
HYDROLOGICAL PROCESSES
Hydrol. Process. (2013)
Published online in Wiley Online Library
(wileyonlinelibrary.com) DOI: 10.1002/hyp.9747
Analyses of the impact of climate change on water resources
components, drought and wheat yield in semiarid regions:

Karkheh River Basin in Iran

S. Ashraf Vaghefi,1 S. J. Mousavi,1 K. C. Abbaspour,2* R. Srinivasan3 and H. Yang2
1 Department of Civil and Environmental Engineering, Amirkabir University of Technology, Tehran, Iran

2 Eawag, Swiss Federal Institute of Aquatic Science and Technology, PO Box 611, 8600, Dübendorf, Switzerland
3 Texas A&M University, Texas Agricultural Experimental Station, Spatial Science Lab, College Station, TX, 77845, USA
*C
Du
E-m

Co
Abstract:

Water resources availability in the semiarid regions of Iran has experienced severe reduction because of increasing water use and
lengthening of dry periods. To better manage this resource, we investigated the impact of climate change onwater resources andwheat
yield in the Karkheh River Basin (KRB) in the semiarid region of Iran. Future climate scenarios for 2020–2040 were generated from
the Canadian Global CoupledModel for scenarios A1B, B1 and A2. We constructed a hydrological model of KRB using the Soil and
Water Assessment Tool to project water resources availability. Blue and green water components were modeled with uncertainty
ranges for both historic and future data. The Sequential Uncertainty Fitting Version 2 was used with parallel processing option to
calibrate the model based on river discharge and wheat yield. Furthermore, a newly developed program called critical continuous day
calculator was used to determine the frequency and length of critical periods for precipitation, maximum temperature and soil
moisture.We found that in the northern part of KRB, freshwater availability will increase from 1716 to 2670m3/capita/year despite an
increase of 28% in the population in 2025 in the B1 scenario. In the southern part, where much of the agricultural lands are located, the
freshwater availability will on the average decrease by 44%. The long-term average irrigatedwheat yield, however, will increase in the
south by 1.2%–21% in different subbasins; but for rain-fedwheat, this variation is from�4% to 38%. The results of critical continuous
day calculator showed an increase of up to 25% in both frequency and length of dry periods in southKarkheh, whereas increasing flood
events could be expected in the northern and western parts of the region. In general, there is variability in the impact of climate change
in the region where some areas will experience net negative whereas other areas will experience a net positive impact. Copyright ©
2013 John Wiley & Sons, Ltd.
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INTRODUCTION

Climate change is associated with shifts in mean climate
conditions and more severe extreme weather conditions
(Easterling et al., 2000). Observational evidence from all
continents and most oceans shows that natural systems
are being affected by regional climate changes; particu-
larly, temperature increases (IPCC, 2007; Mishra and
Singh, 2011). Previous studies (e.g. Vörösmarty et al.,
2000; Abbaspour et al., 2009; Beyene et al., 2010; Xiao
et al., 2010; Setegn et al., 2011; Wang et al., 2011) have
shown that climate change would have significant effects
on water availability, water stresses and water demand.
The use of hydrological models in planning and

management of water resources (Shuol et al., 2008a,
2008b; Faramarzi et al., 2009) and analyses of the impact
of climate change on water components (Srinivasan et al.,
1998; Milly et al., 2005; Abbaspour et al., 2009) has
become a norm recently. In particular blue water, green
water storage and green water flow (Falkenmark and
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Rockström, 2006) have been quantified in different parts
of the world including Africa (Schuol et al., 2008b) and
Iran (Faramarzi et al., 2009). Blue water is the water that
could be directly used to meet various demands such as
irrigation, urban and industrial use. It comprises of water in
rivers and aquifers. Green water flow is the evapotranspi-
ration and green water storage is the soil water, which is the
source of rain-fed agriculture.
Crop production is affected by meteorological variables,

including rising temperatures, changing precipitation
regimes and increased atmospheric carbon dioxide levels
(Adams et al., 1998). The impact of climate change on
agricultural production varies through time and space and is
positive in some agricultural systems and regions while
negative in others. Liu et al. (2009) showed 7%–27%
increase in millet, 5%–7% increase in rice and 3%–4%
increases in maze yields in Sub-Saharan Africa, whereas
Tao et al. (2009) reported decreases of 9.7%, 15.7% and
24.7% inmaize yield in Henan province of China during the
2020s, the 2050s and the 2080s, respectively.
Water resources in Iran have in recent years experi-

enced increasing pressures from rising demands and
recurrent droughts. The situation is particularly severe in
semiarid regions (Ahmad and Giordano, 2010). In the



