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Abstract: Lakes are important surface water bodies, and ongoing climate change is a growing
threat to the hydrological cycle and water resource availability of lakes in arid regions. Accurately
estimating different drivers’ contributions to lake water volume can enhance our understanding of
lake variations in arid regions. In this study, we combined the land surface model and hydrological
model, as well as statistical methods, to analyze the spatiotemporal heterogeneity of lake area changes
and the factors affecting these changes during the past decades in Bosten Lake, Ulungur Lake, Ebinur
Lake, and Sayram Lake, which are located in a typical dry region in China. The study revealed that
the average amounts of river inflow, TWVF, lake ice sublimation, lake surface precipitation, and
river outflow in the four lakes were 17.41 x 108 m3 yrfl, 6.60 x 108 m3 yrfl, 0.41 x 108 m3 yrfl,
0.98 x 108 m? yr=1, and 9.12 x 108 m3 yr~!, respectively. We found that river inflow is the dominant
factor affecting changes in open lake areas, while lake surface precipitation is the main factor affecting
changes in closed lake areas. Our findings suggest that the main factors dominating the variability of
lake water volume differ in different phases and lake types.

Keywords: arid region; lake area; river inflow; TWVE; trend analysis

1. Introduction

Lakes are crucial surface water bodies that play a pivotal role in preserving environ-
mental and ecological stability. Nevertheless, the equilibrium and resilience of lake water
resources face growing challenges due to the impact of climate change, particularly in arid
regions. The lake area, serving as a key metric for their water volume, is experiencing
significant fluctuations [1-3]. For example, in the arid region of Xinjiang Province, China,
out of the 84 lakes with an area greater than 10 km?, 54 lakes exhibited significant changes
in area between 1986 and 2019. Among these, 41 lakes demonstrated a significant expansion
in area, while 13 lakes experienced a significant reduction in their area. The largest lake in
Xinjiang, Bosten Lake, expanded at an average rate of 1.16 km? per year during 1986-2019;
the third largest lake in Xinjiang, Ebinur Lake, shrank at an average rate of 0.55 km? per
year [4]. The dramatic changes in the lake areas were mainly caused by the imbalance
between the income and outcome terms of the water balance due to climate change [5].
It is worth mentioning that the drivers and water balance components of arid lakes were
usually sensitive to climate change. Taking the Xinjiang region as an example once more,
between 1961 and 2020, there has been a noticeable decrease in potential evapotranspiration,
at a rate of —14.84 mm per decade, and a concurrent increase in precipitation, at a rate
of 8.58 mm per decade. These trends suggest that Xinjiang’s climate has become wetter
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in the past few decades [6]. At the same time, the occurrence of rainstorm events also
showed an increasing trend. Moreover, the climate in Xinjiang is warming, with extreme
low temperatures becoming rarer extreme high temperatures becoming more frequent,
respectively [7]. Thus, the income and outcome terms of the lake water balance in arid
regions (e.g., in Xinjiang) are susceptible to the impacts of climate change, resulting in
dramatic decadal variations in lake surface area and water level.

In addition to climate affecting lake water volume, human activities also play a signifi-
cant role in influencing lake water area. For instance, Ma et al. [8] employed a multivariate
linear model and determined that human activity was responsible for a reduction in Ebinur
Lake’s area by 286.8 km? between 1955 and 2010. Since the 1950s, with the rapid expansion
of agriculture in Xinjiang, substantial changes in land use have occurred, leading to a sig-
nificant increase in agricultural water demand. This is primarily manifested in alterations
in river runoff due to the construction of reservoirs in the upper and middle reaches and
the excessive use of surface water and groundwater for agricultural irrigation.

The underlying mechanisms of long-term changes in lake water area and volume in
arid regions showed strong spatiotemporal heterogeneity. On one hand, the key factors
that drove water area or volume changes in different lakes in the same arid region might
be clearly different; on the other hand, the key driving factors of the status changes at
the same lake could potentially vary with time (i.e., in different periods). Therefore, long-
term (e.g., decadal-scale) studies that include the complete water cycles of lakes in arid
regions are urgently needed, in order to illustrate the spatiotemporal characteristics and
underlying mechanisms of the changes in lake water area and volume. However, few
studies considered comparatively complete hydrological components in lake water budget
investigations in dry regions, which was partly caused by the limited observational data
available in these regions [9,10]. For example, sublimation is an important outflow of water
in the lake in dry and cold regions such as Xinjiang and Tibet plateau, where a long winter
season with widespread lake freezing is commonly observed. Currently, few studies on
lake water area (or volume) changes have referred to lake sublimation [11,12]. Furthermore,
the possible varying key drivers of the changes in lake water area/volume during different
periods remain uncertain and relevant studies need to be urgently strengthened.

The present study aims to illustrate the spatiotemporal heterogeneity of the changes
in lake area and volume in a typical dry region in China during the past decades, and to
explore the underlying mechanisms and key factors that drive these changes.

2. Study Sites and Materials
2.1. Study Sites

The largest four lakes in Xinjiang Uyghur Autonomous Region, which occupied a
substantial proportion of the dry regions in China, were selected for investigation in
the study (Figure 1). Bosten Lake is situated in the Bayingole Mongolian Autonomous
Prefecture in central Xinjiang. The topography of the lake basin is characterized by higher
elevations in the northwest and lower terrain in the southeast. Ulungur Lake is located
in Altay Prefecture in northern Xinjiang, with the lake basin featuring higher elevations
in the east and lower terrain in the west. Ebinur Lake is situated in the flatlands of
Bortala Mongolian Autonomous Prefecture, in eastern Xinjiang. In contrast, Sayram Lake is
located in the mountainous region of Bortala Mongolian Autonomous Prefecture in eastern
Xinjiang, surrounded by elevated terrain. The surface areas of these four lakes varied from
458.6 km? to 1047.8 km?, and elevations were from 189 m to 2072 m. The mean annual
precipitation was from 75.2 mm to 246.0 mm, with an average of 143.8 mm; the mean annual
air temperature varied from 4.0 °C to 8.6 °C, with an average of 6.2 °C. The low winter
temperature (from —8.4 °C to —17.0 °C) resulted in long ice cover periods at these four
lakes, i.e., from 77 to 147 days per year (Table 1). In addition to temperature influencing
the duration of lake ice cover, lake salinity also plays a significant role in determining their
length. Higher salinity levels make it more challenging for lakes to freeze. For instance,
while the average winter temperatures of Ebinur Lake and Sayram Lake are close (Table 1),
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Ebinur Lake’s ice cover is 35 days shorter than that of Sayram Lake. This discrepancy may
be attributed to differences in salinity levels between the two lakes. The four lakes can
be categorized into two groups based on the presence or absence of river inflow: open
lakes (Bosten Lake, Ulungur Lake, and Ebinur Lake) and a closed lake (Sayram Lake).
Among them, Bosten Lake stands out as the only lake with a significant river outflow. More
information on the selected lakes can be found in Table 1.
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Figure 1. The four study lakes in the present study. (a) Bosten Lake. (b) Ulungur Lake. (c) Ebinur
Lake. (d) Sayram Lake. (e) Spatial distribution of the selected lakes.

