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Abstract
Known as “Asian Water Tower”, the Tibetan Plateau (TP) contains the largest glacierized area outside the polar regions and 
contains more than half of China’s lakes. However, these glaciers are retreating rapidly under the influence of global warming. 
Many studies have attempted to explain the spatial heterogeneity of glacier retreat in the TP and its impacts on local lakes, 
but few studies have focused on the feedback of lakes on glaciers, especially in summer with intense lake effects and glacier 
ablation. Using an air-lake coupled model, the potential summer climatic impacts of the lake clusters on glacier behavior 
over TP are investigated based on two experiments with and without the lakes. Away from the lake-rich area of Inner TP, 
glaciers along the Himalayas are retreating rapidly with climate warming. The most pronounced glacier ablation occurs in 
southeastern TP, where TP lakes reduce snowfall. However, in the Inner TP, the influence of climate warming on glaciers is 
partially offset by the lakes through different lake-related mechanisms. The glaciers on the Western Nyainqentanglha Range 
are preserved mainly by the local cooling and snowfall-increase caused by nearby Nam Co. In turn, the numerous small lakes 
in the Eastern Inner TP exert a cumulative effect on preserving the glaciers through cooling and moistening the atmospheric 
boundary layer and thus increasing snowfall. The glaciers in the western Kunlun Mountains benefit from the large-scale 
impacts of the TP lakes, which intensified westerlies and lead to regional temperature decrease and snowfall increase.
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1  Introduction

The Tibetan Plateau (TP), known as the “Third Pole” (Qiu 
2008), is the highest and largest plateau in the world, with 
an average elevation of > 4000 m above sea level (a.s.l.). 
Lots of the highest mountains on earth are located here (Yao 

et al. 2012a), which results in cold, dry, and strongly inso-
lated climatic conditions. There are almost 100,000 km2 of 
glaciers in the TP and its neighboring areas, constituting the 
largest cryospheric region outside the Antarctic and Arctic 
(Yao et al. 2019). Meltwater from snow and glaciers feeds 
major Asian rivers, such as the Yangtze, Yellow, Brahma-
putra, Ganges, and Indus, that provide water for drinking, 
irrigation, and hydropower for billions of inhabitants of the 
downstream plains (Huss et al. 2017; Immerzeel et al. 2020; 
Pritchard 2019; Qiu 2008). Therefore, understanding the 
change of glaciers and the associated issues is essential for 
human livelihood, society and economy.

Rising temperature and changing precipitation patterns 
are regarded as the primary drivers of glacier retreat and 
snow cover variations on the TP (Bibi et al. 2018; Wu 
et al. 2019a; Yang et al. 2019). During recent decades, the 
TP has experienced significant warming, which is much 
faster than global warming (Cai et al. 2017; Duan and 
Xiao 2015; Guo and Wang 2012; Kuang and Jiao 2016; 
Pepin et al. 2015; You et al. 2019). Herewith, a global 
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temperature increase of even 1.5 °C will result in warm-
ing of ~ 2.1 °C in the TP region, in which case 36 ± 7% 
of the glaciers will disappear by the end of the century 
(Kraaijenbrink et al. 2017). The retreat rate of the glaciers 
is heterogeneous across the TP, being the smallest in the 
interior TP, and gradually increasing towards the margins 
along the Himalayas (Yang et al. 2019; Yao et al. 2019). 
Some of the glaciers in the Karakoram, Eastern Pamir, 
and Western Kunlun have even slightly advanced in recent 
years, the phenomenon termed the “Karakoram anomaly” 
(Brun et al. 2017; Farinotti et al. 2020; Forsythe et al. 
2017; Lin et al. 2017). On one hand, the above regional 
trends were closely correlated with the precipitation 
variations, which decreased along the Himalayas while 
increased in the Inner TP and Pamir due to the weakened 
Indian Monsoon and strengthened westerlies (Gao et al. 
2015; Yang et al. 2014; Yao et al. 2012b). On the other 
hand, the glaciers may respond differently to similar cli-
matic variations, contributing to spatial variance in glacier 
mass balance (Fujita and Nuimura 2011; Sakai and Fujita 
2017). In contrast to other regions of the TP, the glaciers 
and snowfall around the Karakoram are more sensitive 
to precipitation than to air temperature (Kapnick et al. 
2014; Zhu et al. 2017). Moreover, the local differences in 
climatic factors and glacier topography, such as moisture 
recycling, seasonal precipitation distribution, orientation, 
and elevations, can lead to different mass balances even 
on the same glacier (Maussion et al. 2014; Yu et al. 2013).

As the “Water Tower of Asia”, in addition to the gla-
ciers, the TP is also covered by more than 1400 large 
(area > 1 km2) lakes with a total area of 5.0 × 104 ± 791.4 
km2, accounting for ~ 57.2% of China’s lake area (Ma et al. 
2010; Zhang et al. 2019b, c). The Inner TP is an endorheic 
basin containing most of these lakes in terms of number, 
area, and density (Zhang et al. 2020). Compared to the land 
surface, lakes are characterized by a larger heat capacity and 
a lower surface roughness, providing a persistent source of 
moisture to the lower atmosphere (Bonan 1995; Scott and 
Huff 1996). As a result, lake systems in regions with high 
lake density can significantly influence regional weather and 
climate (Notaro et al. 2013; Samuelsson et al. 2010; Thiery 
et al. 2015). This is also the case in the Inner TP, where lakes 
generally reduce regional temperature and increase local pre-
cipitation in summer (Wu et al. 2019b). Isolated from the 
influence of the Indian monsoon and westerlies, the Inner 
TP appears to be mainly controlled by the local water cycle, 
which can be significantly intensified by the abundant lakes 
in the region (Gao et al. 2020). In addition, individual lakes 
can also modify atmospheric circulation and thus precipita-
tion distribution at the local level by inducing the lake breeze 
system, which is more pronounced when superimposed by 
that of the mountain-valley wind in areas with a complex 
topography (Gerken et al. 2013; Su et al. 2020).

