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Abstract—Estimating lake dynamics is vital for the accurate
evaluation of climate change and water resources monitoring.
However, it remains a challenge to estimate the lake mass budget
due to extremely scarce in situ data, especially for alpine regions.
In this article, multimission remote sensing observations were
blended to examine recent lake variations and their responses to
climate change around the Altai Mountains during 2001–2009 and
2010–1018. First, the multitemporal Landsat images were used to
enable the detailed monitoring of the surface extent of 43 lakes
(> 5 km2) around the Altai Mountains from 2001 to 2018. The
results presented that the total lake surface extent shrunk from 9835
km2 in 2001 to a minimum of 9652 km2 in 2009, while subsequently
rose to 9714 km2 in 2018. By combining the lake area with the
water level derived from the ICESat and CryoSat-2 altimetry data,
the water storage of seven lakes covering ∼84% of the overall
lake area in the region was obtained. The total water storage was
detected with a decrease of 4.86 ± 1.17 km3 from 2003 to 2009
and a decrease of 3.65 ± 1.16 km3 from 2010 to 2018, respectively.
Although most of the glaciers in this region had a significant mass
loss in the past decades, the factor analysis indicated that most of
the lakes had maintained a steady or slightly changing tendency
because the glacial melting water was counteracted by the negative
impact of high evapotranspiration amount. For the lakes with a
few glacier melting supplies, e.g., the Uvs lake and Hyargas lake,
the significant water budget loss was caused by the increasing
evapotranspiration, decreased precipitation, and developed animal
husbandry, which mainly dominated the overall decreasing trend
of lake water storage in the Altai Mountains.

Index Terms—Climate change, multimission satellite data, lake
dynamic, water storage.

I. INTRODUCTION

THE Altai mountains are important water conservation
areas, which are located in the north of the Xinjiang
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Uygur autonomous region and western Mongolia, and extend
to northwestern Russia, spanning China, Mongolia, Russia, and
Kazakhstan [1]. The Altai mountains contain a large number of
glaciers covering an area of 1191 km2 [2], [3] and an abundant
source of lakes [4]. The lakes distributed around the Altai
mountains are a keystone of the terrestrial surface freshwater
resource and are sensitive to the global climate variation. Studies
have shown that the rapid retreat of glaciers, changing pre-
cipitation patterns, and anthropogenic activities characterized
by irrigation, the establishment of the artificial reservoir, and
groundwater exploitation have made a great impact on lakes [5].
The glaciers in the Altai mountains have shown a rapid decaying
tendency in the western region in the past decades [1], [4], [6],
[7]. The total glacier meltwater from the entire Altai mountains
was 401.1×108 m3 from 1990 to 2011, which was four times as
much as the average annual discharge of the Irtysh River Basin
[4]. Such a large supply of meltwater is extremely important for
the freshwater input in the entire Altai mountains, particularly
for arid zones. However, the extent to which the glacial change
has affected the lakes around the Altai mountains is unclear. The
accurate estimation of the changing trends of lakes in reaction
to climate change and human activities is of great significance
for understanding the water circulating process and reasonable
protection of water resources [8], [9]. Nevertheless, few stud-
ies have provided a comprehensive discussion about the lake
dynamics in the Altai mountain region.

Satellite remote sensing provides a chance for refined moni-
toring and estimation of the dynamics of the alpine lakes, espe-
cially for the remote regions that are lack of in situ data. Optical
remote sensing images, such as the Landsat TM/ETM+ [10],
[11], Huanjing satellites [12], [13], and GF-1 [14], can capture
changes over longer periods, which have made an important
contribution in monitoring the dynamics of surface extent in
some typical lakes. The satellite altimetry data have been used
to retrieve the lake water level time series in numerous studies
[15]–[20]. For example, Li et al. [18] used the ICESat altimetry
data to extract the temporal and spatial characteristics of lake
elevation changes in Central Asia from 2003 to 2009. Song et al.
[20] constructed a long time series of water level changes in the
Nam Co Lake, by combining ICESat with Cyrosat data. Zhang
et al. [19] quantified the lake elevation of 74 lakes distributed
across the Tibetan Plateau (TP) and their changes using the
ICESat altimetry data. Besides, the gravity recovery and cli-
mate experiment (GRACE) data have been used to estimate the
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Fig. 1. Location and topography of the study region.

