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Abstract: The mountainous areas of Central Asia provide substantial water resources, and studying change in water storage and the 

impacts of precipitation and snow cover in the mountain ranges of Central Asia is of the greatest importance for understanding regional 

water shortages and the main factors. Data from the GRACE (Gravity Recovery and Climate Experiment) satellites, precipitation prod-

ucts and snow-covered area data were used to analyze the spatio-temporal characteristics of water storage changes and the effects of 

precipitation and snow cover from April 2002 to December 2013. The results were computed for each mountain ranges, and the follow-

ing conclusions were drawn. The water storage in the mountainous areas of Central Asia as a whole increases in summer and winter, 

whereas it decreases in autumn. The water storage is affected by precipitation to some extent and some areas exhibit hysteresis. The area 

of positive water storage changes moves from west to east over the course of the year. The water storage declined during the period 

2002–2004. It then returned to a higher level in 2005–2006 and featured lower levels in 2007–2009 Subsequently, the water storage 

increased gradually from 2010 to 2013. The Eastern Tianshan Mountains and Western Tianshan Mountain subzones examined in this 

study display similar tendencies, and the trends observed in the Karakorum Mountains and the Kunlun Mountains are also similar. 

However, the Eastern Tianshan Mountains and Western Tianshan Mountains were influenced by precipitation to a greater degree than 

the latter two ranges. The water storage in Qilian Mountains showed a pronounced increasing trend, and this range is the most strongly 

affected by precipitation. Based on an analysis of all investigated subzones, precipitation has the greatest influence on total water storage 
relative to the snow covered area in some areas of Central Asia. The results obtained from this study will be of value for scientists stud-

ying the mechanisms that influence changes in water storage in Central Asia. 
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1  Introduction 

Glaciers and snowpack are the two major water sources 
in Central Asia (Shi et al., 2002). Water resources origi-
nating from ice and snow in high mountains are the life-
blood of oases in arid regions (Wang et al., 2014). An 
understanding of dynamic changes in water resources is 
needed to assess those resources in Central Asia, espe-

cially in the mountains, where water is scarce. As shown 
by many datasets, climatic variations have important 
effects on Central Asia’s natural environment (Baker et 
al., 2000). Central Asia is in the hinterland of the Eura-
sian continent. It experiences an extremely dry climate 
that features limited rainfall and strong evaporation. The 
temperature fluctuations are also large in this area (Yu et 
al., 2006). The high-altitude mountains in Central Asia 
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have substantial rain shadows. Thus, the water resources 
in the mountainous areas of Central Asia nurture socie-
ties and oases in Central Asia. Almost all of the rainfall 
falling in the mountains and the melt-water from snow 
flows to the oases located downstream. Therefore, the 
usable water resources in the oases depend on the 
amount of precipitation falling in the mountains. Unfor-
tunately, observations of precipitation in these moun-
tainous areas are scarce, and many regions presently 
lack data. In the mountainous areas of Central Asia, the 
main causes of changes in the gravity field are precipita-
tion and the temporal and spatial characteristics of gla-
ciers in different seasons (Wahr et al., 1998). But the 
traditional methods for assessing water storage have 
some certain limitations. Interpreting satellite acquired 
remote sensing data to estimate soil water. Such esti-
mates are confined to the upper few centimeters of the 
soil column. Monitoring surface water and ground water 
using weather stations and hydrometric stations. This 
method is less accurate in estimating water storage, and 
it is difficult to extend to larger scales. Combining me-
teorological data and hydrological data and physical 
laws to determine water storage. The Global Land Data 
Assimilation (GLDAS) is one example of this approach. 
However, the result is not deterministic in ungauged 
regions (Tapley et al., 2004). The inversion of satellite 
gravity data, such as those from the GRACE (Gravity 
Recovery and Climate Experiment) satellites, to esti-
mate water storage is yielding unprecedented amounts 
of information on regional water storage, especially the 
depth to water (Rodell and Famiglietti, 2001). Through 
accurate monitoring of the changes in Earth’s gravity 
field over time, information on cases in which water 
storage is changing can be acquired (Güntner, 2008). 
Monitoring changes in the gravitational field of the 
Earth to assess changes in total water storage is helpful 
for estimating the water resources in mountainous re-
gions by obtaining the gravity field of the Earth. Water 
storage in mountainous areas is affected by precipita-
tion, evaporation, and other hydrologic processes, but 
precipitation represents the only input to the water re-
source. By analyzing changes in water storage and pre-
cipitation characteristics over time, a relationship be-
tween these two variables can be found. It is helpful to 
learn more about the details of the hydrologic cycle 
within the study area. 

