
1. Introduction
The Tibetan Plateau (TP) and its surroundings contain the third largest ice storage in the world and maintain the 
headwaters of several Asia's large rivers, effectively acting as the “Asian Water Tower” (Immerzeel et al., 2010; L. 
Wang et al., 2021; T. Yao et al., 2022). The TP also boasts the greatest concentration of high-altitude inland lakes 
in the world, providing essential water resource to the regional environment and ecosystem. Since the late 1990s, 
most endorheic lakes on the interior TP have expanded significantly in response to a dramatic increase in precip-
itation as well as cryosphere melt (e.g., Lei et al., 2014; G. Zhang et al., 2017). After a slowdown in the early 
2010s, lakes on the TP have resumed their rapid expansion in recent years (Lei et al., 2019; Song, Ye, et al., 2015; 
Yang et al., 2017; Zhan et al., 2020). On the interior TP, lake water storage increased at a rate of 7.7 × 10 9 m 3/
yr between 2003 and 2009, which is generally consistent with the total mass gain derived from GRACE data (Q. 
Wang et al., 2016; Zhang, Su, et al., 2013; Zhang, Yao, et al., 2013).

Endorheic lake water budget on the TP is usually investigated in terms of the surface water components (i.e., 
precipitation, surface runoff and evaporation). The contribution of groundwater to lake water budget is seldom 
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investigated because it is hard to detect and quantify. Groundwater-flow system on the TP can be conceptualized 
in three regimes: near-surface shallow groundwater above permafrost, deeper groundwater below permafrost and 
groundwater under low-lying valleys and fault zones (Cheng & Jin, 2013; Ge et al., 2008). Groundwater flow 
on the TP is usually driven and sustained by the topographic gradient with recharge occurring at high elevations 
through the infiltration of precipitation and meltwater from snow and ice (Ge et al., 2008; Ma et al., 2021; Y. 
Yao et al., 2017, 2021). Though limited, studies show that groundwater storage on the TP has increased consid-
erably since the 2000s (Jiao et al., 2015). Groundwater storage on the interior TP, for example, is estimated to 
have increased at a rate of 5.0 × 10 9 m 3/yr between 2003 and 2009 (Xiang et al., 2016; G. Zhang et al., 2017), 
which is comparable to the observed lake volume changes (7.7  ×  10 9  m 3/yr) despite the spatial differences. 
Using stable  isotope tracing, previous studies (Chen & Wang, 2009, 2012) showed that increased groundwater 
in the Taklamakan Desert and Hexi Corridor northwest China may originate from glacier meltwater from the 
high mountain areas, suggesting that such processes may play an important role in other regions. These studies 
indicate that there was an increase in groundwater storage on the TP and we hypothesize groundwater flow is an 
important contributor to lake-level increase.

Lake ice usually persists for about half a year on the western TP, with complete freeze-up in middle November to 
early December and complete break-up in middle May to early June (Figures S1 and S2 in Supporting Informa-
tion S1; Kropacek et al., 2013). Lake-level changes during the ice-covered period can be taken as a good indicator 
of groundwater inflow into endorheic lakes on the TP because there is very limited snowfall, surface runoff and 
sublimation during this period. Changes in lake level during the ice-covered period therefore reflect positive 
or negative groundwater fluxes to endorheic lakes after accounting for the limited contribution from snowfall, 
surface runoff and sublimation. In this study, we first explore lake-level changes on the western TP during the 
ice-covered period based on in-situ and satellite observations, then quantify the groundwater inflow into two 
typical lakes, namely Memar Co and Lumajiangdong Co (Co is lake in Tibetan), and investigate its spatial and 
temporal characteristics and formation. In addition, we provide evidence of groundwater inflow based on in-situ 
measurements of springs and geothermal activities.

