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Abstract The Tibetan Plateau (TP) is covered by numerous lakes, and lake surface water temperature
(LSWT) is an essential indicator of climate change, while few observations hinder our understanding of LSWT
variation and its causes over TP. This study aims to simulate the summer LSWT long-term trends of 81 TP lakes
during 1980-2018 and quantify the impacts and contributions of atmospheric variables. Results show that TP
lakes warmed with 0.32°C decade™" on average. Northern TP lakes warmed faster than the southern ones (0.44
vs. 0.16°C decade™) due to stronger trends of atmospheric variables and higher sensitive of colder lakes to
atmospheric changes. 55 (67.9%) lakes of the total lakes studied in current work warmed slower than air due to
weakened shortwave radiation (SW ). Attribution analysis suggests that the air warming and wetting over TP
dominate lakes' warming. Regarding synthesis contributions, air warming contributed 79.3%, with increased
surface air temperature (SAT) and downward longwave radiation (LW ) accounting for 41.6% and 37.7%,
respectively, and air wetting indicated by increased surface specific humidity (SSH) contributed 39.0%,
followed by a positive contribution (16.8%) from declined wind speed (WS). The negative contribution
(—35.1%) from weakened SW nearly counterbalances the positive effects of increased LW . 55.1% of the total
synthesis contribution arises from the cross contribution through interactions among atmospheric variables and
is mainly reflected in SAT and SSH, accounting for 26.8% and 24.8%, respectively. The findings enhance
understanding of climate change impacts on lake systems and offer insights for lake resource management.

Plain Language Summary Lake surface water temperature (LSWT) has been rising in recent
decades in response to climate change on both regional and global scales, yet a geographical map of LSWT
variation and quantitative attribution over Tibetan Plateau (TP) are not well presented due to inadequate
observations. Here, we analyze the summer LSWT trends of 81 large TP lakes, each with an area exceeding
50 km?, based on one-dimensional lake model simulations during 1978-2018. The results suggest a mean
warming rate of 0.32°C decade™" for all the studied lakes, with faster lake warming in colder regions. The main
cause for LSWT increase over TP is the air warming and wetting. Specifically, the main positive contributors are
the increased air temperature, longwave radiation, and moisture, while the decreased wind speed makes a
secondary contribution. The negative contributor is the decreased solar radiation, which essentially offsets the
positive effects of increased longwave radiation, leading to a smaller increase of LSWT than the ambient air
temperature.

1. Introduction

Lakes are the nexus of interactions among different spheres of the Earth's surface system and are therefore
sensitive to climate change (Adrian et al., 2009). As a critical indicator of lake and climate change, lake surface
water temperature (LSWT) has exhibited a noticeable increase globally (Adrian et al., 2009; Woolway
et al., 2020), with an average increasing rate of 0.34°C decade™' during the summers of 1985-2009 (O’Reilly
et al., 2015). Physically, rising LSWT can intensify the thermal stratification (Anderson et al., 2021; Kraemer
et al., 2015) and then shift the mixing regimes (Woolway et al., 2019; Wu et al., 2024). Lakes warming is
considered caused by climate changes, such as air warming (Piccolroaz et al., 2013; Schneider & Hook, 2010),
solar brightening (Fink et al., 2014; Schmid & Koster, 2016), and wind stilling (Huang et al., 2012; Woolway
et al., 2019). Therefore, a reasonable prediction for changes in the lake system requires an integrated under-
standing of the LSWT response to atmospheric variables.
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Known as the “water tower of Asia” (Qiu, 2008; Xu et al., 2008), TP is home to more than 1400 lakes with an area
exceeding 1 km? (Zhang et al., 2019), most of which are saltwater and ice-covered with an average elevation over
4,000 m (Cai et al., 2019; C. Liu et al., 2021). In the studies of Cai et al. (2019), the ice cover duration of TP lakes
with elevation >2,800 m ranges from 87 to 241 days with an average of about 158 days, with ice-on occurring
from October to January and ice-off from March to July. However, TP lakes are frequently omitted from global-
scale analyses about LSWT on a global scale (Schmid et al., 2014; Woolway & Merchant, 2017) because of the
unique geological environment and alpine climate (Kuang & Jiao, 2016). Hence, investigating TP lakes' response
to climate change is of exceptional significance.

TP has experienced distinctive climate shifts since the 1980s, including surface air warming, moistening, solar
dimming, and wind stilling (Kuang & Jiao, 2016; Yang et al., 2014), where solar dimming presents a unique
aspect of TP climate change, contrasting with the other regions especially Europe (Schmid & Koster, 2016; Yuan
et al., 2021). Under the climate changes, the warming trends of TP lakes were revealed based on satellite ob-
servations (Liu et al., 2019; Wan et al., 2018; Zhang et al., 2014) and numerical models (Guo et al., 2022) on
different time scales. Some studies focus on several large lakes and qualitatively investigate the effects of TP
climate changes on lake warming.

In these case studies, besides enhanced air temperature and longwave radiation (Huang et al., 2017), reduced wind
speed (Su et al., 2019) and increased specific humidity (Shi et al., 2022) were also identified as contributors to
warming in large lakes. Besides, these studies consistently indicated that weakened shortwave radiation over
lakes is associated with a slower warming rate compared to the air. In the case of Lake Ngoring and Lake Gyaring
on TP, decreased solar radiation even counteracted the contribution of rising air temperature and humidity,
resulting in no significant trend in LSWT (Kirillin et al., 2017). In contrast, other seasonal ice-covered lakes
globally exhibit more rapid warming than air due to the synergy of increasing air temperature and shortwave
radiation (O’Reilly et al., 2015). These reports introduce the hypothesis that the majority of lakes on the TP warm
at a slower rate than the air for the attenuation of shortwave radiation.

Nevertheless, few studies analyzed the quantitative contribution of climate change on LSWT variation over the
whole Tibetan Plateau, and most of the studies focused on several large lakes. In this study, we focus on the TP
region, which has many seasonally ice-covered lakes and is undergoing complex climate changes, and select 81
lakes, each with an area >50 km?, to achieve the following objectives: (a) To analyze the spatial pattern of LSWT
trends during 1980-2018. Here the one-dimensional lake numerical model WRF-Lake is an effective instrument
for reproducing long-term historical LSWT variations and trends, and the results will be validated with the
Moderate Resolution Imaging Spectroradiometer (MODIS) Land Surface Temperature (i.e., the Earth's surface
temperature) data. (b) To quantify the contributions of atmospheric forcings to LSWT trend, especially to verify
the hypothesis that solar dimming would slow down TP lakes warming. For this purpose, we apply an integrated
analytical approach based on the numerical sensitivity experiments and partial derivative decomposition method
(Shi et al., 2022). Compared to the traditional method that quantifies contributions by taking the difference in
simulated LSWT trends before and after de-trending the target atmospheric forcing variable one-by-one (Huang
et al., 2023; Li et al., 2019, 2023), this method not only calculates the contribution of each variable but also
decomposes the contribution into independent and cross parts, thereby eliminating the confounding effects from
intrinsic collinearity among atmospheric variables. The main findings of this study may provide valuable insights
for understanding and predicting the LWST changes over TP.

