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Abstract: Analyzing the future changes in runoff is crucial for efficient water resources management
and planning in arid regions with large river systems. This paper investigates the future runoffs of the
headwaters of the Tarim River Basin under different emission scenarios by forcing the hydrological
model SWAT-Glacier using six regional climate models from the Coordinated Regional Downscaling
Experiment (CORDEX) project. Results indicate that compared to the period of 1976~2005, temper-
atures are projected to increase by 1.22 £ 0.72 °C during 2036~2065 under RCP8.5 scenarios, with
a larger increment in the south Tianshan mountains and a lower increment in the north Kunlun
Mountains. Precipitation is expected to increase by 3.81 £ 14.72 mm and 20.53 + 27.65 mm during
2036-2065 and 20662095, respectively, under the RCP8.5 scenario. The mountainous runoffs of the
four headwaters that directly recharge the mainstream of the Tarim River demonstrate an overall
increasing trend in the 21st century. Under the RCP4.5 and RCP8.5 scenarios, the runoff is projected
to increase by 3.2% and 3.9% (amounting to 7.84 x 108 m? and 9.56 x 10® m?) in 2006-2035. Among
them, the runoff of the Kaidu River, which is dominated by rainfall and snowmelt, is projected to
present slightly decreasing trends of 3~8% under RCP4.5 and RCP8.5 scenarios. For catchments lo-
cated in the north Kunlun Mountains (e.g., the Yarkant and Hotan Rivers which are mix-recharged by
glacier melt, snowmelt, and rainfall), the runoff will increase significantly, especially in summer due
to increased glacier melt and precipitation. Seasonally, the Kaidu River shows a forward shift in peak
flow. The summer streamflow in the Yarkant and Hotan rivers is expected to increase significantly,
which poses challenges in flood risk management.

Keywords: climate change; CORDEX; runoff changes; trend prediction; Tarim River Basin

1. Introduction

Global warming has caused changes in hydro-meteorological variables such as pre-
cipitation magnitude/patterns, accumulation and ablation of glaciers, and evapotran-
spiration, resulting in potential changes in runoff and the sustainable utilization of wa-
ter resources [1-4]. For the alpine catchments, the runoff is recharged by glacier melt,
snowmelt, and rainfall [5]. Their hydrological processes have strongly responded to recent
climate change [6-8]. Quantifying the runoff change in the future is a major concern to water
supply, ecosystems, hydropower, and human society, particularly in arid regions [9-11].

As is stated in IPCC reports [4], changes in mean and extreme streamflow are projected
over most of the ice-free land surface. The streamflow is projected to increase with global
warming in most regions, with considerable uncertainty in many catchments, especially
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for those with scarce observations. At the global scale, Zhou et al. reported an increase in
runoff, which was dominated by land surface changes [12]. Huss and Hock simulated the
hydrological responses to climate change and glacier mass loss in 56 large-scale glacierized
drainage basins using the GloGEM model [2]. Specially, regional investigations of future
runoff changes are being conducted, especially for High Mountain Asia [8,11,13], including
the Syr Darya and Amu Darya [1], the Ganges—Brahmaputra [14], the Indus, and others.
These important projections provide significant insights into future changes in runoff.

The Tarim River originates from the surrounding Tianshan Mountains, the Kunlun
Mountains, and the Pamir Plateau (Figure 1). The runoff is recharged by the glacier/snowmelt
and rainfall and is highly sensitive to global warming. Due to the intensified water cycling,
the processes of glacier melt and snowmelt have been altered, resulting in changes in
mountainous runoff [5]. This poses a challenge to the livelihood of over 10 million people
and the crops grown on 23,992.76 km? of agriculture land.
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Figure 1. The location of the headwaters in the Tarim River Basin, along with the corresponding
meteorological and hydrological stations. The mountainous runoff from its four headwaters (namely,
Kaidu River, Aksu River, Yarkant River, and Hotan River) flows into the mainstream, forming the
Tarim River. The four headwaters, along with their corresponding tributaries and outlets, are listed.
The glacier area and estimated glacier volume were derived from the first China Glacier Inventory
and the images were taken around 1965 [15].

