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Assessing the hydrological impacts of climate change in
the headwater catchment of the Tarim River basin, China
Zhaofei Liu, Zongxue Xu, Guobin Fu and Zhijun Yao

ABSTRACT
Two statistical downscaling models were used to downscale regional climate change scenarios, on
the basis of the outputs of three general circulation models (GCMs) and three emission scenarios.
Driven by these climate change scenarios, a distributed macro-scale hydrological model (the Variable
Inﬁltration Capacity (VIC) model) was applied to assess the impact of climate change on hydrological
processes in the headwater catchment (HC) of the Tarim River basin, China. The results showed that
the HC tends to experience warmer and drier conditions under the combined climate change
scenarios. The predictions show a decreasing trend of the runoff in the HC, driven by the combined
climate change scenarios. The results predicted an increasing trend for winter runoff however, which
was consistent with the forecasts from most previous studies on other locations such as the region
of St Lawrence tributaries (Quebec, Canada) and the Willamette River Basin (Oregon, USA). There was
an inconsistent intra-annual distribution of the changes in precipitation and runoff in the HC; these
inconsistencies may be explained by increasing snowmelt runoff resulting from higher air
temperature. It was concluded that uncertainties within different GCM outputs are more signiﬁcant
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than emission scenarios in the assessment of the potential impact of climate change.
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INTRODUCTION
On the basis of past greenhouse gas emissions and inertia in

impact of climate change on hydrological processes and

socioeconomic systems, it is anticipated that future climate

water resources at these scales.

change is unavoidable and that adaptation will become

General circulation models (GCMs) are the primary tool

necessary. Climate change is likely to produce signiﬁcant

for generating climate change scenarios (Murphy et al. ;

effects on the hydrological cycle through global-warming-

Solomon et al. ; Andersson et al. ). However, the

induced changes in snow and ice cover, changes in precipi-

GCM simulation of local climate on spatial scales smaller

tation patterns and changes in soil moisture and runoff.

than the original GCM grid cells is often poor, especially

Although there is considerable uncertainty in the projected

when the area has complex topography (Schubert ;

patterns of precipitation at the regional scale, the Intergo-

McAvaney et al. ). Downscaling to generate information

vernmental Panel on Climate Change (IPCC) fourth report

below the grid scale of GCMs is therefore necessary. There

(AR4) suggests that precipitation and average annual river

are two main approaches to downscaling: dynamical and

runoff are likely to increase in the mid-latitudes and some

statistical (Fowler et al. ). Fowler et al. () reviewed

areas in the humid tropics, but likely to decline in many

downscaling techniques and found that dynamical down-

semiarid regions (Solomon et al. ). However, given

scaling methods provide little advantage over statistical

that the adaptation policy tends to be made at national,

techniques. Murphy () also pointed out that although

regional and local levels, there is a need to assess the

dynamical and statistical downscaling (SD) methods
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generate similar reproduction of current climate (Wilby

Overall, the method that uses climate change scenarios

et al. ), they can differ signiﬁcantly in the projection

downscaled from GCM outputs to drive hydrological

of future climate conditions. SD was used in the present

models is the most useful method for assessing the impacts

study since this method offers considerable computational

of future climate change on regional hydrology. Further,

savings and can be relatively easily applied to different

on the basis of multi-GCMs and multi-emission scenarios,

GCMs, parameters and regions (Cubasch et al. ;

climate projections can provide an uncertainty envelope

Timbal et al. ; Wilby et al. ; Wood et al. ).

for the projected runoff. These methods have been widely

SD methods can be classiﬁed into three types (Wilby

applied in recent studies of different countries and regions,

et al. ), namely those that involve regression models

including: the USA (Maurer et al. ; Lan et al. );

(transfer functions), weather generators and weather classiﬁ-

Canada (Chen et al. ; Kehta et al. ); the Itaipu

cation. In general, SD methods that combine multi-

Basin located on the frontier between Brazil and Paraguay

techniques are possibly the most appropriate (Christensen

(Sosa et al. ); Ethiopia (Abdo et al. ); Sweden

et al. ). The Statistical Downscaling Model (SDSM)

(Teutschbein et al. ); Ireland (Bastola et al. ); the

includes deterministic transfer functions and stochastic

Greater Caucasus (Hagg et al. ); South Africa

components

(Wilby

et

al.