GRACE has been used to estimate water storage for 

approximately 10 years. In a collaborative effort before 
2002, when the GRACE data began to be collected, 
Swenson and Wahr (2002) noted the necessity of devel-
oping a method of optimizing the data. This effort laid 
the foundation for GRACE time-variable gravity proc-
essing and research. With the development of new algo-
rithms and increased accuracy, studies involving 
GRACE have focused on large watersheds such as the 
Amazon-Orinoco (Tapley et al., 2004; Wahr et al., 
2004), the Mississippi-Ohio (Swenson et al., 2003), the 
Yangtze River Basin (Zhang et al., 2015), the Heihe 
River Basin (Zhang et al., 2004), and parts of south-
western China (Rodell et al., 2004), to mention just a 
few. In particular, Hu et al. (2006) noted large seasonal 
changes in water storage within the Yangtze River Ba-
sin. They were able to distinguish an annual change in 
water storage within the Yangtze River Basin of ap-
proximately 3.40 cm water equivalent thickness. This 
study considered only the accuracy of the data and 
variations in water storage; the factors driving these 
changes were not examined. Rodell et al. (2009) incor-
porated 73 months of GRACE data processed by the 
Center for Space Research (CSR) into the GLDAS 
modelled soil-water fields and concluded that the region 
lost 109 km3 of groundwater between August 2002 and 
October 2008 as a consequence of irrigation withdraw-
als. However, this study is based on the assumption that 
groundwater sharply reduced, leading to a change in 
total water storage, and the results can be used only in 
the specific study area. Using the GRACE GFZ RL04 
dataset to study 27 rivers basins that the Amazon, Lena 
and Mackenzie Rivers had experienced increases in in-
terannual variations in water storage, whereas the 
Congo, Mississippi, Ganges, Yukon and Yarlung Zangbo 
Rivers reflected the opposite conclusion (Yamamoto et 
al., 2007). However, the areas examined in these studies 
are all very large river basins; so far, little attention has 
been paid to mountainous areas. Due to the limited reso-
lution of GRACE, it can be used for only large-scale re-
gions, although the water storage changes derived from 
GRACE can show the main trends in smaller areas.  

Taken together, most of the studies involving 
GRACE have focused on the contributing areas, and it 
has been difficult to assess various elements of the hy-
drological budget given that almost all of rivers and 
lakes in Central Asia are far inland. In addition, few 
scientists have used GRACE data to study total terres-
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trial water storage in Central Asia, especially moun-
tainous Central Asia, many research results indicate that 
it is possible to study mountainous Central Asia using 
GRACE data, and the precision of estimates of water 
storage changes is also promising.  

This study uses a long time series of GRACE data 
(April 2002 to December 2013) together with contem-
poraneous precipitation data, to analyze tendencies in 
the annual-scale temporal and spatial variations in water 
storage within the mountainous regions of Central Asia 
and identify consistent trends between water storage and 
precipitation in the region, and to determine the relation 
between precipitation and water storage. By studying 
the tendencies of total water storage and the influences 
of precipitation and snow coveron water storage in Cen-
tral Asia, resource allocateion based on scientific facts 
can be determined for Central Asia.  

2  Materials and Methods 

2.1  Study area 
The study area was established by combining Central 
Asia with the boundaries of i ts  surrounding 
mountainous regions. In addition, based on the 
GTOPO30 DTM (Digital Terrain Model) topographic 
data covering Central Asia and related definitions of the 
mountainous regions, the study area was divided into six 
parts, namely the Altay Mountains, the Eastern Tianshan 
Mountains, the Western Tianshan Mountains, the 
Karakorum Mountains, the Kunlun Mountains and the 
Qilian Mountains (Fig. 1). The mountains in Central 
Asia are high in the northwest and low in the southeast,  

and they contain most of the spectacular mountainous 
areas in Asia. More than 4000 glaciers cover the summit 
areas of these mountains, and the total area of these gla-
ciers is more than 11 000 km2 (Chen et al, 2006). The 
largest glacier is approximately 71 km long and has 33 
tributaries; the total area of this glacier complex is 900 
km2. As a consequence of Central Asia’s location within 
the Eurasia hinterland, the mountains to the southeast 
cut off the warm wet air currents from the Indian Ocean 
and the Pacific Ocean. The study area is dominated by a 
temperate continental climate. It is characterized by low 
precipitation, high temperature and high evaporation. 
The smallest of the six subzones is the Eastern Tianshan 
Mountains, which has an area of 4.30 × 104 km2. As is 
shown in the study of the central Tianshan Mountains 
(Sun et al, 2016), the area of the northern slope of the 
Tianshan Mountains is 1.15 × 105 km2, and the area of 
the southern slope is 1.78 × 105 km2. It has been shown 
that the water estimates from GRACE have good preci-
sion in the central portion of the Tianshan Mountains. 
This high precision means that GRACE gravity field 
solutions can be used to analyze water storage in the 
Tianshan Mountains and the GRACE gravity field solu-
tions can also be used to analyze total water storage in 
the six subzones. 