2. Material and Methods
2.1. Study Area

With an average elevation of over 4,000 m, TP presents a typical alpine climate characterized by low temper-
atures, high solar radiation, and large daily and small annual air temperature differences. Regionally, the summer
climate is warmer and wetter in the southeast than in the northwest, influenced by the South Asian and East Asian
monsoons (Kuang & Jiao, 2016). Figure 1 shows the geographic location of selected 81 large lakes over TP. The
selected lakes range 30.70-38.86°E in latitude, 79.78—100.20°E in longitude, 2,795-5,158 m in elevation, 53.10-
4,226.24 km? in surface area, 1.2-120.0 m in mean depth. Information on all 81 lakes is listed in Table S1 of
Supporting Information S1. Notably, most meteorological stations are located in eastern and southern TP with
more suitable climates, while most lakes are in the central and western TP, lacking in situ observations.
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Figure 1. Spatial distribution of land topography and studied lakes (light blue colored areas) over TP. The red triangles
represent the China Meteorological Administration (CMA) stations, and the blue line outlines TP.

2.2. Data Set and Processing
2.2.1. Geographical and Physical Data of Lakes

In this study, we obtain the latitude, longitude, elevation, and mean depth for each selected lake from Wang
et al. (2021), and the salinity of most lakes from the in situ water quality investigation of TP lakes (C. Liu
et al., 2021). The light extinction coefficient (7, in m™") is a crucial lake-specific property determining the dis-
tribution of downward solar radiation at different lake depths. For parameter optimization later, we estimate an
initial 7, for each lake by using the satellite-retrieved Secchi depth (SD, in m; Tao et al., 2022) according to the
empirical formula Equation 1 (Bukata et al., 1988):

w+0.07, 2<SD<10
SD
Mo = (1

1.7
D’ SD<2orSD> 10

2.2.2. Atmospheric Forcing Data and Elevation Correction

The Japanese 55-year Reanalysis (JRA-55) data set (Harada et al., 2016; Kobayashi et al., 2015) during 1979-
2018, whose applicability has been verified in TP area (Xu et al., 2021; Yao & Li, 2016) and widely used in
studying the TP climate change (Chen et al., 2019; Zhang et al., 2021), is utilized to drive WRF-Lake model (see
Section 2.3). The selected JRA-55 variables include surface air temperature (SAT), surface pressure (SP), surface
specific humidity (SSH), relative humidity (RH), surface wind speed (WS), and surface downward shortwave
(SW)) and longwave radiation (LW ), where SAT, SP, SSH, RH, WS are 6-hr surface analysis fields and SW |,
LW are 3-hr average diagnostic fields. The TL319L60 model grid was converted to a regular latitude-longitude
Gaussian grid (nominally 0.5625°) while downloading from NCAR.

Generally, the surface wind speed is stronger over the lake than over adjacent land due to the lower roughness of
the water surface. However, since the JRA-55 grids cannot distinguish most lakes, the above wind speed (WS) is
expected to be smaller than the actual over-lake wind speed (WS ;). Hence, an empirical wind scaling formula
Equation 2 suggested by Hsu (1988), which has been widely used for wind speed correction in lake simulations
(Huang et al., 2021; Layden et al., 2016), is used to obtain WS, ;.

WS, e = L1TWS + 1.62 2
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Then, for each studied lake, we select the JRA-55 data within the lake boundary and average it to yield the time
series of atmospheric forcing variables. However, as the mean elevation for the selected JRA-55 grids (Z, in m)
differs from the actual lake elevation (Z;, in m), elevation adjustment is essential to correct the thermodynamic
variables in JRA-55 atmospheric forcing. The corrected surface air pressure (SP’, in hPa) and temperature (SAT”,
in K) are formulated as Hafner and Smith (1985):

g

SAT 7
SP =SP(—— > 3
(sar+r--2) ®
SAT =SAT —y-(Z, — 2) 4)

where g =9.81 m s_z, R=287TK' kg_', and y =0.007 K m~". The corrected surface specific humidity (SSH’,
in kg kg™") is determined by the following formula (Bolton, 1980; Murray, 1967):

17.27(SAT’ - 273.16) ,

6.1078 exp i . SAT > 273.16

SAT’ —35.86
RH x 0.622
SSH' = RH x 0.622 x — =~ <2022, 5)
Sp Sp )

17.67<SAT - 273.16) ,

6112exp || SAT <2736

where es is the saturation vapor pressure (hPa), and 0.622 (kg kg™") is the ratio of the molar mass of water vapor to
dry air. The above correction could effectively fix the mean bias of atmospheric forcing data (particularly for WS)
over large lakes like Lake Nam Co (Figure S1 in Supporting Information S1).

2.2.3. Satellite Data of LSWT

Here Moderate Resolution Imaging Spectroradiometer (MODIS/Terra) Land Surface Temperature (LST) product
(MOD11A1; Wan et al., 2015) with a spatial resolution of 1 km during 2001-2018 is utilized to evaluate the
LSWT simulations because it has a longer time span, more clear-sky pixels, and better performance over lake
surface at night than MODIS/Aqua (Fu et al., 2011; Li et al., 2014; Quan et al., 2014). An evaluation study based
on five TP large lakes (Lazhu et al., 2022) indicates that the MODIS LST agrees with in situ with an RMSE < 1 (2)
°C during daytime (nighttime), where MODIS/Terra performs better than MODIS/Aqua during the lake's thermal
stratification period.