Figure 1. Study area location in Iran showing the five important agricultural
regions—(1) Dashte Abbas, (2) Dolsagh, (3) Arayez, (4) Hamidiyeh and (5)
Azadegan, and river discharge stations—Aran (Ar), Polchehr (Po), Ghurbagh
(Gh), Huliyan (Hu), Afarine (Af), Jelogir (Je), Pay-e-Pol (Pa), Hamidiyeh
(Ha) and the regions ofKordestan (K),Hamedan (H), EilamNorth part (E_N),
Eilam South part (E_S) where the climate change impact is highlighted
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semiarid province of Khuzestan, where the southern part
of the Basin is located, rivers Karkheh, Karun and Marun
have decreased in discharge by 49%, 37% and 40%,
respectively, in 2000–2001 as compared with the average
of the past 32 years (Mousavi, 2005). Improving water
resources management and water use efficiency in the
semiarid regions is of importance to sustain the
agricultural and industrial developments. Karkheh River
Basin (KRB) is among the initially nine globally
distributed watersheds selected by the CGIAR Challenge
Program for increasing water productivity of agriculture
(Farahani and Oweis, 2008). The importance of analyzing
the impact of land use and climate changes on water
quality, water resources and water demands in KRB has
been emphasized in previous studies (Ahmad et al., 2009;
Marjanizadeh et al., 2010; Masih et al., 2010; Salajegheh
et al., 2011). These studies emphasize different aspects of
water issues separately. To better manage the water
resources of KRB in the coming years, we took a holistic
look at water resources and analyzed the impact of
climate change on different components of water balance,
drought and crop yield.
The main objectives of this work were (i) to investigate

the impact of climate change on both water resources
(blue water, green water flow and green water storage)
and crop yield, especially winter wheat for 2020–2040
and compare it with the historical data (1985–2005),
and (ii) to study the variation in the length and frequency
of dry periods in both historical and future times. The
program Soil and Water Assessment Tool (SWAT)
(Arnold et al., 1998) was used to model the hydrology
and crop production of KRB. The SWAT model in this
study was calibrated and validated using the parallel
Sequential Uncertainty Fitting Version 2 (SUFI-2) in the
SWAT-CUP software (Abbaspour et al., 2004, 2007;
Rouhollahnejad et al., 2012)
MATERIALS AND METHODS

The Karkheh River Basin

The KRB (approximately 51,000 km2) stretches from
the Zagros Mountains to the Hoor-Al-Azim Swamp,
which is a trans-boundary wetland located at the Iran–Iraq
border. The river basin is located in the southwestern part
of Iran, between 30�N to 35�N and 46�E to 49�E. The
basin is one of the most productive agricultural areas in
Iran (Figure 1). It covers 9% of Iran’s irrigated area and
produces 10%–11% of the country’s wheat. The KRB is
known as the “food basket of Iran” (Ahmad and
Giordano, 2010). The elevation of the basin ranges from
less than 10 m above sea level in the southern areas to
more than 3500 m in the hilly parts of the basin. The
southern part of the Basin receives an average annual
precipitation of approximately 250 mm/year, whereas the
northern part receives up to 700 mm/year. Precipitation in
many areas is generally insufficient to meet crop water
requirements, and therefore irrigated agriculture is
important in the basin (Keshavarz et al., 2005; Ahmad
Copyright © 2013 John Wiley & Sons, Ltd.
et al., 2009). There are five major agricultural regions in
the southern part of the Basin (Lower Karkheh) (Figure 1)
dominated by winter wheat. The yields of winter wheat in
the different regions are given in Table I. In all regions,
more than 50% of agricultural land is wheat. Starting
dates of cropping for wheat in agricultural regions
spatially varies from 20 September to 10 October and
harvest dates varies from 20 May to 10 June.

The SWAT simulator

The SWAT model has been developed to quantify the
impact of land management practices in large and complex
watersheds. SWAT simulates the hydrology of a watershed
in two separate components. One is the land phase of the
hydrological cycle and the other is routing phase of
hydrologic cycle. The first controls the amount of water,
sediment, nutrient and pesticide loadings to the main
channel in each subbasin, and the second defines the
movement of water, sediments, nutrients and organic
chemicals through the channel network of the watershed
to the outlet. A water balance model is simulated in the land
component of SWAT (Arnold et al., 1998, 1999; Gassman
et al., 2007). SWAT subbasin components consist of
hydrology, weather, sedimentation, crop growth, nutrients,
pesticides and agricultural management. Hydrological
processes include simulation of surface runoff, percolation,
lateral flow and flow from shallow aquifers to streams,
potential evapotranspiration, snowmelt, transmission losses
Hydrol. Process. (2013)
DOI: 10.1002/hyp



Table I. Percentage distribution of winter wheat in the current crop pattern for five important agricultural regions located in the southern
part of the KRB (mostly downstream of Karkheh Dam) (Mahab Ghods Consulting Engineer Co, 2009).

