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Abstract: Lakes are important indicators of climate change.
The change in lake water level objectively reflects the avail-
ability of regional water resources. Analyzing the changes in
water level and climate response of major lakes in countries
along the “Belt and Road” is essential for sustainable water
use and ecological protection. Based on the water level da-
tasets of 39 large lakes (>400 km?) in China, Mongolia, and
Russia (CMR) from 2002 to 2016, this study analyzed the
spatiotemporal characteristics of water levels in major lakes
of CMR, and their responses to climatic factors containing
temperature, precipitation, and evapotranspiration. The re-
sults showed that (1) the water level of main lakes in CMR
slightly increased with change rates ranged from -0.36 to
0.48 m/a, and the trends varied in lakes, (2) the water level of
most lakes was sensitive to temperature with sensitivity
value ranged from -2.14m/°C to 5.59 m/°C, (3) changes
of annual cumulative precipitation and evapotranspiration
contributed most to the change of lake water level, but key
factors affecting water level varied in lakes. Human activity
is an important driving factor for the change in water levels
and its impacts need further study.
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1 Introduction

In the context of global change, with increasing tempera-
ture and shrinking glaciers, the global water resources and
its distribution have undergone significant changes in re-
cent years. Lakes consist of an important part of the terres-
trial aquifer, accounting for 95% of the liquid freshwater
resources on earth and the spatial distribution of which
reflect the storage and utilization of land surface water
resources to some extent [1,2]. The fluctuations or changes
of lakes demonstrate the impacts of climate change, surface
processes, and human activities on water cycles, material
migration, and ecosystems [3]. The water level is regarded
as the most important and basic parameter in lake hydro-
logical analysis [4-6], playing an important role in the
social and economy, and its reduction may result in signif-
icant ecological consequences [7,8]. Since the water level
can sensitively and accurately measure the lake dynamics
[9], it is of importance to analyze the fluctuations of water
level and its response to climate change. Researches on
water level changes of certain single lakes have been con-
ducted by some scholars for years [10-12].

In recent years, study areas have been extended to
regional scales of hotspots such as the Qinghai-Tibet
Plateau [13-15], Central Asia [16—-18], and even global
scales [19]. For instance, Kleinherenbrink et al. [20] and
Hwang et al. [15] separately analyzed the water level
changes of different lakes in the Qinghai-Tibet Plateau
using water level data monitored by a satellite radar alti-
meter. Mao et al. [18] observed that the water levels of 11
typical lakes in Central Asia peaked in different months,
showing obvious seasonal changes. In addition to stu-
dying the changing characteristics of lake water levels,
more research focused on the key factors affecting the
water level [8,13,21]. The changes in water level were
jointly affected by climate change and anthropogenic ac-
tivities [22]. For example, Han et al. [23] found that the
variation of precipitation and the operation of the Three
Gorge Reservoir mainly affected the variation of water
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level in the Dongting Lake region. However, Chang et al.
[24] revealed that the water level of Qinghai lake de-
pended more on climatic factors than on anthropogenic
factors. Using the Cryosat-2 SARIn model data from 2010
to 2015, Jiang et al. [21] revealed that the driving factors
for water level change in the Qinghai-Tibet Plateau were
variable and the autumn/winter temperature played an
important role in the lake water level change. Therefore,
the key influencing factors of lakes varied in regions due
to spatial heterogeneity. In addition, with the expansion
of the research area, the impact mechanism of lake water
level changes is more complicated. Wang et al. [13] ana-
lyzed the water level changes of 56 lakes in China during
2003-2009, showing that the water level change rates
were between —0.51 m/a and 0.62 m/a, varied in regions
for being affected by the different temporal and spatial
characteristics of climatic factors. For example, the water
level of most lakes in the Qinghai-Tibet Plateau showed an
increase in trends because the melting glaciers and per-
mafrost under the warming climate increased the supply
of lake water. However, in northern China, due to the
decrease in precipitation and the increase of temperature
and evapotranspiration, the water level mainly declined.
On a global scale, Tan et al. [19] systematically analyzed
the spatial-temporal characteristics of the water levels
changes of 204 global major lakes, indicating that preci-
pitation had a significant and direct impact on water le-
vels, while the impact of temperature was more complex.

