples including 
subsurface water, drainage water, and irrigation 

Figure 8. Geostatistical Layer Formats
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water before cultivation, before and after apply-
ing fertilizers and periodically every 10 days. 
The samples were analyzed in the laboratory to 
determine the nutrients including the three pa-
rameters of nitrate (NO3), ammonia (NH4) and 
total phosphate (PO4) for samples to follow the 
pollution migration.

Using Geostatistical Analyst to 
create Pollution Maps

Geostatistical Analyst application was the second 
step of the study that including exploring the data 
and creating maps. To make better decisions when 
creating a surface you should first explore the 

dataset to gain a better understanding of it. When 
exploring the data we should look for obvious er-
rors in the input sample data that may drastically 
affect the output prediction surface, examine how 
the data is distributed, look for global trends, etc. 
The Geostatistical Analyst provides many data-
exploration tools as mentioned in the previous 
sections. Creating Maps including different steps 
using kriging method to investigate, visualize, and 
create map surfaces using sophisticated statistical 
methods. These steps are using the Geostatistical 
Analyst Wizard toolbar to dropdown the Input 
data and choose the Attribute for the Dataset and 
apply Kriging method for the spatial interpolation 
(Figure 10).

Figure 9. Mashtul Pilot Area Layout and Sampling Locations (Embaby et al, 2008)

Figure 10. Fertilizers Pollution Maps in Mashtul Pilot Area (Embaby et al, 2008)
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Geostatistical Analyst Validation

Geostatistical analyst creates statistical interpo-
lated continuous surfaces from measured samples. 
These surfaces represent statistical estimation or 
prediction of where a certain phenomenon may 
occur. However, the interpolation technique that 
is used in this study is the geostatistical technique. 
The geostatistical interpolation technique is based 
on statistics and is used for more advanced surface 
modelling prediction that also includes errors or 
uncertainty of predictions and provide a wide 
variety of methods for spatial data exploration, 
identification of data anomalies, evaluation of 
error in surface models prediction, statistical 
estimation and optimal surface creation. Many 
methods are associated with geostatistics but they 
all belong to the Kriging family. In this section, 
the geostatistical analyst as an extension to GIS is 
validated as a new tool to infollow the fertilizers 
pollution migration.

Qualifying Modified Kriging Models

Kriging is a spatial interpolation method. It op-
erationally and theoretically depends on models 
of spatial autocorrelation. It also depends on 
mathematical and statistical models. Kriging is 
probability associated with predictions; that is, 
the values are not perfectly predictable from a 
statistical model. For example, if a sample of 
measured nitrogen values in a field is consid-
ered then, even with a large sample, it won’t be 
possible to predict the exact value of nitrogen at 
some unmeasured location. Therefore, in addition 
to prediction there is the possibility to assess the 
error of the prediction.

This section describes the qualifying of the 
different modified Kriging variogram models 
within the geostatistical analyst with different 
data sets including soil samples at depths 25cm, 
50cm and 75cm in addition to drainage water and 

subsurface water. Six elements were tested by 
the different models for each set of the observed 
data. The elements are Ammonia (NH4), Nitrate 
(NO3), total Phosphate (PO4), Salinity or Electric 
Conductivity (EC), Chloride (CL) and Potassium 
(K). Kriging technique depends on the presence 
of autocorrelation or dependency among the data 
being kriged. In short, to apply kriging technique 
efficiently, three main issues should be considered. 
First, there must be dependency or autocorrela-
tion among the residuals of variogram model. 
Second, a suitable variogram model should be 
selected which best fits the data; and is based on 
the smallest standard mean error value and the 
Root-Mean-Square Standardized must be near 
to one. Third, the nearest number of neighbors of 
the selected variogram model should be selected 
based on the smallest variance.

The three different variogram models in the 
kriging technique were tested for the observed 
data. These variogram models are spherical, 
exponential and Gaussian. It was found that the 
exponential model is the closest to the points while 
the Gaussian and the spherical variogram models 
deviate from the data. In most of the tested cases, 
the exponential model performed the best. For the 
three variogram models, as the data decreases, 
the range becomes larger. This means that when 
the data decreases, the correlation between points 
decreases, which results in decreasing the fit of 
the variograms to the data. Table 1 shows the 
qualifying parameters of the three variograms for 
the main sets of the data. It shows the values of the 
nugget, the sill, the range, the standard error (S.E) 
and the R2 (See Key Terms and Definitions) of the 
exponential, Gaussian, and spherical variogram 
models for the data sets. The R2 of the exponential 
variogram model has the smallest value among 
the three variogram models which means that it is 
the best choice. However, there is no significant 
difference among the standard error values of the 
three models.
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Validation of Modified Kriging Model as 
a Prediction Tool

In this section the measured field data was com-
pared to the predicted data of the model to validate 
the model as a prediction tool. The mean value 
of both the observed and predicted data after 
using the model is compared. In some cases the 
mean is not a strong parameter for comparisons, 
therefore, another parameters, which are the 
Mean Absolute Error (MAE) and percentage of 
error, were also considered. This strategy also 
illustrates the efficiency of reducing the number 
of observed samples in addition to the ability to 
validate the model.

The validation process was conducted by 
removing part of the data and the rest of the data 
was used to predict the removed part of the data. 
The first group consists of 75% of the measured 
data and used to plot the distribution maps of the 
elements. The second group, 25% of the data, 
which was predicted by the model, was compared 
with their field measured data to validate the model 
as a prediction tool. The process was conducted 
by using the main sets of the observed data (soil 
at depth 75cm, drainage water and subsurface 
water) for the six measured elements which are 
the nitrate (NO3), Ammonia (NH4), Phosphate 
(PO4), Electrical Conductivity (EC), Chloride 
(CL) and Potassium (K). The comparison is mainly 

Table 1. Qualifying Parameters of the Three Variogram Models (Embaby et al, 2008) 

Model Nugget Sill Range M.S.E R2

Soil at depth 75 cm Spherical 1.624 8.223 1102.46 0.0304 0.897

Exponential 0 9.49 1102 0.0212 0.895

Gaussian 3.29 7.35 1102.56 0.038 0.859

Drainage Water Spherical 0.118 0.1406 949.57 0.00506 0.9964

Exponential 0.0978 0.162 949.57 0.0097 0.983

Gaussian 0.1323 0.153 949.57 0.02 1.026

Subsurface Water Spherical 4.5203 0.1721 756.27 0.873 0.978

Exponential 4.635 0 909 0.821 0.97

Gaussian 4.445 0.282 705.4 0.088 0.985

Figure 11. Measured & Predicted Values and MAE for Studied Elements in Soil (Embaby et al, 2008)
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dependant on the percentage of error (%Error) and 
the mean absolute error (MAE) to assess the best 
and the worst case as shown in Figure 11, Figure 
12 and Figure 13.

Table 2 shows the overall validation param-
eters for prediction of the six measured elements 
in soil samples as well as in the drainage water 
and subsurface water. It is found that the mean 
values for measured and predicted data for all 
elements are close to each other. The difference 
between them is near to zero for NH4, PO4, EC 

Figure 12. Measured & Predicted Values and MAE for Studied Elements in Drainage Water (Embaby 
et al, 2008)

Figure 13. Measured & Predicted Values and MAE for Studied Elements in Subsurface Water (Embaby 
et al, 2008)

Table 2. Qualifying Parameters for Prediction of 
Data (Embaby et al, 2008) 

ALL Ele-
ments

Data Ob-
served Data Predicted

Mean Mean MAE % Error

NH4 2.69 2.72 0.44 0.16

NO3 11.83 12.32 2.04 0.17

PO4 2.85 2.76 0.50 0.18

EC 1.80 1.83 0.25 0.14

CL 8.23 8.05 0.99 0.12

K 0.66 0.66 0.05 0.07
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and K, and less than 0.5 for NO3 and CL. The 
MAE for all cases is small and the %Error is less 
than 18% for all elements.

cOncLUsIOn

It is undoubted that the application of geostatisti-
cal analyst as an extension of the GIS for spatial 
data exploration and maps creation for fertilizers 
pollution migration adds a very important practical 
value. It has also considerable economic impact as 
a result of its effectiveness in reducing the number 
of observed samples and applying geostatistical 
interpolation techniques. It could also be used 
for more advanced surface modeling prediction,

It is recommended to generalize the applica-
tion of geostatistical analyst within GIS as an 
effective tool to follow the migration of fertilizers 
causing pollution to soil and drainage water, to 
assess and to manage the water quality problems 
in order to provide sufficient data to help decision 
maker to adopt the adequate management policies 
and establish the limits for sustainable drainage 
water reuse. It could also recommended to apply 
geostatistical analyst within the GIS to follow the 
other elements of pollution migration as a practi-
cal and economical effective tool of spatial data 
exploration and maps creation using geostatistical 
interpolation technique that is based on statistics.
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KeY TeRMs AnD DefInITIOns

Anisotropy: A property of a spatial process or 
data where spatial dependence (autocorrelation) 
changes with both the distance and the direction 
between two locations.

Covariance: The statistical tendency of two 
variables of the same type, attribute, name,and so 
on, to vary in ways that are related to each other. 
Positive covariance occurs when both variables 
tend to be above their respective means together, 
and negative covariance occurs if one variable 
tends to be above its mean when the other variable 
is below its mean.

Cross Covariance: The statistical tendency 
of variables of different types, attributes, names, 
and so on, to vary in ways that are related to each 
other. Positive cross covariance occurs when both 
variables tend to be above their respective means 
together, and negative cross covariance occurs 
if one variable tends to be above its mean when 
the other variable is below its mean. Compare to 
covariance.

Kriging: One of the deterministic interpolation 
methods used in the Geostatistical Analyst. The 
interpolated surface is not forced to go through 
the data, and the method does not have standard 
errors associated with it. It is a statistical interpola-
tion method that uses data from a single data type 
(single attribute) to predict (interpolate) values of 
the same data type at un-sampled locations. Krig-
ing also provides standard errors of the predictions.

Normally Distributed: It is a property of a 
spatial process where all of the spatial random 
variables have the same mean value.

Nugget: A parameter of a covariance or semi-
variogram model that represents independent error, 
measurement error and/or micro scale variation at 
spatial scales that is too fine to detect. The nugget 
effect is seen as a discontinuity at the origin of 
either the covariance or semi-variogram model.

Probability Map: A surface that gives the 
probability that the variable of interest is above 
(or below) some threshold value that the user 
specifies.

Quantile: The p-th quantile, where p is be-
tween 0 and 1, is the value that has a proportion 
p of the data below the value. For theoretical 
distributions, the p-th quantile is the value that 
has p probability below the value.

Partial Sill: A parameter of a covariance or 
semi-variogram model that represents the variance 
of a spatially auto correlated process without any 
nugget effect. In the semivariogram model, the 
partial sill is the difference between the nugget 
and the sill.

Sill: A parameter of a variogram or semi-
variogram model that represents a value that 
the semi-variogram tends to when distances get 
very large. At large distances, variables become 
uncorrelated, so the sill of the semi-variogram is 
equal to the variance of the random variable. Some 
theoretical semi-variogram does not have a sill. All 
semivariogram models used in the Geostatistical 
Analyst have a sill.

Variogram: One of the deterministic interpola-
tion methods used in the Geostatistical Analyst; a 
special case of radial basis functions. The interpo-
lated surface is forced to go through the data, and 
no standard errors are available. A function of the 
distance and direction separating two locations, 
used to quantify autocorrelation. The variogram is 
defined as the variance of the difference between 
two variables at two locations. The variogram 
generally increases with distance, and is described 
by nugget, sill, and range parameters.
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ABsTRAcT

This chapter looks at how interpolated annual and monthly rainfall variation can be improved by devel-
oping a geostatistical model that uses remotely-sensed cold cloud duration (CCD) data as a background 
image for a typical tropical basin, the Rufiji basin in Tanzania. We explored the Kriging model and its 
variants, and found it to be a good estimator in spatial interpolation mainly due to the inclusion of the 
non-stationary local mean during estimation. Model parameter sensitivity analysis and residual analysis 
of errors were used to test model adequacy and performance. They revealed that the parameter values 
of the variogram namely, the nugget effect, the range, sill value and maximum direction of continuity, 
as long as they are in acceptable ranges, have low effect on model efficiency and accuracy. Instead 
interpolation was found to improve when remotely-sensed CCD data was used as a background image 
as compared to estimation using observed point rainfall data alone. This improvement was revealed in 
terms of the Nash-Sutcliffe model performance index (R2). Although Kriging model application seems 
to be data intensive and time consuming in nature, it results in improved spatio-temporal interpolated 
surfaces so long as interpolated results can be interpreted with confidence and with prudent judgement 
of the model users.
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InTRODUcTIOn

One of the factors that determine the quantity 
of rainfall occurrence in a basin is the distribu-
tion and nature of rain producing clouds in the 
region. There is interest in the development of a 
model to reproduce observed rainfall variation in 
space and time and its relationship with remote-
sensing based rain-producing cloud information 
at a basin level. This is because it would bring 
greater understanding of atmosphere–ecosystem 
interaction in a typical tropical climatic region 
of Africa.) More interest is developing to inves-
tigate the potential for improvement of rainfall 
interpolation at a basin scale using the time-series 
of the cold cloud duration (CCD) data (Grimes 
& Diop 2003). Several studies (Hill & Donald, 
2003; Reynolds et al., 2000; Diallo, et al.,1991; 
Sannier et al., 1998; Kobayashi & Dye, 2005) 
show that the link between rainfall and vegetation 
dynamics in-turn advances our understanding of 
various crop growth dynamics and agricultural 
production for large areas.

For the hydroinformatics community adequate 
and accurate information at a catchment or basin 
level is required to draw on and integrate principles 
of hydraulics, hydrology, environmental engineer-
ing, GIS and remote sensing among others (e.g. 
Abrahart et al., 2008). Rainfall estimate as one of 
the main input variables of a hydrologic system, 
this chapter sees a strong application in solving 
rainfall-runoff processes as well as in under-
standing any human-induced and climate-related 
changes in a basin’s water resources. Accurately 
estimated areal precipitation through combina-
tion of ground based raingauge measurement and 
remote-sensing based CCD data is an integral part 
of hydroinfomatics that also provides support for 
decision making at all levels from governance and 
policy through management to operation, which 
is an effective means of water management – a 
challenges faced by governments to implement 
integrated water resources management at dif-
ferent levels.

Immediate interest of improving rainfall fore-
casts at a catchment or basin scales is in flood and 
flood forecasting applications. Mazzetti & Todini 
(2009) demonstrate a methodological framework 
and a tool to improve spatial rainfall estimates by 
combining weather radar and raingauge data for 
hydrologic applications especially in improving 
real-time flood forecasting and flood manage-
ment. Their approach strongly developed in the 
MUSIC Project (MUSIC Project, 2009). MUSIC 
is an acronym for Multi-Sensor Precipitation 
Measurements Integration, Calibration and Flood 
Forecasting – a project name that was used to 
represent a project funded by the European Com-
mission funded project under the 5th Framework 
programme (MUSIC Project, 2009) a summary of 
which is presented in Mazzetti & Todini (2009).

A wider literature exists on alternative tech-
niques that can be used to eliminate the radar bias 
through combining radar estimates and raingauges 
measurements (e.g. Seo and Smith, 1991a,b). The 
Co-Kriging model is widely used with the aim of 
eliminating the bias in radar-based rainfall esti-
mates (e.g. Krajewski, 1987; Seo et al., 1990a, 
b). In more recent development, Todini (2001a,b) 
introduced a new Block Kriging-Bayesian Com-
bination (BKBC) technique based upon the use of 
block-Kriging and of Kalman filtering to optimally 
combine, in a Bayesian sense, areal precipitation 
fields estimated from meteorological radar to point 
measurements of precipitation, such as the ones 
provided by a network of rain-gauges (Mazzetti 
& Todini, 2009). This approach was adopted to 
develop a full package known as RAIN-MUSIC, 
which allows combining together raingages, me-
teorological radar and satellite rainfall estimates 
at the different spatial scales (MUSIC Project, 
2009; Mazzetti & Todini, 2009).

Although there is a wider coverage of the 
subject and methodological improvements dem-
onstrated in RAIN-MUSIC package (Mazzetti & 
Todini, 2009), the authors of this chapter heavily 
relied on results of a research and modelling ex-
ercise conducted using a geostatistical software 
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for the PC, VARIOWIN (Pannatier, 1996). Apart 
from its availability to the international geospatial 
community, the VARIOWIN 2.1 version was one 
of the 34 software (out of 205 candidates) that 
was selected for the final round of the European 
Academic Software Award in 1994 (VARIOWIN, 
2009). Hence the authors of this chapter feel 
comfortable to present spatial rainfall interpola-
tion experiments and report on how improvement 
can be achieved in a typical tropical basin with 
sparse raingauge network through the incorpora-
tion of remote sensing based CCD data, which 
is of much interest to the wider audience of the 
hydroinformatics community.

