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Abstract  The Zonag Lake basin is situated in the hinterlands of the Qinghai-Xizang Plateau (QXP) and
serves as a renowned calving ground for Tibetan antelopes. Zonag Lake is also a typical large inland lake
on the QXP. Over the past three decades, the lake areas within the Zonag Lake basin have generally
shown an expanding trend. However, different lakes therein have exhibited varying trend over time.
Between 1988 and 1995, Zonag Lake, Kusai Lake, Haidingnor Lake, and Salt Lake all experienced
shrinkage. After the 2011 breach of Zonag Lake, it continued to shrink, the downstream lakes, such as
Kusai Lake, Haidingnor Lake, and Salt Lake consistently expanded. After the 2019 implementation of the
Salt Lake drainage project, the water levels began to decline in 2020. The Zonag Lake basin has
experienced an average annual precipitation of 308.5 mm over the past six decades, with a general upward
trend in rainfall amounting to an average increase rate of 15.1%. The overall temperature within the basin
has also been increasing, with a warming rate of 0.35 °C/10 a. This trend has become notably more
pronounced since the beginning of the 21% century. Collectively, surface runoff (41.5%+2.3%) and lake
precipitation (27.0%+1.5%) accounted for most of the total lake inflow, thus identifying atmospheric
precipitation as the primary driver of lake expansion in the Zonag Lake basin. The meltwater from
glaciers and permafrost was the secondary contributor, responsible for 24.0%+1.3% of the inflow.
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1 INTRODUCTION

The Qinghai-Xizang Plateau (QXP) is known as
the “Asian Water Tower” and is a key source of
water for major river civilizations in Asia, providing
valuable water resources for downstream regions
(Tang et al., 2019), while also serving as a vital
ecological security barrier for China (Sun et al.,
2012). With global warming, the QXP temperature
and precipitation are increasing (Lutz et al., 2014;
Zhang et al., 2016; Liu et al., 2025; Ouyang et al.,
2025a), indicating an overall trend of humidification.
Studies show that the rate of temperature increase in
the QXP is 0.3-0.4 °C/10 a, which is twice of the
global temperature increase rate during the same
period (0.15 °C/10 a) (Chen et al., 2015; He et al.,

2024). If the global temperature will increase by
1.5°C in the future, the QXP region would
experience a temperature rise of approximately
2.1°C. This abnormal warming will accelerate
glacier melting in the QXP and its surrounding areas
(Kraaijenbrink et al., 2017; Li et al., 2020; Jiang
et al., 2025; Ouyang et al., 2025b).

The QXP is home to many widely distributed
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lakes, covering a total area of approximately
50 000 km?, accounting for approximately half of
the total lake area in China (Zhang et al., 2019,
2020). Lakes on the QXP, which are minimally
disturbed by human activities, serve as key objects
to understand the mechanisms behind ecological and
environmental changes in the high-altitude region
(Zhang et al., 2022). Over the past five decades
(1976-2021), the number of lakes in the QXP has
increased by more than 30%, with the total area of
the lakes increasing by over 25%. The volume of
water stored in these lakes has increased by more
than 160 billiont (Zhang et al., 2020, 2021). The
magnitude of changes in lake water volume is
related to water recharge sources and lake types.
Generally, endorheic lakes tend to expand more
considerably than exorheic lakes, and lakes with
glacial feeding exhibit greater expansion than those
without glacial feeding (Zhang et al., 2021). For
instance, among the 300 lakes in the largest
endorheic region of the QXP, the Qiangtang Plateau,
approximately 90% are undergoing expansion and
approximately 10% are showing signs of shrinkage,
with most of the shrinking lakes located in the
southern part of the QXP (Zhou et al., 2022).

The widespread lake expansion in the QXP is
attributable to the combined effects of various
environmental factors pertaining to global warming,
mainly including rising temperatures, increased
precipitation, glacier melting, permafrost degradation,
and evaporation changes (Meng et al., 2012).
However, the dominant factors considerably vary
across different regions and time periods (Zhang
et al., 2021, 2024). Previous studies reveal that the
major expansion drivers differ among lakes, and that
even the same lake may experience changes in the
major drivers over time. For Nam Co (Lake),
multiple studies have identified increased precipitation
as the main source of water volume increase. Based
on water balance estimates, Zhang et al. (2021)
concluded that glacial meltwater contributed <30%
to lake water increase from 1976 to 2019. Ma et al.
(2012) and Lei et al. (2021) also reported
precipitation change as the direct cause of Nam
Co’s expansion. Moreover, some studies haver
primarily attributed the rapid expansion of Selin Co
to accelerated melting of glaciers and snowpack due
to rising temperatures (Song and Deji, 2023; Liu et al.,
2024). Studies have suggested that the increased
formation of glacial meltwater driven by global
warming is the main cause of the recent rapid
expansion of Nam Co (Wu et al., 2007; Zhu et al.,

2010). This discrepancy partly stems from
differences in the analyzed study periods. Liu et al.
(2024) indicated that during 19762021, the area of
Nam Co showed significant positive correlation
with precipitation and temperature and that of Selin
Co was primarily correlated with temperature.
Therefore, the understanding of the hydrological
processes of plateau lakes has been continuously
deepening with increasing observational data and
research. The response of a plateau lake system to
climate change is complex and exhibits spatiotemporal
specificity (Qiao et al., 2019). Therefore, research
shall be conducted focusing on specific lakes, such
as Zonag Lake that examined in this study. Zonag
Lake was originally an independent endorheic lake.
Its outburst drastically altered the regional drainage
system, as the released water flowed downstream
and connected several lakes in sequence. This
process may eventually link Yanhu Lake to the
headwaters of the Changjiang (Yangtze) River via
the Qingshui River and the Chumar River (Chen et
al., 2020). Current research on lake area changes
and their driving mechanisms remains limited.

Lake expansion in TP triggers enhanced river
erosion tens of kilometers downstream, with severe
cases endangering lives and livelihoods up to
hundreds of kilometers away (Cook et al., 2018;
Zheng et al., 2021). Zonag Lake was a typical large
lake (>50 km?) in the QXP, until its size was
drastically reduced by an outburst event. Zonag
Lake in Hoh Xil experienced a breach in September
2011 (Zhang et al., 2021). After the breach, the
possibility of dust release in the lake area increased,
threatening the reproduction environment of the
Tibetan antelope (Fan et al., 2023). The Kusai Lake,
located in the heart of the Hoh Xil Nature Reserve,
has experienced a marked rise in water level,
leading to the overflow of lake water due to the
continuous rise in water level. The outflow is greater
than that of the Chumar River, the northern source
of the Changjiang River (Yao et al, 2012),
ultimately resulting in the connection of Zonag
Lake, Kusai Lake, Haidingnor Lake, and Salt Lake
(Liu et al.,, 2019). The Salt Lake has become a
“recipient” of the basin, with a marked increase in
lake basin area, posing threats to the Qinghai-
Xizang Highway and Railway (approximately
16 km away). Therefore, studying the expansion of
the Zonag Lake basin and clarifying the trend of
regional lake expansion and the associated driving
mechanisms, have considerable scientific values and
practical significance for the protecting of the water
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ecological environment and the regional security of
the QXP.

Yao et al. (2012) and Liu et al. (2016) used
geographic information technology as well as
mathematical and statistical methods to analyze the
triggering factors of the Zonag Lake outburst. They
found that one of the factors is possibly the rapid
rise of lake level beyond its shores due to abundant
precipitation in June—August, 2011. Liu et al. (2019)
found that the recharge from melting ground ice
caused by permafrost degradation in the Salt Lake
area is the main reason for the lake’s expansion.
Yuan et al. (2022) used remote sensing image data,
combined with field investigation and modeling
methods, to study the causes of Salt Lake expansion,
and found that an increase in precipitation was the
main cause of the expansion from 2011 to 2018. Li
et al. (2022) employed multisource satellite remote
sensing technology and variable infiltration capacity
model calculations, combined with correlation
analysis, to show that the main factors affecting the
expansion of the Salt Lake and Zonag Lake in
various periods were different. Precipitation was
dominant before 2014, while for 2015 to 2018, it
was dominated by temperature, followed by
precipitation. Furthermore, permafrost release and
groundwater recharge accounted for more than half
of the lake level increase.