2.2  Datasets 
The data used in this study consist of 130 months of 
GRACE time-variable gravity data covering the period 
from April 2002 to December 2013 that were obtained 
from the CSR (Center for Space Research) at the Uni-
versity of Texas at Austin. Missing data were not  

 

Fig. 1  Location of study area 
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interpolated, in order to avoid affecting the analytical 
results. Precipitation products and snow products cov-
ering the same region and period were also used. 
2.2.1  Gravity Recovery and Climate Experiment (GRACE) 
The twin GRACE satellites were launched in March 
2002 by the National Aeronautics and Space Admini-
stration (NASA) and the German Aerospace Center 
(DLR, Deutsches Zentrum für Luft- und Raumfahrt 
e.V.). Their temporal resolution is approximately 30 
days. At present, the main institutions that publish the 
GRACE data are CSR at the University of Texas at Aus-
tin (http://www.csr.utexas.edu/grace), the German Re-
search Centre for Geosciences (GFZ, http://isdc.gfz- 
potsdam.de/grace) and the Jet Propulsion Laboratory 
(JPL, http://podaac.jpl.nasa.gov/grace). This study em-
ploys the dataset provided by CSR. The Level-2 release 
(RL05) gravity field solutions published by CSR consist 
of a set of fully normalized spherical harmonic coeffi-
cients of the geopotential up to 0.25° and order 60, and 
the spatial resolution of this data product is 1° × 1° 
(Lemoine et al., 2007). As has been shown in several 
studies of GRACE gravity field solutions, the differences 
among the products from different processing centres are 
very small (Seyoum and Milewski, 2016), and the CSR 
processing leads to stronger agreement between the hy-
drological signal and the residual values. Moreover, the 
GRACE data with CSR processing have been widely used 
in studying water storage changes (Nastula et al., 2015). 
2.2.2  Precipitation products 
The precipitation product, which contains monthly val-
ues of surface precipitation on a 0.5° × 0.5° grid, was 
downloaded from the China Meteorological Data Shar-
ing Centre (CMDC, http://data.cma.cn/). The temporal 
resolution is one month and the spatial resolution is 0.5° 
× 0.5°. This dataset covers a range of longitudes of 
72°E–136°E and a latitudes of 18°N–54°N. 
2.2.3  MODIS snow products 
The MOD10A2 product is used to calculate the snow 
cover within the different subzones. The dataset was 
obtained from NASA (https://earthdata.nasa.gov). The 
spatial resolution of this dataset is 500 m, and its tem-
poral resolution is 8 days. The product has been pro-
duced using data collected at many different times; thus, 
the effects of clouds have been substantially reduced. 

2.3  Methodology 
Changes in the Earth’s gravity field are mainly caused 

by the three states of water, which include solid water, 
liquid water and water vapour. The gravity field is also 
influenced by other geophysical processes, including 
postglacial rebound and seismic deformation (Crowley 
et al., 2008). The information on the gravitational field 
measured by GRACE primarily indicates changes in the 
Earth’s gravity field, which can be used to estimate 
changes in water storage. The generic method of han-
dling was used to obtain the water storage products 
(Andersen and Hindere, 2005). 

To provide a better understanding of the degree of 
variation, the standard deviations of water storage within 
the six subzones are calculated using Equation (1). 
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where S represents the standard deviation of the six 
subzones during the reference months, Si is the equiva-
lent water thickness (EWT) of subzone i during the ref-

erence months from 2003 to 2013, S  is the average 

value of the six subzones during the reference months 
from 2003 to 2013, and n is 11. To assess the correla-
tions between precipitation, ice cover and total water 
storage and thus to compare the incidence of precipita-
tion and ice cover to total water storage, Pearson’s cor-
relation coefficient is calculated using Equation (2) . 
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where n represents the sample size, x  represents the 

mean value of variable x, and y  is the mean value of 

variable y. When rxy is positive, x and y are positively 
correlated. When rxy is negative, x and y are negatively 
correlated. If r=±1, x and y display a one-to-one corre-

spondence. As r  increases, the relationship between x 

and y becomes stronger.

 
3  Results 

3.1  Temporal and spatial variations in total water 
storage 
Data representing equivalent water thickness (EWT) 
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over time in the six subzones representing different 
mountain ranges (the Altay Mountains, the Eastern 
Tianshan Mountains, the Western Tianshan Mountains, 
the Karakorum Mountains, the Kunlun Mountains and 
the Qilian Mountains) were obtained, from which the 
overall changes in the equivalent water thickness can be 
assessed. The total equivalent water thickness changes 
in the six subzones from April 2002 to December 2013 
were estimated to understand the spatial and temporal 
variations in the EWT data. 
3.1.1  Variation of water storage in different moun-
tain ranges 
To better understand the monthly variations in EWT 
changes among the subzones, February, April, July and 
November are chosen as representative months to de-
scribe the characteristics of the corresponding seasons 
(Fig. 2), based on the data integrity and the correspond-
ing season of the four representative months.  

Within the Altay Mountains, the EWT changes in-
crease rapidly in the northwest and increase slowly in 
the southeast in February and April, whereas they in-
crease in the south and decrease in the north in July and 
November in most years. Within the Western Tianshan 
Mountains, the EWT changes increase in the northwest 
and decrease in the southeast during February, April and 
July. On the other hand, the opposite pattern was ob-
served in November. The EWT changes within the 
Eastern Tianshan Mountains display no significant 
changes.Within the Karakorum Mountains, the Kunlun 
Mountains and the Qilian Mountains, the EWT changes 
increase in the west and decrease in the east during 
February and April. Meanwhile, the EWT changes 
within these ranges display the opposite pattern in July 
and November. Although the EWT changes are mainly 
influenced by climatic factors and human activities, the 
EWT changes in the mountainous areas of Central Asia 
are hardly affected by human activities and are mainly 
influenced by climatic factors. 

