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Abstract Understanding the main drivers of runoff
components and contributions of precipitation and
temperature have important implications for water-limited
inland basins, where snow and glacier melt provide
essential inputs to surface runoff. To quantify the impact of
temperature and precipitation changes on river runoff in
the Tarim River basin (TRB), the Hydrologiska Byrans
Vattenbalansavdelning (HBV)-light model, which contains
a glacier routine process, was applied to analyze the
change in runoff composition. Runoff in the headstream
parts of the TRB was more sensitive to temperature than to
precipitation. In the TRB, overall, rainfall generated 41.22%
of the total runoff, while snow and glacier meltwater
generated 20.72% and 38.06%, respectively. These values
indicate that temperature exerted more major effects on
runoff than did precipitation. Runoff compositions were
different in the various subbasins and may have been
caused by different glacier coverages. The runoff volumes
generated by rainfall, snowmelt, glacier melt was almost
equal in the Aksu River subbasin. In the Yarkand and
Hotan River subbasins, glacier meltwater was the main
supplier of runoff, accounting for 46.72% and 58.73%,
respectively. In the Kaidu-Kongque River subbasin,
80.86% was fed by rainfall and 19.14% was fed by
snowmelt. In the TRB, runoff generated by rainfall was the
dominant component in spring, autumn, winter, while
glacier melt runoff was the dominant component in
summer. Runoff in the TRB significantly increased during
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1961-2016; additionally, 56.49% of the increase in runoff
was contributed by temperature changes, and 43.51% was
contributed by precipitation changes. In spring, the runoff
increase in the TRB was mainly caused by the precipi-
tation increase, opposite result in summer and autumn.
Contribution of temperature was negative in winter. Our
findings have important implications for water resource
management in high mountainous regions and for similar
river basins in which melting glaciers strongly impact the
hydrological cycle.

Keywords runoff components, glacier meltwater,
contribution, HBV-light model, Tarim River basin

1 Introduction

Glacierized basins in high mountainous regions are
representative of the head watersheds of downstream
rivers and provide abundant water resources for
ecological environments, agricultural irrigation, and
drinking water supplies in the lower reaches (Immerzeel
etal., 2013; Pritchard, 2019; Nie et al., 2021). The runoff
in these basins mainly consists of rainfall, snowmelt, and
glacier melt (Lutzetal,2014). Air temperature and
precipitation have strong seasonality and play a key role
in regulating the seasonal flow advantage of a specific
water source. Runoff from glacierized basins is highly
vulnerable to current climate change. Increasing tempera-
tures could accelerate glacier melt and snowmelt in these
river basins (Xu. et al., 2017; Huang et al., 2018; Wang
etal., 2018, 2019a; He et al., 2021), resulting in increased
meltwater supplies to rivers in the near-term. Quantifying
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the contributions of different runoff components to river
runoff is critical for understanding the dynamics of water
resource availability in these basins.

The Tarim River basin is one of the world’s largest
endorheic river basins and is dominated by an arid inland
climate (Chen et al., 2007, 2009; Tao et al., 2011;Su et al.,
2016, 2017; Huang et al., 2018; Wang et al., 2020, 2021;
Bolch et al., 2022). Precipitation in the Tarim River basin
has shown an increasing trend (Shi et al., 2003; Tao et al.,
2011; Liet al., 2020; Bolch et al., 2022), while the snow
area coverage has decreased over the last few decades
(Farinotti et al., 2015; Chen et al., 2019). The Tarim River
basin can be divided into five major parts: the Aksu River
subbasin, Yarkand River subbasin, Hotan River subbasin,
Kaidu-Kongque River subbasin, and mainstream area,
which are also referred to as the “four source streams and
one mainstream” (Ye et al., 2014a, 2014b). Among the
four source streams, only three headwaters, including the
Aksu, Yarkand, and Hotan Rivers, have a surface water
connection relationship with the mainstream (Xu et al.,
2010; Yeetal., 2014a, 2014b; Wang et al., 2021). These
three rivers are associated with the upstream Tarim River
basin, while the Kaidu-Kongque River transports water to
the lower reaches from Bostan Lake to the downstream
Tarim River mainstream through the Kuta Main Canal
(Chen et al., 2009; Xu et al., 2010; Zhang et al., 2014)
(more details are shown in Fig. 1). Studies have shown
that runoff from the Tarim River basin has been
increasing, while the runoff changes from the “four
sources” of these basins are different (Chen et al., 2009;
Huang et al., 2018). The changes in runoff from the Aksu,
Yarkand, and Kaidu-Kongque Rivers are significantly
increasing, and the changes in runoff from the Hotan
River are non-significantly increasing (Zhang and Zuo,

Front. Earth Sci. 2023, 17(2): 361-377

Studies on runoff composition have focused mainly on
the Aksu River, which is the most important tributary of
the Tarim River (Duethmann etal., 2015; Bolch et al.,
2022), but the conclusions of these studies were not
consistent due to their different hydrological models and
methods. For example, the variable infiltration capacity
(VIC) hydrological model integrated with an energy-
balanced ice-melt module was applied to the Kumarik
River, which is the left branch of the Aksu River, and the
results revealed that glacier melt, snowmelt, and rainfall
runoff accounted for 43.8%, 27.7%, and 28.5% of the
runoff composition, respectively (Zhao et al., 2013).
Similarly, a study using the Water Availability in Semi-
Arid environments (WASA) hydrological model, which
contains a glacier mass balance module, showed that the
contribution from glacier melt to river runoff was
approximately 35%—48% (Duethmann et al., 2015), while
the contribution was 30%—-48% when the soil and water
assessment tool (SWAT) hydrological model, which
contains a degree-day glacier melt algorithm, was applied
(Jietal.,2019). A higher contribution of 59% from
glacier meltwater was detected during the glacier melt
period (July—August) by isotope-based end-member
mixing analysis (Chen et al., 2019). For the right branch
of the Aksu River, namely, the Toshkan River, the
contribution of glacier melt to river runoff was estimated
to be 23.0% and 9%-24% by Zhao etal. (2013) and
Duethmann et al. (2015), respectively, and this value was
estimated to be 39% in July—August by Chen etal.
(2019). Although valuable findings have been achieved in
the Aksu River basin, a lack of information from other
subbasins might lead to an inadequate understanding of
climate change impacts on the river regime in the Tarim
River basin.