The expansion of lakes in the QXP is influenced
by the combination of multi-factors. Unfortunately,
measurement data in the region are scarce. Most
researchers had to analyze the trend of lake
expansion and its causal factors via mathematical
simulations. However, owing to the limitations of
model adaptability and limited measurement data,
the outcome are different in the main influencing
factors. Many lakes are present in the QXP, and
many main factors, such as atmospheric precipitation,
glacial water retreat, and permafrost degradation,
could lead to their expansion. The main factors
affecting lake expansion vary in space and time. The
Zonag Lake basin was selected as the primary
research site due to its exemplary value in
illustrating a complete glacial lake disaster cascade.
First, the lake underwent the entire process from
continuous expansion and overtopping erosion to a
final outburst, providing a holistic natural laboratory
for investigating such hazard mechanisms. Second,
the outburst posed an immediate threat to critical
infrastructure, most notably the Qinghai-Xizang
Railway and Highway located merely 8 km* away,
underscoring the urgent practical need for this

research. Moreover, the systematic monitoring
implemented since the event has generated a robust
dataset, establishing a solid foundation for subsequent
quantitative analysis. We collected the remote
sensing data and meteorological and other observation
data, with which we analyzed the area dynamics of
Zonag Lake, Salt Lake, and Kusai Lake based on
various factors of precipitation, temperature, and so
on. The contribution of the different influencing
factors to lake expansion was estimated based on the
revealed lake expansion trend for the Zonag Lake
basin and the relationship of this trend with water
balance. Moreover, we provided a solution for
mitigating lake expansion in lake expansion in the
Zonag Lake basin by analyzing the underlying
mechanism, to provide a reference for comprehensively
analyzing the expansion mechanism of the QXP
lakes.

2 STUDY AREA

The Zonag Lake basin is located in the western
part of Zhiduo County, Yushu Tibetan Autonomous
Prefecture, Qinghai Province, on the south side of
the Kunlun Mountain Range, northeast of the Hoh
Xil National Nature Reserve. Salt Lake is adjacent
to the Qinghai-Xizang Railway, in average elevation
of more than 4 600 m, and it is a subclass of closed
depressions in the Cenozoic intermountain tectonic
fracture basin in the southern part of the Kunlun
Mountain Range (Guo et al, 2023). The
mountainous terrain comprises mainly thaw-eroded
high mountains, with year-round snow on the
mountain tops, and strong modern cold weathering,
perennial permafrost and thawing. The region
features alpine arid climate, and the stratigraphy is
mainly composed of Paleocene and Quaternary
strata. The surface layer is alluvial gravelly-sandy
(Dong, 2021), with a thickness of approximately
2 m. In the lower part, the Lower Pleistocene marl
that characterized primarily by saline and gypsiferous
lithology forms thick layers (Dong, 2021). The
groundwater is mainly developed under the frozen
layer of loose rock type (Guo et al., 2012). The
northwestern part of the Zonag Lake basin
comprises Zonag Lake, Kusai Lake, and Haidingnor
Lake from west to east (Fig.1). The catchment area
of Zonag Lake is 1 354 km? and the glacier area is
approximately 21.97 km?, accounting for 1.62% of
the catchment area (Table 1). Zonag Lake is a
famous calving ground of the Tibetan antelope, and
it is also a typical large-scale inland lake in the QXP
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Fig.1 Location of the study area modified with ArcGIS 10.7 v software
Data source: Geospatial Data Cloud, CHN. https://www.gscloud.cn.
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Table 1 Statistics of the Zonag Lake basin

Item Zonag Lake
Catchment area (km?) 1354
Glacier area (km?) 21.97
Proportion of the glaciers area to catchment (%) 1.62

— denotes missing data.

(He et al.,, 2021). The catchment area of Kusai
Lake is 1812 km?, and the glacier area is about
37.73 km* (Yao et al., 2012), accounting for 2.08%
of the catchment area. After the 2011 collapse of
Zonag Lake, Kusai Lake was the largest outflow
lake in the Hoh Xil (Liang et al., 2025). The main
recharge source of Zonag Lake before 2011 was
regional precipitation and Kusai Lake River. The
catchment area of Haidingnor Lake is 995 km? with
no glacier distribution in the basin. The catchment
area of Salt Lake is 1 342 km?, and the glacier area
is about 7.09 km’, accounting for 0.52% of the
catchment area (Fu et al., 2023). The geomorphology
of the Salt Lake plain is mainly expressed as a
plateau wide valley lake basin, with a gentle slope
of approximately 0.2%, and the development of
lakeshore multi-frozen grass swamps and hot
thawing lakeshore ponds. The western part of the
lake basin is adjacent to Haidingnor Lake, and the
eastern part is separated from the Qingshui River, a
tributary of the Chumar River (the northern source
of the Changjiang River) by a low and gentle
watershed (Chen et al., 2020).

3 METHODOLOGY

3.1 Meteorological and hydrological data source

Precipitation from the nearby weather station
Wudaoliang (Fig.1), the research area is located in
the remote Hoh Xil uninhabited area, and the
nearest weather station is only meteorological
station (Wudaoliang), which is about 37 km away
from the Salt Lake. Observation data recorded here
for more than 50 years are representative to a certain
extent. Lake-surface evaporation represents the
actual evaporation in the region. In the absence of
direct evaporation records for the lake surface, the
evaporation observation records in the watershed or
a nearby meteorological station are multiplied by a
conversion factor or an empirical formula was used
to estimate the evaporation for the lake surface. Due
to nil hydrological stations in the Zonag Lake basin
and the difficult accessibility to the region, directly
obtaining the flow rate of the lakes that feed into the

Kusai Lake Salt Lake Haidingnor Lake
1812 1342 995
37.73 7.09 -
2.08 0.52 -

Zonag Lake basin was nearly impossible. Therefore,
the statistical significance of trends in the annual
meteorological and hydrological timeseries was
determined using the nonparametric Mann-Kendall
(M-K) test, with a significance level of 0.05. Variation
points were identified using the M-K sequential test.
The intersection points of the forward sequence
statistics (UF) and backward sequence statistics
(UB) were taken as the variation point, provided it
was located within the critical value range of £1.96,
corresponding to a significance level of 0.05.

3.2 Remote sensing data source

This study used Landsat series imagery comprising
images obtained using Landsat 5 TM, Landsat 7
ETM+, and Landsat 8 OLI sensors, obtained from
prior studies (Yao et al., 2012; Fu et al., 2023; Wang
et al., 2023). All images, chosen from July to September
with little or no cloud cover, were processed using
the normalized difference water index (NDWI) to
enhance water features and delineate lake boundaries
based on the spectral contrast between the green and
near-infrared bands. However, in practice, factors
such as water turbidity, background terrain effects,
and sensor-specific differences could influence the
results. The threshold was empirically validated and
consistently applied only when the automated
classification showed strong agreement with the
visual interpretation. An initial NDWI threshold of
0.15 (Zhang, 2019) was applied and then rigorously
validated through visual interpretation of 100 randomly
selected images for different years and lakes, which
validated its high accuracy and consistency across
the study area.

The corrected root mean square error (RMSE)
was less than 1 pixel, and the data accuracy met
the analysis requirements. The data predominantly
encompassed the changes in lake area within the
Zonag Lake basin over the past 30 years, as well as
alterations in glaciers and evaporation associated
with certain lakes of the basin. The results estimated
based on the NDWI were compared with the “true
values” and the area deviation percentage of each
lake was calculated. The calculated average error for
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lake area extraction in the

approximately £1.5%.

study area was

3.3 Analysis method

As the tail of the Zonag Lake basin, Salt Lake
receives water from the upstream. Changes in the
water volume of Salt Lake can reflect variations
better than other lakes in the water volume of the
Zonag Lake basin. Therefore, to quantitatively
analyze the contribution of different influencing
factors to lake expansion in the Zonag Lake basin,
the water amount of the incoming and outgoing
waters of Salt Lake was estimated using the water
balance method (Zhu et al., 2010; Yuan et al., 2022;
Fu et al., 2023) by Eq.1 below:

AV=P+R,+G-E, (1)

where AV represents the change in lake water
volume, P denotes lake precipitation (P=precipitationx
lake area), R, indicates precipitation surface runoff
(Ri=watershed areaxprecipitationxrunoff coefficient),
G denotes glacial meltwater and permafrost,
E indicates lake evaporation (E=evaporationxlake
area).