Studies above showed that the water level is sensitive
to climate change, and the response intensity as well as
the characteristics varied in regions. Different regions in
global are facing serious water scarcity challenges cur-
rently. It is extremely important to explore the impact of
regional climate change on water level by combining with
policies such as the “Belt and Road Initiative (BRI).” BRI
not only supplies opportunities for socio-economic devel-
opment but also challenges to the water resources protec-
tion of all participating countries. After China’s implemen-
tation of the BRI policy, China—Mongolia and China—
Russia have more cooperation and exchanges in various
fields. Since the ecological background of the arid regions
along the BRI is relatively fragile, the temporal and spatial
distribution characteristics, development, and utilization
methods and efficiency of water resources in CMR, a key
role in regional ecological security, are highly concerned.
To ensure water resources security in the development of
CMR, it is vital to study the variation characteristics of
water levels of major lakes in CMR under climate change,
which helps understand the status and changes of water
resources and ecological civilization as well as the con-
struction of ecological safety barriers along with the BRI
countries and regions. Therefore, the objectives of this
study are to (1) analyze the spatial-temporal variation
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characteristics of water levels of 39 large lakes in CMR
from 2002 to 2016, (2) explore the responses of water level
to climatic factors including temperature, precipitation,
and evapotranspiration, and (3) analyze the key factors
affecting the change of water level.

2 Materials and methods
2.1 Study area

The study area is the three countries (CMR) of Eurasia, with a
wide range of distribution and a complex and diverse nat-
ural environment. The characteristics of water resource dis-
tribution varied in CMR. Among CMR, China covers a large
territory, with complicated topography and various climate.
In China, annual precipitation generally decreases from the
southeast coast to the northwest inland. China is rich in
water resources but its distribution is uneven and per capita,
water availability is low [25]. There are more than 2,000
lakes in China, with coverage area exceeding 60,000 km?,
and most are distributed in the Qinghai-Tibet Plateau and
the eastern plains of China. Mongolia is characterized by a
high altitude with an average elevation of 1,580 m above sea
level. Most regions in Mongolia have a continental temperate
steppe climate with obvious seasonal variation. Mongolia is
a typical arid and semi-arid landlocked country with very
few water resources, and the annual precipitation is about
120 to 250 mm, with 70% occurring during July and August.
Mongolia mostly depends on the lake water of the entire
country and most lakes are distributed in the northwest re-
gion [26]. Most of Russia is located in the north temperate
zone, with a mainly temperate continental climate. The
annual precipitation is 150 to 1,000 mm in Russia. Fresh-
water resources are rich in Russia, accounting for about
a quarter of the global. There are more than 2.7 million lakes
in Russia, but the spatial distribution of water resources
in these lakes is uneven [27], with 89% stored in Russia’s
three major lakes (Baikal, Lake Ladoga, and Lake
Onega) [28].

2.2 Data source

The lake water level data were derived from the global water
level change dataset of a multisource radar altimeter [29],
published by the Global Change Science Research Data Pub-
lishing System. The daily global water level change dataset
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contains a series of water level for 118 lakes with areas greater
than 400 km? in 2002-2016, which was extracted from Geo-
physical Data Record data and MODIS image data based
on three kinds of spaceborne radar altimeters (ENVISAT/
RA-2, Cryosat-2/SIRAL, and Jason-2), using lake boundary
extracting, water level calculation, water level anomaly elim-
ination, Gaussian filter denoising, elevation system conver-
sion, etc. More details of the extracting methods were de-
monstrated by Liao et al. [29]. In this study, 39 lakes were
selected: China (27 lakes), Mongolia (four lakes), and Russia
(eight lakes), and the basic information of geographic loca-
tion and climate information of each lake was presented in
Table 1. Climate data from 2002 to 2016 were obtained from
the climatic research unit (CRU), including long-term data-
sets of monthly temperature, precipitation, and potential
evapotranspiration with 0.5° x 0.5° resolution.

2.3 Method

The Sen + Mann—-Kendall test, trend analysis, and mul-
tiple linear regression analysis were used to analyze the
change rates of water level and three key climatic fac-
tors (temperature, precipitation, and potential evapo-
transpiration), and the response of water level change
to these climatic factors. Lastly, we calculated the relative
contribution of each climatic factor to water level change.
(1) Sen + Mann-Kendall test for water level change
The rank-based M-K test is the most widely used
nonparametric method for trend detection. We used
the Sen + Mann—-Kendall test to detect the change of
lake water level in CMR. The Sen trendiness calcula-
tion formula is as follows:

X~ Xi

B:Median[ j, j>i,i=1,2,3,..., N, (1)

where x; and x; are water levels in chronological
order. When f is greater than 0, it indicates that
the water level presents an upward trend and when
B is less than 0, it indicates that the water level de-
creases.