Because of climate change, runoff from the headwaters

(a) Aksu

2017).
Shaliguilanke

Varzi

(b) Kaidu-Kongque

[T - Xiehela

[ 1I- Shaliguilanke
[ 1l - Kagun

[ 1V - Yuzimenleke
[ V- Wuluwati

[ VI - Tongguziluoke
[ VII - Dashankou

=%

Dashankou
A Hydrological station

-~ River
---1 Glaciers

(¢) Yarkand

Elevation/m

700-800
800—1500
1500-2000
. 2000-3000
{ 3000—-4000
4000-5000
5000-6000

(d) Hotan UL

Fig. 1

Location of the four source regions and main hydrological stations in the Tarim River basin; (a) Aksu River subbasin;

(b) Kaidu-Kongque River subbasin; (¢) Yarkand River subbasin; (d) Hotan River subbasin.
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of the Tarim River basin has undergone obvious changes
that have significantly affected downstream areas. It is
necessary to quantitatively evaluate the impact of climate
change on runoff. Temperature and precipitation are the
main factors driving streamflow changes (Duethmann
etal., 2015; Chenetal., 2019; Wu et al., 2020; Xin et al.,
2021). Liand Fang (2021) adopted the SWAT hydro-
logical model to assess climate change impacts on the
streamflow of the Mun River in the Mekong Basin and
found that temperature played a more important role
during the dry season, while precipitation was more
significant during the wet season. Wang et al. (2021)
revealed the dominant climate factors affecting runoff
changes in all three naturally connected tributaries in the
Tarim River basin by combining the glacier-enhanced
SWAT model with the original and detrended precipi-
tation and temperature inputs. It was recognized that
rising temperatures contributed 94% and 66% to the
streamflow increases in the Hotan and Aksu River
subbasins, respectively, and precipitation contributed 87%
to the runoff increases in the Yarkand River subbasin.

The main objective of this study was to analyze the
effects of precipitation and temperature changes in recent
decades on glacier melt, snowmelt, and streamflow in the
glacier-dominated headwaters of the Tarim River basin.
Quantitative conclusions drawn from this study may
deepen the current understanding of the hydrological
response of highly glacierized river basins to climate
change. This study will lay the basis not only for future
hydrological studies in the Tarim River basin but also for
other similar river basins worldwide. To achieve this
target, the Hydrologiska Byrans Vattenbalansavdelning
(HBV)-light hydrological model was applied to the seven
hydrological stations in the “four sources” of the Tarim
River basin, and the composition of the runoff from each
basin was analyzed both qualitatively and quantitatively.

2 Study area, data, and methods
2.1 Study area

The Tarim River basin covers more than 1.02 million km?2
and is located in an extremely dry region with a fragile
eco-environment (Lyu et al., 2015; Su et al., 2016; Li
etal., 2020). The Tarim River basin is a closed inland
catchment flanked by the Tianshan and Kunlun Moun-
tains. Nine water systems (144 rivers in total) have
flowed into the mainstream Tarim River throughout
history. The Tarim River mainstream has undergone
significant changes as a result of disturbance from
excessive human activities, especially the overexploit-
ation of water resources (Chen etal., 2009; Lyuetal.,
2015). Since the 1950s, water systems have gradually
been dismembered, and only four water systems with
hydraulic relationships with the mainstream remain. The
Aksu River originates from the Tianshan Mountains and
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includes two branches (the Kumarik and Toshkan Rivers).
The Yarkand River originates north of Karakoram
Mountain. The Yurunkash and Karakash Rivers upstream
of the Hotan River originate from the Kunlun and
Karakorum Mountains, respectively, and they flow
through the Taklimakan Desert from south to north before
entering the mainstream of the Tarim River. The fourth
source region of the Tarim River is the Kaidu-Kongque
River, which supplies water to the mainstream through
the Kuta Canal. The Tarim River is fed entirely by
rainfall and snow/glacier melt in the four headstream
regions and has no other contributors to river runoff
(Chen et al., 2009; Bolch et al., 2022; Wang et al., 2021),
more details of glacier information can be found in
Section 2.2.3.

2.2 Data

2.2.1 Climate data

A daily gridded data set, which was developed by the
China Meteorological Administration, was used as
observation meteorological data. This data set applied the
“anomaly approach” to interpolate to 0.25° x 0.25° based
on high-density ground observation meteorological sta-
tions in China. The climatology is first interpolated by
thin-plate smoothing splines, and then a gridded daily
anomaly derived from the angular distance weighting
method is added to climatology to obtain the final data set
(Wu and Gao, 2013). The data set includes daily mean
temperature and precipitation and has been widely
employed in many studies assessing past climate change
in China (Wuetal., 2017; Xuetal., 2018; Guo etal.,
2020).

The source for the monthly potential evapotranspiration
during 1961-2020 was the Climatic Research Unit (CRU)
data set at a spatial resolution of 0.5°; the data were
calculated based on the Penman—Monteith formula, which
includes the maximum, minimum, and mean tempera-
tures; vapor pressure; and cloud cover (Harris et al.,
2014; Wang et al., 2020).

2.2.2  Hydrological data

This research selected seven hydrological stations located
in the four headwater sections, and hydrological data
were from the Hydrological Yearbook provided by the
Ministry of Water Resources, China. The annual river
runoff data for the seven hydrological stations were from
1957 to 2017, while the commonly covered period of the
daily runoff data was 1964-1987, and the monthly data
were from 1961 to 1999 (Table 1).

2.2.3  Geographic data

According to the most recently updated Randolph Glacier
Inventory (RGI, Pfeffer et al., 2014), we extracted the
glacier data of each catchment (Fig. 1). The number of
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Table 1 Information on hydrological stations

Station Longitude (E) Latitude (N) Daily discharge Monthly discharge Annual discharge
Xichela 79°37' 41°34' 1964/1/1-1987/12/31 1957/1-2011/12 19572017
Shaliguilanke 78°36' 40°57 1961/1/1-1989/12/31 1957/1-2011/12 19572017
Kaqun 76°54' 37°59' 1961/1/1-2011/12/31 1961/1-2011/12 1957-2017
Yuzimenleke 77°12' 37°38' 1961/1/1-2011/12/31 1961/1-2011/12 19572017
Tongguziluoke 79°26' 36°52 1962/1/1-2011/12/31 1962/1-2011/12 1957-2017
Wuluwati 79°55' 36°49' 1961/1/1-1999/12/31 1961/1-1999/12 19572017
2007/1/1-2011/12/31 2007/1-2011/12
Dashankou 85943’ 42°15' 1961/1/1-2011/12/31 1961/1-2011/12 19572017

glaciers was from the RGI in each subcatchment, and the  Table2 Information on the glaciers (from: RGI)
glacier areas were calculated by ArcGIS 10.2 (Table 2).

Glaciers Number of Subcatchment

Among the seven hydrological subcatchments, the largest area/km? Glaciers area/km?
proportion of glacierized area in the basin area was Xichela 2366 1540 12966
Tongguziluoke, at approximately 19.39%, followed by  gpaliguilanke 647 853 18411
Xiehela (18.25%).. Although the Kaquq sgbcatchment had Kaqun 5654 4739 46740
the largest glacier area, the glacierized proportion Vugimenleke 204 - 55
accounted for 12.10%. The glacierized area in the
Dashankou subcatchment was only 299 km?2 only Tongsuziluoke 2873 1546 14818
accounting for 1.60% of the catchment area. Wuluwati 1986 2279 21470

A digital elevation model with a 30 m resolution was  Dashankou 299 688 18636

provided by the Shuttle Radar Topography Mission
(SRTM) of the National Aeronautics and Space areas were classified into different elevation zones
Administration. In this study, catchment and glacierized according to the 500 m band (Fig. 2).
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Fig.2 Catchment area and glacierized area corresponding to different elevation zones at the headwaters of the Tarim River basin.
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2.3 Methods