4 RESULT

4.1 Change in area of the four main lakes in the
Zonag Lake basin

4.1.1 Change in area of Zonag Lake

Most researchers have used remote sensing
interpretation to analyze the area change dynamics
of lakes in the Qinghai-Xizang region. We statistically
integrated data from several sources (Fig.2) (Yao
et al., 2012; Chen et al., 2021; Fu et al., 2023; Wang
et al,, 2023). The data indicate that the area of
Zonag Lake decreased by 110.4 km® from 1988 to
2022, representing a total reduction of approximately
43%. The changes in area of Zonag Lake could be
divided into five stages. The first stage (1988-1995)
exhibited a trend consistent with that of other lakes
in the QXP; a low shrinkage rate of 0.32 km*a. In the
second stage (1996-2010), the lake area experienced
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Fig.2 Interannual variation in area of Zonag Lake and
four lakes

a gradual increase, with an expansion rate of
1.08 km*/a. The third stage (2011-2012) marked a
sharp decline in the lake area, with a reduction of
57.9 km?/a. In the fourth stage (2013-2018), the lake
surface area remained largely unchanged and
stabilized. In the fifth stage (2019-2020), the lake
area again exhibited a shrinking trend, with a
decrease of 1.84 km*a.

4.1.2 Change in area of Kusai Lake, Haidingnor
Lake, and Salt Lake

From 1988 to 2020, the area of Kusai Lake
increased by 78 km? indicating an expansion of
nearly 30.5%. Meanwhile, the area of Haidingnor
Lake increased by 33.45 km?® Before 2011, the area
of Haidingnor Lake was similar to that of Salt Lake.
The area of Salt Lake increased by 184.2 km?,
indicating an expansion of approximately 575%. All
the three lakes showed a gradual shrinkage trend,
albeit with differing rates. The expansion of these
three lakes comprised five stages (Table 2). In the
first stage (1988-1995), the shrinkage rate of Salt
Lake was the highest (Fig.3). In the second stage
(1996-2010), the areas of the three lakes gradually
increased, with the expansion rate varying over
time. The main reason for expansion in this stage
was that the amount of incoming water was larger
than that of outgoing water. In the third stage

Table 2 Changing rates in area of the four lakes in Hoh Xil at different stages (km?a)

Name of the lake First stage (1988—1995) Second stage (1996-2010) Third stage (2011-2012) Fourth stage (2013-2018)  Fifth stage (2019-2020)

Zonag Lake 0.32 0.77
Kusai Lake -0.36 1.84
Haidingnor Lake -1.89 1.33
Salt Lake -2.30 1.18

-57.9 -0.03 -3.69
243 -0.22 -4.88
13.2 0.20 1.00

29.7 9.90 -1.73



LIU et al.: Lake dynamics and drivers in Qinghai-Xizang Plateau 7

(2010-2011), the areas of the three lakes increased
at different rates, of which Salt Lake showed the
highest rate of expansion throughout the study
period. This phenomenon was mainly triggered by
an outburst event of Zonag Lake (Fig.2), leading a
large volume of water to flow downstream and feed
the other lakes (Yao et al., 2012; Xie et al., 2020; Fu
et al., 2023). In the fourth stage (2012-2018), the
areas of Kusai Lake and Haidingnor Lake showed
no significant changes, whereas Salt Lake recorded
a progressive expansion of 9.9 km%a. In the fifth
stage (2019-2020), although Haidingnor Lake exhibited
slight expansion, all other lakes showed shrinkage.

4.2 Meteorological change in the Zonag Lake
basin

4.2.1 Precipitation

We collected precipitation data of the past 60 years
recorded in the Wudaoliang Meteorological Station
and analyzed the precipitation changes in the Zonag
Lake basin. The average annual precipitation in the
Zonag Lake basin was 308.5 mm (Table 3), which
is significantly lower than the average annual
precipitation in the source area of the Changjiang
River source area (351.5 mm) (Zhou et al., 2022).
The year of lowest annual precipitation (136.3 mm)
was in 1984, and the largest year of highest
precipitation (479.6 mm) was in 2018 (Fig.4). The
overall trend of precipitation in the study area
increased at 23 mm/10a in 1961-2020, but the
precipitation decreased at 13.1 mm/10a for the
period 1961-1979. During 1980-2020, precipitation
increased significantly at 35 mm/10 a.

The analysis on interdecadal precipitation changes
in the study area revealed a decreasing trend before
the 1970s and an increasing trend in the late 1980s.
Compared with the precipitation in the 1960s, the
average annual precipitation increased by 15.1% in
the 21" century. The precipitation increased most
significantly by 22.4% during 2000-2009, while the
precipitation increased by 40.8% during 2010-2019
and 35.5% in the last three years.

The M-K test was conducted to analyze the
precipitation timeseries in the study area (Fig.5).
The UF statistics revealed an overall trend. From

1960 to 2000, the UF curve fluctuated around zero,
indicating no significant trend in precipitation in the
QXP. After 2000, the UF statistic showed a sustained
increase, indicating a rising trend in annual
precipitation. This post-2000 upward trend reached
a significance level of 0.05 as the UF value
approached or exceeded the critical value of 1.96.
An intersection point between the UF and UB
curves occurred around 2000 within the critical zone
(£1.96), indicating a change point. Consequently,
precipitation shifted from an insignificant trend to a
statistically significant increase after this change
point.

4.2.2 Temperature

The data obtained from the Wudaoliang Station,
the regional temperature has showed an increasing
trend in the last 62 years (1961-2023), with a
warming rate of 0.35°C/10a (Fig.6), which is
nearly twice the global temperature increase rate of
the same time period, and is comparable to that of
the QXP as a whole (Chen et al., 2015). Interdecadal
changes in the temperature showed that the average
temperature was the lowest in the 1960s, increased
in the 1970s, decreased in the 1980s, began to
increase again in the 1990s, and finally increased
considerably in the 21% century. This shows that the
study area exhibits large interdecadal variations in
temperature, and the analysis of the overall trend of
temperature changes requires long-term temporal
meteorological monitoring.

The M-K test method was used to conduct a
mutation test on the changes of the air temperature
in the study area (Fig.7). The intersection of the UF
and UB curves above the 1.96 threshold in 2001
indicates that the temperature in the study area
exhibited a statistically upward trend throughout the
entire study period, with a notable intensification
occurred around 2001. The annual mean temperature
increased by 0.79 °C from -5.5 °C before the abrupt
change (1961-2001) to -4.29 °C after the abrupt
change (2001-2019), indicating a significant warming
trend in the Zonag Lake basin after 2001.

Glaciers (particularly large ones) exhibit a lag
period of approximately 10-20 years in their

Table 3 Precipitation in the Zonag Lake basin in different decades

Decade
Mean annual precipitation (mm) 268.1 260.5
Compared with the precipitation in the 1960s (%) - -2.8

— denotes missing data.

1961-1969 1970-1979 1980-1989 1990-1999 2000-2009 2010-2019 2020-2022 Mean

271.3 291.0 328.1 377.6 363.2 308.5

11.9 8.5 22.4 40.8 35.5 15.1
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response to climate change (Su et al., 1999). The lag
period for large glaciers on a global scale is
approximately 8 years (Ding, 1995). Concurrently,
the thermal state of permafrost systems demonstrates
considerable lags (Liu and Zhang, 2013; Yin et al.,
2023). Therefore, analyzing these lags observed
after the abrupt temperature change since the 21
century is crucial.

Approximately after the
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Fig.6 Interannual temperature variations in the Zonag
Lake basin
Data source: the Wudaoliang Station.
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Fig.7 M-K test results of annual average air temperature
in the Zonag Lake basin

temperature change of 2000-2001 (i.e., around
2010-2011), the expansion of Zonag Lake led to its
outburst and the water volumes of all four lakes in
the basin showed significant increasing trends
(Fig.2), which was likely associated with the lagged
responses of glacier and permafrost systems (Ding,
1995; Su et al., 1999; Liu and Zhang, 2013; Yin et
al., 2023). Consequently, changes in the hydrological
system that are currently being observed—including
lake interconnections and shifts in source
contributions—may not solely be the product of
contemporaneous climate conditions but may
represent a “delayed response” to the abrupt
temperature change that occurred at the beginning
of the 21* century. This understanding is crucial for
predicting the long-term evolution of the regional
water cycle in the future.