Agricultural region
Distribution of winter wheat in
the current crop pattern (%)

Total winter
wheat area (ha)

Area of irrigated
winter wheat (ha)

Area of rain-fed
winter wheat (ha)

Dashte Abbas (1)a 59.5 11,320 9,720 1500
Dolsagh (2) 58.7 9,470 3,890 3150
Arayez (3) 59.1 17,080 11,200 5880
Hamidiyeh (4) 75.3 12,840 12,840 —
Azadegan (5) 70.4 50,050 50,050 —

a The number in brackets identify the regions in the map.

IMPACT OF CLIMATE CHANGE ON WATER RESOURCES OF KARKHEH RIVER BASIN
from streams and water storage and losses from ponds.
SWAT is a continuous simulation model, which operates on
a daily time step (Neitsch et al., 2002).

Climate change model and scenarios

In this study, we used the Coupled Global ClimateModel
(CGCM3.1) (version T63) of the Canadian Centre for
Climate Modeling and Analysis. This version has surface
grid with latitude/longitude resolution of 2.8o and 31
vertical levels. A key aspect of the climate change impact
study is the spatial and temporal downscaling of the GCM
results. In this study, the CGCM data were downscaled
using the nearest observation station for the period of
1980–2002 in the KRB. With this specification, four grid
points were within our study site. For rainfall, we used a
simple ratio method, in which for each month, we divided
the averageCGCMdata by the observed data andmultiplied
the daily CGCM data by this factor to obtain future daily
rainfall data. For the temperature, we tested linear and
nonlinear models as described byWilby andWigley (1997)
and chose a fourth-degree regression model. In general, the
results of a first-degree linear and a fourth-degree nonlinear
models were similar except for small and large temperature
values, where the nonlinearmodel performed systematically
better as also reported by Abbaspour et al. (2009).
Future climate scenarios for periods of 2020–2040 were

generated from CGCM for scenarios A1B, B1 and A2
(IPCC, 2000). The A1B scenario describes a future world of
very rapid economic growth, global population that peaks in
the midcentury and declines thereafter and the rapid
introduction of new and more efficient technologies. Major
underlying themes are convergence among regions, capac-
ity building and increased cultural and social interactions,
with a substantial reduction in regional differences in per
capita income. The A2 scenario describes a very heteroge-
neous world. The underlying theme is self-reliance and
preservation of local identities. Fertility patterns across
regions converge very slowly, which results in continuously
increasing global population. Economic development is
primarily regionally oriented, and per capita economic
growth and technological changes are more fragmented and
slower than in other storylines. The B1 scenario describes a
convergent world with the same global population that
peaks in midcentury and declines thereafter, as in the A1B,
but with rapid changes in economic structures toward a
service and information economy, with reductions in
Copyright © 2013 John Wiley & Sons, Ltd.
material intensity, and the introduction of clean and
resource-efficient technologies.
The impact of climate change was quantified as the

percent differences between the predictions calculated at
the 50% probability level for future years and averaged
over the period of 2020–2040. For historical data, the
averaging was performed for the period of 1985–2005. In
addition, the impact of climate change on the frequency
and length and the shift in the start and end of the dry
periods were calculated. The latter were calculated using
a critical continuous day calculator (CCDC) as described
in the next section.

Calibration, validation and uncertainty analysis

The SUFI-2 algorithm maps all uncertainties (parameter,
conceptual model, input, etc.) on the parameter ranges and
tries to capture most of the measured data within 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. The
goodness of fit and the degree to which the calibrated model
accounts for the uncertainties are assessed by two indices:
R factor and P factor. The P factor is a fraction of measured
data bracketed by the 95PPU band. The P factor varies from
0 to 1, where 1 is the highest value, that is, 100% bracketing
of themeasured data. TheR factor is the averagewidth of the
95PPU band divided by the standard deviation of the
measured variable. A value less than 1 is reported to be
desirable for this parameter (Abbaspour et al., 2004, 2009).
These two indices can be used to judge the strength of the
calibration. A larger P factor can be achieved at the expense
of a larger R factor. Hence, often a balance must be reached
between the two.When acceptable values ofR andP factors
are reached, then the parameter uncertainties are the
calibrated parameter ranges. SUFI-2 allows usage of
different objective functions such as R2 or Nash–Sutcliff
efficiency (NSE) (Nash and Sutcliffe, 1970). In this study,
we used NSE and PBIAS (Moriasi et al. 2007) for
discharge and root mean square error for crop yield
(Faramarzi et al. 2010a).

