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Abstract
Lake water level variation is an important indicator of lake system dynamics and
is of great significance to lake ecological environment and water resource manage-
ment. Based on multi-source altimetry satellite data from ICESat-1, CryoSat-2,
EnviSat, and ICESat-2, water level data for Aksayqin Lake, Ayakkum Lake,
Aqikkol Lake, Jingyu Lake, Changhong Lake, and Salijilghan South Lake, as
well as temperature, precipitation, and land use data for their catchment areas,
were extracted for the period 2003–2022. Using trend analysis, Mann-Kendall
test, and Pearson correlation analysis, the characteristics of lake water level
variations were quantitatively analyzed and the influencing mechanisms were ex-
plored. The results indicate: (1) The accuracy of multi-source altimetry satellite
water level data was validated against water level datasets, demonstrating con-
sistent trends with all correlation analyses passing the significance F-test. (2)
Over the past 20 years, except for Salijilghan South Lake, the remaining lakes
exhibited significant rising trends, with Changhong Lake showing the maximum
rising rate of 0.71 m・a−1 and Aksayqin Lake showing the minimum rising rate
of 0.29 m・a−1. (3) Climate factors in the lake catchments showed considerable
variation, with all temperatures exhibiting increasing trends whereas precipita-
tion displayed varied patterns. Water levels of Aqikkol Lake, Ayakkum Lake,
and Jingyu Lake were positively correlated with precipitation, while water lev-
els of all lakes except Salijilghan South Lake showed positive correlations with
temperature. This study utilizes multi-source altimetry satellite data to analyze
lake water level variations, aiming to reveal the hydrological variation patterns
of lakes on the northern slope of the Kunlun Mountains and provide a scientific
basis for lake ecological environment management.
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Abstract

Lake water level changes serve as crucial indicators of dynamic variations in lake
systems, holding significant implications for lake ecological environments and
water resource management. This study utilizes multi-source altimetry satel-
lite data from ICESat-2, CryoSat-2, ICESat-1, and EnviSat to extract water
level information for Aksai Chin Lake, Ayak Kum Lake, Aqqikkol Lake, Jingyu
Lake, Changhong Lake, and Surigh Yilganing Kol Lake on the northern slope
of Kunlun Mountains. Combined with temperature, precipitation, and land use
data from lake catchment areas spanning 2003–2022, we employ trend analysis,
Mann-Kendall tests, Pearson correlation analysis, and other methods to quan-
titatively characterize lake water level variations and explore their underlying
mechanisms.

The results reveal three key findings. First, water levels extracted from multi-
source altimetry satellites were validated against reference water level datasets,
demonstrating consistent trends with all correlation analyses passing the sig-
nificance F-test. Second, over the past two decades, all typical lakes except
Surigh Yilganing Kol Lake exhibited significant rising trends, with Changhong
Lake showing the highest increase rate at 0.71 m・a−1 and Aksai Chin Lake the
lowest at 0.29 m・a−1. Third, climatic factors varied substantially across lake
catchment areas, with temperatures showing consistent upward trends while
precipitation displayed spatial heterogeneity. Positive correlations were identi-
fied between water levels and precipitation for Aqqikkol Lake, Ayak Kum Lake,
and Jingyu Lake, whereas water levels of all typical lakes except Surigh Yil-
ganing Kol Lake showed positive correlations with temperature. By leveraging
multi-source altimetry satellite data to analyze lake water level changes, this
study aims to elucidate hydrological variation patterns of lakes on the north-
ern slope of Kunlun Mountains and provide a scientific basis for lake ecological
environment management.
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Introduction
Lakes constitute vital components of natural resources and the water cycle.
Alpine lakes, due to their unique geographical locations and ecological environ-
ments, play critical roles in maintaining ecological balance and regulating cli-
mate. Most alpine lakes on the northern slope of Kunlun Mountains are inland
saline lakes featuring distinctive natural landscapes and ecosystems. Conse-
quently, comprehensive understanding of lake changes and their driving factors
in this region provides essential scientific support for ecological conservation
and water resource management in alpine areas.