Although daily rainfall is measured at a number 
of sites (point measurements) in the Rufiji basin, it 
is often necessary to estimate average areal rainfall 
over the area of interest. Simple arithmetic aver-
age, the Thiessen polygon and kriging are some of 
the methods of spatial interpolation that could be 
used to do this. The arithmetic mean value or other 
values that are based on other spatial interpolation 
methods however do not address the variation in 
all climatic zones of the basin. For example, the 
Thiessen polygon method, which provides for 
spatial variation, depends only on distances be-
tween stations for large drainage basins of complex 
hydroclimatology. Our study and the reporting in 
this chapter therefore focuses on the application 
of kriging, which is a geostatistical interpolation 
technique with the view to improve areal rainfall 
interpolation by taking into account of factors that 
affect rainfall processes and the spatial variation 
of rainfall measurements. One among these fac-
tors is the remote sensing CCD data and its bias 
that needs to be modeled adequately to improve 
areal rainfall variation. While the chapter deals 
with improving rainfall estimates by using readily 
available CCD data, a more elaborate approach 
of removing or minimizing bias in the radar data 
– raingauge combination is covered comprehen-
sively in subsequent publications of Krajewski 
(1987) and Seo et al. (1990a, b), and reviewed in 
more recent works (e.g. Todini, 2001a,b; Mazzetti 
& Todini, 2009).

The objectives of this chapter are to demon-
strate the use of GIS and hydroinformatics prin-
ciples in improving spatial rainfall interpolation 
over large drainage basins – using the Rufiji basin 
as a case study by combining the ground measured 
rainfall and CCD data. The specific aims of the 
chapter are to (i) identify the most suitable Krig-
ing model for interpolation of rainfall in a tropical 
watershed, the Rufiji basin; (ii) establish a suit-
able set of variogram parameters for future use 
in the basin; (iii) to develop a custom built, fully 
automated, computer program for the Rufiji Basin 
based on the results of the previous two steps; and 
(iv) to investigate the use of freely available cold 
cloud duration data (CCD) to improve the spatial 
interpolation of rainfall given that maintenance 
of manual rain gauges is gradually becoming 
difficult.

The ultimate aim of this study was to obtain 
a spatially consistent rainfall map over a large 
drainage basin through the use CCD remote sens-
ing data and field rainfall data. This map could 
then in turn be used for hydrological and water 
resources modelling for the Rufiji Drainage Basin 
in Tanzania. The approach can be applied to similar 
basins which suffer from inadequate raingauge 
networks in Africa or elsewhere in the world. 
The recent treatment of the subject by Mazzetti 
& Todini (2009) highlight and recommend the 
possibility of using such models and tools for 
applications in different hydroclimatic regimes 
especially for improving flood forecasting and 
flood management efforts.

BAcKGROUnD

Variations of some physical and hydrological 
properties tend to be correlated to a reasonable 
distance of separation in space. This means that 
two values taken close together tend to be more 
alike than two samples far apart. Such quantities 
may include elevation, rainfall, temperature, land 
use, soils, etc among others. Geostatistics offers the 
method for quantification of the spatial continuity 
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of the variable or variables under study. It enables 
the estimation of a property in an unsampled loca-
tion from the measured closer variable or variables 
by using spatial correlation modelling and different 
interpolation algorithms. The primary paradigm 
of geostatistics is mainly to estimate a weight 
to be associated with each neighbouring station 
based on variogram distance (such as variance, 
covariance, etc.) rather than Euclidean distance 
between the point to be estimated with respect to 
its neighbouring station or stations.

The effect of spatial distribution of rainfall 
on spatial correlation functions were reviewed 
in Bacchi and Kottegoda (1995). They also re-
viewed several statistical terms and properties with 
reference to the theory of variograms originally 
adopted in geostatistics. Amani and Lebel (1997) 
investigated the association of small time step rain 
fields and strong spatial variability in the convec-
tive nature of tropical rainfalls. This situation 
undermines the interpolation of connective rainfall 
by classical 2-D algorithms. Instead Amani and 
Lebel (1997) developed a lagrangian approach, 
an approach which is based on interpolation of 
arrival times of rainfall. However, our specific 
study investigated and implemented various de-
terministic geostatistical techniques for spatial 
data interpolation in this study. Techniques such 
as kriging (K), cokriging (CK), kriging with an 
external drift (KED) (Deutsch & Journel, 1998; 
Goovaerts, 1997) were used. We selected three 
instructive approaches, namely K, CK and KED 
from Deutsch & Journel (1998) and Goovaerts 
(1997) to investigate their performance in terms 
of model efficiency and other uncertainty criteria.

Kriging provides optimal estimation, relative 
to other interpolation methods, in the sense that it 
minimizes the least-square error for a covariance 
model with the unbiased condition. The kriging 
weights (Wi) depend on the positions of observed 
and calculated points and the number of observa-
tions. The kriging covariance C used in this study 
employs a spherical model to fit the actual covari-
ance calculated from annual spatial rainfall data. 

For monthly rainfall data, the Gaussian, spherical 
and the exponential models were also employed, 
from which the best model was selected based on 
optimization of model fit.After exhaustive model-
ling analysis, parameter sensitivity analysis and 
examination of the residual error was carried out 
for any indication of introduction of systematic 
error in the estimates. The parameter values, as 
long as they are in acceptable ranges, have been 
found more resistant (less sensitive) in the sense 
of the model efficiency criteria (R2) (Nash and 
Suttcliffe, 1970) for any different combination 
of parameters.

The use of satellite infrared imagery for rainfall 
analysis is important in the first instance because 
there are currently very sparse rain gauge networks 
over the central portions of the basin. These do not 
provide the basic resolution required to describe 
the spatial distribution of rainfall over the basin. 
Secondly, one can estimate the rainfall distribution 
using the background spatially distributed data 
estimated from satellite data therefore maintain-
ing the heterogeneity of rainfall over the basin.

Improvement of model efficiency was reported 
by the earlier version of this chapter reported in 
a manuscript by the same authors (Moges et al., 
2007), in which the use of the mean annual rainfall 
to CCD ratio as a drift improved the Ordinary krig-
ging efficiency from 61.4% to 64.5%. This chapter, 
consolidates the attempts of further modeling ef-
fort from the previous published manuscript, and 
as an improved version highlights and attempts 
to report on a further improvement of model ef-
ficiency to 77% by using CCD-based estimate of 
mean annual rainfall as a drift variable to offset 
deficiencies of sparse rain gauge distribution in 
the study basin.

MeTHODOLOGY

Kriging is a technique that estimates a variable Z at 
an unsampled location, u, from observed values at 
the neighboring locations, uα. Cressie (1990, 1991) 
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and Kitanidis (1997) provide a well-researched 
account of the history and origins of Kriging.

The simplest forms of kriging models relate 
Z(u) to Z(uα) by linear regression. The regression 
parameters are calibrated to minimise the variance 
of the error estimation Var [Z(u)–Z(uα)] under the 
constraints that E[(Z(u) – Z(uα)] is equal to zero.

Deutsch & Journel (1998) and Goovaerts 
(1997) present the mathematical details of the vari-
ous techniques. A variant of the Krigging model 
that allows for the use of secondary information 
known at every location (exhaustive) is known as 
kriging with an external drift (KED). It is assumed 
that this secondary information reflects on the lo-
cal spatial trend of the primary variable (Deutsch 
& Journel, 1998; Goovaerts, 1997).

Spatial variation can generally be broken 
down into the following: small-scale variation 
and large-scale components. The large-scale 
variability is represented by the KED trend with 
the residuals from this trend representing small-
scale variability. The final KED result combines 
both. There are two assumptions in action when 
KED models the trend. The first one is that there 
is a linear relationship between the primary and 
secondary variables, and the second assumption 
is that there is smooth variation in the secondary 
variable. The distinctive feature of KED is that 
the algorithm employs a non-stationary random 
function model. In this type of model stationarity 
is limited within each search neighborhood and as 
a result yields more local detail than would have 
been achieved with ordinary kriging (Deutsch & 
Journel, 1998).

The KED estimator is given by the equation 
(Deutsch & Journel, 1998):

Z u u Z u
KED

KED
n u

*
( )

( ) ( ) ( )=
=
∑λα α
α 1

 (1)

where Z u
KED
* ( ) is the KED estimator at location 

u, λα
KED u( )  are the KED weights (Wi) correspond-

ing to the n samples at location u, and Z(uα)are 
the sample values within the search neighborhood.

In the above equation, it is first assumed that 
there is a regionalized variable, Z defined at each 
point on a region, for which we have N data loca-
tions, ui, i=1…N, and a value, Zi at each location 
ui. The solution technique involves deriving the 
best linear unbiased estimator (BLUE) of Z, which 
we call Z*, at a location u.

The theoretical variogram to solve the above 
equations can be simply written in terms of ex-
pectations as:

γ γ α( ) ( ) ( ) ( )h E z u h z u u u= + −



 = −

1
2

2  

(2)

where γ is simply a function of the difference of 
the locations. The theoretical variogram function 
is represented by three parameters which represent 
its shape. These are: (1) nugget – that indicates 
how much noise there is in the data, or the extent 
to which sampling has not been carried out at 
the smallest distance scales (lags); (2) sill - that 
measures the component of variance of a model; 
the total sill is the sum of all sills in the models, 
including the white noise (nugget) component; 
and (3) range – that quantifies the distance over 
which data are correlated spatially.

The Ordinary Kriging model was subject to 
detail sensitivity analysis to ensure the adequacy 
of the assumed model structure and its parameters, 
even though it was subject to large errors. The 
incorporation of CCD as external drift improved 
the results as stated later in this chapter. This 
improvement of results was used to demonstrate 
the usefulness of KED over ordinary Kriging and 
also to further explore CCD’s role in improving 
rainfall interpolation.
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THe sTUDY AReA AnD DATA UseD

The study Area

The Rufiji river basin is the largest river basin in 
Tanzania (Figure 1). It covers an area of about 
177,000 km2 and extends 700 kms from the Mbeya 
region in the West to the Indian Ocean in the East. 
It lies between longitudes 32.5o and 40 o East and 
latitudes 5.5o and 10.5o South and is situated in 
the semi-arid belt which runs from North to South 
through the central portion of Tanzania.

There are three sub-basins in the Rufiji river 
basin: the Great Ruaha, the Leivegu, and the 
Kilombero. These sub-basins respectively con-
stitute 47%, 18%, and 20% of the total area of the 
Rufiji basin. The land cover of the study area is 
dominated by 92 scattered forest reserves in the 
Basin, of which 47.5% is forest and woodland, 
43.0% bush land and grassland, 6.5% is culti-
vated, and the remaining 3% is open land and 
water bodies (MOA 1987).

Rainfall Data

The rainfall data for the study was obtained from 
the Hydrological Database of the Water Resources 
Engineering Department at the University of Dar es 
Salaam. It clear to observe that there is sparse and 
uneven spatial distribution of the rainfall observa-
tion stations in the Rufiji basin. To make up for 
this situation, the analysis included stations near 
or around the basin (Figure 1). Rainfall records of 
704 stations in the basin were used. A summary 
of the record length for these stations is given in 
Figure 2. The first records at some of these sta-
tions date back to the 1910s, and extend up to the 
1990s. Some of the stations have records up to the 
year 2000. The long-term average monthly and 
annual rainfall were computed from these stations 
and used for the study.

It proved rather challenging to find a large 
number of stations in the basin with concurrent 
records for the study. This was due to the fact that 
CCD data are only available for recent years and 
data for many of the ground-based rainfall stations 

Figure 1. Distribution of rain gauge stations in the Rufiji basin and with their mean annual rainfall in 
mm (Moges et al., 2007)
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are not available for recent years. Even though it 
does not appear ideal to use this data with differ-
ent record lengths, in the averaged or long-term 
sense, it is possible that they are good indicators 
of the existing underlying correlation between the 
primary variable under investigation (rainfall) 
and CCD as a secondary variable.

The main assumptions in this study and find-
ings reported in this chapter are:

1.  the long-term mean values of monthly and 
annual rainfall computed from stations 
containing various records as well as the 
corresponding vales computed from ten day 
composite time series of CCD data from 
1989 to 1996 can give an indication of the 
existing relationship between these variables 
over the basin

2.  Point interpolated rainfall values and cor-
responding CCD raster values (averaged 
over 1989 to 1996) can be explained by 
geostatistical means and they are used in 
this study.

3.  The decadal CCD values from 1989 to 1996 
are aggregated into monthly average and 
annual average CCD, as it was difficult to 

find as many rainfall stations as possible 
with concurrent year record due to the fact 
that CCD is the recent phenomena of remote 
sensing data availability on one hand and 
recorded rainfall data is not usually updated 
as long and as fast as CCD records on the 
other hand.

cold cloud Duration (ccD) Data

Cloud cover information represents a huge da-
tabase collected over short time intervals from 
satellite platforms by remote sensing techniques. 
This information is analyzed and from there rain-
fall producing cold cloud is calibrated, validated 
and freely distributed by different sources. The 
duration over which a rainfall-producing cloud, 
with apparent temperature lower than predeter-
mined threshold (calibrated as a rainfall-producing 
event), is observed at a location is known as Cold 
Cloud Duration (CCD). These temperatures are 
calibrated and validated from sufficient pairs of 
sample data of CCD and rainfall events refer-
ring to similar periods and locations (Grimes & 
Bonifacio, 1999). Although rainfall is estimated 
from CCD using calibration coefficients (Grimes 

Figure 2. Summary details of the rainfall data used in the study
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& Bonifacio, 1999) they are however prone to 
a number of errors. Such errors are associated 
with the calibration of models for CCD simula-
tion from measured temperature thresholds of 
rain-forming clouds as well as ground-recorded 
rainfall amounts, which is also expected to occur 
at a given location close to where that precipitable 
cloud occurs. It is apparent that this error associ-
ated with calibration parameters of CCD used for 
CCD data archiving and dissemination has also 
serious implication to the quality of the result of 
this study.

The normal period used to distribute the in-
formation is ten days of the accumulated hours 
of cold cloud. Therefore in order to compile long 
term monthly and annual average CCD data 
at a spatial grid resolution of 7.6 km, ten-day 
composite time series CCD data was used. This 
was for the period from 1989 to 1996. The data 
was obtained from the FAO’s Africa Real Time 
Environmental Monitoring Information System 
(ARTEMIS). ARTEMIS is part of the FAO’s use 
of satellite remote sensing techniques to improve 
the surveillance and forecasting capabilities of its 
Global Information and Early Warning System 
(GIEWS).

ResULTs

Variogram Analysis and 
Interpretation

The study investigated the existence of any major 
spatial continuity in a specific direction using 
variogram mapping or two dimensional variogram 
maps. Variogram mapping or 2-D variogram maps 
can show the continuity or variability of the vari-
able along x- and y- directions. Depending on the 
continuity of the variable in different directions, 
this kind of modelling would help in selecting dif-
ferent distances of influence (range). In general, as 
a result of the prevailing physical and hydrological 
conditions of the area, the variation of rainfall in 

a certain direction might change abruptly with 
distance while in other directions you would find 
the variation may changing gradually. This would 
then necessitate the application of different ranges 
or search radii for different directions.

After an initial assessment of spatial continuity, 
the north-easterly direction was proven to provide 
maximum variogram continuity for the Rufiji 
basin. However because there was no uniformly 
spaced sample data, and given the absence of 
definitive background causes that affect rainfall 
variability in this north-easterly direction, we 
examined other spatial continuity evaluations in 
our study. After carrying out routine exercises 
of variogram modelling, and subsequent kriging 
and sensitivity analysis, the results revealed that 
the effect of considering a specific direction in 
modelling has little impact on the estimated value. 
The study adopted a reasonably acceptable range 
(a range less than that revealed by the maximum 
directional continuity) and this helped in decid-
ing on an omni-directional (or same range in all 
directions) variogram for the study.