During the historical period, it is widely believed that the increase in temperature led
to an increase in glacier melt and snowmelt water. This and the increased precipitation
have jointly resulted in increased runoff [5,16]. Future changes in runoff for mountainous
rivers have drawn attention from scholars in the context of global warming. However, esti-
mating future runoff changes comes with significant uncertainty in terms of magnitude and
direction (Table 1). There are several reasons for this uncertainty. Firstly, the Tarim River
Basin covers a vast area with varying sources of water vapor and hydroclimatic conditions.
Prediction of future climate will vary depending on geographical locations and geomor-
phological features. Low-resolution global circulation models (GCMs) often struggle to
accurately represent spatial variations of climatic conditions. Secondly, mountainous rivers
are influenced by multiple factors such as rainfall, glaciers, snowpack, and permafrost
processes. These hydrological processes are challenging to depict or understand due to
limited observations and the spatial heterogeneity of geographical characteristics. Some
models even exclude glacier dynamic processes and rely solely on observed streamflow
data for calibration. Thirdly, most studies have focused on the Kaidu River, while paying
less attention to the Yarkant and Hotan Rivers. Previous research suggests that future river
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runoff may exhibit an increasing trend in the near future (until 2050). However, in the
long term (end of the 21st century), the runoff may show a decreasing trend, which could
increase the future risk in the water system of the Tarim River Basin [17-20].

Table 1. Future runoff changes in the Tarim River Basin as reported in the literature.

Study Area

Methodology

Main Conclusions

The three headwaters of the
Tarim River (namely, the
Aksu, Yarkant, and Hotan
Rivers)

The mainstream of the Tarim
River

Kaidu River

Combination of 1 GCM and 1
hydrological model (VIC-3L)

Combination of 3 GCMs (CSIRO,
ECHAM, GFDL) and 1 hydrological
model (VIC-3L)

Combination of four GCMs in CMIP5
and improved SWAT model

Combination of two glacio-hydrological
models with output of eight GCMs

Multi-objective calibrated
SWAT-Glacier model forces by
bias-corrected CORDEX outputs

Combination of HadGEM2-ES and
MIKE SHE

Combination of 5 GCMs and the
advanced Bayesian Neural Network

Combination of HadCM3 and SWAT,
with two downscaling methods (SDSM
and STARS)

Combination of 2 GCMs (CanESM and
BNU-ESM) and SDHydro

Combination of 21 GCMs (CMIP5) and
SWAT model

Combination of 36 GCMs and a lump
model and a distributed MIKE-SHE
model

Combination of one GCM and

improved SWAT model

Combination of 1 GCM and SWAT
model

Combination of GCMs (CMIP5) and
BPANN

Under the A2 and B2 scenarios, runoff in 2020-2025
showed a slightly decreasing trend compared to
2000-2005, with an increase in spring and a decrease in
winter [21].

Under the A1B, A2, and B1 scenarios, runoffs in
2046-2065 and 2081-2100 show a decreasing trend
compared to 1981-2000, with an increase in winter and
spring and a decrease in summer [22].

Under the RCP2.6, RCP4.5, and RCP8.5 scenarios, runoff
is projected to increase by 15~45% in 2066 to 2095
compared to 1966-1995 [22].

River discharge in the Aksu River catchments is
projected to initially increase by about 20% with
subsequent decreases of up to 20%. Discharge in the
Hotan and Yarkant catchments is projected to increase
by 15-60% towards the end of the century [19].

In the period of 2006-2035, under RCP4.5 and RCP8.5
scenarios, runoff is projected to increase by 3.2% and
3.9%, respectively, compared to the reference period
(this study).

Under RCP2.6 scenario, runoff is expected to reduce
(—5.04~—0.6%) in 2021-2050 compared with 1981-2004,
with greater reduction under RCP8.5 than RCP2.6 [23].
Under the RCP8.5 scenario, runoff is projected to
increase by 9.12%, 15.33%, and 21.04%, in the 2020s,
2050s, and 2080s, respectively, compared to

1980~2009 [24].

Under the A2 (B2) scenario, runoff is expected to
decrease (remain basically unchanged) after the 2020s
compared to 1961-2010 [25].

Under the RCP2.6, RCP4.5 and RCP8.5, scenarios, runoff
is projected to increase or remain basically unchanged
during 2006 to 2100, with the dominant peak flow
shifting from summer to spring [26].

Under the RCP4.5 and RCP8.5 scenarios, runoff is
expected to reduce by 12.5% [3.4~26%] and 18% [7~38%],
respectively, in 2080-2099 compared to 1986~2005 [18].
In the period of 2046-2064, runoff is projected to
decrease slightly in July and August (—6.2~3.7%)
compared to 1979-1998 [27].

Under the RCP4.5 scenario, runoff is expected to show a
significant downward trend with a reduction in the
proportion of glacier meltwater in 2066-2095 compared
to 1966-1995 [28].

Under the RCP2.6, RCP4.5, RCP6.0, and RCP8.5
scenarios, runoff is projected to reduce by 21.5-40.0% in
2041-2080 relative to 1961-2000, with a decrease in
winter and an increase in spring [29].

Runoff is projected to show a significant increasing
trend from 2016 to 2050 at a rate of 0.4 billion m3 per
decade [30].
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Table 1. Cont.

