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• Water security is under threat on the 

northern slope of the Tianshan Moun- 

tains. 
• Climate change and economic growth 

are responsible for increased water 

stress. 
• Balancing water for humans and nature 

is vital in achieving SDGs. 
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a b s t r a c t 

Water security is under threat worldwide from climate change. A warming climate would accelerate evaporation 

and cryosphere melting, leading to reduced water availability and unpredictable water supply. However, the 

water crisis in the Northern Slope of Tianshan Mountains (NSTM) faces dual challenges because water demands for 

fast-growing urban areas have put heavy pressure on water resources. The mountain-oasis-desert system features 

glacier-fed rivers that sustain intensive water use in the oasis and end in the desert as fragile terminal lakes. 

The complex balance between water conservation and economic development is subtle. This paper investigates 

changes in hydroclimatic variables and water security-related issues on the NSTM. The spatiotemporal variations 

in glaciers, climatic variables, rivers, lakes and reservoirs, groundwater, surface water, human water use, and 

streamflow were analyzed for the past four decades. The results show that temperature in the NSTM exhibited 

an apparent upward trend with a more significant warming rate in the higher altitude regions. Glacier mass 

loss and shrinkage was strong. The average annual streamflow increased from 1980-1989 to 2006–2011 at most 

hydrological stations. The monthly dynamics of surface water area showed notable variability at both inter- 
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. Introduction 

In the context of socioeconomic, human health, and environmental

eeds, water scarcity appears in specific regions or times when human

ater demand may exceed water availability ( Gleick and Cooley, 2021 ).

ater scarcity is strongly related to climate change, i.e., anthropogenic

r natural changes in temperature, precipitation, solar radiation, hu-

idity, etc., which directly or indirectly affect water availability. Wa-

er scarcity would aggravate future climate change in some regions

 Schewe et al., 2014 ), which may significantly impede regional devel-

pment and achievement of the sustainable development goals (SDGs)

 United Nations, 2022 ). Thus, understanding water scarcity and climate

hange are necessary for sustainable water management towards better

ocioeconomic development. 

The Northern Slope of the Tianshan Mountains (NSTM) is a vital

egion linking China and Central Asian countries along the “Belt and

oad ”. The gross domestic product (GDP) in the NSTM represented

2.2% of Xinjiang’s GDP ( Fang et al., 2019 ). Two scientific expedi-

ions were conducted in Xinjiang in the 20th century to investigate nat-

ral resources such as water, land, and vegetation and their capacity

or supporting regional development ( Zhou and Shi, 1986 ). The NSTM

as undergone increasing socioeconomic development during the past

ecades, which has brought significant pressure on water resources in

his region ( Fang et al., 2019 ). Meanwhile, climate change has also con-

iderably impacted water resources in the region ( Zhang et al., 2009 ;

u et al., 2010 ). Increased water consumption induced by the continual

xpansion of agriculture and industry ( WRDXJ, 2020 ) further aggra-

ated water shortages. It has led to water security issues that restrict

ocioeconomic development and impair ecosystem service functions in

he NSTM ( Chen et al., 2005 ). 

Climate change is a key factor in the changes in regional water

carcity conditions ( Gosling and Arnell, 2016 ; Liu et al., 2019 ). Cli-

ate change-induced changes in the hydrological cycle and increases

n water demand are projected to exacerbate water scarcity in many

egions of the world ( Tang, 2020 ; Liu et al., 2022 ). The total area of

he glaciers in the Tianshan Mountains has decreased by 11.5% from

960 to 2011 ( Wang et al., 2011 ), and the loss rate of most glaciers has

ccelerated since the 1970s ( Liu and Liu, 2016 ). Climate change and

egional human activities have significantly impacted the permafrost

 Waller et al., 2012 ; Schuur et al., 2015 ). Previous studies have found

hat the permafrost in the headwaters of the Urumqi River was increas-

ngly degraded. Specifically, the thickness of the permafrost active layer

s increasing ( Wang et al., 2017 ). 

Socioeconomic development often causes a dramatic rise in water

emand and thus is an essential driver of the increasing water scarcity

n many regions of the world ( Hanasaki et al., 2013 ; Haddeland et al.,

014 ; Veldkamp et al., 2017 ). It can contribute to water scarcity more

han climate change in some regions ( Reynard et al., 2014 ). Socioeco-

omic development in recent decades has placed significant pressure

n Xinjiang’s water resources. The water resource exploitation rate was

5.9% in Xinjiang, which is higher than the internationally recognized

arning level of 40% ( Han and Jia, 2022 ). With the most rapid eco-

omic development and urbanization in Xinjiang, the NSTM experi-
247 
aling the impacts of both natural and anthropogenic drivers on surface water

rrestrial water storage anomaly showed a decreasing trend, which might be

 for irrigation. Human water use for agriculture and industry grew with the

and gross domestic product (GDP). The increased agricultural water use was

sion of oases. It is unclear whether water availability would remain high under

uncertainties, posing challenges to water management. In the context of rapid

e, balancing water for humans and nature is vital in achieving the Sustainable

M. This study provides a baseline understanding of the interplay among water,

ic development in NSTM. It would also shed light on wise water management

 other rapidly developing mountain-oasis-desert systems worldwide. 