In terms of their temporal evolution, the EWT 
changes within some of the mountain ranges fluctuate 
smoothly, but the different subzones display different 
values in different months (Fig. 3). 

Most of the points representing the EWT changes in 
April are above zero, except for those representing the 
Qilian Mountains. On the other hand, most of the points 
reflect values less than zero in November. Moreover, the 
EWT changes fluctuate around zero in most of the sub-

zones, except for the Qilian Mountains in February, and the 
EWT changes are positive in July during most of the years 
studied, except in the Altay Mountains. Moreover, Fig. 3 
provides further evidence that the changes show a bimodal 
trend in the Tianshan, the Western Tianshan Mountains, the 
Karakorum Mountains and the Kunlun Mountains be-
cause the precipitation varies seasonally. The amplitude 
of changes in the Altay Mountains increases over time, 
except in November; the amplitude of changes in the 
Western Tianshan Mountains increases over time in Feb-
ruary and November, whereas it increases and then de-
creases in April and July; the amplitude of changes in the 
Eastern Tianshan Mountains decreases over time, except 
in July; the amplitude of changes in the Karakorum 
Mountains and the Kunlun Mountains decrease over 
time; and the amplitude of changes in the Qilian Moun-
tains remains essentially the same over time.  

Table 1 shows that the largest standard deviation of 
the six subzones in February is that of the Kunlun 
Mountains, and the smallest standard deviation is that of 
the Eastern Tianshan Mountains. On the other hand, the 
largest degrees of dispersion of the EWT changes of the 
six subzones are those of the Karakorum Mountains in 
April, July and November, and the smallest degrees of 
dispersion of the EWT changes are those of the Eastern 
Tianshan Mountains in April, July and November.  

2006 is chosen as a representative year to understand 
the annual variance of the EWT changes (Fig. 4). Based 
on Fig. 4, EWT changes over almost the whole study 
area reflect strong increases, especially in the central 
Tianshan Mountains and the Altay Mountains, whereas 
the increase reflected by the EWT changes within the 
Qilian Mountains is less. From February to May, the 
spatial variations in the EWT changes are similar and 
reflect positive values in the north and west and 
negative values in the south and east. The largest areas 
of positive values are the western part of the Western 
Tianshan Mountains and the western part of the Kara-
korum Mountains, whereas the largest areas of negative 
values are the eastern part of the Kunlun Mountains and 
the Qilian Mountains. In July, the whole study area 
shows a modest increase. From August to December, the 
spatial distribution of EWT changes shows the opposite 
of the spatial distribution observed in February to May. 
Hence, these maps of the EWT changes during a single 
year show that the area with positive values moves from 
west to east. 
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Fig. 2  Spatial distributions of equivalent water thickness (EWT) changes during the representative months. The data for 2002 are 
missing; mountains’ information are shown in Fig. 1 
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Fig. 3  Comparisons of the equivalent water thickness (EWT) changes in the subzones during the characteristic months (a. February; b. 
April; c. July; d. November) 
 
Table 1  Standard deviations associated with the six subzones during the characteristic months 

 Altay Mountains 
Western Tianshan 

Mountains 
Eastern Tianshan 

Mountains 
Karakorum  
Mountains 

Kunlun Mountain Qilian Mountains 

February 21.81 19.41 8.10 18.98 111.82 10.37 

April 13.82 16.23 6.51 21.74 12.72 12.35 

July 23.73 17.67 11.20 22.47 13.64 17.37 

November 8.45 23.87 5.40 27.00 9.61 13.33 

 
The monthly average EWT changes for the six 

subzones were calculated (Fig. 5) to enable better un-
derstanding of the variations within these subzones. 
The EWT changes in these three mountain ranges in-
crease from January to April, when they reach their 
maximum values, and then decline to their minimum 
values in September or October. A modest increase 
occurs subsequently. Furthermore, the Kunlun Moun-
tains and the Qilian Mountains display similar trends. 
The EWT changes within these two ranges increase 
from January to July and then decline until the end of 
the year. On the other hand, the Eastern Tianshan 

Mountains displays reduced variability. In regard to 
the degree of dispersion of monthly mean values of 
water storage changes, the Karakorum Mountains has 
the largest value of the six subzones, which is 32.99. 
The Eastern Tianshan Mountains has the smallest 
value, which is 6.91.  
3.1.2  Yearly variations in water storage changes in 
the different mountains ranges 
To analyze the details of the water storage changes, the 
temporal variations in each mountain range are investi-
gated. Fig. 6 presents the temporal variations in water 
storage changes within the six subzones. 
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Fig. 4  Equivalent water thickness (EWT) in different months of 2006. Mountains’ information shown in Fig. 1 

 

 

Fig. 5  Comparisons of monthly average equivalent water 
thickness (EWT) changes among the subzones 

 

Fig. 6  Temporal variations in water storage changes in the six 
subzones 

 
Based on the curves showing temporal changes, all of 

the temporal variations of water storage changes in the 

six parts are cyclical. At the same time, the scale, am-
plitude and tendency of the six mountain ranges are dif-
ferent. To enable assessment of the characteristics of the 
yearly variations in water storage changes integrally, the 
cumulative EWT change among the subzones are com-
pared (Fig. 7). 