),

while

the

Non-

(Graham et al. ); Australia (Chiew et al. ); Iran (Kha-

homogeneous Hidden Markov Model (NHMM) includes

zaei et al. ); and Korea (Bae et al. ). In general, there

weather classiﬁcation, regression and stochastic com-

are large differences between future runoff scenarios under

ponents (Charles et al. ). Liu, L. L. et al. () and

different climate change projections for different regions.

Liu, Z. F. et al. () found that the NHMM model per-

All of these studies projected an increasing trend for air

formed better than SDSM in downscaling the daily

temperature, and most of them predicted an increasing

precipitation over the Tarim River basin (TRB). The

trend for winter runoff (e.g. Boyer et al. ; Chang &

NHMM was only developed for downscaling precipitation.

Jung ; Chen et al. ; Forbes et al. ; Liu, L. L.

Therefore, both NHMM and SDSM were selected;

et al. ; Liu, Z. F. et al. ; Kienzle et al. ), which

NHMM was used to downscale precipitation and SDSM

was mainly attributed to more snowmelt runoff caused by

to downscale air temperature.

warmer winters. In the case of China, several studies esti-

Although a few previous studies employed empirical

mated the impacts of climate change on the local

methods (e.g. Teegavarapu ; Zeng et al. ), hydrological

hydrology in some regions, including the Yellow River

models had advantages for use in the assessment of the impacts

basin (Liu, L. L. et al. ; Liu, Z. F. et al. ), the Yangtze

of future climate change on local hydrology (Gleick ;

River basin (Zeng et al. ), the Songhua River basin

Singh & Kumar ). Many different hydrological models,

(Meng & Mo ), the TRB (Liu et al. ) and the

including the Variable Inﬁltration Capacity (VIC) model,

Poyang Lake region (Ye et al. ). These studies however

have been used previously (Beyene et al. ; Elsner et al.

lacked hydrological models, did not use downscaling

; Maurer et al. ). It is important to identify whether

methods or used only one GCM. Few previous studies

simple or complex models should be used for selecting a suit-

have used multi-GCM outputs, downscaling methods and

able model (Jiang et al. ). There are many factors

hydrological models to assess potential impacts of climate

involved in the choice of a model for a particular study

change on hydrology at the basin scale in China.

(Gleick ), in which the dominant factors include the pur-

In this study, multi-GCMs and multi-emission scenarios

pose of study and model and data availability (Xu ).

were downscaled for regional climate projections, which

Given that the main purpose of this study is to assess the hydro-

could represent an uncertainty envelope for impact assess-

logical impacts of climate change in a macro-scale basin, a

ment. Multiple climate change scenarios were used to drive

macro-scale hydrological model, namely the VIC model

the VIC model to assess the impact of future climate change

(Liang et al. , ), was used. The VIC model has been

on hydrological processes in the headwater catchment

widely used at large scales, and it has also been used for studies

(HC) of the TRB. Runoff is more sensitive to climate change

for the arid regions in China (Su & Xie ; Xie et al. ).

in arid regions than in humid regions. Therefore, an

Downloaded from https://iwaponline.com/hr/article-pdf/44/5/834/370524/834.pdf
by guest

836

Z. Liu et al.

|

Impacts of climate change on hydrology of Tarim River basin

Hydrology Research

|

44.5

|

2013

assessment of the impact of climate change on water avail-

southern Xinjiang Autonomous Region and includes ﬁve

ability in arid regions is of great scientiﬁc and practical

autonomous states and 42 cities (Xu et al. ). The basin

importance to water resource management in the arid regions

area of 1,020,000 km2 includes nine sub-basins, the main-

of the world. The TRB is the largest inland river basin (1.02 ×

stream region, the Taklamakan Desert and eastern desert

6

2

10 km ) in China. It is characterized as having an extremely

regions (Xu et al. ). Historically, nine rivers have been

dry desert climate, with little precipitation and strong poten-

hydraulically connected to the Tarim River mainstream. At

tial evaporation (Xu et al. ). The TRB is rich in natural

present however, only four rivers have maintained a hydrau-

resources, but the ecological environment in the basin is

lic connection to the mainstream. Three of these, namely the

extremely vulnerable due to very limited water resources

Akesu, Yerqiang and Hetian rivers, have hydraulic connec-

(Chen et al. ; Liu et al. ). The variability and avail-

tions with the upstream Tarim River. As shown in

ability of water resources have direct inﬂuences on local

Figure 1, the HC of the TRB can be regarded as a single

eco-environmental conservation and sustainable socioeco-

catchment

nomic development (Zhang et al. ).