2.3.1 HBV-light model

The Hydrologiska Byrans Vattenbalansavdelning (HBV)
model, which was initially proposed by the Swedish
Meteorological and Hydrological Institute (SMHI), is a
semi-distributed conceptual rainfall-runoff model (Xu
etal., 2017; Alietal., 2018). The model consists of four
routines, i.e., snow, soil, response (or groundwater), and
routing routines (Seibert and Vis, 2012; Etter et al., 2017;
Wang et al., 2019b; Idrizovic et al., 2020). However, the
original version of the HBV is not suitable for the Tarim
River basin, as glacier meltwater is an important compo-
nent of the hydrological processes in this area. Therefore,
a modified version, named the HBV-light model (Konz
and Seibert, 2010; Seibert and Vis, 2012; Xu et al., 2017,
Seibert et al., 2018), in which the snowmelt routine and
the glacier melt and accumulation processes were reformu-
lated, was used in this study. The snow and glacier
routine applied a degree-day method to illustrate snow
and glacier melt (Seibert and Vis, 2012; Xu et al., 2017;
Seibert et al., 2018). The HBV-light model simulates
daily discharge with the inputs of daily precipitation,
temperature and monthly potential evapotranspiration. In
the process of adopting a hydrological model, the
selection of runoff calibration and validation periods is a
very important step. Traditionally, it is generally
necessary to select the period with no missing observation
data. In the process of simulating runoff by the HBV-light
model, there should first be a warm-up period, and the
length period of calibration and validation is generally the
same.

Precipitation is considered to be either snow or rain,
depending on whether the temperature is above or below
a threshold temperature (77). The amount of snowmelt
water is calculated by the degree-day factor of snow
(DFgnow) (Eq. (1)). After the completion of snowmelt,
glacier melt starts by using the degree-day factor of
glacier (DFgjacier) (Eq. (2)). Meltwater and rainfall are
retained within the snowpack until they exceed a certain
fraction of the water equivalent of snow. When the
temperature drops below the 77, the amount of refreezing
liquid water within the snowpack is computed using a
refreezing coefficient (CFR) and degree-day factor
(CFMAX) (Eq. (3)). Based on the relation between water
content of the soil box (SM), its largest value (FC) and
the shape coefficient (BETA), the sum of rainfall and
meltwater P(¢) were divided into water filling the soil box
and groundwater recharge (Eq. (4)). The actual evapo-
transpiration (ETA(r)) from the soil box equals the
potential evapotranspiration (ETP(t)) when SM/FC is
above threshold for reduction of evaporation (LP), while
a linear reduction is used when SM/FC is below this value
(Eq. (5)). The soil is characterized by two-level reservoirs:
upper groundwater box (SUZ) and low zone box (SLZ).
Only when there is water in the SUZ can it percolate into
the SLZ according to the maximum percolation rate from
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the upper to the lower box. Runoff at the groundwater
boxes (Qgw (¢)) is determined by the SUZ, threshold of
the water content in the upper reservoirs (ULZ), and
recession coefficients (Ko, Kj, and K;) (Eq. (6)). The
groundwater runoff is finally transformed by a triangular
weighting function (MAXBAS) to simulate the total
runoff Qgim (1) (Eq. (7)):

Meltsnow = DF snow (T =TT), (1)
Meltglaoicr = DF glacier (T-TT), )
Refreezing = CFRXCFMAXX(TT -T), 3)
SM(@) BETA
harge = P(t , 4
recharge ()x( 7C ) “4)
[ SM(p)
ETA(t)=ETP(t 1
(o) ()Xmm(FC-LP’ ) 6)
ng(l‘)ZK]XSUZ+K2XSLZ (6)
+ Ko xmax(SUZ-UZL,0),
MAXBAS
Qim® =) c@)xQow(t=i+1),
i=1
. i 2 MAXBAS
where, c (i) _IH (—MAXBAS - ‘u -— ' o

4
x —)du
MAXBAS?
2.3.2  Genetic algorithm and Powell optimization

The HBV-light model was automatically calibrated using
the genetic algorithm and Powell optimization method
(GAP; Seibert, 2000), in which the selection of optimum
parameters was done first and then fine tuning was done
to further enhance the objection function. In the GAP
method, the first step is to generate the optimized
parameter sets by using the genetic algorithm (GA) with
an evolutionary mechanism of selection and recombi-
nation of a set of initial, randomly selected parameter
sets. During the second step, parameter sets are fine-tuned
using Powell’s quadratically convergent method as
described by Press et al. (2002) (Seibert, 2000; Seibert
and Vis, 2012). In this research, the settings of the GAP
can be summarized as follows: number of parameter sets,
50; model runs, 5000. The total number of 5000 model
runs was divided into 4000 runs for the GA and 1000
model runs for the subsequent local optimization by using
Powell’s quadratically convergent method.

2.3.3 Model performance evaluation

Model performance criteria were used to describe the
similarity between the observed and simulated runoff in
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the calibration and validation periods (Gupta et al., 2009).
The criteria included the Nash-Sutcliffe efficiency (NSE),
percent bias (PBIAS), root mean squared error standard
deviation ratio (RSR), and Kling-Gupta efficiency (KGE).

The NSE is commonly used, in part because it normal-
izes model performance to an interpretable scale (Nash
and Sutcliffe, 1970). The NSE ranges from negative
infinity to 1 (1 inclusive). Generally, the closer to 1 the
NSE is, the better the similarity between the simulations
and the observations of river runoff. A negative NSE
indicates unacceptable performance of the model (Moriasi
et al., 2007; Gupta et al., 2009; Knoben et al., 2019).

The RSR is the ratio of the root mean square error
(RMSE) and standard deviation of the measured river
runoff (Legates and McCabe, 1999; Moriasi et al., 2007).
The RSR includes scaling and normalization factors and
incorporates the benefits of the error index (Chen et al.,
2012). The closer the RSR is to 0, the better the
hydrological model performance.

The PBIAS is the deviation of the data being evaluated
and is defined as the percentage of the cumulative sum of
observations minus the simulations to the cumulative sum
of the observed runoff (Gupta et al., 2009). The optimal
value is 0, positive values represent a model bias toward
underestimation, whereas negative values indicate a bias
toward overestimation (Moriasi et al., 2007; Gupta et al.,
2009; Chen et al., 2012).

The KGE was proposed to unify three scaling factors:
correction, bias, and variability, and to define the lower
limits of the three components. The KGE can consider-
ably improve the bias and variability measurements and
may slightly decrease the correlation (Gupta et al., 2009;
Kling et al., 2012).

2.3.4 Sensitivity analysis

To assess the impact of the observed climate changes on
runoff changes, three additional sensitivity experiments
were designed in this study to quantify the isolated effects
of temperature and precipitation on runoff changes in the
Tarim River basin. The first sensitivity test was based on
the observed precipitation and detrended temperature,
the second sensitivity test was based on the detrended
precipitation and observed temperature, and the last
sensitivity test applied the detrended precipitation and the
detrended temperature, which set a background climatic
condition after removing the effects of climate change.

