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Abstract: This study addresses the impact of global warming on temporal-spatial changes in growing season in
Iran in the coming decades using daily data from 43 meteorological stations of the country dumna the time period
of 1981-2010. Data for future perwds were simulated in LARS WG ed.5 using the outputs of two atmospheric
general circulation models (HadCM3 and GFCM21) and three emission scenarios (A2, B1, and A1B). Analysis
of future temperature conditions suggests a greater increase in minimum temperature compared to maximum
temperature across Iran. Compared to the growing season of 1981-2010, the results based on the GFCM21
model for A2, A1B, and B1 emission scenarios showed that the length of growing season in the time span of 2046-
2065 will be extended by 21, 19 and 13 days respectively. Based on the HadCM3 model and the aforementioned
scenarios, the average increase in the length of growing season in Iran is 18, 17 and 14 days respectively. The
GFCM21 model ;nredzcts the growing season to be extended by 29, 32 and 17 days in during the period of 2080-
2099. The average extension of growing season in HadCM3 model compared to the period of observation is 28,
34 and 20 days.

Keywords: Climate Change, Growing Season, Downscaling, Iran.

Riassunto: Questo studio affronta Uimpatto del riscaldamento globale sui cambiamenti spazio-temporali della
stagione di crescita in Iran nei prossimi decenni utilizzando i dati giornalieri di 43 stazioni meteorologiche presenti
sul territorio nazionale durante il periodo 1981-2010. I dati per i periodi futuri sono stati simulati con LARS-
WG ed.5 utilizzando gli output di due modelli di circolazione generale atmosferica (HadCM3 e GFCM21) e tre
scenari di emissione (A2, B1 e AI1B). L'analisi delle condizioni termzche future suggerisce un maggiore aumento
della temperatura minima rispetto alla massima. Rispetto alla stagione di crescita 1981-2010, i msultatt basati
sul modello GFCM21 per gli scenari di emissione A2, AIB e Bl hanno mostrato che la durata della stagione di
crescita nel periodo 2046- 2065 verra estesa, rispettivamente, di 21, 19 e 13 giorni. Sulla base del modello HadCM3
e degli scenari sopra citati, laumento medio della durata della stagione dl crescita in Iran ¢, rispettivamente, di
18, 17 e 14 giorni. Il modello GFCM21 prevede che la stagione di crescita venga estesa di 29, 32 e 17 giorni nel
periodo 2080-2099. Lestensione media della stagione vegetativa secondo il modello HadCM3 ¢ di 28, 34 e 20
giorni rispetto al periodo di osservazione.

Parole chiave: Cambiamento Climatico, Stagione di Crescita, Downscaling, Iran.

1. INTRODUCTION 1938; Rogers et al., 1970; Howell et al., 1981).

The climate determines the type of agricultural
products that can be cultivated in the region.
Frost is one of the most important factors that
affect the amount of agricultural production to a
large extent. Occurring as a result of temperature
drop to a critical threshold, frost will damage
products if it is intense and lasts for a long time
(Alijani et al., 2010). Frosts are categorized into
two groups based on their origin: Radiation Frost
and Advection Frost. Radiation frost takes place
as the surface loses heat (Geiger et al., 1995) while
Advection frost is a result of horizontal movement
of an air mass at a sub-zero temperature (Cornford,
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One of the statistical indicators of frosts is the
length of the growing season. The growing season
is also titled as the frost-free (Brown, 1976) or no-
frost season (WMO!, 1969), plant growing season
and the length of the no-frost season (Alijani et
al., 2013).

Many definitions have been presented for the
growing season length (Brown, 1976; Brinkman,
1979; Baron et al., 1984; Skaggs and Baker, 1985),
However, the most common of them are the
definitions related to the occurrence of the first
autumn frost and the last spring frost (Robeson,
2002). Moreover, different studies analyzed the
characteristics of the growing season with the
help of phenology (Menzel and Fabian, 1999;
Schwartz and Reiter, 2000; Scheifinger et al.,
2003). Furthermore, growing season is defined
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differently for different locations and it is based
on many climate variables, as the characteristics of
the growing season for tropical regions are often
associated with the spatial distribution of rainfall
while in middle latitudes they are associated with
the spatial distribution of temperature (Robinson
and Henderson-Sellers , 1986).

Many researchers analyzed the trend of changesin
growing season length, providing various results.
Heino et al., (1999) found evidence suggesting a
decrease in the number of frost days in northern
and central Europe from the 1930s on that
matches the intense increase of the minimum
winter temperature in Europe (Easterling et
al., 2000). Furthermore, an average of 10.8 days
was added to the growing season from 1959
to 1993 (Menzel and Fabian, 1999). Trends of
the extreme minimum winter temperature in
China show a 2.5 °C increase during the period
of 1951-1990 (Zhai et al., 1999). Summer in
Estonia has become significantly longer while
its winter has become shorter by almost 30 days
(Jaagus and Ahas, 2000). In New Zealand, the
frequency of cold nights has been reduced by 10
to 20 from 1951 to 1996 (Salinger and Griffiths,
2001). Schwartz and Reiter (2000) claim that late
spring frost in North America has been shifted
toward the beginning of spring. However, the
shift is unsteady and nonlinear. Baron et al.,
(1984) verified that, in Massachusetts, late
spring frosts are followed by earlier autumn
frosts. This systematic relation was resulted from
investigating data start and end of every frost
from a period of 70 years.

