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[1] As water resources become further stressed due to increasing levels of societal
demand, understanding the effect of climate change on various components of the water
cycle is of strategic importance in management of this essential resource. In this study, we
used a hydrologic model of Iran to study the impact of future climate on the country’s
water resources. The hydrologic model was created using the Soil and Water Assessment
Tool (SWAT) model and calibrated for the period from 1980 to 2002 using daily river
discharges and annual wheat yield data at a subbasin level. Future climate scenarios for
periods of 2010–2040 and 2070–2100 were generated from the Canadian Global Coupled
Model (CGCM 3.1) for scenarios A1B, B1, and A2, which were downscaled for 37
climate stations across the country. The hydrologic model was then applied to these
periods to analyze the effect of future climate on precipitation, blue water, green water, and
yield of wheat across the country. For future scenarios we found that in general, wet
regions of the country will receive more rainfall while dry regions will receive less.
Analysis of daily rainfall intensities indicated more frequent and larger-intensity floods in
the wet regions and more prolonged droughts in the dry regions. When aggregated to
provincial levels, the differences in the predictions due to the three future scenarios were
smaller than the uncertainty in the hydrologic model. However, at the subbasin level
the three climate scenarios produced quite different results in the dry regions of the
country, although the results in the wet regions were more or less similar.
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1. Introduction

[2] Nearly all regions of the world are expected to
experience a net negative impact of climate change on water
resources and freshwater ecosystems [Intergovernmental
Panel on Climate Change (IPCC), 2007]. The intensity and
characteristics of the impact, however, can vary significantly
from region to region. Some regions are likely to experience
water shortages. Coupled with increasing demand, this is
likely to result in large increases in the number of people at
risk of water scarcity. Rising sea levels in heavily populated
coastal regions, on the other hand, may threaten the lives and
livelihood of millions of people. The frequency of floods and
droughts are certain to increase in much of the world. The
economic cost is likely to be high and the overall crop yield
may decline, increasing the risk of poverty and hunger. For a
long-term strategic planning of a country’s water resources in
the face of the evolving climate change impacts, it is
important that these effects be quantified with a high spatial
and temporal resolution.
[3] A large number of publications in the literature deal

with a particular component of water balance, e.g., stream-
flow [Fu et al., 2007; Caballero et al., 2007], groundwater
recharge [Scibek and Allen, 2006; Jyrkama and Sykes, 2007],
runoff [Nunes et al., 2009], evapotranspiration [Calanca et

al., 2006], or a particular event throughout a year, e.g., low
flows, peak flows [Cuo et al., 2009], extreme events [Xiong
et al., 2009], and changes or shifts in seasonal processes
[Thomas et al., 2007]. However, fewer publications have
focused on the long-term evaluation of a basin’s water
balance due to climate change impacts on regional hydro-
logic processes. Yet this may be the most beneficial applica-
tion of hydroclimatology to support long-term water
resources management and planning [Serrat-Capdevila et
al., 2007]. An integrated hydrological simulation model
could help to study the net effect of climate change in a
given region.
[4] In this paper, we report on the results of investigating

the impact of climate change on water resources in Iran for
the near (2010–2040) and far (2070–2100) future. Iran is a
country of large climatic variability from north to south. The
northern part of the country is quite wet with frequent costly
floods, while the southern part is dry with large water
scarcity, frequent droughts, and a large reliance on dwindling
groundwater resources. To get an overall picture, we used the
integrated hydrological Soil and Water Assessment Tool
(SWAT) model [Arnold et al., 1998] to study the effect of
climate change at a subbasin level at a monthly time step for
the whole country. We specifically looked at the changes in
various components of the water balance including precipi-
tation and evapotranspiration distribution, river discharge,
soil moisture, and aquifer recharge. These variables were
then used to quantify the changes in water resources with
respect to blue water (river discharge plus aquifer recharge)
and green water (soil moisture and evapotranspiration). The
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results will contribute to the scientific community’s under-
standing of climate change impacts on water resources and
provide information to support future water resources plan-
ning and management in Iran and other countries with the
same climatic conditions.
[5] We used a calibrated SWAT model of Iran in this

study based on modifications of the model developed orig-
inally by Faramarzi et al. [2009]. This model consisted of
parameters that were expressed probabilistically, reflecting
the combined uncertainties of input, model structure, and
parameters. The impact on various components of the water
resources of the country were quantified at the subbasin scale
using a series of anomaly maps (% deviations from historic
data). In addition, the impact of climate change on flooding
and droughts as well as wheat yield were also investigated.
The implications of these impacts for the water and food
security of the country are addressed in section 4.