Climatic variables with significant trends were
detrended, following the method proposed by Bouraoui
et al. (2004) and Wang et al. (2015):

®

Petrend = P X (Pm _BP X (tx —1Ip ))/Pm P (9)

where Tgegrena and 7 are the detrended and observed daily
temperatures, respectively; Pgegeng and P are the
detrended and observed daily precipitation values,

Tdetrena =T _BT X (ty—1p),
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respectively; P, is the observed monthly precipitation; 8r
and Bp are the Sen’s slope values for monthly temperature
and precipitation, respectively; 7o is the base year; and ¢,
is the current year. The detrended daily temperature and
precipitation were assumed to be the background climatic
conditions after removing the effects of climate change.

2.3.5 Thickness of the glacier

The Glacier Bed Topography version 2 (GlabTop2) model
is an advanced version of the GlabTop mode, which is a
model used for assessing the spatial distribution of ice
thickness by estimating glacier depths. A brief description
of the model is given in this section; for more details,
readers can refer to Frey et al. (2014).

The ice thickness calculation with GlabTob2 requires
estimating the basal shear stress () and the shape factor
f. Based on these two parameters and Eq. (10), the
volume based on the mean ice thickness along the central
flowline /1 was calculated:

.

hs fpgsin(a)’ (10)
where 7 is the average basal shear stress along the central
flowline calculated using Eq. (11), g is the gravitational
acceleration (9.8 m-s™1), a is the mean surface slope, and
p is the density of ice (900 kg-m™3). f is a dimensionless
shape factor that accounts for drag by valley walls and
glacier beds. f was chosen to be a constant of 0.8, which
is considered the typical value for valley glaciers.

The value of basal shear stress 7 (in kPa) was estimated
from an empirical relation between 7 and glacier
elevation range AH (in km) proposed by Haeberli and
Hoelzle (1995) as given in Eq. (11):

0.5+ 159.8AH-43.5(AH)*, AH < 1.6km

. (11)
150, AH > 1.6km

7(kPa) = {

To obtain the glacier volume for each elevation zone,
the thickness of the glacier was deduced by the GlapTop2
model (Linsbauer et al., 2012; Frey et al., 2014), and the
results are shown in Fig. 3. The glacier volume was
244.54 km3 in the Aksu subbasin, 410.69 km3 in the
Yarkand subbasin and 417.68 km3 in the Hotan River
subbasin. The volume was only 10.00 km? in the Kaidu-
Kongque River subbasin.

3 Results

3.1 Changes in temperature, precipitation and runoff

Changes in temperature, precipitation and runoff during
1961-2016 in the four source regions in the Tarim River
basin are shown in Fig. 4. In the Aksu River subbasin, the
annual mean temperature was —3.47°C and showed a



Fig.3 Spatial distribution of ice thickness of the four subbasin in the Tarim River basin. (a) Aksu River subbasin; (b) Kaidu-

Angian WANG et al. Contribution of precipitation and temperature to river runoff in the TRB

(a) N Aksu

100

2(.)0 km

(b) Kaidu-Kongque N

0 50 100 km
| W E—

(©)

Yarkand

0 100 200 ko
[ S |

B (cc Thickness (m)

00 300 400 500

Konggque River subbasin; (c) Yarkand River subbasin; and (d) Hotan River subbasin.

Yarkand Aksu

Hotan

Kaidu-Kongque

Fig. 4 Changes in annual mean temperature, annual precipitation and runoff depth in the Aksu (al, bl, and cl), Yarkand (a2, b2,
and c2), Hotan (a3, b3, and c¢3), and Kaidu-Kongque (a4, b4, and c4) River subbasins during 1961-2016 (red lines represent the

Temperature/°C Precipitation/mm Runoff depth/mm
p
@D gjope: 0.21°C/decade 400} ®D h
Mean: —=3.47°C
»300
W 200 |
Slope: 8.40 mm/decade Slope: 7.67 mm/decade
100 Mean: 292.19 mm [ Mean: 266.54 mm
| :
@2) 400 (b2) Slope: 5.26 mm/decade | (€2)
Mean: 160.29 mm Slope: 6.27 mm/decade
300 r Mean: 150.74 mm
Slope: 0.28°C/decade  |200 MWW
Mean: —1.13°C 100 C
- (a3) Slope: 0.34°C/decade 400 (b3) Slope: 1.94 mm/decade || (c3) Slope: 4.22 mm/decade
Mean: —4.07°C Mean: 192.05 mm Mean: 128.32 mm
300 H
g
200 N
100
(a4) Slope: 0.26°C/decade 400 (b4) " (c4) Slope: 7.74 mm/decade
Mean: —3.28°C Mean: 188.63 mm
3009
200 Slope: 9.97 mm/decade &
100 Mean: 337.27 mm
1970 1980 1990 2000 2010 1970 1980 1990 2000 2010 1970 1980 1990 2000 2010

linear trends).

367



368

significant warming rate of 0.21°C per decade (Fig. 4(al));
the annual precipitation was approximately 292.19 mm
and showed a nonsignificant increase of 8.40 mm per
decade (Fig. 4(b1)); the total annual runoff depth at the
Xiehela and Shaliguilanke hydrological stations was
approximately 266.54 mm (Fig. 4(c1)), which showed no
significant trend before the mid-1990s but clearly
increased thereafter. The annual runoff depth showed a
significant increase of 7.67 mm per decade, and the
correlation coefficient with temperature was higher than
that with precipitation.

In the Yarkand River subbasin, the annual mean
temperature and annual precipitation were —1.13°C and
160.29 mm, respectively. The annual mean temperature
significantly increased at a rate of 0.28°C per decade,
while the annual precipitation non-significantly increased
at a rate of 5.26 mm per decade (Figs. 4(a2) and 4(b2)).
The annual runoff depth in the Yarkand River basin (total
annual runoff depth from the Kaqun and Yuzimenleke
hydrological stations) was 150.74 mm, which significantly
increased at a rate of 6.27 mm per decade (Fig. 4(c2)).
The annual runoff depth was significantly correlated with
the annual mean temperature during 1961-2016 but was
not significantly correlated with the annual precipitation.

The annual mean temperature in the Hotan River
subbasin was —4.07°C during 1961-2016, which signifi-
cantly increased at a rate of 0.34°C per decade (Fig. 4(a3)).
Moreover, the annual precipitation was approximately
192.05 mm, with an increasing trend (1.94 mm per
decade) that was not statistically significant (Fig. 4(b3)).
The annual runoff depth was approximately 128.32 mm,
and it non-significantly increased at a rate of 4.22 mm per
decade (Fig.4(c3)). The annual runoff depth was
significantly positively correlated with temperature with a
coefficient of 0.65 (p<0.01) but had no significant
correlation with precipitation.

In the Kaidu-Kongque River subbasin, the annual mean
temperature was —3.28°C, and it significantly increased at
arate of 0.26°C per decade during 1961-2016 (Fig. 4(a4)),
while the annual precipitation was 337.27 mm, and it
significantly increased at a rate of 9.97 mm per decade
(Fig. 4(b4)). The annual runoff depth at the main gauging
station, Dashankou, was 188.63 mm, which significantly
increased at a rate of 7.74 mm per decade (Fig. 4(c4)).
The relationships between annual runoff depth and
precipitation and temperature were both significantly
positive, but a higher correlation of 0.62 was detected
with precipitation than that of 0.49 with temperature.

