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Lakes are an important component of the terrestrial hydro-
sphere, and have a strong influence on the regional hydrological
cycle [1]. Due to the distinctive geographic location and climatic
characteristics of the Tibetan Plateau (TP), the water level, surface
area, and water storage of lakes across this region are extremely
sensitive to climate change [2-4]. Rapid lake expansion has
become one of the most significant environmental changes across
the TP [5], motivating the need for continuous monitoring of lake
dynamics [4].

Recent advances in measurement technology (e.g., satellite
observations) [4,6,7] and the development of a range of superior
lake volume estimation methods (e.g., Ref. [8]) have improved
our ability to understand spatiotemporal changes of lake dynamics
in the TP with increasing accuracy and at a finer resolution. How-
ever, the majority of these studies have not assessed the combined
effects of meteorology and hydrology at the lake-basin scale. As
inland lakes are often considered to be basin-wide integrators of
climatic and hydrological conditions [9], investigating hydrological
processes in the TP lake basins is critical for understanding the
response of lake dynamics to current climate change.

In recent decades, glacial retreat, snowmelt, and frozen soil
thawing caused by climate warming have resulted in complex
hydrological regimes [10]. The combined contributions of snow
cover and glacier meltwater (SGM) to annual streamflow have
exceeded 50% in several large river basins of the TP during the last
four decades [11]. Current understanding of how the lakes respond
to climate change remains limited, since the hydrological pro-
cesses occurring within the hydrosphere and cryosphere are tightly
coupled. Previous studies using multi-source data and quantitative
evaluations suggest that precipitation is the primary driver of

* Corresponding authors.
E-mail addresses: zhoujing@itpcas.ac.cn (J.  Zhou), wanglei@itpcas.ac.cn
(L. Wang).

https://doi.org/10.1016/j.scib.2021.11.010

changing lake dynamics across the TP [12-14]. Enhanced meltwa-
ter from snow and glaciers may be insufficient to fully explain the
increase of lake volume across the whole TP, but the relative role of
meltwater is likely to vary significantly between different lake
basins [15]. Since the snowpack plays an important seasonal
buffering role in high mountain Asia and the importance of melt-
water to water supply in the TP [11], determining the impacts of
climate change on the region’s cryosphere is also essential to
understand changing lake dynamics. However, due to poorly-
developed methodologies and a lack of reliable satellite and obser-
vational data, quantitative estimates of the contributions from
various factors have mainly focused on a small number of typical
lakes (e.g., Refs. [13,14]) and are currently missing for the majority
of lake basins across the TP.

The interior TP (ITP) contains more than 60% of the total lake
water storage across the TP (Text S1.1 online). Owing to its large
area and sparse observations, our knowledge of regional hydrology
and the resulting lake water balance is very limited. To better
understand the underlying drivers of lake dynamics, it is necessary
to accurately estimate the closed-basin hydrology and the balance
between four hydrological components (lake inflow, precipitation,
evaporation and water storage changes). Of these, lake inflow com-
prises several key components (e.g., rainfall-runoff, SGM), which
need to be separated with the aid of a hydrological model. Combin-
ing the new generation hydrological models with remote sensing
products provides a unique opportunity to test model performance
with respect to several hydrological-related properties, such as
land surface temperature, snow depth, and lake water storage.

Here, we examine the water budgets of the ten largest endor-
heic lakes (with areas >500 km?) in the ITP (Figs. 1a, S1 and S2,
and Table S1 online), using long-term (1979-2016) hydrological
simulations at the lake basin-scale. We apply a calibrated and ver-
ified distributed cryosphere-hydrology model (water and energy
budget-based distributed hydrological model, WEB-DHM), coupled

2095-9273/© 2021 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
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Fig. 1. Locations of the ten studied lakes across the interior Tibetan Plateau, and their simulation-based annual lake water storage change (LWSC) from 1979 to 2016. (a) The
distribution of studied lakes in the ITP (individual lake basins can be seen in Fig. S1 online). D Nganglaring, @ Zharinamco, @ Tangra Yumco, ® Seling Co, ® Nam Co, ®
MC&DC, @ Ulan Ula Lake, ® Xijir Ulan Lake, @ Aqikekule Lake, @ Ayakeku Lake. MC&DC represents Dorsoidongco and Chibzhang Co, which are now considered to have
merged into one lake following expansion. UYRB (upper Yangtze River basin) and UBRB (upper Brahmaputra River basin) are adjacent basins where the WEB-DHM-SF model
has been successfully applied. (b) Time series of the simulation-based annual LWSC of the ten lakes. The shaded gray areas represent the range of LWSC estimates (the annual
maximum and minimum values). The blue triangles show the changes in the lake area obtained from available datasets (from Ref. [6]) in the corresponding period. The green
dashed lines and labelled years indicate the transition years of each lake (except Lake Seling Co). The numbers in the upper right corner are the cumulative LWSC values (km?)
of each lake in 2016. The inset labeled “sum of ten lakes” shows the total LWSC of the ten lakes.