The standardized test statistic, Z, can be calcu-
lated according to Hirsch et al. [30], which illustrated
that |Z| > 1.96 indicating a significant upward/down-
ward trend (at a significance level of @ = 0.05).

(2) Linear trend analysis of lake water level and key cli-
matic factors

nx Yyl ixC- (Z?:li) (ztil Ci)
nxy: i2- (Z?:l 1.)2

Tre =

)
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where n represents the number of years, i = 1 for 2002,
i = 2 for 2003, etc. C; is the annual value of and key
climatic factors, i.e. annual lake water level, annual
average temperature, annual cumulative precipita-
tion, and annual cumulative evapotranspiration in
year i. Tre is the change rate of a linear regression
equation, indicating that the factor is an increasing
trend in the n-year if Tre is more than 0, otherwise, it
decreases. The greater the Tre is, the more obvious
the trend becomes. The change rates three climatic
factors (recorded as Ti, Trems Tpre, and Tper, TESpeC-
tively) were considered statistically significant if p <
0.05 via F test.
(3) The response of water level to climatic factors change
A multivariate linear regression analysis was con-
ducted to quantify the correlation of lake water level
and three climatic factors during 2002-2016, as shown
in equation (6):

L=SemXT+ Spre X P+ Sper xPet+u, (3)

where L, T, P, and Pet represent the annual water level,
annual average temperature, annual cumulative preci-
pitation, and annual cumulative evapotranspiration,
respectively. Stem, Spre and Sy are the regression coeffi-
cients, representing the sensitivity of water level to an-
nual average temperature, annual cumulative precipita-
tion, and cumulative evapotranspiration, respectively.
In addition, y is a random error, indicating the influence
of various random factors on the model and also re-
flecting the impacts of other factors not included in
the model such as human activity and glacial melting.
(4) Calculation of the relative contribution of each factor
on water level change
The relative contribution of changes in climate fac-
tors to the trend of water level (RC.) was calculated.
Taking temperature as an example, the relative contribu-
tion rate of temperature (RCep,) was calculated the using
equation (7):

Stem X Ttem
|Stem X Ttem| + |Spre X Tpre| + |Spet X Tpet| (4)

x 100%

RCtem =

the parameters are the same as in equations (2) and (3). In
the same way, the relative contribution rate of precipita-
tion and evapotranspiration was calculated and recorded
as RCpe and RCpe, respectively.
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Figure 1: The spatial distribution of basin climate change trend for
major lakes in China, Mongolia, and Russia. (a) Annual average
temperature; (b) annual cumulative precipitation; (¢) annual cu-
mulative potential evapotranspiration.
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3 Results
3.1 Climate change in lakes of CMR

Climate change is an important factor affecting the water
cycle and will inevitably lead to changes in river runoff
and lake water level. In the context of global climate
change, the temporal and spatial trends of the climatic
factors of the lake in CMR showed apparent differences
(Figure 1). Based on linear trend analysis, the change
rate of annual average temperature, annual precipitation,
and annual evapotranspiration in each lake is listed in
Table S1.

The temperature of the major lakes in CMR during
2002-2016 generally showed a slight upward trend with
change rate ranged from —0.04°C/a to 0.21°C/a (Figure 1a).
The annual average temperature in China’s lake de-
creased weakly with an overall average change rate of
-0.01°C/a. Among them, seven lakes with rising annual
average temperatures were mainly distributed in the
southern and northwestern regions of the Qinghai-Tibet
Plateau. The remaining 19 lakes with a downward trend
(-0.03 + 0.01°C/a) were mainly distributed in the nor-
thern part of the Qinghai-Tibet Plateau, the middle and
lower reaches of the Yangtze River, and the inland areas
of the northwest. In Mongolia, the annual average tem-
perature of four lakes was on a not obvious decline.
Except for a slight downward trend in the lake Khovsgol,
the annual average temperature in other lake was on the
rise. Similar to Mongolia, the annual average temperature
of most lakes in Russia was rising (0.08 + 0.02°C/a), and
the temperature change rate of Taimer Lake was signifi-
cant (p < 0.01), indicating its upward trend was the most
obvious.