nced a rapid expansion in the urban area, agriculture, and industry,

hich led to a sharp increase in water demand from all sectors and

 widening gap between available water resources and water demand

 Yang et al., 2012 ; H. Deng et al., 2015 ). During the past two decades, to-

al water use in the NSTM has increased by nearly 15% ( WRDXJ, 2020 ).

he exploitation of groundwater resources and disproportionally high

ater consumption for agricultural production could lead to a high risk

ssociated with water scarcity on the NSTM in the context of global cli-

ate change ( Shang et al., 2016 ). With the current water use efficiency,

he available water resources may not be able to support NSTM’s sus-

ained economic development ( Dai et al., 2017 ). 

Hydroclimate changes bring new challenges and uncertainty to the

se of water resources in the NSTM, given that the impacts of such

hanges on water scarcity and socioeconomic development are not well

nderstood. Although previous studies have analyzed changes in a sin-

le or limited number of hydroclimatic variables in the NSTM, few

ave examined all of the significant hydroclimatic variables and wa-

er security-related factors. This paper presents a comprehensive anal-

sis of the changes in hydroclimatic variables in the NSTM over the

ast four decades and provides a larger picture of water security con-

itions for sustainable development in the context of climate change.

his is expected to provide helpful information to SDG 6.4 concerning

lleviating water scarcity and improving the sustainability of regional

evelopment. 

. Materials and methods 

.1. Study area 

The northern slope of the Tianshan Mountains is situated between

2°36 ′ N–47°60 ′ N and 79°42 ′ E–96°36 ′ E, with an area of more than

0,000 km 

2 ( Fig. 1 (a)). It is an elongated area along the Tianshan Moun-

ains and encompasses eight cities and regions, including Hami, Urumqi,

hangji, Shihezi, Kuitun, Karamay, and Tarbagatay Prefecture and Bor-

ala Mongol Autonomous Prefecture. 

The topography of this region is complex ( Fig. 1 (a)). The maximum

levation is 5,231 m, and the minimum elevation is 159 m. The height

ncreases from the north to the south, with the high elevation mountain-

us area accounting for only 19% of the area, while the low elevation

ills and plains cover 73% of the NSTM. The grassland was the largest

and use type in the NSTM, accounting for about 46% of the total area

 Fig. 1 (b)). 

.2. Data sources 

Land use and daily meteorological datasets (including tempera-

ure and precipitation) were downloaded from the Resource and En-

ironment Data Cloud platform of the Chinese Academy of Sciences

 http://www.resdc.cn ). The spatial resolution of land use data was 1 km,

nd the map scale of soil types was 1:100,000. The change in cultivated

and area in the past 40 years was analyzed by combining land use data

rom the Xinjiang Statistical Yearbook . Changes in agricultural water use

rom 1980 to 2020 were derived from the Xinjiang Water Resources

http://www.resdc.cn
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Fig. 1. Northern slope of the Tianshan Mountains (NSTM) (a) altitude, rivers, and cities; (b) land use, meteorological stations, and hydrological stations. 
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ulletin. Industrial water use from 2007 to 2020 was obtained from the

injiang Bureau of Statistics (XBS) ( XBS, 2022 ). 

Temperature and precipitation observations are daily datasets

erived from national surface meteorological stations during

990–2020, provided by the Resource and Environment Sci-

nce and Data Center, Chinese Academy of Sciences (available at

ttps://www.resdc.cn/data.aspx?DATAID = 282 ). Observations from 31

eteorological stations in NSTM ( Fig. 1 ) were selected to evaluate the

limate change in the study area. 

The glacier data used in this study includes continuous in-situ obser-

ations or short field survey data of individual glaciers, multi-source

emote sensing images, topographic maps, the first and second Chi-

ese Glacier Inventory, and the published literature ( Wang et al., 2014 ;

. Wang et al., 2016 ; P. Wang et al., 2020 ; C. Xu et al., 2019 ). The

eld survey data of individual glaciers provide a reliable basis for study-

ng glacier changes despite their short observation duration. All moni-

oring and survey data of glaciers are from investigations conducted

y the Tianshan Glaciological Station, including the location of the

lacier boundaries, mass balance, ice thickness, surface velocity, ice

emperature, and streamflow. The glacier change can be determined by

omparing current glacier data with previous studies ( Li et al., 2020 ;

ang et al., 2014 ; P. Wang et al., 2016 ). 