The surface mass balance of glaciers, including mass gain 
by surface accumulation of snowfall and mass loss by abla-
tion, is determined by the interaction between glacier sur-
face, atmosphere, and snow cover (van Pelt et al. 2016). Ris-
ing air temperatures cause more surface melting, while the 
seasonal and perennial snow cover acts as a buffer against 
mass loss of glaciers beneath it (van Angelen et al. 2013). 
Based on the conclusions drawn from the studies mentioned 
above, it could be expected that the regional climate effects 
of the TP lakes, such as altering regional air temperature, 
humidity, and snowfall, may have a significant impact on 
glacier behavior. Research on this issue is still scarce: a 
recent study by de Kok et al. (2018) indicates that irrigation 
in the lowlands around TP may favor glacier growth in sum-
mer along the Kunlun Mountains and Pamir by increasing 
snowfall and decreasing net radiation. This study aims to 
explore the influence of the TP lakes on glacier behavior. 
For this purpose, we employ the air-lake coupled regional 
climate model to quantify the climatic effect of TP lakes and 
subsequently assess its potential impact on glacier behavior. 
Since glaciers in the Inner TP, especially those in Western 
Kunlun and Inner TP, mainly accumulate in spring and sum-
mer (Shen et al. 2022; Wang et al. 2017) and the climate 
effects of lakes are the strongest during the summer ice-free 
period (Wu et al. 2019b), we focused in the study on the 
summer period.

2 � Data and methodology

2.1 � Data

Given the scarcity of in-situ lake surface water temperature 
(LSWT) observations in the TP region, we employed the 
Global Observatory of Lake Responses to Environmental 
Changes (GloboLakes) data product v4.0 and the Moder-
ate Resolution Imaging Spectroradiometer (MODIS) Land 
Surface Temperature (LST) version 6 products (MOD11C2/
MYD11C2) to verify the simulated LSWT. The GloboLakes 
provides daily observations of LSWT for 1000 lakes glob-
ally for the period 1995–2016 at a spatial resolution of 0.05° 
Climate Modeling Grid (CMG), the temperatures from the 
different orbit instruments, including AVHRR (Advanced 
Very High Resolution Radiometer), AATSR (Advanced 
Along Track Scanning Radiometer) and ATSR-2 (Along 
Track Scanning Radiometer), were derived with the same 
algorithm and harmonized to ensure consistency (Politi et al. 
2016), making GloboLakes perform well in comparison 
with in-situ measurements (Zhang et al. 2021). The MODIS 
products were composited and averaged from MOD11C1/
MYD11C1 daily values to every eight days with a resolu-
tion of 0.05° CMG and an accuracy better than 2 °C over TP 
lakes (Song et al. 2016; Zhang et al. 2014).
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ERA5 reanalysis 2 m air temperature product was also 
used in the evaluation of the WRF experiment in this study. 
ERA5 (Hersbach et al. 2020) is the newly released fifth-
generation global reanalysis of the European Centre for 
Medium-Range Weather Forecasts (ECMWF). By combin-
ing model data with vast amounts of historical observations 
using advanced modeling and data assimilation systems, it 
provides hourly estimates of a large number of atmospheric, 
land and oceanic climate variables from 1950 to the pre-
sent on a spatial resolution of about 25 km and resolves the 
atmosphere using 137 levels from the surface up to a height 
of 80 km. ERA5 can successfully capture the spatial distri-
bution and the daily variation of 2 m air temperature over 
the TP with a slight cold bias when compared with in-situ 
observations (Ma et al. 2021, 2022).

The Tropical Rainfall Measuring Mission 3B42 Version 
7 (TRMM-3B42V7) product was used to evaluate the simu-
lated precipitation. The TRMM-3B42V7 dataset provides 
precipitation for the coverage of a global latitude band of 
50° S–50° N with a spatial resolution of 0.25° and a tem-
poral resolution of 3 h (Huffman et al. 2007). After bias 
adjustments using the Global Precipitation Climatology 
Center (GPCC) monthly gauge records, TRMM-3B42V7 has 
become quite a reliable precipitation dataset close to gauge 
observations in precipitation volumes over TP (Kanda et al. 
2020; Kumar et al. 2021).

The MODIS daily snow cover products MOD10C1 Ver-
sion 6 with a resolution of 0.05° CMG was used to validate 
the modeled snow. This dataset reports the percentage of 
snow-covered land computed when mapping the MOD10A1 
cells at 500 m into a CMG cell at 0.05° resolution based 
on the Normalized Difference Snow Index (NDSI), which 
represents the state-of-the-art of global snow cover mapping 
algorithms (Da Ronco et al. 2020; Zhang et al. 2019d).

The National Centers for Environmental Prediction 
Global Final Analysis data (NCEP-FNL) with a 1° × 1° hori-
zontal resolution and 6-h interval was used to form the initial 
and boundary condition for the Weather Research and Fore-
casting Model (WRF). The NCEP-FNL is derived from the 
Global Data Assimilation System (GDAS), which merges 
numerous data sources including remote sensing data assim-
ilated together with surface and air reports from the global 
observation networks. The Global Lake Database version 2 
(GLDBv2) with a horizontal resolution of 1 km developed 
by Choulga et al. (2014) and Kourzeneva et al. (2012) was 
used to obtain the lake locations and depths.

2.2 � Model description and experimental designs

The Advanced Research WRF (Skamarock et al. 2008), a 
fully compressible and non-hydrostatic model, was used 
to carry out the simulations. The lake scheme in the WRF 
model, derived from the Community Land Model version 

4.5 lake model, was implemented to predict lake thermal 
processes and consequently lake-atmosphere interac-
tions. The lake model is a one-dimensional (1-D) mass 
and energy balance model that originated from the lake 
parameterization scheme of Hostetler et al. (1993) and was 
further modified and calibrated by Subin et al. (2012) and 
Gu et al. (2015). The model approximates a lake by 25 
horizontal layers in total, including 10 lake water and ice 
layers, 10 soil layers of bottom sediment, and 5 snow lay-
ers above the lake ice, and solves the equation of vertical 
heat diffusion between each layer. The other selected phys-
ics parameterization options include the Yonsei University 
(Hong et al. 2006) planetary boundary layer scheme, the 
Noah land surface model (Chen and Dudhia 2001; Chen 
et al. 1996) with frozen soil and snow-cover prediction, 
the WRF Single-Moment 6-class (Hong and Lim 2006) 
microphysics scheme, the Grell-Devenyi ensemble (Grell 
and Devenyi 2002) cumulus scheme, the Dudhia (Dudhia 
1989) shortwave radiation scheme, and the rapid radia-
tive transfer model (Mlawer et al. 1997) for longwave 
radiation.

The simulation includes two two-way nested domains of 
30 km and 10 km horizontal grid spacing in Domain 1 and 
Domain 2, respectively, with 31 vertical levels up to 50 hPa. 
The outer domain encompasses most of the Asia continent, 
the northern Indian Ocean, and part of the northwestern 
Pacific Ocean, allowing for incorporation of the influence of 
the summer monsoon on moisture transport and atmospheric 
circulation. The inner domain is centered over the south of 
the Inner TP and covers nearly the entire TP. Most of the 
lake grid cells are spread over the Inner TP, with altitudes 
ranging from 4000 to 5000 m a.s.l. (Fig. 1c), whereas ~ 57% 
of TP glacier area is located between 5000 and 6000 m a.s.l. 
(Guo et al. 2015). The initial and lateral boundary conditions 
were obtained from the NCEP-FNL data and updated every 
6 h. The lake depth was obtained from the GLDBv2 dataset 
(Fig. 1b). The sea surface temperature was updated by the 
0.5° × 0.5° daily real-time global sea surface temperature 
dataset (Thiebaux et al. 2003).