Table 1. Detailed information on the four lakes. The ice cover length was calculated using the Com-
munity Land Model (CLM). The area of Bosten Lake, Ulungur Lake, Ebinur Lake, and Sayram Lake
in this table is the average value for 1961-2013, 19912017, 1992-2017, and 1975-2013, respectively.

Annual Ice Lake Depth

Winter Cover Water (Average vs Water Salini
Lake Name Altitude (m)  Temperature Area (km?) Volume . 8 : Retention _lty
©0) Length (10° m®) Max1mum, (days) (gL 1)
(days) in meters)

Bosten Lake 1052 —8.4 77 1047.8 75 8vs. 16 3061 1.05[13]

Ulungur Lake 480 -17.0 128 944.9 59 8vs. 17 3403 1.98 [14]
Ebinur Lake 189 —125 112 872.1 8 14vs. 28 / 142.74 [15]

Sayram Lake 2072 —125 147 458.6 210 56 vs. 92 / 3.58 [16]

2.2. Study Materials

Data on river inflow and lake area were primarily sourced from published literature
(Table S1). In cases when inflow data were missing, we utilized a hydrological model for
simulation. Specifically, for Bosten Lake, lake surface area data from 1961 to 2013 and river
inflow data from 1961 to 2008 were obtained from Yang [17], while river inflow data for the
period from 2009 to 2013 were simulated using the SWAT model. The data of river outflow
were obtained form Li et al. [18]. The surface area data for Ulungur Lake were acquired
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from the European Union Joint Research Centre (JRC) Global Surface Water Dataset (https:
/ /developers.google.com/earth-engine/datasets (accessed on 2 February 2021)). River
inflow runoff data for Ulungur Lake were extracted from Zhai et al. [19]. For Ebinur Lake,
both area data and river inflow information were obtained from Wei [20]. As for Sayram
Lake, area data were extracted from Bayinzhahan et al. [21]. For historical simulations of
Total Water Vapor Flux (TWVF) and sublimation using the CLM model from 1961 to 2013,
meteorological data were collected from CRUNCEP? (https:/ /rda.ucar.edu/datasets/ds3
14.3 (accessed on 19 November 2020)). The data included air temperature, precipitation,
incident solar radiation, incident longwave radiation, surface pressure, relative humidity;,
and wind speed. The temporal resolution was 6 h. The CLM model was executed at a
spatial resolution of 0.9° x 1.25°, and air forcing data with a resolution of 0.5° x 0.5°
were bilinearly interpolated to match the CLM grids. Lake fractions were prescribed
accordingly for the corresponding CLM grid. Meteorological data for calculating lake
surface precipitation were obtained from the nearest national weather station to each lake
at daily scale [22], as indicated in Figure 1.

3. Methodology

The methods used in the present study are shown in Figure 2. Here, we proposed a
framework for quantifying and interpreting the decadal scale lake variabilities in the typical
dry region in Northwest China. Specifically, a land surface model (Community Land Model
version 5—CLMS5; The National Center for Atmospheric Research (NCAR), Boulder City,
NV, USA) including a lake water—energy balance module was used to estimate Total Water
Vapor Flux (TWVF) and lake ice sublimation, and a hydrological model (Soil and Water
Assessment Tool—Version 2012—SWAT 2012) was used to simulate the part of the river
inflow into the lake. The lake water cycle components involved in this study included
river inflow, TWVF, lake ice sublimation, lake surface precipitation, and river outflow.
Moreover, the relationships between influencing factors and lake water areas/volumes
and corresponding contributions were investigated based on regression analysis, phase
analysis, and trend analysis.

Calculate lake water vapor flux and sublimation Elements comparision
Weather data Land surface Elements Methodology
data Remote sensing

Wind speed

i
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Figure 2. Schematic figure illustrating the main analyses and methods.

3.1. Calculation of TWVF and Sublimation

In our previous study [23], we evaluated the accuracy of the CLM model in calculat-
ing TWVF and sublimation at lakes in the cold region of China using Eddy Covariance
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observations. The error of TWVF is in the range of 1-9%, and the error of sublimation is in
the range of 5-17%. Therefore, we used the CLM model to calculate the lakes’ total water
vapor flux (here after “TWVF”) and sublimation in this study.

The Community Land Model version 5.0 (CLM5) [24] in Community Earth System
Model (CESM) [25] version 2.1.3 was used to simulate the lake TWVF, lake sublimation,
and lake ice cover days for the study lakes. CLMS5 is a widely used land surface model
that includes a lake module [26]. CESM2, which includes CLMS5 as its land component,
is participating in approximately 20 Model Intercomparison Projects (MIPs) [27]. The
lake in CLMS5 consists of 0-5 snow layers, 10 water and ice layers, 10 “soil” layers, and
5 bedrock layers in global simulations. Each lake body layer has a fixed water mass (set by
the nominal layer thickness and the liquid density), with dynamic frozen fractions.