The 0.5°×0.5° long-term terrestrial water storage data reconstructed

y Li et al. (2021) was used to analyze the trends in terrestrial water stor-

ge anomalies in the study area from March 1990 to February 2020. The

ist of reservoirs was adopted from Deng (2020) . Locations and capaci-

ies were collected from the local hydrology bureau. Observed monthly

treamflow data from ten hydrological stations ( Fig. 1 ) in the NSTM

ere obtained from the Xinjiang Hydrological Yearbook . The data cover

he periods of 1980–1989 and 2006–2011. It should be noted that the

treamflow data during 1990–2005 and after 2012 are unavailable. 
248 
.3. Methods 

Statistical analysis approaches were applied to most hydroclimatic

ariables to examine spatiotemporal changes. Specifically, climatic ten-

encies of the temperature and precipitation at each station in the past

0 years were calculated by the least squares method to represent the

emporal and spatial characteristics of their annual variations during

990–2020. Multi-year mean streamflow at each station was calculated

nd compared for the two periods. The mean seasonal streamflow was

xamined by calculating the mean monthly streamflow and comparing

he difference between the two periods. 

The long-term changes in the area of lakes and reservoirs were quan-

ified using high-resolution (10–30 m) satellite imageries. Specifically,

hao and Gao (2018) developed the method to retrieve changes in sur-

ace water extent, including rivers and lakes on the northern slope of

he Tianshan Mountains, from 1990 to 2020. Such a method leveraged

he widely used Global Surface Water Database (GSWD; Pekel et al.,

016 ), which applied a supervised classifier on millions of Landsat im-

ges to obtain the global monthly water area for the past three decades.

owever, the accuracy of the monthly water classification images from

SWD is compromised by contamination of Landsat imagery from mul-

iple sources, including cloud, cloud shadow, terrain shadow, and sensor

rrors. Based on satellite-derived altimetry information, the method de-

eloped by Zhao and Gao (2018) repairs the contaminated water areas

llowing high-quality area estimations. Furthermore, to derive a contin-

ous monthly time series of water area, the gaps in the area time series

or rivers and lakes (caused by partial coverage of GSWD) were filled in

sing linear interpolation. 

Regional water scarcity is often determined by the status of water

vailability and demand during a specific time. Water availability is af-

ected by several hydroclimatic components and some water projects

https://www.resdc.cn/data.aspx?DATAID=282
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Fig. 2. (a) Spatial changes of glaciers in the Chinese Tianshan Mountains over the past 40 years; (b) annual mass balance changes from 1960 to 2020 in Urumqi 

Glacier No. 1 (UG1); (c) terminus changes from 1980 to 2020 of UG1. w.e. means water equivalent. 
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n the NSTM. The variations of hydroclimatic features determine the

pper boundary of the water stock and flow on which human demand

epends. The water stock could be adjusted by the water projects such

s reservoirs to make the water use more efficient and mitigate the im-

acts of flood and drought on humans and croplands. In this study, we

how the changes in each hydroclimatic component and water use to

etter understand the water security issue in this region. 

. Results 

.1. Glaciers 

According to the Second Chinese Glacier Inventory, in the Chinese

ianshan Mountains, there were 7,934 glaciers covering an area of

,179.77 km 

2 in 2008, that accounted for 16.3% of the total number

nd 13.9% of the total area of glaciers in China. The ice volume was ap-

roximately 707.95 km 

3 which was equivalent to about 6,808 × 10 8 m 

3 .

owever, in the NSTM, there were only 3,069 glaciers with a total area

f 1,635.60 km 

2 . It is estimated that the annual runoff of glacier meltwa-

er in this region was about 16.9 × 10 8 m 

3 , accounting for about 13.5%

f the total runoff in the region. Many large glaciers with areas larger

han 5 km 

2 were distributed in the Manas, Khorgos, and Anjihai Rivers,

ith the glacial melt water accounting for 35%–53% of the river runoff.

By comparing high-resolution remote sensing images with topo-

raphic maps, the total area of 1,543 selected glaciers in the Chinese

ianshan Mountains was estimated to have shrunk by 11.4%, with an

verage value of 0.22 km 

2 for an individual glacier over the past 40

ears ( Fig. 2 (a)). The reduction rate in glacier areas varied from 8.8%

o 34.2% in different regions, with the average shrinkage of an individ-

al glacier ranging from 0.10 to 0.42 km 

2 . The average terminus retreat
249 
ate went from 3.5 to 7.0 m yr − 1 . From 2010 to 2018, the glacier area

hrinkage was approximately 1.4%, and the volume loss was 5.1%. 

The average annual mass balance of the Urumqi Glacier No. 1 at

he headwaters of the Urumqi River (UG1) was − 350 mm yr − 1 from

960 to 2020 ( Fig. 2 (b)), showing an accelerated melting trend, which is

onsistent with the overall changes of global reference glaciers with the

ate of − 440 mm yr − 1 ( Zemp et al., 2019 ). Due to the intense ablation in

993, the glacier separated into the East and West branches. From 1994

o 2020, their retreat rates were 5.0 m yr − 1 and 5.7 m yr − 1 , respectively

 Fig. 2 (c)). 