Based on the methods used in previous studies on the 
lake climate effects (Su et al. 2020; Wen et al. 2015; Wu 
et al. 2019b), we carried out two numerical experiments. The 
control (CTL) experiment uses the air-lake coupled WRF 
model for simulations with the lakes on the TP, while in 
the sensitive (SEN) experiment the lakes were replaced by 
a representative land use category of the surrounding land 
(mostly Grassland, Open Shrublands, and Barren or Sparsely 
Vegetated). The simulation period began on 20 May and 
ended on 31 August 2013. Only the model output results in 
summer (June, July, and August) were used after a 12-day 
model spin-up. The role of TP lakes in regional climate was 
revealed by the simulation differences between CTL and 
SEN experiments.



3438	 D. Su et al.

1 3

2.3 � Methodology

Since the WRF model produces and represents snow at 
each grid in the form of snow depth (SD) and snow water 
equivalent (SWE), it needs to be converted to snow cover 
fraction (SCF) for validation against the MODIS snow 
cover product. The conversion relation varies significantly 
among different reanalysis data, ERA-Interim appears to 
perform the best in the TP (Orsolini et al. 2019). Hence, to 
convert the simulated SWE to SCF, we adopted the ERA-
Interim equation (Loth and Graf 1998) as follows:

where SWE is the snow water equivalent (kg m−2). A layer 
with an SWE of 15 kg m−2 represents 100% snow cover 
(15  cm depth assuming a constant snowfall density of 
100 kg m−3).

Atmospheric stability was indicated by the equivalent 
potential temperature (θe) as follows:

(1)SCF = min(1, SWE∕15)

where T is air temperature (K) at the level of air pressure 
p, Lv is the latent heat of evaporation (2.5 × 106 J kg−1), 
cpd is the specific heat of dry air at constant pressure 
(1005.7 J kg−1 K−1), r is the mixing ratio of water vapor 
(kg kg−1), p0 is the standard reference pressure (1000 hPa), 
p is the pressure at a given level, and Rd is the specific gas 
constant of air (287.04 J kg−1 K−1).

3 � Validation of WRF simulations

3.1 � Lake surface water temperature

The incorporation of the lake module significantly improved 
the regional climate model’s ability to simulate the thermal 

(2)�e =

(

T +
Lv

cpd
r

)(

p0

p

)

Rd

cpd

Fig. 1   a Geographic position 
and terrain height of the two 
nested domains applied in the 
WRF model. b Terrain height, 
lake distribution, and lake depth 
in Domain 2. c Numbers of 
total grid points (red bar) and 
lake grid points (blue bar) at 
different heights above 3000 m 
in Domain 2 (Note the different 
scales on the x-axes for total 
and lake grid points). In a and 
b, the purple line outlines the 
TP and the blue lines denote the 
Yangtze River and the Yellow 
River. The sky-blue area in b 
indicates the lakes while the 
white spots for glaciers and the 
cyan text mark the approximate 
location of the mountains
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characteristics of the lakes. To validate the modeled LSWT 
in terms of spatial distribution, we compared the LSWT 
simulated by CTL experiments with the GloboLakes obser-
vation data. As shown in Fig. 2, the WRF-Lake model accu-
rately reproduces the surface water temperature of lakes in 
different regions across the TP with a mean bias of − 0.2 °C 
and RMSE of 3.2 °C in summer. For the Inner TP, where 
most of the lakes are concentrated, slight warm deviations 
exist in the lakes located over the south Inner TP, while cold 
bias appears in some small lakes located in the northeast 
and northwest of the Inner TP. The LSWT of several large 
lakes located in the northeastern part of the TP, including 

the largest brackish lake Qinghai Lake and the freshwater 
Lakes Ngoring and Gyaring, could also be well simulated 
by the model (Fig. 2c).

Additionally, the ability of the WRF-Lake model to 
reproduce the sub-seasonal variations of LSWT, 2 m air 
temperature, and air-lake temperature differences were also 
validated by comparison against the in situ observations of 
Li et al. (2016) over Qinghai Lake—the largest lake in the 
TP. Figure 3 demonstrates that the WRF-Lake model can 
reasonably represent the day-to-day evolution of these ther-
mal characteristics in summer. The bias and RMSE between 
simulation and observation are − 0.56 °C and 0.89 °C for 

Fig. 2   The summer averaged lake surface water temperature from a GloboLakes observations, b CTL simulations, and c the differences between 
CTL simulations and observations over Domain 2

Fig. 3   The daily averaged a lake surface water temperature (LSWT), b 2 m air temperature, and c air-lake temperature differences between CTL 
simulations and observations by Li et al. (2016) over Qinghai Lake. The dots in a indicate MODIS observed lake surface temperature
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LSWT (Fig. 3a), − 0.53 °C and 1.21 °C for 2 m air tempera-
ture (Fig. 3b), 0.07 °C and 1.05 °C for air-lake temperature 
difference, respectively (Fig. 3c).

The above comparison suggests that the WRF-Lake 
model is reliable in describing the lake thermal processes 
and consequently the air-lake interactions, essential for 
investigation of the role played by lakes in the climate-driven 
glacier dynamics over the TP region.

3.2 � Air temperature, precipitation, and snow cover

The comparison with the ERA5 data shows that the WRF-
Lake model can reasonably reproduce the spatial pattern 
of 2 m air temperature (T2m), which gradually decreases 

with increasing altitude and is thus relatively low in the 
TP regions (Fig. 4a and b). Both observation interpolation 
method and model resolution limitations may lead to the 
unrealistic topography description, resulting in an apparent 
bias of T2m in the regions with steep terrains. In our case, a 
slight cold bias in simulated T2m generally appeared along 
the steep Himalayas and Hengduan Mountains, which might 
be attributed to the former reason, considering that most of 
the observations are concentrated in the lowland areas with 
higher T2m. For other areas where the topography is not very 
steep, such as the Inner TP, the simulated T2m is very close 
to the observations (Fig. 4c). While for most of the regions 
outside of the TP, the bias is less than 2 °C, except for south-
west of the TP with a warm bias of about 2–6 °C.