The annual cumulative precipitation of the major
lake showed a decreasing trend on the whole in CMR
with an average change rate of -1.25 + 7.17 mm/a, but
the trends varied in lakes (Figure 1b). The precipitation
rate of lakes in China ranged from -14.32 to 19.12 mm/a,
and most lakes showed a decreasing trend, mainly dis-
tributed in the Qinghai-Tibet Plateau and the northwes-
tern inland areas. Compared with other lakes in the
middle and lower reaches of the Yangtze River, the an-
nual precipitation in Poyang lake has increased and the
intensity of precipitation is high in Tai lake. In addition,
the annual precipitation in some lakes in the northern
and northwestern Tibetan Plateau showed a weak
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increase. In Mongolia, the precipitation changes in four
lakes were relatively small. Except for the weak decline
trend of the lake Khovsgol in the northern region, the
precipitation of the other three lakes has increased with
insignificant change. In Russia, the precipitation in the
lakes generally increased with an average change rate of
1.19 mm/a, and lake Onega and lake Baikal, two of the
three largest lakes in Russia had declining rainfall trends.

Compared with the temperature and precipitation chan-
ges, the evapotranspiration change trends in the main lakes
of the three countries were relatively weak, and the overall
trend was upward with a rate of 0.01 mm/a. Except for the
obvious downward trend of evapotranspiration in Xingkai
lake, the evapotranspiration of most lakes had not changed
significantly. As shown in Table S1, the annual evapotran-
spiration of 17/27 1akes slightly increased in China, and these
lakes are mostly distributed in the Qinghai-Tibet Plateau
and Northwest China. The evapotranspiration of the re-
maining nine lakes in China has weakened, which is
mainly distributed in the middle and lower reaches of
the Yangtze River. The evapotranspiration of four lakes
in Mongolia was not obvious, indicating an upward trend
overall, but it decreased in lake Khyargas. Similarly,
except for Peipus lake, the evapotranspiration mainly
showed a slight increase in lakes with an average change
rate of 0.03 + 0.03 mm/a in Russia.

3.2 Spatiotemporal variation characteristics
of lake water level

The results of the Sen + Mann—Kendall test showed that
the water level of 22 lakes increased, and 48.72% showed
a significant increase (|Z| > 1.96) (Table 2). Lakes with a
significant increase in water level are mostly distributed
in Qinghai-Tibet Plateau in China and northwest Russia.
In addition, the water level of 23.08% lakes significantly
decreased (|Z] > 1.96), and these lakes were mainly
located in the arid inlands of China and Mongolia.

The linear trend analysis showed similar results with
those of Sen + Mann-Kendall test. In general, water

Table 2: Results of Sen + Mann-Kendall test for lake water level
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levels of all lakes in CMR were on the rise with an average
increasing rate of 0.04 + 0.13m/a (Figure 2). The water
level of 24 lakes showed an increasing trend, and the re-
maining 15 lakes showed a decreasing trend. The average
change rate of lake water level in China was —0.01 +
0.02m/a, but the water level varied greatly among years
with a standard variation of 0.13 m. There were nine lakes
in China with a slight downward trend, which was mainly
distributed in the southwestern part of the Qinghai-Tibet
Plateau and the middle and lower reaches of the Yangtze
River. The interannual water level of lakes in central and
northern Qinghai-Tibet Plateau increased, of which the
variation was more than 2 m/a, demonstrating great fluc-
tuation of water level among lakes. The remaining lakes
with a slightly decreasing level were located in the middle
and lower reaches of the Yangtze River and northwestern
China. On the contrary, the average water level of lakes in
Mongolia showed a descending trend, with a rate of
-0.09 m/a. Except for the weaker upward trend in the
water level of Har Us Nuur, the other three lakes all showed
a downward trend, among which the water level of lake
Khyargas dropped significantly at a rate of 0.36 m/a. In
general, the water level of lakes was dominated by a
weak upward trend in Russia, with change rates ranged
from -0.01 to 0.03 m/a. However, there are three lakes
that showed a decreased trend of water level, and the
most obvious decline was observed in lake Baikal.

3.3 Response of water level to climatic
factors

The sensitivity of water level to climatic factors indicated
that the response of water level to annual average tem-
perature, cumulative precipitation, and cumulative eva-
poration changes on water level varied greatly in different
lakes (Table 3).