.2. Climatic variables 

Based on the observed data from 31 meteorological stations, the an-

ual average air temperature in the study area was 0.7 °C from 1991 to

020, and the average temperature in summer and winter was 22.4 °C

nd − 11.2 °C, respectively. The climate was colder in the middle region

nd warmer in the east and west regions ( Fig. 3 ), which was affected

y the latitude, altitude, and topography. The annual average tempera-

ure in Tianchi station was the lowest (2.5 °C), and that in Naomao Lake

tation was the highest (11.5 °C). In the past 30 years, 25 stations had

 significant warming trend ( P < 0.1), and the Shisanjianfang station

ad the fastest warming rate (1.2 °C/10yr). Moreover, the Changji sta-

ion was the only station that showed a cooling trend, although this was

on-significant ( P > 0.1) ( Fig. 3 ). The temperature rise on the NSTM is

ore significant than in some southern regions of Tianshan Mountain,

.g., the Kaidu River basin showed 1.82 °C/50yr ( X. Deng et al., 2015 ).

The annual average precipitation in the study area from 1991 to

020 was 233 mm. The climate was wetter in the middle region and the

riest in the east region. The minimum and maximum annual precipi-
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Fig. 3. Spatial distributions of annual temperature and precipitation means from 1991 to 2020. (a) and (c) indicate the characteristics of temperature; (b) and (d) 

indicate those of precipitation. 
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ation were at the Naomao lake station with 24.8 mm and the Tianchi

tation with 572 mm, respectively. The Shisanjianfang and Changji sta-

ions had significant drying trends of 7.9 mm/10yr and 18.7 mm/10yr

 P < 0.1), respectively. The Barkol and Bole stations exhibited signifi-

ant wetting trends with 21.9 mm/10yr and 22.2 mm/10yr ( P < 0.1),

espectively. However, there were no significant trends at the other 27

tations. This is consistent with a previous study that showed no con-

iderable precipitation trends at most stations ( Xu et al., 2018 ). In ad-

ition, precipitation in the NSTM mainly occurs in spring (65.4 mm)

nd summer (93.2 mm), which accounts for 68% of the average annual

recipitation. Meanwhile, the average precipitation in the autumn and

inter is 47.4 mm and 26.8 mm, respectively, which accounts for 32%

f the average annual precipitation. 

.3. Rivers, lakes and reservoirs 

Water body (including lakes and reservoirs) surface areas showed an

ncreasing trend with a rate of 12 km 

2 yr − 1 from 1990 to 2020 in the

STM. The long-term transition of the surface water extent had shown

 large spatial heterogeneity ( Fig. 4 (a)). The three largest lakes (i.e.,

ayram, Ebinur, and Manas Lakes) accounted for 50% of all surface wa-

er over the past 30 years. By contrast, the rivers and lakes in the Eastern

iver and the Bayi Basins ( Fig. 4 ) accounted for only 6% of total sur-

ace water, although these two basins covered 31% of the study region.

rom 1990 to 2020, surface water extent showed large variability at

nter-annual and seasonal scales ( Fig. 4 (b)–(g)). 

There are 22 reservoirs ranked as large and medium-sized reservoirs

n the NSTM ( Fig. 5 ). Most of these reservoirs were constructed in the

iddle part of the NSTM, including the Hutubi, Manasi, Santunhe, and

rumqi Rivers. The total capacity of reservoirs in the NSTM has risen

radually, reaching 13.17 × 10 7 m 

3 in 2022 (see the inset in Fig. 8 ).

eservoirs under construction were not included, i.e., Jiergelede Reser-

oir (with a storage capacity of 6.11 × 10 7 m 

3 ) and Louzhuangzi Reser-

oir (with a storage capacity of 7.37 × 10 7 m 

3 ). 

However, reservoir silting had not been considered in reservoir op-

ration. A reasonable estimation of available reservoir capacity after sil-

ation for all reservoirs would benefit reservoir operation and irrigation

anagement in the NSTM. China’s annual average reservoir siltation
250 
ate (annual average siltation of reservoirs over the total reservoir capac-

ty) reached 2.3% ( Jiang, 1997 ). Moreover, reservoir silting in semi-arid

reas was much more severe, and almost one-third of reservoir capac-

ty had been deposited by sediment in reservoirs in Xijiang. The Ken-

iwate and Toutun Reservoirs are good examples of the influences of

edimentation. The Kensiwate Reservoir is located on the Manasi River,

hich is a mountain stream with an erosion modulus of 726.1 t/km 

2 

 Gao, 2016 ). The annual runoff was 12.21 × 10 8 m 

3 , while the annual

ransportation of suspended sediment load and bedload were 3.27 ×10 6 

 and 4.5 × 10 5 t, respectively ( Gao 2016 ). Thus, sediment silted in the

ensiwate Reservoir was 7.08 × 10 6 m 

3 yr − 1 ( Table 1 ). The Toutun

eservoir was located on the Toutun River, and sediment silted in the

eservoir was approximately 6.42 × 10 6 m 

3 yr − 1 ( Table 1 ). 