Study Area

Methodology Main Conclusions

Aksu River (namely, the
Kumaric and Toxkan Rivers)

Yarkant River

From 2016 to 2050, runoff of the Kumaric and Toxkan
Rivers is projected to increase significantly at rates of 3.5
and 1.0 x 10® m3 per decade, respectively [30].
Runoff of the Kumaric River will change by 29%, 18%,
Combination of 9 GCMs, 2 RCMs, and  and —5% in the 2020s, 2050s, and 2080s, respectively,
improved WASA model (incorporated  with a significant increase in spring and early summer
with the Ah-approach) compared to 1971-2000. The glacier area is projected to
decrease by 7-58% by 2050 compared with 2000 [17].
The Kumaric River is expected to transition from being
primarily influenced by snow/glacier melt in the early
21st century to a rainfall-dominated regime by the later
21st century [31].
Under the A1B, A2 and B1 scenarios, annual glacier
Combination of multiple GCMs and a  runoff is projected to increase until 2050, with total
degree day model runoff over glacierized areas increasing by about 13-35%
during 2011-2050 relative to that during 19612006 [32].
Runoff is expected to increase by 30% [2% to 62%] by
Combination of GCM and 2100 compared to 1966-1995. The proportion of glacier
GHRU-SWAT meltwater is projected to increase in the upcoming
decades but decline in the long term [28].
Under the RCP8.5 scenario, glacier melt dominates the
22 GCMs in CMIP5 and VIC-Glacier increases in runoff with a relative increase of 29 + 11%
model in the first half of the 21st century compared to the
period of 1971-2000 [1].

Combination of GCM (CMIP5) and
BPANN

Combination of 5 GCMs and the
improved WASA model (with
snowmelt module)

To address the spatial variability in hydrometeorological conditions in the alpine
areas, we utilized the high-resolution regional climate model (RCM) of the Coordinated
Regional Downscaling Experiment (CORDEX) program conducted in Central Asia. In
order to assess future changes in runoff, a glacier dynamic module was incorporated into
the SWAT-Glacier model. The SWAT-Glacier model was then forced by the bias-corrected
RCM outputs to predict alterations in runoff of the four headwaters (namely, the Kaidu
River, Aksu River, Yarkant River, and the Hotan River). The objective of this study is to
provide a scientific foundation for future water resource management and development
plans of the Tarim River Basin.

2. Data and Methodology

This study utilized the “CORDEX-bias correction-SWAT-glacier” model chain to
simulate future changes in runoff. Specifically, the high-resolution climate dataset of
CORDEX [33] was firstly bias-corrected. Then, the corrected climate data were used to
force the distributed hydrological model SWAT-Glacier. Finally, the changes in runoffs of
the future periods (20062035 (P2), 2036-2065 (P3), and 20662095 (P4)) were compared
with the historical period (1976-2005) in the headwaters of the Tarim River (Figure 2).
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Figure 2. Flow chart of the computation procedure.

2.1. RCMs

The low resolution of the Global Climate Model (GCM) hinders its ability to accu-
rately capture the intricate characteristics of climate change in high mountainous regions.
To address this limitation, Regional Climate Models (RCMs) offer a viable approach by
providing a better representation of the complex topography of the area. In this study,
we utilized the outputs of RCMs from CORDEX, an important sub-program of the World
Climate Research Program (WCRP). The spatial resolution of CORDEX data ranges from
22 km to 44 km, enabling a more accurate reflection of the climate change patterns in the
inland region of Central Asia. For our analysis, we selected a total of 6 combinations of
GCMs and RCMs to obtain future climate change information of the Tarim River Basin
under the RCP4.5 and RCP8.5 scenarios (Table 2).

Table 2. The regional climate models (RCMs) used in this study.

GCMs RCM-Institute RCMs Spatlal/Ten.\poral Scenarios
Resolution

CNRM-CERFACS-CNRM-CM5 RMIB-Ugent ALARO-0 22 km, day RCP4.5, RCP8.5

MOHC-HadGEM2-ES GERICS REMO2015 22 km, day RCP8.5

MPI-M-MPI-ESM-LR GERICS REMO2015 22 km, day RCP8.5

NCC-NorESM1-M GERICS REMO2015 22 km, day RCP8.5
MOHC-HadGEM2-ES BOUN RegCM4-3 44 km, day RCP4.5, RCP8.5
MPI-M-MPI-ESM-MR BOUN RegCM4-3 44 km, day RCP4.5, RCP8.5

2.2. Bias Correction Method

Considering the significant bias present in the outputs of RCMs, it is essential to
apply bias correction techniques before utilizing them for water resources research. In this
study, we performed bias correction on temperature and precipitation data using the Linear
Scaling (LS) and Local Intensity Scaling (LOCI) methods, respectively. The bias correction
was conducted on a daily basis for the period from 1975 to 2005 [34]. Further details on the
application of the bias correction methods can be found in the work of Fang et al. [34].