The solar radiation received by the lakes during the summer season can be partially
stored and later released during the autumn/winter season, reflecting the actual heat
storage and release processes and their corresponding influences on TWVF in large lakes.
Conservation of energy at the lake surface requires

- =
BSg — Lg — Hy — AEg — G = 0 (1)

—
where S, is the absorbed solar radiation in the lake, B is the fraction absorbed at the

surface, L—; is the net emitted longwave radiation (+ upwards), Hy is the sensible heat flux
(+ upwards), E¢ is the TWVF (+ upwards), and G is the ground heat flux (+ downwards).
All of these fluxes depend implicitly on the temperature at the lake surface Ty. A converts
E; to an energy flux based on

At = {Asub Te < Ty } @)
Noap Tg > T

The sensible heat flux (W m™2) is:

(Batm — Tg)
Yan

Hg = —pathp (3)

where gt is the density of moist air (kg m’3), Cp is the specific heat capacity of air
(J kg K1), Oapm is the atmospheric potential temperature (K), Ty is the lake surface
temperature (K) (at an infinitesimal interface just above the top resolved model layer: snow,
ice, or water), and r,, is the aerodynamic resistance to sensible heat transfer (s m~ ).

The TWVF (kg m~2 s 1) is calculated as

T,
Eg _ Patm (%tm - qs§t> @

Yaw

where gty is the atmospheric specific humidity (kg kg™!), qubft is the saturated specific
humidity (kg kg 1) at the lake surface temperature Ty, and 74, is the aerodynamic resistance
to water vapor transfer (s m ).

The heat flux into the lake surface G (W m~2) is

2AT

where At is the thermal conductivity (W m~! K1), Azt is the thickness (m), and Tr is the
temperature (K) of the top resolved lake layer (snow, ice, or water). Specific settings of
parameters are shown in Table S2.

Previous studies have highlighted the variations in TWVF estimation when employing
different methods. While the CLM method has been considered one of the more accurate
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approaches for modeling and calculating TWVF in lakes [23], its applicability to arid region
lakes has rarely been demonstrated using observation data (e.g., Eddy Covariance observa-
tions). Therefore, it is necessary to compare the TWVF results derived from the CLM model
with other estimation methods. Currently, various methods and tools exist for estimating
TWYVF, but the accuracy of each method has been the subject of much discussion and debate
among hydrological and atmospheric researchers as direct observations of TWVF in lakes
are influenced by environmental and human factors. Based on the classification of esti-
mation methods, TWVF methods can be categorized as observational methods, equation
calculation methods, model simulation methods, etc. [28,29].

3.2. SWAT Model

The missing river inflow data at Bosten Lake were acquired through SWAT model sim-
ulations. The SWAT model is a semi-distributed, watershed-scale conceptual simulation of
river hydrology, water quality, and crop growth, relying on the SCS (Soil Conservation Ser-
vice) runoff generation theory [30-32]. It delineates watersheds and sub-watersheds based
on topography, and further sub-divides the sub-basins into Hydrologic Response Units
(HRUs) considering a combination of land use, soil, and slope attributes. By incorporating
HRUs, SWAT accounts for spatial variability within the sub-watersheds, leading to more
accurate feedback of rainfall, infiltration, seepage, evapotranspiration, and vegetation in
the model simulations. The SWAT model employs water balance equations to calculate var-
ious hydrological components such as soil water, precipitation, runoff, evapotranspiration,
percolation, and return flow [33,34].

In the SWAT model, the runoff is composed of three components: surface runoff,
lateral runoff, and groundwater runoff, which are combined together. Surface runoff is
particularly influenced by the SCS curve number equation [35].

_ (R—0.29)*
Q= Rooss ,R > 028 (6)
Q=0,R<0.2S 7)

where Q is the surface runoff in daily scale (mm), R is the rainfall in daily scale (mm),
and S is the retention parameter determined using the curve number (CN) with SCS

equation [35,36].
100
S=254( — —1 8
(-1 ®

The curve number in the SWAT model is determined using soil permeability, land
use, and antecedent soil-water conditions. The curve number calculated based on average
antecedent soil water conditions is referred to as CN2, and its value typically falls within the
range of 30 to 100. CN2 is considered a highly sensitive parameter for river flow simulation
in SWAT, and the calibration of CN2 is crucial for the successful application of the model.
The calibration and validation periods of the SWAT simulation were from 1960 to 1999
and from 2000 to 2007, respectively. In total, 12 parameters were calibrated (Table S3). The
simulation and prediction results are shown in Figure S1.

3.3. Multi-Resolution Analysis (MRA) Method

In this study, we utilized the Multi-Resolution Analysis (MRA) method to explore
the long-term variations in lake water cycle components. MRA is a powerful technique
that decomposes time series into approximation and detail components using a high-
pass filter and low-pass scaling filter associated with the “db30” wavelet [37,38]. The
method allowed us to analyze time series based on their periodicity. The extracted trends
from the MRA method were found to be non-linear and focused on decadal variations,
excluding periodicities of less than ten years. These trends differed significantly from
those obtained through traditional linear regression approaches. We observed specific
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patterns in the lake water cycle components, such as overall increasing or decreasing trends,
as well as transitions from decreasing to increasing trends and vice versa. Our previous
studies demonstrated the effectiveness of the MRA method in extracting non-linear trends
from long-term hydrological time series in lake basins. In fact, compared to other trend-
extraction methods such as the Ensemble Empirical Mode Decomposition, the MRA method
outperformed them, providing more accurate and meaningful results [5,39,40]. Overall, by
applying the MRA method, we successfully revealed complex long-term variations in lake
water cycle components and identified specific patterns, improving our understanding of
the hydrological behavior of lakes over extended periods.