First, we exclude the MODIS pixels with a distance of less than 1 km from the lake shoreline to avoid land
contamination (Guo et al., 2022), and obtain the daily MODIS LSWT by averaging the two instantaneous ob-
servations at 10:30 and 22:30 local time. Note that we focus on LSWT variations during the ice-free summer
months of July, August, and September, so daily LSWT values below 0°C are discarded for model evaluation.
Then the spatial averaging is performed to derive the LSWT time series for each lake, and we remove the obvious
outliers that exceed +3 times the standard deviations of the respective annual time series for each day. This
deriving series will be used to evaluate the simulations on the corresponding dates. Due to numerous missing
values in the derived daily MODIS LSWT time series after quality control procedures, we applied linear inter-
polation over time to obtain a reliable LSWT interannual trend (Davis, 1975; Zhang et al., 2014). For example, in
the case of Lake Nam Co, the estimated interannual trend from interpolated LSWT closely matches with that
derived from the 8-day averaged MOD11A2 LSWT product (0.15 + 0.44°C decade™ vs. 0.14 + 0.59°-
C decade™), indicating that the interpolation effectively preserves the trend characteristics.

2.3. WRF-Lake Model Description

WRF-Lake model is a 1-D mass and energy balance lake model derived from the eddy diffusion model developed
by Henderson-Sellers (1985) and Hostetler and Bartlein (1990), with Subin et al. (2012) and Gu et al. (2015)
further improving the representation of surface snow, ice, and bottom soil sediment processes. For better
applicability to deep (>50 m) and brackish lakes over TP, Huang et al. (2019) and Wu et al. (2020) made a series
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of modifications, for example, decreasing the temperature of maximal water density, adding dynamic parame-
terizations for surface roughness lengths, reducing the light extinction coefficient, and enlarging eddy diffusivity.
Compared to FLake, which is another widely used two-layer model based on self-similarity theory and is
designed for lower computational demand in simulating surface temperature and ice dynamics (Bernus
et al., 2021; Huang et al., 2019; Mironov et al., 2010), we have chosen the WRF-Lake model for its specific
advantages in simulating the vertical temperature structure in large deep lakes, because FLake relies on a
simplified structure that often applies a “virtual bottom cutoff™ at a shallow depth, typically around 50 m, limits its
application in deep lake simulations.

Since most studied lakes are saline and salinity (S, in g L™") plays an important role in determining the water's
thermal properties, for example, thermal conductivity, heat capacity, and freezing point, we implement a salinity
parameterization scheme (Wen et al., 2015; Yusufova et al., 1975) into the WRF-Lake model, as formulated by:

dsw = A5y (10— 23X 10728 + 10735%) (6)
Cpsw = Cpfw —4.48 (7)
T, =273.15 - 0.0568 (8)

where Ay, (A = 0.6) is the thermal conductivity for salt (fresh) water (in W m™! K™Y, Cpqw
(Cpw = 4.188 x 10°) is the specific heat at constant pressure for salt (fresh) water (in J kg_1 K™Y, Ty is the
freezing point for salt water (in K).

Besides the atmospheric forcing, lake-specific parameters like 7 and maximum ice albedo (a;,,,) require further
tuning to achieve reliable simulations (Huang et al., 2021; Wu et al., 2024). Therefore, we conducted a series of
parameter-tuning simulations running from 1 June 2000 to 31 December 2018 to tune # and a;,,,, independently
for each lake. Specifically, in these parameter-tuning simulations, @, is tuned over a range of 0.2-0.6 with a
step of 0.01 for all lakes; # is multiplied by a scale factor (tuned over ranges 0.25-3.0 with a step of 0.05) on the
initial 7, calculated by Equation 1 for each lake (Huang et al., 2021). Finally, the value of # and «,,,, that
minimize daily mean absolute bias (AB, Wu et al., 2024) of LSWT will be determined as the optimal value (as
listed in Table S1 of Supporting Information S1) to be used in the final control simulation and the following
sensitivity simulations in the next section. Both AB and temporal correlation coefficient (TC, ranges —1-1) are
used to evaluate the model performance:

1 N
AB =52l - Ol ©)
i=l

_ YL(5i=9)(0,-0)
\/2511 (Si - S)Z\/Zf\;l (Oi - 6)2

TC

(10)

where S;(0;) is the simulation (observation) at the ith time or space sample and §(5) is the average of simulation
(observation) with a sample size of N. The smaller (larger) the absolute value of AB (TC), the better the simulation
results (Wu et al., 2024).

The simulations for 81 selected lakes are done one-by-one and initialized with a uniform lake column water
temperature of 4°C. The atmospheric forcings are updated every 10 min by linearly interpolating the corrected
JRA-55 data. We take the model results in 1979 as a spin-up phase and use the results from 1980 onward for
analysis.

2.4. Methods for Attributing LSWT Trend to Atmospheric Variables
2.4.1. Sensitivity of LSWT to Atmospheric Variables

We conduct a series of experiments using the change factor approach (Butcher et al., 2015; Magee & Wu, 2017) to
examine the impacts of the climatic perturbations of each atmospheric variable on LSWT over the climatic mean
state. For a forcing variable, while keeping other variables unchanged, we first compute the standard deviation of
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the respective annual time series for each month (¢,,, m =1, 2, ..., 12). Then, we add respective perturbation A,,0,,
to the base value for each month across all years. Here A, ranges from —2.0 to 2.0 with an increment of 0.2 and
thus there are 21 sample experiments (n = 1, 2, ..., 21). The perturbation ranges are chosen according to the
variables' change characteristics, ensuring they cover the actual extreme climate ranges and avoid unrealistic
scenarios (Stetler et al., 2021).

From the above experiments, the LSWT(F) series with a length of 21 can be derived by computing the climatic
mean state for each of the 21 sample experiments corresponding to a given forcing variable F, where the overbar
indicates the climatic mean. We then define the climatic response of LSWT to F, denoted by @, as the ab-
solute sensitivity S, (S,—F hereafter for brevity). Additionally, because the nth experiments with the same A, have
the same relative magnitude of climate perturbation for all variables, the relative sensitivity S, = oS, (o is the
standard deviation of the annual mean time series for F') can be defined to compare the relative magnitude that

LSWT responds to each forcing variable under a perturbation of 16. An example of the sensitivity analysis is Lake
Nam Co on TP (Shi et al., 2022).

2.4.2. Contributions of the Atmospheric Forcing Variables to the LSWT Trend

We use the partial derivative decomposition method to estimate the contributions of atmospheric forcing variables
to the LSWT trend (Roderick et al., 2007; Shi et al., 2022; Yan et al., 2019). Assuming that to first order, the
LSWT trend (43¥T) responds linearly to the changes of atmospheric forcing variables (Austin & Col-

man, 2007), as decomposed by:

dLSWT oLSWT dF. d
~ TN
(55~ G e TG an

i

where F, and % are the ith atmospheric forcing variable and its long-term trend, respectively. 2SSWT is the LSWT
change resultmg from F; and could be approximated as the absolute sensitivity S,; (Shi et al 2022) Conse-

quently, S, is defined as the synthesis contribution (SC) of F; to the LSWT trend. Z S, is defined as the

ai dt ai d[

estimated LSWT trend, which is used as the denominator for calculating the contrlbutlon rate from each forcing

variable, that is, the contribution rate of F; is S,;; d[/ Z S, l‘fg X 100%.