In addition, the number of days of growing season
has been reduced in the Midwestern United States
since the climax of northern hemisphere warming
in 1940 (Brown, 1976). Growing season in the
State of Minnesota has been extended during the
course of the 20th century due to the time of last
early frosts and the first late frosts being shifted,
but the extent of the increase was different in
the studied stations (Skagges and Baker, 1985).
Brinkmann (1979) showed that the growing
season length in Wisconsin extended in the
period of 1985-1900. Sharratt (1992) also verified
that the growing season length has been extended
in multiple stations during the course of the 20th
century. Cooter and Leduc (1995) showed that
the frost-free season starts 11 days earlier now
compared to the 1950s in the northeastern United
States. Furthermore, DeGaetano (1996) reported
significant trends in the reduction of the number
of cold extreme days across the same region. In

Ilinois, growing season length has been extended
by almost a week in the last 100 years which is a
result of early spring frosts. However, the dates
of first autumn frosts have remained substantially
the same (Robeson, 2002).

In addition to studies pertaining to the trend of
changes in growing season length, simulations
of General Circulation Models (GCMs) also
predict extension of the growing season for the
21st century. Based on A1B, B1, and A2 emission
scenarios, the growing season is expected to be
extended by 27-42 days in Idaho State in The
United States by 2099 (Santos et al., 2015).
Predictions based on Bl and A2 emission
scenarios show that by 2050 the growing season
in northern Estonia is extended by 16 to 24 days
and by 18 to 28 days in the southern part of the
country (Saue and Karemaa, 2015). Based on
the results of GCMs outputs, the growing season
length in Catskill Mountains, New York, will be
extended by 10 to 25 days and by 13 to 40 days in
the span of 2045-2065 and 2080-2099 respectively
(Anandhi et al., 2013).

In recent years, extensive studies have been
conducted in Iran on climate change and its
impact on the long-term behavior of minimum,
maximum and average temperatures. Many of
these studies verified the increasing trend in the
minimum temperatures in Iran; however, it is to
be noted that the trend is not the same everywhere
in the country (Alijani et al., 2011a). Furthermore,
the spatial cores of cold waves were observed to
be displaced from latitudes around 35° toward
latitudes above 36° in the west and northwestern
Iran (Alijani et al., 2011b). Sedaghat Kerdar and
Rahimzadeh (2007) also investigated the changes
in growing season length during the second half
of the 20th century, in 16 weather stations in
Iran, based on three index extents: the number
of frost days, the number of icing days and the
growing season length. Their results suggest
extended growing season length in most stations
in the country, especially in the northern parts,
with Kermanshah, Mashhad and Tehran stations
being extended 12, 9 and 7 days respectively.
Consequently, the above cited stations were
associated with a decreasing trend in the number
of frost days. In Tehran, frost days were reduced
by 7, and by 4 in Isfahan, Mashhad, and Shiraz.
Using Statistical downscaling models, Esmaeili et
al., (2010) examined the alterations of growing
season and frost period length for the past (1976-
2005) and future periods (2011-2040) in Mashhad,
Torbat-e Heydarieh, and Sabzevar stations in



northeastern Iran. They showed that the growing
season have been extended in Mashhad and
Sabzevar, shortened in Torbat-e Heydarieh; the
length of frost period was reduced by 15-16 days
in all three stations which was attributed to global
warming. The average length of growing season
in Iran was 231 days during the period of 1961-
2000. However, UKMO climate scenarios predict
an elongation of 15 days by 2025 and 29 days by
2050 for growing season in Iran (Koocheki et al.,
2006). The impact of climate change on rainfed
wheat production in Iran showed the shortening
of the growing period as cultivation date is shifted
toward winter, reducing the production in all
the studied sites (Nassiri et al., 2006; Roshan et
al., 2014).