4. Results
4.1. Spatial Distribution of Variations in Lake Area and Water-Cycle Components

Overall, the average amount of river inflow, TWVF, lake ice sublimation, lake surface
precipitation, and river outflow in the four lakes was 17.41 x 108 m3 yr~1,6.60 x 10® m3 yr—1,
0.41 x 103 m3 yr=1,0.98 x 10® m® yr—!, and 9.12 x 108 m® yr~!, respectively. Regarding
the spatial distribution, Bosten Lake, which is the largest lake in the four lakes, displayed
the highest values for several key metrics, including river inflow, TWVF, lake ice sublima-
tion, and river outflow, with annual averages of 24.9 x 108 m3 yr’l, 10.7 x 10® m3 yr’l,
0.5 x 108 m® yr=!, and 9.1 x 108 m3 yr~!, respectively (Figure 3). Bosten Lake receives
water from the Kaidu River, Ulungur Lake from the Ulungur River, and Ebinur Lake from
the Jing River and Bortala River. The TWVF resulted in a water loss of 10.7 x 108 m3 yr~!,
7.8 x 108 m3 yr‘l, 46 x 108 m3 yr‘l, and 3.4 x 108 m3 y1r_1 in Bosten Lake, Ulungur Lake,
Ebinur Lake, and Sayram Lake, respectively. This loss was aligned with the ranking of
the lakes by area, and this was also reflected in the sublimation of lake ice. It is worth
noting that the ranking of total lake surface precipitation did not exactly correspond to the
ranking by lake area. Apart from the lake surface area, the rate of lake surface precipitation
also plays a crucial role in determining its ranking. The total lake surface precipitation
for Ulungur Lake, Sayram Lake, Bosten Lake, and Ebinur Lake was 1.3 X 108 m3 yr’l,
1.2 x 108 m3 yr=1, 0.8 x 108 m3 yr~!, and 0.7 x 10® m3 yr~1, respectively.

I Lake area [l River inflow [ TWVF [ Sublimation [Jl] Precipitation [l River outflow

40 I 0

2+ I I 4500
< _
G 241 41000
< =
[
g s
= S
1S4 o
>
516} {1500 =
<
B

8 — 2000

0 ’_L- 2500

Bosten Lake Ulungur Lake Ebinur Lake Sayram Lake

Figure 3. Comparison of annual average values of lake water cycle components in four lakes during
the study period.



Water 2023, 15, 3354

8 of 21

4.2. The Relationships between Lake Area and Lake Water-Cycle Components

The river inflow, TWVE, lake ice sublimation, lake surface precipitation, and river
outflow are factors that impact the lake area, with interconnections among them. For
instance, there are relationships between the rate of TWVF and sublimation, the rate
of lake surface precipitation and river inflow, and the rate of lake surface precipitation
and lake ice sublimation. According to Figure 4, there was a high positive correlation
between river inflow and lake area in the open lakes, namely Bosten Lake, Ulungur Lake,
and Ebinur Lake. The Pearson correlation coefficient ranged from 0.32 to 0.51, with an
average value of 0.40. Although Bosten Lake, Ulungur Lake, and Ebinur Lake showed
a negative correlation between the rate of TWVF and the lake area (Figure S2), the total
TWVF volume and lake area exhibited a positive correlation. This positive correlation was
attributed to the significant changes in the area of these open lakes. In contrast, the closed
Sayram Lake, which lacks significant river inflow and experiences minimal variation in
lake area (0.1% yr~1), exhibited a negative correlation between TWVF and lake area, with a
correlation coefficient of —0.40 (Figure 4). The total lake surface precipitation, on the other
hand, showed a positive correlation with lake area in all four lakes: Bosten Lake, Ulungur
Lake, Ebinur Lake, and Sayram Lake. The correlation coefficients for these lakes were 0.22,
0.33, 0.66, and 0.41, respectively. Furthermore, lake ice sublimation and lake area exhibited
a positive correlation in these four large lakes. The river outflow was positively correlated
with the area of Bosten Lake, with a correlation coefficient of 0.41, indicating that the larger
the lake, the greater the river outflow. Although there was no connection between lake
precipitation and river inflow in the water cycle, the precipitation has the characteristics of
integrity. When the lake surface receives precipitation, the basin of the river entering the
lake may also receive precipitation. Therefore, lake surface precipitation may be a signal
of watershed precipitation. The rates of the factors in the lake water cycle also displayed
interconnections (Figure S2). The rates of lake TWVF and lake ice sublimation showed a
strong negative correlation, primarily through their impact on the duration of lake ice cover.
Additionally, the rates of lake surface precipitation and lake ice sublimation demonstrated
a significant positive correlation in most lakes, likely influenced by their combined effect
on airflow over the lake surface.

4.3. Different Methods to Analyze the Key Factors Influencing Lake Area Changes
4.3.1. Phase Analysis on Average

Phase analysis means dividing the whole study period into different intervals. The
basis for dividing Bosten Lake, Ulungur Lake, and Ebinur Lake into different phases lies
in the evident periods of decrease and increase in lake area. As for Sayram Lake, which
exhibited a singular growth trend in area, the division points were in the year 1990. The
division results of different phases are shown in Table 2. In Bosten Lake, the average
lake area during the three phases was 1065.56 km?2, 1050.97 km?, and 999.84 km?, respec-
tively. Correspondingly, the river inflow during these phases was 22.24 x 108 m3 yrfl,
29.89 x 108 m® yr~!, and 24.40 x 108 m? yr~!, respectively. Notably, the average lake area
in the second phase decreased by 14.59 km? compared to the first phase, while the river in-
flow in the second phase increased by 7.66 x 10% m? yr~!. In contrast, the lake loss in terms
of river outflow increased by 2.71 x 108 m3 yr~!. These findings strongly suggest that the
reduction in the average annual lake area in the second phase, as opposed to the first phase,
could be primarily attributed to the observed increase in river outflow. The average lake
area of the lake in the third phase was 51.13 x 108 km? less than that in the second phase,
and the order of contribution (from largest to smallest) was a decrease in river inflow by
5.49 x 108 m3 yr~!, an increase in TWVF by 1.73 x 10 m? yr~!, an increase in river outflow
by 1.16 x 108 m® yr~!, and a decrease in lake surface precipitation by 0.23 x 108 m? yr~1. In
Ulungur Lake, the lake area during the second phase increased by 35.13 km? compared to
the first phase. Concurrently, there was an increase in both the river inflow and lake surface
precipitation by 0.74 x 10% m® yr—! and 0.34 x 10® m® yr~!, respectively. In Ebinur Lake,
the lake area experienced a substantial increase of 148.92 km? during the second phase
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compared to the first phase. This significant expansion was primarily driven by two main
factors: a considerable increase in river inflow, amounting to 3.62 x 108 m3 yr~!, and the in-
crease of lake surface precipitation, totaling 0.29 x 108 m® yr—!. The rapid decrease in lake
area (—160.05 km?) in the third phase over the previous phase was mainly due to a decrease
in river inflow and lake surface precipitation by 2.01 x 108 m3 yr~! and 0.12 x 108 m3 yr~!,
respectively. In all three open lake phases, although TWVF was generally positively corre-
lated with lake area, it was the main factor that determined the loss of lake water. In Sayram
Lake, the slight increase in lake area during the second phase compared to the first phase
(+3.99 km?) was mainly attributed to two factors: an increase in lake surface precipitation
(0.37 x 108 m3 yr~!) and a decrease in TWVF (—0.10 x 108 m? yr~—!). Notably, the impact