.4. Terrestrial water storage and groundwater 

Several studies have reported groundwater depletion. In Changji

ity, the water table has decreased by 2 m to 6 m from 2010 to 2019,

hile in some parts of Shihezi City and Manus and Hutubi Counties, the

ater table has decreased by more than 5 m from 2016 to 2020 ( Xue and

uo, 2021 ; Ding et al., 2022 ). The terrestrial water storage anomaly

TWSA) can also partly indicate groundwater changes in plains where

recipitation does not show significant trends. TWSA shows a signifi-

ant decreasing trend in the NSTM ( Fig. 6 ), one of China’s three most

eclining regions ( Deng et al., 2021 ). The decreasing rate in the Ebinur

ake Basin and its sub-river basin in the middle is the highest. The same

rend was found in the study of Deng et al. (2021) , which used the lat-

st RL 06 mason Gravity Recovery and Climate Experiment (GRACE)-

erived gridded monthly global water height anomalies from April 2002

o March 2020 from both the Center for Space Research (CSR) and Jet

ropulsion Laboratory (JPL). 

From south to north, documented data ( L. Wang et al., 2021 ) col-

ected from the Manas catchment in the middle of NSTM show that the

ydraulic head of groundwater displays a prominent decreasing trend

oving from piedmont plains, oasis plains, oasis-desert transition zones,

nd finally to deserts, following the topography. However, the ampli-

ude of the seasonal change during the observation period from 2010

o 2014 in the oasis plain and the oasis-desert transition zone is much
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Fig. 4. Long-term transition of surface water extent and monthly dynamics for the major river basins. (a) Transitions in surface water between 1990 and 2020; (b–f) 

Monthly water body surface area dynamics for each river basin; (g) Monthly water body surface area dynamics for the entire study area. The transition categories 

are defined following Pekel et al. (2016) . 
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igher than that in the piedmont plain, reflecting the active agricultural

rrigation regime in the latter region. The highest amplitude is from the

esert foothills of the Tianshan mountains, i.e., the oasis-desert transi-

ion, or the transition from cropland to bare land in Fig. 1 , where the

roundwater was pumped from the intermediate aquifers. Generally,

he changes in the hydraulic head of the groundwater in wells located

n the intermediate aquifer are larger than the changes in the deep and

hallow groundwater, indicating that there is heavier use of the inter-

ediate aquifer. From the investigation in this basin, human activity

ay have produced non-negligible influences on the terrestrial water re-

ources, including groundwater. However, further study and more data
re needed for the whole area. s

Table 1 

Typical reservoir siltation on the northern slope of the Tianshan Mountai

Name Period Preliminary Capacity (10 8 m 

3 ) Capa

Kensiwate Reservoir 2010–2020 1.1013 1.030

Toutun Reservoir 1981–2006 0.2030 0.138

251 
.5. Water use by industry and agriculture 

In the past 40 years, the cultivated land area in the study area in-

reased continuously, increasing from 9.3% in 1980 to 13.4% in 2020,

ith an increase of 9,182 km 

2 ( Fig. 7 (a)). The growth rate from 2010

o 2020 was the fastest, with a rise of 27.4%, which was higher than

he sum of the growth rates for the 30 years from 1980 to 2010. The to-

al agricultural water consumption first increased and then decreased,

howing an overall increasing trend. After 2010, agricultural water con-

umption increased by 59.29 × 10 8 m 

3 compared with 2010 (an increase

f 38.7%), the essence of which was that the arable land area increased

ignificantly after 2010. 
ns. 

city after deposition (10 8 m 

3 ) Silted Sediment (10 8 m 

3 ) Ratio (%) 

5 0.0708 6.4 

8 0.0642 32.0 
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Fig. 5. Reservoirs in the northern slopes of the Tianshan Mountains (NSTM). Reservoir data is based on Deng (2020) . Temporal variation of total storage capacity 

of reservoirs in the NSTM and their ratios to that in Xinjiang are also shown in the inset. 

Fig. 6. Trends of terrestrial water storage anomaly (TWSA) from 

March 1990 to February 2020. 
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The industrial water use in Xinjiang in the past 15 years is shown in

ig. 7 (b). From 2006 to 2014, withdrawals for industry increased con-

inuously with increasing GDP. In 2015, limited by the water resources

upply, government policy encouraged the manufacturing industry to

se recycled water and improve water use efficiency. Industrial water

se declined after 2015, although there was a peak in 2017. It is ex-

ected to decline and remain relatively stable due to the deflation policy

f water withdrawals. 