2. Geological Setting of the Study Area
The Tibetan Plateau, from south to north, includes the Tibetan Himalaya, Lhasa, Qiangtang, and Kunlun–
Qaidam blocks, separated by the YarlungZangpo, Bangong–Nujiang and Jinsha sutures, respectively (Ding 
et  al.,  2014,  2017; Song, Ding, et  al.,  2015; Stampfli & Borel,  2002). One striking characteristic in Tibet is 
the wide distribution of the north-to-northeast-striking trending rifts, which are usually considered to be active 
until now (Yin & Harrison, 2000). Our study area is located on the western portion of the Qiangtang terrace 
with the Shiquanhe–Gaize–Amdo thrust to the south and the Altyn Tagh fault to the north (Figure 1a). Several 
northwest- and northeast-trending active normal faults are distributed in this region (Taylor & Peltzer, 2006; 
Taylor & Yin, 2009; Taylor et al., 2003). The Xianqie Co fault system, trending northeast-southwest, cuts through 
Xianqie Co and into Lumajiangdong Co (Taylor et al., 2003). The Bue Co fault originates from Bue Co with a 
northeast strike, and merges with two northwest striking faults toward Lumajiangdong Co and Memar Co. The 
bedrock in the study area is mainly composed of Carboniferous and Permian limestones interbedded with sand-
stones, which favors groundwater storage and transport. Quaternary alluvial sediments are widely distributed as 
surficial deposit in the valley.

3. Materials and Methods
3.1. Lake Water Level Monitoring

Water levels were monitored at six lakes (i.e., Lumajiangdong Co, Memar Co, Jieze Caka, Longmu Co, Luotuo 
Lake, and Aksaiqin Lake) using HOBO (U20-001-01) or Solinst (Model 3001-LTC) pressure transducers. 
More detailed information about these lakes and lake-level monitoring can be found in the Supporting Infor-
mation S1 (Text S1, S2, and Table S1). Five and three years' lake-level data are available at Lumajiangdong Co 
(2016∼2021) and Memar Co (2017∼2019, 2020∼2021), respectively. Only one year's data are available at Jieze 
Caka (2020∼2021), Longmu Co and Luotuo Lake (2019∼2020).
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3.2. Hydro-Meteorology Observations

Several automatic weather stations (AWS) were installed in the study area to monitor locale meteorological 
conditions. An AWS was installed on an island of Lumajiangdong Co in September 2019 (Figure 1c). Precipita-
tion was monitored by RG-3 rain gauge in Aru village. Air temperature, humidity, air pressure, wind speed and 
wind direction, solar radiation, longwave radiation, and lake surface temperature were acquired from the AWS 
station. In Memar Co basin, an AWS was installed to the west of Aru Co in October 2016 (Figure 1c). Snowfall 
and rainfall were monitored by T-200B precipitation gauge at this station.

Both surface runoff and spring discharge were investigated. In Lumajiangdong Co basin, water level of river and 
springs to the west of the lake was monitored by pressure transducers (HOBO U20-001-01 water-level logger) 
(Figure 1c). The spring discharge was measured by using a LS1206B propeller-driven current meter (Nanjing 
Institute of Hydrological Automatization) in October 2020. In Memar Co basin, water level of river and springs 
is not available because the loggers were lost. Spring discharge to the northwest of Memar Co was measured in 
October 2020.

Figure 1. The geological setting of the study area and monitoring sites of lake hydro-meteorology. (a), Geological background of the Tibetan Plateau (TP) (adapted 
from Taylor et al., 2003) and the location of the study area. IYS, BNS, JS and AMS stand for Indus-Yalu, Bangong-Nujiang, Jinsha and Anyimaqen-Kunlun-Muztagh 
suture zones, respectively. (b), The distribution of lakes on the western TP and main faults in the study area. Lakes with and without significant groundwater supply are 
marked with yellow and black numbers, respectively. 1 Lumajiangdong Co, 2 Memar Co, 3 Luotuo Lake, 4 Jieze Caka, 5 Longmu Co, 6 Bamgdog Co, 7 Chem Co, 8 
Aksaiqin Lake, 8 North Heishibei Lake, 10 Jianshui Lake. (c) Monitoring sites of lake hydro-meteorology in Lumajiangdong Co and Memar Co basins.
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3.3. Estimation of Groundwater Discharge

Lake water budget in endorheic basin is mainly related to surface runoff, precipitation, lake evaporation, and 
groundwater inflow/outflow (Yang et al., 2018). Therefore, groundwater discharge to endorheic lake can be esti-
mated according to lake water budget, which can be written as:

𝐺𝐺 = 𝐴𝐴𝑙𝑙 × (∆𝐿𝐿𝑙𝑙 + 𝐸𝐸 − 𝑃𝑃 ) −𝑅𝑅𝑅 (1)

where G is groundwater discharge, 𝐴𝐴 𝐴𝐴𝑙𝑙 is lake area, 𝐴𝐴 ∆𝐿𝐿𝑙𝑙 is lake-level change, E is lake evaporation or ice sublima-
tion, P is precipitation, and R is surface runoff.