Fig. 4   The summer averaged a, b 2 m air temperature, d, e precipitation, and g, h snow cover fraction (SCF) from a, d, g observations, b, e, h 
CTL simulations, and c, f, i the differences between the CTL simulations and observations
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Comparison with the TRMM observation shows that 
the WRF-Lake model also performs well in simulating 
the spatial pattern of precipitation, with less precipitation 
over the TP and more precipitation in the lower eleva-
tion region in the southwestern part of Domain 2 (Fig. 4d 
and e). However, there are still some discrepancies in the 
simulated magnitude of the rainfall distribution, especially 
along the steep Himalayas, which remains a long-lasting 
issue for many climate models (Yu et al. 2015). Although 
the model noticeably underestimates the precipitation 
along the Himalayas and its southwest regions, the bias is 
relatively smaller in the Inner TP regions (Fig. 4f).

The snow cover from MODIS observations exhibits 
notable spatial heterogeneity over the TP, correlating 
well with the spatial distribution of the highest mountains 
(Fig. 4g): the highest SCF was found in the northwestern, 
western, and southern edges of the TP, where the Kun-
lun, Karakoram, and Himalaya mountains are located. The 
SCF is also relatively higher in the southeastern part of 
the TP. Unlike the regions mentioned above, which have 
warm and moist air from the Indian Ocean and the Arabian 
Sea contributing to the higher SCF, the interior of the TP, 
shielded by the Himalayas and Karakoram mountains, has 
relatively low SCF despite an average elevation of about 
5000 m. The snow cover pattern simulated by the WRF-
Lake model is consistent with the perennial snow cover 
observed by MODIS, except that the model overestimates 
the SCF in the Karakoram and the Nyainqentanglha Moun-
tains while underestimating it in the Himalaya mountains 
(Fig. 4i). However, the SCF in the Inner TP was relatively 
well simulated by the model.

To comprehensively evaluate the model performances, 
we give several statistics for summer mean T2m, precipi-
tation and SCF in Table 1, including pattern correlation, 
relative bias and root-mean-square-error (RMSE). The 
above evaluation results suggest that despite some regional 
biases along the steep Himalayas region, the WRF-Lake 
model can reasonably reproduce the T2m, precipitation, 
and SCF over the Inner TP, appropriate for use in identify-
ing the climatic effect of the TP lakes.

4 � Potential impacts of TP lakes on glaciers

4.1 � Lake effects on the 2 m air temperature 
and humidity

Figure 5 shows the differences in T2m and Q2m (2 m water 
vapor mixing ratio) between the simulation of two experi-
ments with and without the TP lakes. As expected, the 
TP lakes noticeably decrease the summer surface air tem-
perature and increase atmospheric humidity over the TP 
region, especially over the Inner TP, where the majority of 
lakes are concentrated: regionally averaged over the entire 
Inner TP, lakes decrease T2m by − 0.17 °C (− 2.5%) and 
increase Q2m by 0.15 g kg−1 (3.4%). These effects are more 
apparent over the lake surfaces, where the T2m decreased 
by − 0.46 °C (− 4.6%), and Q2m increased by 1.84 g kg−1 
(34.1%) throughout the summer. In turn, the eastern and 
western parts of TP experience modest increase in temper-
ature and decrease in humidity possibly due to the remote 
effect of Inner TP lakes by altering the atmospheric circu-
lation. In the Himalayas, where glaciers are abundant but 
far away from the Inner TP lake cluster, lakes have limited 
effects on the air temperature and humidity. The variation 
in the region around the TP may be related to the changes 
in atmospheric circulation indirectly induced by the effects 
of the TP lakes. Since our study mainly focuses on the TP, 
the model results for the surrounding regions will not be 
discussed in detail.

4.2 � Lake‑induced changes in snowfall over glaciers

The differences in summer snowfall distribution between 
CTL and SEN experiments exhibit remarkable spatial het-
erogeneity (Fig. 6). For most of the western, southwestern, 
and southeastern parts of the TP and the northern Inner 
TP, where the Himalaya Mountains, Eastern Nyainqen-
tanglha Range, and the central Kunlun Mountains are 
located, there show different reductions in snowfall, as 
cooling and moistening effects induced by the lake cluster 
through altering large-scale circulation are not evident or 
even opposite in these regions (Fig. 5). In contrast, most 
alpine areas of the eastern Inner TP, including the East 
Kunlun Mountains and the Tanggula Mountains, expe-
rienced more remarkable increases in summer snowfall 
due to the cooling and moistening effects of the TP lake 
cluster, as well as the low temperatures caused by higher 
altitude. Additionally, some localized but significant 
snowfall increase is concentrated over the southeastern 
and northwestern Inner TP, where the Western Nyain-
qentanglha Range and Western Kunlun Mountains are 
located. Despite several large lakes in the southern Inner 

Table 1   The statistics between the simulations and observations for 
the 2  m air temperature, precipitation and snow cover fraction over 
Domain 2

Variables Pattern cor-
relation

Relative bias RMSE

T2m 0.99 2.67 2.06 °C
Precipitation 0.67 − 33.86 4.91 mm day−1

SCF 0.63 − 7.84 6.55%
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TP exhibiting significant regional cooling and moistening 
effect (Fig. 5), almost no snowfall increase is identifiable 
around the lakes, only the Gangdise Mountains lying south 
of these lakes experiencing a snowfall variation primar-
ily tend to reduce. The reason may be related to the ter-
rain heterogeneity: the altitudes around these lakes are 
relatively lower compared to the Gangdise Mountains, 

corresponding to higher temperatures that lead to less 
snowfall and snowfall change in this region.

According to our simulations, the changes in snowfall 
caused by the TP lake cluster roughly coincide with the 
glacier changes obtained from both in situ observations 
(Yao et al. 2012b) and remote sensing data (Dehecq et al. 
2019). To link the heterogeneous glacier, lake, and snowfall 

Fig. 5   The summer averaged differences of simulated a, c 2  m air 
temperature and b, d 2 m water vapor mixing ratio between CTL and 
SEN experiments in a, b Domain 1 and c, d Domain 2. The black line 

enclosing the area represents the Inner TP, where most TP lakes are 
concentrated

Fig. 6   The summer aver-
aged differences in simulated 
snowfall between CTL and 
SEN experiments. The black 
dashed line enclosing the area 
represents the Inner TP. The 
cyan color indicates glaciers. 
The black boxes represent sub-
regions 1–6. The red downward 
triangles indicate the retreating 
glaciers, and the blue upward 
triangles indicate the advanc-
ing glaciers. The observation 
data source is from Yao et al. 
(2012b)
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patterns, we have divided the TP into 6 sub-regions with 
different trends in glacier mass balance and different lake 
abundances (Fig. 6):

–	 Subregions 1–3 are distributed along the Himalayas and 
are characterized by the strong glacier retreat and low 
amount of lakes: Subregion 1 (western Himalayas) with 
Glaciers Samudra Tapu, Dunagiri, Statopanth, Milam, 
and Naimona’nyi retreating at the rates of − 19.5 m yr−1, 
−  3.0  m  yr−1, −  26.9  m  yr−1, −  26.6  m  yr−1, and 
− 5.0 m yr−1 respectively. Subregion 2 (central Himala-
yas) includes Dasuopu (− 4.1 m yr−1), Middle Rongbu 
(− 8.8 m yr−1), AX010 (− 6.9 m yr−1), and Qiangyong 
(− 2.4 m yr−1) Glaciers. Subregion 3 is the southwestern 
TP characterized by the most pronounced glacier retreat 
(Ata Glacier − 56.1 m yr−1, Parlung No.4 − 15.6 m yr−1, 
and Yanong − 73.0 m yr−1).