Temperature and precipitation are the main factors
affecting the changes in the water level of most lakes. The
water levels of most lakes in CMR were sensitive to the
annual average temperature. As a whole, there were 19

Change trend Trend types

Number of lakes Percentage (%)

B<0,|Z >196 Significant decrease
B<0,lZ <196 Slight decrease
B=>=0,|Z >196 Significant increase

B=0,]Z <196 Slight increase

9 23.08
8 20.51
19 48.72
3 7.69
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Figure 2: The lake variation of major lakes in China, Mongolia, and Russia from 2002 to 2016. (a) The change rate of water level; (b) the

standard variation of water level.

lakes whose sensitivity of water level to the annual
average temperature was negative, indicating that the
water levels decreased as the temperature increased. In
China, the temperature of 15 lakes in China is negatively
correlated with the water level changes. Most of these
lakes were distributed in arid northwestern China and

southeastern China, and several lakes were located in
Qinghai-Tibet Plateau. The remaining 12 lakes, of which
the water level was positively correlated with the tem-
perature, were mainly distributed in the Qinghai-Tibet
Plateau. Among these lakes, the response of the water
level of Siling Co and Banggong Co to annual average
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temperature was great, with the sensitivity value of 5.59
and 4.56 m/°C. In Mongolia, the sensitivity of the water
level of two lakes, the lake Khyargas and Uvs Nuur, to
temperature was negative, while the water level of lake
Har Us Nuur and lake Khovsgol increased with increasing
temperature, among which the water level of Har Us Nuur
responded strongly to temperature. Among the major
lakes in Russia, the water levels of the Rybinsk reservoir,
lake Ladoga, and lake Taimer were negatively correlated
with temperature. Increasing temperature in three lakes
enhanced the evaporation of lake water surface and
brought negative impacts on water level changes. In ad-
dition, the water levels of the remaining six lakes in
Russia were positively correlated with temperature, and
the water level of lake Baikal was most sensitive to
temperature.

Overall, the water levels of 24 lakes in CMR were
positively correlated with the annual cumulative precipi-
tation, indicating that the water level increased with the
rising precipitation. In China, the water level of most
lakes in the Qinghai-Tibet Plateau was negatively sensi-
tive to the annual cumulative precipitation, while posi-
tive correlations were showed between precipitation and
water level of 15 lakes distributed in the middle and lower
reaches of the Yangtze River and northwestern inland
areas in China. In Mongolia, the sensitivity of water level
to annual cumulative precipitation was negative except
lake Kusugur. In Russia, the water level of most lakes was
positively correlated with precipitation. However, the
sensitivity values of water levels to precipitation in CMR
mostly are below 0.1 m/(10 mm), indicating that the re-
sponse of water levels to precipitation was slight.

Evapotranspiration is one of the direct factors af-
fecting water level changes. The sensitivity of water level
to annual cumulative evapotranspiration varied in three
countries. In China, the water levels of most lakes are
negatively correlated with evapotranspiration, and most
of them are located in the central and southern areas of
the Qinghai-Tibet Plateau, the northwestern region, and
the middle and lower reaches of the Yangtze River.
Among these lakes, the water level of Bangong Co re-
sponded strongly to evapotranspiration, and the sensi-
tivity value was up to —3.42 m/mm. Similarly, the water
levels of Har Us Nuur and Uvs Nuur in Mongolia were
negatively correlated with evapotranspiration. Moreover,
the water level of Harwusu lake was more sensitive to
evapotranspiration than temperature. In Russia, except
for lake Ladoga, lake Beloye, and lake Peipus, the water
levels of remaining lakes were negatively correlated with
evapotranspiration and four of them responded more
sensitively to evapotranspiration than temperature.

Spatiotemporal variation and climatic response of water level in major lakes in CMR = 1207

4 Discussion

4.1 Relative contribution of each climatic
factor to lake water level

The sensitivity of water level of 39 major lakes in CMR to
three climatic factors, i.e. annual average temperature,
cumulative precipitation, and cumulative evapotranspira-
tion varied in lakes from 2002 to 2016. To explore the im-
pact of climate change on the lake water level, we ana-
lyzed the relative contribution of climatic factors to water
level (Figure 3). Overall, the change in annual cumulative
precipitation contributed most to the change in water le-
vels. The relative contribution of precipitation to water
levels in China was largest, with the average relative con-
tribution rate of 21.06%, indicating that the change of
water level of most lakes in China was mostly affected
by the change of precipitation. For example, the increasing
precipitation contributed 75.88% to the rise of the water
level of Tai lake. The average relative contribution rate
of annual cumulative evapotranspiration to water level
changes was 4.39%, which was larger than that of annual
average temperature (1.94%). This demonstrates that pre-
cipitation and evapotranspiration have obvious direct ef-
fects on water levels [17]. Meanwhile, the changes of
annual cumulative precipitation and evapotranspiration
contributed most to the change of lake water level in Mon-
golia and Russia; however, the average relative contribu-
tions of precipitation and evapotranspiration were both
negative. Moreover, the contribution of evapotranspiration
to water level was larger than that of precipitation in some
lakes, indicating the spatial heterogeneity of climatic in-
fluence on the lake water level.