Note that the decomposition method operates on the principle that the atmospheric variables are independent of

each other. However, although they are treated as independent inputs in the model, atmospheric variables are

dr;
> dr
by the interannual collinearity among atmospheric variables. The synthesis contribution (SC) of F; to the LSWT

indeed coupled and interact mutually in the climate system. Hence, <! is affected by the interactions represented
trend consists of the individual contribution (IC) and the cross contribution (CC) from interactions among at-
mospheric variables, that is, SC = IC + CC.

To detach the IC from the SC, we first use zero-phase component analysis (ZCA) to decorrelate the original
atmospheric variables F to obtain mutually independent (no linear correlation) atmospheric variables Z (Shi
et al., 2022). Specifically, the original matrix F,, with p variables and s years is standardized to F*. Each row

F' = F";F i represents the ith standardized atmospheric forcing variable, where F; and o; are the mean value and

standard deviation, respectively. Then, we perform a linear transform W on F* to obtain the standardized Z,
denoted as Z*:

7' = WF* = (UA—%UT> F* (12)

where W = UA™U” is termed ZCA transformation or Mahalanobis transformation, U and A are the orthogonal
and diagonal matrix resulting from the eigenvalue decomposition of the covariance matrix of F*. For more details
about ZCA transformation, refer to Bell and Sejnowski (1997) and Kessy et al. (2018). Finally, Z* is transformed
back to the original physical magnitude to obtain the independent (decorrelated) variables Z with each row
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Figure 2. Spatial distributions of the (a) average absolute bias (AB) and (b) temporal correlation coefficient (TC) of simulated summer daily LSWT (for all times with
LSWT >0°C) relative to MODIS. Spatial distribution of the short-term trends of summer LSWT for (c) simulation and (d) MODIS during 2001-2018, with PS denoting
the proportion of lakes sharing the same trend direction, Ave denoting the averaged value across all studied lakes and the black cross indicating the significance at

p < 0.05 level. (e) Interannual variation and short-term trend of 81 lakes-averaged LSWT for simulation (red) and MODIS (blue), and shaded areas indicate the 95%
confidence interval for the regression estimate.

Z; = Zio; + F;. Here, the correlation coefficients among the rows of Z are small, but the interannual variations
of rows are close to the original data F.

By substituting Z for F in Equation 11, we obtain

dLSWT ILSWT dZ; dz;
( i )NZ AR DN (3)

i

dz, dz
where S, =

forcing variables. Accordingly, CC from the interaction of F; and other variables is calculated as the difference

between its SC and IC, that is, Sal-§ - Sai%, and the total CC from interactions among all atmospheric forcing

could be understood as the IC of F;, because

! does not contain the interactions among atmospheric

variables is calculated as ), (Sal-% - Sai%>.
i

It should be clarified that CC = SC-IC is derived from % - % and represents the contribution of F; due to the
interaction of F; with other variables. However, the effect of this interaction on LSWT is ultimately reflected by F;
through the lake surface energy balance. In other words, CC and IC are discussed from the perspective of the

atmosphere system, while SC is the direct expression from the perspective of the lake system.

SHI ET AL.

7 of 21



A7

M\I Earth and Space Science 10.1029/2024EA003910
AND SPACE SCIENCES
(a) SAT Unit: *C decade ' (b) SSH Unit: g kg~! decade '
40°N LTINS = 03
14 o 0.8 14 .’ o 0.25
35°N tey N »° 06 35N B :.8., ° s °8° . 0.2
] h ] o 0.15
] » 0.4 ] e 2
30°N 7 ) ' 30°N ~1 0.1
] < 2 0.2 ] o 2
1 Ave =0.35 1 Ave =0.13 0.05
25°N -~ L AL L DL A L R B R | 0 25°N - L L L L A L I A L | 0
75°E  80°E 85°E 90°E 95°E 100°E 105°E 75°E  80°E 85°E 90°E 95°E 100°E 105°E
(c) SP Unit: hPa decade (d) WS Unit: m s~' decade '
40°N 0.3 40°N ‘ 0.2
1 &8 " o® - b 0.25 1 j °® . 0.1
{2 o - L]
on : C 02 350N ]
35°N 7 T He ’:1.'..'.::.\ 35°N ve, .
1 . n'&, 0.15 1
] b / ] -0.1
30°N ] St 01 30°N] <
] SN ] e -0.2
] 0.05 ]
] Ave =0.15 ] Ave =-0.06
25°N LU L L L L e | o 25°N rrrrrYrrrTrTTrTT T T T T T T T T T T T T _0.3
75°E  80°E 85°E 90°E 95°E 100°E 105°E 75°E  80°E 85°E 90°E 95°E 100°E 105°E
(e) SWy Unit: W m=2 decade (fy LWy Unit: W m~2 decade
40°N —— i 40°N7 ——— i
14 °® ° .. ° 3 ] d . * ‘ ‘. ° 3
1 s ° ] e e °
35°N 1 > -* 2 35°N AR R we 2
] 1 ] !
30°N 1 - 0 30N S 0
] ™~ -1 ] A -1
1 Ave = -1.82 -2 1 Ave =1.98 -2
25°N - -3 25°N- - -3

LU LU L T S L
75°E  80°E 85°E 90°E 95°E 100°E 105

°E

LU SU L TrT T T
75°E  80°E 85°E 90°E 95°E 100°E 105

°E

Figure 3. Spatial distribution of long-term trend of annual atmospheric forcing after corrected: (a) surface air temperature (SAT), (b) surface specific humidity (SSH),
(c) surface pressure (SP), (d) 10 m wind speed (WS), (¢) downward shortwave radiation (SW ), and (f) downward longwave radiation (LW ). Ave denotes the averaged
value across all studied lakes.

3. Results

3.1. Model Validation

Figure 2 shows the spatial map of evaluation metrics (AB and TC) for daily LSWT from simulations relative to

the MODIS observations across all studied lakes during 2001-2018, as well as the short-term interannual trends.

