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Abstract

Water resources systems in arid regions are sensitive to climate change, which

critically impacts the water cycle. In this study, we applied historical hydrome-

teorological data, CMIP5 data, and a large-scale hydrological model

(Community Land Model–Distributed Time-Variant Gain Model [CLM–
DTVGM]) to study the impact of climate change on the hydrological cycle

(i.e., runoff, actual evapotranspiration (ETa), and terrestrial water storage

[TWS]) under different scenarios at the Aksu River basin (ARB) located in the

arid region of northwest China. The primary findings of this study: (a) As the

determination coefficient (R2) and Nash–Sutcliffe efficiency coefficient (NSE)

reached desirable levels (R2 ≥ 0.583, NSE ≥ 0.371, and root-mean-square

error ≤ 155.727), the CLM–DTVGM achieved a better simulation of runoff in

the ARB; under climate change, the runoff depth in the irrigation area became

shallower and followed a decreasing trend, with a minimum depth of 0.5 mm

and a significant decreasing trend of −8 mm�a−1. (b) Along with changes in

the precipitation and temperature of the baseline period (i.e., 1980–2010), run-
off, ETa, and TWS were predicted to change significantly in future scenarios.

(c) Climate change significantly impacted the historical runoff from the

Shaliguilanke and Xiehela hydrological stations, with correlation coefficients

larger than 0.9; however, the runoff from the Alaer hydrological station was

not affected. However, runoff, ETa, and TWS in the ARB were very closely cor-

related with climate change in the future scenarios, with correlation coeffi-

cients exceeding 0.9. Related research in the future would be important for

guiding the sustainable development of the ARB.
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1 | INTRODUCTION

Climate change leads to the occurrence of extreme climate
events that have a fatal impact on humans and the ecologi-
cal system, and it is currently a major concern of scholars
and politicians (Gudmundsson et al., 2021; Mengistu
et al., 2021; Pokhrel et al., 2021). As an important medium
for heat and material exchange on Earth, water resources
are significantly affected by climate change (Liu and Woo, ;
Mastrotheodoros et al., 2020; Pokhrel et al., 2021). The
effects of climate change on water resources systems are
usually expressed through the effects of hydrological vari-
ables (e.g., precipitation and temperature) on the hydrologi-
cal cycle (Huntington, 2006). The characteristics of the
hydrological cycle and its associated extreme hydrological
events, such as floods and droughts, are closely related to
climate change, resulting in the loss of life and property
(Gudmundsson et al., 2021; Pokhrel et al., 2021). The area
and number of regions affected by these extreme hydrologi-
cal events are growing (Conway and Schipper, 2011; Yang
et al., 2019b). In particular, regions and watersheds
recharged by snow and ice melt are heavily affected by cli-
mate change (Xu et al., 2011; Qin et al., 2020). Therefore,
although there is a wealth of relevant research results, the
impact of climate change on different hydrological cycles
still needs to be elucidated. It is very important for under-
standing the mechanism of climate change impact on water
resources, the change pattern of water resources system
and the formulation of risk-averse policies (Meaurio
et al., 2017; Zhao et al., 2019; Hu et al., 2021).

The Aksu River (AR) originates from the middle of the
Tianshan Mountains and is the major water source of the
Tarim River basin (TRB) (Xu et al., 2011; Fan et al., 2014).
In addition, the AR feeds a vast and well-developed irrigated
agriculture in the Aksu River basin (ARB) (Chen
et al., 2016a). The ARB also plays an essential role in the
economy and human health in the TRB (Chen et al., 2016a).
Because of the high altitude of its source area, the meltwater
from snow-ice and glaciers is the dominant source of runoff
in the ARB, accounting for more than 50% of the total runoff
(Zhang et al., 2019). However, the ARB has witnessed a
large rise in runoff and an ice loss in glaciers during the last
50 years due to climate change (Tao et al., 2011; Xu
et al., 2011; Zhang et al., 2019). Furthermore, the ARB eco-
system is fragile; thus, the occurrence of extreme hydrologi-
cal cycle events, especially droughts, significantly impacts
the ecological security of the basin (Wang et al., 2014; Chen
et al., 2016a; Wang et al., 2018). However, it must be deter-
mined how climate change has already affected the hydro-
logic cycle in the ARB and how it will affect it in the future.