4.2 Analysis of factors affecting water level

The variations of water level changes and their sensitivity
to climatic changes indicate that the impact mechanism of
water level changes is complex, and the key factors af-
fecting lake water levels are also different. Precipitation
was one of the direct factors affecting water level changes,
especially for lakes in inland arid areas where the precipi-
tation is the main source of water supply. For these lakes,
reduced precipitation leads to water level decline and
vice versa. For example, the precipitation of Bosten lake,
Ebinur lake, and Taro co in China, lake Khovsgol in
Mongolia, and Baikal lake in Russia have all decreased
to different degrees, that is, the water supply has
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Table 3: The sensitivity of water level to climatic factors from 2002 to 2016 in China, Mongolia and Russia

Lake Stem Spre Spet R>  Pvalue Lake Stem Spre Spet R>  Pvalue
number (m/°C) (m/(10 mm)) (m/mm) number (m/°C) (m/(10 mm)) (m/mm)

1 0.462 0.020 0.174 0.51 0.06 21 -0.422 0.061 0.654 0.39 0.20
2 -0.058 0.021 0.316 0.27 0.34 22 0.413 0.092 -0.574 0.35 0.21
3 1.023 -0.006 -0.413 0.37 0.19 23 -0.029 -0.035 -0.055 0.32 0.26
4 0.868 -0.015 0.075 0.27 0.45 24 -0.132 0.047 0.063 0.19 0.67
5 -1.545 -0.018 0.253 0.77 0.09 25 -0.152 0.036 0.135 0.06 0.88
6 -0.206 0.008 -0.167 0.98 0.03 26 0.044 0.054 0.120 0.57 0.03
7 0.905 0.000 -0.507 0.50 0.65 27 0.230 0.001 -0.181 0.12 0.71
8 -0.108 0.009 0.032 0.50 0.06 28 0.526 -0.400 -1.015 0.63 0.02
9 -0.269 -0.011 0.521 0.16 0.66 29 -0.085 -0.017 0.274 0.03 0.96
10 0.218 0.009 0.066 0.23 0.44 30 -0.089 -0.016 -0.017 0.11 0.76
11 -0.027 -0.006 0.483 0.66 0.03 31 0.031 0.014 0.081 0.37 0.18
12 5.594 -0.057 -2.259 0.41 0.22 32 0.492 0.007 -0.667 0.35 0.21
13 -0.249 0.004 -0.032 0.27 0.35 33 0.218 0.018 -0.334 0.43 0.12
14 0.166 0.002 -0.055 0.34 0.22 34 -0.054 -0.002 -0.417 0.53 0.05
15 4.559 -0.234 -3.417 0.64 0.05 35 0.009 0.021 0.058 0.32 0.25
16 2.956 -0.106 -2.324 0.23 0.54 36 0.224 0.020 0.055 0.42 0.13
17 0.209 0.084 0.397 0.23 0.43 37 -0.040 0.014 0.048 0.07 0.86
18 -0.031 0.034 0.223 0.68 0.44 38 0.088 0.006 -0.036 0.24 0.41
19 -0.326 -0.041 0.237 0.22 0.47 39 -0.009 0.018 -0.041 0.10 0.70
20 -2.139 -0.124 1.589 0.29 0.47

