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Assessing the climate change impact on hydrological
response in the Gorganrood River Basin, Iran
Hamed Rouhani and Marayam Sadat Jafarzadeh

ABSTRACT
A general circulation model (GCM) and hydrological model SWAT (Soil and Water Assessment Tool)
under forcing from A1B, B1, and A2 emission scenarios by 2030 were used to assess the implications
of climate change on water balance of the Gorganrood River Basin (GRB). The results of MPEH5C
models and multi-scenarios indicated that monthly precipitation generally decreases while
temperature increases in various parts of the basin with the magnitude of the changes in terms of
different stations and scenarios. Accordingly, seasonal ET will decrease throughout the GRB over the
2020s in all seasons except in summer, where a slight increase is projected for A1B and A2
scenarios. At annual scale, average quick ﬂow and average low ﬂow under the B1, A1B, and A2
scenarios are projected to decrease by 7.3 to 12.0% from the historical levels. Over the ensembles of
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climate change scenarios, the simulations project average autumn total ﬂow declines of ∼10% and
an overall range of 6.9 to 13.2%. In summer, the components of ﬂow at the studied basin are
expected to increase under A2 and A1B scenarios but will slightly decrease under B1 scenario. The
study result addresses a likelihood of inevitable future climate change.
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INTRODUCTION
Weather, climate variability, and climate change are impor-

change thus having the potential to impose additional

tant considerations in water resources-related investigations,

water stress (Parry et al. ). It has also been recognized

such as urban water policy, environmental quality assess-

that climate change is foreseen to increase water stress in

ments (Delgado et al. ), distribution and productivity of

some parts of the world and increase ﬂood risk in others

terrestrial vegetation (Hatfield et al. ), land resources

(Arnell ), along with a decline in water quality. This

management (Nearing et al. ), ecology (Lal et al. ),

will affect the terrestrial water cycle and human livelihoods

and sediment yield (Shrestha et al. ). In this context,

in the future (Srikanthan & McMahon ; Xu & Singh

concern has grown in recent years over the issue of global

).

climate change in which increased greenhouse gas emis-

This emphasizes the importance to assess the motiv-

sions lead to changes in the distribution of water resources

ation for climate change considerations in the adaptive

over many regions. The global and regional hydrological

management of water resources. Modeling the hydrologic

cycles have been greatly inﬂuenced by climate change in

impacts of climate change on river basins involves two

the past century (Scanlon et al. ; Schneeberger et al.

issues (e.g., Jiang et al. ): climate change and hydrologic

; Zang et al. ) and the availability and distribution

systems response. Climate models, called general circulation

of freshwater resources will be greatly affected by climate

models (GCMs), are used to project the potential climate
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change for assumed future greenhouse gas emission scen-

inside the GRB, will decrease by up to 1.38% and 1.33%

arios. The long time scales and uncertainty due to global

in return periods of 50 and 100 years, respectively, as a

change have led analysts to develop ‘scenarios’ of future

result of the projected increases in temperature and decrease

environmental, social, and economic changes to improve

in precipitation.

understanding among decision-makers of the potential consequences of their decisions.

Assessing the hydrological impacts basically relies on
water budget modeling and analysis of the interaction

The Gorganrood River Basin (GRB), located in the

among precipitation, evapotranspiration, soil moisture, and

southern belt of the Caspian Sea, Iran, has an area of

runoff under the inﬂuences of changing climate, using cli-

2

and includes densely populated and

mate models, downscaling techniques, and hydrological

highly agricultural lands. The river is of great economic

models. In recent years, there have been many studies of

and environmental importance for the region. The major

the temperature, precipitation (Sheikh et al. ; Jafarzadeh

ﬂoods in 2001 and 2002, that caused huge damage, and

et al. a, b), river ﬂow (Modaresi et al. ; Salmani

the dry summers in recent years have revealed the vulner-

et al. ) and irrigation demand and crop growth in the

ability of water management systems to changes in the

GRB (Ghorbani et al. ), but there have been no studies

hydrological regime of the GRB. Regarding the potentially

of the ﬂows of both green and blue water. Therefore, a

large socio-economic impacts, it has become recognized

detailed and integrated analysis of the water resource

that climate-induced changes in the discharge regime of

trends is urgently needed to support water management

the GRB should become factored into water management.