–	 The Inner TP (Subregions 4, 5 and 6) has generally 
lower rates of glacier retreat: Subregion 4 (the Western 
Nyainqentanglha Range) contains large Nam Co and is 
exemplified by Glaciers Zhadang (− 10.8 m yr−1) and 
Gurenhekou (− 8.1 m yr−1). Subregion 5 in the eastern 
Inner TP is covered by numerous small lakes and has 
glacier typical retreat rates of − 3.4 m yr−1, − 1.0 m yr−1, 
and − 1.7 m yr−1 for Glaciers Xiaodongkemadi, Malan 
and Purogangri, respectively. Subregion 6 (the Western 
Kunlun Mountains), where a few small lakes are located, 
has the lowest rates of glacier contraction, including Gla-
ciers Kunlun (+ 27.3 m yr−1), Yulong (+ 16.3 m yr−1), 
and Duofeng (− 27.6 m yr−1).

As it is seen from the values above and mentioned in 
the Introduction, the glaciers in the Inner TP, which are 
less influenced by the atmospheric circulation systems than 
the glacial regions of the Himalayas and eastern Pamir, are 
dominated more by continental climatic conditions deter-
mining a higher local precipitation recycling ratio in this 
region (Gao et al. 2020). Herewith, the lake evaporation may 
play an essential role in enhancing regional snowfall and 
decelerating thereby the local glacier retreat. Therefore, to 
comprehensively analyze the lake effects on glacier behav-
ior, we concentrate the detailed analysis on Subregions 4–6 
belonging to the Inner TP, as containing the major glaciers 
of the Inner TP and experiencing the most pronounced lake 
effects according to model simulations.

4.3 � Regional‑scale interactions over the inner TP

4.3.1 � Western Nyainqentanglha Range (Subregion 4): 
effects of a large lake on moderate glacier retreat

The Western Nyainqentanglha Range is located in the south-
eastern Inner TP. Glaciers in this region are influenced by 

both the continental climate and the Indian Summer Mon-
soon. Adjacent to its northern slope is Nam Co, which is cur-
rently the second-largest (before 2001, the largest) endorheic 
lake in the Inner TP, significantly affecting the local climate. 
According to the modeling outcomes, the lake cooling effect 
and the intense evaporation in summer resulted in a substan-
tial air temperature drop and humidity increase in this region 
(Fig. 7a and b). As a result, both snowfall on the Western 
Nyainqentanglha Range and snow depth on the surface of 
the glaciers increased (Fig. 7c and d), indicating that the 
presence of Nam Co may facilitate preservation of glaciers 
on the Western Nyainqentanglha Range in summer.

Figure 8 illustrates the role of Nam Co in the local glacier 
behavior by presenting a meridional transect crossing the 
lake and glaciers over the Western Nyainqentanglha Range 
from north to south (see the red line in Fig. 7). Taking into 
account the diurnal variations of the lake-induced circulation 
(Su et al. 2020; Wu et al. 2019b), we considered the lake 
effect during daytime and nighttime separately.

During daytime, Nam Co is a source of cooling and 
moisture (Fig. 8b and e). Based on Eq. (2), the humidity 
increase can increase θe and destabilize thereby the atmos-
pheric boundary layer. However, the cooling effect leads to 
strong downdraft and suppresses instability over the lake: 
The enhancement in humidity and θe is confined to the lake 
area, while both moisture and θe decrease significantly with 
the height, which effects extend up to 8 km upwards and 
cover the entire north slope of the Western Nyainqentanglha 
Range (Fig. 8h). The subsidence over the lake stabilizes the 
atmospheric boundary layer and decreases precipitation over 
the lake area and its adjacent land (including the north slope 
of the Western Nyainqentanglha Range). Additionally, the 
divergent surface flow formed a lake breeze transporting 
low-level moisture uphill along the north slope and then 
to the other side of the mountain, where it converged with 
the Indian summer monsoon from the south and further led 
to the increase of precipitation on the southern slope. The 
temperature near the peak of the mountain is below 2.5 °C, 
causing precipitation in snow form (Deng et al. 2017; Ding 
et al. 2014) and diminishing thereby glacier ablation.

During nighttime, Nam Co warms and moistens the 
atmosphere over the lake area (Fig. 8c and f). The lake-
induced updraft transports the evaporated moisture from 
the lake upwards, to increase θe and destabilize the 
atmosphere over the lake and surrounding land (Fig. 8i). 
From Fig. 8c, when the Indian monsoon climbs over the 
mountain, part of the airflow is heated by condensation 
and thus ascends, while the rest turns to a downhill wind 
along the north slope to the lake. Nam Co reinforces this 
process by generating updrafts over the lake that induced 
compensatory strengthening of the downhill wind, lead-
ing to precipitation increase over the southern slope. The 
downhill wind further warmed and moistened by the 
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lake, getting unstable and turning into updrafts, result-
ing in precipitation increase over the north slope. Hence, 
during nighttime, Nam Co increases precipitation over 
both the north and south slopes of the Western Nyain-
qentanglha Range. Usually, the maximum snowfall is 
expected at the surface air temperatures between 1 and 
2 °C (Deng et al. 2017), and the snowline ranges from 
4700 to 5100 in summer (Pu and Xu 2009). Considering 
that nighttime temperatures in the upper mountain areas 
stay below 2.5 °C (Ding et al. 2014), the increased pre-
cipitation should result in snow cover increase beneficial 
for glacier preservation.