From Figures 2a and 2b, WRF-Lake shows good performance in simulating the magnitude and temporal evo-
lution of LSWT during summer months (July, August, and September), yielding an average AB of 1.44°C and TC
of 0.93. The high TC is both contributed by the seasonal cycle and interannual variability of LSWT (Figure 2e).
Next, we compare the simulated and observed short-term interannual trends of summer LSWT (Figures 2d and
2e). According to MODIS, 75 (92.6%) of the studied lakes show an increasing LSWT trend during 2000-2018,
with an average interannual trend of 0.18°C decade™" averaged over all studied lakes. The model well replicates
the overall increase of LSWT with an interannual trend of 0.23°C decade™'. Between the simulations and ob-
servations, 77 (95.1%) of the studied lakes share the same trend direction, and there is also good consistency in the
lakes-averaged interannual variations (TC = 0.78). The trend bias in the remaining 4 lakes (4.9%) is mainly from
the uncertainty due to the short time series used for calculations and trend values close to 0. Consequently, the

simulation captures the spatial and temporal characteristics of short-term LSWT trends well.
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Figure 4. (a) Climatic annual averages, (b) daily climatic variations, and (c) long-term summer trends of simulated lake surface temperature (LST) during 1980-2018;
(d) regression relationships between the long-term summer trends of LSWT and SAT. The gray zone in (b) denotes the summer months of July, August, and September.
The black cross in (c) indicates the significance at p < 0.05 level.

3.2. Long-Term Trends of Atmospheric Forcing Variables and LSWT

Figure 3 shows the distribution of long-term trends of corrected atmospheric forcings. A consistent pattern of
increasing SAT, SSH, SP, LW, and decreasing SW, can be found across all studied lakes, with lake-averaged
long-term trends of 0.35°C decade_', 0.13 g kg_1 decade_l, 0.15 hPa decade_', 1.98 W m™2 decade™!, and
—1.82 W m~? decade™", respectively. WS shows a weakening trend over most TP lakes, except for 16 (19.8%)
lakes in southern TP, and the long-term trend averaged over all studied lakes is —0.06 m s™' decade™. These
climate changes are in agreement with previous studies (Kuang & Jiao, 2016; Yang et al., 2014) and expected to
have a significant impact on long-term changes in LSWT.

Figures 4a and 4b show the climatic averages and climatic annual cycle of simulated lake surface temperature
(LST) for the studied 81 lakes during 1980-2018, with the long-term trends of summer LSWT and SAT shown in
Figures 4c and 4d. Note that LST is calculated as the average of ice surface temperature and LSWT weighted by
ice concentration, and exactly equals LSWT during the summer ice-free months. A remarkable difference in the
LST regime can be found between lakes situated north and south of ~33°N over inner TP: (a) the climatic mean
LST is below 0°C over the northern TP but above 0°C over southern TP (Figure 4a); (b) lakes over northern TP
feature a more prolonged ice-covered phase and evidently lower summer LSWT (Figure 4b); and (c) the average
increasing rate of summer LSWT is much higher over northern TP than over southern TP (0.44 vs. 0.16°-
C decade™, Figure 4c). The overall warming trends range from 0.01 to 0.62°C decade™', with an average value of
0.32°C decade™, which is slightly smaller than the global mean increasing rate of summer LSWT during 1985—
2009 (0.34°C decade™, O’Reilly et al., 2015). From Figure 4d, only 26 (32.1%) lakes in our study have a higher
warming rate than the ambient air in summer, and the average lake warming rate (0.32°C decade™") is only 78.5%
of the air warming rate (0.41°C decade™"). This is different from the global analysis that most seasonally ice-
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Figure 5. Spatial distribution of absolute sensitivity S, of LSWT to (a) surface air temperature (S,—SAT), (b) surface specific humidity (S,—~SSH), (c) surface pressure
(S,~SP), (d) 10 m wind speed (S,~WS), (¢) downward shortwave radiation (S,~SW), and (f) downward longwave radiation (S,~LW ). Ave denotes the averaged value

of §—F across all studied lakes.

covered lakes warmed faster than the local air due to the positive ice-albedo feedback (Huang et al., 2023;
O’Reilly et al., 2015).

3.3. Sensitivity of Summer LSWT to Perturbation of Atmospheric Forcing Variables

Next, we will quantify the impacts of atmospheric variables on LSWT and their contribution to LSWT trends via
sensitivity analyses. Figure 5 shows the absolute sensitivity S, of LSWT, which indicates the LSWT change
corresponding to a unit perturbation of atmospheric variables on their climatic mean state. Figure 6 shows the
relative sensitivity S,—F, which indicates the change in climatic mean LSWT after per unit standard deviation of
perturbation in atmospheric forcing variables.

As seen in Figure 5, LSWT increases with the increasing thermodynamic variables (i.e., SAT, SSH, LW, and
SW)), decreases with the increasing wind speed, and shows little response to the slight perturbation of SP for all
studied lakes. Among the 81 lakes studied, the sensitivities of LSWT to SAT, denoted as S,—SAT, are less than
1°C °C~". On average, S,~SAT = 0.31°C °C~", meaning that each increment of 1°C in SAT causes an increment
of just 0.31°C in LSWT. The average values of S,—~SSH and S,~WS are 0.77°C (kg kg™")™" and —0.69°C (m
s™)7!, respectively. S,~SW, and S,-LW, are comparable with the average values of 0.051 and 0.049°C (W
m~2)~", respectively. The sensitivities to thermodynamic variables, for example, S,~SSH and §,-LW , show
noticeable north—south disparities, implying that LSWT over northern TP is more sensitive to perturbations of
thermodynamic variables than that over southern TP. Regarding the response of climatic mean LSWT to different
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Figure 6. Same as Figure 5, but for the relative sensitivity S,.

atmospheric forcing variables (Figure 6), SW and WS exert the most significant impacts with mean S, values of
0.78°C and —0.64°C averaged over all studied lakes, followed by SAT (0.44°C), LW, (0.38°C), and SSH
(0.33°C). The influence of SP is negligible. S,—F exhibits more pronounced north—south disparities than S,—F
except for SP.

The primary reason for the north—south disparities in S, and S, for thermodynamic variables lies in the climatic
difference across TP. First, both air temperature and radiation intensity are weaker over northern TP, leading to a
colder climate and lower climatic mean LSWT (Figure 4). Moreover, S, for atmospheric thermodynamic vari-
ables (S,—F) is significantly correlated with the climatic mean forcing variables (F), and the correlation co-
efficients between S,—F and F are —0.42, —0.60, —0.40, and —0.77 for SAT, SSH, SW 1» and LW, respectively.
Larger S,, is associated with lower climatic SAT SSH, SW, and LW , or in other words, S,, are larger in the colder
lakes under colder climates, for example, northern inner TP lakes in Figure 4a. According to Equation 11, when
the SAT trend and other atmospheric variables remain unchanged, a larger S,—SAT resulting from lower SAT
causes a greater contribution of SAT to the LSWT trend. This is similar to other atmospheric thermodynamic
variables and aligns with previous studies that suggest the warming trends of lakes under colder climates are
amplified under the same forcing trend (O’Reilly et al., 2015; Shi et al., 2022). These results reveal that the LSWT
trends of TP lakes depend not only on the trends of atmospheric variables but also on their climatic state.