of lake surface precipitation on the change in lake area outweighed that of TWVE.
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Figure 4. Pearson correlation coefficients between lake area (km?), river inflow (108 m3), TWVF
(108 m3), lake surface precipitation (108 m®), lake ice sublimation (108 m?), and river outflow (108 m?).
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Table 2. Changes in average lake area (km?), river inflow (108 m3), TWVF (108 m?), lake ice sub-
limation (108 m?), lake surface precipitation (108 m?), and river outflow (108 m?) at the lakes in

different phases.
Lake River N sl River
Lake Name Phase Area Inflow TWVF Sublimation Precipitation Outflow
First phase (1961-1987) 1065.56 2224 10.44 0.39 0.73 7.55
Second phase (1988-2002) 1050.97 29.89 10.28 0.63 0.95 10.26
Bosten Lake Difference from previous phase =~ —14.59 7.66 -0.16 0.24 0.22 2.71
Third phase (2003-2013) 999.84 24.40 12.01 0.39 0.72 11.42
Difference from previous phase =~ —51.13 —5.49 1.73 —0.24 —0.23 1.16
First phase (1977-1990) 906.48 9.26 7.69 0.39 0.95 /
Ulungur Lake Second phase (1991-2013) 941.61 10.00 7.78 0.47 1.29 /
Difference from previous phase 35.13 0.74 0.09 0.08 0.34 /
First phase (1980-1997) 532.97 16.55 4.41 0.23 0.60 /
Second phase (1998-2003) 681.89 20.17 5.47 0.31 0.89 /
Ebinur Lake Difference from previous phase ~ 148.92 3.62 1.06 0.08 0.29 /
Third phase (2004-2016) 521.84 18.16 4.29 0.24 0.77 /
Difference from previous phase  —160.05  —2.01 -1.18 —0.07 -0.12 /
First phase (1975-1990) 455.43 / 3.43 0.43 0.88 /
Sayram Lake Second phase (1991-2013) 459.42 / 3.33 0.46 1.26 /
Difference from previous phase 3.99 / —0.10 0.03 0.37 /

4.3.2. Linear Trends Analysis

Our study presented segmented linear trends in lake areas and lake water cycle com-
ponents (Figure 5). The open lakes exhibited significant variation in area change during the
study period, with the maximum and minimum values differing by 425.6 km?, 76.8 km?,
and 390.1 km? in Bosten Lake, Ulungur Lake, and Ebinur Lake, respectively. In contrast,
the closed Sayram Lake showed an increasing trend to a lesser extent, with an area change
of 7.5 km?2. The river inflow in all three open lakes showed an overall increasing trend
of 0.045 £ 0.031 x 10® m3 yr~!. Regarding the TWVF, Bosten Lake exhibited an overall in-
creasing trend, while Ulungur Lake, Ebinur Lake, and Sayram Lake experienced decreasing
trends. Lake ice sublimation and lake surface precipitation showed an increasing trend in
the four lakes (Table S4). The river outflow from Bosten Lake showed a clear upward trend
(0.108 £ 0.021 x 108 m3 yr—1).

River inflow, as the largest component of the region’s lakes, generally coincided with
trends in lake area for most of the segmented period, indicating that river inflow plays a
crucial role in determining the amount of stored lake water. However, there were instances
where it did not align with changes in lake area, such as in the third phase of Bosten Lake
(2003-2013) and the second phase of Ulungur Lake (1990-2013). In the third phase of Bosten
Lake, although the trend of river inflow did not correspond to the lake area, there was an
18.4% decline in this component compared to the second phase. Furthermore, there was a
steep 53.8% decline in river inflow in 2003 compared to the inflow in 2002. The high value
of river outflow of the lake in the third phase (11.4 x 108 m3 yr~1) also contributed to the
decrease in lake area in this phase. The TWVF, as the second largest component of lake
water volume, exhibited an overall opposite linear trend to the lake water volume in Bosten
Lake, Ulungur Lake, and Sayram Lake. However, from an inter-annual perspective, the
TWVF increased with the growth of lake area. High (low) loss of TWVF in successive years
led to a subsequent decrease (increase) in lake area, highlighting the significant impact of
TWVF on lake area. The lake surface precipitation generally aligned with changes in lake
area for most of the period. Although its effect on lake volume was limited, it may serve
as a signal of river inflow from small rivers around the lake that were not included in the
statistics of this study due to a lack of observational data. In the closed Sayram Lake, the
first phase of lake area changes was primarily influenced by the TWVF and lake surface
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precipitation, and reductions in lake area during the second phase were mainly attributed
to reductions in total TWVFE.
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Figure 5. The time-series data for river inflow, TWVF, lake ice sublimation, lake surface precipitation,
and river outflow were analyzed to understand the changes in the four lakes’ areas. (a—f) for Bosten
Lake; (g-k) for Ulungur Lake; (1-p) for Ebinur Lake; (q—t) for Sayram Lake. The solid red lines
represent the linear downward trend fitted to the entire series of years, while the solid blue lines
represent the linear upward trend fitted to the entire series of years. The dashed lines indicate the
trend for segmented years.

Based on the aforementioned analysis, it is evident that the dominant factor influencing
the lake area varied across different phases. Specifically, during these phases, the change
in lake area was primarily governed by the inflow of water from the river. The loss of
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water due to TWVF and river outflow showed that they were also significant factors that
impacted the lake area and subsequently contributed to its changes.