3.4. Estimation of Lake Ice Sublimation and Evaporation

Lake ice sublimation between December and May was estimated through the bulk method (Huang et al., 2016; 
WMO, 1988), which can be expressed as:

𝐸𝐸 = 𝜌𝜌𝑎𝑎 × 𝐶𝐶𝐸𝐸 × (𝑞𝑞𝑠𝑠 − 𝑞𝑞𝑎𝑎) × 𝑉𝑉𝑎𝑎, (2)

where E is the rate of lake ice sublimation, 𝐴𝐴 𝐴𝐴𝑎𝑎 is the density of air, 𝐴𝐴 𝐴𝐴𝐸𝐸 is the bulk transfer coefficient, 𝐴𝐴 (𝑞𝑞𝑠𝑠 − 𝑞𝑞𝑎𝑎) 
is the difference in specific humidity between ice surface and air, 𝐴𝐴 𝐴𝐴𝑎𝑎 is the wind speed and. Meteorological data 
from the AWS on the island of Lumajiangdong Co, including air temperature, lake surface temperature, humid-
ity, wind speed was used to calculate daily lake ice sublimation. Lake evaporation during the ice-free period is 
estimated through Bowen ratio method (Text S3 in Supporting Information S1). Snowfall from the T-200B rain 
gauge to the west of Aru Co was used. Lake water budgets during the ice-covered and ice-free periods were 
calculated by assuming same lake evaporation and sublimation at both lakes (Table 1).

3.5. Satellite Altimetry Data

ICESat and CryoSat-2 satellite altimetry data were used to detect long-term lake-level changes between 2003 
and 2018 (Li et al., 2014; Xue et al., 2018). Lumajiangdong Co and Memar Co were observed by ICESat satel-
lite twice or three times a year between 2003 and 2009 (Phan et al., 2012), and by CryoSat-2 satellite every 2 or 
3 months between 2010 and 2018 (Kleinherenbrink et al., 2015). Lake-level variations at Memar Co before 2003 
were determined based on the current lake bathymetry and the position of past shorelines (Text S4 in Supporting 
Information S1, Lei, Yao, Tian, et al., 2021).

Lumajiangdong Co Memar Co

Components (mm)
Ice-free period 

(June–November)
Ice-covered period 
(December–May)

Ice-free period 
(June–November

Ice-covered period 
(December–May)

Lake level changes 137 245 373 357

Precipitation 277 44 212 40

Evaporation/Sublimation 900 173 900 173

Surface runoff 386 0 615 0

Groundwater 374 374 446 490

Note. That the ice-free period is between May 20th and November 20th, and the ice-covered period is between November 20th 
and May 20th of each year. Groundwater is assumed to be constant throughout a year. Lake water budget at Lumajiangdong 
Co is the average value during June 2017 ∼ May 2021. Lake water budget at Memar Co is the average value during December 
2017 ∼ May 2019 and December 2020 ∼ May 2021. Surface runoff and groundwater inflow are calculated to be equivalent 
to lake level changes.

Table 1 
Lake Water Budgets During the Ice-Free and Ice-Covered Periods at Lumajiangdong Co and Memar Co
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4. Results
4.1. The Distinct Lake-Level Seasonality on the Western TP