Fig. 7 shows the cumulative EWT changes among the 
six subzones over the entire study period. Based on the 
assessed quality of the data, the period extending from 
2004 to 2010 was examined. The Karakorum Moun-
tains, the Kunlun Mountains and the Western Tianshan 
Mountains display similar trends, the pattern seen in the 
Eastern Tianshan Mountains is similar to that of the Altay 
Mountains, and the pattern seen in the Qilian Mountains 
is opposite to that of the Eastern Tianshan Mountains and  

 

Fig. 7  Comparisons of the cumulative equivalent water thick-
ness (EWT) changes among the subzones 
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the Altay Mountains. Moreover, the amplitudes are, 
from largest to smallest, Karakorum Mountains > West-
ern Tianshan Mountains > Eastern Tianshan Mountains 
> Kunlun Mountains > Qilian Mountains. The amplitude 
in the Altay Mountains increased over time. The largest 
degree of dispersion seen in the six subzones is that of 
the Karakorum Mountains, and its standard deviation is 
270.41, whereas the smallest is that of the Eastern Tian-
shan Mountains, which has a value of 48.78. Overall, 
the ordering of the degree of dispersion of the six subzones 
is Karakorum Mountains > Western Tianshan Mountains > 
Altay Mountains > Kunlun Mountains > Qilian Mountains 
> Eastern Tianshan Mountains. This sequence is largely in 
line with the monthly variations, and this result further 
confirms the effects of climate change. 
3.1.3  Spatial variation of water storage change in 
different mountains 
The graphs shown in Fig. 8 present comparisons between 

pairs of adjacent mountain ranges (a and b) and com-
parisons in the north-south and west-east directions (c 
and d). The comparison of the changes in the six sub-
zones presented in Fig. 8 indicates the temporal and 
spatial variations of water storage changes and reflects 
obvious intra-annual and interannual changes. Based on 
the characteristics of these distributions, we perform 
pairwise comparisons and compare the changes in the 
north-south and west-east directions. 

Based on Fig. 8, the adjacent mountain ranges (the 
Eastern Tianshan Mountains and the Western Tianshan 
Mountains, as well as the Karakorum Mountains and the 
Kunlun Mountains) display similar trends; however, the 
Western Tianshan Mountains and the Karakorum Moun-
tains display larger amplitudes than the Eastern 
Tianshan Mountains and the Kunlun Mountains, respec-
tively. In addition, the latter mountain ranges display 
more volatility than the former ranges. Taken together,  

 

Fig. 8  Comparisons of equivalent water thickness (EWT) changes in the six subzones (a. Eastern Tianshan Mountains and Western 
Tianshan Mountains b. Karakorum Mountains and Kunlun Mountains c. Altay Mountains and Qilian Mountains d. Altay Mountains, 
Eastern Tianshan Mountains and Kunlun Mountains) 
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the water storage changes in these four mountain ranges 
all indicate increases from 2002 to 2005 and 2008 to 
2010, and they reflect decreases from 2005 to 2008 and 
2010 to 2013. Thus, the trends in these ranges are bi-
modal. 

The Altay Mountains and the Qilian Mountains dis-
play opposite trends most of the time. However, a com-
parison of the EWT changes among the Altay Moun-
tains, the Eastern Tianshan Mountains and the Kunlun 
Mountains shows no clear relationship among the three 
parts. On the other hand, the Altay Mountains display a 
more stable changing trend, with the exception of a lar-
ger peak in 2010. However, the EWT changes in the 
Qilian Mountains display a clear increase over time. 

To further assess the degree of dispersion of the spa-
tial variations in water storage in the different mountain 
ranges, the standard deviations of the EWT changes 
within each mountain range are calculated from April 
2002 to December 2013. The largest degree of disper-
sion is that of the Karakorum Mountains, which has a 
value of 40.40, and the smallest is that of the Eastern 
Tianshan Mountains, with a value of 10.79. In descend-
ing order, the standard deviations of the six subzones are 
as follows: Karakorum Mountains > Western Tianshan 
Mountains > Altay Mountains > Kunlun Mountains > 
Qilian Mountains > Eastern Tianshan Mountains. 

3.2  Influence of precipitation on total water stor-
age 
To analyze the relationships between the EWT changes 
and precipitation within the study area, the data repre-
senting the EWT changes and precipitation covering the 
same period are compared to identify the patterns of 
variation of these two variables (Fig. 9). Fig. 9 shows 
the comparisons between the EWT changes and pre-
cipitation within the subzones. As shown in Fig. 9, the 
precipitation characteristics of the six subzones corre-
spond to those of temperate continental climates; annual 
precipitation is low and mainly concentrated in summer, 
little or no rain occurs during the other seasons, and 
there is occasional snowfall during the winter. The larg-
est amounts of precipitation occurred during the period 
from June to August every year. 