Lake water level represents a key indicator for monitoring water resource changes
in lakes. Before satellite altimetry technology matured, continuous observations
from ground-based hydrological stations were the primary method for obtaining
lake water level information. However, due to remote lake locations, relatively
underdeveloped local economies, and personnel shortages, establishing observa-
tion stations around lakes for long-term monitoring presents considerable chal-
lenges. In recent years, various altimetry satellites have been applied to monitor
water level changes in typical lakes.

Satellite altimetry technology offers convenient and precise means for monitoring
lake water level changes. Previous studies have integrated multiple satellite
altimetry datasets including Topex/Poseidon, EnviSat, Jason, CryoSat-2, and
Sentinel-3 for monitoring mountain lakes. Jiang et al. utilized ICESat altimetry
data to investigate seasonal trends and cycles of lake levels on the Tibetan
Plateau, while Tian et al. employed ICESat-2 data to calculate water levels for
Poyang Lake, validating high accuracy against in-situ measurements. This study
focuses on medium-to-large lakes larger than 50 km2 on the northern slope of
Kunlun Mountains from 2003–2022, using ICESat-1, EnviSat/RA-2, CryoSat-2,
and ICESat-2 altimetry data to monitor water level changes in typical lakes. We
examine spatiotemporal variation characteristics of climate factors and land use
within lake catchment areas, and investigate response mechanisms of lake water
levels to climate factors and land use, aiming to reveal hydrological variation
patterns and provide scientific support for future environmental protection and
resource management.

1.1 Study Area Overview
The northern slope of Kunlun Mountains (35°–39°N, 80°–94°E) is located in
northwestern China with complex terrain encompassing mountains, alpine val-
leys, plateaus, and river valleys, with elevations ranging from 1,530 to 6,738 m.
The region features a cold alpine climate characterized by cold, dry conditions
with long, cold winters and short, cool summers. Precipitation concentrates in
summer while winter precipitation is minimal. The ecosystem includes alpine
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spruce forests, alpine meadows, and alpine lakes that are crucial for maintaining
regional biodiversity.

Ayak Kum Lake (37°04�N, 88°23�E) lies on the northern edge of the Tibetan
Plateau within the Altun and Kunlun watersheds, ranking among China’s ten
largest lakes. Aqqikkol Lake (36°19�N, 89°26�E) and Jingyu Lake are geograph-
ically proximate to Ayak Kum Lake, all situated within the Altun Mountain
Nature Reserve. Changhong Lake (36°02�N, 85°58�E) is located in the Kun-
lun Mountains with a relatively small water area. Aksai Chin Lake (35°12�N,
79°52�E) represents the largest natural lake on the Xinjiang side of the East-
ern Qiangtang Plateau, bordered by the Kunlun Mountains to the northeast
and the Aksai Chin Tagh branch range to the southwest. Surigh Yilganing Kol
Lake (34°40�N, 79°41�E) is a saltwater lake located in the basin between the
Karakoram and Shirokozong mountains.

1.2 Data Sources
Multi-source altimetry satellites: This study employs EnviSat, ICESat-1,
CryoSat-2, and ICESat-2 altimetry data. The reference ellipsoid is WGS84
with the geoid model EGM2008. EnviSat operated three waveform retracking
algorithms (Ice-1, Ice-2, Ocean), with the Ice-1 algorithm being most suitable
for inland water body elevation extraction. ICESat-1 data products include
GLA01, GLA02, GLA14, and GLA15 Version 34, with WGS84 reference ellip-
soid and EGM96 geoid. CryoSat-2 carries the advanced Synthetic Aperture
Radar Altimeter (SIRAL) operating in low-resolution mode (LRM), synthetic
aperture radar mode (SAR), and synthetic aperture radar interferometry mode
(SARIn). ICESat-2 data products comprise four levels from Level-1 to Level-3B,
with this study utilizing Level-3A ATL13 data suitable for inland water body
elevation research. The digital elevation model (DEM) data for extracting lake
catchment areas are sourced from SRTM.