Runoff in the Aksu, Yarkand, and Hotan River
subbasins was more sensitive to changes in temperature
than to changes in precipitation, which means that
meltwater has a large contribution to the total runoff
depth; moreover, the relationship between runoff and
precipitation was much higher than that with temperature
in the Kaidu-Kongque River subbasin, which means that
runoff is fed mainly by precipitation.
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3.2 Performance of the hydrological model

Precipitation includes liquid rainfall and solid snow; in
order to more accurately distinguish composition of
rainfall and snowmelt in river runoff, this paper applied
the HBV-light model to deconstruct runoff into three
parts, i.e., rainfall, snowmelt, and glacier melt, to quantify
the proportion of each part to the total runoff.

The HBV-light model was calibrated and validated
satisfactorily with a set of parameters that could represent
the hydrological characteristics of the seven gauging
stations in the Tarim River basin. The performances of
the HBV-light model on the daily scales during the
calibration (1964-1975) and wvalidation (1976-1987)
periods for each hydrological station are shown in Fig. 5.
The comparison of observed and simulated monthly and
annual discharge during the calibration and validation
periods for each hydrological are shown in Supplementary
Materials. A summary of the NSE, KGE, RSR, and PBIAS
for the daily and monthly runoff simulation results is
shown in Tables 3 and 4.

At the daily scale, the NSE was greater than 0.60 and
the KGE was greater than 0.70 at all stations, while the
RSR was approximately 0.50, and the PBIAS was within
10% at all seven stations (Table 3). At the monthly scale,
the NSE and KGE were higher than 0.80 at all hydrolo-
gical stations and even above 0.90 at some stations. The
RSR was approximately 0.30, which was lower than the
daily value. The monthly PBIAS was the same as that for
the daily scale (Table 4). The results mean that the HBV-
light model had a very good performance rating the
during calibration and validation periods, which was
recommended by Moriasi et al. (2007). The HBV-light
model clearly had a good simulation ability for the inland
river basins fed by both meltwater and precipitation.

To further describe the simulation ability of the
hydrological model for extreme river discharge, we
compared the 90th percentile of river runoff between the
observations and simulations by the HBV model in the
calibration and validation periods (Fig. 6). The results
showed that the 90th percentile of the HBV hydrological
model-simulated runoff was slightly higher than the
observed values at the Xiehela, Kaqun, Yuzimenleke,
Tongguziluoke, and Wuluwati stations, and it was slightly
lower than the observed values at the Shaliguilanke and
Dashankoustations. Finally, all the gaps between calibration
and validation at each station were less than 0.50 mm.

3.3 Runoff composition at the annual scale

In the Aksu River subbasin, multiple annual average
runoff depths from rainfall, snowmelt, and glacier melt
were 89.85, 74.40, and 89.56 mm, respectively, accounting
for 35.40%, 29.31%, and 35.29% of the total annual
runoff. Snowmelt and glacier melt, which were determined
mostly by temperature, composed 64.71% of the total
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runoff. The interannual variation in glacier meltwater
showed that its proportion to the total runoff was the
highest in 1997 at 51.37% but the lowest in 1964 at only
24.78%. In terms of rainfall and snowmelt, their
proportions to total runoff were 46.61% in 2012 and
39.90% in 1979; additionally, the values were highest at
21.13% in 1984 and lowest at 17.76% in 2007 (Fig. 7(a)).

Glacial meltwater accounted for a major portion of
runoff in the Yarkand and Hotan River subbasins. The

annual glacier meltwater runoff depths were 63.95 and
69.95 mm, respectively, which accounted for 46.72% and
58.73% of the runoff in the Yarkand and Hotan River
subbasins. The proportions of rainfall to runoff ranked
second in both the Yarkand and the Hotan River subbasins,
accounting for 35.01% and 31.07%, respectively. The
snowmelt volumes in the two subbasins were 25.00 and
12.14 mm, accounting for 18.27% and 10.20% of the
runoff, respectively (Figs. 7(b) and 7(c)).
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Table 3 Performance of the HBV-light model at the daily scale in the
Tarim River basin for the calibration and validation periods

Front. Earth Sci. 2023, 17(2): 361-377

Table 4 Performance of the HBV-light model at the monthly scale in
the Tarim River basin for the calibration and validation periods

Calibration Validation Calibration Validation
Station Station
NSE KGE RSR PBIAS NSE KGE RSR PBIAS NSE KGE RSR PBIAS NSE KGE RSR PBIAS
Xiehela 0.72 0.85 0.53 8.81% 0.78 0.89 047 —0.09%  Xiehela 0.85 0.87 0.38 881% 091 091 030 —0.09%
Shaliguilanke ~ 0.75 0.84 0.50 —7.84% 0.71 0.80 0.54 —10.32% Shaliguilanke ~ 0.88 0.88 0.34 —7.84% (.82 0.86 0.42 —10.32%
Kaqun 0.84 0.90 0.39 —1.19% 0.89 0.89 032 —8.18% Kaqun 0.89 0.90 0.33 —1.19% 095 089 022 —8.18%
Yuzimenleke  0.66 0.83 0.58 6.92% 0.75 0.86 0.50 —5.34% Yuzimenleke  0.84 0.88 039 6.92% 090 0.86 0.31 —5.34%
Tongguziluoke 0.67 0.83 0.57 8.96% 0.77 0.87 0.48 —2.70% Tongguziluoke 0.82 0.88 0.43 8.96% 0.92 092 028 —2.70%
Wuluwati 0.70 0.83 0.55 9.57% 0.79 0.83 046 —8.69% Wuluwati 0.84 0.88 040 9.57% 092 090 028 —8.69%
Dashankou 0.76 0.77 0.49 —7.45% 0.74 0.76 0.51 3.76% Dashankou 0.84 0.82 040 —7.45% 083 081 042 3.76%
(a) Xiehela (b) Shaliguilanke (c) Kaqun (d) Yuzimenleke
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Fig. 6 Comparison of 90th percentile runoff between observed and simulated discharge at each hydrological station in the
calibration and validation periods. The red dot represent the calibration period, and the bule dot represent validation period.

Compared with the other three subbasins, the runoff
composition from the Kaidu-Kongque River had different
characteristics, where glacierized areas made up only
1.6% of the catchment area. Runoff generated by rainfall
was 147.33 mm annually, accounting for 80.86% of the
runoff, while runoff generated by snowmelt was 34.87
mm, accounting for 19.14% of the runoff. The proportion
of rainfall to the total runoff was the lowest in 1988
(approximately 71.67%) and the highest (86.30%) in
2007. The highest or lowest proportions from snowmelt
occurred in the year when the rainfall proportion was the
lowest or the highest (Fig. 7(d)).