2. Materials and Methods

2.1. Description of the Study Area

[6] Iran is located between 25� and 40� north latitude and
44�–63� east longitude and has a total area of 1,648,000 km2

(Figure 1). The altitude varies from�40 m to 5670 m, which
has a pronounced influence on the diversity of the climate.

Iran as a whole is a semiarid country. The per capita
freshwater availability for the country was estimated to be
around 2000m3 per capita yr�1 in the year 2000 by Yang et al.
[2003], who also predicted that it may go below 1500 m3 per
capita yr�1 by 2030 due to the population growth. However,
Iran has a broad spectrum of climatic conditions across
regions with significant rainfall variability (averages of
2000 mm yr�1 in the northern and western provinces, and
120 mm yr�1 in the central and eastern parts of the country)
and temperature variability (extremes of �20�C in the
southwest to 50�C along the Persian Gulf). Climate change
is expected to have different impacts on rainfall and
temperature patterns across regions and consequently on
the spatial and temporal distributions of the various com-
ponents of water resources. More details of the study area
are given by Faramarzi et al. [2009].
[7] Roughly 37 � 106 ha of Iran’s total surface area is

arable land. Of this, 18.5 � 106 ha are devoted to horticul-
ture and field crop production [Keshavarz et al., 2005].
About 9 � 106 ha of this land are irrigated using traditional
and modern techniques, and 10 � 106 ha are rain-fed.
Wheat is the core commodity of the Iranian food and
agriculture system and is grown on nearly 60% of the
country’s arable land. The average yield for irrigated wheat
is approximately 3.0 t ha�1, compared with 0.95 t ha�1 for

Figure 1. An overview of Iran modeling details showing the elevation, streams, climate stations, and
discharge stations used in the model, as well as the provincial boundaries.
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rain-fed wheat [Food and Agricultural Organization (FAO),
2005].
[8] In Iran, more than 90% of the total water withdrawal

is used in the agricultural sector, mostly for irrigation.
About 50% of the irrigation water is from surface sources
and the other 50% is from groundwater [Ardakanian, 2005].
Owing to the traditional method of irrigation and water
conveying systems, the irrigation water use efficiency varies
between 15% and 36%. Therefore a large fraction of
diverted water is lost to evaporation and percolation.
[9] In general, most of the country suffers from water

resources scarcity. Figure 2 shows the per capita blue water
resources distribution in the period of 1980–2002 based on
the population of the year 2005 [see Faramarzi et al., 2009].
The spatial distribution of water resources availability shows
a large variation across the country. The five water stress
levels given in Figure 2 follow the widely used water stress
indicators defined byFalkenmark et al. [1989] andRijsberman
[2006]. Taking 1700 m3 per capita as the water scarcity
threshold, about 46 million people living on about 59% of
the country’s area were subject to water scarcity.

2.2. The Hydrologic Simulator (SWAT)

[10] SWAT is a computationally efficient simulator of
hydrology and water quality at various scales. SWAT was

developed to assess the impacts of land use changes on
water supplies and erosion in large-scale catchments. The
model includes procedures to describe how CO2 concentra-
tion, precipitation, temperature and humidity affect plant
growth, evapotranspiration, snow and runoff generation,
among other variables, and therefore is also used to investi-
gate climate change impacts [Eckhardt and Ulbrich, 2003;
Fontaine et al., 2001; Stonefelt et al., 2000].
[11] The program has been used in many large-scale

international applications [e.g., Gosain et al., 2006; Schuol
et al., 2008a, 2008b]. The model was developed to quantify
the impact of land management practices on water, sediment,
and crop yield in large complex watersheds with varying
soils, land uses, and management conditions over long
periods of time. The main components of SWAT are hydrol-
ogy, climate, nutrient cycling, soil temperature, sediment
movement, crop growth, agricultural management, and pes-
ticide dynamics. In this study, we used Arc-SWAT [Olivera et
al., 2006], where the ArcGIS (version 9.1) environment is
used for project development.
[12] Spatial parameterization of the SWAT model is per-

formed by dividing a watershed into subbasins based on
topography, soil, land use, and slope. The resulting units,
referred to as hydrologic response units (HRUs), are used as
the basis of the water balance calculation. Water, sediment,