Climate data: Monthly-scale precipitation and temperature data from 2001–
2022 are obtained from the ERA5 dataset with spatial resolution of 0.1°.

Land use data: Land use data with 30 m resolution are sourced from the
Resources and Environmental Science Data Center of the Chinese Academy of
Sciences.

Reference water level datasets: Water level reference datasets for Aksai
Chin Lake, Ayak Kum Lake, Aqqikkol Lake, and Jingyu Lake are derived from
reference [17], calculated based on satellite observation data.

1.3.1 Water Level Calculation
Based on the fundamental principles of multi-source altimetry satellites, lake
water level (H) is calculated as:
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𝐻 = ℎ𝑎𝑙𝑡 −𝑟𝑟𝑎𝑛 −Δ𝑟𝑐𝑜𝑟 −ℎ𝑔𝑒𝑜𝑖𝑑 −𝑟𝑠𝑒𝑡 +Δ𝑟𝑖𝑜𝑛𝑜 +Δ𝑟𝑤𝑒𝑡 +Δ𝑟𝑑𝑟𝑦 +Δ𝑟𝑠𝑜𝑙𝑖𝑑 +Δ𝑟𝑝𝑜𝑙𝑒

where ℎ𝑎𝑙𝑡 is the satellite height relative to the reference ellipsoid, 𝑟𝑟𝑎𝑛 is the
corrected distance from the satellite to the nadir point (ground) (without wave-
form retracking, this term is not counted), Δ𝑟𝑐𝑜𝑟 is the geophysical environment
correction, ℎ𝑔𝑒𝑜𝑖𝑑 is the geoid height, and Δ𝑟 represents various corrections in-
cluding ionospheric, wet tropospheric, dry tropospheric, solid earth tide, and
polar tide corrections.

Among the lake water level points calculated by each spaceborne altimeter,
some anomalous values with large deviations can cause substantial errors in
daily lake water level values and subsequent analyses. First, obvious outliers
are manually removed through visual interpretation, then differenced from the
overall mean water level, and finally visually interpreted again to eliminate
apparent anomalies. For daily data, the 2.5𝜎 criterion is applied to remove
outliers, and the remaining water level values are averaged to obtain daily lake
water level elevation:

𝑉𝑖 = 𝑋𝑖 − 𝑋̄

where 𝑛 is the number of daily water level points after overall removal; 𝑋𝑖
is the water level value at the 𝑖-th point; 𝑋̄ is the mean water level; 𝑉𝑖 is
the residual error at the 𝑖-th point; and 𝜎 is the standard deviation. When
|𝑋𝑖 − 𝑋̄| > 2.5𝜎, 𝑋𝑖 is removed. Daily water level values obtained based on
averages may still contain smaller anomalies, requiring further outlier removal
to obtain more accurate daily water levels.

1.3.2 Mann-Kendall Method
The Mann-Kendall test is a widely used non-parametric statistical method for
detecting trend changes in water level time series without requiring prior knowl-
edge of data distribution. For a water level time series 𝑋1, 𝑋2, … , 𝑋𝑛, the test
statistic 𝑆 is calculated as:

𝑆 =
𝑛−1
∑
𝑖=1

𝑛
∑

𝑗=𝑖+1
sign(𝑋𝑗 − 𝑋𝑖)

where 𝑛 is the length of the water level time series and sign is the sign function.
The mean of statistic 𝑆 is 0, and its standard deviation is:

𝜎 = √𝑛(𝑛 − 1)(2𝑛 + 5)
18
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The standardized normal statistical variable (𝑍) is expressed as:

𝑍 =
⎧{
⎨{⎩

𝑆−1
𝜎 𝑆 > 0

0 𝑆 = 0
𝑆+1

𝜎 𝑆 < 0

When 𝑍 > 0, it indicates an increasing trend, and when 𝑍 < 0, a decreasing
trend. When |𝑍| ≥ 1.96, the trend passes the significance test at 𝛼 = 0.05;
when |𝑍| ≥ 2.58, it passes the significance test at 𝛼 = 0.01.