For the four subbasins, the portions of annual runoff in
the Tarim River basin during 1961-2016 that were
generated from rainfall, snowmelt, and glacier melt were
67.93, 34.15, and 62.72 mm, respectively, accounting for
41.22%, 20.72%, and 38.06% of river runoff, respectively.
Snowmelt and glacier melt, which were affected mostly

by temperature changes, contributed 58.78% to river
runoff.

Glaciers can withstand extreme water shortages, as the
supply of glacier meltwater can be sustained during dry
years with reduced precipitation and storage (Pritchard,
2019). More precipitation in wetter years forms a thick
snowpack on the surfaces of ice/glaciers, which increases
snow albedo and results in slow snow/ice melt (Zhao et al.,
2013). To quantify the regional response, the average
effects in five dry years with comparatively lower than
normal precipitation and in five wet years with
comparatively higher than normal precipitation were
compared to show the different contributions of glacier
meltwater to the annual runoff in the Tarim River Basin
(Table 5). For Aksu, the dry years were 1975, 1983,
1984, 1995, and 1997; in contrast, the wet years were
1969, 1981, 2000, 2010, and 2016. For Yarkand, the dry
years were 1970, 1979, 1997, 1994, and 1985; the wet
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Table 5 Proportion of glacier meltwater in runoff in dry and wet
years

Aksu Yarkand Hotan Tarim
Dry years 42.74% 52.95% 62.28% 41.20%
Wet years 31.67% 35.88% 50.74% 33.05%

years were 1987, 1996, 2002, 2005, and 2010. Dry years
in the Hotan were 1963, 1985, 1986, 2014, and 2015; in
contrast, the wet years were 1987, 1996, 2002, 2005, and
2010. For the whole Tarim River basin, the dry years
were 1975, 1984, 1985, 1997, and 2014; in contrast, the
wet years were 1981, 1987, 2002, 2010 and 2016.

Glacial meltwater contributed 42.74% to the annual
runoff in dry years, which was 7.76% higher than the
multiple-year average and 11.07% higher than wet years
in the Aksu River subbasin. Glacial meltwater accounted
for 52.95% and 35.88% of the total runoff in dry and wet
years in the Yarkand River subbasin, respectively, and
accounted for 62.28% and 50.74% in the Hotan River
subbasin, respectively. In the Tarim River basin overall,
glacier meltwater contributed 41.20% to the total runoff
in dry years and 33.05% in wet years.

3.4 Seasonal cycle of runoff components

The distribution of the monthly runoff contributed by
rainfall, snowmelt, and glacier melt in the four subbasins
of the Tarim River basin during 1961-2016 is shown in
Fig. 8. The effects of temperature and precipitation changes
on snowmelt runoff varied seasonally. Snow melted
mainly from April to October in the four subbasins, with
the maximum melt occurring in June or July. Snow
seldom melted in the winter months. Glaciers melted

from April to September, with a peak in July or August,
which was later than the peak of snowmelt. The seasonal
distribution of runoff generated by rainfall, snowmelt,
and glacier melt is shown in Table 6.

In the Aksu River subbasin, snowmelt was the
dominant component in spring and winter, accounting for
56.79% and 48.33%, respectively. The dominant runoff
component in summer was glacier meltwater, which
accounted for 38.36%, and rainfall accounted for 36.43%.
In autumn, rainfall, snowmelt, and glacier melt runoff
accounted for 39.24%, 19.80%, and 40.96%, respectively.

Runoff generated by rainfall in the Yarkand River
subbasin was the dominant component in spring, autumn,
and winter, accounting for 45.34%, 44.22%, and 57.60%,
respectively. Snowmelt runoff ranked second in spring
and winter, accounting for 40.81% and 42.33% of the
total runoff, respectively. Glacial melt runoff was
dominant in summer, accounting for 54.70%, while it was
negligible in winter.

The interannual distribution of runoff compositions in
the Hotan River subbasin was similar to that in the
Yarkand River subbasin in that there was no glacier
meltwater in winter. In spring, autumn, and winter,
rainfall runoff was the dominant component of the total
runoff, accounting for 57.58%, 50.60%, and 71.12%,
respectively. Glacial meltwater was the dominant
component in summer, accounting for 69.71% of the total
runoff.

Glacial meltwater in the Kaidu-Kongque River basin
was negligible. Runoff contributed by rainfall was the
dominant component in the four seasons, accounting for
74.05%, 80.47%, 85.39%, and 84.82% of the seasonal
runoff, and the remaining part of the surface runoff was
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Table 6 Seasonal distribution of runoff components in the Tarim
River basin

River Basin Spring  Summer  Autumn  Winter
/mm /mm /mm /mm

Aksu Rainfall 9.45 65.87 13.06 1.47

Snowmelt 20.34 45.57 6.59 1.89

Glacier melt 6.02 69.34 13.63 0.55

Yarkand Rainfall 2.63 31.06 10.84 3.38

Snowmelt 2.37 14.55 5.60 2.49

Glacier melt 0.80 55.06 8.08 0.00

Hotan Rainfall 3.92 21.74 7.07 4.28

Snowmelt 1.76 6.22 2.42 1.74

Glacier melt 1.13 64.34 4.47 0.00

Kaidu- Rainfall 28.01 62.65 36.66 20.01

Kongque Snowmelt 9.82 15.21 6.27 3.58
Glacier melt - - - -

Tarim Rainfall 7.93 40.75 13.83 5.42

Snowmelt 7.28 19.48 5.08 2.30

Glacier melt 1.96 53.32 7.31 0.13

from snowmelt.

In the Tarim River basin overall, runoff generated by
rainfall was the dominant component in spring, autumn
and winter, accounting for 46.21%, 52.74%, and 65.05%,
respectively. Snowmelt ranked second in spring and
winter, accounting for 42.40% and 29.33%, respectively.
Glacial melt runoff was the dominant component in
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Interannual distribution of runoff generated by rainfall, snowmelt, and glacier meltwater in the (a) Aksu, (b) Yarkand, (c)
Hotan, and (d) Kaidu-Kongque River subbasins during 1961-2016.

summer, accounting for 46.96% of the total runoff, while
it accounted for only 1.62% in winter.

3.5 Quantitative effect of climate drivers on runoff
changes

River runoff in the Tarim River basin has significantly
increased in recent decades due to increasing temperature
and precipitation. Runoff in the Aksu, Yarkand, and
Kaidu-Kongque River subbasins has increased signific-
antly, while runoff in the Kaidu-Kongque River has non-
significantly increased.