An interactive fitting of the nested model by 
Indicative Goodness Fit (IGF) criteria (Pannatier, 
1996) was used instead of manual or visual fitting 
(a theoretical function of positive definite model 
in the considered geostatistical model studied). 
IGF is a dimensionless quantity that can be used 
to judge the performance of a given variogram. If 
the variable’s value approaches zero this indicates 
a good fit. The IGF is given by:
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where N is the number of directional on the plot 
window (in this case N is one); n(k) is the number 
of lags relative to variogram k ; D(k) is the 
maximum distance relative to variogram k; P(i) 
is the number of pairs for lag i ; d(i) is the mean 
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pair distance is for lag i of variogram k; γ(i) is the 
experimental measure of spatial continuity for lag 
i or g (i) is the modelled measure of spatial con-
tinuity for d(i); σ2 is the (co)variance of the data 
for the (cross) variogram and the (cross) covari-
ance, the maximum absolute experimental value 
of all measure of the (cross) madogram, the cor-
relation coefficient for the (cross) correlogram 
and the (cross) standardised variogram.

Pannatier (1996) however cautions that while 
this measure gives an indication of how well 
the experimental and the nested model fit, it is 
not an exhaustive measure. A summary of the 
variogram analysis results of mean annual and 
average monthly rainfall for Rufiji basin, which 
was established using optimal values of IGF, are 
presented in the table. The parameters obtained 
by fitting the best model are also given in Table 
1. The parameters of these variogram models 
were adopted for kriging modelling and analysis 
of spatial rainfall interpolation in the Rufiji basin.

Kriging Modelling and Analysis

Kriging calls for parameters derived from the 
variogram analysis; such as nugget effect, sill, 
range (hmax), major direction of continuity, and 
the type of best structure of the variogram. These 
parameters obtained in the monthly rainfall data 
are presented in Table 1. The applicability of 
various kinds of kriging techniques considered 
that included simple kriging (SK), ordinary krig-
ing (OK), kriging with external drift (KED) and 
co-kriging (CK) was investigated and tested in a 
sequential manner. The modelling that was car-
ried out was a two step process: cross validation 
analysis and then overall model performance 
analysis in rainfall estimation.

Cross validation of variogram models is a 
process that involves suppressing sample values 
z(uα) one at a time and using the remaining samples 
and the theoretical (fitted variogram) model to 
estimate the missing (suppressed) value. The error 

associated with each estimate i.e. the difference 
between the true (measured) and the estimated 
value is then calculated, and the results used to 
determine the best model parameters (Table 1). 
This process is an iterative one. Different criteria 
are used to determine the validity of variogram 
models but in our study we used the Nash and 
Sutcliffe (1970) model efficiency criterion given 
by the index R2 to compare the estimated and ob-
served values. This R2 index (not to be confused 
with the coefficient of determination widely used 
in statistics) is used to identify and select the overall 
robust estimator, to evaluate the degree of perfor-
mance of the estimator and to undertake model 
parameter sensitivity analysis in this modelling 
study. Following, the first contribution of Nash 
and Suttcliffe in 1970, R2 is now widely used in 
hydrology to evaluate model efficiency as can be 
seen, for example, from studies by Beven (2006) 
and Kachroo (1992).

Table 1. Optimized variogram model parameters 
for average monthly and mean annual rainfall in 
Rufiji Basin 

Month Model parameters IGF

Model Nugget Sill Range

Jan GM 0.42 0.26 0.71 0.04

Feb SPH 0.36 0.30 0.54 0.10

Mar EXP 0.37 0.34 0.54 0.09

Apr SPH 0.41 0.44 0.71 0.06

May SPH 0.21 0.52 0.62 0.08

Jun SPH 0.33 0.51 0.77 0.04

Jul EXP 0.35 0.59 0.54 0.02

Aug SPH 0.37 0.47 0.40 0.02

Sep EXP 0.35 0.42 0.34 0.11

Oct EXP 0.50 0.26 0.50 0.12

Nov EXP 0.56 0.51 1.39 0.02

Dec EXP 0.34 0.49 0.31 0.05

Annual SPH 0.42 0.50 0.90 0.01

Key: GM - Gaussian model; SPH - Spherical model; EXP - 
Exponential model
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Part of the process of selecting the robust 
estimator involved identifying the ranges of ac-
ceptable parameters from the preliminary vario-
gram modelling exercise. Automatic calibration 
of the kriging variogram model parameters, such 
as nugget effect, sill, and range, was carried out 
for each kriging type for positive values of these 
parameters starting from 0.0 and incremented 
by 0.1. The range of values considered for each 
parameter was 0.0 to 1.0 for sill value and 0.0 to 
1.0 for nugget effect.

The selection of a robust estimator and subse-
quent kriging was done using the modelled vario-
gram parameters, under varying search radii and a 
different number of neighbouring samples. Table 
2 presents the results of the R2 values obtained. 
Our study found Overall Ordinary Kriging with 
the corresponding variogram model parameters 
indicated in the table to be the best estimator for 
the basin.

The use of R2 to automatically select the robust 
estimator and parameters is the best way of mod-
elling the parameters. It is also useful in investi-
gating the sensitivity of the variogram parameters 
on the model outputs and performance of the 
variogram model.

sensitivity Analysis 
Model Parameters

Parameter sensitivity analysis on each of the pa-
rameters was carried out in the study in order to 
investigate the effect of the change of parameters 
on the estimated values. This evaluation was per-

formed on the basis of the sensitivity measured as 
a function of changes in the value of R2.

The effect of each variogram parameter was 
first investigated using an automatic calibration 
method and then secondly by using sensitivity 
analysis of the best variogram parameters, the 
effect of the number of the neighbouring sta-
tions and the search radius on the kriging results 
was investigated. Figure 3 clearly indicates that 
the R2 values are less sensitive to all parameter 
combinations under circumstances of acceptable 
ranges i.e. where the nugget effect is less than 0.5. 
For instance, the value of R2 for sill value (Figure 
4) does not significantly change when it attains 
its optimal value and beyond for nugget effect of 
less than 0.5, which is also the region where its 
optimal value is located as summarized in Table 2.

Table 3 shows the effect on the model effi-
ciency R2 and the performance of the variogram 
model for different search radii and number of 
neighbouring data points in. The parameters of 
the spherical variogram model are nugget, sill and 
range values of 0.42, 0.50 and 0.90, respectively. 
It can also be seen from Table 3 that the number 
of the neighbouring points has more pronounced 
impact on the model efficiency than the search 
radius. Table 3 summarizes the variogram model 
efficiency, R2 values and the parameter of the 
fitted variogram model for various search radii 
considered (number of data points between 1 -20), 
summarized as a matrix for 3 cases representing 
different number of neighbouring stations and 
search radius (in degrees) from all the data set 
used in the study.

Table 2. Model performance efficiency of different kriging models 

Variogram model parameters

Kriging type Nugget Sill Range
hmax

Search
Radius

Efficiency (R2)

(%)

Simple kriging 0.43 0.52 0.706 1.0 60.0

Ordinary kriging 0.43 0.52 0.706 1.0 61.4

Kriging with Drift 0.43 0.52 0.706 1.0 59.3
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The study found that the relative changes of 
the R2 values are insignificantly less in both 
cases. Where R2 values do not significantly change 
for different search radii these changes were found 
not to have any significant impact on the estima-
tion. That being said, it was observed that most 
of the grids remain un-estimated when the search 
radius is much lower than the necessary radius 
(in this case one degree), which yields high R2 
value, whereas a larger search radius smoothes 
the estimated mean annual surface. With respect 
to neighbouring data sets, the estimate will be 
smoothened out the greater the numbers of data 

considered in estimating a point, but when the 
data considered is less, one might miss the details 
of the features and the estimate might not be 
satisfactory. It is therefore necessary to very care-

Figure 3. Sensitivity of variogram model parameter Nugget to model efficiency

Figure 4. Sensitivity of variogram model parameter Sill to model efficiency

Table 3. The parameter of the fitted variogram 
model for different search radii 

Simulation 
cases

N u m b e r  o f 
neighbouring 
stations

R2

(%)
search 
radius 
(degree)

R2

(%)

C a s e  1 
C a s e  2 
Case 3

1-5 
1-10 
1-20

58.5 
60.0 
61.4

0.5 
1.0 
2.0

61.4 
61.4 
61.3
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fully select the radius of search and the number 
of neighbouring data, even though the former has 
low effect.

The lack of sensitivity of R2 to different com-
bination of the parameters provided insight to 
the investigation of other techniques or making 
an attempt of including other related physical or 
hydrological phenomena that attribute to rainfall 
variation and its spatial modelling. In other words, 
the assumed model parameters, both the models 
to fit the actual covariance (spherical, Gaussian, 
spherical and exponential models) as well as the 
variogram shape parameters (nugget effect, sill, 
and range) are appropriately selected and opti-
mized to develop the variogram model. The next 
stage of analysis would address and investigate 
whether unaccounted for or systematic errors in the 
model are present and suggest ways of improving 
the model structure.

Analysis of Model Reliability 
and Residual errors

To investigate the performance of the proposed 
geostatistical model for rainfall interpolation, two 

types of residual analysis were used to study the 
randomness of residuals. These are frequency plot 
of the errors and error distribution plot against the 
estimated rainfall.

The residual error values for the Rufiji basin 
are shown in Figure 5 above. These have a slightly 
positive skew, which shows that the number of 
overestimation is slightly higher than the under 
estimation, but is otherwise normal. The distribu-
tion of the error (a ratio of the difference between 
observed and simulated values to the observed 
values) was plotted against observed mean an-
nual rainfall (Figure 6). Although, the errors are 
relatively smaller, it can be observed from the 
graph that there is a seemingly systematic rela-
tionship between the observed and error quantity 
(Figure 6). The plot shows that lower values are 
in general underestimated and higher values are 
overestimated

Based on this investigation (parameter sensi-
tivity and residual analysis) and with reference 
to the least square sense of model efficiency it is 
clear that further improvement can only be 
achieved if an extra secondary variable, which is 
known to have a relation with the rainfall quan-

Figure 5. Frequency histogram of residual errors against a Normal probability density function (pdf)

www.ketabdownload.com



490

Improving Spatio-Temporal Rainfall Interpolation Using Remote Sensing CCD Data in a Tropical Basin

tity, is included in the analysis. Cold Cloud Dura-
tion (CCD) was therefore included in the analysis 
as an attempt to improve the results of the estimate 
as presented in the section that follows.

It can be noted that from Figure 6 and Figure 7 
that even if the errors seem to be nearly randomly 
and normally distributed (Figure 5), they are very 
big errors in the model. Therefore, the model needs 
to be improved further by improving the model 
structure. For this the calibrated kriging model, 
for which results were discussed in the above sec-
tions, was improved by incorporating CCD as an 
external drift parameter to improve its efficiency. 
The details are presented in the following section.

Incorporation of ccD in Kriging 
extrapolation

The sparse and irregular distribution of rain gauges 
in the study site (Figure 1) contributed to under 
sampling of the rainfall data. The high correlation 
of areal rainfall distribution with CCD, which sig-
nifies the background cross-correlation between 
rainfall and CCD, is a well established phenom-
enon and we therefore explored the potential use 

of cokriging system in rainfall interpolation in 
this tropical basin.

The study investigated Kriging with external 
drift using CCD to try to improve the results of the 
estimate but the result obtained was not better than 
the result obtained from ordinary kriging. However 
when the CCD was used as a background image, 
improvements were observed. This involved 
creating a ratio map of observed rainfall to the 
corresponding CCD image by using ordinary 
kriging. The image is then finally converted into 
the estimated rainfall by multiplying with the 
CCD image. For annual rainfall data, a spherical 
model was fitted to semi-variograms with a range 
of 0.78 degrees and 38% nugget effect to sill ratio. 
The R2 results are given in Table 4. The results 
presented in the table show that when the ratio 
of MAR to CCD is used as secondary variable or 
external drift in interpolation of annual rainfall 
there is slight improvement in the values.

The comparison between observed and mod-
el simulated annual rainfall in the Rufiji basin is 
shown in Figure 7. The comparison was carried 
out using the adopted geostatistical model of 
ordinary Kriging with MAR/CCD ratio as a sec-
ondary variable. After conversion into the actual 

Figure 6. Observed mean annual rainfall (MAR) versus model relative errors
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estimated values, the interpolated ratio surface 
was compared with the observed mean annual 
rainfall values for basin. Figure 8 presents the 
improved mean annual rainfall surface image. 
The resolution in the image is 10km by 10km. 
This resolution was created based on the resam-
pling of the final model calibration results based 
on the 7.6km grid resolution of the CCD data 
which was used in the krigging experimentation.

Improved Kriging with external 
Drifts

There is improved kriging with external drift. 
The results of the performance index (R2) is 77% 

which is much better than any of the other krig-
ing analysis options. The shapes of the images 
obtained for Rufiji Basin are also perfectly in 
agreement with the proceeding images but with 
improved results. This can be seen from Figure 
9 which illustrates a surface of derived mean 
annual rainfall of the Rufiji basin using ordinary 
Kriging using MAP from CCD data as external 
drift. The efficiency of model fit for this case is 
77%. This is better than the implied interpolated 
mean annual rainfall surface shown in Figure 8 
which was based on ordinary kriging (OK) using 
raw annual CCD data as external drift.

sUMMARY AnD cOncLUsIOn

The study investigated and used the following 
deterministic geostatistical techniques; Simple 
Kriging (SK), Ordinary Kriging (OK), Kriging 
with trend model or external drift (KED) and 
Cokriging (CK). The spatial continuity modelling 
provided parameters that were used as the basis 
for associating the weights to each neighbouring 
station in estimating the unsampled value Z(u). In-
vestigation of various kriging algorithms revealed 

Figure 7. Comparison between observed and model simulated annual rainfall in the Rufiji basin

Table 4. Model efficiency of the CCD-based im-
proved Ordinary Kriging model 

Ordinary krig-
ing parameters

Search 
radius 
(De-
gree)

No. 
of
Data

R2 (%) using 
drift variable

Raw 
CCD 
data

MAR/ 
CCD ra-
tio

MAR 
from 
CCD

Nugget 
Sill 
Range

0.24 
0.63 
0.78

1.0 1-20 59.3 64.5 77
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that, in general the ordinary kriging technique is 
a robust estimator on the basis of Nash and Sut-
cliffe efficiency criteria (R2). Ordinary kriging 

also produced better estimation results with an R2 
value of 61.4% for Rufiji mean annual rainfalls.

Parameter sensitivity analysis and examination 
of the residual error was carried out after exhaus-

Figure 8. Derived mean annual rainfall of the Rufiji basin using ordinary Kriging using CCD as ex-
ternal drift

Figure 9. Derived mean annual rainfall of the Rufiji basin using ordinary Kriging using MAP from CCD 
as external drift
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tive modelling analysis to check for the existence 
of systematic error in the estimates and to look 
for possible inadequacies in the assumed model 
structure. The results indicated that the parameter 
values, as long as they are in acceptable ranges, 
were of high resistance (less sensitive) in the sense 
of the efficiency criterion (R2) for any different 
combination of parameters.

The study revealed the benefits of using CCD 
data as a background image in estimating the rain-
fall quantity. In the study the performance index 
(R2) showed improvement over the estimation 
based on observed rainfall alone. The study also 
showed that incorporating related secondary vari-
ables such as cold cloud duration (CCD) presented 
limited or no improvement in estimation for SK, 
OK, and CK kriging types. Some improvement 
was however obtained by including the secondary 
variable as a ratio to the primary variable as well 
as further use of the estimated surface from the 
MAR/CCD ratio as drift data and kriging with 
external drift. The OK model was improved by 
incorporating CCD as external drift, especially 
when the ratio of MAR/CCD was employed as 
drift variable (Table 4).

It can be noted from Table 4 that the model ef-
ficiency (R2) was improved from 61.4% to 64.5%. 
Ordinary Kriging (OK) with drift analysis based 
on the MAR computed from CCD has increased 
interpolation results to 77%, which is a significant 
improvement of the results of interpolation.

The spatial rainfall variation in Rufiji generally 
does not depend entirely on the parameters (e.g. 
the nugget effect, sill or range) controlling the 
shape of the model variogram and it is sensitive to 
the type of kriging used. We believe that the most 
important factor in the modelling of the spatial 
behaviour is the profound understanding of the 
nature of the rainfall distribution in the area, as 
well as the identification of the related variables 
that affect rainfall occurrence and its magnitude. 
In other words, the profound understanding 
and local knowledge of rainfall characteristics, 
variation and formation is essential to improve 

rainfall interpolation. This might to mean major 
causes that affect spatial distribution of rainfall, 
such as topography, proximity to the ocean, etc, 
which might be considered as drift parameter or 
secondary variables as CCD to improve spatial 
rainfall interpolation using geo-statistical models 
as presented in this study.