5 DISCUSSION

5.1 Analysis of the causes of lake expansion

As shown in Fig.2, before the 2011 outburst of
Zonag Lake, the area change of lakes in the study
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area was divided into two stages. In the first stage
(before 1995), all the four lakes in the Zonag Lake
basin showed a slight shrinkage trend, and all the
lakes were in closed state. The main reason for the
shrinkage of the lakes was that the amount of water
into the lakes (e.g., precipitation, snow and ice
melting, and permafrost regression) was lower than
that exiting from the lakes (e.g., evapotranspiration).
In the second stage (during 1995-2010), all the four
lakes slight expansion trend similar to that in the
central and northeastern parts of the QXP (Sun
et al., 2018; Zhang et al., 2020). The main reason for
the expansion of the lakes was that the amount of
water entering the lakes was higher than the amount
of water exiting the lakes because Zonag Lake,
Kusai Lake, Haidingnor Lake, Salt Lake were in a
closed state. The inflow was greater than the
outflow. This was mainly due to an increase in
atmospheric precipitation (Fig.3), coupled with a
significant warming trend , which led to the melting
of glacial permafrost in the region (Sun et al., 2018;
Zhang et al., 2022) and further increased the inflow
of water into the lakes. The areas of Kusai Lake and
Zonag Lake were similar in this stage, and their
expansion rates were nearly twice that of Zonag
Lake. This was mainly because the area covered by
glaciers around Kusai Lake was 1.7 times of the
area of Zonag Lake, and the area of waterlogged
area was 1.4 times of that of Zonag Lake (Liu et al.,
2019). The warming and humidification occurred in
the study area, during which temperature increased,
resulting in more glacial meltwater and precipitation
runoff sinking into Kusai Lake than into Zonag
Lake. The catchment area of Salt Lake was
0.7 times of that of Kusai Lake, and the glacier area
of the Salt Lake basin was only 20% of that of
Kusai Lake (Table 2). Thus, the recharge of Salt
Lake through precipitation and glacial meltwater
may be considerably lower than that of Kusai Lake
during this stage. The expansion rate of Salt Lake
was similar to that of Kusai Lake, probably because
lake area of Salt Lake was considerably lower than
that of Kusai Lake and the change was more
significant.

Significant changes in the areas of the four lakes
were observed after the 2011 outburst of Zonag
Lake. In 2011, Zonag Lake showed a sharp
shrinkage trend: the lake area was reduced by nearly
38.14%. This was mainly because the two heavy
precipitation processes before August 22, 2011 and
the continuous precipitation process that occurred
afterward caused a large amount of water leak-out

from Zonag Lake (Xie et al., 2020; Li et al., 2022).
Meanwhile, the area of Kusai Lake increased by
21.82% after receiving the lake water from the
collapse of Zonag Lake. This was mainly due to the
continuous inflow of water from Zonag Lake, which
led to the connection of Kusai Lake with the
downstream Haidingnor Lake and Salt Lake at the
southeast side (Yuan et al., 2022), decreasing the
water volume of water in Kusai Lake. Subsequently,
Salt Lake and Haidingnor Lake showed a significant
increasing trend in water volume, in which the area
of Haidingnor Lake increased by approximately
50% in 2013 and that of Salt Lake increased by
approximately 209%. After its collapse, Zonag Lake
continued to show a slow shrinkage trend, which
was mainly because its late lake collapse mechanism
was similar to the glacial lake collapse. In particular,
the water of the permafrost weir first flowed out
slowly through the small ditches within the permafrost.
Subsequently, the flow of water facilitated the
melting of the ground ice and accelerated the soil
erosion (Ding et al., 2021), which further decreased
the lake’s water storage capacity.

Salt Lake, also known as the tail of the Zonag
Lake basin, receives inflow from upstream channels,
basin precipitation, glacier- and permafrost-derived
meltwater, and other sources. Its hydrological changes
were complex, particularly during 2013-2019, when
the lake exhibited a pronounced increasing trend in
the water level. Meanwhile, after 2019, the area of
Salt Lake showed a slight decreasing trend, and the
area shrinkage of the lake area in this stage was the
result of the human implementation of the Salt Lake
Conducting and Discharging Project (He et al.,
2021). Under this project, the water of Salt Lake is
discharged to the downstream Qingshui River,
which merges into the Chumar River, the northern
source of the Changjiang River. Our research covers
the period after the collapse of Zonag Lake and the
implementation of this drainage project. Some
previous studies focused on earlier periods. The
dominant hydroclimatic mechanisms in different
periods may differ.

5.2 Effect of precipitation on lake expansion

Correlation analysis (Fig.8) revealed significant
correlation between lake area and precipitation in
Zonag Lake. This result was attributed to the
expansion of Zonag Lake with increasing of
precipitation and the occurrence of a rout. The later
stage due to the rout was gradually cut with the
downstream of water flow. Water overflow
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contributed to the downstream melting of the
ground ice and the erosion of soil (Ding et al.,
2021), which in turn led to a further decrease in the
lake area.

From 1988 to 2010, Zonag Lake, Kusai Lake,
Haidingnor Lake, and Salt Lake in the Zonag Lake
basin were independent lakes. Before 1988-1995,
these lakes in the Zonag Lake basin showed a slight
shrinkage trend, which is consistent with the results
reported by Zhu et al. (2010). From 1995 to 2010,
the lakes in the Zonag Lake basin showed a slow
expansion trend, with an expansion rate of less than
1.5 km?¥a. Moreover, the order of the expansion rate
increase was Kusai Lake (1.84 km*/a)>Haidingnor
Lake (1.33 km*a)>Salt Lake (1.18 km*a)>Zonag
Lake (0.77 km?/a). The catchment area and expansion
rate of Salt Lake were similar to those of
Haidingnor Lake. Regional precipitation was the
main factor contributing to lake expansion in the
Zonag Lake basin during this stage.

From 2011 to 2015, the total area of Zonag Lake,
Kusai Lake, Haidingnor Lake, and Salt Lake
increased by approximately 100 km* (16% increase
in the total lake area, compared with that in the
period before 2010). Further, the average increase in
precipitation in the basin was approximately 19.1%
(compared to the period before 2010), indicating
that lake expansion of the lakes was influenced by
precipitation during this period. From 2016 to 2019,
all water resulting from lake expansion was released
to the Salt Lake via the overflow. Consequently, the
area of Salt Lake increased by approximately
50 km? compared to that in 2012-2015. In this
period, changes in the glacier area around the Zonag

Lake basin were similar to those observed in
20122015 (Fu et al., 2023); however, precipitation
increased significantly in 2016-2019. Thus, an
increase in precipitation within the Zonag Lake
basin was the main contributor to the expansion of
the Salt Lake.

5.3 Impact of warmer temperatures on lake
expansion

As shown in Fig6, air temperature was
significantly positively correlated with the areas of
Salt Lake, Kusai Lake, and the three lakes within
the Zonag Lake catchment. This result was due to an
increase in the amount of water released from
nearby glacier melting, snow, and ice melting, and
increased permafrost degradation due to an increase
in regional air temperatures. Thus, air temperature is
an important driver of Zonag Lake expansion. A
comparison of changes in the lake areas of
Haidingnor Lake and Salt Lake before 2011,
indicated high similarity (R=0.82). Furthermore,
there was no glacier in the catchment area of
Haidingnor Lake, whereas some glaciers were
distributed in the catchment area of Salt Lake.
Hence, before 2011, glacial meltwater contributed
less to the expansion of Salt Lake, and was not a
major factor causing lake expansion.

From 2011 to 2015, the total areas of Zonag
Lake, Kusai Lake, Haidingnor Lake, and Salt Lake
increased by about 100 km* (16% increase in the
total lake area compared with the period before
2010); the temperature increased by about 1.1 °C;
and glaciers degraded by approximately 4.13 km?
(6.2% decrease in the area), suggesting that the
expansion of the lakes in this period was affected by
glacier retreat. From 2016 to 2020, the total area of
Zonag Lake basin, Zonag Lake, Kusai Lake,
Haidingnor Lake, and Salt Lake lakes increased by
about 56 km® (16% increase in the total lake area
compared with that in 2011-2015), temperature
increased by about 0.19 °C, and glaciers did not
degrade (no changes in the area), indicating that
lake expansion in this stage was mainly influenced
by precipitation. In the warm and humid environment,
glacial permafrost degradation accelerated, and the
lake water volume of the QXP increased
significantly by about 8 Gt/a, of which glacier and
permafrost melting contributed approximately 26%
(Zhang et al., 2017a) and permafrost degradation
contributed approximately 10% of the lake water
volume in the inland area of the QXP (Zhang et al.,
2020).
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This comprehensive analysis shows that the main
factors dominating the expansion of regional lakes
in the Zonag Lake basin differed in different time
periods. During the period 1961-2020, lake expansion
was driven primarily by precipitation, except for the
years 2011-2015, when the combined effects of
precipitation and glacial meltwater jointly controlled
the expansion.