Critical continuous day calculator

We developed a program called CCDC (downloadable
from www.swatcupiran.com) to calculate the number of
events of continuous days where precipitation, soil moisture
and maximum temperature meet certain constraints with
Hydrol. Process. (2013)
DOI: 10.1002/hyp
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respect to the number of days and given critical values. For
example, a dry period for maximum temperature is defined
as a period of >120 continuous days where maximum
temperature is >30 �C. For precipitation, a dry period
is a period of >120 continuous days when rainfall is
<2 mm day�1. A dry period is also defined for soil
moisture when it remains <2% in the soil profile for
>120 continuous days. The numbers are chosen
subjectively here as an example and could differ for
different regions. We used these numbers to indicate
little rainfall or a dry period (Byun and Wilhite, 1999).
The CCDC program uses SWAT’s output file (output.hru)
and SWATCUP’s output file (95ppu.txt) as inputs.

Model setup

Basic SWAT input data included soil map obtained from
the global map of the Food and Agriculture Organization of
the United Nations (FAO, 1995), which provides data for
5000 soil types comprising two layers (0–30 and 30–100 cm
depth) at a spatial resolution of 10 km. Further data on soil
physical properties required for SWAT were obtained from
Schuol et al. (2008a). Land use map with a resolution of
900 m was obtained from Mahab Ghods Consulting
Engineers Co. Digital elevation model at a 90-m resolution
was provided by SRTM of NASA (Jarvis et al., 2008). The
river map of major local rivers was from IranWater & Power
Resources Development Co (2010). Climate data from nine
climate stations were obtained from Iranian Ministry of
Energy. Crop and agricultural management data were
provided by the Mahab Ghods Consulting Engineers Co.
The Karkheh reservoir was also included in the model with
reservoir operational information starting from 2000 ]when it
became operational for the first time provided by theMinistry
of Energy (1998). We considered management information
such as minimum andmaximum daily outflow for themonth,
reservoir surface area when the reservoir is filed to the
emergency and principal spillway, volume of the water
needed to fill the reservoir to the emergency and principal
spillway. Monthly discharge data for eight river gauges were
provided by the local water authorities (Figure 1).
Observed monthly discharge and winter wheat yield

were used for model calibration (1989–2005) and
validation (1982–1988). The selection of parameters to
calibrate was based on sensitivity analysis and previous
studies (Abbaspour et al., 2007; Schuol et al., 2008a;
Faramarzi et al., 2009). On the basis of this, 26 SWAT
parameters were selected for model calibration for both
discharge (20 parameters) and crop yield (6 parameters).
The parallel SUFI-2 (Rouhollahnejad et al., 2012) in
SWAT-CUP software was used for sensitivity analysis,
calibration and uncertainty quantification.
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RESULTS AND DISCUSSION

Sensitivity analysis

Eight crop and discharge parameters were found to be
sensitive in this study (Table II). Parameters are described
Copyright © 2013 John Wiley & Sons, Ltd. Hydrol. Process. (2013)
DOI: 10.1002/hyp



IMPACT OF CLIMATE CHANGE ON WATER RESOURCES OF KARKHEH RIVER BASIN
in terms of their parameterization characteristics, which
are defined as the regionalization based on different soils,
land uses, management or locations within the watershed.
In this study, we parameterized CN2, OV_N, SOL_AWC
and HEAT_UNITS (abbreviations are explained in
Table II) for irrigated and rain-fed regions, as well as
the HI based on their location in the watershed by
assigning the subbasin numbers to the parameter. For
more details on parameterization, see the SWAT-CUP
manual (Abbaspour, 2011).
As expected from the literature, CN2 was the most

sensitive parameter for discharge followed by CH_N2.
For winter wheat, the most sensitive parameter was
HEAT-UNITS followed by HI.

Discharge

Station Pay-e-Pol, downstream of Karkheh Dam, has
an important role in irrigation of agricultural plains.
Results of the model performance are given in terms of
P factor and R factor indices for both calibration and
validation periods (Table III). The P factor indicates that
for all stations, more than 75% of the data are bracketed
in the prediction uncertainty of the model, whereas the
R factors are mostly around or below 1. In general, in the
south of Karkheh Dam (Pay-e-Pol and Hamidiyeh
stations) (Figure 1), the model prediction has larger
uncertainties. This is especially true in Hamidiyeh station,
where the R factor is 1.42. Hamidiyeh is a region of
significant water management where different demand
sectors require water transfers from the Karkheh Dam. It
has also been shown before that the larger the water
management the poorer the model calibration results
(Faramarzi et al., 2009). In the north of Karkheh Dam
(e.g. Jelogir station), model performance is in general
better and uncertainties smaller mainly due to lesser water
management practices. On the basis of the NSE and
PBIAS statistics (Table III), the discharge simulation can
be judged as satisfactory according to criteria given by
Moriasi et al. (2007).
The parallel processing option of SWAT-CUP speeded

up the calibration process by reducing the total time from
approximately 8 days to about half a day.
Table III. Calibration (1989–2005) and validation (1982–