.6. Streamflow 

Streamflow was generally larger in the central and western NSTM

hile smaller in the eastern NSTM for the 1980–1989 and 2006–2011

eriods ( Fig. 8 ). The annual average streamflow at the Kenswat (Manas

iver) was the largest among the ten stations, with 37 m 

3 /s and 42

 

3 /s from 1980-1989 and 2006–2011, respectively. Streamflow at the

uejinshuiku station was the smallest, with 1.5 m 

3 /s and 2.6 m 

3 /s for

he two periods. The average annual streamflow increased from 1980-

989 to 2006–2011 for most stations, except for slight decreases at the

ingheshankou ( − 4%) and Nianpanzhuang ( − 5%) stations. However,

nly the change (29%) at the Baiyanghe station (Baiyang River) was sta-

istically significant at the 95% level. Large increases were also found

n the other two eastern rivers, i.e., 74% at the Yuejinshuiku (Mulei
252 
iver) station and 14% at the Kaikenhe (Kaiken River) station. In con-

rast, small relative changes were found in the central NSTM, such as

he Yingxiongqiao (Urumqi River), Zhicaichang (Toutun River), and

ianpanzhuang (Santun River) stations. The western rivers generally

howed moderate changes in average annual streamflow, e.g., increases

f 10%, 15%, and 15% were found at the Bole, Shimen, and Kenswat

tations during the two periods, respectively. A previous study showed

hat streamflow in the Toutun River during the 1980s was lower than the

ong-term average value ( Li et al., 2007 ). This may be because stream-

ow during 2006–2011 was more significant than that in the 1980s in

ost rivers. 

The multi-year average monthly streamflow at stations in the NSTM

s shown in Fig. 9 . The seasonality of streamflow was different across

he rivers. Streamflow was generally highest in the summer months for

ll stations except the Bole station. The eastern rivers, represented by

he Yuejinshuiku and Kaikenhe stations, had high streamflow in May,

une, and July, while the major rivers had high streamflow in June,

uly, and August. The Bole station had a different seasonal pattern from

thers by showing high streamflow in winter. The summer streamflow

ccounted for large proportions of total annual streamflow except for

he Bole station, where summer streamflow accounted for less than 20%.

pecifically, summer streamflow accounted for ∼50%–60% in the east-

rn rivers and 60%–70% in central and western rivers. The changes in
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Fig. 7. (a) Change of cropland area and agricultural water consumption in the northern slope of the Tianshan Mountains; (b) change of industrial water use and 

GDP in Xinjiang. 

Fig. 8. Annual streamflow at stations for 1980–1989 and 2006–2011. Hydrological stations are numbered with names provided at the top of the map. The annual 

streamflow is shown as bar charts for each station with station numbers and relative changes (%). The asterisk indicates that the relative change is statistically 

significant at the 95% level. 
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verage monthly streamflow between the two periods were generally

imilar to the average annual streamflow but differed across months.

he changes in summer streamflow contributed the most to the changes

n average yearly streamflow from 1980-1989 to 2006–2011, e.g., at the

aiyanghe, Shimen, Kenswat, and Jingheshankou stations. Streamflow

ecreased in June at the Yuejinshuiku and Kaikenhe stations and in-

reased in other months for the former and spring for the latter. Stream-

ow decreased in July and August and increased in other months at the

ole station, likely due to water management activities. 

. Discussion 

The results show that the water security issue is getting more se-

ere due to climate change and human activities on the NSTM during

he past decades. Water availability may increase to some degree, but

recipitation shows no significant trends in this region. This suggests

hat increased water resources might be from the increasing meltwa-

er of glaciers and permafrost due to the temperature rise. Considering

hat glacier stock is nonrenewable on the decade timescale and the cli-

ate is likely to be warmer in the future, water security is a signifi-

ant challenge to NSTM’s socio-economic development and ecosystem

ealth, where meltwater is a crucial water source. On the other hand,

uman water use has dramatically increased, and agricultural land has

xpanded during the past decades, which has aggravated water scarcity

nd groundwater depletion and significantly increased water use com-

etition between sectors. This could impede the sustainability of NSTM’s

ocio-economic development and water security. 
253 
This study is a preliminary assessment of hydroclimatic changes and

heir potential impact on water security. Hydroclimatic changes and

ow they would impair regional sustainability is not well documented

n this study due to data unavailability, e.g., the status of groundwater

epletion, the contribution of different hydroclimatic components and

uman water use to water security, and the impact of water scarcity

n socio-economic development on the NSTM. It should also be noted

hat the analysis for individual hydroclimatic components is subject to

onsiderable uncertainty due to limited observations on the NSTM. A

uantitative assessment of water security and the relative contribution

f individual components is needed to better understand the relation

etween the hydroclimatic variables and water security. Furthermore,

n in-depth investigation of future hydroclimatic changes and water se-

urity is critical under climate change. The uncertainties and limitations

f hydroclimatic data and associated analysis are discussed below. 