terrestrial water storage (TWS) anomaly in numerous regions
across the globe [21]–[25]. However, a single data source can-
not satisfy the demand for a comprehensive analysis of lake
dynamics. Researchers have combined multisource remote sens-
ing data, e.g., altimetry data, optical remote sensing images,
and gravity data to monitor the lake changing mechanism [5],
[26]–[28]. For example, Song et al. [29] obtained the elevation
and surface extent of typical TP lakes using the data obtained
from ICESat and Landsat series and verified TWS changes
derived from GRACE. Moore and Williams [30] used the Envisat
altimetry data, global land data assimilation system (GLDAS)
hydrological model data, and GRACE gravity data to investigate
the TWS anomaly in Africa from 2003 to 2011.

Our study aimed to investigate the dynamics of lakes around
the Altai mountains from 2001 to 2018 and the driving forces of
their changes by combining multimission remote sensing data.
First, the interannual variations of the lake area and elevation
around the Altai mountains were derived from optical satellite
images and altimetry data. Then, the water storage variations
of seven lakes were estimated based on the empirical equations
between the water level and lake area. The GRACE product was
used to validate the obtained water storage changes. Further-
more, the spatial and temporal trends of lakes were analyzed
and the dominant factors were identified.

The rest of this article was organized as follows. Following the
introduction, Section II described the study area and materials.
Section III presented the data processing and analysis method.
The results of lake surface extent, water level, and lake water
storage changes for several lakes were presented in Section IV.
Section V analyzed and discussed the effects of climatic factors,
glacier melting, and human activities on lake change patterns.
The conclusions were summarized in Section VI.

II. STUDY AREA AND MATERIALS

A. Study Area

The study region, as shown in Fig. 1, rises from an altitude of
2000 m in northwest Altai to over 4500 m in the central region
of the Altai mountains. Lakes are concentrated in the northern
region of Xinjiang, the western plateau of Mongolia, and the
eastern areas of Kazakhstan. Glaciers are distributed mainly
in the Katunsky Mountain, Tavan Bogd Mountain, and Chuya
Mountain [7]. The Altai mountains are an important climate
boundary where climate modes vary between the southern and
northern region, which is reflected in the different precipita-
tion tendency in different regions [32]. The summer westerly
circulation and winter Siberian High have an impact on climate
change in the study area [33]. In summer, the westerly circulation
brings the Atlantic water vapor and drives straight into the
Altai mountains along the Erqisi valley and the Zaisan valley of
Kazakhstan, which results in precipitation. The Altai mountains
block the humid masses transported by the westerlies, which
may result in a northwest to southeast precipitation gradient
[34]. In winter, the high air pressure blocks the westerly winds
because the study area is near to the center of the Siberian High,
leading to an extremely cold and dry environment. This prevents
the precipitation of the Mongolian western region in winter [35].

With the increase in land development and industrial water
consumption in the upper reaches of the Ulungu river, it will lead
to water shortage in the lower reaches and even the phenomenon
of a flow interruption, bringing new impacts to the fragile ecolog-
ical environment, so people made many projects to divert water
from the Irtysh river [36]. In the western part of the Mongolian
plateau, where mining and animal husbandry are booming, the
population is increasingly dependent on lake supplies.
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B. Materials

1) Optical Satellite Images: A total of 252 scenes of the
Landsat TM/ETM+ images were used to extract the lake surface
extent covering the study area from 2001 to 2018, which can be
downloaded from the U.S. Geological Survey website1. All the
images selected contain less than 10% of the cloud. Considering
the influence of seasonal factors on the interannual variation of
the lake area, the acquisition period of the image was limited
from July to October of each year. Meanwhile, data gaps in
the Landsat 7/ETM+ SLC-OFF images were filled based on
the interpolation (triangulation) using a simple toolbox (Landsat
Gapfill) on the ENVI software.

2) Satellite Altimetry Data: The altimetry data used to obtain
the lake elevation variations were from ICESat’s Level 2 global
land-surface altimetry data product (GLA14) released by the
National Snow and Ice Data Center from 2003 to 2009 and the
CryoSat-2 Level 2 GDR data provided by the European Space
Agency (ESA) from 2010 to 2018. ICESat observations have
undergone a series of corrections, including the atmosphere
and geodetic corrections. The narrow primary peak threshold
retracker was applied to the CryoSat-2 data, which provided
valid results for the inland water application [20].