River discharge
station

Calibration

P factor R factor NSE

Aran (Ar)a 0.75 1.02 0.65
Polchehr (Po) 0.75 1.04 0.79
Ghurbagh (Gh) 0.84 0.89 0.66
Huliyan (Hu) 0.92 1.08 0.75
Afarine (Af) 0.92 1.2 0.63
Jelogir (Je) 0.91 1.05 0.74
Pay-e-Pol (Pa) 0.83 1.17 0.75
Hamidiyeh (Ha) 0.89 1.42 0.59

a The abbreviations in brackets identify the river discharge stations in the m

Copyright © 2013 John Wiley & Sons, Ltd.
Winter wheat

Observed yields are generally inside or quite close to
predicted yield bands for both rain-fed and irrigated
agriculture (Figure 2). In irrigated plains, the yield varies
from 2050 to 3320 kg ha�1, with the highest yield found in
the Azadegan (2002) region and the lowest in the Dashte
Abbas (1990). For the rain-fed areas, the lowest yield
belongs to the Arayez region (440 kg ha�1 in 1996) and the
highest to Dolsagh region (870 kg ha�1 in 1992). For the
irrigated yield, the P factors are generally larger than 0.78
for calibration and vary from 0.73 to 0.76 for the validation
period (Table IV). The R factor values are quite small,
indicating low prediction uncertainties. For the rain-fed
production, the uncertainties are larger than the irrigated
yield as indicated by generally larger R factor values. This is
because of the year-to-year climatic variation in the rain-fed
yield, which is also incorporated in the 95PPU band.

Impact of climate change on water resources

The availability of the historical renewable fresh-water
resources in the KRB is approximately 908 m3/(capita
year) based on the population of 2002, which was 3.5
million (Ahmad and Giordano, 2010). The estimated
future quantity is approximately 1662 m3/capita/year for
the population of 2025, which is estimated to be 4.5
million (Marjanizadeh et al. 2010) based on the A2
climate scenario. In this study, we found that in the
northern part, the fresh water availability increases from
1716 to 2670 m3/capita/year in the same period as above;
and in the south, the water availability decreases
significantly from 740 to 410 m3/capita/year. Although
Yang et al. (2003) reported a decrease in water
availability for Iran to below the water scarcity threshold
of 1500 m3/(capita year) by 2030, taking the spatial
variability in the climate change into account, the water
resources may actually increase in many parts of the
country (Abbaspour et al., 2009).
In the middle parts of the basin, a significant increase is

seen in precipitation in all climate scenarios (Figures 3a–3d).
In the northeast regions, A1B andB1 predict a generally less
precipitation; whereas in the northwest, all scenarios predict
an increase in precipitation. The production of crops in the
1988) performance of eight river gauges for discharge

Validation

PBIAS P factor R factor NSE PBIAS

�13.1 0.78 1.19 0.53 �17.4
5.4 0.89 1.24 0.68 9.8
12.5 0.88 1.11 0.52 14.3
8.5 0.94 1.23 0.67 11.2
11.3 0.71 1.28 0.56 15.6
7.5 0.89 1.13 0.63 9.7
6.9 0.82 1.24 0.59 8.6

�18.2 0.97 1.73 0.51 �22.9

ap
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Figure 2. Results of SWAT calibration (left column, 1990–2004) and validation (right column, 1982–1988) for wheat yield (ton ha�1) in selected
agricultural regions. (a and e) Dashte Abbas irrigated winter wheat, (b and f) Azadegan irrigated winter wheat, (c and g) Dashte Abbas rain-fed winter

wheat and (d and h) Arayez rain-fed winter wheat

Table IV. Calibration (1990–2004) and validation (1982–1988) performance for crop yield in five major agricultural regions (located in
the southern part of the KRB mostly downstream of Karkheh dam)

Agricultural
region

Calibration (wheat yield) Validation (wheat yield)

P factor R factor P factor R factor P factor R factor P factor R factor

Irrigated Irrigated Rain fed Rain fed Irrigated Irrigated Rain fed Rain fed

Dashte Abbas 0.87 0.21 0.89 0.65 0.76 0.34 0.65 0.59
Dolsagh 0.85 0.39 0.86 0.25 0.75 0.25 0.61 0.31
Arayez 0.83 0.43 0.79 0.49 0.74 0.27 0.71 0.23
Hamidiyeh 0.78 0.29 — — 0.73 0.36 — —
Azadegan 0.94 0.23 — — 0.73 0.29 — —