units; it was therefore selected as the study area. The catch-

with

relatively

independent

hydrological

ment has distinct runoff generation characteristics. Annual
precipitation in the plain region is usually less than

STUDY AREA

100 mm; runoff is therefore not generated. Runoff is only
generated in the high mountainous region, but it is conW

W

The TRB, located at 73–97 E and 34–45 N, is the largest

sumed in the low plain region due to evaporation or

inland river basin in China (Figure 1). It is situated in

irrigation.

Figure 1

|

Location of the TRB in northwest China and meteorological stations. The right panel shows the location and digital elevation model of the TRB in China. The left panel shows the
headwater catchment of the TRB.
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humidity variables are useful to downscale precipitation
(e.g. Karl et al. ; Murphy ; Wilby & Wigley ),

Observed stations data

especially as it may be an important predictor under a changed climate.

Observed daily data series for the period 1961–2010 were
obtained from 14 National Meteorological Observatory

GCM outputs

(NMO) stations located in or around the TRB (see Figure 1);
the data series included data on precipitation, maximum air

Three GCMs, namely CSIRO30, ECHAM5 and GFDL21,

temperature (Tmax), minimum air temperature (Tmin) and

were selected for use in this study. Detailed information

mean wind speed (National Climatic Centre of China).

about these models can be found at the IPCC Data Distri-

Another 10 precipitation stations and ﬁve hydrological

bution Centre website (http://ipcc-ddc.cru.uea.ac.uk). Three

stations with daily data series of precipitation and monthly

emission scenarios of the IPCC Special Report on Emissions

streamﬂow were also selected; these stations were main-

Scenarios (SRES), namely A1B, A2 and B1, were selected for

tained by the Bureau of Hydrology, China Ministry of

each of the GCMs. SRES A2, A1B and B1 simulations rep-

Water Resources. The sum of the streamﬂow from ﬁve

resented the higher, medium and lower emission scenarios,

hydrological stations (Figure 1) were considered as the

respectively (Christensen et al. ). The data series included

total discharge of the HC rather than the streamﬂow at

both the present control period (1961–2000) and two future

Alar station, which was the control station for the catch-

periods (2046–2065 and 2081–2100).

ment. This was because the streamﬂow at Alar station had

SRES A1B describes a future world with rapid economic

been greatly changed by human activities such as those

growth, global population that peaks at mid-century and

related to reservoirs and irrigation. Observed streamﬂow

declines thereafter and the rapid introduction of new and

data was only available for several non-consecutive series,

more efﬁcient technologies based on the balance of all

which include monthly series for 1964, 1971, 1976–1979,

energy sources. SRES A2 describes a very heterogeneous

1981, 1983–1984, 1986–1987 and 2001–2005.

world with a continuously increasing population, economic
development that is primarily regionally oriented and technological change that is more fragmented and limited than in

NCEP reanalysis data

the other scenarios. SRES B1 scenario envisages a convergent world with the same global population pattern as

The National Center for Environmental Prediction and

SRES A1B but with rapid change in the economic structures,

National Center for Atmospheric Research (NCEP/NCAR)

reduction in material intensity and the introduction of clean

reanalysis datasets (Kalnay et al. ; Kistler et al. )

and resource-efﬁcient technologies. More details about the

for the period 1961–2000, containing the suite of daily

SRES are available in the IPCC AR4 (Christensen et al. ).

atmospheric variables, were selected as observed largescale predictors. Both pressure and surface variables

DEM, soil and land cover data

were selected as candidate predictors; these predictors
include ﬁve pressure variables at three pressures (400 hPa,

Shuttle

500 hPa, 600 hPa) and ﬁve surface variables. These three

Elevation Model (DEM) data for the TRB were obtained

Radar

Topographic

Mission

(SRTM)