2.3. SWAT-Glacier Model Extended with Glacier Dynamic Module

To simulate and predict future runoff in the alpine watershed, we incorporated the
glacier dynamic module into the original version of the SWAT model (Soil and Water
Assessment Tool) and developed the SWAT-Glacier distributed hydrological model for
each headwater [35,36]. The SWAT-Glacier introduces four ice melting parameters, namely
the maximum /minimum ice melting rate gmfmx and gmfmn, the temperature lag factor
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Lgj,, and the melting base temperature Gmtmp, which are all subject to calibration. Simi-
lar to the snowmelt calculation in SWAT, the glacier melt is calculated using the degree
day method [37], a widely accepted approach for accounting glacier melt processes. The
theoretical foundation of the degree day method has been extensively described in previ-
ous studies [38] and proven effective in simulating glacier meltwater in alpine catchment
areas [35,36]. Additional details on the SWAT-Glacier model can be found in [35,36]. It is im-
portant to note that due to the large number of glaciers and their complex movement [39,40],
the SWAT-Glacier model does not consider glacier movement such as surges.

2.4. Model Setup and Multi-Objective Calibration

The SWAT-Glacier model was constructed for each catchment within the seven of
the Tarim River (Figure 1). For each catchment, subbasins were generated based on
flow direction and extracted river network using the Digital Elevation Model (DEM).
Subsequently, these subbasins were further divided into hydrological response units (HRUs)
based on land use and soil information. The numbers of subbasins derived from the seven
catchments ranged from 19 to 33. Original glacier area data were used as input for the
SWAT-Glacier model. We calibrated the SWAT-Glacier model using the second-generation
multi-objective evolutionary algorithm (e-NSGAII) with three objective functions: Nash—
Sutcliffe efficiency coefficient (NS), the relative changes in glacier area during the simulation
period (BIASG), and the balance between snow accumulation and snowmelt plus snow
sublimation (BIASs). The e-NSGAII algorithm is known for its effectiveness and reliability
in finding the global optimal parameters of hydrological models [41,42].

n obs sim 2
i=1 (Yi - Yi )

NS = !
?:1 (Yiobs _ Ymean)2 ( )
0, |gsim _ (SObS < 0.05
y gla_area gla_area| —
BIASg = sim _ gobs ’ —0.05, else @
gla_area gla_area 4
snowfall
B 0, 09 < snowmelt+sublimation <11
BIASs = snowfall 1 0.1, el (3)
snowmelt+sublimation ~ ‘ — UL, else

where NS is the Nash-Sutcliffe coefficient of daily streamflow; Y and Y§ are the ith
observed and simulated daily streamflow, respectively; Y"**" is the average of the observed
streamflow; n is the number of observations. BIASg is the bias between the simulated
((5;’1’;77 area) @nd Observed (5;?;7 area) Changes in glacier area over the entire simulation period.
For the Kaidu River Basin, according to the first and second China Glacier Inventory, the

glacier area reduced from 270.02 km? to 183.05 km?, resulting in C% being —32.2%

gla_area

during 1968 to 2008 [15]. Similarly, for the Kumaric and Toxkan Rivers, the Cg;’;ﬁ area Values

are —26.7% and —23.3%, respectively, during 1975 to 2016 [43]. For the Yarkant and Tizinafu
Rivers, the C%%* values are —18.0% and —27% during 1976-2010 [15]. Lastly, for the

gla_area
Karakashi and Yulongkashi Rivers, the C;?;_M ., Values are —17.8% and —7.0% during
1970-2010 [15]. If the disparity between simulated and observed changes in glacier area is
within 5%, BIAS is set at 0 to account for uncertainties in the literature records. The NS
denotes how well the simulated streamflow matches the observation, with higher values
indicating more reliable simulations. BIASg measures the average deviation between the
simulated and observed changes in glacier area. BIASg represents the snow balance during
the simulation period to avoid snow tower [44]. The model calibration was conducted
based on observed meteorological variables. The calibration period for BIAS; and BIASs
aligns with the observed period of glacier area change. The calibration period for daily
streamflow is 2001-2005, while the validation period extends from 2006 to 2011. In future
predictions, it is assumed that the parameters related to land use and soil will remain
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unchanged. The bias-corrected daily precipitation and maximum/minimum temperature
were used to force the SWAT-Glacier model to estimate future changes in streamflow. Other
meteorological factors such as solar radiation, wind speed, and relative humidity were held
unchanged as they were found to have a small impact on streamflow based on the Sobols’
sensitivity analysis [34].