Several studies have elucidated the effects of climate
change on the hydrological cycle in the ARB, owing to its
special geographical location and its ecological and economic

importance in the Tarim Basin. The results of these studies
are almost unanimous, revealing a sharp decrease in snow-
ice resources and a temporary sharp increase in runoff
(Xu et al., 2011; Fan et al., 2014; Wang et al., 2014; Wang
et al., 2018; Zhang et al., 2019). Therefore, many experts have
pointed out that the teleconnection index significantly influ-
ences the changes in runoff in the ARB (Wang et al., 2014;
Yao et al., 2020). Fan et al. (2014) pointed out the direct
effects of precipitation and temperature on runoff in the
ARB in the past 50 years based on correlation and partial
correlation. Deng et al. (2019) reported the impacts of glacier
and snow variations on regional runoff in the ARB. How-
ever, they neglected the coupling effect of temperature and
precipitation on runoff and other factors of the hydrologi-
cal cycle. Further, the authors did not explain how
changes in precipitation and temperature affect hydrologi-
cal processes from the perspective of hydrological mecha-
nisms, or how precipitation and temperature will respond
to hydrological processes in future scenarios.

Currently, the proposal and development of global cli-
mate models (GCMs) provide important technical tools and
data products for studying global climate change, especially
under future scenarios (Chen et al., 2020; Dai et al., 2020;
Homsi, 2020). For numerous GCMs (e.g., BCC_CSM1.1,
BCC-CSM1.1-M, and BNU-ESM), different models with
varying spatiotemporal resolutions have been devised by
different countries or organizations; however, they have all
been proposed based on the framework of future emission
scenarios (Dai et al., 2020; Yin et al., 2021). Furthermore,
prior research has revealed that various GCMs correspond
to distinct biases and that GCMs used in regional-scale
studies must be downscaled (Homsi, 2020; Mengistu
et al., 2021). However, the selection of GCMs has often been
neglected; previous studies have used as many GCMs as
possible, which inevitably leads to the distortion of informa-
tion on the study subjects (Zhang et al., 2015).

Therefore, to study the impact of climate change on the
hydrological cycle, we attempted to (a) drive a large-scale
hydrological model analysis and discuss the applicability of
the model in the ARB, (b) analyse the characteristics of
changes in the major hydrological cycle elements of the
ARB under climate change, and (c) explore the relationship
between the coupling effect of precipitation and temperature
and the major hydrological cycle elements under historical
and future scenarios (i.e., RCP2.6, RCP4.5, and RCP8.5).

2 | STUDY AREA

The AR originates in Kyrgyzstan and crosses the south side of
the TianshanMountains before draining into the Tarim River
(TR) in China (Figure 1) (Chen et al., 2009; 2014; 2016a).
Because of the influence of the high altitude and snow, the
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primary water supply of the ARB is snow meltwater, which
provides 73.2% of thewater (approximately 80.6 × 108 m3�a−1)
among the three major headstreams (i.e., AR, Yarkant River,
and Hotan River) for the mainstream of the TR, thereby
supporting human activities and the environment in the mid-
dle and lower reaches of the TRB (Chen et al., 2009; Yang
et al., 2021). The ARB experiences low precipitation, high
evaporation, and frequent drought episodes in a typical tem-
perate continental climate (Yang and Chen, 2015; Chen
et al., 2016a; 2016b; Yang et al., 2017). Both temperature and
snowmelt have increased since the 1970s because of climate
change, resulting in aggravated wetting events and changes in
thewater cycle (Yang andChen, 2015).

Irrigation agriculture is the agricultural development
style used in the ARB, in which crop growth is mostly
dependent on the irrigation of rivers and reservoirs in the
basin (Huang et al., 2015; Yang et al., 2018a). Meanwhile,
the population and cultivated land area of the basin have
grown substantially along with the growth of the social
economy, which has increased irrigation water demand
and water consumption for economic activities across the
basin (Chen et al., 2009; Huang et al., 2015; Yang
et al., 2019a). Simultaneously, key challenges in the ARB
include a limited water supply, chaotic development of
water resources, polluted river water due to irrigation,
and strain on ecological water resources caused by vege-
table production (Chen et al., 2009; 2016b) (Figure 1).