1.3.3 Coefficient of Variation Analysis
The coefficient of variation (𝐶𝑣) is a statistical measure used to quantify data
dispersion, calculated as:

𝐶𝑣 = 𝜎
𝜇

where 𝜎 and 𝜇 represent the standard deviation and mean of meteorological
elements, respectively.

1.3.4 Pearson Correlation Analysis
Pearson correlation analysis was employed to examine relationships between
climate factors and water levels in lake catchment areas, calculated as:

𝑟 = ∑𝑛
𝑖=1(𝐾𝑖 − 𝐾̄)(𝑌𝑖 − ̄𝑌 )

√∑𝑛
𝑖=1(𝐾𝑖 − 𝐾̄)2 ∑𝑛

𝑖=1(𝑌𝑖 − ̄𝑌 )2

where 𝑟 is the correlation coefficient; 𝑛 is the sample size; 𝐾𝑖 is the water level
in year 𝑖; 𝐾̄ is the mean water level; 𝑌𝑖 is the climate factor (temperature or
precipitation) in year 𝑖; and ̄𝑌 is the mean climate factor.

2.1 Lake Water Level Data Validation
Based on lake area boundaries, water levels for Aksai Chin Lake, Ayak Kum
Lake, Aqqikkol Lake, and Jingyu Lake were extracted from ICESat-1, EnviSat,
CryoSat-2, and ICESat-2 altimetry data. The extracted water levels were com-
pared against lake surface height reference datasets to evaluate accuracy and
reliability. The study found that extracted lake water level data showed consis-
tent trends with reference datasets.

Correlation coefficients, estimated standard errors (𝑆𝑒), and F significance tests
were calculated to assess the reliability of extracted water level values. Ayak
Kum Lake and Aksai Chin Lake demonstrated significant linear relationships

chinarxiv.org/items/chinaxiv-202412.00045 Machine Translation

https://chinarxiv.org/items/chinaxiv-202412.00045


with correlation coefficients 𝑟 > 0.9 and estimated standard errors of 0.08 m and
0.13 m, respectively, indicating high reliability. Jingyu Lake and Aqqikkol Lake
showed correlation coefficients 𝑟 > 0.7 with estimated standard errors of 0.25 m
and 0.23 m, respectively, confirming the data’s applicability for analyzing lake
water level trends.

2.2 Typical Lake Water Level Changes
Trend analysis of lake water level changes provides quantitative understanding
of lake water level variation patterns. Linear regression analysis was applied
to lake water level variation data, with results statistically tested using Mann-
Kendall and F significance tests. Analysis of multi-source altimetry satellite
data revealed water level changes for typical lakes on the northern slope of
Kunlun Mountains.

From 2003–2022, all typical lakes except Surigh Yilganing Kol Lake showed
significant upward trends. Changhong Lake exhibited the most rapid increase
at 0.71 m・a−1, rising from 4,915.46 m in 2003 to 4,923.29 m in 2022—a total
increase of 6.83 m. Jingyu Lake ranked second with an increase rate of 0.57 m・
a−1, rising from 4,908.63 m to 4,919.28 m, with negative growth only in 2014.
Aqqikkol Lake increased at 0.55 m・a−1, rising from 4,713.64 m to 4,723.06 m,
showing the largest variation amplitude with a 10.14 m increase from 2003–2022.
Ayak Kum Lake increased at 0.40 m・a−1, rising from 4,849.38 m to 4,856.00 m.
Aksai Chin Lake showed the slowest increase at 0.29 m・a−1, rising from 4,254.80
m to 4,264.94 m. Surigh Yilganing Kol Lake displayed distinct behavior with
non-significant water level changes, fluctuating between 5,193.42 m and 5,195.42
m.