Figure 2. Distribution of per capita blue water resources for the period of 1980–2002 based on the
population of 2005.
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and nutrient transformations and losses are determined for
each HRU, aggregated at the subbasin level, and then routed
to the associated reach and catchment outlet through the
channel network. SWAT represents the local water balance
through four storage volumes: snow, soil profile (0–2 m),
shallow aquifer (2–20m), and deep aquifer (>20m). The soil
water balance equation is the basis of hydrological modeling.
The simulated processes include surface runoff, infiltration,
evaporation, plant water uptake, lateral flow, and percolation
to shallow and deep aquifers. Surface runoff is estimated by a
modified Soil Conservation Service curve number equation
using the daily precipitation data based on soil hydrologic
group, land use and land cover characteristics, and antecedent
soil moisture.
[13] In this study, potential evapotranspiration (PET) was

simulated using Hargreaves method [Hargreaves and
Samani, 1985]. Actual evapotranspiration (AET) was deter-
mined based on the methodology developed by Ritchie
[1972]. The daily value of the leaf area index (LAI) was
used to partition the PET into potential soil evaporation and
potential plant transpiration. LAI and root development
were simulated using the ‘‘crop growth’’ component of
SWAT, which is a simplified version of the erosion produc-
tivity impact calculator (EPIC) crop model [Williams et al.,
1984]. This component represents the interrelation between
vegetation and hydrologic balance. Plant growth was deter-
mined from leaf area development, light interception, and
conversion of intercepted light into biomass assuming a
plant species-specific radiation use efficiency. Phenological
plant development was based on daily accumulated heat
units, potential biomass, and harvest index. The harvest
index is the fraction of aboveground plant dry biomass that
is used as dry economic yield to calculate crop yield. Plant
growth can be inhibited by user-specified temperature, water,
nitrogen, and phosphorus stress factors. A more detailed
description of the model is given by Neitsch et al. [2002].

2.3. Future Climate Data and Model Scenarios

[14] Global climate models, also known as general circu-
lation models (GCMs), numerically simulate changes in
climate as a result of slow changes in some boundary con-
ditions (such as the solar constant) or physical parameters
(such as the greenhouse gas concentration). In this study,
we used outputs of the Canadian Global Coupled Model
(CGCM 3.1) version T63, which has a surface grid with a
spatial resolution of roughly 2.8� latitude/longitude and
31 levels in the vertical. With this resolution 37 grid points
fell inside Iran.
[15] GCMs contain significant uncertainties and IPCC

[2007] recommends that the results of different models and
scenarios should be considered in climate change studies. It
has become standard practice to use several climate scenarios
to characterize uncertainty in future climate [Arnell et al.,
2004]. In a hydrological impact study of climate change, the
most important sources of uncertainty may arise from, in
decreasing order, the emission scenarios [Arnell et al., 2004],
climate model parameterization (particularly for precipita-
tion), downscaling [Wilby and Harris, 2006], and the hydro-
logical model parameterization [Wilby and Harris, 2006;
Caballero et al., 2007]. In this work, we use three commonly
used scenarios, A1B, B1, and A2, from the widely used
Canadian Global Coupled Model (CGCM 3.1). Results from
the CGCM appear prominently in several chapters in the

IPCC report [IPCC, 2007, chapters 8–12] and form the basis
of a variety of studies of climate change.
[16] As GCMs are global models, they do not have

suitable resolution for hydrologic modeling. Hence they
need to be downscaled to acceptable resolutions. Popular
methods include change factor (CF) methodology where-
by future changes in climate projected by GCMs are applied
to a baseline climatology, and statistical downscaling
methods where statistical transfer functions are used to
estimate point-scale meteorological series [Diaz-Nieto and
Wilby, 2005].
[17] Within the CGCMwe analyzed three commonly used

scenarios: A1B, A2, and B1. The families of A1 scenario
describe a future world of increasing globalization and rapid
but uniform global economic and technological growth with
increasing materialistic and consumerist tendencies. The
A1B scenario in this family depicts a world with a balanced
use of fossil and nonfossil fuel as a main energy source. The
A2 scenario describes a heterogeneous world with rapid but
diverse regional economic and technological growth and
increasing materialistic and consumerist tendencies. The
B1 scenario highlights an increasing global cooperation
and convergence with more priority given to environmental
problems in the form of developing cleaner and more
efficient technologies.
[18] A key aspect of the climate change impact study is

the spatial and temporal downscaling of the GCM results. In
this study, the CGCMdata were downscaled using the nearest
observation station for the period of 1980–2002 in Iran. For
rainfall, we used a simple ratio method where for each month
we divided the average CGCM data by the observed data and
multiplied the daily CGCMdata by this factor to obtain future
daily rainfall data.
[19] For the temperature we tested linear and nonlinear

models as used in the literature [Wilby et al., 1998] and chose
a fourth-degree regression model based on the calibration
(�1990–2000) and validation (�1982–1989) results of
stations in different regions. In general, the results of a
first-degree linear and a fourth-degree nonlinear model were
similar except for small and large temperature values, where
the nonlinear model performed systematically better, espe-
cially for the validation data set. Hence we opted for the
nonlinear model.