3 | DATA AND METHODS

3.1 | Data

3.1.1 | Historical hydrometeorological data

The monthly runoff data of three hydrological stations
(i.e., Shaliguilanke, Xiehela, and Alaer) in the ARB from
1980 to 2010 were derived from the hydrological year-
book of the People's Republic of China. Runoff from the

Shaliguilanke and Xiehela hydrological stations was cho-
sen as a mountain water resource for agricultural opera-
tions, whereas runoff from the Alaer hydrological station
was chosen as an ecological water supplement for the
mid- to downstream area of the TR.

In addition, precipitation, average temperature, maxi-
mum temperature, minimum temperature, sunshine
hours, wind speed, relative humidity, and average air
pressure among the daily meteorological data from
01/01/1960 to 12/31/2010, which were sourced from the
national meteorological data sharing service network
(available at http://www.cma.gov.cn), have been used to
drive the hydrological model.

3.1.2 | Basic geographic data

Digital elevation data with a spatial resolution of 90 m
were obtained from the Shuttle Radar Topography Mis-
sion (http://srtm.csi.cgiar.org/) and resampled to 1 km
for model driving. Land use data with a spatial resolution
of 1 km were downloaded from the Resource and Envi-
ronment Data Center, Chinese Academy of Sciences
(http://www.resdc.cn/). The soil database with a spatial
resolution of 1 km was obtained from the Environmental
and Ecological Science Data Center for West China,
National Natural Science (http://westdc.westgis.ac.cn/).
The Ministry of Water Resources of the People's Republic
of China provided border information for the basin.

3.1.3 | Global climate model data

Coupled Model Intercomparison Project Phase 5 (CMIP5)
provided multiple models for assessing the mechanisms
coupled with the carbon cycle and clouds, examining
climate prediction, and understanding the cause of a range
of responses from similar models (Mcsweeney et al., 2015;
Zhang et al., 2015; Bronselaer et al., 2018). CMIP5 is meant
to provide a framework for coordinated climate change
experiments, and it has contributed generously to projects
predicting future climate change (Wang, 2012; Yang
et al., 2019b; Tian and Dong, 2020). The representative
concentration pathways (RCPs) database is a concise
dataset that includes long-term historical climate simula-
tions and future climate change prediction data worldwide
(e.g., RCP2.6, RCP4.5, and RCP8.5) (Chang et al., 2012;
Koven et al., 2013; Yang et al., 2019b). In this study, we
employed six GCMs (i.e., BCC_CSM1.1, BCC-CSM1.1-M,
BNU-ESM, FGOALS-g2, FGOALS-s2, and FIO-ESM),
whose accuracy has been frequently proven. We down-
scaled these data using statistical approaches before driv-
ing the hydrological model at the basin scale in the ARB.

FIGURE 1 Study area and its location in China (see also in

Yang et al., 2021)

YANG ET AL. 5361
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3.2 | Methods

3.2.1 | Community Land Model–Distributed
Time-Variant Gain Model

The large-scale hydrological model CLM–DTVGM is a
coupling of the Community Land Model (CLM) 3.5 and
Distributed Time-Variant Gain Model (DTVGM) (Yang
et al., 2019a). The Institute of Atmospheric Physics has
developed CLM 3.5, in which the land and land surface
models are from the Chinese Academy of Sciences and the
National Center for Atmospheric Research, respectively
(Niu and Yang, 2006; Thornton and Zimmermann, 2007;
Yang et al., 2019a). CLM 3.5 has two improvements
(i.e., new surface datasets and a new set of parameteriza-
tions) compared with CLM 3.0. DTVGM, as proposed by
Xia (2002) based on nonlinear theory. The model can
extract watershed boundary and sub-basin information
based on geographic information system technology and
digital elevation models. Also, it has been widely and suc-
cessfully applied to many regions and watersheds globally
(Song et al., 2011; Yang et al., 2019a).