Considering all of the mountain ranges, the most 
positive EWT changes and precipitation amounts appear 
simultaneously, and some of the patterns reflect hystere-
sis behaviour. Based on Fig. 9, the connections between 

precipitation and EWT changes are strongest in the 
Kunlun Mountains and the Qilian Mountains, followed 
by the Eastern Tianshan Mountains. The Karakorum 
Mountains and the Western Tianshan Mountains have 
poorer connections between these variables, whereas 
that of the Altay Mountains is the poorest. That is, the 
EWT changes of the Kunlun Mountains and the Qilian 
Mountains are strongly determined by precipitation, and 
the EWT changes of the Eastern Tianshan Mountains 
are affected by precipitation to some extent, whereas the 
EWT changes of the Karakorum Mountains and the 
Western Tianshan Mountains are apparently controlled 
by other hydrological factors. 

In terms of the degree of dispersion of precipitation 
within the six subzones, the smallest is that of the Eastern 
Tianshan Mountains, regardless of whether the monthly 
mean values or those of whole study period are consid-
ered. The corresponding standard deviations are 12.57 
and 14.32, respectively. The same conclusion applies to 
the degree of dispersion of the EWT changes. On the 
other hand, the largest value is that of the Qilian Moun-
tains, which differs from the degree of dispersion of the 
EWT changes, which may be caused by other factors. 

3.3  Influence of ice cover on total water storage 
Ice cover is the other major factor that influences total 
water storage in the mountainous areas of Central Asia, 
especially in summer and winter. The changes in ice 
cover show a strong seasonal pattern. 

To analyze the relationship between the EWT 
changes and snow cover within the six subzones, the 
data representing EWT changes and snow-covered area 
covering the same period are compared to find the pat-
terns of variation of these two variables (Fig. 10). 

As shown in Fig. 10 most of the local maxima in 
snow-covered area occur simultaneously with local 
minima of the EWT changes in the Karakorum Moun-
tains and the Altay Mountains. On the other hand, in the 
Kunlun Mountains, the Eastern Tianshan Mountains and 
the Qilian Mountains, data values reflecting opposite 
extremes appear at the same time. Furthermore, the ex-
treme values of total water storage appear to lag behind 
those of ice-covered area. 

To compare the effects of precipitation and ice-covered 
area, the correlation coefficients between precipitation 
or snow-covered area and EWT changes are shown in 
Table 2. 
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Fig. 9  Comparisons between equivalent water thickness (EWT) changes and precipitation (PRE) in the different subzones (a. Kunlun 
Mountains; b. Karakorum Mountains; c. Western Tianshan Mountains; d. Eastern Tianshan Mountains; e. Altay Mountains; f. Qilian 
Mountains; PRE (precipitation)) 

 
As shown in Table 2 the largest correlation coeffi-

cients between precipitation and total water storage 
among the six subzones correspond to the Kunlun 
Mountains and the Qilian Mountains, for which the 

values are 0.591 and 0.490, respectively. The Eastern 
Tianshan Mountains takes second place, whereas the 
correlation coefficients associated with the Karakorum 
Mountains and the Western Tianshan Mountains are 
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smaller, and the correlation between precipitation and 
the EWT changes in the Altay Mountains is the lowest. 
In addition, except for the Altay Mountains, the results 
pass a test of significance at the 0.01 level.  

Snow-covered area and EWT changes are negatively 
correlated in the Kunlun Mountains, the Qilian Moun-
tains and the Eastern Tianshan Mountains, for which 
the values are –0.552, –0.439 and –0.383. In addition,  

 

Fig. 10  Comparisons between equivalent water thickness changes and snow-covered area within subzones (a. Kunlun Mountains; b. 
Karakorum Mountains; c. Western Tianshan Mountains; d. Eastern Tianshan Mountains; e. Altay Mountains; f. Qilian Mountains SCA 
(snow-covered area)) 
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Table 2  Correlation coefficients between precipitation (PRE) or 
snow-covered area (SCA) and equivalent water thickness changes 

RANGE PRE SCA 

Kunlun Mountains 0.591** –0.552** 

Karakorum Mountains 0.247** 0.042 

Western Tianshan Mountains 0.268** –0.168 

Eastern Tianshan Mountains 0.426** –0.383** 

Altay Mountains –0.045 0.178* 

Qilian Mountains 0.490** –0.439** 

Notes: ** indicates statistical significance the significant test at the 0.01 level, * 
indicates statistical significance at the 0.05 level 

 

the results pass a test of significance at the 0.01 level. 
The correlation coefficient associated with the Altay 
Mountains is positive, and the results pass a test of sig-
nificance at the 0.05 level. On the other hand, the 
correlation coefficients between the snow-covered areas 
and the EWT changes of the Karakorum Mountains and 
the Western Tianshan Mountains are lower. 

Comparing the correlations between precipitation and 
ice-covered area to EWT changes, except for the Altay 
Mountains, the correlation coefficients between 
precipitation and EWT change are larger than those for 
ice-covered area and EWT changes. Therefore, except 
for the Altay Mountains, precipitation is the major factor 
that drives water storage changes. 