Increasing the length of growing period causes
change in hydrologic cycle by increasing
evapotranspiration, more drainage of soil
moisture and decreasing stream flow. These
changes lead to an increase in water requirement
of plants and ultimately more use of water (CCSP.
2008. Christiansen et al., 2011). Investigations
carried out by EIMahdi et al., (2009), Gohari et
al., (2013) and Zamani et al., (2016) in various
parts of Iran suggest an increase in temperature
in all months of the year for the coming decades.
Moreover, agricultural water demand will
increase and the region will face an increasing
trend in water demand. This is of utmost
importance in Iran, a country with arid and semi-
arid climate and suffering from water shortage.
In order to manage the impact of climate change
on the agriculture sector, a precise investigation
seems to be necessary. This research aims to
simulate the effects of increasing the minimum
temperature on the time displacement of date
of the first and last occurrence of autumn and
spring frosts of Iran at a temperature threshold
of zero degree Celsius and less than it. These
displacements cause changes in the length of the
growing period, that is, time interval between
the end of the frost in the spring and the
beginning of the frost in the autumn. Moreover,
the comparison of the mean growing period
of past and future in different areas of Iran
based on different scenarios of climate change
is considered as the main objective of this
research.

2. MATERIALS AND METHODS

This study was conducted within the framework
of five stages: 1) Sift of General Circulation Model
(GCM) data under various emission scenarios for

Iran 2) Statistical downscaling of the GCM using
the LARS-WG statistical downscaling model 3)
validation of the statistical downscaling model
with the help of observation data 4) prediction of
the minimum temperature (T,;,) corresponding
to climate change scenarios for the next 85
years (ex. 2011-2030 (2025), 2046-2065 (2055)
and 2080-2099 (2085)) and 5) extraction of the
growing season length for observation and future
periods based on predefined thresholds and by
comparing them with one another. The studied
region, data, models, and methods are explained
in the following sections.

2.1. Study area

With a total area of 1 648 195 square kilometers,
the vast country of Iran is located between
geographical latitudes 25 to 40 northern degree
and longitude 44 to 63 eastern degree in
desert belt of northern hemisphere. Owing to
special geographical location and topography
characteristics of each region of Iran, different
climates govern it. The mean annual precipitation
in Iran is approximately 250 mm and 73% of its
area has precipitation less than 300 mm and 5.7%
of it has precipitation more than 550 mm. The
air temperature in Iran depends on altitude,
latitude and moisture sources. In this regard, the
effect of altitude on air temperature is more than
other parameters. The governance of planetary
conditions also has a significant impact on
temperature changes in Iran. For example, the
governance of the subtropical high pressure in
the warm season, especially in southern latitudes
and governance of Siberian high pressure in the
cold season, especially in the north-east, have
significant impact on Iran’s climate. All of the
mentioned conditions have caused Iran to have
a warm climate with mid-latitude continental
temperature regimen. Considering the temporal-
spatial scale of this research, January with 6.3
degree Celsius is the coldest month of the year
and July with 29.8 degree Celsius is the warmest
month of the year in Iran. More than 78 percent
of Iran’s area experiences mean temperature of
more than 15 degree Celsius in year, and the
warmest region of Iran is south and southeast
and the coldest region is northwest. The mean
temperature of Iran increases from north to
south and from west to east, which increase in
the temperature in the western-eastern direction
is due to the mountains and topography of west
of Iran and increase in temperature in northern-
southern direction is due to approaching the
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equator and increasing the angle of sun and the
moisture richness of atmosphere in the aquatic
zones in south of Iran (Masoodian, 2009).

2.2. Data

The data required for the research comprises
two groups of observation and simulated
data. The observation data (Fig. 1) from Iran
Meteorological Organization, are a complete
set of information including the minimum and
maximum temperatures, precipitation and daily
sun hours from 43 synoptic stations in various
parts of Iran spanning a period of 30 years (1981-
2010). The data were processed for generating
simulated data for the future. The second group
is the simulated data of future period (2025s,
2055s and 2085s) generated using the downscaled
output of large-scale general circulation models
(GCMs) in LARS-WG model (version 5) under
the emission scenarios (B1, A2, A1B).

2.3. Methods

2.3.1. LARS-WG model

In order to downscale the output of large-scale
general circulation models (GCMs), one of the
most well-known stochastic weather generator
models called as Long Ashton research station

weather generator (Lars-WG) was used. This
model is used to generate precipitation, solar
radiation, and single-site maximum and minimum
daily temperatures under both current and future
climate conditions (Semenov et al., 1998) The
original version of LARS-WG was first introduced
in 1990 as part of the Assessment of Agricultural
Risk Project in Hungary. The efficiency of the
LARS-WG model was evaluated and approved
by Semenov in 1990 at 18 meteorological stations
in the United States, Europe and Asia (Babaeian
and Najafi, 2011).