The CLM–DTVGM couples the advantages of CLM for
simulation on large-scale watersheds with the advantages
of the DTVGM nonlinear theory for the accurate and con-
cise simulation of the effects of human activities on runoff
(Zhan et al., 2013; Yang et al., 2019a). Specifically, the
time-varying gain factor and the convergence mechanism
of wave motion in the DTVGM model replace the first-
order linear equations in the flow and convergence
module of CLM 3.5, allowing the accurate simulation of
two-dimensional hydrological processes and of the impact
of human activities on hydrological processes (Zhan
et al., 2013; Xia et al., 2016; Yang et al., 2019a). In this
study, the uncertainty analysis of the parameters in the
DTVGM model was implemented based on the PSUADE
platform and the SCE-UA method (Li et al., 2009).

3.2.2 | Downscaling method of global
climate model

In this study, the scoring method proposed by Fu
et al. (2013) was applied to the selection of GCMs in the
ARB. Models with low scores were excluded from the set
of alternative GCMs, whereas models with higher scores
were applied in the downscaled calculation and CLM–
DTVGM driving. The scoring and downscaling methods
can be expressed by Equations (1) and (2),

S=
Xn
i=1

ωi×
xi,j−xi,min

xi,max−xi,min
×6

� �
, ð1Þ

where xi,j represents the relative error of the output of the
jth GCM and the ith observation evaluated index; xi,min

and xi,max stand for the minimum and maximum values
of the ith index in the alternative GCMs, respectively; ωi

is the weight of the ith index; i and j indicate the order
numbers of the evaluated index and GCMs, respectively;
and n stands for the number of evaluated indices.

The details of the downscaling method with simple
and quick features are as follows (Zhang et al., 2015;
Yang et al., 2019a),

PF,i=
Pf ,i

Ph,i
−1

� �
×100%

TF,i=Tf ,i−Th,i

8<
: , ð2Þ

where PF,i and TF,i are the adjustment coefficients for pre-
cipitation and temperature in the ith month, respectively;
Pf,i and Tf,i represent the average precipitation and tem-
perature in the ith month in the future, respectively; and
Ph,i and Th,i denote the average precipitation and temper-
ature in the ith month in history, respectively. Historical data
after downscaling are compared with measured historical
data based on correlation coefficients. In this study, 2010–
2100 was regarded as the future period and 1980–2010 as the
historical. In order to analyse the characteristics of climate
change in different future periods, we have divided them into
immediate term (i.e., 2010–2039), medium term (i.e., 2040–
2069) and long term (i.e., 2070–2099).

3.2.3 | Multiple wavelet coherence

Multiple wavelet coherence (MWC) is a special case that
extends from bivariate to multivariate. Therefore, it is
necessary to consider the correlation between variables
when calculating the coherence and phase difference
(Hu and Si, 2016; Su et al., 2019). In general, the squared
multiple wavelet coherency between series X1 and all
other series X2, …, XP is defined as

R2
1 2,3,���,pð Þ=R2

1 qð Þ=1−
Md

S11Md
11

, ð3Þ
where M is the p × p matrix of smoothed cross-wavelet
spectra of Sij, which can be expressed as

Sij=S Wxi,xj
� �

Sij=S�ji,Sij=S Wxij j2� �� �
, ð4Þ

M=

S11 � � � S1p

..

. . .
. ..

.

Sp1 � � � Spp

2
664

3
775: ð5Þ
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Md
ij is the cofactor of element (i; j) of M, which can be

calculated as

Md
ij= −1ð Þi+ jdet Mj

i

� �
, ð6Þ

where Mj
i denotes the submatrix from M by removing the

ith row and jth column. The partial wavelet coherency of
X1 and Xj (2≤ j≤ p) is given by

ρ1j:qj=−
Md

j1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Md

11M
d
jj

q , ð7Þ

where qj= 2,…,pf g. The partial wavelet coherency of X1

and Xj (2≤ j≤ p) can be obtained from

r1j:qj=−
Md

j1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Md

11M
d
jj

q : ð8Þ

For the MWC, the 95% significance level was calcu-
lated based on the Monte Carlo method (Grinsted
et al., 2004; Hu and Si, 2016).

4 | RESULTS

4.1 | Historical and future hydrological
processes in the Aksu River basin

In this study, three representative hydrological stations
were selected to evaluate the CLM–DTVGM (Figure 2).