The lake connectivity in the Zonag Lake basin
has disrupted the original independent watershed
patterns, resulting in the formation of a unified,
larger catchment area. The hydrological processes
after the connection are as follows. The outflow
from upstream lakes has become a key source of
recharge for downstream lakes, leading to the
convergence of water and salts into the terminal Salt
Lake. This may trigger shoreline erosion and
morphological adjustments in the downstream lake
basins (Xie et al., 2020) while causing a potential
gradual freshening trend in the downstream Salt
Lake (Fu et al., 2023). The rise in lake water levels
accelerates permafrost degradation in surrounding
areas, and changes in permafrost conditions reduce
the stability of lake shores and basins (Wang et al.,
2022a). Furthermore, elevated water levels altered
the hydraulic connection between lake basins and
adjacent aquifers, potentially enhancing lakewater-
groundwater exchange and influencing regional
groundwater flow paths and recharge patterns. Lake
expansion inundates grasslands, converting terrestrial
ecosystems into aquatic ecosystems (Du et al.,
2018), which may impact habitats and migration
routes of wildlife, such as the Tibetan antelope.

5.4 Quantifying the impact of different factors on
lake expansion

The harsh environmental conditions in the Zonag
Lake basin limit field survey access. Only Salt Lake
is situated near the Qinghai-Xizang Railway, and
even there, on-site measurements can only be
conducted during specific time periods. Before
2020, no field measurements were performed in the
study area, and no hydrological monitoring data
were obtained. Therefore, this study considers the
Salt Lake as the research object (based on the
principle of water balance), adopts the monthly
measured water level and overflow data of Salt Lake
in 2020, and estimates the change in the quantity of
water flowing in and out of the lake in 2020
based on the principle of water balance. Lake
characterization indicates that the underlying rock
and soil are fully saturated and overlain by

continuous permafrost, resulting in minimal
infiltration that can be considered negligible. The
study area is uninhabited, and there is no information
about groundwater. Permafrost is well developed
and very thick, and groundwater recharge is limited,
hence, the contribution of groundwater recharge was
not considered. The lakes in the study area are
recharged mainly through land precipitation
recharge, lake precipitation, glacial meltwater, and
permafrost meltwater. The flow of water out of the
lakes mainly includes lake evaporation and outflow.

5.4.1 Lacustrine water dynamics in the Zonag Lake
basin (AV)

Because Zonag Lake, Kusai Lake, Haidingnor
Lake, and Salt Lake were connected before the 2019
Zonag Lake water flowed into Kusai Lake through
overflow. Thus, Kusai Lake received incoming
water from Zonag Lake and then overflowed into
Haidingnor Lake, which expanded and then
eventually entered Salt Lake. Based on the analysis
of remote sensing data, the lake areas of Haidingnor
Lake, Zonag Lake, and Kusai Lake are basically
unchanged. After the implementation of the guide
drainage project, the area of Salt Lake did not
change significantly in 2019-2020. Therefore, the
amount of water drained from the Salt Lake is
basically the amount of water added to the lakes in
the Zonag Lake basin

The flow of the Salt Lake drainage system is
primarily monitored in real time using a radar wave
online flow measurement system. The flow was
verified and checked against data obtained from
manual surveys (using current meters or Acoustic
Doppler Current Profiler). The volume of water
discharged to the downstream through the Salt Lake
drainage project in 2020 will be 467 million m’.

5.4.2 Recharge flow from precipitation-generated
surface runoff (R,)

According to the measured data obtained from
the Wudaoliang Station, precipitation in the Zonag
Lake basin was 428 mm in 2020 and the
atmospheric precipitation was calculated as 2.029
billion m’. Because a portion of precipitation is lost
as surface runoff that flows into neighboring rivers
and lakes, the total precipitation cannot be fully
considered as lake-recharge input. Wang (2022)
analyzed the annual runoff coefficient of the
Changjiang River source area based on the
measured runoff data from 1961 to 2018, and the
surface precipitation data of the basin during the
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same period via mutation using the M-K method
and sliding z-test. The results show that the 5-year
sliding mean value of runoff coefficient in the
Changjiang River source area ranged from 0.19 to
0.32 during 2007-2018. The average runoff
coefficient value was 0.246. Therefore, in this study,
to better reflect the actual condition, the regional
runoff coefficient and amount of precipitation
recharge were used to calculate the actual runoff
volume, which was 499 million m’.

5.4.3 Lake precipitation recharge (P)

Calculated from the 2020 lake areas of Zonag
Lake, Kusai Lake, Haidingnor Lake, and Salt Lake
as well as the regional measured precipitation,
the lake surface precipitation of Salt Lake was
326 million m®.

5.4.4 Estimation of lake evaporation (£)

Given that the total area of river water bodies
within the study area is very small compared with
the total lake area and most rivers are seasonal, their
contribution to evaporation was disregarded compared
with those of the major components, such as lake
evaporation and glacial meltwater. Therefore, the
effect of ignoring their contribution on the overall
evaporation estimation was within an acceptable
range. Fu et al. (2022) applied the Penman-Monteith
equation to analyze potential evapotranspiration
trends from 1960 to 2019 in the Salt Lake, reporting
a multi-year average of 813 mm and an increasing
rate of 10.8 mm per decade. In contrast, in this
study, we employed a more direct and lake-specific
evaporation measurement. Specifically, we adopted
the lake water evaporation rate of 850 mm reported
by Xie et al. (2020), which was derived from field
monitoring during 2016-2017. This value lies
within the range (733.1-877.4 mm) identified by Fu
et al. (2022) and aligns closely with their long-term
average, supporting its plausibility. Although based
on short-term monitoring, the magnitude of this
evaporation rate reflects the regions typical long-
term evaporative characteristics, thereby lending
support to its use in multidecadal scale analyses. By
combining this evaporation rate with the 2020
surface areas of Zonag Lake, Kusai Lake,
Haidingnor Lake, and Salt Lake, the total surface
evaporation of Salt Lake was estimated to be
647 million m’ in the 2020.

5.4.5 Estimation
meltwater (G)

Using G=AV+E—(P+R,), the glacial and permafrost

of glacial and permafrost

meltwater volume in the Zonag Lake basin was
estimated to be 289 million m® in the 2020.

Based on the relationship between each of the
aforementioned recharge sources and the total lake
inflow, it was estimated that water recharge through
land after atmospheric precipitation (R,) (Fig.9), P,
and G accounted for 44.8%, 29.2%, and 25.9%,
respectively, of the total recharge. Atmospheric
precipitation (R +P) accounted for 74.0% of
the total recharge, representing dominant factor
controlling the lake expansion in the Zonag Lake
basin. £ and lake drainage (LP) accounted for
58.1% and 41.9%, respectively, of the lake outflow
in the 2020.

5.5 Sensitivity analysis

The water balance model used in this study did
not include the groundwater term, which constitutes
a source of uncertainty. In lakes in the Qinghai-
Xizang Plateau, the exchange between groundwater
and lake water is complex. There may be
groundwater that replenishes lakes (especially in
permafrost degradation areas). Similarly, there may
be lake seepage processes that replenish groundwater
(Zhang et al., 2013; Wang et al., 2022c¢). Given the
lack of relevant observations in this area, the
direction and magnitude of its net flux are difficult
to determine. Future research needs to consider this
aspect through geophysical exploration or the
establishment of coupled surface water-groundwater
models. Sensitivity analysis was performed in this
study to assess the impact of ignoring the presence

G': glacial and permafrost
The proportion of meltwater
lake water input P- lake precipitation recharge

R, : surface precipitation
runoff

G 25.9%

The proportion o
lake water output

The contribution
of different
factors

E 58.1%

E: estimation of lake evaporation

{:LP: lake drainage

Fig.9 Contribution proportion of various factors to inflow
and outflow in the Zonag Lake basin in 2020

The contribution of groundwater was not taken into account.

P292%
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of groundwater on conclusions.

In high-latitude permafrost regions, active layers
are very shallow and the hydraulic connection
between surface water and groundwater is weak
(Cheng et al., 2019). Zhang et al. (2017b) estimated
that groundwater in the inland areas of the Qinghai-
Xizang Plateau contributes approximately 12% to
the water volume of lakes. Wang et al. (2022b) used
SBAS-InSAR technology to estimate lake water
changes in the Selin Co basin from 2017 to 2020.
They found that the contribution of subsurface
glacial meltwater in the basin to the increase in
the lake water volume was approximately 10%.
Therefore, in this study, a groundwater contribution
of 5%-15% was assumed and considered in the
water balance model to quantitatively incorporate
the impact of groundwater on final results. Results
were obtained by setting four groundwater contribution
levels (0%, 5.0%, 7.5%, 10%, and 15%; Table 4).
The results show that glaciers and permafrost
accounted for approximately 22.0%-25.9% of
the lake inflow and precipitation accounted for
63.0%—74.0%. Through error analysis, the contribution
of rainfall runoff was found to be 41.5%+2.3%, that
of lake-surface precipitation was 27.0%=1.5%, and
that of glaciers and permafrost was 24.0%+1.3%.