for the entire river basin. What is lacking in these studies

Based primarily on statistical trend analyses of observed cli-

is the quantiﬁcation of the changes in water balance terms

matology, many of these studies (Araghinejad et al. ;

with respect to the climate change. Also, the IPCC calls

about 13,000 km

Jafarzadeh et al. b; Malekian & Kazemzadeh )

for expanded research on local impacts of climate change

speculated that changes in water resources have resulted

and ﬁner-resolution assessments of changes in water

from climate change, especially changes in precipitation

balance.

and temperature. Seasonal climate variability and change

Water balance models have been used to accurately

could modify rainfall and snowfall patterns, change runoff

simulate spatial and temporal patterns of green and blue

volume and timing, increase sea levels, and change urban

water ﬂows (e.g., Zang et al. ), forecast changes in dis-

and agricultural water demands. An increase in temperature

charges based on climate changes (e.g., Arnell ; Jiang

may result in an increase in evapotranspiration demand rate,

et al. ), and are relatively straightforward to apply.

and that, in combination with a reduction in precipitation,

Thus, water balance models could be an empowering tool

will severely stress the water resources in the region. On

for water resource managers to prepare for and mitigate

the other hand, human activities such as land use change

the effects of regional climate change on their local hydrolo-

and artiﬁcial water intake in the GRB have led to environ-

gic resources. The overall objective of this study is to

mental degradation and water shortages (Pasandidehfard

undertake the effects of projected climatic changes of the

et al. ). Over the past decade, some studies have been

GRB on individual hydrologic components at the down-

carried out in the GRB, mainly focusing on the stream

stream parts of the river. As the GRB is a vulnerable

ﬂow forecasts. Salmani et al. () used the water balance

region due to its potential in various land use activities

model with a spatially semi-distributed approach to estimate

there are different water-based projects which are attached

daily river ﬂow discharge of the GRB. Modaresi et al. ()

to the ﬂow of Gorganrood River. The projects include exist-

examined a conditional probability distribution function to

ing and proposed irrigation schemes and tourism at different

determine the quantity of the annual water yield of the

parts of the river. Hence, estimation of monthly and long-

GRB. The output from scenario B2 of the HadCM3 model

term runoff yield helps to identify the best and sustainable

was used to compare the basin runoff of a baseline period

land use and management options in the area. Therefore,

(1977–2006) to a future 30-year period, 2040–69. It was

the output of this study can be taken as an input to plan

shown that the future runoff in Tamar station located

and implement the effective land and water resources
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development and management. Here, climate projections

sections, the plains and the mountains of the Alborz

from a GCM, and three emission scenarios, and a semi-dis-

chain, and the direction of the mountains faces northeast

tributed hydrological model are used to assess the response

and gradually decreases in height. The dominating land

of the terrestrial hydrological cycle to climate change and

use class is ‘grassland–shrub land’ with an average of 35%.

subsequent changes in available water resources.

As a result of the large topographic variability, its distance
from the sea, the desert areas south of Turkmenistan, and
local winds, the basin contains many areas with district

MATERIALS AND METHODS

micro-climatic conditions that inﬂuence the land use systems. The climate of the basin is variable; the southern
part has a typical mountainous climate, the central and

Study area and data

southwestern regions have a temperate Mediterranean cliThe basin is located in the midstream of the Gorganrood

mate, and the northern part is semi-arid land. Annual

River, northeastern Iran. The Golestan Regional Water

precipitation decreases in the west to east direction, low

Company (GRWC) monitoring site at Gazaghly (Figure 1)

(200 mm) to high (880 mm) and from south to north direc-

was chosen as the outlet for the entire basin since it is the

tion. Rainfall is highly seasonal, of which the spring,

lowest monitoring station on the river not subject to dam

summer, autumn, and winter contribute 23, 15, 27, and

inﬂuence. The total drainage area of the basin (36 480 ∼

35% of the average annual rainfall, respectively. In the last



0



0



0

2

37 47 N, 55 01 ∼ 56 27 E) is about 7,072 km , with a

decades, the basin has witnessed extreme events; massive

length of 192.47 km for the major channel. The basin’s

ﬂoods as well as water shortages. The climate data for

elevation ranges between 2,889 m to approximately 30 m

seven weather stations used for the model simulation were

above sea level at the outlet. The mean elevation of the

obtained from the Iranian National Meteorological Organiz-

basin is 1,014 m and the mean slope of the basin is about

ation and the GRWC. Monthly river discharge was obtained

15%. Geographically, it is divided into two different

for the site located at the basin outlet in Gazaghly station.

Figure 1

|

Digital elevation map of the study area with major rivers and gauging stations.