The observed lakes exhibited distinct lake-level seasonality (Figure 2). For most lakes on the TP (Figure S3 
in Supporting Information  S1), water levels were stable or decreased slightly during the ice-covered period, 
which can be attributed to the lake ice sublimation and negligible inflows. For the observed lakes on the western 
TP, however, there is considerable lake-level increase during the ice-covered period (December to May). For 
example, lake levels at Lumajiangdong Co and Memar Co increased by 0.24 m and 0.36 m on average during 
the ice-covered period, accounting for 64% and 46% of annual lake-level increase, respectively. For the other 
two observed lakes Longmu Co and Jieze Caka, water levels decreased during the ice-free period, but signif-
icantly increased during the ice-covered period (Figure S4 in Supporting Information S1). The turning point 
from lake-level decrease to increase occurred in late November when the lake surface frozen up, possibly due to 
higher lake evaporation (output) during the ice-free period compared with the ice-covered period. The positive 
lake water budget during the ice-covered period cannot be explained by surface inflows because they were very 
limited during this period. Meanwhile, the nearly linear increase in water level indicates that the water supply to 
the lakes was stable during the ice-covered period.

Five years of in-situ observations show that lake-level increase during the ice-free period varied considerably 
from year to year and responded sensitively to summer precipitation, but was much less variable during the 
ice-covered period. For example, lake level at Lumajiangdong Co increased considerably by 0.35 m in summer 
2017 when precipitation was high (Figure S5 in Supporting Information S1). In contrast, the lake level increased 

Figure 2. Seasonal and long-term lake level variations for Lumajiangdong Co (a, c) and Memar Co (b, d) on the western Tibetan Plateau. The dashed rectangles (a, 
b) indicate the ice-covered period. There is no data available when the loggers are frozen. Lake level variations in cold (November to May) and warm seasons (June to 
October) are derived from ICESat and CryoSat-2 satellite altimetry between 2003 and 2017. Note that lake levels in different years (a, b) were calibrated to the same 
level to make them easier to compare.
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by only 0.1 m or even decreased in summer 2020 and 2021 when precipitation was very low. Lake-level increases 
during the ice-covered period, however, were almost identical during the past 5 years. A similar situation was 
also observed at Memar Co, namely variable lake-level changes during the ice-free period but stable lake-level 
increase during the ice-covered period (Figure 2). This suggests that lake-level increase during the ice-covered 
period is not controlled by seasonal and inter-annual changes in precipitation.

4.2. Estimation of Groundwater Inflow

The lake water balances for Lumajiangdong Co and Memar Co were quantified using in-situ observations of the 
lake hydro-meteorology. The main surface components of an endorheic lake's water budget during the ice-covered 
period include snowfall (+), surface runoff (+), groundwater inflow/outflow, and lake ice sublimation (−). The 
T-200B rain gauge to the west of Aru Co showed that total snowfall had an average value of 44 mm during the 
ice-covered period (December to May), accounting for 13% of annual precipitation (2016–2019). Lake ice subli-
mation was estimated to be 29 mm per month based on in-situ observations of meteorological data at Lumaji-
angdong Co. This rate was slightly lower than that at Beiluhe Lake (47 mm per month, Huang et al., 2016, 2019) 
and Nam Co (44 mm per month, B. Wang et al., 2020) because of the lower wind speed and air temperature at 
Lumajiangdong Co. The surface runoff is very limited and negligible during the ice-covered period on the TP 
(Kan et al., 2018; Y. Yao et al., 2021; Zhang, Su, et al., 2013; Zhang, Yao, et al., 2013), which is also confirmed 
by field expeditions in late September 2020 (Figure S6 in Supporting Information S1). Therefore, surface runoff 
was ignored in water balance calculation for the ice-covered period.

Figure 3 shows the main components of lake water budget. Total snowfall accounts for less than 25% of the 
lake-level increase during the ice-covered period, even without considering snow sublimation, indicating that 
snowfall cannot account for the significant lake water surplus. Lake ice sublimation, with a total value of 
∼173 mm between mid-November and late May (Figure 3), would decrease the lake level during the ice-covered 
period without additional input. Therefore, we conclude that the considerable lake-level increase during the 
ice-covered period must be attributed to groundwater discharge to the lakes. Based on Equation 1, we estimate 
that the groundwater discharges over the entire ice-covered period were 374 ± 25 mm and 490 ± 39 mm equiva-
lent to lake-level increase at Lumajiangdong Co and Memar Co, respectively. Assuming that groundwater inflow 
is stable throughout a year, the annual groundwater inflow would be equal to 13% and 25% of total summer 
precipitation (June to September). A simple lake water budget analysis for an entire year indicates that groundwa-
ter inflow may reach as high as 66% and 59% of total inflow into Lumajiangdong Co and Memar Co (Table 1), 
which indicates that groundwater inflow plays a critical role in sustaining lake water balance.