3.4. Contributions of Atmospheric Variables to the Long-Term Summer LSWT Trend

Before qualifying the contribution of atmospheric variables, we first estimate the long-term summer LSWT trends
using Equation 11 and compare them with the simulated summer LSWT trends (Figure 7). The estimated and
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Figure 7. Spatial distributions of (a) estimated and (b) simulated long-term
summer LSWT trends during 1980-2018, with the averaged value (Ave)
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simulation (Y — X).

simulated LSWT trends show similar spatial distributions, increasing from
south to north, with an R value of 0.85 (Figures 7a and 7b). However, the
mean estimated trend of 0.27°C decade™" is lower than the mean simulated
trend of 0.32°C decade™". The underestimation is more pronounced for the
lakes located in higher altitude and latitude regions, which are found to un-
dergo more pronounced warming. Despite the underestimation, the estima-
tion and simulation display a good linear relationship (Figure 7c). While we
could have corrected the estimation using the regression equation, it does not
change the calculation of the contribution percentages, so it can be omitted.

Figure 8 illustrates the synthesis contribution (SC) of each atmospheric
forcing variable to long-term summer LSWT trends. From the perspective of
lake system, SC should be interpreted as the ultimate contribution of each
atmospheric variable to the long-term summer LSWT trends through the lake
surface energy balance. SC of atmospheric variables shows distinct spatial
variations. The SC of SAT is positive and notably larger in the northern TP
lakes compared to the central and southwestern TP lakes; the positive SC of
SSH decreases from northwest to southeast; SC of WS is positive over the
northern TP, but it is reduced or occasionally even negative over the southern
TP; The SC of SW (LW)) is generally negative (positive) for all the studied
lakes and shows larger absolute values in the northern TP. SC of SP is ignored
due to its slight influence. For the average of the 81 lakes, the SC of SAT,
SSH, and LW, is comparable with the values around 0.1°C decade™!,
contributing positively by 41.6%, 39.0%, and 37.7% to the total summer
LSWT trend, respectively, followed by the SC of WS (0.045°C decade™",
16.8%). This suggests that the air warming (including increases in SAT and
LW)) and wetting over the TP are the primary drivers for lake warming.
Moreover, it is worth noting that the negative contribution is solely due to the
SC of SW| (-0.09°C decade™ with a —35.1% contribution of the total
summer LSWT trend), which almost offsets the warming contribution of
LW| and therefore slows down lake warming.

From the perspective of atmosphere system, SC should be divided into in-
dividual contribution (IC) and cross contribution (CC), reflecting the in-
fluences from independent changes of each variable and interactions among
all variables, respectively. Figure 9 shows the distribution of IC of each at-
mospheric variable and the total cross contribution (CC) of all variables. IC of
SAT is positive and notably larger in the lakes over eastern and western TP
than in the lakes over north-central and southwestern TP, where some even
show negative IC; The positive IC of SSH decreases from west to east; IC of
WS is negative (positive) in the lakes over the southwestern (northern and
eastern) TP; IC of SW, LW, and total CC are generally negative, positive,
and positive for all studied lakes, respectively, with larger absolute values in
northern TP. For the average of 81 lakes, total CC is 0.149°C decade™! and
has a positive contribution of as much as 55.1% to the long-term summer
LSWT trends, followed by IC of LW, (0.082°C decade™, 30.3%), SSH
(0.039°C decade™, 14.3%), SAT (0.040°C decade™', 14.8%), and WS
(0.018°C decade™", 6.6%). Mean IC of SW is —0.057°C decade™" and has a

negative contribution of —21.1%. This suggests that the enhanced atmospheric forcing trends due to the inter-

action among atmospheric variables contribute to more than half of the lake warming.

From the perspective of lake system, the interaction among atmospheric variables still influences the lake system

through each individual variable. Next, we examine the CC of individual variables to long-term summer LSWT

trends (Figure 10). The interaction among atmospheric variables is mainly reflected by the CC of SAT and SSH
(Figures 10a and 10b), with the mean values of 0.072 and 0.068°C decade ™, contributing positively by 26.8% and
24.8% to the lake warming and accounting for a combined 93.6% of the total CC (0.149°C decade™', Figure 9f).
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Figure 8. Spatial distributions of synthesis contribution (SC) of (a) surface air temperature (SAT), (b) surface specific humidity (SSH), (c) 10 m wind speed (WS),
(d) downward shortwave radiation (SW ), and (¢) downward longwave radiation (LW ). Ave denotes the averaged value across all the studied lakes, with the
contribution rate to long-term summer LSWT trends given in parentheses.

Moreover, the CC of SAT and SSH show larger values in the northern TP than in the southern TP. The mean CC
of WS, SW, and LW is 0.028°C decade™ (10.2%), —0.038°C decade™ (—14.0%), and 0.020°C decade™
(7.3%), respectively, with little spatial variability (Figures 10c—10e). In short, the contribution of interaction
among atmospheric variables is also manifested in the air warming and wetting, which is consistent with the
results from the SC analyses.

4. Discussion
4.1. Lakes Warming Faster in Northern TP Than Southern

In this study, we use the 1-D WRF-lake model to analyze the long-term summer LSWT trends for 81 large lakes
over TP during 1980-2018. The simulated warming trends range from 0.01 to 0.62°C decade™
of 0.32°C decade™!, which is slightly smaller than the global average rate of lake warming (0.34°C decade™")

, with an average

during the summers of 1985-2009. The warming trends of TP lakes show a remarkable south—north difference,
which, according to Equation 11, can be explained by the south—north difference in the long-term trend (Figure 3)
and absolute sensitivity S, (Figure 5) of atmospheric thermodynamic variables. It is necessary to note that the
south—north difference in S, is an intrinsic climatic feature and independent of the atmospheric data source,
whereas the difference in forcing trend varies with different atmospheric forcing data. For example, Guo
et al. (2022) and Huang et al. (2023) used other forcing data and obtained a different conclusion from this study,
oLSW
oF

finding that lakes in the southern TP are warming faster. Absolute sensitivity S, = mainly correlates with

the climatic mean values of atmospheric thermodynamic variables instead of their long-term trends, and S,, is
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Figure 9. Spatial distributions of individual contribution (IC) of (a) surface air temperature (SAT), (b) surface specific humidity (SSH), (c¢) 10 m wind speed (WS),
(d) downward shortwave radiation (SW), and (e) downward longwave radiation (LW ), as well as (f) total cross contribution (CC) from interactions among all
atmospheric forcing variables. Ave denotes the averaged value across all the studied lakes, with the contribution to long-term summer LSWT trends given in

parentheses.

larger in colder lakes (in northern TP) with longer ice-covered phases (Figure 5). For instance, under the same
increment of climatic SAT (SAT), the increment of climatic LSWT (LSWT) would be larger in colder lakes than
in warmer lakes. This might be explained by the stronger surface evaporative cooling feedback in warmer lakes
thus attenuating further warming (Tong et al., 2023; Zhou et al., 2023), which might impact the timing of ice-off
and thermal stratification in seasonally ice-covered lakes. Understanding why warm lakes are less sensitive to
atmosphere changes requires more comprehensive energy budget analyses.