Downloaded from http://iwaponline.com/jwcc/article-pdf/9/3/421/484752/jwc0090421.pdf
by guest

424

H. Rouhani & M. S. Jafarzadeh

|

Climate change impact on hydrological response

Journal of Water and Climate Change

|

09.3

|

2018

The topographic maps came from the HydroSHEDS data-

column. Soil-water can be removed by ET, deep percolation

base, which is a mapping product based on NASA’s 90

into the deep aquifer, or move laterally in the soil column for

meter SRTM (Shuttle Radar Topography Mission) data.

streamﬂow contribution (Neitsch et al. ). In SWAT, a

The soil data were built from the Food and Agriculture

deep aquifer is a conﬁned aquifer and is assumed to contrib-

Organization (FAO) of the United Nations and 1:250,000

ute to streamﬂow outside of the watershed of interest.

soil map of the Soil and Water Research Institute of Iran.

Groundwater contribution to streamﬂow can be generated

The detailed soil properties (i.e., texture, water content,

from shallow and deep aquifers and is based on the ground-

hydraulic conductivity, bulk density, clay content, silt, and

water balance. Here, we used the Penman–Monteith

sand) were obtained from available soil samples through

method to calculate the potential evapotranspiration

the Natural Resources and Watershed Management Organ-

which simulates the hydrological cycle with a different

ization of Golestan province, Iran. A land use/cover map

time step by disaggregating a river basin into sub-basins

was produced based on Landsat TM image in the year

and hydrologic response units (HRUs). HRUs are lumped

1997 with a spatial resolution of 30 m. The locations and

land areas within the sub-basin that comprise unique land

details of rainfall and temperature stations are shown in

cover, soil, slope, and management combinations. An

Figure 1 and Table 1, respectively.

assumption is made that there is no interaction between
HRUs within a single sub-basin. Loading from each HRU
are calculated separately and then summed together to

Hydrological model

determine the total loadings from the sub-basin (Neitsch
et al. ). The model parameters were estimated by the

SWAT is a basin-scale model designed to simulate water-

automatic calibration procedure with a monthly time step

shed and water-quality processes, simulating the entire

from 1983 to 1993, in which the period from 1984 to 1990

hydrologic cycle, including surface runoff, snowmelt, lateral

(5 years) was used for calibration and the period from

soil ﬂow, ET, inﬁltration, deep percolation, and groundwater

1991 to 1993 (3 years) for validation. Furthermore, the

return ﬂows. It has previously been applied in Iran and has

ﬁrst two years observed runoff data prior to 1983 and

given satisfactory results (Salmani et al. ; Golshan et al.
; Jafarzadeh et al. a). For this study, surface runoff

were used as warm-up period to mitigate the inﬂuence of
initial condition errors.

was estimated using the Soil Conservation Service’s Curve
Number method, which is a nonlinear function of precipi-

Modeling approach

tation and retention coefﬁcient. The Muskingum routing
procedure was selected for routing the channel ﬂow. Any

Long Ashton Research Station Weather Generator model

water that does not become surface runoff enters the soil

(LARS-WG) incorporates predictions from 15 GCMs used
in the IPCC Fourth Assessment Report (AR4) (Solomon

Table 1

|

et al. ). The GCM used in this study is MPEH5C devel-

Characteristics of the rainfall and temperature stations

oped at the Max-Planck Institute for Meteorology, Germany.

Annual observed

The GCMs spatial resolution are too coarse to apply directly

(1983–1993)

Location
Elevation
Station

Lat ( )

Long ( )

(ma.s.l)

Rainfall (mm)

T ( C)

ArazKoseh

37.22

55.15

35

452

18.3

Bahlekh

37.05

54.78

24

428

16.6

Chesmekhan

37.28

56.12

1,250

333

12.9

Ramiyan

37.02

55.13

200

886

16.3

RobatGarehbil

37.35

56.32

1,450

187

12.5

Gonbad

37.23

55.15

37

435

18.7

Tamar

37.48

55.50

132

508

18.2
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input to SWAT from one downscaled climate model under

to assess different results. The ENS has values between ∞

three different scenarios of greenhouse gas emissions,

and 1 and represents the proportion of initial variance

including a medium greenhouse gas emission’s scenario

explained by the model with values equal to 1 indicating a

(A1B, GHG of 720 ppm stabilization in 2100), a low green-

perfect ﬁt between observed and predicted data. In general,

house gas emission’s scenario (B1, GHG of 550 ppm

the model was able to capture the daily data series very well.