Digital

pressures were selected because data for pressures greater

from the SRTM website (http://srtm.csi.cgiar.org). Spatial

than 600 hPa were not available from the GCM outputs in

soil data with a resolution of 300 × 300 were derived from

the study area. The candidate predictors include circula-

the ISRIC-WISE soil database (http://www.isric.org). The

tion-related predictors and humidity variables. Circulation-

soil database considered 22 soil variables that were ident-

related predictors are usually selected as candidate predic-

iﬁed as being useful in agro-ecological zoning, land

tors because GCMs were shown to accurately simulate

evaluation, crop-growth simulation, modelling of soil gas-

these predictors (Cavazos & Hewitson ). In addition,

eous emissions and analysis of the global environmental
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change. Soil texture data were reclassiﬁed into 12 texture

distribution (Charles et al. ). It deﬁnes stochastic con-

categories according to the United States Department of

ditional relationships between multi-site daily precipitation

Agriculture (USDA). The University of Maryland’s 1 km

occurrence patterns and a discrete set of weather states,

global land cover data, obtained from the Advanced Very

which are referred to as hidden states because they are not

High Resolution Radiometer (AVHRR; available from

directly observable. The transition probabilities between

http://glcf.umiacs.umd.edu/data/),

the

these hidden states, which are conditional on a set of predic-

pixels were used within a hierarchical tree structure to clas-

tors but are not ﬁxed as in the case of homogeneous HMM,

sify the AVHRR data into 12 classes.

are then deﬁned by a ﬁrst-order Markov chain. Finally,

were

used.

All

multi-site daily precipitation levels are simulated by conditional multiple linear regression.

STATISTICAL DOWNSCALING MODELS
Hydrological model
SDSM
This study used the grid network version of the three-layer
The SDSM is a hybrid model involving a combination of the

VIC (VIC-3L) model (Liang & Xie ), a macro-scale

stochastic weather generator and multi-linear regression

hydrology-based land surface model that takes into account

methods. This approach is used because regional circulation

both inﬁltration and saturation excess runoff. The VIC-3L

patterns and atmospheric moisture variables are used to con-

model divides the vertical soil proﬁle into layers comprising

dition the local precipitation at each station (Harpham &

an upper layer, a lower layer and a thin layer on top of the

Wilby ). The regression component represents the deter-

upper layer (Liang et al. ). The upper layer represents

ministic part of the model, while the stochastic component

the dynamic behaviour of the soil column that responds to

represents the random element of the model (Prudhomme &

rainfall events; the lower layer characterizes the slow vari-

Davies ). The multi-linear regression of the model is

ation in between-storm soil moisture behaviour. The thin

used to derive a statistical relationship between the predictors

topsoil layer allows for rapid bare soil evaporation following

and precipitation, and the model includes some transform

small summer rainfall events. Horizontally, each grid cell can

functions in order to obtain secondary data series of the pre-

have partial surface coverage by a number of land cover

cipitation and predictors that have stronger correlations than

classes.

the original data series. It allows the prediction of local

The simulated runoff at each grid was routed to the

weather conditions from large-scale predictor variables simu-

outlet of the catchment (Alar station) using the unit hydro-

lated by the GCMs under baseline and changed climatic

graph method for overland ﬂow (including the surface

scenarios. Precipitation is then modelled by the stochastic

ﬂow and subsurface ﬂow) and the linear Saint-Venant

weather generator, conditioned on predictors. The stochastic

method for channel ﬂow. The area fraction of each grid

component was added to replicate a variance closer to the

was applied in the routing model to deal with the area mis-

observed variability because the chaotic nature of local

match between the digital boundary on the basis of the grids

weather conditions cannot be fully explained by the variations

and the actual boundary.

in predictor variables. SDSM therefore facilitates multiple
simulations with slightly different time-series attributes, but
the same overall statistical properties. Full technical details

MODEL SETTINGS AND EVALUATION CRITERIA

of SDSM may be found in Wilby et al. ().
The long observed data series (1961–2000) were split into
NHMM

two periods, 1981–2000 and 1961–1980, which were used
for model calibration and validation, respectively. The

The NHMM can be deﬁned by a state transition probability

period 1981–2000 was selected for model calibration

matrix

because both observed and NCEP datasets contained more

and

a

precipitation

occurrence
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quality data than previous periods. The models calibrated

as model inputs for simulations in the catchment from

and validated using observed predictors derived from reana-

1963 to 2005; here, the data series for 1963–1964 were

lysis data were then driven by predictors derived from large-

used for model initialization.