According to relevant studies, the contribution of
glacial and permafrost meltwater to lake expansion
is approximately 12% and 13% in the inner QXP
(Zhang et al., 2021), which is comparable to the
estimated 20% contribution in the Hoh Xil Lake
Basin (Liang, 2022). The meltwater contribution
to lake water recharge calculated in this study
(24.0%=+1.3%) is consistent with these previously
reported values, thereby supporting the reliability of
our findings. Precipitation contributes 67%—75% to
Selin Co in the QXP (Tong et al., 2016) and 74% to

Table 4 Different contributions of groundwater considered
in the sensitivity analysis and their effects on the
contributions of other factors

Case Groundwater ~ Runoff Glacier+ ‘ Ijak'e
(%) (%) permafrost (%) precipitation (%)
Baseline 0.0 44.8 259 29.2
Case 1 5.0 42.6 24.6 27.8
Case 2 7.5 41.5 24.0 27.0
Case 3 10.0 40.4 23.3 26.3
Case 4 15.0 38.1 22.0 24.9
Mean 7.5 41.5 24.0 27.0
RSD 5.0 2.3 1.3 1.5

endorheic lakes in the QXP (Zhang et al., 2021).
Therefore, our conclusion is consistent with previous
results, verifying the rationality of our analysis.

5.6 Study limitation

The study area is located in the remote Hoh Xil
uninhabited area and is sparsely populated. The
environment is harsh, and the investigation is
difficult. The severe lack of data due to the
uninhabited nature in the region poses a major
challenge. As a result, certain parameters (such as
runoff coefficient) were derived from nearby study
sites and were not locally calibrated. This could be a
source of uncertainty for our quantitative estimates.
Although the water balance method was used to
estimate the contributions of different impact factors
in this study, the following deficiencies remain.
Owing to the lack of relevant monitoring data, the
contribution of groundwater and permafrost
meltwater to lake expansion was neglected in this
study, which might lead to the overestimation of the
proportion of some contributing factors. Notably,
the lack of regional data currently prevents precise
quantification of the individual contributions from
glaciers and permafrost. In future research, we will
enhance field observations and develop an
integrated hydrological model that incorporates both
glacial and permafrost processes to better elucidate
their separate and synergistic roles in the lake water
cycle. In addition, evaporation of the lake was
mainly considered, while the evaporation of the
surrounding river water was not considered, thus the
amount of the lake water might be overcalculated.
In general, because the trend of lake expansion in
the QXP is obvious, but the phenomenon of lake
outburst is rare, the understanding of the driving
mechanism of lake expansion is still insufficient.
Hence, further research is needed.

Because the study area is an uninhabited zone, it
is difficult to obtain high-precision data on the
distribution and properties of seasonal permafrost.
The study area is mostly continuous, with stable
permafrost systems (Cheng et al., 2019; Daout et al.,
2020; Ran et al., 2021). This study was based on the
water balance method and estimated the contribution
of permafrost and glacial meltwater to lake water
recharge by subtracting the difference between the
total outflow (lake-surface evaporation+discharge)
and the lake-surface precipitation recharge and
runoff recharge. Finally, considering different
permafrost types may lead to more refined results,
which will be a critical direction for future research.
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5.7 Implication

Notably, lake expansion in the Zonag Lake basin
shows a steadily increasing trend, leading to direct
and distinct risks for Tibetan antelope habitats and
the Qinghai-Xizang Railway. This situation differs
from the more hydrologically constrained expansion
seen in basins such as Selin Co. This uniqueness is
critical for formulating targeted conservation policies.
Based on our spatiotemporal analysis of lake
expansion and its projected inundation areas, we
identified potential threats to the critical calving and
migration grounds of the Tibetan antelope around
Zonag Lake. We proposed to establish buffer zones
and ecological corridors in the northeastern part of
the basin, which is less susceptible to inundation.
We also recommended a dedicated monitoring
system combining satellite imagery and in situ gauges
to track lake water-level changes and shoreline
dynamics toward the railway. On one hand, a
diversion embankment is being built on the water-
adjacent side of the Qinghai-Xizang Railway to
divert lake water overflowing from Salt Lake to
nearby Qingshui River. On the other hand, we
suggested to build cofferdams at a certain distance
away from the water-facing side of the railway
embankment to prevent embankment erosion by
high-salinity lake water. The prediction and
assessment of the maximum future discharge volume
of the Zonag Lake basin should be conducted.
If necessary, the existing channels should be
expanded. In addition, channel slopes and energy
dissipation facilities (such as concrete or stone
lining) shall be reinforced to prevent the rapid flow
from eroding and damaging them. In addition,
multiple levels of drainage outlets and backup
channels shall be set up at different elevations along
the shore of Salt Lake so that water can be
discharged in time when the lake water rises to
different levels. In complex conditions, backup
discharge channels or networked drainage patterns
shall be constructed.

6 CONCLUSION

This study quantitatively revealed the driving
factors affecting lake expansion in the Zonag Lake
basin through the analysis of remote sensing data
and regional meteorological information, and
combined with statistical analysis and level-balance
calculations. The main conclusions of the study are
as follows.

In the past 30 years, the lake area in the Zonag

Lake basin has shown an overall expansion trend,
but different lakes had various trends over time.
After the collapse of Zonag Lake in 2011, Zonag
Lake has been shrinking. The other lakes have shown
different expansion degrees. The expansion of the
Salt Lake has been curbed by implementing the Salt
Lake drainage project in 2019. The lake area started
to decrease in 2020, and stabilized subsequently.

Except for the years 2011-2015—when the four
lakes in the Zonag Lake basin were affected by the
joint influence of precipitation and glacier meltwater—
the expansion of the four lakes in the Zonag Lake
basin in the other years was mainly affected by
precipitation. Atmospheric precipitation (surface
runoff and lake precipitation) was the key factor
driving lake expansion, and glacier and permafrost
melting was the secondary factor. Lake evaporation
was the major reason of lake water loss in the Zonag
Lake basin.

7 DATA AVAILABILITY STATEMENT

The datasets generated and/or analyzed during
the current study are available from the corresponding
author on reasonable request.

References

Chen D L, Xu B Q, Yao T D et al. 2015. Assessment of past,
present and future environmental changes on the Tibetan
Plateau. Chinese Science Bulletin, 60(32): 3025-3035,
https://doi.org/10.1360/n972014-01370. (in Chinese with
English abstract)

Chen Q, Ye F S, Chen Y H et al. 2020. Preliminary study on
water balance for Salt Lake in Hoh Xil, Tibetan Plateau.
Yangtze River, 51(5): 94-98, https://doi.org/10.16232/j.
cnki.1001-4179.2020.05.016. (in Chinese with English
abstract)

Chen Y P, Lu S L, Zhou J F et al. 2021. Hydrological
ecosystem changes and impacts after the Zonag Lake
outburst in Hoh Xil of Tibetan Plateau. Journal of Asian
Earth Sciences: X, 6: 100064, https://doi.org/10.1016/j.
jaesx.2021.100064.

Cheng G D, Zhao L, Li R et al. 2019. Characteristic, changes
and impacts of permafrost on Qinghai-Tibet Plateau.
Chinese Science Bulletin, 64(27): 2783-2795, https://doi.
org/10.1360/tb-2019-0191. (in Chinese with English
abstract)

Cook K L, Andermann C, Gimbert F et al. 2018. Glacial lake
outburst floods as drivers of fluvial erosion in the
Himalaya. Science, 362(6410): 53-57, https://doi.org/10.
1126/science.aat4981.

Daout S, Dini B, Haeberli W et al. 2020. Ice loss in the
northeastern Tibetan Plateau permafrost as seen by 16 yr
of ESA SAR missions. Earth and Planetary Science
Letters, 545: 116404, https://doi.org/10.1016/j.eps1.2020.



LIU et al.: Lake dynamics and drivers in Qinghai-Xizang Plateau 15

116404.

Ding Y. 1995. The response of global glacier fluctuations to
climate change over the past 40 years. Science in China
Series B (Chemistry, Life Sciences, Earth Sciences),
25(10): 1093-1098.

Ding Y J, Mu C C, Hu T H et al. 2021. Increasing
cryospheric hazards in a warming climate. Earth-
Science Reviews, 213: 103500, https://doi.org/10.1016/].
earscirev.2020.103500.