The changes in glaciers presented in this study are consistent with

revious research (e.g., Wang et al., 2011 ). The glacier melt may signif-

cantly contribute to decreased terrestrial water storage ( Rodell et al.,

018 ). In the past 30 years, climate warming has changed the pattern of

lacier accumulation/ablation in mountain areas, resulting in variabil-

ty and uncertainty of water resources assessment in mountain areas and

ringing new challenges to evaluating and utilizing water resources in

 changing environment. The same is true for permafrost. Meanwhile,

lacier measurement and research methods are still limited. Therefore,

t is essential to conduct surveys and systematically investigate the tem-

oral and spatial distribution and evolution of glaciers and permafrost.

hus, in-situ observation, remote sensing, and modeling should be com-
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Fig. 9. Average monthly streamflow for 1980–1989 and 2006–2011. The summer months (June, July, and August) are shaded, and the percentages indicate the 

proportions of streamflow in the summer months to that of all months. 
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ined to strengthen the quantitative analysis of glacier contributions to

hanges in river runoff. In the future, the glaciers in Asia’s high moun-

ains will decrease by more than 30% under a global temperature rise of

.5 °C. Further investigation is also needed to assess the future changes

f glaciers on the NSTM. This could provide scientific data to under-

tand cryosphere change’s dynamic mechanisms fully, evaluate its de-

elopment trends, and analyze its impact on water resources, directly

ontributing to the sustainable social and economic development of the

STM. 

Although a meteorological observation system has been constructed

n the study area, there are few observation stations (about one meteo-

ological station every 9 × 10 3 km 

2 ), and the geographical distribution

s uneven. The complex characteristics of the terrain and underlying sur-

ace in the NSTM have resulted in a poor spatial representation of the

xisting observation stations. Moreover, the satellite retrieval datasets

ave great uncertainty over the complex terrain, which severely limits

he refinement of the meteorological support and hinders the develop-

ent of the industries for advantageous agriculture, wind energy, and

olar energy ( Yuan et al., 2017 ; Amjad et al., 2020 ; Yang et al., 2020 ).

urrently, meteorological datasets are used in weather forecasting be-

ause of their high spatial resolution and continuous spatial coverage.

owever, the results of multiple assimilation products have also shown

hat datasets in the northern slope of Tianshan Mountain are unreliable,

specially for precipitation ( Fan et al., 2013 ). Therefore, in the future, it

s imperative to carry out regional vertical gradient observations, quan-

ify the variation characteristics of meteorological variables under dif-

erent altitude gradients and underlying surface conditions, and further
254 
evelop meteorological datasets with high temporal and spatial resolu-

ions. 

The change in rivers and lakes is essential to understanding a re-

ion’s water security. Remote sensing techniques provided an econom-

cal and efficient way to obtain these changes. The region’s river and

ake surface area grew from 1991 to 2020. These increases were mainly

ttributed to summer flooding, which was likely linked to regional wa-

er vapor transport ( Bolch et al., 2012 ). For the central and eastern river

asins, however, the lake surface area dynamics were governed by sea-

onal variability caused by temperature-dependent melt from glaciers

nd snow ( Liu et al., 2020 ). 

Traditionally, in-situ water level data and discharge at gauges are the

rimary tools to explore spatiotemporal variations of rivers and lakes.

owever, due to the poor weather, road accessibility, and economic

onditions, many areas, including the northern slope of the Tianshan

ountains, are ungauged. For these areas, satellite remote sensing data

rovide us with an alternative. Compared to the Moderate Resolution

maging Spectroradiometer (MODIS), Landsat has a much finer spatial

esolution (30 m) as one of the earliest earth observation satellite mis-

ions that has accumulated long-term data for determining surface water

ynamics. However, the changes could be significantly underestimated

or some reservoirs and lakes because of contaminated pixels. The algo-

ithm of Zhao and Gao (2018) used in this study overcame this difficulty

nd can significantly improve accuracy. 

Besides MODIS and Landsat, Sentinel data from the European Space

gency also are a valuable data resource to estimate the change in rivers

nd lakes at even higher spatial resolutions (10 m) in all weather con-
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127170 . 
itions (e.g., Zhou et al., 2021 ). In addition, monitoring lake storage

onitoring is a better water management strategy than surface area

easurement. Thus, in future work, we will translate the two-dimension

urface area to three-dimension storage values by incorporating altimet-

ic information. Despite the advanced satellite dataset, increasing in-situ

apability and scientific expedition are essential for data validation of

ny remote-sensed data. 

The decreasing trend in the TWSA partly confirmed groundwa-

er depletion reported by Deng et al. (2021) . Groundwater depletion

nd glacier mass loss may have contributed to the decreasing TWSA

 Farinotti et al., 2015 ). The relative contribution of the driving fac-

ors of TWSA change is still not well understood and deserves fur-

her study. In addition to groundwater depletion, groundwater pollution

s becoming a more serious issue. For example, the return flow from

rrigation and channel leakage added risk to the security of ground-

ater quality ( Liu et al., 2018b ) through irrigation water infiltration.