LARS-WG is based on the series weather
generator described in Racsko et al., (1991).
It utilizes semi-empirical distributions for
the lengths of wet and dry day series, daily
precipitation and daily solar radiation. The semi-
empirical distribution Emp = {a,, a;; h,, i = 1,..., 10}
is a histogram with ten intervals, [a,, a,], where
a; ;< a;, and h; denotes the number of events from
the observed data in the i-th interval. Random
values from the semi-empirical distributions are
chosen by first selecting one of the intervals (using
the proportion of events in each interval as the
selection probability), and then selecting a value
within that interval from the uniform distribution.
Such a distribution is flexible and can approximate
a wide variety of shapes by adjusting the intervals

Fig. 1- A map
of the weather stations

located in Iran used

in this study.
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[a;;, a;]. The cost of this flexibility, however, is
that the distribution requires 21 parameters
(11 values denoting the interval bounds and 10
values indicating the number of events within
each interval) to be specified compared with,
for example, 3 parameters for the mixed-
exponential distribution used in an earlier version
of the model to define the dry and wet day series
(Racsko et al., 1991).

Daily minimum and maximum temperatures
are considered as stochastic processes with daily
means and daily standard deviations conditioned
on the wet or dry status of the day. The technique
used to simulate the process is very similar to
that presented in Racsko et al., (1991). The
seasonal cycles of means and standard deviations
are modelled by finite Fourier series of order 3
and the residuals are approximated by a normal
distribution. The Fourier series for the mean
is fitted to the observed mean values for each
month. Before fitting the standard deviation
Fourier series, the observed standard deviations
for each month are adjusted to give an estimated
average daily standard deviation by removing
the estimated effect of the changes in the mean
within the month. The adjustment is calculated
using the fitted Fourier series already obtained
for the mean.

The observed residuals, obtained by removing the
fitted mean value from the observed data, are used
to analyse a time autocorrelation for minimum
and maximum temperatures. For simplicity both
of these are assumed to be constant through
the whole year for both dry and wet days with
the average value from the observed data being
used. Minimum and maximum temperature
residuals have a pre-set cross- correlation of 0.6.
Occasionally, simulated minimum temperature is
greater than simulated maximum temperature, in
which case the program replaces the minimum
temperature by the maximum less 0.1 (Semenov
and Barrow, 2002).

In LARS-WG, the process of generating synthetic
weather data can be divided into three distinct
steps, Model Calibration, Model Validation, and
Generation of Synthetic Weather Data, which
are briefly described as follows. More detailed
description of the modeling procedure can be
referred to Semenov (2002).

2.3.1.1. Model calibration

Model calibration is done to use the function
“SITE ANALYSIS” in LARS-WG, which analyzes
observed weather data (e.g., precipitation and

the maximum and minimum temperature) to
determine their statistical characteristics and
stores this information in two parameter files.

2.3.1.2. Model Validation

The parameter files derived from observed
weather data during the model calibration
process are used to generate synthetic weather
data having the same statistical characteristics as
the original observed data. Model validation is to
analyze and compare the statistical characteristics
of the observed and synthetic weather data to
assess the ability of LARS-WG to simulate the
precipitation, Tmax, and Tmin at the chosen sites
in order to determine whether or not it is suitable
for use in the study. In order to evaluate whether
the probability distribution in the generated
data is close to that in observation data from the
studied stations, the probability distribution of
observation and simulated data were evaluated by
the Q-Test option using the K-S goodness-of-fit
test (Kolmogorov-Smirnov) with the average and
standard deviation of the data being evaluated by
paired sample T (T-dependent) test, and their
level of significance at 0.05.

2.3.1.3. Generation of Synthetic Weather Data

The parameter files derived from observed
weather data during the model calibration
process can also be used to generate synthetic
data corresponding to a particular climate change
scenario simulated by GCMs (Chen et al., 2013).

2.3.2. Confidence intervals

In simulations related to climate change studies,
it is not always possible to include all the factors
affecting the studied variable. Thus, the outputs
of these simulations are always associated with
some error or uncertainty. Thus, recognizing these
errors or uncertainties in the simulations of each
model seems to be necessary in making judgments
and ensuring the output of the results. Hence,
this research examined output uncertainty of the
two selected models using Bootstrap method and
in monthly base.

In the Bootstrap method, it is assumed that X =
(x, X, ..., x,) is a random sample of the unknown
distribution of population F. It is also assumed
that the statistic of interest 0 = t (F) is estimated
using X sample. First, the statistic of interest is
calculated from B size. In the next step, the
standard deviation and significance level are used
to determine the confidence interval. Taking
these two values account, statistics on interest of
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previous step are fitted to the normal distribution
in the previous step, and the two upper and
lower limits are determined in accordance with
significance level. In this study, the simulated
values of the two selected models for the
minimum temperature variable and at each
station were used as bootstrap input. In addition,
Bootstrap output would be uncertainty band
of selected models’ output at 99% significance
level. The 99% uncertainty band means that if
the given variable is fitted in the normal
distribution, with probability of 99%, values of
this variable are placed in the range of 0.5 and
99.5%. In other words, if the estimated values of
the models are within the confidence interval of
the observed data, it indicates the significance
at the desired level, and if it is out of this interval,
it indica-tes the uncertainty to the estimated
value. To obtain more information on the details
of this method, you can refer to the references
of Erfon and Tibshirani (2014) and DiCiccio and
Erfon (1996).