S. ASHRAF VAGHEFI ET AL.
southern regions experiences periodic losses as a result of
water stresses in the historic period. The predicted 25%
decrease in the average rainfall is expected to exasperate the
situation. Considering the decrease of precipitation and
low economic return of rain-fed agricultural lands in the
Copyright © 2013 John Wiley & Sons, Ltd.
lower Karkheh, the necessity to irrigate seems inevitable in
the south.
Lower Karkheh experiences the same diurnal temper-

ature as the historic period, except in the western region
of Azadegan where temperature differences increase
Hydrol. Process. (2013)
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Figure 3. Distribution of (a–d) annual mean of precipitation, (e–h) diurnal temperature range and (i–l) actual evapotranspiration for historic (1985–2005)
and future (2020–2040) scenarios
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(Figures 3e–3h). The main difference in diurnal temper-
ature appears to be in the midsection of the region, where
a 38% decrease is seen in A1B and B1 scenario, whereas
A2 predicts a 25% decrease. Some studies show that the
declining diurnal temperature may be an indication of
beneficial CO2-induced “global greening” (Myneni et al.
1997), which is by definition known to be helping both
natural and agro-ecosystems become more productive. A
study by Lobell (2007) shows a significant response of
cereal yield to diurnal temperature changes.
Historically, the annual ET varies spatially from 230 to

1350 mm, with the highest values found in the Hoor-al-
Azim swamp and the lowest in the bare land and desert
areas in the southern Karkheh (Figures 3i–3l). The results
show similar trend of spatial variation of actual ET with
previous studies such as Muthuwatta et al., 2010. All
three scenarios indicated changes at the western region of
the watershed where a 20% decrease is evident in many
subbasins. It also appears that there is less spatial
variation in the ET in the central parts of the Karkheh.
Generally, the blue water will increase in the north,

east, west and middle parts of KRB (Figures 4a–4d).
These increases are more obvious in the western parts,
which could have a significant impact on the ecosystem
of the region. Those subbasins located in the south of the
watershed, especially downstream of Karkheh dam, will
not see much change, although in the A2 scenario a little
increase is seen in the blue water.
Green water storage in A1B scenario increases by up

to 80% in most areas in the northwest part of the
Karkheh (Figures 4e–4h). In Dashte Abbas, Dolsagh and
Arayez, wherein rain-fed winter wheat is produced, no
significant change is seen except for the B1 scenario,
under which green water storage decreases from 51–75 to
26–50 mm year�1.
Coefficient of variation (CV) expresses the degree of

reliability in blue water resources (Figures 4i–4l). The
smaller the CV, the smaller the year-to-year variability of
the blue water and the more reliable are the estimates. For
the historical period, most parts of the watershed have
small CVs, except the Azadegan region in the southern
part of the Basin with a CV of larger than 200%. As a
result of climate change, there is an increase in CV for
A1B and A2 scenarios, which indicate a smaller
reliability in the blue water, except the southern parts of
the Basin (Azadegan region), where a decrease of CV is
seen from an average of 225% to 175%. In the B1
scenario, the CV in blue water becomes more uniform
than the historical data as it shows a more uniform
interannual variation of blue water.

Impact of climate change on drought and flood events

The subbasins in the northeast of the watershed
experience continuous dry days (CCD) with the average
of 162 days only four to seven times in the historic period
(Figure 5a). Thismeans all subbasins experience the event at
least four times, while some subbasins may experience it up
to seven times. In the extreme south and the midwestern
sections, this frequency increases to13–14 times (Figure5a).
Copyright © 2013 John Wiley & Sons, Ltd.
In general, the future climate data indicates an increase in the
frequency of such dry periods (Figures 5b–5d). The length
of such dry periods slightly increases. In the extreme south,
increases of up to 201 days are predicted (Figure 5d).
A temperature-based dry period event is defined here as

a period of more than 120 consecutive days with
maximum temperatures >30 �C. The subbasins in the
southern part of the Basin experienced 13–16 events with
the average length of 165 days in the past 17 years
(Figure 5e). In the future, rather small changes are seen in
the dry events in B1 and A2, whereas A1B shows the
most change in the number of dry periods where increases
are seen in the south and north, and middle Basin shows
some decreases (Figures 5f–5h).
A critical period is defined in this article as a period

(>120 consecutive days) where soil moisture is less than
2% per day in the soil profile. Again, the larger events
appear in the southern subbasins where 11–13 times in
20 years the soil moisture is less than the critical value for
the average length of 187 days (Figure 5i). This frequency
decreases to one to five times in the north, whereas a large
number of subbasins experience no such events at all. The
impact of climate change is mostly felt in the south, where
the frequency of such events increases to 16–18 times in
17 years (Figures 5j–5l).
There appears to be an earlier onset of critical

precipitation events in the year, while ending later in
the year, indicating longer critical periods for all future
scenarios (Figure 6). For the maximum temperature, there
is a slight earlier stating, and similar to the precipitation,
the periods last longer in the year. The annual variations
of dry periods show no critical precipitation and
maximum temperature events from 1986 to 1989.
The number of wet days in Kordestan-North (K)