. Wang et al. (2021) found that the high concentration of Na + , Cl − ,

O 4 
2 − and HCO 3 

– of shallow groundwater in the oasis plains and

asis-desert transition zone showed the high dissolution of mirabilite

Na 2 SO 4 ·10H 2 O), halite and trona (Na 2 CO 3 ·NaHCO 3 ·2H 2 O) in the soil.

herefore, human activity may have an important influence on ground-

ater resources quantity and quality. 

Agricultural water use increased with the expansion of oases. The

griculture in an oasis highly relies on surface runoff ( Shen et al., 2013a ,

013b ) which is charged by melt snow and glaciers and has recently in-

reased ( Ling et al., 2012a ; Yao et al., 2015 ; Qin et al., 2016 ; Ling et al.,

012b ). Overuse of surface water and groundwater depletion ( Guo et al.,

019 ; H. Chen et al., 2019 ; Zhang et al., 2014 ) resulted in the gov-

rnment agriculture department promoting drip irrigation under plastic

lm to reduce evaporation ( L. Wang et al., 2020 ). However, maintain-

ng the sustainability of drip irrigation agriculture in Xinjiang due to soil

alinity is a long-term challenge under a changing climate. 

The demand for industrial water use will likely increase with eco-

omic growth ( R. Xu et al., 2019 ). Limited by the seasonal variation of

ater resource supply, most industrial developments had self-supplied

ater systems to maintain annual production ( Xu, 2013 ) as in the U.S.

 Dieter et al., 2018 ). The water resources carrying capacity was lower

han in other Chinese provinces, with 1/6 of water used per 10,000 GDP

 Xiao, 2010 ). The main reason was a relatively lower-level economic

tructure ( Fan et al., 2020 ). Based on the 2030 predicted low, middle,

nd high economic growth rates, a previous study suggests that 72.5

illion m 

3 of water is necessary to support increased economic growth

ith a basic carbon emission situation ( Li et al., 2019 ). However, indus-

rial water use is expected to decline and remain relatively stable in the

ear future due to the limited water resources and government policy

mplemented in 2015 that encouraged water recycling. 

Understanding the contribution to changes in streamflow would help

ater management under a changing climate. The sources of stream-

ow often include meltwater from glaciers and snow, groundwater, and

recipitation on the NSTM. The contribution of these components to

treamflow varies across the mountain rivers and is not yet conclusive.

or example, different primary sources (glacial melt or groundwater)

f streamflow in the Urumqi River were reported ( Sun et al., 2016 ;

iu et al., 2020 ). Identification of the driving factors of the changes

n streamflow is often complex as streamflow is affected by climate,

uman activities, and other hydrological factors. In this study, slight

ncreases in streamflow are found in most rivers, which is consistent

ith previous studies (e.g., Zhang et al., 2010 ; Y. Chen et al., 2019 );

owever, the limited streamflow data may impair the robustness of the

nalysis. Climate change plays an essential role in streamflow change

n most rivers. In the context of global warming, the glacier meltwater

nd snowmelt may be the primary drivers of the changes in streamflow

n some rivers, while increased evaporation due to the warming climate

ften results in decreased streamflows ( Lei et al., 2012 ; L. Wang et al.,

016 ). A case study of the Urumqi River suggested that land use change

ay cause a decrease in streamflow ( Yan et al., 2016 ). However, further
255 
nvestigations with more streamflow data are needed to provide a more

obust analysis of changes in streamflow and a better understanding of

he mechanisms underlying the changes, e.g., the relative contributions

f the changes in climate variables and human activities. 

. Conclusions 

This paper investigated changes in hydroclimatic variables and re-

ated water security factors on the Tianshan Mountains’ northern slope.

he spatiotemporal variations of glaciers, climatic variables, rivers,

akes, reservoirs, groundwater, surface water, human water use, and

treamflow were analyzed. The results show that glaciers in the NSTM

ontinuously underwent mass loss and shrinkage with increasing tem-

eratures, while no significant trend was observed in annual precip-

tation. The average yearly streamflow increased from 1980-1989 to

006–2011 for most stations which might be attributed to increasing

eltwater. The region’s natural and anthropogenic drivers impact the

urface water area. The terrestrial water storage anomaly showed a de-

reasing trend, probably related to groundwater pumping for irrigation.

he human water use that grew with the expansion of the cultivated

and and rising GDP, such as agricultural and industrial water uses, is a

ignificant driver impacting on water security in this region. 

The NSTM has already faced severe water scarcity even though water

vailability (e.g., the streamflow) over the past few decades was rela-

ively high. It is unclear if water availability will remain high in the fu-

ure given climatic and hydrological uncertainty, which poses new chal-

enges to water management in this region. In the context of rapid urban

rowth and climate change, balancing water for humans and nature is

ital in achieving the SDGs. We highlight the necessity of conducting

n in-depth investigation regarding the impacts of climate change and

uman intervention on water resources and developing wise water man-

gement strategies to promote sustainable development in this region. 
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