2.4. Global climate models

In the LARS-WG pre-assumption, there are
15 general circulation models (GCMs) under
the emission scenarios (B1, A2, A1B). To select
the most suitable model among the 15 existing
models, it is necessary that their performance
and efficiency to be evaluated and approved
in simulation of future data. The most suitable
model is selected based on the maximum value of
the coefficient of determination (R?) (Bozorgnia
and Khorami, 2007), the minimum value of
Root-Mean-Square Error (RMSE) (Bozorgnia
and Khorami, 2007) and the maximum value of
Willmott’s index of agreement (d) (Willmott et
al., 2011), which their value is always between
zero and one. In this index, the value 1 indicates
the best fit, and the zero value indicates the
worst fit. The equations related to coefficient
of determination, root-mean-square error, and
Willmott’s index of agreement (equations 1 to 3)
are presented below:

[P, (xi - X)(Yi- 7]
n,(Xi—X)" I, (¥i-T)°

In this equation, the value of R® represents
a linear relationship between simulated and
observed data, which its value is between 0 and 1.
As this value is closer to 1, the linear relationship
between the two values would be stronger. Xi and

R = (1)

Yi represent the simulated and observed ith data
and X and Y are the mean of the total data.

n
1
RMSE = — Z(Sim,i — obs, i)? (2)
n n=1
. M (JSim,i — obs,i|)? 3
B n,(|Simi — obs| + |obs, i — obsi[)2

In these equations, sim, i is simulated values, obs, i is
observed value, andi is the mean observed values.
Finally, from the 15-model set of Lars models, two
global climates models (GFCM21 and HADCM3)
with maximum efficiency (correlation) and the
minimum simulation error in estimating the
temperature parameter were selected as models to
examine the effect of climate change on growing
period in Iran.

2.4.1. HadCM3 model

The output of HadCM3 (Hadley GCM3) was
used for this research. This model uses 360-
day year and incorporates a spatial grid of 2.5°
latitude and 3.75° longitude. The General
Circulation Model (GCM) consists of a complex
model of earth surface processes including: 1) 23
categories of vegetation. 2) 4 layers of soil where
temperature, frost, and ice melting are traced. 3)
and an accurate evaporation and condensation
function which depends on temperature, partial
pressure of water vapor, type of vegetation and
concentration of atmosphere carbon dioxide. This
model is known to be one of the most complete
of GCMs. HadCM3 is a unique GCM that do not
require flux adjustment in order to generate a real
scenario (Gordon et al., 2000).

2.4.2. GFCM21 model

This is one of the models by Geophysical
Fluid Dynamics Laboratory of the Princeton
University, which is designed for atmospheric
and ocean climate simulation in a daily time
scale. The atmospheric model ed. CM2.1 offers
a resolution of 2%2.5° (latitude*longitude) and 24
vertical levels. The ocean model with a resolution
of 1#1° (latitude*longitude) has 50 vertical levels
(Delworth et al, 2006). Model simulations predict
the Thermohaline circulation to be reduced.
Thermohaline, also known as the global ocean
conveyor belt, is especially important; since the
circulation is accountable for the transport of a



large portion of the heat from tropical regions
to higher latitudes in the current climate
(Shamsipour, 2013).

Any change in the concentration of greenhouse
gases in the atmosphere results in an imbalance
between components of the earth climate system.
Butitis not certainly determined how much of such
gases entered the atmosphere as a result of human
activity and how they will impact the climate on
earth. Therefore, the predictions are presented
with uncertainty and for various scenarios. Data
simulated with the two aforementioned models
for the time periods of 2046-2065 and 2088-2099
were implemented for A2, A1B, and B1 emission
scenarios. The characteristics of the selected
scenarios are presented in Tab. 1. After forming
a database of minimum observed and simulated
temperature data, the length of the growing
season, that is, the number of days between the
last spring frost and the first autumn frost (zero
temperature and less) was individually extracted
for each station. Next, the growing season length
of observation and simulated data were compared
and growing season length variation maps were
generated based on the observation data reported
by the stations.

3. RESULTS AND DISCUSSION

3.1. Validation of LARS WG

Examining LARS validation results, it was found
that the k-s test was significant and acceptable
for all stations. The T-test was also significant

atalevel of 0.05 in all stations except for Bojnourd
in the month of JUN, Bushehr and Shahr-e
Kord in MAR, Isfahan in FEB and Zahedan
in AUG. Overall, it is safe to say that LARS-
WG is well capable of simulating the minimum
temperatures of the studied stations in Iran with
random error.