scale predictor variables simulated by GCMs in the control

Meteorological forcing data, which included daily precipi-

period (1981–2000) and the future prediction periods (2046–

tation, maximum air temperature, minimum air temperature

2065 and 2081–2100). Finally, local climate change (daily

and mean wind speed from 24 stations in the catchment,

precipitation and air temperature) scenarios, which include

were interpolated to 203 grids on the basis of the Thiessen poly-

multi-GCMs and multi-emission scenarios, were estimated

gons method. The non-consecutive observed streamﬂow data,

by the difference between the downscaled variables for the

which included the periods 1960s, 1970s and 1980s, were used

future periods and the control period under the IPCC

for model calibration. The period from 2001 to 2005 was

SRES A1B, A2 and B1 emission scenarios.

selected for model validation since it contained relatively

The VIC-3L model was applied in the HC of the TRB

long, consecutive data series for observed streamﬂow.

with a resolution of 0.5 × 0.5 . Either full energy balance

Several criteria were selected to evaluate the perform-

and water balance or only water balance were developed

ance of the models. Model bias was evaluated according

in the VIC-3L model. In this study, full energy balance and

to relative error (RE), which reﬂected the difference

water balance were adopted to simulate evapotranspiration,

between modelled and observed mean values. Extreme

runoff and soil moisture. The running step of the model was

events, which are of interest in climate impact assessments,

24 h. The vegetation, soil and meteorological forcing data-

also need to be reasonably well modelled; hence, the 5th

sets for each grid cell were applied to the VIC-3L model

and 95th percentile values of each variable were also

W

Figure 2

|

W

Model bias for precipitation and temperature. Bias of (a) mean and (b) percentile values for temperature; bias of (c) mean and (d) percentile values for precipitation. –ca, –va refer
to calibration and validation, respectively; –c, –e, –g refer to predictors of CSIRO30, ECHAM5 and GFDL21, respectively; tx, tn refer to maximum and minimum air temperatures,
respectively; tn5, tx95, p95 mean 5th value of minimum air temperature, 95th value of maximum air temperature and wpa, respectively.
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considered. Three variables, namely wet-day precipitation

distributions for each binned value, thereby measuring the

amount (wpa), wet-spell length (wsl) and dry-spell length

overlap area between two PDFs (Perkins et al. ).

(dsl) were analysed for precipitation.
Two skill scores, BS and Sscore based on probability density functions (PDFs), were used to measure how well each
model captured the PDFs of each variable; the scores were
assessed with daily data series and computed as shown:

BS ¼

n
1X
(Pmi  Poi )2
n i¼1

ANALYSES OF RESULTS
Model performance

(1)

Model biases of air temperature and precipitation for both
mean and percentile values are shown in Figure 2. The
W

mean value of model biases at all stations was about 0.5 C
Sscore ¼

n
X

Min (Pmi , Poi )

(2)

i¼1

for the simulated Tmax and Tmin during both calibration and
validation periods. Figure 2 shows that NHMM tends to
underestimate the three statistics of precipitation (dsl, wsl

where Pmi and Poi are the modelled and observed ith prob-

and wpa). Underestimation of dsl and wsl implies that the

ability values, respectively, of each bin and n is the number

simulated wet or dry spell lengths are shorter than the

of bins. BS is the mean squared error measure for probability

observed durations. However, there is no signiﬁcant difference

forecasts (Brier ) and Sscore calculates the cumulative

between the simulated and observed precipitation, with the

minimum value between the observed and modelled

REs of the three precipitation statistics being less than 15%.

Figure 3

|

Boxplots for precipitation, maximum and minimum air temperatures based on skill scores: (a), (b) air temperature and (c), (d) precipitation; x-axis notation as for Figure 2.
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The results of the two PDF-based skill scores Sscore and

wpa with Sscore greater than 0.9 in both calibration and vali-

BS for air temperature and precipitation are shown in

dation periods. SDSM also performed well in downscaling

Figure 3. It can be seen from Figure 3 that NHMM more

Tmax and Tmin, with Sscore values at most stations greater

accurately simulated dsl than wsl in the TRB, with greater

than 0.8 in both calibration and validation periods. In gen-

Sscore values and lower BS values for dsl than for wsl. This

eral, both the SDSM and NHMM showed abilities to

might be because the dsl values are much higher than wsl

downscale daily precipitation, Tmax and Tmin over the TRB

in the arid region, and the SDSM is better able to model

study area.