4.3. Spatial and Temporal Characteristics of Lake-Level Change on the Western TP

Long-term lake-level changes in cold season at Lumajiangdong Co and Memar Co were investigated by analyzing 
Cryosat-2 and ICESat satellite altimetry data. Lake-level changes in cold season were defined as the difference 
between the post-monsoon (November) and pre-monsoon (June) seasons. Figures 2c and 2d show that considera-
ble lake-level increase in cold season occurred almost every year between 2003 and 2018. In contrast, lake levels 
were stable or decreased slightly in cold seasons in the 1990s (Figure S7 in Supporting Information S1), indicat-
ing that the occurrence of significant groundwater inflow mainly occurred since the 2000s. This is consistent with 
relatively high precipitation, rapid lake expansion on the interior TP (Sun et al., 2020; Brun et al., 2020; Treichler 
et al., 2019) and increase in terrestrial water storage (Jiao et al., 2015; Xiang et al., 2016; G. Zhang et al., 2017), 
suggesting that the variability in groundwater inflow into the lakes was primarily driven by decadal changes in 
precipitation on the western TP.

To validate our finding, lake-level changes in cold season were also investigated for other lake basins on the 
western TP. Like the four observed lakes, other large lakes, including Luotuo Lake, Bamdog Co, Chem Co and 
North Heishibei Lake also exhibited considerable water level increase in cold season (Figure S8 in Supporting 
Information S1). In fact, nearly 80% of the detected lakes on the western TP exhibited considerable lake-level 
increase in cold season (Figure S8 in Supporting Information S1). This strongly suggests that groundwater supply 
plays a critical role in lake water balance on the western TP. Notably, lake-level increase in cold season was not 
apparent at Aksaiqin Lake (Figure S4d in Supporting Information S1). For this lake, there is slight lake-level 
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decrease during the ice-covered period, indicating there is no significant groundwater inflow as other observed 
lakes on the western TP.

5. Discussion and Conclusions
5.1. The Formation of Groundwater Inflow

Permafrost is widely distributed on the western TP (Zhao & Sheng, 2019). Under the rapid climate warming, the 
thawing permafrost might open up new conduits and increase groundwater inflow (Zhao et al., 2019), which can 
potentially contribute to lake-level changes. However, this can not explain the distinct lake-level seasonality on 

Figure 3. Seasonal variations of the main components of lake water budget at Lumajiangdong Co during the ice-covered 
period. (a) Lake surface temperature (red) and air temperature (black), (b) Monthly mean precipitation (2016–2020), (c) 
Accumulated sublimation in the winter season of 2020/2021, (d) Water level of the main river to the west of Lumajiangdong 
Co in 2019/2020 (red) and 2020/2021 (blue), (e) Water level of the spring discharge to the west of Lumajiangdong Co in 
2020/2021.
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the western TP. For example, lakes on the northern TP do not exhibit considerable lake-level changes during the 
ice-covered period (Lei et al., 2017), although permafrost is also widely distributed there. Therefore, the signifi-
cant groundwater inflow on the western TP may not be mainly attributed to thawing permafrost.

Considering the rift system and active tectonic activity, we contend that the significant groundwater inflow on the 
western TP is mainly related to the geological setting and cryosphere melting. First, the bedrock in the study area 
is mainly composed of Carboniferous and Permian limestone interbedded with sandstones, which are favorable 
aquifer lithologies. Second, active normal faults are distributed in each of the lake basins (Figure 1), which can 
act as favorable conduit and convey groundwater to the downstream lakes (Tan et al., 2014, 2021). In Memar Co 
basin, an active normal fault with northwest trending is located to the west of Memar Co and stretches north-
ward to Luotuo Lake. An Mw 6.1 earthquake occurred in the northwest of Memar Co basin (epicenter E82.86°, 
N34.38°) on 5 May 2007, indicating this fault is presently active. In Lumajiangdong Co basin, two active normal 
faults with northeast and northwest trending are developed and connected with the Xianqie Co and Bue Co fault 
systems (Taylor & Peltzer, 2006; Taylor & Yin, 2009; Taylor et al., 2003). Third, meltwater from widely distrib-
uted glaciers and snow at high elevations may provide a considerable amount of water for groundwater recharge 
in the summer (Ge et al., 2008). Water from high mountainous regions can percolate vertically and circulate 
deeply along the active faults (Tan et al., 2014, 2021) and discharge into the downstream lakes.