3.2. Analysis of uncertainty

Forexample, the uncertainty analysis related to the
mean temperature of the Sanandaj Meteorological
Station is presented in Fig. 2. The results of the
analysis for this station indicate that the mean
of monthly minimum temperature of Sanandaj
Station is in the confidence interval of 99% for
10 months and its standard deviation is in the
confidence interval of 99% only for 2 months, and
rest of months are out of this interval. However,
the results for all of the studied stations revealed
that mean minimum temperature of 72.7% of
months and standard deviation of only 6.6% of
the months were in the 99% confidence interval
(their diagrams have not been illustrated). Thus,
the results suggest the weakness of the model in
the estimation of standard deviation. Two models
and three scenarios were used to reduce this
uncertainty, as stated before.

3.3. The trend of minimum and maximum
temperatures of Iran

Investigating the trend of long-term changes
in mean annual minimum and maximum

Description

Scenario

The A1B scenario describes a future world of very rapid economic growth, low population growth,
and the rapid introduction of new and more efficient technologies, with a balanced emphasis on all
energy sources. Major underlying themes are convergence among regions, capacity building, and
increased cultural and social interactions, with a substantial reduction in regional differences in per
capita income.

AlB

The A2 storyline and scenario family describes a very heterogeneous world. The underlying theme
is self-reliance and preservation of local identities. Fertility patterns across regions converge very
slowly, which results in continuously increasing population. Economic development is primarily
regionally oriented and per capita economic growth and technological change more fragmented and
slower than other storylines.

A2

The B1 storyline and scenario family describes a convergent world with the same global population,
that peaks in mid-century and declines thereafter, as in the Al storyline, but with rapid change

in economic structures toward a service and information economy, with reductions in material
intensity and the introduction of clean and resource-efficient technologies. The emphasis is on
global solutions to economic, social and environmental sustainability, including improved equity,
but without additional climate initiatives.

Bl

Tab. 1 - Characteristics of scenarios B1, A1B and A2 future period. (Pachauri and Reisinger, 2007).
Tab. 1 - Caratterisitche degli scenari futuri B1, A1B e A2 (Pachuari e Reisinger, 2007).
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Fig. 2 - Bootstrap graph mean and minimum temperature of Sanandaj station in confidence interval 99%.
Fig. 2 - Temperatura media e minima della stazione di Sanandaj con intervallo di confidenza 99%.

temperatures of Iran in the 2020s, 2050s and
2090s compared to the base period (1981-2010)
for the two HadCM3 and GFCM2 models shows
that the rate of increase in minimum temperature
is higher than that in maximum temperature (Tab.
2). The increase in minimum temperature has a
great impact on frost indices such as frequency of
frost days, the variation of the date of the first and
the last frosts, frost period length, and growing
season length.

3.4. Growing season length in the Period of
Observation

The results of investigating the station data
suggest that the mean growing period or non-
frost period, that is the time interval between
the last spring frost to the first autumn frost at
a threshold of zero Celsius temperature and
lower, is 266 days in Iran.This region is frost-free.
Moving away from the coast, growing season is
shortened. After the southern coastline, lowlands
in south and southeast and the coast of the
Caspian Sea are associated with the largest GSLs.
The shortest GSL corresponds to mountainous
regions of the north west-south east stations,
namely: Ardabil, Saqqez, Shahr-e Kord and
Hamedan stations with 164, 170, 172 and 178
days respectively (Fig. 3).

3.5. Growing season length in the Future

Compared to the growing season of 1981-2010,
based on the GFCM21 model and A2, A1B and
Bl emission scenarios, the length of growing
season in the time span of 2046-2065 is observed
to be extended by 22, 19 and 13 days respectively
all across Iran. Based on the AlB scenario,
stations on the shore of the Caspian Sea (Gorgan,
Rasht) and also Khorramabad are associated with
the maximum increase. The number of frost-free

Minimum Maximum
Period Scenario | temperature | temperature
C° (Oh

AlB 0.71 0.67

2011-2030 A2 0.75 0.71
Bl 0.68 0.65

AlB 2.37 2.34

2046-2065 A2 2.16 2.13
Bl 1.8 1.68

AlB 3.5 3.47

2080-2099 A2 4.09 4.07
B1 2.37 2.34

Tab. 2 - The average annual increase in minimum and maxi-
mum temperatures of Iran in the decades of 20, 50 and 90
future models: HadCM3 and GFCM21, Compared with the
period (1981-2010).