As the time step becomes smaller the spatial 
behaviour of rainfall becomes more variable. One 
can estimate the mean annual rainfall of an area 
rather than estimating the daily rainfall amount 
where as the information that can be extracted from 
daily rainfall is very important than the larger time 
steps from planning as well as operational point 
of view. It is therefore the recommendation of this 
study to further investigate the spatial variability 
or fluctuation of rainfall on a lesser time step 
such as of daily, weekly or decadal basis. This 
should be done by incorporating probabilistic 
geostatistical methods similar to those used in 
this study’s well as real-time ground-based CCD 
data and (observed) rainfall. Thus, the presented 
geo-statistical model being applied on rainfall 
interpolation improvement by using CCD rain-
fall data, which are based on long-term mean 
values of annual and seasonal rainfall, the study 
can shade light for possible use of the approach 
for forecasting rainfall at time scales less than a 
month, such as daily (Beek et al., 1992), for any 
location within the Rufiji basin, which can thus 
be applied for carious rainfall-runoff modelling 
and hydrological forecasting applications.

A comprehensive work on the subject with 
a wider literature on alternative techniques that 
can be used to improve interpolation for real-time 
flood forecasting and management applications is 
available in Mazzetti & Todini (2009). It followed 
a refinement in the methodological develop-
ment by Todini (2001a,b) that introduced a new 
Block Kriging-Bayesian Combination (BKBC) 
technique based upon the use of block-Kriging 
and of Kalman filtering to optimally combine, 
in a Bayesian sense, areal precipitation fields 
estimated from meteorological radar to point 
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measurements of precipitation, such as the ones 
provided by a network of rain-gauges (Mazzetti 
& Todini, 2009). This approach was adopted and 
culminated with the development of a full package 
known as RAIN-MUSIC that allows combining 
together raingauges, meteorological radar and 
satellite rainfall estimates at the different spatial 
scales (MUSIC project, 2009; Mazzetti & Todini, 
2009). It is the hope of the authors of this chapter 
that the readers of this chapter can enrich their 
knowledge on the recent treatment of the subject 
in more depth and breath covered in the MUSIC 
Project website (MUSIC Project, 2009).
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KeY TeRMs AnD DefInITIOns

Kriging: A geostatistical estimation technique 
that uses a linear combination of surrounding 
sampled values to make such predictions. It can 
be simply refered to as a geostatistical gridding 
method, which produces visually appealing maps 
from irregularly spaced data. Kriging attempts to 
express trends suggested in such data.

Ordinary Kriging: A geostatistical approach 
to modeling. Instead of weighting nearby data 
points by some power of their inverted distance, 

Ordinary kriging relies on the spatial correlation 
structure of the data to determine the weighting 
values.

Simple Kriging: Similar to ordinary kriging 
except that the simple kriging uses the average 
of the entire data set while ordinary kriging uses 
a local average (the average of the scatter points 
in the kriging subset for a particular interpolation 
point). As a result, simple kriging can be less ac-
curate than ordinary kriging.

Geostatistics: A branch of statistics focus-
ing on spatiotemporal datasets and the use and 
development of multivariable geostatistical mod-
elling, prediction and simulation of geospatial 
information

Nugget Effect: One of the variogram model 
parameters that quantifies the sampling and as-
saying errors and the short scale variability in the 
irregularly spaced data.

Rain-Music: A package for geospatial in-
terpolation that allows combining together rain-
gages, meteorological radar and satellite rainfall 
estimates at the different spatial scales (MUSIC 
project, 2009; Mazzetti & Todini, 2009).

Scale: Also a variogram model parameter. It 
is the vertical scale for the structured component 
of the variogram. Each component of a variogram 
model has its own scale.

Sill: Another variogram model parameter 
which is the total vertical scale of the variogram 
which is the sum of Nugget effect and sum of all 
component scales. Linear, Logarithmic, and Power 
variogram models do not have a sill.

VARIOWIN: A geostatistical software for the 
PC developed by and a detailed account reported 
in Pannatier (1996)
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Chapter 25

Assessing Environment-
Climate Impacts in the Nile 
Basin for Decision-Making:

Needs for Using Global Tracers*

Farid El-Daoushy
Uppsala University, Sweden

ABsTRAcT

Assessing the environmental and climatic impacts in the Nile Basin is imperative for appropriate deci-
sion and policy making on national and regional levels. Tracer techniques provide basic spatio-temporal 
tools for quantifying ongoing and past, and for predicting future, environmental and climatic impacts 
in whole Nile Basin. These tools allow the sustainable use of the natural resources through developing 
appropriate large-scale and long-term management and planning strategies. Radiotracers, for example, 
have diverse properties, unique sources and cycles in the environment. They provide powerful approaches 
to understand the behaviour of atmospheric processes, and the role of dry and wet-deposition on transfer 
of matter from the atmosphere to the earth’s surface. They are, also, useful for assessing the present 
status and evolution, as well as for quantifying the functioning and metabolism, in complex aquatic and 
land-water systems through appropriate definition of the spatio-temporal scales forcing their interactions 
with the environment and climate. They yield rich data on sources, pathways and flow-rates of matter 
(e.g. nutrients and pollutants) within and between landscape units and at the critical boundaries of the 
hydrosphere with the lithosphere, ecosphere and the atmosphere. Mitigation and adaptation strategies 
for coupled environment-climate policies require records and observations supported by model and 
forecasting infra-structures that can simulate the impacts of coupled environment-climate changes 
both on local and landscape scales. Impacts of global warming are not straightforward to predict un-
less reasonable scales can be used to compile and collate the diverse climatic and environmental data. 
Coordinated studies and observations of complex river-, lake-catchment, land-water and delta-coastal 
systems can provide a wide-range of information on human and climate impacts through using radio-
tracers as common time and space indicators for assessing the flow of matter on earth’s surface. In this 
context, the Nile Basin can serve as a model for coupled environment-climate impact studies in complex 
aquatic systems where sustainable management policies, e.g. use of natural resources, protection and 
rehabilitation, are needed.
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InTRODUcTIOn

The quality of life on the earth depends on a 
continuous and dynamic flow of matter in its 
aquatic and ecological systems. Understanding the 
functioning and metabolism in these systems, in 
relation to space and time, depends to large extent 
on understanding the flow of matter in these sys-
tems: what are the important flows, how large and 
how quick? Which factors and processes regulate 
their dynamics, e.g. where, when and why these 
flows occur? This knowledge gives the necessary 
background to understand the evolution of aquatic 
and ecological systems and to forecast how these 
systems would respond to various changes in pol-
lution, waste and climate.

An effective method to gain knowledge on 
these flows is to use radioactive tracers “radiotrac-
ers”. Through their property to decay in regular 
manner they can be used as ”clocks”. Because of 
this and their dynamic flow and transportation 
pattern in the environment, studies of radiotrac-
ers can mark not only the dispersion of different 
compounds in space but also in time. The diversity 
of radiotracers in the environment, in terms of their 
origin (stratosphere, troposphere, hydrosphere), 
chemical (reactions under different conditions) 
and physical (half-lives, decay rates and modes) 
identities, allows to study different transport and 
accumulation processes influencing the cycling 
of nutrients and pollutants on the earth’s surface 
especially what regards assessing the modern 
impacts of humans on nature.

A great deal of knowledge exists on the origin, 
transport, behaviour and fate of radiotracers in the 
temperate and polar regions of the world. This 
has allowed performing a wide-range of studies 
of the environmental conditions in these regions 
especially what regards the evolution, status and 
quality of life in aquatic and ecological systems. 
The situation in arid and semi-arid regions is very 
different and it exists a complete lack of data and 
knowledge on the environmental behaviour of 
radiotracers. Hence, the use and application of 

radiotracers for global and climate change studies 
is severely hindered in these regions. The Nile 
Basin, for example, has complex and dynamic 
flow of matter (for example nutrients and pollut-
ants) with local, regional and global interactions. 
Understanding these interactions require compre-
hensive studies of radiotracers on several spatial 
and temporal scales in the whole Nile Basin. 
Resolving the natural and human components of 
these interactions, in terms of space and time, is 
imperative for implementing sound planning and 
management policies in this region. As for other 
parts of the world, radiotracers would provide 
elegant tools for identifying and quantifying 
environment-climate impacts in the Nile Basin. 
Description of the advances in nuclear metrol-
ogy and the use of radiotracers in environment 
and climate studies and related applications are 
extensively discussed in a wide-range of literature 
and a full review on these issues is outside the 
scope of this paper. Examples on previous global 
applications of the radiotracers are referenced in 
this paper along with a brief survey of the state-
of-the-art of the field as well as details on few 
studies and relevant demonstrations.

The contrasting landscape and climates of 
the Nile Basin, along with tracer tools, will give 
important data for the sustainable management of 
its land-water systems, and for understanding the 
global impacts of the climate. By correlating ra-
diotracers with the behaviour of other compounds, 
under the different environment-climate regimes 
in this region, new knowledge on flow dynamics 
in complex land-water systems will be gained, 
e.g. evolution of water and air quality; dynamics 
of precipitation, dry-wet conditions and water 
circulation; dispersion of nutrients and pollutants; 
soil erosion, degradation of land, impacts of land-
use, mining and industrial waste. These issues 
are central for long-term management policies 
especially in regions lacking the scientific and 
technical know-how for environmental protection. 
In the Nile Basin region, for example, there are 
huge needs for building the necessary scientific and 
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technical capacity to assess the spatio-temporal 
impacts of coupled environment-climate changes 
and thereby providing a roadmap for knowledge-
based environment-climate policy for the sustain-
able management of the land-water resources.

BAcKGROUnD

Atmospheric air and natural water quality is es-
sential for the life on the earth, however it has 
been serious impacts on the natural composition 
of the atmosphere and hydrosphere through major 
interferences by man. Air and water qualities are 
important in everyday life both for sector activities 
and for humans. Assessing and quantifying these 
impacts in relation to space and time is, therefore, 
essential for establishing sound environmental 
management policies on all levels. Understand-
ing the role of radiotracers in studies of surface 
water can be understood through following the 
global cycle of water and its role as main carrier 
of atmospheric species, pollution and land-based 
waste. The water journey starts by tropospheric 
condensation of vapour-loaded air, formation of 
clouds and atmospheric precipitation, followed 
by hydrologic-landscape interactions “between-
system”. This leads to immediate and long-term 
inputs to land-water systems. The retention of 
water in transient inland systems, e.g. soil, rivers 
and lakes, serves a vehicle for a chain of “within-
system” interactions, eco-production, degradation 
of matter and accumulation of various remains in 
final deposits “natural archives”. Surface- and 
groundwater are finally brought, through various 
intermediate boundaries, with different biological, 
physical and chemical inputs to coastal regions or 
other surface water systems. Groundwater reser-
voirs, of transient or permanent nature, are also 
products of surface water penetration through soils. 
The diversity of the land-water systems of the Nile 
Basin and the complex trajectories of pollutants 
and waste in the atmosphere and hydrosphere, 
makes it IMPERATIVE to develop radiotracer 

datasets that can identify and differentiate the 
origin of all anthropogenic pollution. Also, to 
model and assess the large-scale and long-term 
environmental changes in the atmospheric com-
position, air-quality, surface water quality, e.g. 
pollution and eutrophication, and degradation in 
land-water resources in general.

Earlier advances in radiotracer techniques 
allowed overcoming initial difficulties of extract-
ing and measuring very low concentrations of 
environmental tracers, and their ratios in various 
matrixes and chemical forms. These advances were 
followed by detailed and extensive studies of the 
behaviour and application of artificial and natu-
ral radiotracers especially in temperate regions, 
e.g. North America and Europe. These studies 
provided wealthy information on the behaviour 
of radiotracers in these and other similar regions. 
During these advances other scientific, technical 
and analytical approaches were developed, tested, 
refined and integrated to study global/regional 
environmental and climatic changes in surface 
water systems with complex interfaces with the 
biosphere and the geosphere (El-Daoushy, et al. 
2001) However, existing radiotracer datasets suffer 
from huge geographical gaps and poor temporal 
resolution (El-Daoushy, et al. 2000). Furthermore, 
radiotracers were, and still, seldom utilised to 
assess the impacts of large-scale and long-term 
changes since there were often applied separately 
for specific and isolated tasks.

The atmospheric aerosols and associated mat-
ter, e.g. the radioactive 210Pb (Figure 1), follows 
the water cycle. The atmospheric 210Pb, or the so-
called “unsupported 210Pb is, almost exclusively, 
produced by the decay of 222Rn, a gaseous radionu-
clide that is produced – at the upper surface layers 
of ice and snow free soils and land – through the 
decay of its progenitor 226Ra. 226Ra is a primordial 
radionuclide of the natural 238U decay-series. In 
Figure 1, capital letters (A, B, C, …) denote pos-
sible sources of 210Pb and pathways through which 
210Pb as well as other environmental remains, small 
letters, are conveyed to “permanent” sinks, e.g. 
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soils, lakes, peat-lands, marine coasts, glacial and 
polar ices. Numbers refer to processes influencing 
remobilization and mixing near various aquatic 
and atmospheric boundaries. Letters and numbers 
are confined to essential environmental features 
at the earth’s surface because of limited space 
in the figure. The major part of land-exhalated 
atmospheric 222Rn is quickly transformed to 210Pb 
through a series of short-lived radioactive nuclides 
(218Po, 214Pb, 214Bi and 214Po). Their short residence 
in the atmosphere allows regional mixing with 
other ejected volcanic and artificial remains “A,a” 
as well as cosmogenic radiotracers (e.g. 14C, 10Be 
and 7Be, these are not shown on the figure) that 
are mainly produced in the stratosphere and the 
upper troposphere through cosmic ray interaction. 
“A” may also represent airborne non-cosmogenic 
radionuclide of natural or artificial origin that 
can be correlated with 210Pb. “a” means chemical 
waste from power stations, vehicles, chemical 
industries and volcanic activities. Heavy metals, 

halogenated hydrocarbons, acid oxides are some 
examples. After being transported and mixed by 
various atmospheric processes (1) the atmospheric 
materials “A,a” are brought to different aquatic 
and ice reservoirs by dry and wet fallout “B,b”. 
“B” and “b” patterns are dependent on the meteo-
rological and weather conditions. Through path-
ways of surface waters several biogeochemical 
interactions with forest soils, farming and mining 
lands modify the water quality before reaching 
groundwater, rivers, parts of peat-lands, lakes 
and marine coasts. Mining (H,h), farming (C,c) 
as well as other land-use waste reach rivers and 
lakes via drainage areas. Rivers (D,d), ground-
water (F,f) and land-eroded materials (G,g) with 
different contents of nutrients (phosphorus and 
nitrogen) and pollutants are discharged at various 
rates to lakes and marine coasts. These aquatic 
systems may receive direct remains (I,i) from 
power plants (fossil-fuel and nuclear), industrial 
and urban activities. The physical, chemical and 

Figure 1. The 210Pb after being created and mixed with atmospheric species follow the fate of aerosols 
that are brought back to the surface by dry and wet deposition. The water cycle is a global cleaning 
mechanism that restores, to a certain extent, air quality by removing atmospheric solid and soluble 
waste. Insoluble species such as CO2 have longer atmospheric residence time.
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biological remains are then deposited, mixed/
mobilized (2,3 and 4) and ACCUMULATED 
by various sediment/water interface processes. 
Certain chemical and radioactive species (E,e) 
may diffuse because of concentration gradients, 
red/ox. or pH conditions (3).

The impacts of atmospheric and land-based 
waste on the quality of life has been frequently 
observed and searched since the second half of 
the past century, e.g. increasing levels of ultra-
violet radiation because of build up of strato-
spheric ozone holes, deterioration of air quality 
due to emissions of heavy metals, toxic gases and 
solid particulate matter, death of fish because of 
surface water acidification, degradation of water 
quality because of chemical pollution from in-
dustries, over fertilisation of agricultural land 
(eutrophication of surface water) and use of pes-
ticides. These are some examples of diffuse and 
point source emissions of atmospheric and 
aquatic pollution where it has been possible to 
implement regulations and protection policies as 
well as to develop suitable and more robust sus-
tainable management strategies, e.g. to coup with 
their environmental and health impacts. Though 
pollution and waste are still major problems, the 
recent threats from global warming have caused 
enormous concern and political pressure for im-
mediate actions. Coupled environment-climate 
changes will create severe threats and major im-
pacts on all forms of live on the earth as conse-
quences of the ongoing increase in surface tem-
perature and sea level, and an enhanced 
frequency of meteorological and weather distur-
bances. Few examples of impacts associated with 
these changes are damage of green-plant photo-
synthesis in areas with high levels of photochem-
ical-induced surface O3 and degradation of the 
ocean uptake of CO2 because of the malfunction-
ing of the aquatic photosynthesis of e.g. the 
coral reefs.