time series when using higher values. This result is consist-

It can been seen from Figures 2 and 3 that there was

ent with from the ﬁndings of Liu, L. L. et al. () and

little difference in the performance of the NHMM and

Liu, Z. F. et al. (). NHMM performed well in modelling

SDSM between the calibration and validation periods,
which indicated that both models demonstrate the
ability to downscale the precipitation and air tempera-

Table 1

|

Model performance on monthly runoff in calibration and validation periods

ture in different time periods over the TRB. In addition,
when

Period

Nash efﬁciency
coefﬁcient

Relative error
(%)

Correlation
coefﬁcient

Calibration

0.821

6.3

0.894

Validation

0.782

8.1

0.877

Figure 4

|

NCEP

predictors

were

replaced

by

GCM

(CSIRO30, ECHAM5 and GFDL21) predictors in downscaling precipitation, Tmax and Tmin in the calibration
period, there were no signiﬁcant differences in model
performance with only minor changes in the values of

Mean monthly hydrographs for calibration and validation periods in headwater catchment of the TRB ((a) and (b) describe hydrographs for calibration and validation periods,
respectively).
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Local climate change scenarios

between predictors and predicands calibrated by NCEP
predictors could also be used as predictors in these

Figure 5 depicts the changes in mean values of monthly, sea-

three GCMs.

sonal and annual precipitation, Tmax and Tmin generated by

Comparisons between the simulated and observed ﬂows

the SDSMs. Changes in the annual precipitation projected

for the calibration and validation periods are listed in

by the SDSM were not obvious, with the changes being

Table 1 and shown in Figure 4. In general, both the simu-

lesser than 15% under all combined scenarios. The magni-

lated annual runoff volumes and the hydrograph shape

tude of annual precipitation change during the period

were consistent with the observed values; for example,

2081–2100 was smaller than that during 2046–2065. In

Nash & Sutcliffe () reported efﬁciency coefﬁcients for

both periods, CSIRO30 tended to project increasing trends

the model as 0.821 and 0.782 during calibration and vali-

for annual precipitation, while ECHAM5 and GFDL21 pro-

dation periods, respectively. Streamﬂow was overestimated

jected decreasing trends under all three combined scenarios.

during all the simulated periods. Total runoff was well simu-

The predictions for monthly precipitation showed much

lated in the catchment, with REs less than 10%. The

greater changes than annual precipitation based on the

correlation coefﬁcient between the simulated and observed

SDSM, ranging from approximately –80 to 60%. Note that

ﬂows was greater than 0.87 for all simulated periods. Over-

the monthly precipitation showed increasing trends only in

all, the calibrated VIC-3L model showed satisfactory model

March and July under most combined scenarios for the

performance in simulating the streamﬂow in the HC.

period

Figure 5

|

2046–2065.

Monthly

precipitation

exhibited

Changes of mean values for (a) maximum air temperature, (b) minimum air temperature and (c) precipitation projected by statistical downscaling models. 46, 81 refer to the
periods of 2046–2065 and 2081–2100, respectively; a1b, a2 and b1 refer to SRES A1B, A2 and B1, respectively.
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increasing trends in April, May, October and November,

model to simulate hydrological processes under climate

with decreasing trends in July and August under all com-

change scenarios in the study area.

bined scenarios for the period of 2081–2100. Changes in

Monthly, seasonal and annual changes for runoff at the

monthly precipitation for the period 2081–2100 were also

HC, which is controlled by the Alar station, are shown in

smaller than those for the period 2046–2065.

Figure 6. Driven by different combined climate change

Figure 5(a) shows that Tmax exhibited increasing trends

scenarios, annual runoff for the HC was predicted to vary

under all combined scenarios. The predicted increase

by –20.7 to 4.9% during the period 2046–2065 and by

was greater during 2081–2100 than during 2046–2065, with

0.5–7.2% during 2081–2100. In general, the predictions

W

the greatest change exceeding 7.0 C. The magnitude of the

did not show an obvious change for annual runoff, with

increasing trend was greatest under the A2 scenario and

the magnitude of these changes being less than 8% in

was the smallest under the B1 scenario, with the A1B scenario

most of the combined climate change scenarios. Predicted

inbetween. In both periods, the increasing trend of Tmax

runoff showed greater changes under SRES A2 than the

projected by CSIRO30 was smaller than that by ECHAM5

A1B and B1.

in

Although there was little change in annual runoff driven

monthly and annual Tmax was not as obvious as that for

by climate change scenarios at the HC, the results showed

precipitation.

more obvious changes (up to almost 70%) for monthly and

and

GFDL21.