stabilization in 2100) and the highest increase in the concen-

In term of Tmax, Tmin, and P, LARS-WG was superior to

tration of greenhouse gases (A2, GHG emissions are

downscale at the western station, as compared to the eastern

assumed to continue growing) to predict the impact of

station (Cheshmeh and RobatGarehbil). The reasons for the

future climate change on hydrology, while the remaining

less accurate GCM performance in this region are likely, far

data were supplied by the built-in weather generator. The

from the central cell of the MPEH5 model, the effects of the

downscaled rainfall data were subsequently used as input

local topography, and the model descriptions of physical

into the calibrated model for generating rainfall and runoff

processes, which have a major inﬂuence on the pattern of

scenarios. The SWAT model was then run with the future

precipitation over the region.

climate data while assuming constant issues (i.e., current

The differences in average observed and simulated

land use). However, we recognize that land cover changes

LARS-WG for monthly precipitation over the regions were

resulting from climatic changes and other human activity

between 1.5 and 23 mm/month while the RMSE and ENS

may affect the hydrology of the basin in ways that are not

values were 4.10–13.02 and 0.77–0.87, respectively. As

considered here.

shown in Table 3, the RMSE and ENS of Tmin ranged
between 0.24 and 0.58 and 0.87 and 0.95, respectively. It
shows that the model performs slightly better than Tmax,
with the RMSE and ENS of LARS-WG ranged between

RESULTS AND DISCUSSION

0.52 and 0.98 and 0.85 and 0.96, respectively.
Precipitation predictions, however, have a larger degree

Calibration of LARS-WG

of uncertainty than those for temperature since precipitation

The downscaled daily rainfall simulated by LARS-WG is
shown in Table 2. The Nash–Sutcliffe efﬁciency (ENS) as
the ratio of residual variance to measured data variances
(Nash & Sutcliffe ) and the root mean square error
(RMSE), which measures the difference between values predicted by a model and the values actually observed from the
environment that is being modeled, were used in this study

Table 2

|

is highly variable in space and the relatively coarse GCM
models cannot adequately capture this variability (Bader
et al. ). Overall, the results showed that downscaling
method

well-reproduced

the

Tmax,

Tmin,

and

P. Moreover, GCM simulations of P are much more problematic than those for temperature. The results presented in
Table 2 indicate that the LARS-WG model shows appropriate prediction and thus it was chosen to assess the future
climate change.

The performance of LARS-WG model outputs

Tmax

The result of the projected period for the scenarios in

Tmin

the gauging stations across the basin is presented in Figures 2

P

Station

ENS

RMSE

ENS

RMSE

ENS

RMSE

ArazKoseh

0.93

0.60

0.93

0.24

0.85

7.28

Bahlekeh

0.94

0.56

0.91

0.35

0.83

8.52

Tamar

0.91

0.52

0.90

0.50

0.83

9.74

Index

Calibration

Validation

Cheshmeh

0.87

0.98

0.88

0.46

0.77

7.06

ENS

0.72

0.80

2

Table 3

|

Goodness of ﬁt for daily stream ﬂow simulations

Ramiyan

0.89

0.72

0.91

0.47

0.82

13.02

R

0.73

0.83

RobatGarehbil

0.85

0.76

0.87

0.58

0.80

4.10

d

0.91

0.95

Gonbad

0.96

0.97

0.95

0.42

0.87

6.44

p

0.62

0.74
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shows a much greater P decrease of about 6.35% compared
to the baseline period. Meanwhile the largest percentage
changes in annual P are projected at Cheshmeh gauging
station, which lies in the upper part of the basin, with a
decrease mean annual P of 12.55, 8.90, and 14.76% under
A1B, B1, and A2, respectively (Figure 2). The minimum
change occurring at Gonbad gauging station is with a
decrease in mean annual P of 3.87% under B1 scenario,
Figure 2

|

Percentage changes in total annual precipitation relative to baseline for the
three climate change scenarios at each gauging station.

and with an increase of 3.64 and 0.86% under scenario
A1B and A2, respectively. The results indicate, compared
to the period for which monitored records exist (1980–2010),

and 3, in which the P, Tmin, and Tmax values for the 2020s

a decrease of mean annual rainfall for the 2010–2030

were compared with the ones calculated for the outputs

period, with no signiﬁcant indication of spatial variability

simulated under the baseline scenario (1980–2010) for

of this decrease.

each scenario.

The projected scenarios in all gauging stations agree to

The projected near-future changes in P are with different

an increment of Tmin between 2.26% and 11.82% in respect

magnitudes and mostly indicating a decrease; however, a

to the baseline period (Figure 3). The maximum relative

few stations also project increase of P, at Bahlekh gauging

changes in Tmin are projected to occur consistently at

station (A2 ¼ 2.79%) and Gonbad gauging station for A1B

RobatGarehbil and Cheshmeh gauging stations.