Many environment-climate impacts, other 
than those given elsewhere in this paper, are still 
unknown and will be gradually emerging. Our 

knowledge concerning how to deal with these 
impacts, e.g. to assess, to find solution and to 
mitigate them, is limited or even lacking. Figure 
1 demonstrates the role of radiotracers, by being 
part of several global cycles, in understanding the 
human and industrial impacts, and the degradation 
of essential life mechanisms driven by climate 
change. The increasing urbanisation, micro-scale 
pollution and waste from household, and the in-
tensified pressure from all sectors, in particular 
the industrial and agricultural ones, on the land-
water resources, call for developing land-water 
management policies that consider the whole range 
of coupled environment-climate impacts. This 
can be only achieved by building the necessary 
scientific capacity and technical infrastructure 
for observing, understanding and assessing our 
environments. Also, for implementing appropriate 
and coherent management policies on all levels 
(users, local, national and international) for the 
sustainable use and protection of the land-water 
resources especially in cases that involve com-
plex aquatic systems, e.g. the Nile Basin region. 
Stronger coupling between the different sector 
activities and land-water issues is required for an 
effective Decision Making Process for the sustain-
able management of natural resources including 
safety and protection of the environment and the 
population.

cOUPLInG WATeR MAnAGeMenT 
In THe nILe BAsIn WITH 
enVIROnMenT cLIMATe POLIcY

A general scientific and technical approach is 
described for the sustainable use of the land-water 
resources in the Nile Basin, as a model basin, 
through stronger coupling between the activities 
of different sectors and the needs of individual 
users (Figure 2). This research is highly inter-
disciplinary and inter-sectorial and is based on 
assessing the impacts of all interacting sectors, e.g. 
in terms of waste and pollution emission (levels, 
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sources and pathways), on the natural resources of 
the Nile Basin. The approach given here is focused 
on surface-based facilities (including field, remote, 
and automatic) for in-situ measurements though 
coordination with satellite- and radar-based tools 
would be necessary for optimisation of the neces-
sary monitoring and research activities. It should 
be kept in mind that atmospheric, aquatic and 
life sciences have always been and will continue 
to be observation-driven. Modelling is, to large 
extent, essential for predicting future trends (e.g. 
sources, trajectories and exchange and transfer 
rates), and can an effective and economic means 
to replace expensive and unnecessary observations 
and measurements.

Building and coordinating the scientific, tech-
nical and human capacity on the Nile Basin level 
offers a Policy Instrument “PI” that facilitates 
establishing and updating water treaties, direc-
tives, guide-lines, laws and regulations (Table 1) 
both on national and regional levels. This “PI” 
will link levels (2 & 3) with levels (1 & 4) in 
Figure 2 through counteracting the limitations 
(Table 1) in the decision-making process (Baron 
et al., 2002) and thereby improving and enhanc-

ing the criteria of the involved actors to achieve 
their objectives especially with consideration to 
the sustainable use of land-water resources.

This “PI” will, also, act as a transfer-of-
knowledge platform for research and higher edu-
cation in order to follow the international devel-
opments and to structure and build up an African 
R&D networking of relevance for the Nile Basin. 
Based on existing knowledge and with consider-
ation to future environment-climate threats there 
are huge needs to set up a scientific and technical 
agenda for protecting the Nile Basin and its 
population from local and major disasters. This 
is critical and challenging for the African countries, 
nevertheless it is IMPERATIVE and URGENT. 
Water in the Nile Basin by being key natural re-
source with vital role in economy, not only for 
industry and production but also for livelihood of 
humans, needs to be efficiently managed on sev-
eral levels (Figure 2) and with consideration to 
the complicated hierarchy of the decision-making 
machinery (Table 1).

Shortly after World War II science and technol-
ogy gradually shifted towards inter-disciplinary 
and inter-sectoral research both on basic and 

Figure 2. Management and interactions in water sectors, adapted from Munasinghe 2008. In “levels 
(2 & 3)” extensive impacts from other sectors on water exist. Dynamic and tight linking of levels (2 & 
3) and (1 & 4) is needed by sound scientific and technical solutions, e.g. global tracers can provide 
spatio-temporal data on status and evolution of quality in natural waters.
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applied levels. This was natural, but yet neces-
sary, for safe and secure implementation of many 
industrial and technical solutions. Meanwhile 
environmental issues became a priority and experi-
ences from a series of severe global disasters, e.g. 
nuclear weapons tests, acidification, eutrophica-
tion, toxic pollution and global warming, have 
caused critical thinking about the role of science 
and technology in modern societies. Previous 
disasters arose from large gaps between under-
standing and implementation (Munasinghe, 2008) 
and from severe fragmentation in management 
and decision-making policies (Figure 2 and Table 
1). Climate threats are already here and sustain-
able solutions require extensive and coordinated 
interaction between all sectors. Appropriate ap-
plications of the solar and wind energy as ell as 
other renewable sources, for example, can allow 
clean use of the water resources and introduction 
of life in vast unpopulated areas, e.g. in the Nile 
Basin countries. In this context, “PI” will serve 

as a general platform for implementing strategic 
solutions with consideration to the increasing 
pressures on the use and production of energy, 
productivity of land and stability in the supply 
of food and protection against environmental and 
climate threats.

Among important functions of “PI” is facilitat-
ing the national and regional planning and manage-
ment of water and land-water resources through 
establishing appropriate Key Environments “KE” 
to identify and define Key Performance Indicators 
“KPI” for the sustainable use of water by the public 
and private sectors in the Nile Basin. Tracer tools 
will give the necessary data on existing pollution 
cycles that endanger the sustainability of water 
and land-water resources in the Nile Basin. They 
will help creating quantitative routines to follow 
the goals and performance of various sectors in 
relation to the negative impacts of waste on en-
vironment and health in the Nile Basin countries.

Measures to strengthen the interaction between 
the water sector and other sectors, on sustainable 
basis, will be established with focus on assessing 
the impacts of all sectors in the Nile Basin through:

(1)  Bench-marking of the performance of each 
sector regarding pollution emission and the 
use of water and land to achieve the national 
and Nile Basin goals for the sustainability of 
the natural resources and the protection of 
human health on national and regional lev-
els, and with consideration to International 
Competitive Standards.

(2)  Support the overall competitiveness of the 
water sector through implementation of 
sustainable instruments and approaches 
that define “KPI” standards for the use and 
protection of the natural resources in the 
Nile Basin while enhancing the performance, 
production, safety and effectiveness of the 
labour within each sector.

(3)  Marketing “KPI” through: (a) dedicated 
information to the customers on sustainable 
issues of production and technology; (b) de-

Table 1. Hierarchy in decision making for sustain-
able water management, Munasinghe 2008. Note 
the direction of decision actions is moving from 
the left of the table to the right. 

→ Decision Making Process for Sustainable Water Resource 
Management Path →

Actors Criteria Level Policy Instrument Limitations

Multinational Economic Finance, Technology Uncertainties,

Performance Level (1) Transfer, Treaties, Cost,

International Welfare Directives/Guidelines Technology,

Envir. Impact,

Commercial Level (2) Laws, Regulations, Lack of

Resources analytical

Governmental Guide-lines, R & D, tools/skills,

Sustainability Level (3) Weak of

Water Utilities Ecomonic/Prices institutions,

Quality Insufficient

Consumers Level (4) Timing, Requirements funding,

Information (e.g. permission, rules) Lack of

Public Groups Others Public Information interest
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mographic analysis of individuals to become 
customers; (c) demographic analysis for 
enhancing turnover through identification of 
weaknesses and redefinition of profitability 
for the users in terms of the ecological values 
and quality of life in general.

(4)  Linking, implementing and harmonizing 
the Nile Basin “KPI” strategies to suit an 
effective coupling between the water sector 
and all other sectors through defining and 
measuring the progress towards organiza-
tional and national goals, and to assist in 
describing a course of action of the water 
sector towards other sectors. In this context 
the large-scale and long-term impacts will 
be quantified, through valid statistical ap-
proaches to counteract and mitigate future 
climate threats in the Nile Basin e.g. diseases, 
biodiversity, flooding, shortage of water, 
salination, erosions, storms,.... etc..

Management and the decision making process 
of complex water systems, e.g. the Nile Basin, 
requires spatio-temporal data on several spatial 
and temporal scales in order to assess the short-
term and long-term impacts of all sectors and 
users of the land-water resources. Continuous 
monitoring of the water resources and quality of 
the Nile River System by direct methods only, 
for example, would be very expensive, time-con-
suming, tedious and impractical. This, however, 
can be performed whenever is necessary and in 
combination with other alternatives. An alternative 
approach that benefits from tracer tools is to use 
vertical sequences of sediments and soils from 
the Nile River System as quantitative indicators 
on pollution sources, sediment and soil erosion, 
fertility and stability of land, evolution of water 
and ecological quality as well as vegetation cover, 
biodiversity, dynamics of the water cycle and the 
status of land-water resources in general. These 
applications require full understanding of the mi-
cro- and macro-scale behaviour of multi-tracers in 
various compartments of the Nile Basin (Figures 1, 

3, 4 and 5) and the associated atmospheric, litho-
spheric and hydrologic species, e.g. aerosols and 
organic and inorganic particulates. Aerosols and 
particulates, in addition of being environmental 
and ecological indicators, are carriers of organic 
and mineral matter (pollutants and nutrients) af-
fecting not only the functioning and metabolism 
of aquatic and ecological systems, but also their 
evolution. Tracer applications are, also, helpful 
for model validation of relevance for manage-
ment and policy-making, e.g. dry/wet conditions, 
dispersion and fate of pollutants/waste, erosion 
dynamics, fertility of land, crop and agricultural 
production, coupled surface-groundwater interac-
tions and associated impacts as well as status of 
air, water and ecological quality

enVIROnMenT cLIMATe IMPAcTs 
In THe nILe BAsIn: scIenTIfIc 
AnD TecHnIcAL IssUes

Global change and climate change are dealt with 
by systematic classification of the environment 
into main compartments (Figure 3), such dynamic 
changes are detailed on various spatio-temporal 
scales by following the physical, chemical and 
biological processes and interactions in various 
compartments. Environmental compartments 
allow tracing the natural effects and the human 
impacts from source to sink by combinations of 
natural and artificial tracers that originate along 
with the induced changes either directly or indi-
rectly (see also Figure 1). Environment-climate 
change studies, and their coupled interaction, have 
many applications in management and protection 
policies. Radiotracers, of natural and artificial 
origins, are elegant tracers with central importance 
in many earth and environmental studies. They 
provide bases for establishing temporal scales 
ranging from hours, days and months, years and 
centuries, and up to millennia and hundreds of 
thousand years. These time-scales provide refer-
ence framework for tracing the spatial changes 
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Figure 3. Environment-climate changes in the atmosphere and hydrosphere have various impacts on 
the status and evolution of ecosystems. Radiotracers provide common tools to construct the necessary 
spatio-temporal scales for assessing various environment-climate impacts on the evolution and quality of 
life on the earth. Modified from Rosswall et al., 1988; Scales and Global Change: Spatial and Temporal 
Variability in Biosphere and Geosphere Processes, SCOPE 35. John Wiley & Sons.

Figure 4. Aerosols emission, including dust/sand, and scavenging by cloud and wet precipitation. (A) 
rain-out, (B) wash-out, (C) rain-out & wash-out. “.” mean an aerosol, and “o” mean a water drop. 
Since radiotracers created in the atmosphere become attached to the aerosols, they can provide input-
functions to parameterize aerosol dynamics and to quantify the cycles of the atmospheric pollution 
(associated, also, with the aerosols) in the environment. Modified from Ishikawa et al. 1995, J. Envi-
ronmental Radioactivity 26.
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forced by processes spanning from micro- and 
local scales, to regional and global scales (Figure 
3). Climate change and related atmospheric-
surface studies deal with hierarchically structured 
interactive processes of at least several hundred 
kilometres and with time-scales of seasons up to 
a century or so. For surface areas down to one 
kilometre or so, the changes/processes involved 
can have lower temporal scales from days up 
to decades. For larger spatial scales one has to 
account for longer time-scales, in such cases 
more critical space-time parameters have to be 
considered. Complex systems, e.g. lake- and 
river-catchment, require assessing dynamic pro-
cesses in several sub-compartments including 
the surface-boundaries between them, e.g. the 
atmosphere, the hydrosphere and the lithosphere 
(El-Daoushy et al., 2001). These studies require 
representative datasets on the origin and behaviour 
of several tracers and markers that can simulate 
the impacts of environment-climatic changes in 
these systems (El-Daoushy et al., 2000).

In aquatic mass-balance studies, processes in 
the atmosphere, hydrosphere and catchments have 
to be quantified, parameterised and modelled for 
assessing the consequences of different impacts. 
The role of groundwater interactions with the land 
and the biosphere is equally important because of 
the newly emerging threats on water quality from 
deep mining and underground disposal of waste.

Modelling and quantifying the impacts of 
atmospheric pollution (Table 2) on surface-
water, for example, require proper knowledge 
on atmospheric radiotracers, e.g. 14C, 10Be, 7Be, 
222Rn, 210Pb, 137Cs, 239+240Pu and 241Am. Such trac-
ers allow assessing the input, fate and impacts of 
atmospheric emissions (Table 2), e.g. aerosols, 
particulates, heavy metal, acidification and green-
house gases, on short-term effects in air and water 
quality and long-term impacts in aquatic systems 
on time-scales of decades, centuries and up to 
millennia. The atmospheric sources of natural 
radiotracers are known and relatively steady in 
time, this makes them suitable source-functions 

Figure 5. Lakes provide important data about environment-climate change where “within-system” and 
“between system” interactions can be detailed by multi-tracers. Lake-catchment systems exist at differ-
ent latitudes/altitudes imbedded in forested/cultivated areas or associated with rivers, deltas and marine 
coasts. Diversity of lakes allows various applications to study regional environment-climate impacts, in 
addition to the global impacts described in Figures 1 and 3. Regional impacts are forced by landscape 
interactions with lake-catchment systems. Modified from Burgis & Morris 1987, The Natural History 
of Lakes, Cambridge Univ. Press.

www.ketabdownload.com



507

Assessing Environment-Climate Impacts in the Nile Basin for Decision-Making

to test and validate a wide-range of models, e.g. 
General Circulation and Coupled Chemistry-
Climate models, Atmospheric Composition and 
Air Quality Models, Forward and Backward Tra-
jectory Models, Compartment and Mass-Balance 
Models, Coupled Chemistry-Hydrology Models, 
Computational Fluid Dynamics and Aquatic 
Transport Models. In additional of being global 
and regional tracers, atmospheric radiotracers are, 
also, elegant reference tools for understanding the 
environmental, climatic and radio-ecological ef-
fects in the sub-compartments of complex aquatic 
systems, e.g. river-, lake-, peat-land and coastal 
systems. Collection and compilation of datasets 
from sub-environmental compartments yields 
quantitative information on both “within-system” 
and “between-system” interactions in complex 
environmental systems including the imbalances 
in the functioning and metabolism of these systems 
due the impacts of climate change in the sub-
compartments. In the deep disposal of industrial 
and mining waste, where the ecological impacts 

have to be followed on much longer time-scales 
up to hundred of thousands years, the primordial 
radio-nuclides (e.g. U/Th-series) are of great 
interest. U/Th-series have particular importance 
to study and simulate groundwater interactions 
with the bedrock and the long-term impacts in 
coupled geo-ecosphere systems (Figures 1 and 
3). Understanding the geo-chemistry of the U/
Th-series is crucial in developing and validating 
various models, e.g. capabilities, reliability and 
resolution, used in assessing the consequences 
of the disposal of human waste on the whole 
ecosphere.

The Atmosphere

Atmospheric processes (Figures 3 and 4) influence 
the behaviour of aerosols in much the same way as 
the atmospheric radiotracers. Parameterisation and 
quantification of aerosol formation, attachment 
and scavenging (Table 2 and Figure 4) can be done 
by proper compilation of reference atmospheric 

Table 2. Aerosols, particulates and pollutants, their transfer processes and interactions force coupled 
environment-climate changes. Datasets and transfer-functions of associated radiotracers helped to un-
derstand and simulate these changes in temperate areas. Application of radiotracers are highly lacking 
in arid and semi-arid regions, e.g. the Nile Basin. Radiotracer approaches have been widely used and 
applied in temperate regions where the basic knowledge on the behaviour of these tracers has been 
thoroughly extracted, understood and explored for different applications. 