The

difference

between

changes

Figure 5(b) shows that Tmin exhibited increasing trends

seasonal runoff for the 2046–2065 period. Runoff showed

under most combined scenarios, except for CSIRO30-

the greatest change under the A2 scenario and the smallest

related scenarios and the combined GFDL21-B1 scenario.

change under the B1 scenario. The greatest and smallest

Changes in annual Tmin ranged from –0.4 to 3.3 C in the

changes were observed for the ECHAM5 and CSIRO30

period 2046–2065 and ranged from –0.9 to 5.9 C during

models, respectively. There was a decreasing trend for the

2081–2100. The difference between changes in monthly

months June–August (summer) and increasing trends for

W

W

and annual Tmin was not as obvious as that for precipitation.

October–February (winter). Monthly and seasonal runoff

Notably, the winter Tmin showed increasing trends under all

changes predicted for 2081–2100 differed from those for

combined scenarios for both periods, which may result in

2046–2065. For the period 2081–2100, there was an increas-

greater snowmelt runoff in the HC.

ing trend in seasonal runoff except for summer runoff, in
which winter runoff increased most (exceeding 20%).

Impact of climate change on monthly runoff

Monthly runoff changed by less than 10% under most combined climate change scenarios, except in November–

Daily meteorological data at each station, generated by

January of the following year in which the changes in the

downscaling models, were input to the calibrated VIC-3L

monthly runoff were higher than 20%. Although there was

Figure 6

|

Monthly, seasonal and annual runoff changes under climate change scenarios in the future for (a) 2046–2065 and (b) 2081–2100.
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a relatively large change in the runoff for November–Janu-

change scenarios, runoff in the period 2046–2065 is pre-

ary, the increased water volume was not so great because

dicted to vary by between –50 and þ50% compared to

it was in low-ﬂow seasons. In both periods, there was an

the benchmark period. Runoff showed an obviously

obviously increasing trend of the runoff in April (which

decreasing trend under the A1B scenario, especially

might be beneﬁcial to agricultural irrigation in spring).

under the combined GFDL21-A1B scenario in which the

Monthly and seasonal runoff changed more under A2 and

decreasing trend area exceeded 80% of the entire study

A1B than under B1, while there was little overall difference

region and 33% of the entire region was predicted to

among the three GCMs.

experience more than 25% reduction. Runoff tends to

Although the results showed a decreasing trend for pre-

increase under the A2 scenario, especially under the com-

cipitation during June–August (summer), runoff in these

bined ECHAM5-A2 scenario which predicted an increasing

months tended to increase during the period of 2081–2100

trend in almost 75% of the area of the entire study region.

(Figure 5). In addition, there were decreasing trends for pre-

This scenario showed an obviously increasing runoff trend

cipitation in the period November– January (Figure 5),

in the upstream regions of the Akesu and Yerqiang rivers,

whereas runoff exhibited obviously increasing trends. For

with most regions showing more than 25% more runoff.

example, it can be seen from Figure 7 that runoff increased

That outcome was beneﬁcial to the total runoff for the

by more than 20% in January, while corresponding precipi-

HC, because runoff at upstream regions comprises most

tation showed a minor reduction of less than 3% and even

of the total runoff. Although there was little obvious

decreased by more than 10% under some combined climate

change in runoff under the combined CSIRO30-B1 scen-

change scenarios. The overall outcome of increased runoff

ario, there was an obviously decreasing trend under the

despite reduced precipitation might be due to increased

combined ECHAM5-B1 and GFDL21-B1 scenarios in

snowmelt runoff due to increased air temperature.

which spatial distributions were similar to that under the
A1B scenario.

Impact of climate change on spatial distribution of

Overall, runoff in the HC during the period 2046–2065
tends to decrease compared with the benchmark period

runoff

because the results showed more combined scenarios with
Figure 8 shows spatial distributions of runoff changes in

decreasing than increasing trends. Predictions were more

the HC during the period 2046–2065, compared with the

consistent for spatial distributions of runoff under the

benchmark

same GCM than results under the same emission scenario.

period

(1981–2000).