Based on the evaluation index, we found that the simula-
tion effect of the Alaer hydrological station was superior
to those of the Shaliguilanke and Xiehela hydrological
stations. Moreover, the mean value of the determination
correlation coefficient (R2) in the calibration period was
greater than 0.75, whereas that of the NSE was greater
than 0.71. In comparison, both the average values of R2

and NSE in the validation period were lower than those
in the calibration period. Although there is a poor simu-
lation effect in the flood season, the CLM–DTVGM may
better describe the runoff process in the ARB. Similar
results in the northwest arid region of China were also
reported by Xia et al. (2016).

To drive the large-scale hydrological model CLM–
DTVGM, the future scenario data from CMIP5 during
2010–2100 must be downscaled, as shown in Figure 3.
From the spatial distribution of downscaled annual pre-
cipitation and temperature, the precipitation in the west
of the ARB was found to be higher than that in the east
in the future scenarios (Figure 3a,d,g); conversely, the
temperature in the west was lower than that in the east
(Figure 3b,e,h). However, the precipitation fluctuated fre-
quently under the three scenarios (i.e., RCP2.6, RCP4.5,
and RCP8.5), and the precipitation and temperature in
the ARB were predicted to gradually increase in the
future (Figure 3c,f,l).

Figure 4 describes the Mann–Kendall test for the
annual runoff depth in the ARB in future scenarios. The
spatial distribution of the annual runoff depth in the
future was relatively consistent during 2010–2100, with a
smaller runoff depth in the irrigation area and a larger

FIGURE 2 Hydrological process simulation of major hydrological stations in the Aksu River basin (see also in Yang et al., 2021)

YANG ET AL. 5363
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runoff depth in the mountain outlet. In addition, it
showed a decreasing trend from 2010 to 2100, with a
larger decrease rate in the west of the basin. Furthermore,
except for the nonsignificant decrease under RCP4.5, the
decreasing trend of runoff depth in the east-central part of
the ARB under RCP2.6 and in the entire ARB under
RCP8.5 reached significant levels (p < .05).

4.2 | Changes in major hydro-
meteorological elements in the Aksu River
basin relative to those in historical periods

Figure 5 shows the changes in precipitation and tempera-
ture in the ARB during different periods (i.e., 2010–2039,
2040–2069, 2070–2099, and 2010–2100) relative to the

FIGURE 3 Temporal and spatial distribution of future major meteorological factors (i.e., P and T) in the Aksu River basin under

climate change (the red stars in (c, f, i) represent the extremes of P and T on the spatial domain in a specific year, and the box plots represent

the quartiles of P and T on the spatial domain in a specific year)

FIGURE 4 Temporal and spatial changes in future runoff in the Aksu River basin under climate change

5364 YANG ET AL.
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baseline period (1980–2009). Precipitation was found to
increase significantly in different periods in the future;
however, the temperature was found to decrease signifi-
cantly. Precipitation would increase more in different
periods in the future, with a maximum increase of 400%
during 2010–2039 and 2040–2069 under RCP8.5. In con-
trast, the decline of temperatures varied over the histori-
cal periods across future periods and scenarios, with a
maximum cooling of 50%. This result did not corroborate
those of previous studies, which may be because of errors
in the interpolation results due to the limited number of
observation sites or because the baseline period in this
study was different from those of the other studies.

To analyse the impact of climate change on the main
hydrological elements (i.e., actual evapotranspiration
(ETa), runoff, and terrestrial water storage (TWS), which is
the sum of unsaturated soil water and groundwater), we
also analysed the intra-annual distribution of the main
meteorological elements (i.e., precipitation and tempera-
ture) and the major hydrological elements derived from
CLM–DTVGM (Figures 6–8). Figure 6 shows the intra-
annual distribution of historical and future precipitation,
temperature, and ETa in the ARB. The historical peak of
precipitation occurred in July, whereas that of future
precipitation occurred in May. In comparison, the intra-
annual distribution of historical precipitation was rela-
tively flat, with maximum monthly precipitation as much
as 100 mm in RCP2.6 and RCP4.5, as well as maximum
precipitation of 110 mm in RCP8.5; however, the intra-
annual distribution of future precipitation showed larger
fluctuations. In addition, precipitation was significant in
autumn. There was a significant intra-annual variation in
future ETa, and the peak of ETa, at almost 95 mm,
occurred 2 months after the peak of precipitation. More-
over, the maximum ETa was almost synchronized with the

maximum temperature, while the ETa during 2070–2099
in RCP8.5 was significantly larger than those in the other
periods and scenarios.