4.3.3. MRA Trends Analysis

The MRA method was employed to extract multi-decadal trends of the time series
of lake water cycle components. Periodicities shorter than ten years and noise were
subtracted from the original time series. Figure 6 displays the MRA variations in changes
in the amounts of lake water cycle components for four major lakes in recent decades. It
was observed that different components of the lake water cycle exhibited varying levels
of oscillation. Specifically, the oscillation of river inflow and river outflow surpassed
that of TWVE, while the oscillation of lake surface precipitation exceeded that of lake
ice sublimation.
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Figure 6. Comparisons between multi-decadal variations in lake water cycle components in the
four lakes. (a,b) Bosten Lake; (c,d) Ulungur Lake; (e,f) Ebinur Lake; (g,h) Sayram Lake.

The MRA amplitude of the river inflow varied from 4.37 x 108 m3 (Ebinur Lake) to
13.5 x 108 m3 (Bosten Lake). The magnitude of MRA for the river outflow from Bosten Lake
was 7.51 x 108 m3. The TWVF exhibited an MRA amplitude ranging from 0.21 x 108 m3
(Sayram Lake) to 4.20 x 108 m3 (Bosten Lake). The MRA values for lake ice sublimation
and lake surface precipitation showed a magnitude of change ranging from 0.12 x 108 m?
(Ebinur Lake) to 0.55 x 108 m3 (Bosten Lake), and from 0.07 x 10% m? (Sayram Lake) to
0.69 x 108 m3 (Ulungur Lake).

In the case of Bosten Lake, the evolution of its lake area could be categorized into three
distinct phases: a slow decreasing phase, a rapid increasing phase, and a rapid decreasing
phase. In parallel, the river inflow underwent a declining trend, followed by an increasing
trend, and then another decreasing trend. These two variables showed a consistent trend of
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change. On the other hand, the TWVF experienced phases of slow decline, rapid increase,
and relative stability. The river outflow of the lake went through periods of stability, rapid
increase, and subsequent decline. These two factors contributed to the large loss of lake
water after 2002, contributing to the decline in lake area during this period. The trends
of precipitation and sublimation were similar, both showing a decreasing trend, followed
by an increasing trend, and then a decreasing trend. In Ulungur Lake, the steep increase
in river inflow from 1977 to 1989 explained the rapid increase in lake area during the
same period, and the fluctuations in lake area after 1989 aligned with the trend of river
inflow. Although river inflow and lake area did not exhibit a perfect linear relationship
(e.g., the second phase in the linear trend for Ulungur Lake), the MRA trend analysis
indicated that river inflow is the most significant factor influencing the area of Ulungur
Lake. Furthermore, the trends in MRA of lake surface precipitation were also aligned
with changes in lake area. In Ebinur Lake, during a period of unusually large lake area
(2000—2005), the MRA variability of river inflow and lake surface precipitation also reached
peak values of 19.90 x 108 m3 and 0.95 x 108 m3, respectively. The TWVF and sublimation
contributed to the decline in lake area during 2006—2013 by consistently causing high
values of water loss from the lake. The total amount of TWVF and sublimation remained
relatively constant over the study period, in contrast to the fluctuating river inflow and
lake surface precipitation. The MRA of TWVF experienced an insignificant increase with
a change rate of 0.000 & 0.009 x 108 m3 yr~!, while river inflow displayed a significant
increase with a change rate of 0.069 £ 0.021 X 108 m3 yr’l. Additionally, the lake surface
precipitation exhibited an obvious bimodal pattern. In Sayram Lake, the lake area showed
a continuous weak increase at an average rate of 0.190 & 0.008 km? yr~!. The lake area and
TWVF displayed a negative correlation with a correlation coefficient of 0.44, indicating a
close relationship between TWVF and the area of this lake. Additionally, the lake surface
precipitation exhibited a significant increase at a rate of 0.013 + 0.002 x 108 m® yr~! and
showed a strong positive correlation with lake area, with a correlation coefficient of 0.65.
This correlation highlights the substantial contribution of increased precipitation to the
expansion of the lake area. The loss of lake water from lake ice sublimation exhibited a
stable pattern and had a limited effect on lake area.

4.4. The Role of Lake Water Cycle Components in Lake Water Balance

Figure 7 presents the total changes in lake water cycle components on the same axis,
allowing for a clear comparison of the variations in the volume of water cycle components
in the four lakes. In the open lakes, the total amount of river inflow was the highest among
the components, surpassing the total amount of TWVF in Bosten Lake, Ulungur Lake,
and Ebinur Lake by 14.13 x 108 m? (131.8%), 1.95 x 108 m3 (25.1%), and 13.10 x 10® m?
(287.4%), respectively. Among the three open lakes, Ulungur Lake was the only one where
the total river inflow was lower than the total TWVF in certain dry years. This could be
attributed to the high latitude of the location and low precipitation in the basin, resulting
in less river inflow. Additionally, the low winter temperatures caused snowfall in the
precipitation to not quickly form runoff. The average annual variability of river inflow
in these three lakes was substantial, reaching 20.1%, 56.1%, and 9.6%, respectively, and
the maximum annual variability was even higher, reaching 73.8%, 444.1%, and 25.1%,
respectively. There was a noticeable correspondence between the peaks of lake area and
the peaks of river inflow, implying that the high lake area is likely a result of substantial
river inflow. The annual average change rates of total TWVF in the four lakes ranged from
2.7% to 5.8%, with maximum change rates ranging from 5.6% to 21.0%. The river outflow
from Bosten Lake was lower than the TWVF in most years. However, the annual average
river outflow was higher than the TWVF by 3.73 x 108 m3 in 2000-2004, while they caused
comparable lake water loss after 2004. Additionally, the annual average amount of lake
precipitation exceeded the annual average amount of lake ice sublimation in all four lakes,
with differences of 72.2%, 173.5%, 180.4%, and 166.6%, respectively. However, during
certain dry years in Bosten Lake and Ebinur Lake, the total amount of lake ice sublimation
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surpassed the total amount of lake surface precipitation, highlighting the non-negligible
importance of lake ice sublimation to the overall water balance of the lakes, especially in
dry years.
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Figure 7. The role played by lake water cycle components in lake water balance. In the case of Bosten
Lake and Ulungur Lake, the river inflow represents the runoff from the Kaidu River and Ulungur
River, respectively. As for Ebinur Lake, the river inflow comprises the combined runoff from the Jing
River and Bortala River. The river outflow represents the runoff of Kongque River.