Springs and geothermal activity may provide further evidence of groundwater inflow. Field observation shows 
that geothermal activities, including thermal springs, are found to the east of Lumajiangdong Co and west of 
Memar Co (Figure  1c). This indicates that groundwater is indeed transported via regional active faults and 
contributes to the lake water budget. Springs to the west of Lumajiangdong Co (81.27°E, 33.99°N) and the north-
west of Memar Co (82.07°E, 34.32°N) were investigated and the total water supply was measured to be 0.27 m 3/s 
and 0.26–0.29 m 3/s, respectively in October 2020 (Figures S9 and S10 in Supporting Information S1). In-situ 
observation indicates that water supply from the springs was almost constant throughout a year (Figure 3e). In 
contrast, there was almost no surface runoff in the main river nearby the springs during the field expedition 
(Figure S6 in Supporting Information S1).

5.2. Implications for the Water Cycle Across the TP

Previous studies on lake water budget on the TP mainly focus on surface water cycle, including precipitation, 
evaporation, and cryospheric melt etc. The contribution of groundwater to lake water budget has been seldom 
studied on the TP (Yong et al., 2021; Zhou et al., 2013). Lake-level changes during the ice-covered period can be 
a good indicator of groundwater supply because other hydrological fluxes, such evaporation and surface runoff, 
are negligible. Based on comprehensive in-situ observations and water balance calculations, our results indicate 
that groundwater considerably contributes to the lake-level changes on the western TP. Furthermore, lakes with 
high groundwater supply are found to be mainly distributed along active faults. Therefore, we hypothesize that 
lakes with groundwater supply may not only be limited to the western TP, but also in other regions of the TP with 
suitable geology setting and active fault. For example, considerable lake-level increases in cold season are also 
observed at Co Nyi (87.30°E, 34.57°N) and Aqikkul Lake (84.41°E, 37.08°N) on the northern TP, in contrast 
with the slight lake-level increase or even decrease in warm season (Figure S11 in Supporting Information S1). 
In-situ observations at Amur Co (88.70°E, 33.49°N) near Shuanghu County also indicate that the lake level 
increased considerably by 0.2∼0.3 m during the ice-covered period (Figure S12 in Supporting Information S1).

A previous study reported that there are two types of lake-level seasonality on the TP (Lei et al., 2017). For most 
lakes of the TP, lake levels are generally stable or decrease slightly during the ice-covered period because lake 
water input and output are very limited. However, the situation is different on the western TP where lake levels 
increased dramatically in both the warm and cold seasons. Here we attribute the lake water surplus in the cold 
season to significant groundwater inflow. Thus, lakes on the TP can be classified as groundwater-fed lakes and 
surface-water-fed lakes according to the different types of water supply. For surface-water-fed lakes, lake-level 
changes are mainly affected by monsoon precipitation and lake evaporation. For groundwater-fed  lakes, the 
seasonal lake-level variations are significantly modified by groundwater inflow. For these lakes, surface runoff is 
considerably limited in summer because part of precipitation and meltwater are used for groundwater recharge. 
Therefore, for lakes with significant groundwater supply, lake dynamics may be much less sensitive to seasonal 
and inter-annual climate variability. For this kind of lakes, hydrological models that include a groundwater 
component are therefore needed to accurately simulate the water balance. As groundwater supply is mainly 
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associated with regional active faults, the groundwater aquifers that feed the lakes may be larger/smaller than the 
lake surface watershed, therefore our results also imply that tectonic activity may have impact on changes in lake 
water storage on the TP.

Data Availability Statement
All data about lake-level changes on the western TP are available at National Tibetan Plateau Data center (TPDC) 
(https://doi.org/10.11888/Terre.tpdc.272314).
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