Overall, Nam Co lowers the air temperature and 
increases snow cover over the Western Nyainqentanglha 
Range, potentially preventing the glacier from ablating. 
The simulation results also indicate that the lake effect, 
combined with the Indian Summer Monsoon and the 
topography effects around the lake, produces more snow 
cover on the southern slope of the mountain, contributing 
thereby to higher glacier coverage and slower retreat rate 
compared with the northern slope, which has confirmed 
by many observational studies (Bolch et al. 2010; Wu 
et al. 2016; Yu et al. 2013; Zhang and Zhang 2017).

4.3.2 � Eastern Inner TP (Subregion 5): numerous small lakes 
slowing down glacier retreat

The eastern Inner TP hosts numerous small lakes, and sev-
eral major glaciers, enabling a comprehensive investiga-
tion of the TP lake cluster effect on the glacier behavior. As 
shown in Fig. 9a, the TP lake cluster significantly reduces 
the T2m in summer over most of the eastern Inner TP. 
This cooling effect is generated by many individual small 
lakes, triggering divergent flows over them, and eventually 
extending throughout the region. The only exception is the 
increased T2m with the convergent surface flow over the east 
Tanggula Mountains. Every lake in the eastern Inner TP 
appears to be a moisture source increasing significantly Q2m 
over the lake and in its vicinity, with a spreading area in the 
downwind direction (Fig. 9b). In addition to temperature, 
humidity, and circulation variations, the snowfall increases 
in most alpine parts of this subregion, except east Tanggula 
Mountain and the northeastern part (Fig. 9c). Lake-induced 
changes in snow depth distribution are essentially the same 
as those of snowfall, but more concentrated in alpine areas.

To further reveal the mechanism of lake climate effect 
on glacier behavior, we traced the model output along the 

Fig. 7   The summer mean differences of simulated a  T2m, b  Q2m, 
c  snowfall, and d  snow depth between CTL and SEN experiments 
over Subregion 4. The streamline in a and b represents the 10 m wind 
of the CTL-SEN and CTL experiment, respectively. The cyan curve 

outlined the glaciers. The brown curve outlined the terrain height 
(only altitudes above 5200 were shown). The triangles for single gla-
ciers correspond to the meaning of Fig. 6. The red line represents the 
transection used for the vertical cross-section
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meridional transection starting at Purogangri Glacier, pass-
ing through Chibuzhang Co (33.4819° N, 90.3625° E) and 
Tanggula Mountain, and ending behind Xiaodongkemadi 
Glacier (solid red line in Fig. 9). As above, the daytime and 
nighttime patterns were considered separately.

During daytime, lakes chill and humidify the atmos-
phere in boundary layer, especially over the lake surface 
(Fig. 10b and e). Similar to the effects of Nam Co, the 
instability of the atmospheric boundary layer over Chibu-
zhang Co caused by the moisture increase is suppressed 
by the strong daytime cooling effect of the lake, which 
induced downdrafts over the lake (Fig. 10h). The subsid-
ence and divergent flow over the lake formed a lake breeze 
that advected moisture uphill along the slope of the west 

Tanggula Mountain. Cooling of the moist air from the lake 
during uplift along the windward slopes promotes conden-
sation and precipitation, leading to moisture detachment 
and irreversible latent heating, possibly contributing to the 
lee side warming (Elvidge and Renfrew 2016).

During nighttime, the cooling effect of the TP lakes 
weakens while their humidifying effect enhances (Fig. 10c 
and f). Chibuzhang Co leads to instability of the overlying 
atmosphere and generated updrafts incline toward Tan-
gula Mountain directed by the background winds, which 
increases the precipitation over the lake and the west slope 
of Tanggula Mountain (Fig. 10i). In turn, the develop-
ment of downdraft branches over the peak and the east of 

Fig. 8   The height-latitude cross-sections along the red line in Fig. 7 
of the simulated mean differences in a–c air temperature, d–f water 
vapor mixing ratio, and g–i equivalent potential temperature between 
the two experiments (CTL-SEN). Vertical circulation (vectors) in a–c 
from CTL experiments, while others were differences between the 

two experiments (CTL-SEN); the vertical velocity was magnified by 
100 times. The bar indicates precipitation differences (CTL-SEN) at 
corresponding locations. The blue star represents the grids of Nam 
Co Lake. The solid and dashed cyan lines represent 0° and 2.5° iso-
therms, respectively
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Tanggula Mountain suppresses the convective precipita-
tion and warms the atmosphere through the dry adiabatic 
process.

In summary, the TP lake cluster potentially preserves the 
glaciers in the eastern Inner TP region by cooling and mois-
tening the atmosphere and increasing snowfall. The presence 
of Chibuzhang Co modifies the local circulation and pre-
cipitation distribution, favoring the preservation of glaciers 
on the western slope of Tanggula Mountain while having 
the opposite effect on the glaciers on the other side. It may 
be one of the reasons for the observed faster glaciers retreat 
on the east slope than those in the west (Duan et al. 2019).

4.3.3 � Western Kunlun Mountains (Subregion 6): large‑scale 
lake effect, slowest glacier retreat

Compared to the Eastern Inner TP, lakes located in this 
region are both less abundant and smaller in size, resulting 
in relatively weak lake-induced local cooling and moisten-
ing to the low lever atmosphere (Fig. 11a and b). Neverthe-
less, lakes induce here drastic changes in the spatial pattern 
of snowfall and snow depth, both increasing on the north 
side of the Western Kunlun Mountains and its peak while 
decreasing on the mountain’s south slope. One explanation 
for such a noticeable snowfall increase may be ascribed to 
the lower air temperatures in the Western Kunlun, whose 

most part is below 0 °C (not shown). It increases the prob-
ability of snow precipitation and preserves snow and glaciers 
by reducing their sensitivity to warming (Sakai and Fujita 
2017; Zhu et al. 2017). The different accumulation regimes 
for the north (summer accumulation type) and south slopes 
(winter accumulation type) of the western Kunlun Moun-
tains (Maussion et al. 2014; Molg et al. 2014) may lead to 
increased snowfall along the north slope.