(3.64%) and A2 (0.86%) in respect to the baseline period
(Figure 2).
Moving our attention to the mean annual P of the gau-

The average Tmin projected by the model according to
A2 scenario increases slightly more than the average Tmin
in other scenarios (i.e., A1B and B1).

ging stations trends of Figure 2, the A1 and A1B scenarios

The variability changes for Tmax are generally moderate

show a P decrease of 4.87%, whereas the scenario B1

in all scenarios (Figure 3). All gauging stations reveal
increases of Tmax for mid century in the basin, with
3.19% and 3.12% (Cheshmeh station) under the A2 scenario
and A1B scenario, respectively, and 2.68% (Tamar station)
under the A2 scenario. The magnitude of regional warming
of Tmax in all scenarios at the gauging stations is close to
each other.
Generally, the P changes vary substantially from month
to month and across the basin in all scenarios. The percent
change of P rate is generally greater on the eastern side of
the GRB than the western side; conversely, the Tmin
changes are mostly greater on the western side of the GRB
than the eastern side, while Tmax variations over the
basin did not follow a clear pattern.
The ensemble means of P, Tmin, and Tmax predictions
with respect to the baseline period (1980–2010) under the
MPEH5C, with A1B, B1, and A2 scenarios obtained from
LARS-WG at seven gauging stations of the basin were calculated to further illustrate future change in the period of

Figure 3

|

The relative changes of annual Tmin and Tmax for the climate change scenarios with respect to the current conditions at each gauging station.
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averaged percentage changes in monthly mean rainfall,
Tmax, and Tmin in the 2020s with respect to the baseline
period are presented in Figure 4. In the basin scale and
under scenarios A1B, B1, and A2, the mean annual P is projected

to

decrease by

10.21%,

8.15%,

and

8.83%,

respectively. As shown in Figure 4, in the 2020s this may
cause a decrease in monthly P in most months except in January, June, July, and August.
The highest rise in P was obtained by the A2 scenario in
July (22.2%) followed by the B1 scenario in June (20.3%)
and the highest reduction in P was obtained under A1B
scenario in October by 26.2% followed by the A1 scenario
(16.5%). P variability decreases in autumn and winter
months (except for January) and increases in most of the
summer months. Overall, seasonal mean of P is anticipated
to decrease moderately in autumn, notably in September
and October in the A1B scenario.
Figure 5 presents the resulting projections of regionally
averaged Tmin and Tmax changes to the future climate.
The GCM model indicates it is plausible that both Tmin
and Tmax rise by less than 5% compared to the baseline
over the GRB for all seasons, by the 2020s. For the 2020s,
the A1B, B1, and A2 scenarios displayed annual Tmin
increase by 3.4%, 3.0%, and 4.4%, respectively. Over the

Figure 5

|

The relative changes in monthly Tmax and Tmin for the climate change
scenarios with respect to the current conditions.

2020s and compared to the past, Tmin increase reached
þ9.1% (April) for the A1B scenario and þ10.3% (April)

melting starting earlier in the spring. An increase in mean

for the A2 scenario (Figure 5). The Tmin changes are predo-

monthly temperature during the summer months may sig-

minantly positive in all months, except in the B1 scenario

niﬁcantly increase the evapotranspiration rates in the

for March and November when increased winter tempera-

vegetated areas (Al-Mukhtar et al. ).

tures will lead to potentially more rain than snow and

The projected monthly Tmax scenarios of the catchment did not vary signiﬁcantly under future scenarios
(Figure 5), with mean increase of 1.7% to 2.7% in all scenarios. The Tmax showed an increase in mean monthly
maximum temperature for all months except for January
(Figure 5). The change in mean monthly Tmax ranged
between 1.8% in January and þ3.4% in April for the
A1B scenario, between 2.8% in January and þ3.0% in
November for the B1 scenario, and between 1.9% in January and þ4.21% in November for the A2 scenario. In
general, the variability changes in the warmer months are
relatively smaller than in the others. The mean monthly
change in daily maximum temperature from the baseline

Figure 4

|

Relative changes in monthly precipitation for A1B, B1, and A2 climate change
scenarios with respect to the current condition.

Downloaded from http://iwaponline.com/jwcc/article-pdf/9/3/421/484752/jwc0090421.pdf
by guest

period data would mean generally less variation of Tmax
than Tmin and P.