4  Discussion 

4.1  Patterns of total water storage change in dif-
ferent mountain ranges 
The effects of human activities are comparatively small 
in mountainous areas. Therefore, the most important 
factors that can influence water storage in mountainous 
areas are precipitation and meltwater from snow and ice. 
Xu et al. (2013) found that the overall amount of total 
water storage in the Tianshan Mountains is greater in the 
western and eastern parts of the range and less in the 
middle portion of the range. The increase in total water 
storage occurs because of the increased precipitation 
that occurs in summer. Furthermore, the decrease in 
water storage is due to climate warming, which has 
caused accelerated glacier retreat. The overall amount of 
total water storage in the Qilian Mountains is greater in 
the western and southern parts of the range and less in 
the eastern and northern parts of the range. The total 
water storage has increased from 2003 to 2010 in the 
Qilian Mountains because the climate warming has 

melted the permafrost and caused the active layer to 
thicken (Xu et al., 2014). Climate change is a factor that 
drives changes in total water storage, especially in 
high-altitude regions (Tangdamrongsub et al., 2011). 
The results of these studies are the same as those pre-
sented in this article. Natural factors influence the 
changes in total water storage in the mountainous areas 
of Central Asia, and the changes in the different sub-
zones are different because the different circulation pat-
terns lead to different precipitation regimes and different 
changes in snow cover. 

The Altay Mountains are influenced by westerly air 
flow. These air masses pass Lake Zaysan in Russia, fol-
lows the deep Irtysh River valley, and then rise because 
of the obstacle presented by the Altay Mountains. Fi-
nally, they cause additional precipitation. The precipita-
tion gradually increases with the altitude. Moreover, the 
isohyet runs roughly northwest-southeast, and the 
amount of precipitation that falls is larger in summer 
and winter. The snow-covered area of the Altay Moun-
tains is smallest in July and August; the snow begins to 
accumulate in October and increases greatly in Novem-
ber and December. The snow-covered area reaches its 
maximum in January. The snow-covered area then be-
gins to go down in February and March and reaches a 
minimum in June. 

The climate of the Tianshan Mountains can be di-
vided into two parts that consist of a cool season and a 
warm season, and the precipitation and elevations de-
crease gradually from west to east. The northern slope 
of the Tianshan Mountains is influenced by air flow 
from the Atlantic Ocean and the Arctic Ocean, so the 
precipitation on the northern slope is greater than on the 
southern slope. The snow-covered area of the Tianshan 
Mountains begins to increase substantially in November, 
and it reaches a maximum in January. The snow-covered 
area begins to decrease at the end of March. It reaches 
its minimum at the end of May. 

Because of its topography, the climate in the Kara-
korum Mountains is influenced by westerly winds, and 
precipitation is abundant in spring and winter. The 
southern slope is much moister than the northern slope 
because of monsoon precipitation from the Indian 
Ocean. On the other hand, the climate in the Kunlun 
Mountains is nearly unaffected by monsoon precipita-
tion from the Indian and Pacific Oceans. In contrast, it is 
strongly influenced by continental air masses. The mid-
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dle section of the Kunlun Mountains is much drier, 
whereas the western and eastern parts are relatively hu-
mid. Snow begins in October and persists through April 
of the following year, and the amount of snow deposited 
during this time accounts for more than 71% of the 
yearly snowfall. The snow-covered area displays strong 
seasonal fluctuations. From June to May of the follow-
ing year, the snow-covered area reflects a normal 
distribution. The snow cap in the Kunlun Mountains 
appears in mid-August. The snow-covered area then 
becomes larger until the peak value appears in January. 
The snow-free season in the Kunlun Mountains is 
comparatively short and extends from March to August. 
Moreover, there are some areas of permanent snow 
cover, primarily within the Karakorum Mountains and 
the West Kunlun Mountains. 

While the Qilian Mountains represent the transition 
zone between the desert region in the western and 
northern parts of China and the high, cold region of the 
Tibetan Plateau, it is far away from the ocean. The Qil-
ian Mountains lies within the mid-latitude westerlies. 
Because of the uplift of the Qinghai-Xizang plateau, the 
westerlies were divided into two. In addition, the north 
branch is stronger, and the westerly jet blows parallel to 
the northern margin of the Qilian Mountains towards the 
east. The climate of the Qilian Mountains is mainly con-
trolled by the westerly jet, which forms a pressure ridge, 
and the weather is dry and cold. In summer, the atmos-
pheric circulation is more complex because the wester-
lies shift northwards. Both the southwest monsoon from 
Indian Ocean and the southeast monsoon from the Pa-
cific Ocean affect this subzone. However, the Qilian 
Mountains lie in the hinterland of the Asian mainland, 
and they are surrounded by high mountains. Thus, the 
warm and wet air masses from the east and south reach 
their limits, so that they cause limited amounts of pre-
cipitation. The snow cover in the Qilian Mountains dis-
plays a two-peaked curve, as snowfall increases and 
temperatures decrease until December, when snow 
cover reaches its maximum value. Subsequently, snow 
cover reaches a minimum value at the end of December 
because of prolonged drought. In January, given the 
persistent rain and low temperatures, the snow cover in 
the Qilian Mountains grows even faster, and at the end 
of February it begins to decline. 

Based on the different circulation patterns and their 
variations, the interannual and seasonal water storage 

variations in the different subzones are different. More-
over, as global warming intensifies, hydrological ex-
tremes occur more frequently, and the total water stor-
age of these subzones, which can easily be affected by 
precipitation, display greater variability. The details of 
the effects of precipitation and snow cover represent a 
problem that can be investigated in future work. 