Driven

by

climate

In other words, the impact of different GCMs on spatial distribution of runoff might be more signiﬁcant than that of
differing emission scenarios. Runoff at the Akesu River
catchment decreased under most climate change scenarios
except for A2, while runoff at the Yerqiang and Hetian
river catchments increased under some combined scenarios
and exhibited decreasing trends under other combined
scenarios.
Impact of climate change on spatial distribution of
evapotranspiration
Figure 9 describes spatial distribution of evapotranspiration changes in the HC during the period 2046–2065,
compared with the benchmark period. There were
Figure 7

|

Scatter plot for runoff and precipitation changes in January.
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Spatial distribution of runoff changes in the headwater catchment during the period 2046–2065.

evapotranspiration. The maximum variation ranged from

scenarios, the results always showed the maximum

–50 to 80%, which was predicted under the combined

increasing evapotranspiration at the northern region

GFDL21-A2 scenario. The minimum changes in evapo-

with an increasing trend larger than 36% and a maximum

transpiration were observed under the combined CSIRO-

decreasing trend at the upstream regions of the Yerqiang

A2 scenario (ranging from –2 to 18.3%). In general, evapo-

and Hetian rivers. The results also showed the maximum

transpiration in most regions of the HC changed from –20

increasing trend at the northern region when evapotran-

to 40% under combined climate change scenarios for the

spiration was driven by climate change scenarios of

period 2046–2065, and the area demonstrating an increas-

ECHAM5, but exhibited maximum decreasing trend at

ing trend was larger than that demonstrating a decreasing

the downstream region of the Akesu and Yerqiang rivers

trend. The results also showed more consistent spatial dis-

with the magnitude of these trends being smaller than

tributions of evapotranspiration under a GCM than under

for GFDL21. The increasing trend of evapotranspiration

a particular emission scenario. For example, when evapo-

at the northwest region was greater than that for other

transpiration was driven by climate change GFDL21

regions.
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Spatial distribution of evapotranspiration changes in the headwater catchment during the period 2046–2065.

DISCUSSION AND CONCLUSIONS

The results exhibit a decreasing trend for precipitation in
the HC, with the magnitude of decreasing trend being

Regional climate change scenarios, statistically downscaled

less than 10% at all stations; the magnitude was less

from the outputs of three GCMs and three IPCC Special

than 5% at most stations. The magnitude of the increasing

Report on Emission Scenarios (SRES A1B, A2 and B1),

air temperature in the period 2081–2100 was greater than

were used to assess the impact of climate change on hydro-

that for the period 2046–2065, while the magnitude of

logical processes in the HC of the TRB.

changes in the annual precipitation for 2081–2100 was

The results showed an obvious increasing trend for

lower than that for 2046–2065. The trends for air tempera-

minimum and maximum air temperatures in the TRB

ture and precipitation are different; the magnitude of

under nine combined scenarios in which the magnitude

changes in the extreme values of precipitation is remark-

of the increasing trend was the greatest under SRES A2,

ably greater than that of the changes in the mean values

smallest under SRES B1 and intermediate under SRES

of precipitation.

A1B. This was consistent with the changes in air tempera-

Runoff in the HC tended to exhibit a decreasing

ture under different emission scenarios around the world.

trend under future climate change scenarios, but showed
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an increasing trend for winter runoff which was mainly
attributed to increased snowmelt runoff resulting from
warmer winters. This ﬁnding was consistent with the
ﬁndings reported in previous studies (e.g. Boyer et al.
; Chang & Jung ; Chen et al. ; Forbes et al.
; Liu, L. L. et al. ; Liu, Z. F. et al. ; Kienzle
et al. ). In the case of the HC, both precipitation
and runoff showed an obviously increasing trend in
April. This might be beneﬁcial for spring irrigation in
the study area. The spatial distribution of runoff under
different GCMs was more consistent with that under
different emission scenarios. This suggests that the
impact of different GCM outputs on the spatial distribution of runoff was more signiﬁcant than that of
various emission scenarios; this was consistent with previous studies and demonstrates that uncertainty levels
associated with GCM outputs are the most important
factor in assessing the impact of climate change. The
results show an inconsistent intra-annual distribution of
the changes in precipitation and runoff in the HC; this
distribution may be explained by the increased snowmelt
runoff resulting from the increasing air temperature.
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