428

H. Rouhani & M. S. Jafarzadeh

|

Climate change impact on hydrological response

Impact of climate change on stream ﬂow

Journal of Water and Climate Change

|

09.3

|

2018

(Table 3). In the validation period, the predicted stream
ﬂow corresponded more closely to the measured ﬂows,

The informal generalized likelihood uncertainty esti-

with less overprediction of peak ﬂow months, as com-

mation (GLUE) approach was used for uncertainty-based

pared to the calibration period. SWAT simulated both

calibration of the SWAT model against the outlet gauge

wet and dry years reasonably, which subsequently can be

over the basin for 1983–1989 and validated for 1990–

used to evaluate the impact of climate change on stream

1993. Comparisons of the observed and simulated runoff

ﬂow (Figure 6). This implies that the model is successful

of the SWAT model are shown in Figure 6. The peak

in modeling the blue water ﬂows in the GRB.

values during the calibration period are generally underes-

Figure 7 illustrates the annual mean water balance

timated while low ﬂow discharge is relatively well

(1984–1993) of the GRB at Gazaghly gauging station. It

simulated by the model. The efﬁciency values and visual

can be seen that the maximum rainfall was received in

inspection of hydrographs over the calibration period

March (78.6 mm) and February (61.47 mm) and the

show that model performance is satisfactory. The Nash–

lowest in July (15 mm) and June (18.7 mm), respectively.

Sutcliffe coefﬁcient (ENS) for streamﬂow was 0.72 and

The highest overland ﬂow resulted in March while the

0.80 for the calibration and validation periods, respect-

lowest was in July. The overland ﬂow is generally higher

ively. SWAT provided good performance in calibration

in winter (104 mm) and autumn (63 mm) and lower in

on the objective functions while its validation perform-

summer (25.5 mm) and spring (58 mm). Actual evapotran-

ance was somewhat better compared to the calibration

spiration at Gazaghly station shows a higher rate of

period

evapotranspiration during spring and summer and a

with

clearly

reduced

uncertainty

bounds

lower rate in autumn and winter, which is consistent
with the changes in temperature, solar radiation, and
growing season. Much of the runoff at Gazaghly is dominated by the quick ﬂow contribution which accounts for
an average of 67% of the total runoff, with values for individual months ranging from 2% in July to 17% in March.
Mean quick ﬂow was about two times higher than mean
slow ﬂow, increasing from ﬁve times in November to
reduce by up to 50% in June.
The calculated air temperature and precipitation
changes from a downscaled simulation of the future
change (MPEH5C) with three different emission scenarios

Figure 6

|

Time series of the observed and simulated monthly stream ﬂow data with 95%
prediction uncertainty calculated by GLUE approach in calibration (left side)
and validation (right side) periods at Gazaghly outlet.
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The monthly water balance components in the GRB.
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(SRES A1B, B2, and A1) was used to assess the future water

Figure 8 shows the relative changes in water balance terms

balance changes in the GRB. All the other variables in

of the GRB predicted by SWAT, after temperature and pre-

SWAT remain constant; these three projections provided

cipitation were perturbed by SRES emission scenarios, for

the input to the SWAT model to projected future climate

the 2020s.

changes. As seasonal patterns of water availability often

The distribution of seasonal GCM projections in Figure 8

differ from seasonal water needs, the seasonal distribution

illustrates that the models were not in uniform agreement in

of decade-scale changes in precipitation, streamﬂow, and

the direction or magnitude of changes for the 2020s time

ET is as important as annual changes, which in turn may

period. The baseline period received the greatest contri-

require management intervention to balance differences in

bution to seasonal P in the spring (March, April, May),

water availability (Gabrecht et al. ). The results of cli-

followed by winter (December, January, February), autumn

mate change scenario simulations are representing 2010–

(September, October, November) and summer (June, July,

2030 compared with the corresponding baseline period.