3) Satellite Gravimetric Data: The gridded GRACE TWS
anomaly products (1°× 1°) are based on the RL05 spherical
harmonics from the Jet Propulsion Laboratory, Centre for Space
Research at the University of Texas at Austin, and the German
Research Centre. GRACE’s mission ended in October 2017 with
a failure and GRACE Follow On was successfully launched in
May 2018. Considering the gap between two missions, we only
use GRACE data to validate the obtained water storage changes.
The mean value of the three products was calculated to obtain the
mean annual TWS change rate. The time series of the data for the
three solution methods was collected from April 2002 to January
2017 with the data spanning a total of 159 months. For the data
with voids, they were interpolated by averaging the values of two
months before and after. The gravimetric data have undergone
a series of correction [37]–[39], including the gravitational field
changes, first-order coefficients, glacial isostatic adjustment,
measurement and leakage errors, scale factor, the application
of 300-km Gaussian filter smoothing radius, and replacement of
C20 using satellite laser ranging observations. The GRACE data
were used to validate the obtained water storage changes in this
study.

4) Temperature and Precipitation Dataset: Temperature and
precipitation are important indicators for understanding climate
change. We used the University of Delaware (UDel) dataset
provided by the NOAA/OAR/ESRL PSD, Boulder, CO, USA, to
obtain temperature and precipitation changes in the study region.
The UDel dataset is a monthly and globally gridded dataset
(0.5°× 0.5°) for air temperature and precipitation [61]. The
dataset was obtained by interpolating the high-resolution station
air temperature values and rain gage-measured precipitation
values, respectively. The accuracy level of the dataset has been
validated by several studies [54], [55] and widely applied to
some hydrological research [58]–[60].

1[Online]. Available: https://earthexplorer.usgs.gov/

5) Global Land-Surface Data Assimilation System Data:

The GLDAS aims to combine satellite-based and ground-based
observational data products using advanced land-surface mod-
eling and data assimilation techniques to generate optimal land-
surface conditions and flux fields [40]. The GLDAS provides
global forcing data for four land-surface models: Noah, Mosaic,
the variable infiltration capacity, and the community land model.
The GLDAS dataset can provide hydrological variables with a
high temporal and spatial resolution of 0.25°, and thus, they have
been widely used in previous hydrological studies [41], [42]. In
this article, the GLDAS potential evapotranspiration data from
the Noah model were used to identify the relationship between
the potential evapotranspiration (ETP) and lake variation from
2001 to 2018 in the study region. This product has had good
applicability for basin hydrology and energy studies [56], [57].

III. METHODS

A. Estimating Lake Surface Extent

The method of extracting the lake area was derived from
the normalized difference water index, which is based on the
principle that the water body has a higher reflectance in the
blue band and a low reflectance in the near-infrared band [43].
The thresholds were determined through trial and error and the
initial extracted results were compared with google earth images
using the visual interpretation. Some misclassified water bodies
and the other small lakes were removed through manual editing
based on the global lakes and wetlands database. Finally, the
mapping results are visually examined and manually edited to
ensure mapping accuracy.

To assess the uncertainty of extracting lake extents in this
study, the Landsat image-delineated lake boundaries were com-
pared with the extracted surface extent from the high-resolution
images of google earth [44], and the results were presented in
Appendix A. A total of 24 samples were randomly selected to
illustrate the accuracy of lake mapping. The mapping accuracy
was evaluated with the overall accuracy, the kappa coefficient,
and the uncertainty. The uncertainty was calculated as the per-
centage of area difference. The comparison indicated that the
uncertainty of Landsat image-delineated lake surface area was
generally less than 2.5% for small lakes with the uncertainty of
large lakes and medium lakes less than 0.8%.

B. Estimating Lake Water Level

ICESat altimetry data need to be converted from TOPEX
reference ellipsoid to WGS84 reference ellipsoid to be consistent
with the CryoSat-2 data before extracting it from the water mask
[45]. Based on the extracted water surface extent from Landsat
images, the data that completely fell into the extent of the lake
was selected. As the data may be affected by clouds and terrain
shadows, the obvious outliers were eliminated through visual
interpretation first and the two-sigma criteria were used twice to
discard the remaining gross errors. To reconstruct the water level
variation for a longer period, the altimetry data derived from the
ESA’s CryoSat-2 Level 2 GDR altimetry products were also used
to obtain the water level from 2010 to 2018. Reconstruction was
implemented using the ESA basic radar altimetry toolbox [46].

https://earthexplorer.usgs.gov/
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The elevation data from October were used to be consistent with
the water surface extent, as illustrated in Section III-A [18].