Dong L. 2021. Numerical Simulation of Formation and
Evolution of River Channel Downstream of the Hoh-Xil
Region. Xi’an University of Technology, Xi’an, China,
https://doi.org/10.27398/d.cnki.gxalu.2021.001525.  (in
Chinese with English abstract)

Du Y E, Liu B K, He W G et al. 2018. Dynamic change and
cause analysis of Salt Lake area in Hoh Xil on Qinghai-
Tibet Plateau during 1976-2017. Journal of Glaciology
and Geocryology, 40(1): 47-54, https://doi.org/10.7522/;.
issn.1000-0240.2018.0006. (in Chinese with English
abstract)

FanY W, Du H Q, Lu S L et al. 2023. Modelling of sand/dust
emission process in the Zhuonai Lake Watershed, the
source of the Yangtze River. Scientia Geographica
Sinica, 43(12): 2247-2256, https://doi.org/10.13249/j.
cnki.sgs.2023.12.018. (in Chinese with English abstract)

Fu C C, Li X Q, Cheng X. 2023. Unraveling the mechanisms
underlying lake expansion from 2001 to 2020 and its
impact on the ecological environment in a typical alpine
basin on the Xizang Plateau. China Geology, 6(2): 216-
227, https://doi.org/10.31035/cg2023015.

Fu C C, Liu C, Li X Q. 2022. Research on evolution and
causes for the potential evapotranspiration of the Yanhu
Lake basin in Hoh Xil region. Journal of China
Hydrology, 42(6): 25-30, https://doi.org/10.19797/j.cnki.
1000-0852.20210266. (in Chinese with English abstract)

Guo Y W, LI Y Z, Wang X M et al. 2012. Hydrochemical
characteristics of Qingshui River Basin in the Tibetan
Plateau. Safety and Environmental Engineering, 19(4):
70-73, https://doi.org/10.3969/j.issn.1671-1556.2012.04.
017. (in Chinese with English abstract)

Guo ZY, Liao Z P, Liu B K et al. 2023. Dynamic changes of
Yanhu Lake in Hoh Xil area on Qinghai-Tibet Plateau in
recent 30 years and analysis of its influencing factors.
Bulletin of Surveying and Mapping, (4): 6-9, https://doi.
org/10.13474/j.cnki.11-2246.2023.0096. (in Chinese with
English abstract

He P, Tong L Q, Tu J N et al. 2021. Race against time: the
resolution of the salt lake overflow crisis in Hoh Xil.
Scientific and Cultural Popularization of Natural
Resources, (3): 20-27. (in Chinese with English abstract)

He Y C, Li Z W, Xia J Q et al. 2024. Channel morphological
characteristics and morphodynamic processes of large
braided rivers in response to climate-driven water and
sediment flux change in the Qinghai-Tibet Plateau.
Water Resources Research, 60(9): ¢2023WR036126,
https://doi.org/10.1029/2023wr036126.

Jiang B X, He Y C, Ouyang W Q et al. 2025. Morphological
characteristics and formation conditions of braided

rivers over gentle and steep slopes in the Tibetan
Plateau. CATENA, 250: 108717, https://doi.org/10.1016/
j.catena.2025.108717.

Kraaijenbrink P D A, Bierkens M F P, Lutz A F et al. 2017.
Impact of a global temperature rise of 1.5 degrees
Celsius on Asia’s glaciers. Nature, 549(7671): 257-260,
https://doi.org/10.1038/nature23878.

Lei Y, Yao T, Sheng Y et al. 2021. Unprecedented lake
expansion in 2017-2018 on the Tibetan Plateau: processes
and environmental impacts. Journal of Hydrology,
619(2023): 129333, https://doi.org/10.1016/j.jhydrol.2023.
129333.

Li L, Tan D B, Wen X F et al. 2022. Impact of climate
change on the change of lake water volume in the Hoh
Xil salt lake basin. Journal of Yangtze River Scientific
Research Institute, 39(10): 16-23, https://doi.org/10.
11988/ckyyb.20210731. (in Chinese with English abstract)

Li Z W, Lu HY, Gao P et al. 2020. Characterizing braided
rivers in two nested watersheds in the Source Region of
the Yangtze River on the Qinghai-Tibet Plateau.
Geomorphology, 351: 106945, https://doi.org/10.1016/j.
geomorph.2019.106945.

Liang C. 2022. Contribution of Permafrost Degradation to
Lake Expansion in the Hoh Xil Lake Basin on the
Tibetan Plateau Based on SBAS-InSAR. Zhengzhou
University, Zhengzhou, https://doi.org/10.27466/d.cnki.
g27du.2022.002692. (in Chinese)

Liang Y M, Guo W, Ni X N. 2025. Lake evolution in the
Zonag-Salt Lake Basin driven by climate change. Acta
Ecologica Sinica, 45(18): 9294-9307, https://doi.org/10.
20103/j.stxb.202410292640. (in Chinese with English
abstract)

LiuBK,LiL, DuY E et al. 2016. Causes of the outburst of
Zonag Lake in Hoh Xil, Tibetan Plateau, and its impact
on surrounding environment. Journal of Glaciology and
Geocryology, 38(2): 305-311, https://doi.org/10.7522/j.
issn.1000-0240.2016.0033. (in Chinese with English
abstract)

Liu J, Zhang T J. 2013. Reconstruction of past climate
change by borehole temperature gradients: a review.
Advances in Earth Science, 28(4): 429-446, https://doi.
org/10.11867/1.issn.1001-8166.2013.04.0429. (in Chinese
with English abstract).

Liu J F, Tian B Q, Wu C X et al. 2024. Analysis of lake area
changes and driving factors in Nam Co and Selin Co
from 1976 to 2021. Journal of Salt Lake Research,
32(3): 61-68, https://doi.org/10.3724/j.yhyj.2024013. (in
Chinese with English abstract)

Liu W H, Xie C W, Zhao L et al. 2019. Dynamic changes in
lakes in the Hoh Xil region before and after the 2011
outburst of Zonag Lake. Journal of Mountain Science,
16(5): 1098-1110, https://doi.org/10.1007/s11629-018-
5085-0. (in Chinese with English abstract)

Liu Y J, Zhou Y J, Wen X F et al. 2025. Morphodynamic
changes of braided channels caused by increased runoff
and sediment flux in the Yangtze River headwater on the
Tibetan Plateau. Journal of Hydrology, 661: 133659,
https://doi.org/10.1016/j.jhydrol.2025.133659.



16 J. OCEANOL. LIMNOL.

Lii L, Zhang T B, Yi G H et al. 2019. Changes of lake areas
and its response to the climatic factors in Tibetan
Plateau since 2000. Journal of Lake Sciences, 31(2): 573-
589, https://doi.org/10.18307/2019.0225. (in Chinese with
English abstract)

Lutz A F, Immerzeel W W, Shrestha A B et al. 2014.
Consistent increase in High Asia’s runoff due to
increasing glacier melt and precipitation. Nature Climate
Change, 4(7): 587-592, https://doi.org/10.1038/nclimate2237.
(in Chinese with English abstract).

MaY Z,YiCL, Wul Z et al. 2012. Lake surface expansion
of Nam Co during 1970-2009: evidence of satellite
remote sensing and cause analysis. Journal of
Glaciology and Geocryology, 34(1): 81-88, https://doi.
org/10.7522/j.issn.1000-0240.2012.0011. (in Chinese with
English abstract).

Meng K, Shi X H, Wang E et al. 2012. High-altitude salt lake
elevation changes and glacial ablation in central Tibet,
2000-2010. Chinese Science Bulletin, 57(5): 525-534,
https://doi.org/10.1007/s11434-011-4849-5.

Ouyang W Q, Li Z W, Jiang B X et al. 2025a. The interaction
of flooding discharge and channel topography on
morphodynamic processes in a partially confined
braided river on the Qinghai-Tibet Plateau. Journal of
Hydroinformatics, 27(7): 1174-1192, https://doi.org/10.
2166/hydro.2025.028. (in Chinese with English abstract).

Ouyang W Q, Li Z W, Lu H Y et al. 2025b. Complex
morphodynamic processes of a large braided channel in
response to different flood flow discharges on the
Qinghai-Tibet Plateau. International Journal of Sediment
Research, 40(3): 439-453, https://doi.org/10.1016/].ijsrc.
2025.01.008. (in Chinese with English abstract)

Qiao B J, Zhu L P, Yang R M. 2019. Temporal-spatial
differences in lake water storage changes and their links
to climate change throughout the Tibetan Plateau.
Remote Sensing of Environment, 222: 232-243, https:/
doi.org/10.1016/j.rse.2018.12.037.