August). This inter-seasonal behavior was maintained in all
scenarios in the 2020s simulations. The projected winter,
spring, and autumn climate resulted in a decrease of seasonal hydrological components relative to the baseline
conditions for all scenarios, indicating that the projected
decrease in precipitation exceeds the simulated decrease in
evaporation. This is especially the case for A1B scenarios,
which lead to a substantially lower simulated autumn
quick ﬂow. The relative decrease in quick ﬂow and slow
ﬂow were always larger than the corresponding relative
decrease in precipitation. In the 2020s, the quick ﬂow by
A1B and A2 scenarios in the summer compared to the baseline scenario were projected to increase by 9.5% and 7%,
respectively. The most signiﬁcant changes in quick ﬂow
were projected to occur in the autumn in all scenarios. However, the range of decrease is predicted to be between 12.6%
(A1B), 13.2% (A2), and 13.3% (B1). It is noticed that seasonal slow ﬂow consistently decreases over all seasons except
for a slight increase in summer. In all modeled scenarios, the
reduction of slow ﬂow will be in the range of 1.25 to 13.9%,
while it tends to increase in summer by 5.2%. However,
quick ﬂow increased more compared to the slow ﬂow
because the north and central parts of the basin have relatively ﬂat topography. The projected winter P and winter
slow ﬂow have shown only a slight reduction in all scenarios. The largest decrease in seasonal slow ﬂow will
probably occur during the spring months with a decrease
ranging from 10.6% to 13.9% which can be attributed to
the decrease in average spring precipitation across the
basin. The SWAT model predicts a higher summer slow
ﬂow in A2 scenario; in contrast, the slow ﬂow trend results

Figure 8

|

▪

▪

Relative changes in seasonal water balance components: ET ( ), slow ﬂow ( ),

▪

▪

quick ﬂow ( ), and P ( ) for the period 2020s in different scenarios.
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in a small (5%) but signiﬁcant increase in ET by about
13%, from 58.7 mm to 66.5 mm in summer. This is likely
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because of the feedback between precipitation and evapo-

with greater decreases for B1 scenario as compared to A1B

transpiration via temperature also, on energy availability

and A2 scenarios. Moreover, the trends of P predicted for

and surface wind. On the other hand, decreased ET in

scenarios showed a similar seasonality change with a

autumn in all scenarios reduced slow ﬂow.

decrease in winter (A1B ¼ 2.3%, B1 ¼ 1.16%, and A2 ¼

All of the modeled scenarios indicated an increase in ET

3.0), autumn (A1B ¼ 2.8%, B1 ¼ 8.1%, and A2 ¼ 7.3%) and

in summer months; with respect to change in ET for GRB it

slightly in spring in all scenarios while it is projected to

is 0.5% for the B1 scenario, while the MPEH5C scenarios

increase in summer for all scenarios. As the largest rain-

A1 and A1B show ET increase of 13.2% and 10.9%, respect-

fed wheat area is cropped during the autumn season fol-

ively. ET from the near-future period 2010–2030 to the

lowed by a spring cropping, such changes may negatively

historic period 1980–2010 are greater for both A2 and

affect the rain-fed agricultural sector. The largest decrease

A1B scenarios than for the B1 scenario in summer. The

in monthly P can be observed in August (15.9%), September

reduction in ET for the B1 scenario is 0.56%, which is less

(15%), and October (11.75%) according to scenarios B1,

than that of the A1B (3.5%) and A2 (3.7%) scenarios.

A1B, and A2, respectively.

Overall, the average quick ﬂow and slow ﬂow are pro-

Although the magnitude of the changes not only varies

jected to increase by 5 to 9% in summer in A2 and A1B

by station, but also between scenarios, the overall pattern

scenarios due to the increased precipitation. These projec-

of the changes based on emission scenarios is obvious. In

tions clearly rely on the uncertain changes in temperature

scenario A1B (A2), the largest decrease in annual P is

and precipitation and might lead to increased ﬂood risks

likely to occur at Cheshmeh station, 12.55% (14.8%), fol-

with consequent impacts on soil erosion rate. The increased

lowed by RobatGraehbil station, 8.9% (13.7%). The

soil erosion would also clog the waterways and its channels

greatest decrease in precipitation in scenario B1 is predicted

by changing the river morphology, which would increase

to occur at RobatGraehBil, 10.9%, followed by ArazKoseh,

pollution and sedimentation by transporting pesticide, herbi-

9.6%.

cides, and fertilizers from agricultural lands via the

The observed temperature across the GRB is projected

accelerated surface runoff. Water is important to plant

to increase in all seasons, with a relatively greater increase

growth, so varying precipitation patterns result in having

in Tmin as compared to Tmax. The downscaling indicates

impacts on crop productivity. As the GRB is dominated by

an annual Tmax increase for the 2020s, but the variability

rain-fed agriculture, the projection of future hydrological

is not signiﬁcant. The largest increase in monthly Tmax in

component changes can therefore be expected to impact

scenario A2 (B1) can be observed in November, 4.2%

on the magnitude and direction of climate impacts on

(3.0%). For scenario A1B, the increase in the Tmax is

crop production.

slightly higher than that for scenarios A2 and B1, while
the projected Tmax is higher by 6.2% than the baseline in
December.