Sensitivity analyses showed that annual river runoff in
the Aksu River basin would have been 225.98 mm under
a scenario in which temperature and precipitation varied
without anthropogenic forcing (Pdetrends Tdetrend) during
1961-2016, i.e., 27.82 mm less than the observed value.
This difference can be deconstructed into 12.36 mm
caused by rising temperatures and 15.46 mm caused by
increasing precipitation. These values indicate that river
runoff increased by 12.29% due to regional climate
change under the background of global warming, and the
contributions of temperature and precipitation changes to
increased runoff were 55.56% and 44.44%, respectively
(Table 7). For the two tributaries, climate change resulted
in runoff increases of 12.53% (44.10 mm) and 11.86%
(16.28 mm) from the Kumarik and Toshkan Rivers,
respectively. Rising temperatures contributed 69.11% to
the increase in runoff from the Kumarik River and
—2.62% to the increase in runoff from the Toshkan River.
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Table 7 Results of sensitivity analyses: the influence of temperature
and precipitation changes on runoff and runoff composition in the
Tarim River basin (mm)

River Basin Test River By By By
runoff rainfall snowmelt glacier melt
Aksu P.T 25380 89.85 7440 89.56
PoTauea 24141 8461 7432 82.48
Poorens. T 23832 8417 68.05 86.10
Pacsend. Taweng 22598 7901 68.40 78.57
Yarkand P.T 136.87 4792 25.00 63.95
PoTaweng 12839 4542 2581 57.16
Paorens. T 13249 4483 2417 63.48
Pacrents Taomeng 12407 4244 2483 56.79
Hotan P. T 119.10 3701  12.14 69.95
P. Tactrend 99.74 3314 12,63 53.97
Parena. T 11839 3649 1193 69.97
Pacwonds. Taorang 9900 3262 1241 53.96
Kaidu- P.T 18220 14733  34.87 0.00
foneaue P Tauea 18546 14694 3852 0.00
Paoreng. 7 161.04 13290  28.14 0.00
Pacsend. Tapeng 16391 13263 31.28 0.00
Tarim P.T 16479 6793  34.15 62.72
PoTaweng 15415 6473 3505 5437
Paoveng. T 156.60 6340 31.44 61.77
14594 6028 3231 53.34

Paetrends Tdetrend

Notes: P means precipitation, Pgerrend Mmeans precipitation after detrending,
T means temperature, and Tgerend indicates the temperature after detrending.

In contrast, precipitation contributed 30.89% and 102.62%
to increased runoff from the Kumarik and Toshkan
Rivers, respectively. The Kumarik catchment was mainly
impacted by temperature, while the Toshkan catchment
was controlled by precipitation. The large difference in
the temperature contributions in the two adjacent tributaries
can be explained by the different glacier coverages, which
were 2366 km? (18.25%) and 647 km? (3.53%) in the
Kumarik and Toshkan Rivers, respectively.

The observed annual runoff was 136.87 mm in the
Yarkand River subbasin during 1961-2016, and climate
change contributed to an increase in runoff of 10.31%
(12.80 mm). Regional temperature and precipitation
changes resulted in increases in runoff of 8.44 and 4.36
mm, indicating that their contributions were 66.10% and
33.90%, respectively (Table 7). At the Kaqun station,
changing temperatures led to a 9.42 mm increase in
runoff, and precipitation changes led to a4.13 mm increase.
Atthe Yuzimenleke station, an increase in runoffof 5.88 mm
was primarily caused by a precipitation increase.

In the Hotan River subbasin, the observed annual
runoff was 119.10 mm during 1961-2016, which was
20.10 mm higher than the runoff under the assumption of
no anthropogenic climate change. The increases in regional
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temperature and precipitation caused by anthropogenic
forcing resulted in increases in runoff of 19.36 and 0.74
mm, respectively, which indicated that the contributions
of temperature and precipitation to runoff increases were
96.32% and 3.68%, respectively. For the Yurunkash River
and Karakash River, temperature contributed 98.77% and
92.12% to the runoff increase, and precipitation
contributed 1.23% and 7.88%, respectively (Table 7).

In the Kaidu-Kongque River subbasin, the annual runoff
was 182.20 mm, of which 163.91 mm was generated by
the natural climate and 18.29 mm was contributed by
climate change. There was no glacier melt runoff in the
Kaidu-Kongque River subbasin, where increasing
temperature and evapotranspiration finally resulted in a
decrease in runoff of 2.81 mm, but increased precipitation
resulted in an increase in runoff of 21.10 mm. Tempera-
ture contributed —15.39% to the runoff increase, while
precipitation contributed 115.39% (Table 7).

In the Tarim River basin overall, the observed annual
runoff of 18.85 mm was higher than that without anthropo-
genic climate change. Temperature and precipitation
changes contributed 10.65 mm (56.49%) and 8.20 mm
(43.51%), respectively. These values indicated that in the
Tarim River basin, the effect of temperature on runoff
was higher than the effect of precipitation on runoff.

In the seasonal attribution analysis (Table 8), we found
that in spring, the increase in runoff in the Tarim River
basin was mainly caused by precipitation, and the
contribution was 73.39%. Among the four subbasins, the
increase in runoff in the Aksu subbasin was the result of
both temperature and precipitation, and the contribution
of precipitation was higher than that of temperature. In
the Kaidu-Kongque River subbasin, the contribution of
temperature to the increase in runoff was negative, and
the increase in runoff was entirely caused by the increase
in precipitation. In the Yarkand River subbasin and Hotan
River subbasin, the increase in runoff was caused by the
increase in temperature and precipitation, but the
contribution of temperature was higher than that of
precipitation.

In summer and autumn, the contribution of temperature
and precipitation to the increase in runoff were almost the
same in the Aksu River subbasin, while in the Yarkand
River and Hotan River subbasins, the contribution of
temperature to the increase in runoff was greater than that
of precipitation. For the Kaidu-Kongque River subbasin,
precipitation was the main factor causing the increase in
runoff. In the Tarim River basin, the contributions of
temperature to runoff increase were 61.60% and 64.12%,
respectively, while the contributions of precipitation were
38.40% and 35.88%.

In winter, the contribution of temperature to the
increase in runoff was negative in the Aksu and Yarkand
River subbasin, while in the Hotan and Kaidu-Kongque
River subbasins, the contribution of precipitaiton to the
increase in runoff was greater than that of temperature.



374

Table 8 Results of sensitivity analyses: the influence of temperature
and precipitation changes on seasonal runoff depth in the Tarim River
basin (mm)

River Basin Test Spring Summer Autumn Winter
/mm /mm /mm /mm

Aksu P, T 35.82 180.78 33.29 3.92
P, Tdetrend 34.02 172.94 30.48 3.98

Petcends T 32.48 171.06 31.27 3.51

Paetrends Taerena 30-76 163.11 28.50 3.61

Yarkand P, T 5.81 100.67 24.52 5.87
P, Taetrend 5.31 94.28 22.73 6.07

Pietrends T 5.53 97.97 23.47 5.52

Petrends Taetrend 5.02 91.74 21.64 5.67

Hotan P, T 6.82 92.29 13.96 6.02
P, Tdetrend 6.16 76.05 11.53 6.00

Paetcends T 6.69 92.02 13.79 5.89

Paetrends Taetrend 6.04 75.72 11.38 5.86

Kaidu- P, T 37.82 77.86 42.93 23.59
Kongque P, Tdetrend 38.83 80.77 42.57 23.29
Petcends T 31.68 65.19 41.23 22.94

Paetrends Taetrend 32-70 67.46 41.03 22.73

Tarim P, T 17.17 113.55 26.22 7.85
P, Taetrend 16.54  105.50 24.22 7.89

Pietrends T 15.46 108.55 25.09 7.50

14.84  100.44 23.11 7.55

Pdetrend> Tdetrend

Notes: P means precipitation, Pgerrend Mmeans precipitation after detrending,
T 'means temperature, and 7 geireng indicates the temperature after detrending.