Aerosol/ 
Pollutant

Processes And Model Requirements Parameters To 
Be Studied

Persistent Organic 
Pollutant (POPs) 
Acidifying/eutrophyig 
pollutants 
(NO,SO4,SO2,..)
 
Particulate/alkaline 
matter (PM10, PM2.5)
 
Heavy metals 
(Pb, Hg, Cd,..)

Emissions 
Atmospheric transport 
(Advection, diffusion) 
Chemical composition (formation, transformation, gas/
particle partition) 
Gaseous exchange with 
underlying surfaces 
(vegetation, soil, water) 
Eroded/desert dust, re-suspension 
Dry/wet deposition 
Atmosphere-lake-river 
catchment 
Ex-change/transfer-functions

Source-receptor 
relationships 
Resolution, seasonal & 
long-term variability 
Size distribution, 
primary/secondary 
aerosols, man-made 
and biogenic carbon 
Atmosphere/surface 
interaction 
(emissions, diffusion) 
Dust events, 
re-suspension 
Dry/wet deposition 
Coupled atmospheric 
near-surface parameters

www.ketabdownload.com



508

Assessing Environment-Climate Impacts in the Nile Basin for Decision-Making

datasets of several key radiotracers. These stud-
ies are crucial for testing and validating General 
Circulation and Atmospheric Trajectory Models. 
The temporal scales forcing the behaviour of the 
atmospheric aerosols, pollutants and associated 
radiotracers can be classified as follows:

(1)  Short-term changes. Wet: snow/rain (e.g. 
Crutzen & Lawrence, 2000) and dry pre-
cipitation: dust/sand (Papastefanou et al., 
2001; Lugauer et al., 2000), and local/
regional meteorology and variability in 
emission sources of aerosols and pollutants 
(Table 2) are important factors influencing 
the short-term attachment, scavenging and 
deposition in the atmosphere (Kim et al., 
2000). Short-term changes are, also, sensitive 
to the location of the site, i.e. urban, coastal, 
continental or mountain regions (Chester et 
al., 1993).

(2)  Seasonal changes. Regional meteorology 
and weather forces seasonal changes in 
frequency and intensity of wet-dry pre-
cipitation, moisture-cloud conditions and 
thunderstorms. Precipitation-deposition 
studies of aerosol-tracers are important to 
parameterise cloud, rain/snow scavenging 
and removal by following the temporal 
evolution of individual rain/snow events 
(Figure 4). Reloading of aerosols occurs by 
rapid mixing with surrounding air. Reload 
of 7Be, 210Pb and Ca, for example, in conti-
nental areas is similar to average reload time 
of aerosols. Washout, rainout and influence 
of Saharan dust on aerosols (Papastefanou 
et al., 2001; Lugauer et al., 2000), buffering 
capacity and chemical loads, at the level of 
cloud formation is, however, not yet well 
understood.

(3)  Long-term changes. Frequency and inten-
sity of thundershowers, excessive rainfall 
and outstanding dust events are driven by 
large-scale meteorology and climate and 
have strong influence on tropospheric scav-

enging. This is reflected in increasing 210Pb 
deposition velocity in Southern Germany 
in the past two decades (Winkler & Rosner, 
2000). It is, also, closely related to a decrease 
of 210Pb-concentration and an increase of 
210Pb-deposition at ground. This behaviour 
is explained by increasing thundershowers 
and excessive rainfall events. However, both 
210Pb and 7Be levels, in Central Greenland, 
have been decreasing in the past century 
(e.g. Dibb, 1992). Shifts in global circula-
tion resulting from climate change introduce 
changes in the global flow of air masses, 
radiotracers and other atmospheric species.

Environmental radioisotopes with global 
dispersion have transport routes that correlate 
well with analogous atmospheric species since 
aerosols act as general host carriers. The two main 
atmospheric scavenging processes of aerosols are 
dry and wet removal (Figure 4). These processes 
are very much different and occur independently 
and/or simultaneously. The main motor of wet 
removal is the water cycle, while the dry removal 
is forced by the global flow of insoluble aerosols, 
e.g. sand, dust and minerals.

surface Water systems

Freshwater ecosystem structure and function 
are tightly linked to their catchments. In classi-
cal studies surface water bodies were dealt with 
separately. This, however, is rather suitable for 
short-term and small-scale studies of environmen-
tal changes. Large-scale and long-term effects in 
riverine networks, lakes and wetlands, by being 
landscape units, are greatly influenced by terres-
trial processes and exchange with groundwater. 
Sustainability of these systems requires that they 
should fluctuate within a natural range. Flow 
regime, sediment, organic-matter inputs, ther-
mal and light conditions, chemical and nutrient 
loads, and biotic assemblages are basic properties 
defining the major features of productivity and 

www.ketabdownload.com



509

Assessing Environment-Climate Impacts in the Nile Basin for Decision-Making

biodiversity of freshwater ecosystems. Manag-
ing these systems involve multi-scale dynamic 
processes and coupled socio-economic needs. 
Short-term and small-scale studies, i.e. piecemeal 
approaches, cannot solve the problems confront-
ing these systems. Large-scale and long-term 
studies should involve a political agenda, also, to 
develop a sustainable development route (Baron 
et al., 2002).

Lakes

Lakes are transient systems and biological re-
actors with internal and external interactions. 
Sediment archives of lakes provide full records 
on the environment and climate impacts on the 
functioning and metabolism of these surface water 
systems. The classical applications of 14C, 210Pb 
and 137Cs within global change involve studies of 
lake sedimentation and historical documentation 
of the consequences of man-made activities on 
lake ecosystems, e.g. anthropogenic pollution 
and land-use. These studies are still of major 
interest, e.g. variability in sedimentation and its 
physico-chemical nature (i.e. settling, scavenging, 
bioturbation, slumping, focusing, land erosion/
land slide), also for historical monitoring and 
rehabilitation of the natural cleansing capacity 
of lake systems.

Lake studies require using atmospheric func-
tions (El-Daoushy et al., 2001) of radiotracers to 
model and quantify the role of internal and external 
processes on transfer and accumulation of mat-
ter. Atmospheric tracer records in sediments are 
compared with atmospheric input-functions, e.g. 
historical records of the atmospheric inputs for 
210Pb, 7Be, 10Be, 137Cs, 238-240Pu and 241Pu(241Am), 
to maximise the value of sediment archives for 
quantitative studies of the delayed effects. Good 
control of sedimentation processes requires, for 
example, tight intervals of radioisotope measure-
ments and additional stratigraphic markers in order 
to get reliable flux-data at the required resolution 

(Jensen et al., 2002). Compilation of data from 
sediments and water-bodies, e.g. sediment-traps, 
allow to parameterise the internal settling, accu-
mulation and resuspention in lake water-bodies, 
through e.g. isotope-particle studies of the transfer 
parameters of pollutants.

Lake-catchment systems

Interactions in lake-catchment systems (Figure 5) 
are multi-scale processes and require reliable and 
operational spatio-temporal records that satisfy the 
involved processes and scales. Advances and dif-
ficulties in using radiotracers to assess and model 
modern global and climate changes are very well 
illustrated in studies of complex aquatic systems 
in temperate regions, e.g. lake-catchments (El-
Daoushy et al., 2001). In these studies, functioning 
and metabolism of lake-catchments are classified 
into “within-system” and “between-system” in-
teractions. Reference radiotracer datasets, e.g. the 
atmospheric input-functions, are very useful for 
constructing the mass-balance of the material flow 
through the application of Compartment models 
(El-Daoushy et al., 2001). They are, also, essential 
for the parameterisation of various internal and 
external transfer processes in lake systems. In this 
context, the spatio-temporal records of the distribu-
tion of matter in the systems and the involved scales 
have to fulfil the representativity requirements, 
i.e. with respect to: (1) the spatial variability in 
the atmospheric input-functions of radiotracers; 
(2) the spatial variability in the sub-compartments 
on the landscape scale; (3) the temporal changes 
in the delay mechanisms causing the mobilisation 
of matter from interacting compartments, e.g. the 
catchment and the groundwater. Few examples of 
lake-catchment studies are given here. However, 
possible applications in river-catchment, river-
delta and river-coastal systems will be introduced, 
especially regarding the complex interactions in 
these systems.
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Rivers, Deltas and River-
coastal systems

The final fate of surface water is the sea “He who 
does not know the way to the sea, must follow the 
river”. This makes rivers natural erosion-drivers. 
Soil erosion is among major environment-climate 
problems causing the loss of fertile land and an 
accelerating dispersion and mobilisation of anthro-
pogenic pollutant and nutrients from catchments 
(forested, agricultural and anthropogenically-
disturbed land) especially through river and lake 
systems. Soil erosion can be due to natural forcing 
processes or due to land-use practices, and map-
ping of erosion over large areas can reflect its 
causes. Several approaches are used to estimate 
long-term sediment and contaminant export to 
aquatic systems due to climate change and human 
activities. There is an increasing shift from erosion 
monitoring to erosion modelling (Brazier, 2004), 
which is also the case in other environment-climate 
protection sectors. Though much quality data ex-
ist to describe erosion by water, e.g. in the UK, 
there are few datasets that can provide the neces-
sary details with which the model performance, 
capabilities and resolution can be evaluated. The 
paradox between data collection and compila-
tion to improve models, and erosion models to 
replace data collection and compilation, must be 
addressed for modellers and experimentalists, at 
the same time, if full use of high quality datasets 
and improvement of models is to be made. There 
will be always need for monitoring since models in 
general are site-sensitive; this is especially critical 
when description of the spatial heterogeneity of 
soil loss is required.

Quantification of soil erosion can be made by 
direct methods, e.g. plot studies, over-flight with 
field survey, and 137Cs and 210Pb survey. Plot and 
field survey provides an insight into soil erosion 
over the period of monitoring while 137Cs-data 
gives rates of erosions (Figure 6) for longer periods 
(e.g. Walling and Quine, 1991). The 210Pb-method 
provides better long-term averages because of 

longer half-life time, continuous atmospheric 
delivery of the 210Pb and stability against chemical-
mobility. 210Pb and 137Cs are considered to be the 
most simple and straightforward approach for 
erosion studies. Soil erosion from catchments by 
water through indirect approaches (Figure 6) can 
be inferred from lake sedimentation.

The transfer of eroded soils from a severely 
degraded area in Kondoa Irangi Hills, central 
Tanzania, caused great changes in the sedimenta-
tion rates (Figure 6) of Lake Haubi. Soil erosion 
studies, in lake-catchment systems require com-
pilation of representative and reliable radiotracer 
datasets by comparisons of data from natural 
(soils) and artificial traps (dry/wet filters). The 
proximity of Lake Haubi to the equator and the 
relatively high and dynamic sedimentation re-
gimes in this lake required the use of multi-
tracer approaches, e.g. U/Th-tracers, 210Pb, 226Ra, 
137Cs and 40K, and sensitive techniques to resolve 
these difficulties. This example illustrates the 
unique properties of lakes to assess soil erosion 
because of human, environmental and climatic 
effects in arid and semi-arid regions. Erosion in 
river-delta-coastal systems, in river-catchments 
and around river-systems can be used to give 
indirect data on the temporal changes of regional 
land-use, environment and climate impacts. This 
information is difficult, if not impossible, to get 
by other means.

coastal Marine systems

210Pb and 137Cs are used to study recent volu-
metric changes in salt marsh soils (Kim et al., 
2004) due to organic decomposition, compac-
tion and de-watering, which are closely related 
to contemporary weather and climate conditions 
and post-formation, e.g. diagenetic and aging, 
processes. Resolving contemporary and post-
formation processes depends on finding ap-
propriate temporal indicators. The most intense 
rates of change in soil volume are neither in deep 
nor old sediments, i.e. more than 1000 yrs, but 
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within the first several hundreds of years after 
accumulation. 210Pb and 137Cs dating appears to 
allow extrapolation backwards/forwards in time 
and thereby can extend 14C chronologies to sub-
recent deposits where 14C has major problems and 
limitations. Volumetric changes in salt marsh soils 
are of special interest for sedimentation studies, 
geochemistry of salt marsh, historical monitoring 
of heavy-metals and radio-nuclides. In Delaware 
(Kim et al., 2004) salt marshes, for example, the 
sedimentation rates were similar to the local sea-
level rise, about 3 mm/yr. Salt-marsh assemblages 
of modern diatom with distinct elevation zones 
suggest that the diatom distribution in salt-marsh 
is a direct function of elevation with the duration 
and frequency of sub-aerial exposure as the most 
important controlling factors (Horton et al., 2006). 
This diatom-based transfer function for the east 
coast of North America was used to reconstruct 
former sea levels and demonstrated a sea-level 
rise of c. 3.7 mm.y-1 over the past 150 years. 
Submergence of coastal marshes in areas with 
relative sea-level rise exceeding rates of marsh 
sedimentation, or vertical accretion, is a global 
problem. Using 210Pb-dating it was estimated that, 

since the 1950s, more than 2000 ha of wetland 
have been lost in the fluvial-deltaic systems of the 
Texas Gulf coast (White et al., 2002).

Radioisotopes are, also, used in studies of 
long-term dispersion of pollutants and excess 
nutrients in river-estuarine systems and their 
dispersion and accumulation in coastal marine/
oceanic areas. These long-term and large-scale 
environment-climate changes are related to previ-
ous global threats during the second half of the 
20th century and the newly expanding economies 
(Ip et al., 2004; Sanders et al., 2006). Uses of 
radioisotopes, e.g. 210Pb and 137Cs, to study river-
marine systems are imperative to understand the 
large-scale and long-term impacts of land-use on 
complex delta-coastal systems. These multi-scale 
processes require much more data and knowledge 
to arrive to quantitative approaches for predicting 
the regional environmental consequences.

Historical monitoring of coastal-lagoon 
sediments (Robert et al., 2006) show that they are 
very suitable for high-resolution studies where 
assemblages of minerals and microfossils reveal 
succession of events in accordance with human 
activities and climate change. Estuaries, however, 

Figure 6. The chronological changes of the sedimentation rates in Lake Haubi showing the intensive ero-
sion in a severely degraded area in Kondoa Irangi Hills, central Tanzania. © Journal of Paleolimnology 
19, page 382, El-Daoushy and Eriksson, 1988. With permission of Springer Science and Business Media.
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have diverse modern functions by being sites of 
port, industrial, urban and recreational activities 
and they are also important for many forms of 
animal life (Ridgway and Shimmield, 2002). 
Contaminations delivered from terrestrial envi-
ronments can affect estuarine ecosystems through 
fine-grained material transported from land. 
Half-lives of 210Pb and 137Cs, by being suitable to 
study accumulation rates of sediments and major 
constituents in marine coasts, allow quantifying 
the specific characteristics of the sea floor, e.g. 
patterns of primary production, lithogenic mate-
rial, near-bottom homogenisation and degradation 
of organic matter. Appearance of these nuclides 
in suspended matter of rivers indicates recent in-
puts to near-shore areas. Impacts of atmospheric 
pollution on the functioning and metabolism of 
coastal lakes, e.g. disappearance of fish due to 
acid rain can be assessed by tracer techniques 
(El-Daoushy, et al., 2001). Environment-climate 
changes have other remarkable impacts on the 
ecosphere such as the damage of photosynthesis 
in forest and marine systems.

fUTURe TRenDs AnD 
cOncLUsIOn

There is widespread concern about climate change 
in terms of its known and unknown impacts. The 
combined effects of climate and anthropogenic 
pollution in the atmosphere and hydrosphere 
makes “Hydro-informatics” an important sci-
ence not only on its own but also as know-how 
knowledge for management and policy making. 
The diverse impacts of environment-climate 
change calls for collaboration between disciplines, 
sectors and nations for achieving sustainable poli-
cies for using the natural resources of complex 
aquatic systems. The contrasting climates and 
the shifting weather conditions in the Nile Basin 
region, for example, make its land-water resources 
subject to a wide-range of threats. However, this 
region has enormous potential to mitigate the 

global CO2 cycle if its land-water resources can 
be fully utilised and renewable energy sources can 
be given a priority in this region. For example, 
more than 50% of the available water in the Nile 
Basin is left unutilised with great risk for pol-
lution and degradation. Better understanding of 
the water cycle and appropriate management of 
the land-water resources in this region would in 
addition to increasing the cultivated land, provide 
long-term development of healthy and sustain-
able life. The northern part of the Nile has, also, 
a critical interface with the Mediterranean Sea, 
a popular and heavily populated area facing new 
climate threats and an increasing pressure on its 
land-water resources.