(Figure 1) is expected to increase as a result of climate
change in all scenarios throughout the year (Figures 8a,
8e and 8i). The increase is the same for precipitation
events of ≥2 and ≥10 mm d�1, but for ≥50 mm d�1,
there is a substantial increase in the frequency of such
rainfall events, especially in the fall. In this region, A2
predicts the largest increase in all rainfall events.
We analyzed the impact of future climate change on

floods by calculating the monthly average distribution of
the number of wet days with precipitation ≥2, ≥10 and
≥50 mm d�1 at Kordestan-North (K), Hamedan-North
(H), Eilam-North (E_N) and Eilam-South (E_S) across
KRB (see Figure 1). Figures 8a–8d show the monthly
average number of days with precipitation ≥2 mm d�1. It
is predicted that in Kordestan-North (Figure 7a) in the
Northern part of KRB, the number of wet days will
increase as a result of climate change in all scenarios
throughout the year. The same increase is more or less for
≥10 mm d�1, but for ≥50 mm d�1, there is a substantial
increase in the frequency of such large rainfall events,
especially in the fall. In this region, A2 predicts the
largest increase in all rainfall events.
In Hamedan-North, there is an increase in the ≥2-mm

d�1 rainfall events throughout the years (Figures 7b, 7f
and 7j). However, a decrease is seen in the ≥10-mm d�1
Hydrol. Process. (2013)
DOI: 10.1002/hyp



Blue Water Soil Water CV of Blue Water

H
is

to
ri

c
A

1B
A

2
B

1

Figure 4. Spatial variation of annually averaged (a–d) blue water (mm yr�1), (e–h) soil water storage (mm yr�1) and (i–l) annual CV for blue water
availability for historic (1985–2005) and future (2020–2040) scenarios
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Figure 5. Outputs of the CCDC program. The three columns show the critical continuous days for (a–d) historical and future precipitation, (e–h)
maximum temperature and (i–l) soil moisture
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Figure 6. Beginning and ending days of dry periods and average length of the period for precipitation (left column) and temperature (right column). The
data are shown for Dashte Abbas for (a and e) historical periods and futures scenarios (b and f) A1B, (c and g) A2 and (d and h) B1
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rainfall events from January to May. For the ≥50-mm d�1

events, which were completely absent in the historical
period, an increase is seen in the fall months. Increases in
large rainfall events (≥20 mm d�1), which happen with
less frequency, do not have much impact on water
resources but could have devastating effects as they often
cause flooding.
In Eilam-North, there is an increase in the ≥2-mm d�1

rainfall events throughout the year and also for≥10mmd�1

from January toMay (Figures 7c, 7g and 7k). This translates
into an increase in water resources as shown in the
midwestern section of Figure 4. There is also a large
increase in the frequency of the ≥50-mm d�1 events in this
region (Figure 7k), which alerts an increasing chance of
flooding, especially in the month of October.
Further south in Eilam-South, there is no significant

increase in the frequency of different rainfall rates; and in
some months, there is even a decrease in the number of
rainfall events, especially in February,March andDecember
for the ≥2-mm d�1 events, and almost throughout the year
for the ≥10-mm d�1 events (Figures 7d, 7h and 7i).
The monthly average river discharge in Kordestan shows

an increase (up to 500%) in October for all future scenarios
as compared with the historical time (Figure 8a). The most
Copyright © 2013 John Wiley & Sons, Ltd.
change in Hamedan is seen in October, especially in the B1
scenario (Figure 8b). In Eilam-North, the same monthly
trend as Kordestan is seen, except in July (Figure 8c). In
Eilam-South, changes vary from �100% to 50%. In A1B
and A2, the most increases are seen in July–August;
whereas in the B1 scenario, the most increase is seen in
October (Figure 8d). All results show an increasing chance
of flooding, especially in the month of October.
In general, the CV of rainfalls ≥2 mm d�1 decreases,

except for a slight increase in Hamedan-North located in the
north eastern side of the Basin (Figure 9a). An increase,
however, can be seen in the CV of rainfalls ≥10 mm d�1

(Figure 9b), whereas those of ≥50 mm d�1 substantially
decrease in most parts of the Basin except Eilam-South
(Figure 9c). This indicates less consistency in the rainfalls of
≥10 mm d�1 but a smaller dispersion and more consistency
in the year-to-year events as the rainfall rates increase
beyond 10 mm d�1(Figures 9b and 9c).