4.2. Impacts of Atmospheric Variables on LSWT Trend
4.2.1. Warming and Wetting Over TP Dominates Lakes Warming

The contributions of atmospheric variables to summer LSWT trends are quantified from different perspectives.
From the perspective of lake system, SC is considered as the contribution of atmospheric variables to LSWT
trends through lake surface energy balance. For the TP lakes maintaining an unstable lake-air boundary layer
(Wen et al., 2016), the rising SAT can decrease the upward sensible heat flux (SH) by reducing the lake-air
temperature, and increase the upward latent heat flux (LH) by increasing the water surface saturation deficit;
the increasing SSH can reduce the upward LH by saturating the surface air (Lang et al., 2021; Lazhu et al., 2016);
the decreasing WS can not only reduce the upward SH and LH but also intensify the thermal stratification by
weakening vertical mixing (Huang et al., 2012; Woolway et al., 2019); decreasing SW, and increasing LW
directly change the absorbed energy by lake. From the quantitative SC, air warming and wetting dominate the lake
warming over TP, and SAT is the primary factor with a contribution rate of 41.6%, followed by SSH (39.0%) and
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Figure 10. Same as Figure 8, but for the spatial distributions of cross contribution (CC) of SAT, SSH, WS, SW 1 and LW B The sum of the five terms is the total CC in

Figure 9f.

LW, (37.7%). From the perspective of atmosphere system, the total CC from interactions among atmospheric
variables exceeds half of the total contribution (55.1%), which highlights the complexity of changes in the climate
system. It is worth noting that the CC of SAT and SSH account for 93.6% of the total CC, again indicating that the
warming and wetting over TP is a crucial factor in lake warming, from both the perspective of lake and atmo-
sphere systems.

It is important to emphasize that changes in the climate system are so complex, and atmospheric variables do not
change completely independently. As in most studies (Li et al., 2019; Tong et al., 2023; Woolway et al., 2019), the
effect of each variable F on LSWT is examined by conducting sensitivity experiments altering F' while keeping
the others unchanged. For example, SAT and LW are treated as two independent atmospheric forcing variables
in the lake model, and we separately calculate their sensitivities (S,, S,) and contributions to LSWT changes.
However, from the perspective of atmosphere system, LW, is highly dependent on SAT according to the
Stephens-Boltzmann relationship, that is, LW lo<SAT4. Schmid et al. (2014) indicated that lake surface equilib-
rium temperatures were predicted to increase by 70%—85% of the increase in air temperature, which included the
effect of LW, change. In our study, the LSWT only increases by 31% of the increase of SAT in climate state and
the contribution rate of SAT to long-term summer LSWT trend is 41.6%. If the contribution of LW is also
considered as a part of SAT, the total contribution of SAT would be up to 79.3%.

Based on the quantitative CC, interactions among atmospheric variables are primarily reflected in the correlation
between SAT and SSH (Figures 10a and 10b). According to the temporal correlation coefficients (TC) among
atmospheric variables (Figure S2 in Supporting Information S1), the strongest correlation is the negative rela-
tionship between SW and LW, (TC = —0.83), highlighting their nearly opposite contributions to the LSWT
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trend. Additionally, SSH shows a positive correlation with LW, (TC = 0.82) and a negative correlation with SW
(TC = —0.78), as seen in the CC of SSH. Physically, increased water vapor results in more cloud cover, which
reduces SW (Yang et al., 2012) while enhancing LW, at the surface through the greenhouse effect (Ruckstuhl
et al., 2007). There is also a positive correlation between SAT and LW (TC = 0.74), which is explained by the
Stefan-Boltzmann relationship, and this interaction is reflected in the CC of SAT.

4.2.2. Weakening Shortwave Radiation Slows Down Lakes Warming

It is interesting to note that only the weakening SW leads to a negative contribution to the long-term increasing
trends of summer LSWT, thereby slowing down the lakes warming over TP. In our results, only 26 (32.1%) of the
studied lakes show a higher warming rate than the ambient air, which contrasts with findings that LSWT of
seasonally ice-covered lakes generally increases more rapidly than the ambient air temperature (O’Reilly
etal., 2015). In fact, the SW increase has been observed globally in many lake-rich regions, for example, Europe
(Schmid & Koster, 2016), East Asia (Shinohara et al., 2021), and regions near TP, like the Yunnan-Guizhou
Plateau (Wang et al., 2023). In these regions, the synergistic effects of increased summer SAT and SW, pri-
marily contribute to the rapid lake warming, and the melting of ice and snow cover can amplify this effect
(O’Reilly et al., 2015; Smits et al., 2020). Whereas in TP, SW | is the main energy source for lake surface budgets
but has significantly declined and offset the enhanced LW |, which results in little radiation into lakes and slows
down the lakes warming through the feedback of evaporative cooling (Tong et al., 2023; Wang et al., 2018). If
SW, remained zero trends on all TP lakes, that is, compensating the negative trend of SW (Figure 8d) on the
simulated LSWT trend (Figure 4c), the mean LSWT trend would be 0.44°C decade™ and 56% of lakes would
warm faster than air; if SW; was synergistically enhanced with SAT and opposite to the current trend values, the
mean LSWT trend would have been 0.52°C decade™" and up to 72% of lakes would warm faster. Therefore, the
weakening SW is a key factor explaining the difference between the warming trends of TP lakes and other ice-
covered lakes worldwide.