Considering the local lakes have limited effects on climate 
in this region, an alternate reason for such a snowfall pattern 
may be related to the lake-induced atmospheric circulation 
changes. These involved circulation systems including the 
South Asian high and westerlies, which are represented by 
geopotential height and wind at 200 hPa in the CTL experi-
ment (Fig. 12a). The CTL-SEN experiments demonstrated 
that the TP lakes reduce the 200 hPa geopotential height over 
the north TP and increase it over the south TP, reinforcing 
the South Asian high and thus southwardly strengthening the 
westerlies above the Western Kunlun Mountains (Fig. 12b). 
In such a case, the precipitation increase, and air temperature 
decreases in the Western Kunlun Mountains according to a 
previous study by Molg et al. (2014). Meantime, the CTL 
experiment shows that the TP has a low geopotential height 
at 500 hPa level, which forms a cyclonic circulation that in 
synergy with the Asian monsoon can transport water vapor 
from the TP, Indian Ocean, and Bay of Bengal to the north 

Fig. 9   The summer mean differences in the simulated a T2m, b Q2m, c 
snowfall, and d snow depth between CTL and SEN experiments over 
subregion 5. The streamline in a and b represents the 10 m wind of 
the CTL-SEN and CTL experiment, respectively. The cyan curve out-

lined the glaciers. The brown curve outlined the terrain height (only 
altitudes above 5200 m were shown). The triangles for single glaciers 
correspond to the meaning of Fig. 6. The red line represents the tran-
section used for the vertical cross-section
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TP (Fig. 12c) (Zhang et al. 2019a). The TP lakes reinforce 
this effect by lowering the 500 hPa geopotential height over 
TP and providing the water vapor through evaporation, con-
tributing to the snowfall increase in the Western Kunlun 
Mountains (Fig. 12d).

5 � Discussion

5.1 � Regional differences in the impacts of lakes 
on glaciers

According to our study, the TP lake cluster can influence 
the behavior of glaciers at various spatial scales. In contrast 

to the glaciers along the Himalayas (Subregions 1, 2 and 3), 
which are weakly affected by the TP lakes and not discussed 
in detail here, the glaciers in Inner TP (Subregions 4, 5 and 
6) reflect different lake-induced impacts.

The local lake effect is most apparent in the glaciers on 
the Western Nyainqentanglha Range (Subregion 4). Nam Co 
with an area of 2012 km2 (in 2018), which is three times the 
size of glaciers adjacent south of it (Luo et al. 2020; Zhang 
et al. 2019b), exerts an apparent influence on the glaciers by 
regulating local air temperature, moisture, and circulation. 
This influence superimposes that of the Indian monsoon, 
increasing the snowfall over the entire mountain range, espe-
cially on the southern slope. The average retreat rate for gla-
ciers in this region is − 9.45 m yr−1, much slower than that 

Fig. 10   The height-longitude cross-sections along the red line 
in Fig.  9 of the simulated mean differences in a–c  air temperature, 
d–f water vapor mixing ratio, and g–i  equivalent potential tempera-
ture between the two experiments (CTL-SEN). Vertical circulation 
(vectors) in a–c from CTL experiments, while others were differences 

between the two experiments (CTL-SEN); the vertical velocity was 
magnified by 100 times. The bar indicates precipitation differences 
(CTL-SEN) at corresponding locations. The blue star represents the 
grids of Chibuzhang Co. The solid and dashed cyan lines represent 0° 
and 2.5° isotherms, respectively
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of the glaciers along the Himalayas (subregions 1–3), which 
retreat at an average rate of − 20.66 m yr−1. And the Zhadang 
Glacier on the north slope retreated faster (− 10.8 m yr−1) 
than Gurenhekou Glacier (− 8.1 m yr−1) on the south slope 
(from the 1970s to 2000s), which was also confirmed by 
many other observational studies (Bolch et al. 2010; Wu 
et al. 2016; Yu et al. 2013; Zhang and Zhang 2017). For the 
Eastern Inner TP (Subregion 5), the lakes affect glaciers on 
both regional and local scales. Here, the cumulative effect 
of TP lakes as a cluster reveals itself in generally lower air 
temperatures and increased snowfall on a regional scale, 
contributing to the preservation of the glaciers. Compared 
to Subregion 4, the lake climate effects generated by numer-
ous small lakes in Subregion 5 are much stronger. Accord-
ingly, the average rate of glacier retreat in Subregion 5 is 
also much slower, with a rate of − 2.03 m yr−1 compared to 
− 9.45 m yr−1 in Subregion 4 (Yao et al. 2012b). In turn, the 
relatively large Chibuzhang Co affects the Tanggula Moun-
tains glaciers to the east of it by altering local circulation 
and the snowfall distribution, favoring the preservation of 
glaciers on the western slope at the cost of accelerated gla-
cier retreat on the east slope. Hence, Nam Co (Subregion 4), 
which is larger and closer to the glacier compared to Chibu-
zhang Co (Subregion 5) produces a completely different 
effect on the glaciers. Herewith, our results suggest different 

or even opposite impacts of lakes on glaciers depending on 
the lake size and the distance between the lake and glaciers. 
Our results also confirm that the location of the glaciers on 
the windward or leeward of the mountain plays an essential 
role in the response of glaciers to the lake effect (Maussion 
et al. 2014). The Western Kunlun Mountains is one of the 
few regions in the TP revealing balanced to slightly positive 
glacier mass budget in recent years, especially since 2010 
at its north slope (Cao et al. 2020; Hewitt 2005). In contrast 
to the Western Nyainqentanglha Range (Subregion 4), the 
lakes near the Western Kunlun Mountains (Subregion 6) 
are much smaller than the glaciers in this region, leading 
to a weak local impact on glaciers. Hence, the lake-induced 
significant increase in snowfall over the Western Kunlun 
Mountains may be tentatively ascribed to the accumulated 
large-scale effect of the TP lake system.

5.2 � Relation of lakes to other factors affecting 
glacier changes

Our results demonstrate that lakes of the TP can accelerate 
(or dampen) global climate effects on the glacier mass bal-
ance. In the Western Nyainqentanglha Range (Subregion 
4), the precipitation decreases slightly in 1970–2007 due 
to weakening Indian monsoon and strengthened westerlies, 

Fig. 11   The summer mean differences of simulated a T2m, b Q2m, c 
snowfall, and d snow depth between CTL and SEN experiments over 
subregion 6. The streamline in a and b represents the 10 m wind of 
the CTL-SEN and CTL experiment, respectively. The cyan curve out-

lined the glaciers. The brown curve outlined the terrain height (only 
showing altitudes above 5200). The triangles for single glaciers cor-
respond to the meaning of Fig. 6
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with the trend growing from the south (− 0.26 mm yr−1) to 
the north (− 1.5 mm yr−1); the air temperature rise was also 
more apparent at the north slope (0.043 °C yr−1) compared 
to the south one (0.036 °C yr−1), resulting in a more intense 
retreat of glaciers in the north slope (Yu et al. 2013). Our 
results have shown that Nam Co can form a local lake-land 
breeze system superimposed with mountain-valley winds, 
which interacts with the Indian Moonsoon by intensifying 
snowfall at the southern slope and further strengthening the 
climate effect on the glaciers.