Tracer tools are suitable for studies of com-
plex aquatic systems with shifting climate and 
weather conditions. Building African Networking 
for studies of environment-climate impacts in a 
global perspective can yield basic data on future 
threats. This would require developing appropriate 
tracer approaches to identify and classify major 
processes and parameters forcing large-scale and 
long-term changes in this region. Infrastructures of 
field stations, on-line and laboratory facilities as 
well as modelling tools should be developed and 
implemented for following the cycling of materi-
als, air and water-quality status in the whole Nile 
Basin. This Networking and infrastructure will 
involve suitable monitoring and modelling sites to 
quantify periodic and chronological changes that 
can be further linked with communication systems 
to allow timely information, quick and effective 
access to observations, databases of field observa-
tions and computer simulations. Short time-scale 
and micro-scale studies, and tight monitoring 
routines, in addition of being very expensive, are 
inadequate. Due to the irregular fluctuations intrin-
sic to many land-water systems, full knowledge of 
large-scale and long-term changes in sediment and 
soil archives is quite IMPERATIVE for developing 
reliable management and rehabilitation policies. 
The approaches given here allow the develop-
ment of predictive trends in complex land-water 
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systems by using radiotracer approaches. Coupled 
environment-climate changes are of such global 
character that no one program is going to explore 
their impacts over-night, they are however of such 
major importance that they need to be addressed 
using a number of different approaches. Using 
radiotracer approaches is one of the few means 
for doing this, especially if temporal and spatial 
scales are considered.

Existing environment-climate monitoring in-
frastructures are not integrated in coherent-whole 
system that can assess the impacts in complex 
aquatic systems in a straightforward matter. 
Though this fragmentation is not avoidable, it 
has major economical, scientific and engineer-
ing disadvantages. First of all they, the exist-
ing infrastructures, do not allow cost-effective 
data-acquisition of all rlevant information in a 
GIS-like system. Secondly, the scientific needs 
for developing such monitoring infrastructures, 
although very important, need to be formulated in 
a holistic approach to satisfy the involved issues. 
Thirdly, there are no engineering solutions that 
can offer monitoring field-stations integrating the 
environment-climate aspects in a coherent-whole 
technological product. Indeed, they are several 
intermediate links that should be solved before 
developing such environment-climate monitor-
ing infrastructures. Integrated environmental, 
meteorological and tracer-spectrometry systems 
with computerised communication network of 
field stations can offer adequate solutions that will 
certainly allow compilation of many interesting 
datasets of importance for understanding coupled 
environment-climate phenomena.
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KeY TeRMs AnD DefInITIOns

Tracers: organic and inorganic species act-
ing as space and time indicator of processes and 
interactions on the earth’s surface including all 
environmental systems
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Radiotracers: radioactive species that can 
yield reliable time-scales through their physical 
decay

Aerosols: organic and inorganic species ap-
pearing in the atmosphere especially of micro-sizes

Spatio-Temporal Scales: space and time 
scales used to describe changes/impacts on the 
earth

Environment-Climate Impacts: natural & 
man-made effects that cause degradation of life 
quality

Air and Water Quality: composition of air 
and water that has direct and indirect effects on life

Nile Basin: natural water systems and their 
catchments that support water-flow in the Nile

Key Performance Indicators: Essential 
performance/quality/safety/production indicators

Surface Water Systems: water on the earth’s 
surface, e.g. in lake- and river-catchment systems
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at the University of Botswana. His research interests are in surface water and vadose zone hydrology, 
water resources modelling, and GIS & remote sensing applications in Hydrogeology. Berhanu is more 
interested in solving practical problems in different applied engineering, water resources and agricultural 
water management issues and makes use of his time to work on transboundary and regional programs of 
research and sustained capacity building initiatives in Africa. He currently coordinates research projects 
in the Southern African Region with portfolio of above 1.7 Million USD.

Pierre Archambeau has obtained a PhD from the University of Liege (2006) on several contribu-
tions on hydraulic modelling from the development of a physically based hydrological model to flood 
modelling. At present, he is continuously working on several hydrologic modelling topics and the de-
velopment of the WOLF modelling system.

Ruth Bittner is a civil engineer with background in the fields of hydrology, water resources man-
agement and water quality modelling. She is the coordinator of the RIMAX-research programme “Risk 
management for extreme flood events” funded by the German Ministry for Education and Research 
(BMBF).

John Bromley is a Senior Fellow with over 35 years experience in the fields of hydrogeology and 
water resource management. He began his career in 1969 working as a geologist with the Geological 
Survey of Malawi before specializing in Hydrogeology through a PhD at the University of Bristol in 
1975. He then worked as a consultant hydrogeologist in South Africa until 1977. There then followed a 
long period of employment with the Institute of Hydrology in Wallingford from 1978 until 2006. During 
this period he was a member of 6 major EU projects including one as coordinator. In 2007 Dr Bromley 
moved to the Water Management section of the Oxford University Centre for the Environment where he 
is continuing his research into water resource management and in particular the application of Bayesian 
Networks as a participatory tool for integrated water resource management.

Carl Bruch is a Senior Attorney and Co-Director of International Programs at ELI. He has worked 
around the world to build and strengthen laws and institutions governing water and other resources. His 
work on water resource management has focused on governance aspects, including effective approaches 
for engaging stakeholders. He has trained staff of river and lake basin organizations throughout Africa. 
Bruch also has extensive experience with compliance and enforcement, as well as armed conflict and 
the environment. He has been a legal consultant to the Ramsar Convention Secretariat, UNEP, the 
Joint UNEP/OCHA Environment Unit, and the Commission for Environmental Cooperation. Bruch is 
Treasurer of the International Water Resources Association (IWRA), and serves on the Editorial Board 
of Water International. He previously worked for the United Nations Environment Programme (UNEP) 
and the Environmental Law Alliance Worldwide, and is currently an adjunct professor at Johns Hopkins 
University.
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Johannes Cullmann is a hydrologist with international experience and exposure. In Brazil, he lead 
studies about the hydrochemistry of floodplain lakes in Central Amazonia for the Max-Planck Institute 
and the Brazilian National Institute of Amazonian Research (INPA). In Chile, he was engaged in tech-
nical cooperation in the field of integrated water resources management planning and river restoration. 
He was involved in research for application of the European Water Framework Directive. He received a 
Phd in Hydrology from the University of Technology Dresden for his work on the synthesis of process 
models and artificial intelligence for flood forecasting. Since 2007 he heads the German National Sec-
retariat for the International Hydrological Programme (IHP) of UNESCO and the Hydrology and Water 
Resources Programme (HWRP) of WMO. He is editor of the Journal “Hydrology and Water Resources 
Management”, a member of the IHP Bureau for Europe and North America and Hydrological Advisor of 
the German Permanent Representative with WMO. His research interests focus on the parameterization 
of hydrological models and global water resources management.

Sylvain Detrembleur is a civil engineer and has a master degree obtained at the University of Liege 
in 2002. Since that time, he has been working at the Research Unit of Hydrology, Applied Hydrodynam-
ics and Hydraulic Constructions (HACH). He has been coordinating several flood mapping projects, 
among which the modelling of almost 1000km of river in southern Belgium with the two-dimensional 
modelling system WOLF. and the contribution of HACH in the INTERREG IVB AMICE project. He is 
now completing a PhD devoted to the development of two-dimensional vertical free surface flow model 
and three-dimensional pressurized flow solver.

Benjamin J. Dewals has obtained a PhD from the University of Liege (2006) on integrated model-
ling of flow and transport phenomena, including sediment or pollutant transport, air entrainment, as 
well highly erosive processes such as dam breaching and dam break on a mobile topography. He is 
currently a post-doctoral researcher of the Belgian National Fund for Scientific Research (F.R.S.-FNRS) 
and has been conducting research at Ecole Polytechnique Fédérale de Lausanne (Switzerland) as well 
as at RWTH Aachen (Germany). He also coordinates the activities of HACH in the national research 
project ADAPT on climate change.

Farid El-Daoushy, Uppsala University, has an outstanding experience in multi-tracers approaches 
for assessing environmental and climatic impacts. He developed technical and measuring infrastructures 
for construction of spatio-temporal scales where more than hundred students, trainee and researchers 
have joined his group or used his laboratories. He has extensive management experience of research 
programs, international workshops, graduate and undergraduate teaching. He has initiated, co-ordinated 
and participated in many national and European research projects and conferences in a wide-range of 
environmental and climate studies. His research deals with observing nuclear radiation in nature, assess-
ing global cycles of radioactivity and using them as tracers for the whole ecosphere where knowledge 
on atmospheric and hydrospheric composition can be extracted. His research proved to be applicable 
for assessing air and water qualities and to judge the risks and consequences of the final accumulation 
of radioactive and non-radioactive waste on the earth’s surface.

Tarig El Gamri, Associate Professor. Head: Water Resources Department, Desertification Res. 
Inst., National Centre for Research. Coordinator: M.Sc. Course in IWRM, Sudan Academy of Sciences. 
Awarded FAO Bronze Medal “Water Source of Food Security” in 2002. Research Interests: IWRM, Ir-
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rigation, Water Harvesting, Climate Variability and Change. Supervised and graduated 12 M.Sc. and one 
Ph.D. students. Author and co-author of about 35 scientific papers in referred journals and conferences 
both at the national and international levels and co-author of a book in IWRM. Executed a number of 
consultancies in; water management, irrigation and adaptation to climate change.

Mohamed El Sayed Embaby is working as Assistance Researcher (Head of Central GIS Unit), GIS 
and Remote Sensing Specialist, National Water Research Center, Ministry of Water Resources and Irri-
gation, Cairo, Egypt. Received master of science (2008) in Applying GIS in Integrated Water Resources 
Management from Civil Engineering Department, Faculty of Engineering, Hellwan University, Cairo, 
Egypt. My research interests have focused on Artificial Intelligence, Geographic Information System, 
Remote Sensing, Water Quality and Environmental Impact Assessment.

Julien Ernst has obtained a master degree in geomantic at the University of Liege (2006). Then, he 
joined the Research Unit of Hydrology, Applied Hydrodynamics and Hydraulic Constructions (HACH) 
at the University of Liege as PhD student and developed an automated tool for removing obstacles ir-
relevant to the flow (residual vegetation) from LiDAR data. From that time, he has been working on a 
PhD devoted to the development of a micro-scale approach for assessing flood risk by combination of 
two-dimensional modelling and highly accurate GIS.

Sébastien Erpicum has obtained a PhD from the University of Liege (2006) on optimisation of 
parameters in turbulent free surface flow modelling on multiblock grid, during which he has been 
conducting research at RWTH Aachen (Germany). From then, his job moved towards coupled numer-
ical-experimental research and he was promoted executive manager of the laboratory of Engineering 
Hydraulics at the University of Liege.

Charles Ezekiel works for Tanzania Fisheries Research Institute, in Mwanza, Tanzania and is 
currently serving as a Research Officer. His research interests are in the area of aquatic ecology of 
freshwater ecosystems.

Raziyeh Farmani is a research fellow in water engineering at the Centre for Water Systems at 
University of Exeter, UK with particular focus on urban water, water resources management and asset 
management. She has more than 14 years of research experience. She has been involved and led several 
projects funded nationally and internationally. She has authored more than 40 publications. She is cur-
rently involved in three Sustainable Urban Environment projects including exploring inter-relationships 
between water, energy, transport and waste infrastructure policies and development plans; establish-
ment and assessment of alternative urban futures in terms of design, engineering implementation and 
provision of alternative solutions for both energy and water infrastructure; and exploring the feasibility 
of integrated urban utility service provision to potentially reduce water and energy resource use and 
limit emissions.

Albert M. Getabu works for Kenya Marine and Fisheries Research Institute in Kisumu, Kenya 
and is currently serving as a Senior Research Officer. His research interests are in the area of aquatic 
ecology of freshwater ecosystems especially in the area of stock assessment using trawl surveys and 
hydro-acoustic methods.
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Rafaa Ashamallah Ghobrial holds BSC in Sciences, M.Sc in information Sciences and PhD in in-
formation technology. She is affiliated as assistant professor, Director of Documentation and Information 
Centre of National Centre for Research supervises the activities of the scientific information systems 
and services. She published some articles in referred journal and contributed to some national/regional 
and international conferences. She worked as part- time lecturer in some of the universities, resource 
person, building capacities and human resource development as well as contributes in the advisory and 
consultative planning of information committees inside/outside the country. The current areas of interest 
and research program related to informatics and information technologies and member in professional 
societies related to information/science/technology.

John W. Gichuki works for Kenya Marine and Fisheries Research Institute in Kisumu, Kenya and 
is currently serving as a Principal Research Officer. His research interests are in the area of aquatic 
ecology of freshwater ecosystems especially in the area of organic matter flows in the aforementioned 
ecosystems.

Raffaele Giordano got is PhD at Polytechnic of Bari in Spatial Planning in the field of Decision 
Support System for Complex Problems. He spent few months to the School of Management of Ottawa 
University, collaborating with prof. Gregory Kersten to the research activities dealing with “On-line 
Community Creation and Community Decision Support System”. He is currently involved as researcher 
in the Water Research Institute of the Italian National Research Council (CNR – IRSA). His main re-
search field concerns the use of Problem Structuring Methods to support Integrated Water Resources 
Management. Particularly, he is working on methods and tools to support conflicts analysis and negotia-
tion process. He participated to several research projects, both national and international. Among the 
latter, he carried out research activities in EU funded projects as NeWater and AquaStress.

Mukhtar Hashemi is a PhD candidate at Newcastle University and an alumnus of the University 
where he gained his MSc in Hydraulic Engineering in 1995. He is a university lecturer at University 
of Kurdistan, Iran, a water resources management consultant and an IWRM specialist working with 
major international and national projects in Iran providing consultancy services on DSS development, 
IWRM plan, wetland management, conflict resolutions and transboundary waters. He has extensively 
studied the role of ethics, religion and culture as well as institutional aspects (water policy, law and 
administration) in water management in the Middle East and North African (MENA) region. He is a 
member of IAHS, Gender Water Alliance (GWA), Iran’s Engineering Council as well as the editorial 
board of Iran Water Research Journal.

Hans Jørgen Henriksen is a Senior Adviser in hydrology and has worked in the area of integrated 
water resource management, modelling and tools for decision making under uncertainty at GEUS since 
1993. He was responsible for development of the National Water Resources Model (DK-model) 1997-
2003. From 2001-2004 he was the GEUS project responsible for the FP5 EU research project MERIT, 
EVK1-CT2000-00085 developing Bayesian belief networks with stakeholder engagement. Recently 
2005-2009 as work block leader in the FP6 EU research project NeWater (New management strategies 
for adaptive Water management under uncertainty) he was responsible for guidance, tools and training 
material for adaptive water management. He is educated as a MSc in Engineering from Danish Techni-
cal University 1982 and has recently (2006) completed a master degree in Psychology of Organisation 
at Roskilde University.
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Antonio Augusto Rossotto Ioris is a lecturer in human geography at the University of Aberdeen, 
Scotland, with a particular interest in the political aspects of the interrelation between nature and so-
ciety. In the last decade, his research has been covered several countries, including Scotland, Brazil, 
Portugal and Peru, and has used water management as an entry point into the political ecology of the 
allocation, use and conservation of natural resources. He has a long experience with water policy-making 
and project management in the UK (at the Scottish Environment Protection Agency), in Chile (at the 
UN Economic Commission for Latin America and the Caribbean) and in Brazil (at the Ministry of the 
Environment). New areas of research are related to the understanding of the search for environmental 
justice in the urban context and the multiple obstacles faced by marginalized communities to participate 
in environmental decision-making. Ioris currently coordinates an international network of academics and 
scientists that work in the Pantanal, a large South American wetland with global ecological relevance.

Waek Khairy is a Senior Researcher Engineer in the area of Water Resources Planning and Man-
agement. He got his Ph.D. in Civil and Environmental Engineering from the University of New Orleans 
in March 2000. Dr. Khairy has 18+ years experience in various water- and environmental engineer-
ing issues. He works as a National Focal Point for all regional projects/programs under the Nile Basin 
Initiative inside Egypt and coordinates for 25 regional projects within the Nile Basin. He participated 
in a number of water resources modeling and management projects, dam identification and feasibility 
studies, and scientific experiments with academic, governmental, private, and international institutions. 
He gained instructional and technical experience in environmental engineering, pollution control, drain-
age water management and evaluation, risk assessment, environmental modeling, climate change, and 
environmental impact assessment through working with the National Water Research Center in Cairo, 
Egypt; University of New Orleans, and Alabama A & M University for 14 years (1991-2004); and at 
the Minister’s Technical Office, Ministry of Water Resources and Irrigation, Egypt (2004-2007). Cur-
rently, Dr. Khairy is working as Director of the National Office of Egypt, Nile Basin Initiative, Nile-TAC 
Member & ENSAPT Member, Nile Water Sector, Ministry of Water Resources, and Irrigation, EGYPT.