2.3.1 Precipitation and Temperature Changes
Climate change spatial characteristics profoundly impact regional ecological en-
vironments and resource utilization. Taking typical lake catchment areas on the
northern slope of Kunlun Mountains as examples, we examined climate factor
variations. Surigh Yilganing Kol Lake catchment was delineated using flow ac-
cumulation thresholds of 1,000, while other lake catchments used thresholds of
500 based on drainage systems.

Climate variations differed significantly across lake catchment areas from
2001–2022. Ayak Kum Lake catchment had the highest mean tempera-
ture at -3.816$±0.532°𝐶, 𝑤ℎ𝑖𝑙𝑒𝑆𝑢𝑟𝑖𝑔ℎ𝑌 𝑖𝑙𝑔𝑎𝑛𝑖𝑛𝑔𝐾𝑜𝑙𝐿𝑎𝑘𝑒ℎ𝑎𝑑𝑡ℎ𝑒𝑙𝑜𝑤𝑒𝑠𝑡𝑎𝑡 −
10.457±0.757°𝐶.𝐴𝑞𝑞𝑖𝑘𝑘𝑜𝑙𝐿𝑎𝑘𝑒𝑠ℎ𝑜𝑤𝑒𝑑𝑡ℎ𝑒ℎ𝑖𝑔ℎ𝑒𝑠𝑡𝑎𝑛𝑛𝑢𝑎𝑙𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑡454.508±50.439𝑚𝑚, 𝑓𝑜𝑙𝑙𝑜𝑤𝑒𝑑𝑏𝑦𝐽𝑖𝑛𝑔𝑦𝑢𝐿𝑎𝑘𝑒𝑎𝑡417.392±34.337𝑚𝑚, 𝑤ℎ𝑖𝑙𝑒𝐴𝑘𝑠𝑎𝑖𝐶ℎ𝑖𝑛𝐿𝑎𝑘𝑒ℎ𝑎𝑑𝑡ℎ𝑒𝑙𝑜𝑤𝑒𝑠𝑡𝑎𝑡282.526±$36.000
mm.

Temperatures increased across all catchment areas, with Surigh Yilganing Kol
Lake showing the highest warming rate at 0.355°C・(10a)−1 and Ayak Kum
Lake the slowest at 0.172°C・(10a)−1. Temperature increase areas accounted for
80.32% to 98.65% of catchment areas, with spatial differences primarily related
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to altitude, climate conditions, radiation characteristics, and terrain.

Precipitation showed spatiotemporal heterogeneity. Ayak Kum Lake, Jingyu
Lake, and Aqqikkol Lake catchments exhibited increasing precipitation trends
with rates of 1.249 mm・(10a)−1, 0.224 mm・(10a)−1, and 10.980 mm・(10a)−1,
respectively. Conversely, Changhong Lake, Aksai Chin Lake, and Surigh Yilgan-
ing Kol Lake showed decreasing trends with rates of -5.880 mm・(10a)−1, -6.682
mm・(10a)−1, and -6.515 mm・(10a)−1, respectively. Precipitation increase ar-
eas in the former three lake catchments accounted for 47.68% to 83.33% of total
area, while decrease areas in the latter three accounted for 68.83% to 95.51%.

2.3.2 Land Use Changes
Land use spatial characteristics in lake catchment areas are illustrated
in [Figure 7: see original paper] and [Figure 8: see original paper]. In
2000, typical lake catchment land use types included only grassland, water
bodies, and unused land. By 2020, cultivated land, forest land, and ur-
ban/industrial/mining/residential land were added. From 2000–2020, grassland
area decreased significantly while water body area increased substantially, and
unused land area also increased markedly.