C. Estimating Lake Water Storage Variation

Several ways are generally used to estimate the lake water
storage variation, such as using empirical equations based on
the relationship between lake water level and the lake area [29]
or estimating from the underwater topography [47]. In our study,
we used the formula that combines the altimetry-derived water
level and Landsat-interpreted surface extent to estimate the lake
water storage change [48]

∆V =
1

3
(H2 −H1)×

(

A1 +A2 +
√

A1 ×A2

)

(1)

where ∆V was the water volume change from the lake elevation
H1 and the area A1 to the elevation H2 and the area A2. By
combining the lake area with the water level derived from the
ICESat and CryoSat-2 altimetry data, the total water volume
variation from 2003 to 2009 and from 2010 to 2018 was obtained,
respectively.

As for the accuracy level of the estimated lake water volume,
according to the error propagation law, the uncertainty of the
lake water volume change was calculated by (2). Meanwhile,
the uncertainty of the lake area was 2.5% for the small lake and
0.8% for the large or medium lakes, while the standard deviation
of the water level from ICESat and Cyrosat altimetry data was
20 cm
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D. Mann–Kendall Trend Test

The Mann–Kendall test is a widely used nonparametric statis-
tical test method [49] for analyzing the changing trends of lakes
and climate factors. The advantage is that the selected sample
does not need to comply with specific distribution and the test
results are not affected easily by a few abnormal values. It is
suitable for long-term-sequence trend mutation testing. Let x1,
…, xn be the datapoint, for all k, j ≤ n, and k� j, the test statistic
S is calculated, and the formula is as follows:

S =

n−1
∑

k=1

n
∑

j=k+1

Sgn (xj −xk) (3)

and

Sgn (xj −xk) =

⎡

⎣

+1 (xj −xk) > 0
0 (xj −xk) = 0

−1 (xj −xk) < 0

⎤

⎦ (4)

where S is normally distributed and the mean value of which is
zero; thus, the variance is given by

var(s) = n(n− 1)(2n+ 5)/18. (5)

Fig. 2. Total lake area in the study area from 2001 to 2018.

When n is greater than 10, the standard normal distribution
variable is calculated as follows:

Z =

⎡

⎢

⎣

S−1√
var(S)

S > 0

0
S+1√
var(S)

S < 0

⎤

⎥

⎦
. (6)

In this work, the time series of the lake area and the climate
data were used to analyze the corresponding significance level
using this method. For statistic Z, if |Z| is greater than 1.28,
1.96, and 2.31, a significant trend change exists in the series
corresponding to a p-value of 0.1, 0.05, and 0.01, respectively.

IV. RESULTS

A. Overview of Lake Area Change

A total of 43 lakes (>5 km2) around the Altai mountains
were investigated using the TM and ETM+ images from 2001
to 2018. Detailed information for the lake area was provided in
Appendix B. Fig. 2 showed the total lake area variations obtained
from the Landsat series between 2001 and 2018. The overall lake
area in the study region shrunk from 9835 km2 in 2001 to 9714
km2 in 2018, while the nadir was 9652 km2 in 2009 followed by
a rebound since 2010. The results showed that more than half
of the lakes maintained a steady and insignificant upward or
downward trend with a changing rate (the regression coefficient
between the year from 2001 to 2018 and the corresponding lake
area) of less than 0.1 km2/year (Fig. 3). The surface extent
of 11 lakes showed a significant decreasing trend (p < 0.05).
Conversely, six lakes’ area in the northern region of the Xinjiang
Uygur autonomous region experienced a significant expansion
from 2001 to 2018.

To analyze the climate change effect on different-size lakes,
the lakes were divided into small, medium, and large lakes. For
that, we calculated the lake area change ratios from 2001 to 2018
to analyze the climate change effect on different-size lakes. The
statistic from Fig. 4 revealed that the average area change ratios
of two large lakes were 3.5%, while the average area change
ratios of the medium and small lakes were 0.88% and 13.5%,
respectively. The small lakes seemed to be more sensitive to the
external change and showed the largest area change ratios.
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Fig. 3. Mean annual lake area change rate of 43 lakes during the period of 2001–2018.

Fig. 4. Area change ratio for the small, medium, and large lake.