with a three-layer snow module and frozen-ground physics itation, and lake evaporation (E,,)) to lake water storage change
scheme (WEB-DHM-SF) (Text S1.3.1 online). The contributions of (LWSC) were individually quantified. Our study provides a
various components (i.e., SGM, rainfall-runoff, lake surface precip- quantitative assessment of lake volume changes and their driving
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mechanisms, yielding deeper insights into the role of internal
hydrological processes and the changing cryosphere in shaping
lake changes.

After model calibration and verification (Text S2, Table S2 and
Figs. S3-S11 online), the major hydrological components for both
the land-covered and water-covered areas were simulated and cal-
culated, respectively (Text S3 and Figs. S12-S14 online). The LWSC
of each lake was then calculated according to the water balance
equation (Text S1.3.3 online) and verified with remote-sensing
data derived from Ref. [7], demonstrating reliable results
(Fig. S11 online). The simulation-based annual LWSCs of the ten
lakes (cumulative values from 1979 to 2016) are shown in
Fig. 1b. The transition years (turning points) of these LWSC changes
were also identified. Transition years are defined as those years
when the lakes reached their respective minimum cumulative
LWSC during the study period, with the exception of Lake Seling
Co (which showed continued growth throughout the study period).
The minima of LWSC were followed by significant subsequent
expansion. The LWSC of the majority of lakes increased from
1979 to 2016, with turning points mostly occurring in 1995. The
exceptions to this trend were the two southern lakes (Nganglaring
and Zharinamco), which showed slight declines in LWSC from
1979 to 2016. During the study period, the LWSC of most lakes
remained stable or decreased slightly from 1979 to 1995, apart
from Lake Nam Co (which decreased until 1987). These trends
were followed by a rapid increase in LWSC of the majority of lakes
from 1996 to 2010, and some lakes continued to increase until
2013. This period of rapid increase was followed by far slower rates
of growth, or slight decreases, in LWSC during 2011-2016, with the
exception of Lake Aqikekule that continued to grow rapidly.
Changes in LWSC of Nganglaring contrasted with those of other
lakes, and showed a decreasing trend from 1979 to 2016, with a
total decline of 1.1 km? and the most rapid rates of decrease before
1999. The simulation-based LWSC changes found in the present
study agree with the trends in datasets reported by Ref. [6] (repre-
sented by blue triangles in Fig. 1b), in which the total lake area on
the TP decreased between the 1970s and ~1995, and then showed
a rapid increase, with the exception of a slight decline in 2015.

The total water volume of the ten lakes increased by 58.70 km>
from 1979-2016 (Fig. 1b). The largest increase was 28.1 km? for
Lake Seling Co, followed by 9.6 km? for Lake Nam Co. The increased
water volume of these two large lakes accounted for 64.2% of the
total water volume increase of the ten lakes. Transition years rep-
resent a response to variations of major hydrological and meteoro-
logical components in their basins, as shown in Figs. S12-S14 and
Text S3 (online). Precipitation (over both the land-covered and
water-covered areas), rainfall-runoff and SGM in most basins
showed increasing trends, especially after transition years
(Fig. S12 online); most of these increases were significant (Tables
S3 and S4 online). The changes of these components were consis-
tent with the variations of LWSC. Trend change points were further
detected by the Mann-Kendall (MK) test (Fig. S15 and Table S5
online), revealing change-points of precipitation and rainfall-
runoff for the ten lake basins that were very close to the transition
years of LWSC, while the change-points of SGM in most basins
were later than the transition years of LWSC (Text S3.3 online).
The combined effects of these components led to the transition
of LWSC.