In the eastern Inner TP region (Subregion 5), the warm-
ing rate in the Tanggula Mountains during 1969–2015 was 
reported as 0.038 °C yr−1, while annual precipitation slightly 
increased by 0.4% (Duan et al. 2019). The glaciers in this 
area are more sensitive to summer air temperatures than to 
precipitation (Zhang et al. 2018). Here, both Xiaodongke-
madi Glacier, Glaciers in Geladandong Peak of Tangula 
mountains, and Purogangri Glacier are located in the east-
ern Inner TP, implying generally similar climatic condi-
tions, glacier type, and their lack of debris cover. However, 
the retreat rates of these three glaciers are quite different. 
Xiaodongkemadi Glacier experienced the greatest mass loss 
due to its smallest area, followed by Glaciers in Geladan-
dong Peak, while Purogangri Glacier experienced the least 

mass loss, although its size is only half of the former one 
(Zhang et al. 2018). Our results correspond well to the 
above discrepancy of glacier dynamics, demonstrating that 
lakes decrease T2m (about − 0.4 to − 0.6 °C) and increase 
snow depth (about 0.5–1.5 cm) at Purogangri Glacier, while 
increase T2m and reduce snow depth at Geladandong Peak.

In recent years, glaciers in the Western Kunlun Mountains 
(Subregion 6) experienced trends in contrast to those in other 
regions of the TP (Cao et al. 2020). Generally, decreased air 
temperatures and increased precipitation in summer were 
assumed to be the reasons for positive glacier mass balances 
in this region (Cao et al. 2020; Fowler and Archer 2006; 
Sakai and Fujita 2017). However, the drivers of the observed 
temperature and precipitation changes remain uncertain. 
Compared to the Western Nyainqentanglha Range, which 
is strongly affected by the Indian monsoon, Western Kun-
lun’s climate is dominated by the westerlies and the Tibetan 
anticyclone (Farinotti et al. 2020). The strengthened west-
erlies would cause increased precipitation and decreased air 
temperature in Western Kunlun (Molg et al. 2014), favoring 
the growth of glaciers in this region, which is less sensitive 
to climate warming (Zhu et al. 2017). These variabilities 
may be related to the “Western Tibetan (Karakoram) Vor-
tex”, an anomalous deep vortex circulation system above 

Fig. 12   The geopotential height (gpm) and corresponding wind from (left column) CTL and (right column) CTL-SEN experiments at a, b 
200 hPa and c, d 500 hPa, respectively. The red box indicates the location of subregion 6
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the Karakoram in the western TP, through its interaction 
with the south Asian monsoon (Forsythe et al. 2017; Li et al. 
2018b; Zhao et al. 2014). In the case of “Karakoram Anom-
aly”, for instance, an anomalous southward intensification 
of the westerlies can result in a negative phase of “Western 
Tibetan (Karakoram) Vortex” with cyclonic circulation over 
the central Karakoram, which corresponds to the upward 
vertical circulation anomalies that lead to an anomalous 
volume expansion and yields adiabatic cooling of the air 
from surface-level to tropopause, especially in a weakening 
south Asian monsoon conditions. As a region with the most 
vital land–atmosphere interactions in the mid-latitude areas, 
the TP surface processes play an essential role in regional 
climate (Wu 2020), while snow cover over the TP act as 
an elevated cooling source due to its albedo and thermody-
namic effect, can reduce the upper-level geopotential height 
and modulate the atmospheric circulation (Li et al. 2018a). 
Our results are in line with the above findings, suggesting 
that the TP lakes can reduce the 200 hPa geopotential height 
and form a cyclonic circulation above the northern TP by 
increasing the snowfall in the Inner TP, strengthening the 
westerlies southward in the Karakorum. Correspondingly, 
the increased precipitation and decreased air temperature 
facilitate glacier preservation or even growth in the Western 
Kunlun Mountains.

However, it should be noted that although TP lakes can 
slow the retreat rate of glaciers in Inner TP, it is unlikely 
to stop the trend under the global warming background. 
According to a recent study, the “Karakoram anomaly” 
comes to an end after 2015, but the thinning rate of gla-
ciers is still the slowest over the Karakoram and Kunlun 
Mountains compared to other places in the TP (Hugonnet 
et al. 2021). This implies that climate change remains the 
dominant influence relative to the effect of the TP lakes on 
glacier behavior.

6 � Conclusions

We applied the air-lake coupled WRF-Lake model at a high 
spatial resolution to simulate the climate effect of the TP 
lake cluster and to evaluate the potential lake impacts on 
glacier retreat. Experiments with and without the TP lakes 
were conducted in the summer of 2013 to quantify the cli-
mate effects of the TP lakes at local to regional scales.

Initially, the capability of the model in simulating LSWT, 
T2m, precipitation, and snow cover in summer was evaluated 
by comparing with observations. The results indicate that 
the model can reasonably reproduce the spatial distribution 
of LSWT for all TP lakes during summer, with a bias of 
− 0.2 °C and RMSE of 3.2 °C, as well as the daily varia-
tion of LSWT in Qinghai Lake, with a bias of − 0.56 °C 
and RMSE of 0.89 °C. The model also performed well in 

simulating the spatial pattern of T2m, precipitation, and snow 
cover over the TP.

According to our results, the TP lakes potentially affect 
the glacier behavior by altering regional climate, especially 
over the Inner TP, where the majority of the TP lakes are 
concentrated. Generally, the lakes tend to reduce the air 
temperature and increase air humidity, with variations of 
− 0.17 °C (− 2.5%) and 0.15 g kg−1 (3.4%) averaged over the 
entire Inner TP, respectively. As a result, the snowfall distri-
bution can also be changed with apparent spatial heterogene-
ity due to the effects of the TP lakes. Snowfall is reduced by 
the TP lakes over the Himalaya Mountains, the Gangdise 
Mountains, the southeastern TP, and the central Kunlun 
Mountains due to the weak or counteracting lake effects on 
temperature and humidity in these regions. In contrast, the 
snowfall in Inner TP is increased due to the dominant cool-
ing and humidifying effects of the TP lakes. The observed 
glacier retreat in past decades is negatively correlated with 
the simulated lake-induced snowfall changes: the most inten-
sive glacier retreat occurred along the Himalayas, especially 
in the southeastern TP, and generally decreases from the 
Himalayas towards the Inner TP. Our results demonstrate 
that the lake-induced air temperature decrease and the snow-
fall increase make a contribution to the glacier response to 
climate warming and changing atmospheric circulation pat-
terns. Limitations of this modeling study include inevitably 
rough representation of lake morphometrical and physical 
characteristics, as well as ignoring of a large number of 
small sub-grid scale lakes, which increases uncertainty in 
modeling of the regional-scale lake effects. Improving the 
lake parameterization as well as the model resolution in the 
future will help to further enhance our understanding of the 
impacts of lakes on glaciers.
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