3. Results
3.1. Evaluation of Corrected Precipitation and Temperature

Figure 3 displays the exceedance probability curves and time series of the observed,
raw RCM-simulated, and the bias-corrected temperature and precipitation data in each
catchment. In comparison to the observations, the raw RCM simulation deviates signif-
icantly. The applied bias correction methods greatly improve the raw RCM-simulated
temperature and precipitation. The results show that the following: (1) For air temperature,
nearly all GCM-RCMs underestimate the mountainous air temperature. The corrected
air temperature shows good agreement with the observed temperature in terms of both
frequency and time series indices. (2) For precipitation, all GCM-RCMs overestimate
the precipitation in mountainous areas. Nevertheless, the corrected precipitation effec-
tively mimics the monthly mean value and also the number of wet days (precipitation
amount > 0.1 mm/day).

—— Observation raw GCM_RCM Correction
DSK - XHL SLG KQ YZM WLWT TGZ
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Figure 3. The exceedance probability curves and the time series of the observed, RCM-simulated,
and bias-corrected temperature and precipitation averaged in the headstreams of the Tarim River
during the period of 1976-2005. For precipitation, the wet day proportion (Py,:) and mean annual
precipitation are presented.

3.2. Evaluation of SWAT-Glacier Model

Figure 4 illustrates the exceedance probability curves (flow duration curves) and time
series plots of the observed streamflow (“obs”), simulated streamflows using observed
meteorological inputs (“sim-obs”), and corrected RCM outputs (“sim-cor”). Overall, the
SWAT-Glacier model driven by the observed meteorological data (“sim-obs”) successfully
reproduces the observed probability curves and the time series. The parameter set used for
this simulation is listed in Table S1. However, the performance of SWAT-Glacier forced by
the corrected CORDEX outputs (“sim-cor”) is slightly inferior but still acceptable. These
simulations generally match the observations for probabilities larger than 0.05. However,
they fail to correctly mimic the peak flow, resulting in an underestimation of 10-32% in
Catchment DSK, XHL SLG, and YZM, while other catchments show overestimations of
17-32%. Regarding the hydrograph, SWAT-Glacier effectively simulates summer peak flow
and winter low flow. However, due to the model’s inability to account for the influence of
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permafrost on catchment hydrology, it fails to capture the quick recession in late autumn in
Catchment KQ (Figure 4) [45].
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Figure 4. The exceedance plots and hydrographs of daily streamflows of observation, simula-
tions using the SWAT-Glacier model forced by observed meteorological data (“sim-obs”), and bias-
corrected RCM outputs (“sim-cor”). Each line represents the averaged hydrograph during the
calibration period.

Table 3 presents the evaluation metrics for the simulations forced by both the observed
and corrected CORDEX meteorological variables. The daily NS efficiency coefficients of
the simulations using observed meteorological data (“sim-obs”) ranged from 0.56 to 0.81
during the calibration period and from 0.51 to 0.74 during the validation period. The
monthly NS coefficients ranged from 0.69 to 0.87, indicating satisfactory performance of
the SWAT-Glacier model. Regarding BIASG, the model successfully simulated the changes
in glacier area throughout the simulation period. When driven by the corrected CORDEX
data (“sim-cor”), the simulation performance slightly decreased, but the monthly NS
efficiency coefficients remained 0.60 for all tributaries. The biases in simulated glacier
area changes (BIASg) were within 10%, except for Catchment WLWT (Table 3). In terms
of snow balance, the SWAT-Glacier model effectively balanced snow accumulation and
snowmelt/sublimation, with optimal BIASg values of 0 for most simulations.

Table 3. Model performance of the SWAT-Glacier model in the headwaters of the Tarim River.

River
System

Hydrological
Stations

SWAT-Glacier Driven by Observed Meteorological SWAT-Glacier Driven by Corrected
Data (“sim-obs”) CORDEX Data

Calibration Period Validation Period (“sim-cor”)

NS NS NS

(Monthly) NS (Daily) (Monthly)  (Monthly) BIASG BIASs

NS (Daily)

Kaidu
Aksu

Yarkant

Hotan

DSK
XHL
SLG
KQ
YZM
WLWT
TGZ

[0.81,0.81] [0.89,0.89] [0.74,0.74] [0.83,0.83]  [0.68,0.31]  [0.00,0.00]  [0.00, 0.00]
[0.75,0.75]  [0.87,0.87]  [0.76,0.76]  [0.87,0.87]  [0.78,0.68]  [0.00,0.08]  [0.00,0.08]
[0.53,0.53]  [0.66,0.66]  [0.54,0.54]  [0.69,0.69]  [0.60,0.50]  [0.00,0.00]  [0.00,0.00]
[0.76,0.75]  [0.87,0.87] [0.76,0.76]  [0.87,0.87]  [0.73,0.48]  [0.08,0.26]  [0.00, 0.20]
[0.56,0.56]  [0.72,0.72]  [0.56,0.56]  [0.72,0.72]  [0.67,0.56]  [0.07,0.46]  [0.00,0.00]
[0.58,0.56]  [0.75,0.74]  [0.58,0.58]  [0.77,0.76]  [0.77,047]  [0.45,0.50]  [0.00,0.39]