To better analyze the reasons for lake area variation, the lakes
were further divided into the alpine closed lake, exorheic lake,
reservoir, and plain terminal lake based on the geographical
position, topography, and climate characteristics (see Fig. 5).
Fig. 6 showed the lake area change rate of different types’
lakes from 2001 to 2018. There were 18 alpine closed lakes
distributed in the study area, the surface extent of which showed
a decreasing trend on the whole. Exactly, among the alpine close
lakes, 67% (12/18) of the lakes showed a decreasing trend and
eight lakes had a significant shrinkage (p < 0.05), which were
mainly distributed in the western arid region of the Mongolian
plateau. The typical examples were the Uvs (ID: 1) and Hyargas
lake (ID: 6), which were featured by a reduction of 34.05 km2

and 95.61 km2 during the analyzed period, respectively. The total

decreasing trend of the lake area throughout the study region was
attributed to the significant surface extent attenuation of the two
lakes to a large extent. In Fig. 7, we gave the changing tendency
of lake areas in this region excluding Uvs and Hyargas. When
the two large lakes with continued shrinkage were not taken into
account, the changing tendency of the whole lake area showed a
similar trend, where the lowest lake area was obtained in 2009.

As shown in Fig. 6(b), there were ten exorheic lakes involved
in area change monitoring, and most of them showed no sig-
nificant upward or downward trend from 2001 to 2018. The
Dorgan lake (ID: 4) suffered the largest area shrinkage rate
(0.29 km2/year) in all exoheric lakes. Nevertheless, its attenua-
tion was not significant from 2001 to 2018 according to the M–K
test. A similar tendency was observed in two exoheric lakes,
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Fig. 5. Spatial distribution of four different types of lakes across the study region.

Fig. 6. Lake area change rate of different types from 2001 to 2018. They are 18 alpine closed lakes, 10 exorheic lakes, 7 plain terminal lakes, and 8 reservoirs.
The ID number corresponding to the lakes can be referred to in Tables IV and V. (a) Alpine closed lake. (b) Exorheic lake. (c) Plain terminal lake. (d) Reservoir.
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Fig. 7. Lake area of (a) Uvs lake, (b) Hyargas lake, (c) both Uvs and Hyargas lakes, and the other 41 lakes from 2001 to 2018.

Hara Nurr (ID: 3) and Hara Usa (ID: 2), which are connected to
the Dorgan lake.

Besides, seven plain terminal lakes were mainly distributed
in the southern part of the study region. Only two plain terminal
lakes showed a slightly declining trend, while the other lakes
suffered a slight expansion from 2001 to 2018. For instance, the
two largest plain terminal lakes, Ulungu (ID: 35) and Jili (ID:
38), have shown a slightly increasing trend at the rate of 0.8 and
0.2 km2/year, respectively.

Eight reservoirs were distributed in the southern part of the
study region. More than half of these reservoirs showed an
increasing trend. The surface extent of the reservoirs showed
a large interannual amplitude during the analyzed period.

B. Annual Variations of Water Level and Water Storage

The annual water level and water storage variations of seven
lakes with sufficient data points were obtained for the analy-
sis. Fig. 8 presented the annual water level variation for the
seven lakes measured by ICESat (2003–2009) and CryoSat-2
(2010–2018), respectively. Moreover, the water storage in the
respective period was given in Table I. The lake extent of
the seven lakes covered 84% of the overall lake area in the
region. By combining the lake area with the water level derived
from the ICESat and CryoSat-2 altimetry data, the total water
storage was detected with a decrease of 4.86±1.17 km3 from
2003 to 2009 and a decrease of 3.65±1.16 km3 from 2010 to
2018, respectively. The water storage showed a negative balance
during the studied period. Hyargas experienced the most signif-
icant shrinkage, the water level of which has decreased by 0.36
m/year with a water storage reduction of 3.36±0.44 km3 during
2003–2009 and 2.27 ±0.42 km3 during 2010–2018. The plain
terminal lake, Ulungu lake, in northern Xinjiang maintained a
positive water storage budget. It suffered a slight shrinkage from
2003 to 2009 with the water level dropped by 0.3 m and then
experienced a rising water level of 1.1 m from 2010 to 2018.
The other exorheic lakes showed a slight water storage variation
on the whole.