4.3. Uncertainty and Limitations

Given the remote location and harsh environment of TP, reanalysis data from various sources (e.g., ERAS5-Land,
JRA-55) lack in situ observations from the central and western TP for assimilation, which inevitably introduces
errors in our simulations, especially for lakes over western and northern TP (Figure 1). We drive the lake model
using JRA-55 instead of ERA5-Land, because ERAS, while performing well in daily variation and climatology, is
less effective at capturing the long-term trends in SAT and WS over TP region (H. Liu et al., 2021; Peng
et al., 2021; Yao & Li, 2016). This is crucial for attributing lake warming.

Additionally, the heat fluxes from inflows and outflows are unresolved in the WRF-Lake model but important for
glacial-fed lakes. It has been reported that inflows from glacial meltwater would cause the cooling of glacial-fed
lakes in the context of TP climate warming (Fink et al., 2014; Wan et al., 2018), yet such lake runoff observations
are lacking. Furthermore, the present study ignores the temporal variations of lake parameters. For example, the
light extinction coefficient allows for dynamic feedback on lake systems based on biochemical processes, and
morphological parameters like area and depth can modulate the impacts of the atmosphere on LSWT (Kraemer
et al., 2015; Magee & Wu, 2017).

Lake parameters, for example, depth, salinity, and extinction coefficient, are set as constants in the model, which
may underestimate the impact of climate change on lake systems (Rose et al., 2016). According to the statistics of
81 lakes in this study (Figure S3 in Supporting Information S1), the simulated LSWT trend is negatively
correlated with lake depth (p = 0.111) and positively correlated with salinity (p = 0.072) and light extinction
coefficient (p = 0.061). With lake volume and water clarity increasing (Pi et al., 2020; Xu et al., 2022), lake depth
and extinction coefficients would decrease, thereby possibly mitigating lake warming by increasing heat capacity
and decreasing surface radiation absorption. However, the correlation is not significant statistically, and some
studies indicated that LSWT trends are more influenced by geographic factors (e.g., latitude and elevation) and
external drivers than by lake morphometry (Pilla et al., 2020; Stefanidis et al., 2022). Overall, further quantitative
studies are needed to understand how lake parameters modulate the response of LSWT to climate change.

In this study, we used a different approach than the traditional method to quantify the contributions of atmospheric
variables to the LSWT trend. The traditional method estimates contributions by taking the difference in simulated
LSWT trends before and after de-trending the target atmospheric forcing variable one-by-one (Huang et al., 2023;
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Lietal., 2019, 2023). Its advantages are the simple experimental design and intuitive understanding of the results,
but the method neglects the strong interactions between atmospheric forcing variables when de-trending single
forcing variable. Our method overcomes this weakness and introduces the absolute sensitivity to quantify the
effect of atmospheric forcing on the LSWT in the climatic state, though it requires additional computational
expense.

In attribution analysis, the estimated trends tend to be underestimated for colder lakes with larger warming trends
(Figure 7c). This might be bias in the calculation of S,,. In Section 2.4.1, S, = @ is calculated as the slope of
perturbation series W(F) , our results show that this series is not strictly linear. For example, the
LSWT(SAT) demonstrates a decelerated increase, suggesting that at higher SAT levels, LSWT to responses less
to equivalent unit changes in SAT Therefore, the calculated S,~SAT would be smaller than that in current climate
state. Similar biases may exist in other S,—F calculations, which could be amplified by the atmospheric trend ‘Z—f in

Equation 11, resulting in greater underestimation of LSWT trends where ‘fj—f is larger.

Additionally, the lake system is linearized by Equation 11 in our method and the absolute sensitivity S, for F; is
treated as a constant. However, as previously discussed, S, should vary with all atmospheric variables F; (i and j
can be equal), that is, S, () = S, (F(t)), and thus S, is also time-varying. For example, decreased SAT or ra-
diation would cause a colder climate, resulting in larger S, for the thermodynamic variables. The omitted higher
order derivative term may be more important in comparison (Chen et al., 2020). Actually, atmospheric variables
and LSWT do not always vary linearly with time, but we only calculate their linear trends. This may affect our
results and requires further investigation.

5. Summary

In this study, we use the 1-D WRF-lake model to simulate the LSWT of 81 TP lakes, each with an area >50 km?,
during the summers of 1980-2018. Our simulations reasonably reproduce the seasonal cycle and short-term trend
patterns of LSWT. The summer LSWT increases with an average of 0.32°C decade™", which is slightly smaller
than the global average rate of lake warming (0.34°C decade™") during the summers of 1985-2009. The northern
TP lakes warm faster than those in the south. Despite most studied lakes being seasonally ice-covered, only 21
(32.1%) of lakes warm faster than the ambient air, differing from other seasonally ice-covered lakes globally. This
discrepancy might be due to the widespread weakening of SW over the TP, which slows down lake warming.

Based on a series of sensitivity experiments, we obtain the absolute sensitivity S, and relative sensitivity S, of
LSWT to the climatic perturbation of atmospheric forcing variables. On average, the LSWT is most sensitive to
SW, and WS, followed by the SAT, LW , and SSH. Spatially, the lakes over the northern TP are more sensitive to
the atmospheric thermodynamic variables than those over the southern TP. This is primarily because the lakes
located further north, with higher latitude and altitude, experience much colder climates, resulting in lower cli-
matic mean LSWT and larger sensitivities to atmospheric changes.

We estimate the contributions of atmospheric forcing variables to long-term summer LSWT trends using the
partial derivative decomposition and ZCA transformation. The air warming and wetting over TP dominate lake
warming. In terms of synthesis contribution, air warming contributes 79.3% with increased SAT and LW ac-
counting for 41.6% and 37.7%, and air wetting, that is, increased SSH contributed 39.0%, followed by the positive
contribution (16.8%) of the declined WS. The negative contribution (—35.1%) from the weakened SW nearly
counterbalances the positive impact of LW . The interaction among atmospheric forcing variables accounts for
55.1% of the total contribution, labeled as the cross contribution. Predominantly, the cross contribution stems
from SAT and SSH with contributions of 26.8% and 24.8%, while WS, SW |, and LW contribute 10.2%, —14.0%,
and 7.3% to the cross contributions, respectively.

Data Availability Statement

These data sets used in this study as follows: the Japanese 55-year Reanalysis (Japan Meteorological Agency,
Japan, 2013), https://rda.ucar.edu/datasets/ds628.0/dataaccess/; the latitude, longitude, elevation, average depth
of TP lakes (Wang, 2021), https://data.tpdc.ac.cn/en/data/d09ddae6-75c6-431c-a9e4-02e3067e9e1d/; the lake
boundary vector data (Zhang, 2019), https://data.tpdc.ac.cn/en/data/98c8fdaa-9451-4a22-b0cf-32{8fd93637¢; the
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