2.4. Model Inputs and Model Setup

[20] Data required for this study were compiled from
different sources. They include the following: Digital ele-
vation model (DEM) data were extracted from the global
U.S. Geological Survey’s (USGS) public domain geographic
database HYDRO1k with a spatial resolution of 1 km (http://
edc.usgs.gov/products/elevation/gtopo30/hydro/index.
html). The land cover map was from the USGS Global Land
Use Land-Cover Characterization (GLCC) database with a
spatial resolution of 1 km, which distinguish 24 land use and
land cover classes (http://edcsns17.cr.usgs.gov/glcc/glcc.
html). The soil map was obtained from the global soil map
of the Food and Agriculture Organization of the United
Nations (FAO) [FAO, 1995], which provides data for
5000 soil types comprising two layers (0–30 cm and 30–
100 cm depth) at a spatial resolution of 10 km. Information
about the digital stream network, administrative boundaries
depicting country and province boundaries, and reservoirs/
dams was available from the National Cartographic Center
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of Iran, which provides information at a spatial resolution
of 1 km.
[21] Weather input data (daily precipitation, maximum

and minimum temperature, daily solar radiation) were
obtained from the Public Weather Service of the Iranian
Meteorological Organization (WSIMO) for 37 synoptic sta-
tions nearest to the CGCM’s grid data. The weather data for
each subbasin are assigned automatically in SWAT using the
closest weather station. River discharge data required for
calibration-validation were obtained fromMinistry of Energy
(MOE) of Iran for about 60 hydrometric stations for the
period 1980–2002. Historical records on annual yield and
area cultivated with irrigated wheat were obtained for the
period 1980–2002 from the Agricultural Statistics and the
Information Center of Ministry of Jahade-Agriculture and
Statistical Center of Iran.

2.5. Calibration Setup and Analysis

[22] In this study we recalibrated the model of Faramarzi
et al. [2009] by removing the dams and irrigated agriculture,
and subsequently the stations that were affected by the dams.
This was necessary as future land use changes and dam
operation could not be predicted with any accuracy. The
spatial discretization resulted in 506 subbasins using domi-
nant soil and land use option. The hydrologic SWAT model
was calibrated and validated at the subbasin level based on
daily observed discharges at 60 stations across the country
(Figure 1), and annual winter wheat yields at representative
subbasins in each province. The combination of river dis-
charge and crop yield in the objective function provides a
more reliable estimate of both runoff and evapotranspiration
and hence soil moisture and deep aquifer recharge. For details
of the procedures for calibration, validation, sensitivity analy-
sis, and uncertainty analysis we refer the readers toFaramarzi
et al. [2009]. Some essential detail is provided below.
[23] The SUFI-2 [Abbaspour et al., 2007] algorithm in

the SWAT-CUP program [Abbaspour, 2007] was used for
parameter optimization. In this algorithm all uncertainties
(parameter, conceptual model, input, etc.) are mapped onto
the parameter ranges as the procedure tries to capture most
of the measured data within the 95% prediction uncertainty.
The overall uncertainty in the output is quantified by the
95% prediction uncertainty (95PPU) calculated at the 2.5%
and 97.5% levels of the cumulative distribution of an output
variable obtained through Latin hypercube sampling. Two
indices are used to quantify the goodness of calibration/
uncertainty performance, the P-factor, which is the percent-
age of data bracketed by the 95PPU band (maximum value
100%), and the R-factor, which is the average width of the
band divided by the standard deviation of the corresponding
measured variable. Ideally, we would like to bracket most of
the measured data (plus their uncertainties) within the
95PPU band (P-factor ! 1) while having the narrowest
band (R-factor! 0). (More details on the SUFI-2 procedure
are given by Abbaspour et al. [2007], Schuol et al. [2008a,
2008b], and Yang et al. [2008].)
[24] In order to compare the measured and simulated

monthly discharges we used the following criterion modi-
fied from Krause et al. [2005]:

F ¼ bj jR2 for 0 < bj j � 1

bj j�1
R2 for bj j > 1 ;

�
ð1Þ

where R2 is the coefficient of determination between the
measured and simulated signals and b is the slope of the
regression line. For multiple discharge stations, the objective
function was simply an average of F for all stations within a
region of interest:

g ¼ 1

n

Xn
i¼1

Fi; ð2Þ

where n is the number of stations. The function F varies
between 0 and 1. Therefore the objective function, unlike, for
example, Nash-Sutcliffe, is not dominated by one or a few
badly simulated stations.