C. Link Between the Lake Water Storage Change and TWS

Anomaly Derived From GRACE

The annual mean TWS anomaly from 2003 to 2016 was
derived from the GRACE gravity data, as shown in Fig. 9. The

GRACE data were mainly used to verify the obtained water vol-
ume changing trend. The GRACE TWS variation was consistent
with the changing trend of lake water storage in some regions.
For example, the reduced TWS estimated from GRACE was
concentrated in the Mongolian plateau of the study region, where
Hyargas and Uvs also suffered strong water storage shrinkage.
In the northern part of Xinjiang, the lake water storage, such as in
Ulungu and Jili, showed a significantly increasing trend, while
the mass variation derived from GRACE also demonstrated an
increased tendency.

V. ANALYSIS AND DISCUSSION

A. Influence of Relative Climate Element and Human

Activities on Lake Changes

The Altai mountains are located in an ecological transition
region ranging from semidesert to humid landforms. The region
is an important climate boundary where climate variation is
different between the southern and northern Altai [32]. We
analyzed the precipitation from 2001 to 2017 due to the lack
of UDel precipitation data in 2018. The precipitation variation
showed spatial heterogeneity, which decreased from southwest
to northeast. Over 70% of the study region has experienced
a slightly increasing trend of precipitation with a rate of 1.98
mm/year, which occurred in the western region of the study area
from 2001 to 2017 (see Fig. 11). The precipitation for the rest of
the study area (e.g., the western Mongolian plateau) displayed
a decreasing trend with a declining rate of 1.35 mm/year from
2001 to 2017. We analyzed the correlation between the several
significant changed lakes with the climate factors (i.e., pre-
cipitation, temperature, and potential evapotranspiration) (see
Table II). Although the precipitation and lake area showed the
same spatial variation trend, there was no significant correlation
between the lake area and precipitation (except Hulagash). It
indicated that the precipitation was not the reason for the most
significant changed lake during the analyzed period.

Besides, lake evapotranspiration is the main discharge for
most of the lakes, especially for the alpine closed lake and
plain terminal lake. Table II also illustrated that several large
alpine closed and plain terminal lakes had a significant negative
correlation with the potential evapotranspiration. For example,
the correlation coefficient between the Uvs lake and potential
evapotranspiration was−0.52. A significant negative correlation



LUO et al.: MONITORING RECENT LAKE VARIATIONS UNDER CLIMATE CHANGE AROUND THE ALTAI MOUNTAINS 1381

Fig. 8. Water level of seven typical lakes. The blue line represents the water level from ICESat (2003–2009) and the red line represents the water level from
CryoSat-2 (2010–2018). (a) Ureg lake. (b) Hyargas. (c) Markakol lake. (d) Uvs lake. (e) Ulungu lake. (f) Hara Nurr. (g) Hara Usa.

TABLE I
WATER STORAGE CHANGE OF SEVEN LAKES

occurred in Hyargas and Shaazgai Nurr with the correlation
coefficient of −0.65 and −0.64, respectively. It revealed that
increasing evapotranspiration is the main reason for these lakes’
reduction in the east of the study region (Fig. 12).

The summer temperature change rate from 2001 to 2018
displayed an increasing trend from east to west (see Fig. 10)
. The rise of temperature on lake changes not only affected the
evapotranspiration but also would cause an increase of glacier
melting supply. As the temperature rise, the increased glacier
melting water would counteract the negative impact of the high
evapotranspiration amount and cause some lakes’ expansion. For
example, the expanded reservoirs (ID: 37 and ID: 43) showed
a significant positive correlation with the summer temperature
(see Table II).

Besides, several alpine closed lakes and reservoirs showed
no significant correlation with the climate factors. These lakes’
variation may be caused by human activities. For example, some
lakes in the east of the study region suffered reduction (such as
the Tolbo lake), which may be related to the huge water demand
for graziers [50]. In the Altai region, the water from the Irtysh
river was diverted into some reservoirs by humans to make some
contribution to some reservoirs’ expansion [36].

B. Effect of Glacial Meltwater on Lake Change

Most of the glaciers in Altai have suffered serious shrink-
age as the temperature has risen over the past few decades
[51]–[53]. These glaciers are a vital freshwater source for the
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Fig. 9. (a) Annual mean TWS anomaly from three GRACE products. (b) Spatial distribution of mean annual TWS change rate with the changes in the lake area.
The blue bar is the decreasing tendency, and the red bar shows the increasing tendency.