Ran Y, Li X, Cheng G et al. 2021. Mapping the permafrost
stability on the Tibetan Plateau for 2005-2015. Science
China Earth Sciences, 64(1): 62-79, https://doi.org/10.
1007/s11430-020-9685-3. (in Chinese with English abstract)

Song Y Z, Deji Y Z. 2023. Variation of Selin Co lake area
during 1988-2020 and its response to climate change.
Journal of Nanjing University of Information Science &
Technology (Natural Science Edition), 15(1): 24-33,
https://doi.org/10.27405/d.cnki.gxbdu.2022.001386. (in
Chinese with English abstract)

Su Z, Liu Z X, Wang W T et al. 1999. Glacier fluctuations
responding to climate change and forecast of its
tendency over the Qinghai-Tibet plateau. Advance in
Earth Sciences, 14(6): 607-612, https://doi.org/10.3321/].
issn:1001-8166.1999.06.014. (in Chinese with English
abstract)

Sun H L, Zheng D, Yao T D et al. 2012. Protection and
construction of the national ecological security shelter
zone on Tibetan Plateau. Acta Geographica Sinica,
67(1): 3-12, https://doi.org/10.11821/xb201201001. (in
Chinese with English abstract)

Sun J, Zhou T C, Liu M et al. 2018. Linkages of the
dynamics of glaciers and lakes with the climate elements
over the Tibetan Plateau. Earth-Science Reviews, 185:
308-324, https://doi.org/10.1016/j.earscirev.2018.06.012.

Tang Q H, Lan C, Su F G et al. 2019. Streamflow change on
the Qinghai-Tibet Plateau and its impacts. Chinese
Science Bulletin, 64(27): 2807-2821, https://doi.org/10.
1360/TB-2019-0141. (in Chinese with English abstract)

Tong K, Su F G, Xu B Q. 2016. Quantifying the contribution
of glacier meltwater in the expansion of the largest lake
in Tibet. Journal of Geophysical Research: Atmospheres,
121(19): 11158-11173, hittps://doi.org/10.1002/2016jd02
5424.

Wang J, Li C, Li Lu et al. 2023. InSAR time-series
deformation forecasting surrounding Salt Lake using deep
transformer models. Science of the Total Environment, 858:
159744, https://doi.org/10.1016/j.scitotenv.2022.159744.

Wang L, Liu H, Zhong X Y et al. 2022a. Domino effect of a
natural cascade alpine lake system on the Third Pole.
PNAS Nexus, 1(3): pgac053, https://doi.org/10.1093/
pnasnexus/pgac053.

Wang L X, Zhao L, Zhou H Y et al. 2022b. Contribution of
ground ice melting to the expansion of Selin Co (lake)
on the Tibetan Plateau. The Cryosphere, 16(7): 2745-
2767, https://doi.org/10.5194/tc-16-2745-2022.

Wang X J, Ran Y H, Pang G J et al. 2022¢c. Contrasting
characteristics, changes, and linkages of permafrost
between the Arctic and the Third Pole. Earth-Science
Reviews, 230: 104042, https://doi.org/10.1016/j.earscirev.
2022.104042.

Wang X Y. 2022. Simulation of Runoff in the Source Region
of the Yangtze River Based on Multi-Source Satellite
Precipitation Data. China University of Mining &
Technology, Xuzhou, China, https://doi.org/10.27623/d.
cnki.gzkyu.2022.002688. (in Chinese with English abstract)

Wu Y H, Zhu L P, Ye Q H et al. 2007. The response of lake-
glacier area change to climate variations in Namco
basin, central Tibetan Plateau, during the Last Three
Decades. Acta Geographica Sinica, 62(3): 301-310,
https://doi.org/10.11821/xb200703007. (in Chinese with
English abstract)

Xie C W, Zhang Y X, Liu W H et al. 2020. Environmental
changes caused by the outburst of Zonag Lake and the
possible outburst mode of Yanhu Lake in the Hoh Xil
region. Journal of Glaciology and Geocryology, 42(4):
1344-1352, https://doi.org/10.7522/j.issn.1000-0240.2019.
0019. (in Chinese with English abstract)

Yao X J, Liu S Y, Sun M P et al. 2012. Changes of Kusai
Lake in Hoh Xil region and causes of its water
overflowing. Acta Geographica Sinica, 67(5): 689-698,
https://doi.org/10.11821/xb201205011. (in Chinese with
English abstract)

Yin L H, Zhao L, Hu G J et al. 2023. Reconstruction of past
permafrost temperature sequences at three monitoring
sites along the Qinghai-Tibet engineering corridor.
Chinese Science Bulletin, 68(15): 1985-2000, https://doi.
org/10.1360/tb-2022-0849. (in Chinese with English
abstract)



LIU et al.: Lake dynamics and drivers in Qinghai-Xizang Plateau 17

Yuan K, Tan D B, Zhao J et al. 2022. Analysis on water
volume changes and influencing factors of 68 Daoban
Salt Lake in Hoh Xil in recent ten years. Yangtze River,
53(5): 111-117, https://doi.org/10.16232/j.cnki.1001-4179.
2022.05.018. (in Chinese with English abstract)

Zhang G Q, Bolch T, Chen W F et al. 2021. Comprehensive
estimation of lake volume changes on the Tibetan
Plateau during 1976-2019 and basin-wide glacier
contribution. Science of the Total Environment, 772:
145463, https://doi.org/10.1016/j.scitotenv.2021.145463.

Zhang G Q, Luo W, Chen W F et al. 2019. A robust but
variable lake expansion on the Tibetan Plateau. Science
Bulletin, 64(18): 1306-1309, https://doi.org/10.1016/].
scib.2019.07.018.

Zhang G Q, Wang M M, Zhou T et al. 2022. Progress in
remote sensing monitoring of lake area, water level, and
volume changes on the Tibetan Plateau. National
Remote Sensing Bulletin, 26(1): 115-125, https://doi.org/
10.11834/jrs.20221171. (in Chinese with English abstract)

Zhang G D, Yao T D, Piao S et al. 2017a. Extensive and
drastically different alpine lake changes on Asia’s high
plateaus during the past four decades. Geophysical
Research Letters, 44(1): 252-260, https://doi.org/10.
1002/2016GL072033.

Zhang G Q, Yao T D, Shum C K et al. 2017b. Lake volume
and groundwater storage variations in Tibetan Plateau’s
Endorheic basin. Geophysical Research Letters, 44(11):
5550-5560, https://doi.org/10.1002/2017gl073773.

Zhang G Q, Yao T D, Xie H J et al. 2020. Response of
Tibetan Plateau lakes to climate change: trends, patterns,
and mechanisms. Earth-Science Reviews, 208: 103269,
https://doi.org/10.1016/j.earscirev.2020.103269.

Zhang J X. 2019. Understanding of the Dynamics and

Climate Implications of Glaciers and Lakes on the
Southeastern Tibetan Plateau Using Long-Term Time
Series Satellite Observations. Institute of Remote Sensing
and Digital Earth, Chinese Academy of Sciences, Beijing,
China, https://doi.org/10.27612/d.cnki.gyyys.2019.000011.
(in Chinese with English abstract)

Zhang L L, Su F G, Yang D Q et al. 2013. Discharge regime
and simulation for the upstream of major rivers over
Tibetan Plateau. Journal of Geophysical Research:
Atmospheres, 118(15): 8500-8518, https://doi.org/10.
1002/jgrd.50665.

Zhang Y L, Kang S C, Grigholm B et al. 2016. Twentieth-
century warming preserved in a Geladaindong mountain
ice core, central Tibetan Plateau. Annals of Glaciology,
57(71): 70-80, https://doi.org/10.3189/2016 AoG71A001.

Zhang Z D, Li X, Zhou C D et al. 2024. Linking ground ice
and glacier melting to lake volume change in the Dogai
Coring watershed on the Tibetan Plateau. Journal of
Hydrology, 629: 130581, https://doi.org/10.1016/j.jhydrol.
2023.130581.

Zheng G X, Allen S K, Bao A M et al. 2021. Increasing risk
of glacial lake outburst floods from future Third Pole
deglaciation. Nature Climate Change, 11(5): 411-417,
https://doi.org/10.1038/s41558-021-01028-3.

Zhou J, Wang L, Zhong X Y et al. 2022. Quantifying the
major drivers for the expanding lakes in the interior
Tibetan Plateau. Science Bulletin, 67(5): 474-478, https://
doi.org/10.1016/j.scib.2021.11.010.

Zhu L P, Xie M P, Wu Y H. 2010. Quantitative analysis of
lake area variations and the influence factors from 1971
to 2004 in the Nam Co basin of the Tibetan Plateau.
Chinese Science Bulletin, 55(13): 1294-1303, https://doi.
org/10.1007/s11434-010-0015-8.