SGM accounted for 12.7%-33.6% of the total lake inflow in the
ten basins during the study period. SGM increased significantly,
especially after its change-points (Tables S3 and S5 online). The
percentage of rainfall-runoff in the total lake inflow decreased
throughout the study period, even when precipitation increased
overall (Fig. S16 and Table S3 online). On the contrary, the intensi-
fied cryospheric melting (especially after change points) has grad-
ually increased the percentage contribution of SGM in the total
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lake inflow for the majority of basins (Fig. S16 and Text S4.1
online). It can be inferred that LWSC was more closely related to
precipitation changes, while increasing SGM promoted LWSC vari-
ations after transition years.

The contributions of major water balance components to LWSC
from 1979 to 2016 were examined using multiple linear regression
(Fig. 2). Lake inflow was separated into glacier melt, snowmelt and
rainfall-runoff. Resulting differences in the sensitivity analysis
(Text S4.2 and Fig. S17 online) were assumed to represent water
released from thawing soil. Results showed that the contributions
of E,, snowmelt and glacier melt to LWSC changes ranged
from —38.4% to —15.7%, 13.9% to 35.1%, and 5.7% to 18.8%, with
the maximum contributions in Zharinamco, and MC&DC, respec-
tively. The sum of SGM contributed 20.5% to 45.4% to LWSC
changes in the ten lakes, while thawing soil contributed 2.1% to
6.7%. The contributions of rainfall-runoff were more than 60% in
the ten lakes, and the maximum was in Ayakeku Lake (76.4%).
Rainfall-runoff contributed relatively little in the three southern
lakes (Nganglaring, Zharinamco and Tangra Yumco). Although
the individual components made different contributions to LWSC
in the different lakes, precipitation (i.e., the sum of rainfall-runoff
and lake surface precipitation, including rainfall and snowfall over
the lake surface) was the dominant factor, explaining 83.2% to 97%
of the LWSC in the ten lakes.

It can be seen from Figs. 1b and 2 that E,, had a relatively large
impact on the southern lakes (e.g., Nganglaring, Zharinamco and
Tangra Yumco), and SGM had a relatively minor impact on the
northern lakes (e.g., Ulan Ula Lake and Ayakeku Lake). The varying
contributions of glacier melt may be related to differences in gla-
cial coverage (Table S1 online) and runoff generation between
the basins. The LWSC of lakes in the basins with a relatively high
glacial coverage (MC&DC) received a larger contribution from gla-
cial melt when compared to the less glaciated basins. The contribu-
tions of individual components to LWSC before and after the
transition years are shown in Table S6 (online), highlighting that
rainfall-runoff played a major role in both periods, while the con-
tributions of SGM increased after transition years in most lakes.
Overall, the differences in the contributions to LWSC from different
components are caused by several factors, including the topo-
graphic and climatic (especially temperature and precipitation)
characteristics, glacier distribution, and the geographical location
of the basins. The first two of these factors directly affect runoff
generation within the basins. Therefore, the contributions of differ-
ent drivers to lake volume change depend mainly on the climatic
and hydrological conditions within the corresponding lake basins.

To improve our understanding of the drivers of TP lake change,
the LWSCs of the ten largest endorheic lakes in the ITP were exam-
ined using long-term water budget simulations with a verified dis-
tributed cryosphere-hydrology model. The majority of LWSCs
remained stable or showed slight decreases from 1979 to 1995,
then rapidly increased from 1996 to 2010, with turning points at
around 1995 (Fig. 1b). LWSCs increased or decreased only slightly
from 2011 to 2016. Precipitation contributed 83.2% to 97% of LWSC
changes in the ten lakes, while the contributions of E,, and SGM
were in the ranges —38.4% to —15.7% and 20.5% to 45.4%, respec-
tively (Fig. 2). Sensitivity analysis showed that soil freeze-thaw
processes strongly influence lake volume changes (Fig. S17 online),
contributing 2.1% to 6.7% to the LWSC for the ten lakes. However,
the scarcity of in-situ observations and the limitations of the cur-
rent model version (Text S4.2 online) necessitate more in-depth
studies on soil freeze-thaw contributions in the future. Overall,
precipitation was still considered as the dominant factor. However,
the contributions of precipitation, E,, (uncertainties of E,, estima-
tions can be seen in Text S5.2 and Figs. S18 and S19 online) and
SGM showed regional differences, demonstrating that lake volume
changes depend on complex climatic and hydrological conditions
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Fig. 2. The contributions of specific components to LWSC of the ten lakes across the interior Tibetan Plateau from 1979 to 2016.

within lake basins. Our numerical simulations enable accurate esti-
mates of basin hydrology and LWSC variations under different cli-
matic and hydrologic conditions, contributing to an improved
understanding of the drivers of lake dynamics across the TP.
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