Tab. 2 - Aumento medio annuo delle temperature minime
e massime in Iran nei decenni futuri 20, 50 ¢ 90 secondo
i modelli HadCM3 e GFCM21, rispetto al periodo (1981-
2010).

stations will reach 11. This means growing season
length will be extended to 365 days all across the
coastline of the Persian Gulf and the Oman Sea,
and in lowlands of the southeast, and at stations
on the northern coastline, namely Bandar-e
Anzali, Babolsar, and Ramsar. In A2 and Bl
scenarios, spatial changes are similar to those for
the A1B scenario. Tabriz, Arak, Qazvin, Urumia,
Khoy and Sanandaj stations in northwestern
Iran will be impacted the least, and Gorgan,
Rasht, Khorramabad stations will be impacted
the most. Based on the HadCM3 model and the
aforementioned scenarios, the average increase
in the growing season in Iran is 18, 17 and 14 days
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respectively. Spatial changes of growing season
length is not much different than for GFCM21
but the changes are more limited. Maximum
increase will take place in Gorgan, Ramsar
and Rasht on the northern coastline, Ardabil,
Hamedan, Khorramabad and Shahr-e Kord in
mountainous regions of the west and northwest
and also in Mashhad in northeastern Iran. Yazd,
Abadeh and Shiraz stations in the southern half,
and Sabzevar, Semnan, Tehran, and Tabriz in the
northern half of the country will be associated
with the lowest increase in growing season length
(Fig. 4, Tab. 3).

The GFCM21 model predicts the growing season
to be extended by 29, 32 and 17 days in during the
period of 2080-2099. Based on the A1B scenario,
the growing season length in Gorgan and Rasht on
the northern shores, Shiraz in the southern half
of the country, and mountainous stations of the
west and northwest, namely Ardabil, Hamedan,
Saqqez, Shahr-e Kord and Khorramabad will
be increased by more than 45 days compared
to the period of observation. Tabriz station will
be accompanied by the lowest increase. The
growing season length of stations mentioned in
the earlier scenario will be increased by more
than 50 days in the pessimistic A2 scenario,
with the lowest increase taking place, again, in

Tabriz. In the optimistic B1 scenario, however,
the increase will be less intense and the growing
season length in the stations will be extended
by 30-35 days. The average extension of growing
season in HadCM3 model compared to the
observed period is 28, 34 and 21 days. Based
on the A1B scenario, Gorgan and Rasht stations
on the coast of the Caspian Sea, and Ardabil,
Khorramabad and Shahr-e Kord in the north-
west and also Mashhad and Torbat-e Heydarieh
will experience the highest increase in growing
season length by more than 40 days compared
to the period of observation. Sanandaj and Qazvin
stations in the northwest, and Semnan and
Sabzevar in the north-east, and Abadeh in the
Southern half of Iran will be impacted the least,
changing by 24-26 days. Based on the pessimistic
A2 scenario, Tabriz, Arak and Qazvin stations will
experience the lowest increase in growing season
length, while Gorgan and Rasht on the coast
of the Caspian Sea, and Ardabil, Khorramabad
and Shahr-e Kord in the northwest will experience
the highest increase in growing season length.
In the B1 scenario, Zabol station will experience
a significant increase in addition to the previously
mentioned stations. The lowest increase takes
place in Sabzevar, Abade and Tabriz stations
(Fig. 5, Tab. 4). Investigations carried out by
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Fig. 4 - GLS changes in the period (2046-2065), based on models GFCM21 and HADCMS3, under emission scenarios A1B,
A2 and B1 compared with the observation period (1981-2010) in Iran.

Fig. 4 - Cambiamenti GLS nel periodo (2046-2065), basati sui modelli GFCM21 e HADCMS3, sotto gli scenari di emissione
AIB, A2 e BI rispetto al periodo di osservazione (1981-2010) in Iran.

Koochaki and Kamali (2009) suggest that leaf
area index and the absorbed solar radiation
will be reduced compared to the current situation,
in the conditions of climate change despite
an increase in CO, concentration. Reduction
in the absorption of solar radiation will redu-
ce the growth rate of the product, resulting
in the significant production of dry material.
Moreover, shortage of water due to the
increased evapotranspiration will reduce the rate
of growth. Their prediction suggests reduction in
production of rainfed wheat by 16-24% in 2025
and 22-32% in 2050.

4. CONCLUSIONS

In this research, the outputs of two general
circulation models (HadCM3 and GFCMZ21)
under three emission scenarios (A2, A1B, and
B1) were downscaled on 43 synoptic stations
in Iran. The results suggest the minimum
temperature will be increased to a larger extent
compared to the maximum temperature in the

following decades in Iran. The increase of the
minimum temperature changes frost indices
such as growing season length, being the number
of days between the last spring frost and the first
autumn frost (0°C and below). Compared to the
period of 1981-2010, the results based on the
GFCM21 model for A2, A1B, and B1 emission
scenarios show the length of growing season in
the span of 2046-2065 to be extended by 21, 19
and 13 days respectively. Based on the HadCM3
model and the aforementioned scenarios,
the average increase in the growing season
in Iran is 18, 17 and 14 days respectively. The
GFCM21 model predicts the growing season to
be extended by 29, 32 and 17 days in during the
period of 2080-2099. The average extension of
growing season in HadCM3 model compared to
the observed period is 28, 34 and 20 days. The
results of the present study are in agreement
with previous studies carried out in other parts
of the world suggesting an increase in the length
of growing season in Iran. However, the extent of