3. Results and Discussions

3.1. Downscaling Climate Variables

[25] The downscaled temperature data from CGCM
agreed quite well with the recorded historical data. All
37 stations had R2 values in the range of 0.92–1.00. The
fit of the downscaled rainfall data was also relatively good
as compared with the measured historical data. Figures 3a
and 3b show the cumulative probability distribution of rain-
fall for the historic (1980–2002) and the CGCM data for
a wet station in Gilan province near the Caspian Sea and a
dry station in Esfahan province, central Iran. As shown in
Figure 3a, in the wet region, smaller rainfalls (especially
�2 mm d�1) are slightly underestimated by CGCM, while
in the dry region (Figure 3b) CGCM slightly overestimates
intermediate to large rainfall events. In Figures 3c and 3d
the predicted long-term average precipitations (mm d�1) are
compared with the historical data for different scenarios in
different time periods. As shown, major changes in the wet
region occur in the fall season, while in the dry region, all
seasons except summer experience some change. Figures 3e
and 3f show average monthly changes in maximum tem-
perature of wet and dry regions, respectively. Maximum
temperature varies between 1� and 5� in different scenarios
with the highest occurring in July in the dry region for A2
scenario during the period 2070–2100.

3.2. Hydrological Model Calibration and Uncertainty
Analysis

[26] The hydrologic model of Iran was calibrated for the
period of 1982–1992 and validated for 1993–2002. Model
performance was quite satisfactory across the country with
the worst results being obtained in areas of intense water
management. Figure 4 illustrates calibration results for two
better simulated stations from the wet and dry regions of the
country. The shaded regions indicate the 95% prediction
uncertainty (95PPU). In the wet region, the uncertainties are
generally large as indicated by the R-factor (i.e., the average
thickness of the 95PPU band divided by the standard
deviation of the measured data; on the basis of our experi-
ence, a value close to 1 would be satisfactory), but there are
a larger number of measured data bracketed by the 95PPU
as indicated by the P-factor (i.e., percent data falling in the
95PPU band) signifying a more reliable model. In the dry
region, model prediction uncertainty is smaller compared
with the wet region but still larger than desired. The large
uncertainties are partly due to the lack of information in water
management such as existence of reservoirs and regional
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water transfer [Faramarzi et al., 2009]. The R2 and Nash-
Sutcliffe (NS) coefficient, calculated between the best sim-
ulation (simulation with the largest objective function value)
and the measured data, indicate quite satisfactory results for
both regions. Similar results were obtained for model vali-
dation not shown here. For all stations, R2 ranged between
0.1 and 0.8 for calibration and validation results.

3.3. Impact of Climate Change on Precipitation
Distribution

[27] In Figure 5, the historic precipitation distribution
(Figure 5a) and the anomaly maps (maps of percent devi-
ation from historic data) are shown for the whole country for

different scenarios. The differences are calculated between
the averages of (2013–2039) and (2073–2099) periods with
those of the (1980–2002) period. While all scenarios show
an increase in the precipitation in the northern and western
parts of the country, there are major differences in the
southern and eastern parts. The increases in the precipitation
in the northern parts could be quite large, even as large as
40%. Prediction of rainfall in scenario A2 (Figure 5b) is
exceptionally large for most of the country during 2073–
2099. On the basis of CGCM, the southeastern part of the
country could experience up to a 40% decrease in precip-
itation in all scenarios. As precipitation is already small in
this part of the country, the predicted decreases may have a

Figure 3. Comparison of the downscaled precipitation (scenario A1B) in a wet (Figure 3a) and dry
(Figure 3b) region of the country. Figures 3c and 3d compare average observed precipitation in each
month for the same two stations with the three different scenarios and two time periods. Figures 3e and 3f
compare maximum temperatures for the different scenarios.
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significant effect on increasing droughts and hence crop
production in this region, as discussed in section 3.6.

3.4. Impact of Climate Change on Blue and Green
Water

[28] Currently, the definition of ‘‘blue water’’ is generally
accepted as ‘‘the sum of the river discharge and the deep
groundwater recharge.’’ This is in essence the water resources
by the traditional hydrological and engineering definition.
There exist slightly different definitions for the term ‘‘green
water.’’ Falkenmark and Rockstrom [2006] differentiate
between the green water ‘‘resource’’ and the green water
‘‘flow.’’ According to their definition, ‘‘green water resource
is the moisture in the soil,’’ which is a renewable resource and
can potentially generate economic returns, as it is the source
for rain-fed agriculture. The green water flow is composed of
the actual evaporation (the nonproductive part) and the actual
transpiration (the productive part), commonly referred to
together as the actual evapotranspiration. Using SWAT, we
could distinguish the two different water resources compo-
nents and study the effect of climate change on each com-
ponent. Figure 6 shows the average values of blue water
(mm yr�1) based on the historic data of 1980–2002 (Figure 6a)
as well as the anomaly graphs for scenario B1 and A1B for
periods 2013–2039 and 2073–2099 and scenario A2 for the
period 2073–2099 as it is an extreme case. Generally, the
blue water resources decrease from north to south and west to
east. The near-future simulations show an increase in blue
water resources in the western half of the country while the
central and eastern half experience a reduction in the already
small water resources. In the far future, scenario A2 shows
most of the country enjoying an increase in the blue water
resources (Figure 6b). It should be noted, however, that an
increase of >300% in the eastern regions of the country
amounts to blue water resources of about 75 mm yr�1, which
is still quitemeager in the water resource sense but could have
a substantial impact on the ecosystem of this desert region.
[29] In the calculation of actual evapotranspiration, soil