Figure 7 shows the relationship between the intra-
annual monthly precipitation, temperature, and runoff.
The intra-annual peak of runoff in the future scenarios
occurred in March, and the intra-annual peak of precipi-
tation occurred 2 months later than the peak of runoff;
however, the intra-annual extreme low values of future
runoff and precipitation were more synchronized
(Figure 7a–c). The maximum runoff for the period 2010–
2039 under the three future scenarios occurred in March,
at a runoff depth of approximately 100 mm. The intra-
annual maximum runoff occurred 3 months before the
intra-annual maximum temperature (Figure 7d–f).

Figure 8 shows the relationship between the intra-
annual precipitation, temperature, and TWS. There was a
significant seasonal variation in the future intra-annual
TWS and precipitation, with the annual TWS maximum
occurring in June and that of precipitation occurring
1 month later. In addition, TWS was decreasing in
different periods, with the highest TWS occurring in
2010–2039, followed by those in 2040–2069 and
2070–2099. The lowest value of future TWS occurred in
November, and an increasing trend in the different
periods followed (Figure 8a–c). However, a comparative
study indicated that the extreme values of intra-annual
TWS occurred 1 month earlier than the extreme values
of intra-annual temperature in the future scenarios
(Figure 8d–f).

To further analyse the variation characteristics of
hydrological elements in different periods under future
scenarios, we conducted a probability distribution curve
analysis of the major hydrometeorological elements by
taking positive values from a mixture of two bivariate

FIGURE 5 Future

precipitation and temperature

changes relative to historical

precipitation and temperature

in the Aksu River basin
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normal distributions and plotting the estimated density
with reflection boundary correction (Figure 9). The
expectation of the probability distribution of historical
precipitation was less than 0, whereas those of precipita-
tion in the future were greater than 0. In addition, the
steepness of the normal distribution of precipitation in
the future was higher than that of historical precipitation.

Thus, this phenomenon indicated that precipitation in
the future was significantly richer than historical pre-
cipitation. In addition, this implied that the future pre-
cipitation variability was less than that of historical
precipitation. The probability distribution of historical
temperature was more consistent with that of the period
2070–2099 under RCP2.6, while the variation of

FIGURE 6 Comparison of major meteorological factors (i.e., P and T) and ETa in different months and periods in the Aksu River basin

FIGURE 7 Comparison of major meteorological factors (i.e., P and T) and R in different periods and months in the Aksu River basin
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temperature in other periods under RCP2.6 was smaller
than that of the historical period. Meanwhile, there was
an obvious difference between the mean and variance of

future temperature under RCP4.5 and those in history,
while future temperature under RCP8.5 somewhat
agreed with historical temperatures. Furthermore, the

FIGURE 8 Comparison of major meteorological factors (i.e., P and T) and TWS in different months and periods in the Aksu River basin

FIGURE 9 Probability density distribution of major hydrometeorological elements (i.e., P, T, ET, R, and TWS) in the Aksu River basin

in different periods
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expected and variance values of runoff under RCP2.6
were consistent with historical runoff, but those under
RCP4.5 and RCP8.5 were not. For ETa, there were large
differences among the different periods under RCP2.6,
with the standard deviation of ETa for the period 2070–
2099 being larger than those of the other three periods
(i.e., 2010–2039, 2040–2069, and 2020–2100). Further-
more, the expected values and standard deviations of
TWS for each period showed significant differences under
RCP4.5, whereas those under RCP2.6 and RCP8.5
showed no significant differences.