) Differences in growth period simulated (2046-2065) with observations
growing season
STATION length GFCM21 HADCM3
1981-2010

AlB A2 Bl AlB A2 Bl
KHOY 210 28 16 12 19 18 16
TABRIZ 228 19 13 9 15 13 13
ARDEBIL 164 36 27 18 29 28 27
OROOMIEH 211 26 19 10 23 19 20
BANDAR ANZALI 354 10 11 10 11 11 10
RASHT 293 43 33 23 36 31 24
BOJNURD 212 25 21 12 18 19 14
SAGHEZ 170 38 27 21 24 19 13
ZANJAN 186 33 26 15 24 20 19
GHAZVIN 221 19 18 11 18 17 16
RAMSAR 333 31 31 15 30 25 21
BABOLSAR 349 16 16 12 16 15 14
GORGAN 290 52 46 26 35 33 25
SHAHROUD 242 29 22 18 19 19 18
SABZEVAR 256 18 17 13 20 13 16
MASHHAD 224 30 27 13 27 26 15
SANANDA]J 206 23 18 8 18 20 16
TEHRAN 276 24 20 12 17 14 13
SEMNAN 269 22 18 12 16 15 13
TORBATE 212 28 27 15 22 23 18
KERMANSHAH 215 3.2 25 19 25 22 22
HAMEDAN 178 36 32 25 32 30 27
ARAK 224 20 15 17 20 15 18
KHORRAMABAD 235 42 33 25 31 28 28
KASHAN 272 30 22 14 19 17 12
DEZFUL 354 11 11 11 11 11 11
SHAHREKORD 172 39 31 23 29 27 25
ESFAHAN 248 29 21 15 18 15 12
BIRJAND 209 27 26 21 26 26 20
AHWAZ 365 0 0 0 0 0 0
ABADEH 219 24 17 12 13 13 9
YAZD 266 24 16 11 11 14 7
ZABOL 296 30 24 14 27 31 10
ABADAN 362 3 3 3 3 3 3
KERMAN 221 23 18 15 17 18 13
SHIRAZ 274 32 23 20 17 18 10
BAM 344 18 17 14 17 18 10
ZAHEDAN 248 23 22 17 21 24 15
BUSHEHR 365 0 0 0 0 0 0
BANDAR ABASS 365 0 0 0 0 0 0
IRANSHAHR 364 1 1 1 1 1 1
BANDAR LENGEH 365 0 0 0 0 0 0
CHAHBAHAR 365 0 0 0 0 0 0
Average 266 22 19 13 18 17 14

Tab. 3 - Increase growing season length in the period (2046-2065), based on models GFCM21 and HADCM3, under emis-
sion scenarios A1B, A2 and B1. compared with the observation period (1981-2010) in Iran.

Tab. 3 - Incremento della durata della stagione di crescita nel periodo (2046-2065), sulla base dei modelli GFCM21 e
HADCM, sotto gli scenari di emissione A1B, A2 e BI rispetto al periodo di osservazione (1981-2010) in Iran.
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Fig. 5 - Growing season length changes in the period (2080-2099), based on models GFCM21 and HADCM3, under emis-
sion scenarios A1B, A2 and B1 compared with the observation period (1981-2010) in Iran.

Fig. 5 - Cambiamento della durata della stagione di crescita nel periodo (2080-2099), sulla base dei modelli GFCM21 e
HADCM, sotto gli scenari di emissione A1B, A2 e BI rispetto al periodo di osservazione (1981-2010) in Iran.

changes is different based on the region, climate
change scenario, the general circulation model
employed and the predicted period of time. The
results presented here are in agreement with
those reported by Nasiri et al., (2007), showing
an increase in the growing season length in
all studied stations in Iran for the period 2025
to 2050. However, based on the A2 scenario,
Kheyrandish et al., (2012) predicted the growing
length to be extended in Mashhad, Tehran,
Isfahan, Rasht and Zahedan stations while
being shortened in Tabriz, Kerman and Gorgan
stations in the period of 2020-2050. Based on
the B1 scenario, the aforementioned variable
showed an increasing trend in Mashhad, Tehran
and Rasht stations, while showing a decreasing
trend in Kerman and Gorgan stations and in
comparison with the past climate. Esmaeili et al.,
(2010) claimed growing season to be extended in
Mashhad and Sabzevar stations and shortened in
Torbat-e Heydarieh station in the future.

Elongation of growing season through increased
evaporation and condensation, loss of moisture in
the soil and poor transport, change the hydrological
cycle and results in a larger water demand by
plants hence greater water consumption. This
is of utmost importance in Iran, a country with
arid and semi-arid climate and suffering from
water shortage. The results of this study can help
economic and social planners identify the impact
of climate change on various sectors especially
agriculture, and guide the arrangements for
adaptation to different climate change scenarios
in Iran.
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