4.5. Effects of Temperature and Solar Radiation on TWVF

The TWVEF is the primary mechanism for lake water loss, yet the relationship between
the TWVF and meteorological factors remained unclear in this study. To gain deeper
insights into the connection between TWVF in the four lakes and key meteorological vari-
ables, we present the inter-annual variation trends of TWVF rate, air temperature, and
solar radiation. As depicted in Figure 8, the rate of TWVF exhibited similar inter-annual
variations as air temperature and solar radiation. On average, the correlation coefficient
between the TWVF rate and air temperature was 0.25, while the average correlation co-
efficient between the TWVF rate and solar radiation was 0.51. In terms of linear trends,
the relationship between the rate of TWVF and solar radiation was stronger than that
between the rate of TWVF and air temperature. Specifically, the correlation coefficients
of TWVF and solar radiation in order from the highest to the lowest were Bosten Lake,
Ulungur Lake, Ebinur Lake, and Sayram Lake. Conversely, the correlation coefficients of
TWVF and air temperature were ranked from the highest to the lowest in Ebinur Lake,
Ulungur Lake, Sayram Lake, and Bosten Lake. During the study period, the rate of TWVF
exhibited a significant downward trend in Bosten Lake, Ulungur Lake, and Sayram Lake,
corresponding to a decline in solar radiation in these three lakes. Among the four lakes,
only Bosten Lake showed an obvious decreasing trend in temperature, while the other
three lakes showed a stable or increasing trend in temperature.
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Figure 8. The inter-annual variations in TWVF rate, average air temperature, and solar radiation in

the four lakes. The solid line is the linear fit line for the three variables. (a) Bosten Lake. (b) Ulungur
Lake. (c) Ebinur Lake. (d) Sayram Lake.

5. Discussion
5.1. Comparison with Other Literature Results

Different methods and data can yield varying conclusions about changes in lake water
volume, underscoring the importance of comparing the results of this study with other
research. Li et al. [18] employed Ensemble Empirical Model Decomposition (EEMD), water
balance analysis, and climate elasticity methods to investigate water area changes in Bosten
Lake from 1960 to 2018. Some of their findings align with our conclusion, emphasizing
the significant role of river inflow as the primary factor influencing the lake’s water area.
Furthermore, we have arrived at similar conclusions regarding the increase in TWVF at the
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lake surface coinciding with an expansion in lake area. However, their conclusion pointed
to river inflow as the predominant factor behind the decrease in water areas between
2003 and 2014. In contrast, our study found that river inflow did not primarily drive the
reduction in lake area during the 2003-2013 phase, as evidenced by the opposing linear
trends in river inflow and lake area change. This disparity in findings could be attributed
to variances in analytical approaches.

A work on Xinjiang lake was carried out by Gao et al. [41], who analyzed the factors of
lake area change in Ulungur Lake from 1977 to 2017 using the Pearson correlation analytical
method and sufficient observational data. One significant factor identified in their study
was the diversion of water, ranging from 3 x 108 m3 yr=! to4 x 108 m® yr~!, from the Irtysh
River after 1988, which is not part of the Ulungur Lake Basin. This diversion played a role
in the rapid increase in the area of Ulungur Lake during the first phase of the study period
(1977-1989). The study concluded that the area of Ulungur Lake is heavily influenced by
anthropogenic factors, such as artificial diversions and irrigation. This finding helps explain
why the linear trends in our study did not correlate strongly with the area of Ulungur
Lake specifically in terms of river inflow from the Ulungur River alone. The presence of
additional water inputs, such as the diversion from the Irtysh River, contributes to the
complex dynamics of the lake’s water balance.

In the study of Ebinur Lake’s area change, Ge [42] employed integrated learning
algorithms to assess the significance of various influencing factors. The study’s findings are
consistent with our conclusions, highlighting that river inflow has a more pronounced effect
on changes in the area of Ebinur Lake than precipitation. Additionally, the study observed
a significant lag in river inflow around 2000, which was attributed to heavy anthropogenic
water use at the lake’s entrance. In our investigation of Ebinur Lake, we focused on
comprehensively analyzing both overall and periodic variations in the lake’s area, omitting
an exploration of the exceptional years. Regarding Sayram Lake, Chai et al. [43] conducted
a study to investigate the impact of temperature and precipitation on the lake’s area
expansion. They divided the study periods into more finely-grained 10-year intervals
and found that the increase in precipitation predominantly drove the expansion of the
lake area. This finding aligns with the conclusion drawn from our phase analysis, further
emphasizing that precipitation exerts a greater influence than TWVE.

5.2. Effects of Other Components on Lake Area

Groundwater seepage to and from lakes is a crucial component of their water balance.
However, the pathways of groundwater beneath a lake are complex, and variations in
groundwater runoff over just a few meters can exhibit substantial differences. Conditions
at the lake bottom, including sediment type, geological factors, and topography, contribute
to the spatial heterogeneity of lake seepage. The SWAT hydrological model employed in
this study has limited accuracy in calculating groundwater dynamics within lakes due to
its inability to account for geological characteristics, such as rock types. Among the four
lakes, we could only find limited years” worth of groundwater exchange data for Bosten
Lake in Liu’s study [44].

Figure 9 illustrates the relationship between groundwater into Bosten Lake and its
corresponding lake area. The negative values indicated groundwater flowing into the lake
for that year, while the positive values signified groundwater outflow from the lake. The
results suggest that there was no significant correlation between groundwater seepage and
lake area. On average, the groundwater inflow into Bosten Lake was 0.825 x 108 m3 yr~!,
which was 96% and 92% lower than the river inflow and TWVE, respectively. Additionally,
it exceeded the lake ice sublimation by 31% and lake precipitation by 7%.