4.3 | Influence of major meteorological
factors on major hydrological elements
under climate change

To further investigate the influence of major meteorologi-
cal elements (i.e., precipitation and temperature) on run-
off, we used the multiple wavelet coherence method
(Figures 10 and 11). Figure 10 presents the multivariate
wavelet analysis of the major meteorological elements
(i.e., precipitation and temperature) and runoff in history.
There was a very significant correlation between runoff
and precipitation/temperature in the mountain region
(i.e., Shaliguilanke and Xiehela). In particular, the corre-
lation between runoff and precipitation/temperature at
the Shaliguilanke hydrological station reached more than
0.9 on a 1-year time scale centred on the years 1986 and
2003, and more than 0.8 on a 5-year time scale around
1995 (Figure 10a). Precipitation and temperature were
substantially associated with runoff at the Xiehela hydro-
logical station on 3-year and 8-year periods centred on

1995, with correlations of 0.9 or higher (Figure 10b).
However, in the case of the Alaer hydrological station,
the correlation between runoff and precipitation/
temperature was not significant (Figure 10c).

Figure 11 shows the multivariate wavelet analysis of
the major meteorological elements and major hydrologi-
cal factors (i.e., evapotranspiration, runoff, and TWS)
under future scenarios. Both precipitation and tempera-
ture in the ARB under RCP2.6 significantly affected the
major hydrological factors (i.e., ETa, runoff, and TWS).
Among them, precipitation and temperature were signifi-
cantly correlated with ETa and runoff on a time scale of
4 and 8 years centred on 2055, with correlation coeffi-
cients above 0.9 (Figure 11a,d). In contrast, precipitation
and temperature were significantly correlated with TWS
over periods greater than the 4-year time scale, with cor-
relation coefficients greater than 0.9 for 2010–2100
(Figure 11g). Under RCP4.5, the correlation between pre-
cipitation and temperature on ETa, runoff, and TWS
became more significant, especially on the 4–8-year time
scale, where the correlation coefficient was greater than
0.8 (Figure 11b,e,h). TWS was more strongly linked with
precipitation and temperature than ETa and runoff
(Figure 11h). However, under RCP8.5, precipitation and
temperature were significantly correlated with ETa on a
1-year time scale centred at 2070 and on a 4–8-year time
scale centred at 2020 and 2080 (Figure 11c). The runoff
and TWS under RCP8.5 were highly significantly corre-
lated with precipitation and temperature on a 2–7-year
time scale centred on 2030 and 2070, exceeding 0.9
(Figure 11f–l). Therefore, in general, precipitation and
temperature significantly influence the major hydrologi-
cal elements in the future.

FIGURE 10 Influence of major meteorological factors on runoff in the Aksu River basin during 1980–2010
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5 | DISCUSSION

Climate change, which has a profound impact on the
safety of human life and property in natural ecosystems,
has become a global concern and an urgent problem to
be solved (Chen et al., 2016a, 2016b). The hydrological
cycle in the ARB originates from the Tianshan Moun-
tains, which are mainly recharged by snow and ice melt-
water and thus are seriously affected by climate change
(Kriegel et al., 2013; Wang et al., 2021). The involvement
of glacial and snowpack change processes in the
Tianshan Mountains complicates the hydrological pro-
cesses in the ARB (Chen et al., 2016a; Zhang et al., 2019),
which can also be seen from the multivariate wavelet
analysis in this study. Moreover, previous studies have
shown that against the background of global warming
by 0.7�C in the last 100 years, the temperature on the
Tianshan Mountains has been increasing at a rate of
0.34�C per decade for the last 50 years, thereby affecting
the energy and mass balance of glacier surfaces and alter-
ing the recharge of runoff and water resources (Jiang
et al., 2013; Ji et al., 2014; Chen et al., 2016a). They all
demonstrated the similar findings of our study. Mean-
while, a decreasing trend in snow and ice resources and
an increasing trend in runoff in the ARB have been
reported in previous studies (i.e., Duethmann et al., 2015),

which are also highly consistent with our findings
(Figures 2 and 3). Although the future temperatures deter-
mined in this study were relatively lower than those in
1980–2009, Su et al. (2017) and Tao et al. (2014) found that
future temperatures are significantly higher than those in
1960–2010, which would have important implications for
snow and ice resources and runoff in the ARB.