Contribution of precipitation to runoff increase in the
Tarim River basin was 115.32%, while the increase in
temperature to runoff was —15.32%. The increase in
winter runoff in the four sources was mainly due to the
increase in precipitation.

4 Discussion

As many previous studies have focused on tributaries of
the Aksu River subbasin, we compared our results with
existing results. Our study revealed that glacier melt
accounted for 36.24% of the runoff in the Kumarik River,
which was close to the results of Duethmann et al. (2015)
and Jietal. (2019), who found that the proportions of
glacier melt were 35%—48% and 30%—48%, respectively;
however, the value in this study was slightly higher than
that discovered by Li et al. (2020), whose estimation of
the contribution of glacier melt to runoff was 28.2%. In
the Toshkan River, rainfall was the main component of
runoff, with a proportion of 41.81%. The results by Zhao
et al. (2013) also showed that the contribution percentage
of rainfall was the highest, with an even higher value of
50.9%. However, Chen etal. (2019) found that runoff
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from glacier meltwater in the Kumarik River accounted
for 59% of runoff during July—August (which was higher
than our result of 39.90%) and was 39% at the Toshkan
River (which was lower than our result of 44.32%).

Our research aimed to systematically quantify the
dominant climate factors in the Tarim River basin. In the
Aksu River subbasin, changes in regional temperature and
precipitation due to global warming contributed 55.56%
and 44.44% to the increases in runoff, respectively.
Temperature affected runoff more than precipitation in
the Yarkand and Hotan River subbasins, contributing
66.10% and 96.32%, respectively, to the total runoff
increase, while precipitation contributed 33.90% and
3.68%, respectively. In the Kaidu-Kongque River subbasin,
the increase in runoff was entirely caused by rising
precipitation, while temperature contributed was negative
to the change in runoff. According to Wang et al. (2021),
who applied the Glacier-enhanced SWAT model to
quantify the dominant climate factors and applied them to
runoff changes in the Aksu, Yarkand and Hotan Rivers,
rising temperatures contributed 66%, 13%, and 94% to
the changes in runoff in these basins, respectively. The
results from these two studies reached consistent findings
for the Hotan and Aksu River subbasins, but there was an
obvious gap in the results for the Yarkand River subbasin.
Another study on the Aksu and Kaidu-Kongque River
subbasins showed that the contributions of precipitation
and temperature to river runoff were 35.99% and 64.01%
and 55.79% and 44.21%, respectively; this study applied
an integrated approach (Wang et al., 2018, 2019a).

The large uncertainties were mainly from data, hydrol-
ogical models, and parameterization processes. Precipita-
tion data are vital for hydrological modeling. Due to the
complexities of terrain and topography, the accurate
estimation of precipitation in high mountainous areas is
still a scientific problem. Meteorological stations are
sparsely distributed in the Tarim River basin and are
mainly located in the low elevation zone rather than at
higher altitudes. Although temperature and precipitation
at high elevations were adjusted based on the temperature
lapse rate and precipitation gradient, it is not clear what
other factors can affect temperature and precipitation in
high elevation regions. More accurate climate observations
in higher elevation areas could reduce these uncertainties.
In addition, through the modeling processes, small
uncertainties can accumulate into considerable uncertainty
(Seiller and Anctil, 2014; Li et al., 2015, 2020; Wang
etal., 2021; Xin et al., 2021).

With regard to the research methods, some limitations
need to be acknowledged. For hydrological modeling
calibration, recent research has shifted toward multi-
objective calibration from only daily discharge calibration
(Duethmann et al., 2015; Jietal.,, 2019). As the global
temperature continues to increase, the four source regions
in the Tarim River basin are expected to respond
differently in terms of climate and hydrology, and the
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sensitivity of the basins to future climate change under
different warming scenarios needs to be studied further.
In addition to temperature and precipitation, river runoff
is influenced by other climate variables (Fonley et al.,
2019; Fanetal., 2021). As few meteorological stations
are located in high mountainous regions, this research
considers only temperature and precipitation. We
regretfully admit that we did not consider permafrost in
our research. Under the background of global warming,
changes in permafrost will significantly affect the
changes in the underlying surface in high-mountain areas,
and changes in permafrost and its freezing thawing
process will further affect the physical, chemical, and
biological processes of ecology and hydrological systems
in cold regions. Therefore, in future research, we will
further consider the role of permafrost in the Tarim River
basin.

The runoff of the Tarim River basin showed an
increasing trend, and the increase in runoff in spring was
more contributed by precipitation, while in summer and
autumn, the contributions of precipitation and
temperature to the increase in runoff were basically the
same. This result indicates that the Tarim River basin
may have a risk of flooding in the future. Our results
showed that the proportion of glacier melt and snowmelt
to river runoff accounted for more than 50%, which
increased the runoff in the short-term and supplemented
water resources. In the short-term, we should seize the
favorable opportunity of the increase of the water
resources in the Tarim River basin to expand the scale of
agricultural planting and improve the local social and
economic development. However, there is no denying
that climate change is a double-edged sword. The
increase of runoff in the Tarim River basin is mainly
caused by the glacier melt and snowmelt water. With the
continuous rise of global temperature, the limited glaciers
and snow in the Tarim River basin will eventually vanish,
and may face a serious water shortage in the future.

5 Conclusions

The current study selected the Tarim River basin, the
largest endorheic drainage system dominated by an arid
inland climate, as the target area, where temperature and
precipitation have increased in the last several decades.
This study adopted the HBV-light hydrological model to
delineate runoff in a glacierized basin. The proportions of
runoff components to the total runoff were estimated
annually and seasonally. We quantitatively attributed the
effects of precipitation and temperature changes on runoff
increases in the “four sources” of the Tarim River basin.
1) The runoff in the Aksu, Yarkand, and Hotan River
subbasins was controlled by temperature, while the runoff
in the Kaidu-Kongque River subbasin was controlled by
precipitation because it is an area with few glaciers.
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2) During 1961-2016, river runoff in the Tarim River
basin generated from rainfall, snowmelt, and glacier melt,
accounting for 41.22%, 20.72%, and 38.06%, respectively.
Among the four subbasins, glacial meltwater was the
main source in the Hotan and Yarkand River subbasins,
while rainfall was the main source in the Kaidu-Kongque
River subbasin. And the three types water source were
almost equal in the Aksu River subbasin.

3) In the Tarim River basin, the runoff generated by
rainfall was the dominant component in spring, autumn,
and winter, while glacier melt runoff was the dominant
component in summer. Glaciers melted from April to
September, which was later than the peak of snowmelt.

4) In the Tarim River Basin overall, changes in river
runoff were mainly caused by increased temperatures,
which contributed 56.49%, while increased precipitation
contributed 43.51%. Runoff increases in the large glacial
river basin were caused by temperature increases, while
runoff increases in the small glacial river basin were
mainly caused by precipitation increases.

Supplementary material is available in the online version of this article
at http://dx.doi.org/10.1007/s11707-022-0995-0 and 1is accessible for
authorized users.
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