John B. Kyalo Kiema holds a B.Sc., M.Sc., and P.G.Dip.(Comp. Sc.) from the University of Nairobi. 
In addition, he also holds a PhD in Geoinformatics from the Technical University of Karlsruhe, Germany. 
He is currently a Senior Lecturer in the Department of Geospatial & Space Technology, University of 
Nairobi. He is also the Coordinator of the M.Sc. (GIS) program at the University of Nairobi. Dr. Kiema 
has published 30 papers in different international journals. He has also supervised and examined 20 
postgraduate theses to date. Dr. Kiema is the immediate past Chairman of the Postgraduate Studies 
Committee, Faculty of Engineering, University of Nairobi. He is actively engaged in research and con-
sultancy in Mapping and Geoinformatics.

Olive C. Mkumbo works for 3Lake Victoria Fisheries Organization, in Jinja Uganda. Her research 
interests are in the area of aquatic ecology of freshwater ecosystems especially in the area of stock as-
sessment using trawl surveys and hydro-acoustic methods.

Semu A. Moges is an Assistant Professor at the civil engineering department of Addis Ababa Uni-
versity, Ethiopia. He has 15 years of teaching and research experience in the field of spatial hydrological 
modeling, water resources systems and management, trans-boundary river basin analysis, and impact of 
climate change studies. His experience was widely in the river basins in Tanzania (Pangani and Ruvu) 
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and Nile River basin and the tributaries in the Nile Basin region. He has managed to publish more than 
10 papers in journals and in international proceedings. He is an active member of staff who has been 
instrumental in initiating, managing and implementing individual, postgraduate-centered, collaborative 
research projects and programmes specifically in the areas of Hydrological and watershed modeling, 
climate Change Impact assessment, Water resources assessment and management.

José Luis Molina is a PhD young researcher who has just finished his PhD on the field of Integrated 
Groundwater Resources Management. This author has made several stays during the last three years, 
first of all in 2007, in the Danish Geological Survey (GEUS), then at the Oxford University Centre for 
Water Research, then at the Universidad Autónoma of Mexico D.F., and finally in 2009 at the Land, 
Water and Air department of the UCDAVIS. He is an environmental scientist and a hydrogeologist, 
and due to this interdisciplinary profile, the author is really interested on the integration of hydrogeol-
ogy studies with hydro-socio-economical and management issues. Finally, the author is a specialist in 
the application of Bayesian Networks for the study of groundwater management for incorporating the 
uncertainty to the natural processes and to the groundwater management.

Shadrack Mule has taught Analytical Chemistry at the Department of Chemistry, University of 
Eastern Africa, Baraton, Kenya. He has held the position of Chair in the Department of Chemistry. 
His research interests are in heavy metals, pesticides and nutrient analysis in soils, water and air. His 
has authored papers in refereed journals like Levels of lead, cadmium and zinc from selected informal 
metallurgical enterprises in Kenya, determination of hydrocarbons and nutrients in Water resources in 
Kenya and many more. He is a member of Kenya Chemical Society.

Mikiyasu Nakayama received his B.A. (1980), M.Sc. (1982) and Ph.D. (1986) from the University of 
Tokyo. He served as a programme officer in the United Nations Environment Programme (UNEP) between 
1986 and 1989. In UNEP, he participated in projects in such international water bodies as Zambezi River, 
Lake Chad, and the Mekong River. From 1989 to 1999, he was teaching at the Utsunomiya University. 
From 1994 to 1996, he worked in the North African Department of the World Bank to deal with water 
resources management projects in Morocco, Tunisia and Iran. From 1999 he served as professor at the 
Tokyo University of Agriculture and Technology, as well as Vice Dean of the United Graduate School 
of Agricultural Sciences. From 2004, he has been serving as a Professor of the University of Tokyo, in 
the Department of International Studies, Graduate School of Frontier Sciences.

Charles Nguta has taught Analytical and Environmental Chemistry at the Department of Chemis-
try, Egerton University, Kenya. He is the author of over 10 publications in refereed journals on works 
on analytical and environmental chemistry since 2004 having published works on Lead and Cadmium 
concentrations in cattle tissues in Nakuru Kenya, Levels of lead, cadmium and zinc from selected in-
formal metallurgical enterprises in Kenya, Sodium Bicarbonate Extractable phosphate levels in some 
acid soils of Rift Valley in Kenya and many more. He has held the position of Chemistry Department 
Chair, appointed as the secretary to Kenya Chemical Society. He is editor of the Kenya Chemical Society 
Journal. He is a member of Kenya Chemical Society and Environmental Impact Assessment NEMA.

Enda O’Connell is Professor of Water Resources Engineering, Director of the Water Resource Sys-
tems Research Laboratory, which he established in 1984, and Director of Earth Systems Engineering 
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at Newcastle University. He is the founding past President of the Hydrological Sciences Section of the 
European Geosciences Union. He has contributed extensively to the literature in the areas of stochastic 
rainfall modelling, distributed physically-based modelling of river basins, climate change impact assess-
ment, flood risk estimation, sustainable water resources management and Earth systems engineering, 
and is a member of the editorial boards of several leading international journals. He is a Fellow of the 
UK Royal Academy of Engineering.

Avi Ostfeld is an Associate Professor at the Faculty of Civil and Environmental Engineering at 
the Technion - Israel Institute of Technology. He served as a Senior Engineer and Project Manager at 
TAHAL - Consulting Engineers Ltd. in Tel - Aviv for three years; a year as a Research Associate at the 
University of Arizona; and three years as a Research Associate at the Technion. He spent sabbaticals 
as a Visiting Professor at the University of Illinois at Urbana - Champaign, and at Kyoto University. Dr. 
Ostfeld’s research activities are in the fields of water resources engineering, hydrology, and in particular 
in the area of water distribution systems optimization. Dr. Ostfeld published over 100 papers in refereed 
journals and international conferences. 

Howard Passell work focuses on conservation and sustainability projects, capacity building, and 
management associated with water and energy resources, with an emphasis on the links between water 
and energy and other systems, including food, demographics, economics, public health, and governance. 
He is currently involved in resource monitoring, modeling, technical training and policy-related projects 
at various scales in the U.S., Central Asia, the Middle East, and New Mexico. He earned M.S. and Ph.D. 
degrees in conservation biology and hydrogeoecology, respectively, from the University of New Mexico.

Georg Petersen is a chartered engineer and independent water resources consultant with more 
than ten years experience in the design, implementation, management and supervision of water related 
projects including hydrological assessments, EIÁs, climate change impacts on water resources, risk as-
sessments, hydropower and dams, harbour construction as well as river, coastal and wetland engineering 
projects. Georg has long term experience in overseas projects especially along the Nile, including the 
planning and execution of infrastructure works as well as environmental impact assessments, wetland 
mapping, water resources studies, flood risk assessments and dam studies. His PhD study, his current 
research work as well as several of his publications deal with the water resources in wetland and arid 
areas. Next to his consulting activities, Georg is a visiting lecturer at the University of Kiel, Germany.

Michel Pirotton has obtained a PhD from the University of Liege (1994) on Hydrological and hy-
draulic modelling of runoff and river flows. He is currently the head of the research unit of Hydrology, 
Applied Hydrodynamics and Hydraulic Constructions (HACH) at the University of Liege, where he is a 
full Professor. He is also an invited Professor at Ecole Polytechnique Fédérale de Lausanne (Switzerland). 
He has supervised 11 PhD students in Belgium and abroad. In addition, Prof. M. PIROTTON is vice-
president of AQUAPôLE, an interdisciplinary research and competence centre in water sciences serving 
public, regional and international institutions as well as private companies. Prof. Michel PIROTTON 
coordinates a team of 17 researchers contributing, among other research activities, to the development 
of the modelling system WOLF, which covers hydrological processes, fluvial hydraulics and flow on 
structures. He also operates the laboratory of Engineering Hydraulics of the University of Liege, which 
constitutes a large experimental facility (1500 m²) used both for validating and enhancing numerical 
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models and for the design of hydraulic structures. The HACH unit, through this experimental and nu-
merical know-how, has been involved in many regional, national and European research projects and 
have published in several international journals such as Environ. Fluid Mech., J. Hydraul. Res., Houille 
Blanche-Rev. Int, Int. J. Numer. Methods Fluids and J. Comput. Appl. Math.

Petr Praus (Ostrava, Czech Republic) graduated (MSc) at the Institute of Chemical Technology in 
Prague in 1987. Thereafter, he worked as a junior researcher in the chemical laboratory of the Research 
Institute of Metallurgy Vitkovice in Ostrava. During the years 1991-2002, he worked as the analyst and 
director in hydroanalytical laboratories in Ostrava. He received his Doctorate in Analytical Chemistry 
from the University of Pardubice in 1996. Since 2002, he has been the associate professor at the Depart-
ment of Analytical Chemistry and Material Testing of VSB-Technical University of Ostrava. He is the 
author and co-author of three tutorial texts and more than fifty scientific papers published in journals 
and conference proceedings. His research interests include hydrochemistry and water analysis, che-
mometrics (data mining techniques), and preparation and testing phyllosilicate-based materials for the 
adsorption of various compounds from water.

Pethuru Raj has been working as a lead architect in the corporate research (CR) division of Robert 
Bosch. The previous assignment was with Wipro Technologies as senior consultant and was focusing 
on some of the strategic technologies such as SOA, EDA, and Cloud Computing for three years. Before 
that, he worked in a couple of research assignments in leading Japanese universities for 3.5 years. He 
has 8 years of IT industry experiences after the successful completion of his UGC-sponsored PhD in 
formal language theory / fine automata in the year 1997. He worked as a CSIR research associate in the 
department of computer science and automation (CSA), Indian institute of science (IISc), Bangalore 
for 14 memorable months. He has been authoring research papers for leading journals and is currently 
involved in writing a comprehensive and informative book on Next-Generation Service Oriented Ar-
chitecture (SOA).

Marissa Reno is a hydrologist who is fascinated by water in all its states, processes, and uses, and 
eagerly engages in opportunities that address the complex sociotechnological challenges surrounding 
water. She is currently pursuing this passion by working to develop effective tools, including system 
dynamics (SD) models, to support decision making bodies and individuals in their efforts to sustainably 
manage the natural resources within our complex ecosystem. She earned a B.A. in Economics and B.S. 
in Environmental Science from the University of New Mexico in 2004, followed by an M.S. in Hydrol-
ogy from the New Mexico Institute of Mining and Technology in 2007.

Jesse Roach is interested in the dynamic interaction between a human population that is growing 
in numbers and consumptive potential, and the natural resource systems upon which such growth is 
based. He feels that an integrated modeling approach to analysis of the interconnected systems that 
govern natural resource availability and use is critical for effective long term planning. Dr. Roach holds 
Bachelor of Science degrees from Stanford University in Biology (1995) and Civil Engineering (1995), 
and a Masters of Science degree, also from Stanford, in Civil and Environmental Engineering (1997). 
He received his PhD in Hydrology from the University of Arizona in 2007, and has been working at 
Sandia National Laboratories since on integrated, systems level modeling of natural resource systems 
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with the goal of informing policy and planning decisions with cutting edge science. Dr. Roach lives in 
Albuquerque, New Mexico with his wife and son.

Amir Bakheit Saeed holds B.Sc, M.Sc, Ph.D, PG Diploma Agric. Engg. (soil and water Engg.) 
degrees. He published more than 40 articles in refereed journals and Attended and contributed in many 
local, regional and international conferences, symposia, seminars and workshops. Currently he works 
at the Dept. of Agric. Engg., Faculty of Agriculture, University of Khartoum, Sudan. He is an active 
member of Institute of Agric. Engg. (M.I.Agr.E.), T. Engg. (CEI), Association for the Advancement 
of Agricultural Sciences in Africa (MAAASA), Sudanese Agric. Soc. (MSAS), Cranfield Institute of 
Technology Society (UK), Sudanese Association for Combating Desertification, Co-editor for AMA. 
Journal, Japan. Besides teaching under and post- graduate courses, supervised (12) Ph.D. and (43) M.Sc. 
qualifications. He also worked as leader or member of research or consultancy group for various studies 
and other activities of agriculture, Agric. Engg. and soil and water Engg.

Kazimierz A. Salewicz was born in 1952 in Nowy Targ, Poland. Studied at the Department of 
Electronics, Institute of Authomatic Control, Warsaw University of Technology, where he graduated in 
1976 obtaining Master of Science Degree in the area of Large Scale Control Systems. After graduation 
worked as Research Assistant at the Institute of Meteorology and Water Management, Warsaw, Poland. 
Ph. D. in Control Sciences obtained in 1983 from the Warsaw University of Technology. Senior Fulbright 
Scholar at the Department of Civil and Environmental Engineering, Cornell University, Ithaca, NY. 
From 1987 until 1989 Leader of the “Large International Rivers Project” at the International Institute 
of Applied Systems Analysis, Laxenburg, Austria. Currently living in Vienna, Austria, and working as 
the Systems Analyst. Scientific interests cover development and implementation of DSS, optimization 
and mathematical modeling of water resources systems. Author of over 40 publications and co-editor 
of 2 books.

Gehan Abdel Hakeem Ibrahim Sallam working as Associate Professor (Head of Drainage Systems 
Design Criteria Unit), Drainage Research Institute (DRI) - National Water Research Center, Ministry 
of Water Resources and Irrigation, Cairo, Egypt. Received master of science (1997) and doctoral (2003) 
in Integrated Water Resources Management from Civil Engineering Department, Faculty of Engineer-
ing, Zagazig University, Egypt. My research interests have focused on Artificial Intelligence, Expert 
Systems, Geographic Information System, Integrated Water Resources Management and Environmental 
Impact Assessment. I was awarded as the best Female Civil Engineer of National Water Research Cen-
ter, Ministry of Water Resources and Irrigation in 2003, the best paper presenters in the First African 
Regional Conference on Drainage (ARCOD) 2004 and awarded with Prince Sultan Bin Abudulaziz 
International Prize for Water in Water Treatment Technology in the Thirteenth International Water 
Technology Conference 2009. I am a member on Egyptian Water Partnership, Arab Integrated Water 
Resources Management Network (AWARENET), World Academy of Young Scientists (Arab States) 
and the Research Development and Innovation (RDI) Programme by the Ministry of Higher Education 
and Scientific Research, Egypt.

Dragan Savic is Professor of Hydroinformatics at the University of Exeter, UK, where he has been since 
1994. He is also Director of the Centre for Water Systems (www.ex.ac.uk/cws) and Head of Informatics 
Research Institute. His research and teaching interests are in urban water systems and hydroinformat-
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ics, focusing on decision support methodologies for water and wastewater asset management. He has 
co-authored four books, four edited volumes and published over 100 research and professional papers 
in refereed journals. He is currently serving as the Editor-in-Chief for the Journal of Hydroinformatics. 
Professor Savic has lectured extensively abroad and has given research presentations at many institutions 
on all continents. He is currently a Visiting Professor at the Universities of Bari (Italy) and Belgrade 
(Serbia), UNESCO-IHE (Delft, The Netherlands) and Harbin Institute of Technology (Harbin, China).

Nadia Babiker Ibrahim Shakak holds a Bsc degree in...1981 awarded by University of Khartoum  
and a MSc degree in 1986 Awarded by Institute of Environmental Studies University of Khartoum., 
also Post graduated diploma in water quality management awarded in 1992, by institute of Hydraulic 
Engineering (IHE), the Netherland, and MSc degree in 2004 Awarded by ITC, one faculty in the uni-
versity of Twenty in the Netherland,. She visited many international events and contributed too many 
international publications such as.Nile Basin forums, Nile basin initiative (NBI) meeting and workshops 
(2005-2009), and The XXI ISPRS Congress in 2008, Beijing China. Her research interest includes En-
vironmental studies, Specialization Environmental system analysis and geoinformatics. She is currently 
working for the Ministry of irrigation and water resources, Sudan.

Fatma Mohamed Hassan Shaltout working as Associate Professor, Irrigation and Hydrology 
Department, Faculty of Engineering, Hellwan University, Cairo, Egypt. Received master of science 
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