4.2  Influence of precipitation and ice cover on to-
tal water storage 
The influence of precipitation on total water storage is 
different in the six subzones. The Kunlun Mountains 
and the Qilian Mountains are the most heavily affected 
by precipitation, and the maxima between precipitation 
and total water storage display hysteresis behaviour. 

Sun Qian found that the maximum in water storage 
normally corresponds to the precipitation maximum 
with a certain time lag in Central Asia (Sun et al., 2014). 
The results of this study are the same as those presented 
in this article. In mountainous areas, total water storage 
is mainly influenced by precipitation and snow cover, 
the maxima of precipitation in the mountainous areas of 
Central Asia appear in summer. The precipitation values 
increase from January to July or August, and the 
maxima often appear in July or August. After the sum-
mer, precipitation begins to decrease until the end of the 
year. Moreover, the amount of snowmelt in the six sub-
zones also reaches its maximum in summer. The 
snow-covered area decreases from January to July or 
August, and the minimum value appears in July or Au-
gust. After summer, the snow cover begins to increase 
until the end of the year. In fact, the total water storage 
in the mountainous areas of Central Asia is influenced 
by the difference between the amount of precipitation 
and the amount of snowmelt. Total water storage in-
creases as the precipitation increases in the mountains; 
however, total water storage decreases with increasing 
snowmelt amount. However, the times at which precipi-
tation and ice cover have the greatest effects on total 
water storage differ because of the different processes 
by which they influence total water storage. 

Precipitation intensity and the buffering role of 
snowmelt reach different levels in the different moun-
tain ranges. Therefore, the changes in total water storage 
change differ among the six subzones. Meanwhile, our 
analysis shows that snow-covered area and total water 
storage are negatively correlated in the Kunlun Moun-
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tains, Eastern Tianshan Mountains and Qilian Moun-
tains. This phenomenon is mainly due to snow melt. 
When the snow begins to melt, the meltwater percolates 
quickly into the soil. Thus, as the snow melts, the total 
water storage influenced by snowmelt does not change 
during the initial stages, while precipitation continues to 
increase and the total water storage increases,which is 
the reason for the observed negative correlation between 
snow-covered area and total water storage. In the mean-
time, the lags between the two factors (snow-covered 
area and precipitation) and total water storage is also 
due to the influence of these processes and the time over 
which they operate. 

5  Conclusions 

In the research, the spatial-temporal change pattern of 
water sotrage in Central Asia was studied and the influ-
ences of precipitation and snow-covered area were com-
pared. Based on the above findings, considering the 
changes that occur within the four representative 
months, EWT changes in April and July reflect in-
creases, whereas a EWT changes that reflect decreases 
were observed in November. Therefore, the total water 
storage in the mountainous regions of Central Asia in-
creases in winter and summer, partly due to precipita-
tion, although some parts display hysteresis behaviour. 
The annual spatial variability of the EWT change re-
flects movement of the area with positive values from 
west to east from January to December. Moreover, the 
EWT changes within the study area decreased from 
2002 to 2004 and then returned to a higher level from 
2005 to 2006; subsequently, the EWT changes remained 
at a lower level from 2007 to 2009, and after 2010, the 
EWT gradually increased. The temporal variations of 
water storage changes in the Mountainous areas of Cen-
tral Asia are cyclical. In addition, the spatial variations 
of the water storage changes in a single year show that 
the area with positive values moves from west to east. 
The most positive EWT changes and precipitation 
amounts appear simultaneously, and some of the pat-
terns reflect hysteresis behaviour. Precipitation has a 
stronger effect on water storage changes than snow- 
covered area in the mountainous regions of Central 
Asia. 

The Altay Mountains have undergone the most pro-
nounced changes. The trend in this region, is opposite 

that of the Qilian Mountains. Meanwhile, the variability 
in EWT changes in the Altay Mountains has increased 
over time, although the closeness of the relationship 
between these values and precipitation is the least strong 
of any of the mountain ranges. Thus, the EWT changes 
within the Altay Mountains have become increasingly 
variable over time and display a strong resistance to 
precipitation forcing, which leads us to the conclusion 
that snow-cover area and other factors acting upon the 
Altay Mountains.The Western Tianshan Mountains and 
the Eastern Tianshan Mountains display similar trends 
in EWT changes because of their proximity. However, 
the EWT changes in the Eastern Tianshan Mountains 
display sharper peaks than those of the Western Tian-
shan Mountains, and the amplitude of the EWT changes 
is larger for the Western Tianshan Mountains than the 
Eastern Tianshan Mountains. The EWT changes in the 
Eastern Tianshan Mountains are more strongly affected 
by precipitation than those of the Western Tianshan 
Mountains.The Karakorum Mountains and the Kunlun 
Mountains also display similar trends because of their 
proximity. The amplitude of EWT changes in the Kara-
korum Mountains is bigger than that of the Kunlun 
Mountains, and the proximity of the Kunlun Mountains 
is larger than that of the Karakorum Mountains. The total 
water storage change of the two ranges is less affected by 
precipitation.The Qilian Mountains displays the most 
obvious increase in EWT changes over time and the 
smallest amplitude changes. Meanwhile, the total water 
storage in the Qilian Mountains is affected by precipita-
tion to a much greater degree than the other parts. 
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