moisture, and groundwater recharge (maps not shown), we
assumed that the land cover in the future will stay the same as
the period of 1980–2002. Hence our results simply provide
an indication of future changes rather than an actual scenario.
As temperature increases, actual evapotranspiration (or green
water flow) is also expected to increase if there is enough
water in the soil. Our calculations showAETslightly decreas-
ing in large parts of the country in the north and west. This is

because of the assumption that land use and land cover do not
change; hence as CO2 increases, a smaller amount of water is
needed to produce a target yield. In reality, as CO2 and
temperature increase, there will be a denser vegetation cover
and a larger actual transpiration. This observation highlights
that prediction of future land use/land cover is an important
but difficult problem in climate change studies.
[30] All scenarios predict an increase in soil moisture for

most regions of the country. We believe the future soil
moisture is overestimated for the same reason that evapo-
transpiration is underestimated as discussed above.
[31] Figure 7 shows the blue water resources and the

green water flow aggregated at provincial level for four dry
(Figure 7, right) and wet (Figure 7, left) provinces. These
provinces were selected because they represent both climatic
extremes and important agricultural production regions (see
Figure 1 for the location of the provinces). In Figure 7, the
hydrologic model uncertainties (size of the blue and yellow
bars) are compared with the predictions of the three climate
change scenarios (different columns). Figure 7 was produced
to highlight two points. First, the large differences in blue and
green water flow between different scenarios more or less
disappear when data are aggregated from subbasin to pro-
vincial level. This indicates the dependence of uncertainty
analysis on the scale of the study [see also Schuol et al.,
2008b]. Second, it appears that there is a greater uncertainty
in the hydrological model results than the predictions of
different climatic scenarios at the provincial scale. This is
contrary to the remarks ofCaballero et al. [2007], which puts
the major sources of uncertainty in decreasing order as
emission scenarios, climate model parameterization, down-
scaling, and finally the hydrologic model parameterization.
The order of uncertainty is perhaps dependent on the scale of
the study, with hydrologic model uncertainty becoming
larger and the difference in emission scenario becoming
smaller as the scale of study increases. It would perhaps be
interesting to compare the outcome of different climate
models for this part of the world. This analysis was not done
in this study due to time constraints.

3.5. Impact of Climate Change on Deep Aquifer
Recharge

[32] Calculation of aquifer recharge indicated that eastern
half of the country will see decreases of up to 50–100% in
groundwater recharge in regions that are already scarce in
water resources. The northwestern part of the country will

Figure 4. Results of Soil and Water Assessment Tool (SWAT) calibration for two selected hydrometric
stations in the wet northern and dry southern regions of the country.
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see an increase in groundwater recharge due to an increase in
rainfalls. All scenarios in the far future, as well as B1 scenario
for the near future, indicate an increase in the aquifer recharge
in this region. As discussed above with respect to green water
flow, recharge could be overestimated due to holding land
cover constant in the model.

3.6. Impact of Climate Change on Flooding and Drought

[33] Figure 8 shows the average distribution of the
number of wet days (precipitation �2 mm d�1) at four wet
provinces in northern parts of the country for the historic
(1980–2002) and the near future (2013–2039) scenarios. All

Figure 5. The anomaly map of precipitation averages. Figure 5a shows the historic precipitation
distribution. The % differences are calculated based on the averages of data periods 2013–2039 and
2073–2099 from the average of 1980–2002.
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four provinces show an increase in the number of days where
rainfall �2 mm, except for the summer months. Khorasan
(a province at the border of wet and dry region) shows a
decrease inwinter but amoderate increase in summer rainfall,

a shift which should have a positive effect on rain-fed crop
production in this province. Figure 9 and Figure 10 illustrate
the number of days where the rainfall is �10 mm and
�50 mm, respectively. Major increases are seen in the fall

Figure 6. Showing the effect of climate change on the blue water resources of the country. (a) Historic
absolute values. (b) Blue water anomaly based on scenario A2 for the period of 2073–2099. (c) Blue
water anomaly based on scenario A1B for the period of 2013–2039. (d) Results of scenario A1B for
the period of 2073–2099. (e) Blue water anomaly based on scenario B1 for the period of 2013–2039.
(f) Results of scenario B1 for the period of 2073–2099.
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Figure 7. Blue water resources and green water flow aggregated at provincial level. The figure
compares the hydrologic model uncertainties (size of blue and yellow bars) to the differences in climate
scenarios (different columns).
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Figure 8. Comparison of the number of wet days between historic and future climate conditions in wet
regions of the country. In these graphs a wet day is defined as a day with precipitation �2 mm.