The increased precipitation and significant wetting in
the Tarim Basin over the past decades under the influ-
ence of teleconnection indices would also impact the run-
off in the ARB in the future (Tao et al., 2014; Wang
et al., 2014). These results are highly consistent with our
study, especially the runoff from the Shaliguilanke and
Xiehela hydrological stations. However, runoff in the
Alaer hydrological station was not significantly corre-
lated with precipitation and temperature (e.g., Figure 10).
According to previous studies, the reason for this is the
development of irrigated agriculture in the ARB, where the
arable land and population have increased, along with water
demand for agricultural irrigation (Tao et al., 2011; Yang
et al., 2018a; 2018b; Yang et al., 2021). Consequently, runoff
in the Alaer hydrological station did not increase due to a
rise in runoff from the mountains (Huang et al., 2015; Yang
et al., 2021), which explains our findings well.

In addition, ETa is an important component of the
water cycle, which also changes significantly under

FIGURE 11 Influence of major meteorological factors on runoff in the Aksu River basin during 2010–2100
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climate change (Su et al., 2017; Yang et al., 2018a; 2018b).
Yang et al. (2018a) reported that ETa and agricultural
water consumption in the ARB have increased signifi-
cantly in the past two decades based on the Vegetation
Interfaces Processes model; they also quantified climate
change as the major factor influencing ETa in the ARB.
Su et al. (2017) found that ETa in the TRB averaged
222.7 mm for global warming of 1.5�C (2020–2039),
which is 6.9 mm higher than that in the baseline period
from 1986 to 2005. Therefore, the findings of this study
regarding the close relationship between changes in ETa
and climate change are consistent with those of previous
studies.

Moreover, TWS is an essential part of the coupled
relationship between global climate change and the water
cycle (Yang and Chen, 2015; Chen et al., 2016a; Deng
et al., 2019). Our results showed that TWS on the south-
ern slopes of the Tianshan Mountains in central Asia is
on a declining trend, which is very similar to the findings
of Yang and Chen (2015) and Deng et al. (2019); this
could have important implications for runoff recharge in
the middle and lower reaches of the river. Moreover,
Chen et al. (2016a) pointed out that the changes in
TWS in the Tianshan Mountains are closely related to
the distribution of glaciers/snow cover and the variation
in temperature and precipitation, which corroborates the
results of the multivariate wavelet analysis. If the climate
continues to change, the glaciers, snow cover, and TWS
will continue to decrease, resulting in an inevitable short-
ening and drying of some rivers in the ARB in the next
few decades (Barnett et al., 2005; Chen et al., 2016a).
Overall, this study is a good predictor of the variability of
the main hydrological elements in the ARB by explaining
the effect of climate change on the hydrological elements,
which are of great importance for guiding the develop-
ment of irrigated agriculture and rational exploitation of
water resources in the ARB.

6 | CONCLUSION

In this study, the hydrological processes in the ARB in
historical and future scenarios were simulated using
CLM–DTVGM and CMIP5 data, and the impact of cli-
mate change on the major hydrological processes in the
ARB in different future periods (i.e., 1980–2009, 2010–
2039, 2040–2069, 2070–2099, and 2010–2100) were evalu-
ated. The primary conclusions are as follows:

1. As the determination coefficient and Nash–Sutcliffe
efficiency coefficient reached desirable levels, CLM–
DTVGM afforded a better simulation of runoff in the
ARB; runoff in the future scenario was found to be

shallower in the irrigation area, where the decreasing
trend of runoff was much more significant than in
other regions.

2. Accompanied by changes in precipitation and tem-
perature in the baseline year, runoff, ETa, and TWS
in the future scenario changed significantly; specifi-
cally, runoff and TWS decreased, whereas ETa

increased.
3. Historically, runoff from Shaliguilanke and Xiehela

was significantly affected by climate change, with cor-
relation coefficients exceeding 0.9; however, runoff
from the Alaer station was not significantly affected
by climate change. Runoff, ETa, and TWS in the ARB
were closely correlated with climate change in future
scenarios. Related research is important in guiding
the sustainable development of arid regions in north-
west China. Except for the important influence of cli-
mate change, human activities also have a significant
impact on hydrological processes, so the integrated
consideration of the influence of human activities and
climate change on hydrological processes is an impor-
tant theme of our research in the future.
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