Ayak Kum Lake catchment is dominated by grassland, water bodies, and unused
land, with area proportions of 16.04%, 19.12%, and 64.84% in 2000, respectively.
Grassland pixel count decreased by 1.4$×10^{6}$ during 2000–2020, while wa-
ter body pixel count increased by 1.4$×10{6}.𝐽𝑖𝑛𝑔𝑦𝑢𝐿𝑎𝑘𝑒𝑐𝑎𝑡𝑐ℎ𝑚𝑒𝑛𝑡𝑔𝑟𝑎𝑠𝑠𝑙𝑎𝑛𝑑𝑎𝑐𝑐𝑜𝑢𝑛𝑡𝑒𝑑𝑓𝑜𝑟44.65×10{6}.𝑆𝑢𝑟𝑖𝑔ℎ𝑌 𝑖𝑙𝑔𝑎𝑛𝑖𝑛𝑔𝐾𝑜𝑙𝐿𝑎𝑘𝑒𝑐𝑎𝑡𝑐ℎ𝑚𝑒𝑛𝑡𝑔𝑟𝑎𝑠𝑠𝑙𝑎𝑛𝑑𝑎𝑛𝑑𝑤𝑎𝑡𝑒𝑟𝑏𝑜𝑑𝑦𝑝𝑖𝑥𝑒𝑙𝑐𝑜𝑢𝑛𝑡𝑠𝑤𝑒𝑟𝑒3.5×10^{6}$
and 6.7$×10^{6}$ in 2000, respectively, with change rates of 10.94% and
30.14% by 2020.

2.4 Correlation Analysis
Pearson correlation analysis examined relationships between typical lake water
levels on the northern slope of Kunlun Mountains and catchment climate fac-
tors. Aqqikkol Lake, Ayak Kum Lake, and Jingyu Lake water levels showed
positive correlations with annual precipitation, with correlation coefficients of
0.42, 0.31, and 0.28, respectively. Aksai Chin Lake, Aqqikkol Lake, Ayak Kum
Lake, Jingyu Lake, and Changhong Lake water levels showed positive corre-
lations with temperature, with coefficients of 0.21, 0.18, 0.15, 0.13, and 0.12,
respectively, while Surigh Yilganing Kol Lake water level showed a slight nega-
tive correlation with temperature (coefficient -0.09).

Alpine lakes serve as important water storage reservoirs in mountainous regions,
with their changes reflecting comprehensive impacts of climate change on alpine
water resources. Climate warming and wetting trends, glacier retreat, and per-
mafrost water release have increased water supply to lakes in the Tianshan and
Karakoram regions, resulting in increased lake volume and area and generally
rising water levels—consistent with findings of rising lake levels on the Tibetan
Plateau and expanding lakes on the northern Kunlun foothills.
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The northern slope of Kunlun Mountains features large elevation differences and
is located in the center of the Eurasian continent, where water vapor is difficult
to reach, causing spatial precipitation distribution variations. Windward slopes
at relatively high altitudes intercept water vapor, creating richer precipitation
that supplements water sources for mountain lakes and contributes to rising
water levels.

Global warming has accelerated melting of glaciers, river ice, and snow, increas-
ing meltwater from alpine glaciers and creating new changes in alpine glacial
lakes. Water level changes result from multiple factors with diverse and complex
causes, including temperature increases/decreases (affecting meltwater), precip-
itation and evaporation changes, reduced upstream glacier melt, and regional
terrain factors that may influence glacial lake expansion rates.

Aksai Chin Lake, Jingyu Lake, Changhong Lake, and Aqqikkol Lake are primar-
ily fed by snow and ice meltwater during warm seasons, with relatively abun-
dant glaciers distributed in their watershed catchments. Lake level increase
rates reached 0.29–0.71 m・a−1. In contrast, lake catchment areas with less or
no glacier cover experienced slower water level increases due to limited glacial
meltwater supply. For example, Ayak Kum Lake and Surigh Yilganing Kol
Lake have relatively small glacial areas in their catchments, lacking substantial
glacial meltwater 补给, with water level increase rates of 0.40 m・a−1 and 0.03
m・a−1, respectively.
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