Although we were unable to find pertinent literature on groundwater exchange data
for the other three lakes, Yang’s [45] study highlights that Ebinur Lake’s characteristics
include deep silt and very shallow water (Table 1), resulting in minimal leakage from the
lake bottom. However, our understanding of the vertical movement of water volume at the
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lake bottom in Ulungu Lake and Sayram Lake remains incomplete. This aspect represents
a source of uncertainty in this study, and further research in this area will be necessary.
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Figure 9. Groundwater inflow into Bosten Lake in 1975 and during the years 1981-1985. The red line
represents the total amount of groundwater recharge to the lake equal to the total amount of lake
recharge to the groundwater.

We also extracted the inter-annual variation in groundwater levels from relevant
literature for observation wells located around Bosten Lake and Ebinur Lake (Figure 10).
These wells are situated approximately 27.3 km and 57.2 km away from the corresponding
lakes, respectively. The monitoring stations for groundwater levels began operating in
2004 and 1990, respectively. Figure 10 illustrates the yearly variation in groundwater levels,
providing a comprehensive depiction of the dynamic characteristics observed during the
study period. The results indicated an overall decreasing trend in groundwater level, with
rates of —0.18 + 0.06 m yt"l and —0.16 == 0.01 m yr’1 for Bosten Lake and Ebinur Lake,
respectively. Correspondingly, Bosten Lake experienced a significant decrease in lake area
during the same period. It is evident that the lake area and groundwater levels exhibited a
positive correlation for most of the years in Bosten Lake. In the case of Ebinur Lake, the
decreasing trend in groundwater levels can partially explain the decline in lake area from
1990 to 2012. However, it is challenging to fully explain the high level in lake area during
the study period of 2000 to 2005. This high level is attributed to high river inflow and lake
surface precipitation.
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Figure 10. Groundwater level changes in (a) (Bosten Lake), and (b) (Ebinur Lake). The groundwater
level data in the figure were obtained from Zhang [46] and Wang et al. [47], respectively. The red
lines represent the linear downward trend fitted to the series of years.
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Desertification in Xinjiang has reached a critical level. The runoff from rivers into
the lakes often carries a significant amount of sediment, which tends to accumulate at
the lake’s bottom, thereby impacting both water volume and lake area. Table S5 provides
data on the average annual sediment deposition in the three open lakes. The results
revealed that the yearly sediment inflow into these lakes ranges from 0.0015 x 10% m3 to
0.0108 x 10® m3, with an average value of 0.0057 x 108 m3. The sediment from runoff has
a limited influence on lake water volume, amounting to just 1.4% of the average annual
volume of lake ice sublimation.

5.3. Uncertainty in TWVF

The evaporation pan, a commonly used observation tool at hydrological and meteoro-
logical stations, is one of the simplest, most cost-effective, and widely practiced methods
for directly observing local TWVF conditions [48,49]. In this study, we utilized data from
two types of evaporation pans (D20 pan with observations from 1951 to 1998 and E601 pan
with observations from 1996 to present), from which we chose the evaporation pan sta-
tion located closest to the lake (same location as the meteorological observation station in
Figure 1). These observations were converted to obtain TWVF values at the lake surface.

Figure 11 displays a comparison between the calculated results using the CLM method
and the pan method for the four lakes during the study period. The TWVF results obtained
from both methods were generally comparable, particularly in Bosten Lake, where the
difference was only 0.2 mm yr~!. The comparison showed that the calculated TWVF using
the CLM method deviated from the pan method by only 0.2 mm yr—! and 167.6 mm yr~!
(0.0% to 16.8%), with an average deviation of 108.8 mm yr—! (11.6%). This indicated a
relatively small error in the TWVF results caused by the CLM method. The verification
results confirmed the reliability of the TWVF results obtained in this study.
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Figure 11. Comparisons of annual TWVF results of CLM model and evaporating pan in the four lakes.

6. Conclusions

In the present study, we used a land surface model to estimate the TWVF and lake
ice sublimation, and a hydrological model to simulate the part of the river inflow into the
lake. Based on regression analysis, phase analysis, and trend analysis we illustrated the
spatiotemporal heterogeneity of the changes in lake areas/volumes in a typical dry region
in China during the past decades and explored the key factors and underlying mechanisms
influencing these changes. The key findings in this study are as follows:

(@) The river inflow in all three open lakes showed an overall increasing trend of 0.045 £
0.031 x 10® m? yr~!. Regarding the TWVF, Bosten Lake exhibited an overall increasing
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trend, while Ulungur Lake, Ebinur Lake, and Sayram Lake experienced decreasing
trends. The lake ice sublimation and lake surface precipitation showed increasing
trends in the four lakes. The river outflow from Bosten Lake showed a clear upward
trend (0.108 4 0.021 x 108 m3 yr—1).

(b) The influencing factors on the change in lake area varied for different phases and lake
types. Overall, river inflow was the dominant factor affecting the change in open lake
areas, while lake surface precipitation was the primary factor affecting the change in
closed lake areas. The TWVF and river outflow, as the primary factors contributing to
lake water loss, had a significant impact on the lake areas in subsequent years.

(¢) The average amount of river inflow, TWVF, lake ice sublimation, lake surface precipi-
tation, and river outflow in the four lakes was 17.41 x 108 m3 yr‘l, 6.60 x 108 m3 yr‘l,
0.41 x 108 m® yr—!, 0.98 x 10 m3 yr=!, and 9.12 x 108 m3 yr~!, respectively. The
TWYVF and lake ice sublimation, which were the components of lake water cycle with
no observed values in the four lake surfaces, played an important role in influencing
changes in lake area in dry years. The water balance analysis revealed that Ulungur
Lake encountered periods with a river inflow that was lower than the TWVEF, while
Bosten Lake and Ebinur Lake had certain years where the total lake ice sublimation
exceeded total lake surface precipitation.
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of materials in this study; Table S2: Parameter settings for TWVF and sublimation calculations in
CLMB5; Table S3: Parameters and corresponding ranges in SWAT model for Kaidu River; Table S4:
The linear trend of river inflow, TWVE, lake ice sublimation, lake surface precipitation, and river
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