SUMMARY AND CONCLUSION

In the basin scale, the downscaling indicates an annual
Tmin increase for the 2020s by 4.5% (A2 scenario), 3.5% (B1

Analysis of the impact of climate change on water balance

scenario), and 3.4% (A1B scenario). The seasonal Tmin is

components was conducted by assessing the stream ﬂow

also expected to rise, but at different rates than the annual

components simulated by SWAT using projected climate

average. Projections based on SRES scenarios for spring

data for the historical (1983–1993) and projected (2020s)

(4.9%) and autumn (4.32%) are greater than those projected

period based on a GCM model (MPEH5C) for three selected

for winter (3.2%) and summer (2.6%). The expected Tmin

emissions scenarios in the GRB located in northeastern

could decrease slightly in March compared to the other

Iran. The LARS-WG model is used as a downscaling tech-

months in A2 and B1 scenarios. Looking to scenario A1B

nique to generate the future temperature and precipitation

(B1), the largest increase was in April (April), where the lar-

which indicated that the annual precipitation will likely

gest and smallest increases were 9.1% and 0.2% (6.2% and

expect to decrease by about 3.5% in A1B and A2 scenarios

2.5%), respectively, which is particularly strong for A2
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scenario. Projected changes in Tmin are 3.4% (0.17% to

we neglected the joint impact of climate and land use

9.1%) by the A1B scenario, 3.5% (2.6% to 6.2%) by the

changes on water balance. Second, the GBR is witnessing

B1 scenario, and 4.4% (0.18% to 10.3%) by the A2 scen-

intense ongoing water resources management activities,

ario. Greater Tmin increases are projected for Cheshmeh

e.g., dam construction, water consumption limitations per

station (>10%) for all scenarios, whereas Bahlekeh shows

well, and closing of wells. Thus, simulations of future dis-

the lowest increase (<4%) for A1B and B2 scenarios.

charge do not include the operation policies. Furthermore,

Based on the temperature increases and precipitation

in the present analysis, we considered only one GCM from

decreases, climate change has the potential to modify

IPCC-AR4 and one hydrological model although three emis-

streamﬂow regime and may result in a reduced streamﬂow

sion scenarios were included. Recent work highlights that

by 6.02%, 5.2%, and 4.7% in B1, A2, and A1B scenarios in

there is uncertainty across different GCMs in the simulation

the coming decades, respectively, compared to the base

of runoff (Lee & Kim ), therefore it cannot be assumed

period.

that all GHMs will perform in the same way as the GSM pre-

A rather insigniﬁcant change in the patterns of the com-

sented here. Lastly, our approach does not account for all

ponents ﬂow, which are derived from the three scenarios in

sources of uncertainty involved with projecting future cli-

question, may take place in the ﬁrst 20 years of the century.

mate. The uncertainties of using different hydrological

At seasonal scale, average quick ﬂow under the B1, A1B,

models and downscaling methods should be investigated

and A2 scenarios is projected to decrease during autumn

to provide a useful guideline for evaluating the uncertainties

(7.2%–12.2%) and winter between 6.15% and 7.4% with

in studies of climate change impacts on hydrology. This

no signiﬁcant change in the summer and autumn months.

limitation should also be assessed in future developments

Seasonal average slow ﬂow under the emissions scenarios

of this study.

is projected to decrease by 1.25% to 13.2% with the largest
declines according to A2 scenario, except for the summer
where a slight increase is projected. Changes in intraannual (monthly) components ﬂow are greater and the
greatest monthly increases of up to 29.4% and 12.2% are
projected in June in quick ﬂow and slow ﬂow, respectively,

CONFLICT OF INTEREST
There is no conﬂict of interest.

and the greatest monthly decrease of up to 20% (August)
is expected in the 2020s under B1 scenario compared to
the base period. Under A1B scenario, the increase in
quick ﬂow and slow ﬂow is pronounced in June (26.8%)
and July (9.7%) while the decrease is more pronounced in
October (21.8%) and September (17.6%), respectively.
Quick ﬂow is reduced up to 20.9% in October and increased
by 25.2% in July in the A2 scenario and for slow ﬂow the largest increases (15.2%) are projected in July while A2
scenario simulation projected the largest declines in October (13.2%). Increase in quick ﬂow is observed for months
which correspond to the increase in monthly P. The results
indicated that by the 2020s the climate over the GRB will
likely tend to towards substantial changes which may have
widespread impacts on humans and the environment. However, we believe that our study has certain limitations. First,
the present research assumed that future green and blue
water ﬂows solely result from meteorological changes and
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