TABLE II
CORRELATION BETWEEN LAKE AREA WITH SEVERAL CLIMATE FACTORS

∗p<0.05.

upper tributaries of the Irtysh and Ob rivers. The areas and
numbers of glaciers around these lakes are decreasing from west
to east, so do the lake areas. The most severe glacial recession
occurred in the Katunsky, Chuysky, and Tavan Bogd, which
increased runoff to the lakes in the west of the study region and
counteracted the negative impact of the high evapotranspiration
amount. Comparatively, the small-scale glaciers in Turgen made
less contribution to the water supply in the east of the study
region. The increasing evapotranspiration still caused the lakes’
reduction in the east of the study region, such as Uvs lake and
Hyargas. Zhang et al. [50] also showed that the lakes’ shrinkage
in the Mongolian plateau was related to the drier climate under
the influence of atmospheric circulation and intensive human
activities. From Fig. 13, the summer temperature showed an
increasing trend in fluctuations over the past decades with the

lowest summer temperatures in 2009. The lakes mainly rely on
runoff from melt glaciers, and the dropped temperature would
result in insufficient water supplies so that the total lake area
(without Uvs and Hyargas lake) in this region shrank to its lowest
level in 2009 (see Fig. 7). From 2015 to 2018, the temperature
was at a relatively high and stable level, and the lake area also
maintained a relatively stable trend during this period.

Previous papers illustrated that the lakes across the TP had
experienced an expansion in recent decades [7], [8]. Although
both the glaciers in this region and TP had a significant mass
loss in the past decades, the lake water storage in the study
region showed a decreasing trend. More factors need to be
investigated about the impact of glacier melting water on the
lake water storage considering the complex climate and unclosed
hydrological cycle system in the study region [31].
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Fig. 10. Spatial trends in summer temperature across the study area.

Fig. 11. Spatial trends in annual precipitation across the study area.

Fig. 12. Spatial trends in potential evapotranspiration across the study area.
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Fig. 13. (a) Annual summer temperature from 2001 to 2018. (b) Annual precipitation from 2001 to 2017. (c) Annual potential evapotranspiration from 2001 to
2018.

VI. CONCLUSION

In this article, the surface area of 43 lakes across the Altai
mountains was investigated based on the Landsat series images.
The overall lake surface area has shrunk from 9835 km2 in
2001 to 9652 km2 in 2009, while then rose to 9714 km2 in
2018. By combining the lake area with the water level derived
from ICESat GLAS and CryoSat-2 altimetry data, the water
storage of seven lakes, accounting for 84% of the total lake
area, was detected with a decrease of 4.86 ± 1.17 km3 from
2003 to 2009 and a decrease of 3.65 ± 1.16 km3 from 2010 to
2018, respectively. More than half of the lakes have maintained
a steady water storage with insignificant upward or downward
trends. The main negative balance was caused by the significant
decreasing water storage of the two large lakes, i.e., Uvs and
Hyargas located in the western region of the Mongolian plateau.
Besides, the lake variations were analyzed in combination with

climate data, including precipitation, temperature, and potential
evapotranspiration.

Although most of the glaciers in this region have experienced
significant mass loss in recent decades, most of the lake areas
in the study region have exhibited a steady or slightly changing
tendency. The reason may be that the glacial melting water in
the high mountains has caused an increase in the water input
and counteracted the negative impact of the high evapotran-
spiration amount. Despite the lakes with glacier supplies, the
decreasing quantities of precipitation, high evapotranspiration,
and developed animal husbandry have caused shrinkages in lakes
in the western region of the Mongolian plateau, e.g., the Uvs and
Hyargas lake. Further analyses in regards to the linkage between
lakes and permafrost as well as the quantitative analysis about
the influence of human activities would be considered as our
future work.

APPENDIX A
TABLE III

ACCURACY LEVEL OF LAKE AREA EXTRACTION COMPARED WITH GOOGLE EARTH IMAGES
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APPENDIX B
TABLE IV

BASIC INFORMATION ABOUT LAKES IN THE STUDY AREA
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TABLE V
LAKE AREA CHANGE AND SIGNIFICANT LEVEL IN THE STUDY AREA

Lake area change rate showed the regression coefficient between the year from 2001 to 2018 and the corresponding lake area. p-value was associated with the
significant level through M–K test. ∗ p < 0.1; ∗∗ p < 0.05; ∗∗∗ p < 0.01.
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