Figure 9. Comparison of the number of wet days between historic and future climate conditions in wet
regions of the country. In these graphs a wet day is defined as a day with precipitation �10 mm.
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Figure 10. Comparison of the number of wet days between historic and future climate conditions in wet
regions of the country. In these graphs a wet day is defined as a day with precipitation �50 mm.

Figure 11. Comparison of the number of wet days between historic and future climate conditions in dry
regions of the country. In these graphs a wet day is defined as a day with precipitation �2 mm.
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months, indicating the possibility of larger and more frequent
floods in the wet regions of the county. In Figure 10, there is a
sharp increase in the number of days where precipitation is
�50 mm in October and November.
[34] Figure 11 shows the average number of wet days

where rainfall is �2 mm d�1 for four dry provinces in the
central and southern part of the country. The results are
different for each province frommonth tomonth and between
different scenarios. In Esfahan and Yazd, there is a reduction
in late spring rainfall with an increase in early fall months.
This shift will have important adverse consequences in crop
production. In Sistan-Baluchestan both spring and fall expe-
rience fewer rainfall events, while Fars sees a general
increase in the rainfall. Figure 12 shows the number of days

where rainfall is �10 mm in the dry regions. The sharp
reductions in the number of days with large rainfall events
throughout the year will have significant consequences for
water resources of these and similar provinces in dry
regions of the country. Except for a few times in Fars, other
dry provinces did not have any occurrences of rainfall
�50 mm d�1.
[35] In a further analysis, we plotted in Figure 13 the

coefficient of variation (CV) of total annual precipitation for
four dry and four wet provinces for the near and far future.
The CV is an important indicator, as even small changes in
it could indicate relatively large changes in the probability
of occurrence of extreme events. In general, for the near
future, the CVs of total precipitation for wet provinces

Figure 12. Comparison of the number of wet days between historic and future climate conditions in dry
regions of the country. In these graphs a wet day is defined as a day with precipitation �10 mm.

Figure 13. Coefficient of variation of total annual precipitation for wet and dry provinces based on
different climate scenarios for near and far future periods.
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(Gilan, Mazandaran, Golestan) are larger than the historic
ones. This indicates a stronger year-to-year variation in
total precipitation in these provinces. For example, for the
province of Gilan, scenario A2 predicts total rainfall of larger
than 4000 mm in some years and smaller than 650 mm in
others. In dry provinces, except for Fars, the year-to-year
variations in total precipitation seem to be smaller. The same
trend could be seen for the far future but with more pro-
nounced differences with the historic CVs.
[36] In Figure 14, we plotted the CVof the number of wet

days per year for precipitations of�2 mm and�10 mm d�1.
Only Esfahan shows a substantially larger CV for�2mmd�1

rainfalls, while other provinces show more or less similar or
smaller variations. For �10 mm d�1 rainfall, however, the
CV is much larger for the dry provinces, indicating intermit-
tent extreme events.
[37] Finally, in Figure 15 we plotted the CVs of maxi-

mum temperature for a typical wet and a typical dry
province. In general, in the wet provinces the daily variation
of maximum temperature is the same or smaller in different
months, while in dry provinces this is larger, indicating some
extreme high temperatures. The same was true for minimum
temperature (not shown). We have also studied the CVof the
difference of maximum and minimum temperature. While
this variation was slightly smaller in wet provinces, it was
slightly larger in dry provinces. Further and more detailed
research at a regional scale is needed to quantify the exact
effect of these changes on the crop production and biodiver-

sity of the region. In section 4 we highlight some general
implications of the changes in the future climate.

4. Implications of the Climate Change Impact

[38] Flooding in the northern and western part of the
country is historically a common occurrence. Torrential
rains during August 2001 triggered devastating floods that
damaged rice, cotton, and wheat producing areas of Golestan
and Khorasan provinces (see http://www.unisdr.org/eng/
country-inform/reports/Iran-report.pdf). These floods dam-
aged thousands of hectares of farmland in Iran, claimed
hundreds of lives, and washed away roads and houses,
causing millions of dollars in damage. Similar floods were
reported again in January 2004 along the western side of the
ZagrosMountains in thewestern part of the country. A further
increase in precipitation could increase the frequency and
intensity of floods in the wet regions of the country. It is
evident from the changes in precipitation (Figure 5) and blue
water resources (Figure 6), as well as the increases in the
number of large rainfall events (Figures 9 and 10), that the
northern and western regions of the country will experience
larger and more intense flooding events.
[39] Drought is estimated by the United Nation to have

cost Iran 3.5 billion dollars in 2000, and midyear estimates
for 2001 were already at 2.5 billion dollars (Tehran Times,
July 2001, p. 4). In July 2001, fifty villages in Kerman
Province in central Iran were evacuated for lack of water

Figure 14. Coefficient of variation of the number of wet days. Shown are (left) precipitation�2 mm d�1

and (right) precipitation �10 mm day�1, for wet and dry provinces.