1 [ ] [ ] [ ]

[0.68, 0.66 [0.82, 0.78] 0.68, 0.64 [0.81,0.77] 0.75,0.53 [0.10, 0.17] 0.00, 0.00

3.3. Future Climate Change in the Tarim River Basin

Under the RCP4.5 and RCP8.5 scenarios, temperatures in the Tarim River Basin are
projected to continue rising throughout the 21st century, with a higher increase under
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the RCP8.5 scenario compared to RCP4.5. By the middle of the 21st century (2036-2065),
temperatures are expected to rise by 1.22 £ 0.72 °C compared to the historical period
(1976-2005) under the RCP8.5 scenario. The southern Tianshan Mountains such as the
Kaidu and Aksu River are projected to experience a higher temperature increment (e.g.,
1.39 °C) compared to the northern Kunlun Mountains (e.g., 1.21 °C in the Yarkant and
Hotan River Basins). Towards the end of the 21st century, the temperature increment is
estimated to reach approximately 4.27 & 2.59 °C. There are also variations among the GCM-
RCM models, with NorESM-REMO and CNRM-CM5-ALARO predicting a warmer climate.

In the 21st century, precipitation is also expected to increase in the Tarim River Basin
(Figure 5). Compared to the historical period (1976-2005), average precipitation is projected
to increase by 3.81 & 14.72 mm and 20.53 + 27.65 mm during the periods 2036-2065 and
20662095, respectively. The greatest increase in precipitation is anticipated in the northern
slope of the Kunlun Mountains (e.g., the KQ, YZM, WLWT, and TGZ River Basin), while
the increase in the southern slope of the Tianshan Mountains (e.g., DSK River Basin) is
expected to be more subtle. From 2006 to 2035, the increment in precipitation under RCP4.5
is smaller than that under RCP8.5, but this trend reverses after the 2050s, with a lower
precipitation increment under RCP8.5 compared to RCP4.5. It is important to note that
with increased precipitation, the variability of precipitation is also expected to increase, as
indicated by the standard deviation rising from 0.96 mm during 1975-2005 to 1.30 mm in
2066—2095.
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Figure 5. Variations of annual temperature and precipitation in the headwaters of the Tarim River
under RCP4.5 and RCP8.5 scenarios. The red and green boxes indicate the RCP4.5 and RCP8.5
scenarios. Among them, P1, P2, P3, and P4 refer to 1976-2005, 2006-2035, 2036-2065, and 20662095,
respectively.

3.4. Future Runoff Changes in the Headwaters

Figure 6 illustrates the projected changes in runoff for each tributary in the Tarim
River Basin. For the Kaidu River (DSK), there is a slight decrease in runoff, with a decrease
of 2.3% and 7.8% under the RCP4.5 and RCP8.5 scenarios, respectively, in the near term
(before 2035). For the Aksu Rivers (XLS and SLG), there is a subtle increase in runoff,
with an increment of 3.6% and 3.9% under the RCP4.5 and RCP8.5 scenarios, respectively,
between 2006 and 3035. By the end of the 21st century, the increase in runoff is projected to
be 17.6% and 9.3% for the two scenarios.
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Figure 6. Runoff changes in the headwaters of the Tarim River Basin under RCP4.5 and RCP8.5
scenarios. The whiskers show the 5% and 95% quantiles of the streamflow.

For the Yarkant River (KQ and YZM), which has large-scale glaciers in its upper reaches
with an estimated glacier volume of 624 km? in 2010 [46], it is expected that runoff will
increase significantly under future warming scenarios due to increased glacial meltwater
recharge and precipitation. The projected runoff increase is 10.0% and 17.0% under the
RCP4.5 and RCP8.5 scenarios, respectively, during the period 2036-2065. By the end of
the 21st century, the runoff in the Yarkant River Basin is expected to increase by 26.4% and
38.0% under the two emission scenarios. For the Hotan River (WLWT and TGZ), the runoff
is projected to increase by 14.4% and 15.6% under the two scenarios in 20162035 and by
32.2% and 45% in 2066-2095 (Table 4 and Figure 6). Interestingly, due to the continued
increase in precipitation, the runoff of the north slope of the Kunlun Mountains is not
expected to reach a tipping point.

Table 4. Variations in runoffs predicted using the “CORDEX-bias correction-SWAT-glacier” model
chain in the Tarim River Basin (x108 m3).