decreased, leading to a decline of lake water level. The
water level of Ulungur lake in China and Har Us Nuur in
Mongolia increased with rising precipitation. In addition,
in most lakes, the water level responds more strongly to
temperature than precipitation, and for some lakes, such
as Nam Co and Chao lake, the relative contribution of
temperature was larger than that of precipitation, indi-
cating that the influence of temperature on water level
was more obvious than precipitation for some lakes. The
impact of temperature on the water level is mainly re-
flected in two aspects: first, an increase in temperature
will increase evaporation, which will lead to a decline in
water levels. Second, in the glacially covered lakes, the
increasing temperature promotes the melting of glaciers,
and the amount of water supply will increase, so the water
level increases [31]. Overall, when the increase in evapo-
transpiration caused by temperature rise is greater than
the increase in precipitation and the supply of ice-melt
water, the water level drops. Previous studies have pre-
sented that global warming accelerated the melting of the
glaciers in Qinghai-Tibet Plateau and the amount of water
flows, which is regarded as a substantial water supply
resource for surrounding lakes and a key factor of water
level rising [32]. In our study, the water level of most lakes
in Qinghai-Tibet Plateau was on the rise. This is mainly due
to the rising temperature and the strengthened runoff

recharge from the melting glaciers, though the precipitation
in some lakes had declined. Among these lakes, the ap-
parent rise in water levels of Siling Co and Ulan UL lake
indicated that the impact of global warming on glacial melt-
water plays a leading role in water levels. Besides, Kehr-
wald et al. [33] showed that the glaciers on the Qinghai-
Tibet Plateau have melted rapidly since the Himalayan gla-
ciers period, and some have almost disappeared in recent
years, resulting in a decrease in water supply and a decline
in lake water level. However, the study of Phan et al. [34]
found that the changes of more than half of the Tibetan
lakes (900 lakes examined) were not related to glaciers in
the basin. In addition, Li et al. [35] revealed that the impact
of melting glaciers on lake changes was limited. These con-
trary results revealed the complexity of the impact of cli-
mate on the lake water level of Qinghai-Tibet Plateau and
further research is needed.

Natural factors such as climate change are the main
causes of changes in lakes, which determine the trend of
large-scale water level changes. However, with the devel-
opment of the social economy, human activities, including
lake construction, water diversion, urban development,
dam, and reservoir establishments have increasing im-
pacts on lakes, even exceeding the natural factors in cer-
tain areas [19,31,36]. Li et al. [37] found that the water level
of lake Khyargas in Mongolia showed an apparent
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Figure 3: Relative contribution rate of each climatic factors to water level change from 2002 to 2016 in CMR.

downward trend after the construction of the Tasir hydro-
power station in the upper reaches of the lake in 2004. The
main reason was that the supply of lake water was reduced
and the reduction trend accelerated after the water was
stored by the station. A typical example in China is the
Three Gorges Reservoir, which remarkably influenced the
water level of the downstream lakes after its construction.
For instance, Han et al. [38] and Mei et al. [39], respec-
tively, studied the impact of the Three Gorges Reservoir on
the water levels of Dongting Lake and Poyang lake, indi-
cating that the reservoir significantly changed the water
level of these two lakes, especially in floods and dry sea-
sons. Another example was the Hulun Nuur in China. Our
results show that the precipitation in Hulun Nuur in-
creased in recent years; however, its water level has
dropped significantly. This is because except for the strong
evaporation caused by climate warming, human activities
such as agricultural water use and overgrazing were the
most likely causes of water level drops [10]. Thus, human
activities are the driving factors of lake changes and have a
huge impact on lake changes in a short period of time.
However, how to distinguish and quantify the extent of
climate change and human activities impact these lakes
is still one of the difficulties in the current study on lake
evolution. In this study, the impact of human activities on
the water level of lakes is not considered owing to a limited
data resource, which may cause uncertainty of our results.
It is necessary to further consider the impact of human
activities on lakes and fully reveal the driving mechanism
of water level changes.

5 Conclusions

Based on the global typical water level change dataset
and climate data, this study explored the spatial-tem-
poral variation characteristics and climatic responses of
water levels in CMR. The results showed that from 2002 to
2016, the water levels of the 39 major lakes in CMR
showed a slight upward trend with change rates ranged
from -0.36 to 0.48 m/a. The annual precipitation in most
lakes decreased, with an average rate of —1.25mm/a;
however, the annual average temperature and the annual
evapotranspiration showed a slight increase during the
study period. The water levels of most lakes in CMR were
mostly sensitive to temperature. In addition, the change
of precipitation and evapotranspiration contributed most
to the change the water level, but the key influencing
factors varied in lakes. Human activities play an impor-
tant role in the changes in water level and a more com-
prehensive study of the driving mechanism of the change
of water level is needed. The results of this study can
provide a scientific basis for the development and utiliza-
tion of water resources and ecological protection of CMR.
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