Impact of climate change on winter wheat production

The main causes of wheat yield increase in the irrigated
regions of Dashte Abbas (21%) (Figure 10a) are as follows:
a general decrease in the diurnal temperature range (by 2 �C)
as minimum temperature increases (Figures 4e–4h) as well
Hydrol. Process. (2013)
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Figure 8. Comparison of average monthly river flow (m3 s�1) between the historical (1985–2005) and the future scenarios (2020–2040) for four selected
subbasins

PCP > 2mm PCP > 50mmPCP > 10mm

Figure 7. Comparison of the number of wet days (>2 mm d�1 left column, >10 mm d�1 middle column and >50 mm d�1 right column) between the
historical (1985–2005) and the future scenarios (2020–2040) for four selected subbasins
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as an increase in the blue water resources by 25%
(Figures 5a–5d). In the rain-fed areas (Figure 10b), the
wheat yield increases inDashteAbbas (38%) because it sees
a large increase in the precipitation (60%), resulting in an
increase in the soil water (25%) (Figures 5e–5h). In Arayez,
Copyright © 2013 John Wiley & Sons, Ltd.
B1 scenario shows a decrease in yield of 5%mostly because
of a decrease in the predicted soil water by 25%. The KRB
could in the future be an important wheat surplus region able
to fill the shortfalls from other provinces through virtual
water trade as discussed by Faramarzi et al. (2010b).
Hydrol. Process. (2013)
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Figure 9. CV of the number of wet days with (a) precipitation >2 mm, (b)
precipitation >10 mm and (c) precipitation >50 mm for four selected

subbasins across the KRB.

Figure 10. Anomaly graphs of irrigated and rain-fed wheat yields in the
future for five major agricultural lands in the lower KRB.
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Study limitations

It must be pointed out that in this study, the predictions
of hydrological components for the future was based on
Copyright © 2013 John Wiley & Sons, Ltd.
the use of the same land cover as the historic times. This
may have under estimated the AET as denser vegetation
and, consequently, larger AET may result from higher
temperature and CO2 concentration in the future
(Abbaspour et al., 2009). In addition, this study does
not consider any changes in the soil parameters in the
future. Land use changes such as urbanization, refores-
tation and deforestation change surface properties, which
in turn affect partitioning of rainfall into runoff and
infiltration. Also, soil erosion, which is widespread in
Iran, may change soil properties and lead to different
responses of soil in partitioning the infiltrated water
between AET, soil moisture and deep aquifer recharge
(Setegn et al., 2011). Therefore, an advanced study of
climate change impact assessment while considering the
land cover and soil parameter changes would increase the
confidence on the projected results.
There is a large variability in the prediction of future

climate scenario among different GCM models. In this
study, we used one GCM with three different scenarios.
Future studies should use a larger ensemble of GCMs and
development scenarios.
Another source of uncertainty in this study is from future

development plans of the region and construction of water
management systems and irrigation networks. Many dams
have been constructed in Iran in the past years. Dams and
reservoirs can substantially change the hydrology of a
region. Therefore, our projected results must be viewed
keeping in mind the assumptions of this study.
SUMMARY AND CONCLUSION

The Challenge Program on Water and Food recognizes
Karkheh as a benchmark river basin to address severe
environmental degradation in the basin through the
underlying social and biophysical causes (Oweis et al.
2009). The research work that the themes cover obtains
geographical definition by focusing on nine river basin
spread across the developing world. The procedures used
in this study are general and could be applied to all the
Challenge Program on Water and Food benchmark basins.
In this study, we quantified the impact of climate

change on spatial variation of water availability, drought
events and wheat yield across the KRB by building a
SWAT model of the region. The model used wheat yield
and river discharge data for calibration and validation. A
newly developed program called CCDC was used to
determine the frequency and length of critical precipitation,
maximum temperature and soil moisture periods. By using
parallel SUFI2, the SWAT model was calibrated and
accounted for different sources of uncertainties, including
input data, conceptual model and parameter uncertainties. A
total of 26 flow and crop yield parameters were calibrated
with the most sensitive ones shown in Table II. Considering
the large scale of the basin and lack of water use data, the
results are very satisfactory and provide notable insight into
the water availability, drought events and wheat yield and
associated uncertainties in KRB.
Hydrol. Process. (2013)
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We found that the northern part of KRB (Upper
Karkheh) will face a better situation in the future in water
components like precipitation, blue water and green water
resources. In the southern part of the Basin (lower
Karkheh), where much of the agricultural lands are
located, a less favorable climate and water availability
situation than the historical period will ensue.
Although precipitation in the future for lower Karkheh

will not decline, changes in the interannual distribution of
precipitation will cause an increase in the frequency and
average length of the critical continuous periods for
precipitation, maximum temperature and soil water in the
future.
Finally, we observed a general increase in winter wheat

yields in the rain-fed as well as the irrigated lands, which
should be noted for the future planning of the region.
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