Headwater System

Kaidu River
Aksu River
Yarkant River
Hotan River
Total

33.1
86.0
88.3
38.6

RCP4.5 RCP8.5
1976-2005 2006-2035 2036-2065 2066-2095 1976-2005 2006-2035 2036-2065 2066-2095
32.3 31.7 33.1 33.4 30.8 30.6 29.0
89.3 92.4 100.2 85.1 89.6 929 95.9
88.3 97.0 111.4 89.0 90.8 103.9 122.0
44.0 45.8 51.2 38.6 444 49.5 55.7
253.8 266.9 296.0 246.1 255.6 276.9 302.7

246.0

The seasonal changes in runoff patterns vary significantly among different tributaries
(Figure 7). In rivers where glacier meltwater accounts for a small proportion (e.g., less than
10% in DSK and less than 20% in SLG, Fang et al., 2018), the seasonal changes in runoff are
characterized by an increase in spring and a decrease in summer. On the other hand, rivers
that receive a large proportion of their recharge from glacier meltwater, as well as those
located in the northern Kunlun Mountainous region (e.g., XHL, KQ, WLWT, and TGZ),
experience a notable increase in summer runoff due to the combined effects of summer ice
melting and increased precipitation.
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Figure 7. Seasonal changes in runoffs of the Tarim River Basin under RCP4.5 and RCP8.5 scenarios.

Figure 8 aggregates the absolute changes of runoffs in the headwaters of the Tarim
River through the 21st century under the RCP4.5 and RCP8.5 scenarios. The average annual
runoff in the headwaters of the Tarim River was approximately 246.0 x 10% m® during the
period from 1976 to 2005. Under the RCP4.5 scenario, there is a projected increase of 3.2% in
runoff during the period from 2006 to 2035, corresponding to an additional 7.84 x 108 m3.
Similarly, under the RCP8.5 scenario, there is an estimated increase of 3.9% in runoff during
the same period, amounting to an extra 9.56 x 108 m®. The most significant changes are
anticipated to occur between 2065 and 2095, particularly under the RCP8.5 scenario, where
a substantial increment of 23% in runoff is expected.
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Figure 8. Historical runoff (1976-2005) of the Tarim River Basin and its relative changes (JF) under
RCP4.5 and RCP8.5 scenarios in the 21st century (P2: 20062035, P3: 2036-2065, P4: 2066-2095). The
mean annual runoff and its relative changes of the four headwaters are also plotted.

4. Discussion
4.1. Comparison with Existing Studies

The future runoff of the Kaidu River is expected to exhibit a fluctuating and decreasing
trend, which aligns with previous studies [18,25,28,29] but differs from predictions based
on the advanced Bayesian Neural Network (BNN) approach [24]. The inconsistency
in projected runoff changes is likely due to variations in climate models, as the largest
uncertainty in the "climate model-bias correction-hydrological model” chain stems from
climate models themselves. Moreover, some hydrological models lack a glacier meltwater
module or assume constant glacier area without considering glacier ablation, leading to
differences in runoff predictions. However, considering the high simulation accuracy of
the Kaidu River, with an NS efficiency coefficient of 0.63 and well-reproduced glacier area
changes, the future changes in runoff for the Kaidu River are highly reliable.
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For the Aksu River Basin with a glacier area of 13,567 km? [43], future runoff is
projected to increase, consistent with results obtained from the BPANN neural network
model [30]. Some studies have also indicated that the Aksu River’s runoff will reach a
tipping point around 2040 [17,19] or continue to decrease steadily [47].

For the Yarkant and Hotan Rivers, runoff is expected to experience a significant in-
crease during the 21st century, consistent with findings from various hydrological models
and climate data. For instance, a modified distributed hydrological model (HEC-HMS) pre-
dicts a runoff increase of 10.62-19.2% during 2021-2049 and 36.69-70.4% in 2071-2099 [48].
Large-scale glacier evolution models like OGGM [11], the well-established Variable In-
filtration Capacity (VIC) model coupled with a degree day glacier melt algorithm [1],
and a modified SWAT model [28] also project substantial runoff increases. Specifically,
SWIM-G and WASA simulations consistently show continuously increasing annual mean
discharge [19]. Precipitation in the Yarkant and Hotan River Basins is expected to exhibit
a significant upward trend, with predicted increases of 60-140 mm and 59-150 mm dur-
ing 2022 to 2050 under SSP245 and SSP585 scenarios [4,49]. These rivers may shift from
being dominated by glacier meltwater to being dominated by rainfall and snowmelt water
due to increased rainfall extremes [50-52]. Consequently, the volatility of the runoff will
increase, the intra- and inter-annual allocation will be more complex, and water resource
vulnerability will increase [53].