Figure 15. Coefficient of variation for maximum temperature in different months for a wet and a dry
province.
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[Foltz, 2002]. Over 1 million head of livestock perished
throughout the country in 2000 due to drought, and 3� 106 t
of wheat and barley were lost. A further decrease in
precipitation could increase the frequency and intensity of
droughts in the dry regions of the country. It is again evident
from our analysis that the southern and eastern regions of
the country will experience lesser rainfalls (Figure 5),
smaller aquifer recharges, and longer periods without a
major rainfall event (Figures 11 and 12). Hence they are
susceptible to more severe drought conditions.
[40] In many parts of Iran, the water supply solely

depends on groundwater. During the past two decades an
overexploitation of this resource has caused a drawdown in
water table in most of the 600 aquifers in Iran [Motagh et
al., 2008]. Groundwater quality, on the other hand, has also
been degrading continuously because of agricultural and
industrial activities in most regions of the country [Tizro
and Voudouris, 2008]. Our analysis shows a decrease in
groundwater recharge in water scarce regions of south and
east. As much of the irrigated wheat is grown in the
southern and eastern regions, climate change will have a
significant negative impact on the wheat production of the
country as groundwater recharge decreases.
[41] Our analysis of crop yield, however, shows small but

statistically insignificant increases in winter wheat yield for
most provinces. The small increase is probably due to the
larger soil moisture, temperature, and more important, air
CO2 concentration. According to the global geographic
distribution map of major crops [Leff et al., 2004], which
has a spatial resolution of 30 arc-min, and our findings,
about 53% of the area under cultivation of wheat in Iran is
located in water-scarce subbasins. Of the total wheat pro-
duction in the country, 50% of irrigated and rain-fed wheat
is produced in water-scarce regions. Although the impact on
rain-fed yield appears to be small as the result of changes in
temperature and rainfall patterns, the impact on irrigated
yield is expected to decrease yield substantially in the dry
regions of the country because of the decrease in blue water
resources (Figure 6), which is river discharge plus ground-
water recharge.
[42] Although we did not simulate water quality, increased

precipitation in the northern and western parts of the county
may increase the risk of water source contamination from
sewage overflows, and runoff from agricultural land and
urban areas as well as increased sediment and nonpoint
source pollutant loadings to water courses. As our hydrolog-
ical model was not calibrated for sediment yield, we could not
quantify the impact of climate change on soil erosion. As soil
erosion is already large in the country [Rostamian et al.,
2008], areas with larger amounts of rainfall are expected to
have even larger soil erosion, affecting crop yield, sedimen-
tation problems in the reservoir, and river water quality. On
the other hand, prolonged droughtsmay result in smaller river
discharges and a decline in reservoir levels, causing water
quality deterioration as nutrients and contaminants become
more concentrated in reduced volumes with longer water
residence times. Warmer water temperatures may have fur-
ther direct impacts on water quality, such as increasing algae
growth and reducing dissolved oxygen concentrations. Cold-
water species, such as trout, are particularly susceptible to
warm-water temperatures, and increasingly frequent warm-
water conditions could bring new challenges to the way

managed river systems are controlled. In addition, evapora-
tive water losses could increase the salinity of soils in
irrigated areas and surface waters, especially in lakes and
reservoirs with long residence times. Contaminants tend to
accumulate on land surfaces during prolonged droughts.
Pulses of contaminated runoff can occur when precipitation
returns. Water quality impacts are therefore likely to be rather
complex and will vary with the physical, geographical, and
biological details of each water supply.
[43] As the SWAT hydrologic model was run for 506 sub-

basins across the country and daily time steps, a substantial
amount of information is generated for each subbasin. Of
these, we provided an overview of the impact of climate
change on various hydrologic components for the whole
country. These analyses could be very useful in strategic
planning of water resources management and crop produc-
tion for future years. As different subbasins are affected
differently, a number of management options could be
considered in order to alleviate the climate change impact
on the country as a whole. In terms of food security, these
could include changes in the structure of crop production
(land use change) and intracountry virtual water trade
between subbasins (or provinces) utilizing local compara-
tive advantages. These are the subjects of our continuing
studies.
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