For alpine catchments, the most notable change in other hydrological variables is the
decline in glacier area [2,54]. Taking the Kumaric River as an example, changes in snowmelt,
snow water equivalent, glacier area, and glacier melt are demonstrated in Figure 9. The
snow water equivalent shows a clear decline during the 21st century, consistent with
the concerns raised by Kraaijenbrink et al. [13]. As expected, the glacier area exhibits
a continuous declining trend, while glacier melt initially increases and then decreases.
Notably, the reductions in snow water equivalent and glacier area are more pronounced
under the RCP8.5 scenario compared to RCP4.5.
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Figure 9. Future changes in snowmelt, snow water equivalent, glacier area, and glacier melt under
RCP4.5 and RCP8.5 in the Kumaric River Basin. The shaded area indicates the standard deviation of
the ensemble simulations.

4.2. Uncertainties and Limitations

The assessment of future runoff changes suffers from uncertainties that can arise from
various sources, including GCMs, bias correction methods, and hydrological models. Pre-
vious studies have shown that the uncertainty caused by climate models is significant [18].
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In this study, multiple high-resolution RCM outputs were utilized to represent climate
conditions. The use of multiple climate models has been proven to provide a more com-
prehensive synthesis of future projections compared to relying on a single model [4,55].
However, accurately quantifying mountainous precipitation poses challenges, as some rain
sites may not be effective in harsh environments. Despite efforts to reduce uncertainty
in the hydrological SWAT-Glacier model through multi-objective calibration and valida-
tion procedures that narrow down parameter sets, these procedures only constrain the
runoff and glacier area. Other variables remain unconstrained, introducing the possibility
of “equifinality.”

Furthermore, there are certain limitations that need to be addressed. This study
assumes no changes in land use. However, with increasing temperature, precipitation, and
CO;, levels, transpiration patterns may change, potentially influencing the hydrological
cycle and the accuracy of predicted runoff changes [12,56,57]. It should also be noted that
the projected runoff changes presented in this study are derived from limited hydrological
and climate models.

4.3. Implications and Future Adaptations

Over the past two decades, there has been a significant increase in runoff in the
headwaters of the Tarim River, presenting a valuable opportunity for water utilization in
this arid region [16]. On one hand, it is crucial to utilize the increasing runoff efficiently to
support regional development. On the other hand, measures need to be implemented to
mitigate flood risks associated with the rise in hydrological extremes. Examples of such
measures include the construction of mountainous reservoirs and the establishment of a
connected water system.

Considering the magnitude of uncertainties in future projections, it is necessary to
enhance data collection and improve related modeling techniques [20]. This is particularly
important when it comes to accurately estimating precipitation in alpine regions. Therefore,
we recommend four measures to enhance the projection of future runoff: (1) Efforts should
be made to deepen our understanding of complex hydrological processes, aiming to make
hydrological models as close to reality as possible. (2) Enhance the precision of glacier
volume estimation and implement high-resolution monitoring of glaciers using cutting-
edge techniques. (3) Provide more detailed information on the accumulation and ablation
of each glacier while considering the balance between precision and computational burden.
(4) Develop a network for remote sensing-based monitoring of precipitation magnitude,
pattern, and extremes in mountainous regions.

5. Conclusions

Global warming has had a profound impact on climatic conditions, including tempera-
ture and precipitation patterns, resulting in changes in glaciers, snow meltwater, and runoff
in the Tarim River Basin. This study utilizes climate simulation data from the CORDEX
program in Central Asia to force the distributed hydrological SWAT-Glacier model and ana-
lyze future runoff changes in the headwaters of the Tarim River. The following conclusions
can be drawn:

(1) Temperature is projected to continue rising in the future, accompanied by increased
precipitation with great fluctuations in the Tarim River Basin. Under the RCP8.5
scenario, the temperature is expected to increase by 1.22 & 0.72 °C during the period
2036-2065. The rate of the temperature increase is greater in the southern slope of the
Tianshan Mountains compared to the northern slope of the Kunlun Mountains. In
comparison to the historical period (1976-2005), precipitation is anticipated to increase
by an average of 3.81 £ 14.72 mm and 20.53 £ 27.65 mm during the periods 20362065
and 2066-2095, respectively.

(2) Overall, runoff is projected to increase in the headwaters of the Tarim River. How-
ever, the Kaidu River is expected to experience a decreasing trend in runoff, while
other rivers exhibit an increasing trend. Regarding annual distribution, earlier peak
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flows are projected in the Kaidu River, and increased summer flows are expected in
the Yarkant and Hotan Rivers. These changes pose significant challenges for water
resource management, considering the existing water scarcity in irrigation and the
heightened risk of summer floods. Given the increased water variability and hydro-
logical extremes associated with climate change, it is crucial to implement special
measures to enhance water management. This study provides valuable insights for
the economic and social development of the entire basin.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/rs15163922/s1. Table S1: Model parameter set in the SWAT-
Glacier model in the headwaters of the Tarim River.
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