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Abstract In this study, a process-based lake model is used to investigate the influence of climate change on
the thermodynamics of 30 large lakes over Tibetan Plateau (TP). The lake model was driven by the atmospheric
forcing derived from the bias-corrected projections of three global climate models in the twenty-first century
under three Shared Socioeconomic Pathways (SSPs). The hindcasts during 2000-2014 can reasonably capture
the seasonality and magnitude of satellite retrieved lake surface temperature (LST). Future projections during
2015-2100 suggest a widespread increased LST, declined ice cover, and prolonged stratification, with the
severity of changes in line with the climate driver shifts under different SSPs. Under the scenario with the
highest level of anthropogenic radiative forcing (SSP5-8.5), the end-of-century (2086—2100) changes of LST,
ice thickness, and stratification duration averaged across all studied lakes reach 4.90°C, —0.43 m, and

65.46 days, respectively. Note that the positive ice-albedo feedback can cause excess lake warming by
accelerating ice break-up (30.07 days earlier) and stratification onset (46.83 days earlier). By the end of this
century, more frequent, multi-seasonal thermal extremes are anticipated to push nearly half of the studied lakes
into a permanent heatwave state. Together with the remarkable LST increase and winter ice loss, the lakes will
mix less frequently and may shift from a dimictic to warm monomict mixing regime. Hopefully, the irreversible
thermal changes can be avoided if the anthropogenic radiative forcing is controlled within the envelope outlined
by the stringent climate mitigation scenario SSP1-2.6.

Plain Language Summary Lake thermodynamics play a fundamental role in controlling a wide
range of physical and biogeochemical processes within lakes, for example, evaporation, nutrients and dissolved
gases cycling, zooplankton and phytoplankton proliferation. This study uses lake numerical modeling to
understand how climate change will affect the thermodynamics of 30 large lakes over TP, examining
simulations throughout the twenty-first century under three SSPs. From 2000 to 2014 to 2086-2100, LST
increase, ice loss, and stratification prolongation are anticipated across all studied lakes. These changes are more
severe under the scenario with higher levels of climate driver shifts. Under the worst scenario SSP5-8.5, the
above end-of-century changes reach 4.90°C, —0.43 m, and 65.46 days, respectively. Additionally, by 2100,
nearly half of the studied lakes will be in a constant state of “heatwave”, meaning the water will be unusually
warm all the time. The substantial lake warming and ice loss further cause the lakes to mix less frequently and
risk shifts from a dimictic to warm monomict mixing regime. On a hopeful note, the thermal changes can
possibly be controlled within the natural envelope if we adhere to the stringent climate mitigation scenario
SSP1-2.6.

1. Introduction

The Tibetan Plateau (TP), known as the “Earth’s Third Pole” and “Water Tower of Asia” (Qiu, 2008), is one of the
most sensitive regions to global climate change. According to the multi-source observations from meteorological
stations and ice cores, the overall climate has been experiencing notable changes of surface warming, air
moistening, solar dimming, and wind stilling since the 1980s (Chen et al., 2015; Kuang & Jiao, 2017; Yang
etal., 2014). The recent warming rate during 1980-2018 is 0.44°C-decade™" over TP, which is more than twofold
that observed globally (0.14°C-decade™") during 1961-2015 (Zhang et al., 2020). These climate changes have far
reaching implications on the widely and densely distributed seasonally ice-covered lakes over TP. Documented
impacts have been found in lake number (Tao et al., 2020), area (Tong et al., 2016; Zhang et al., 2019), water level
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(Chen & Liao, 2020; Lei et al., 2021), water storage (Qiao et al., 2019; Yang et al., 2017), and thermodynamics
(Cai et al., 2022; Xie et al., 2022). Given the seasonality of lake thermodynamics, for example, ice cover, water
temperature, and stratification, forms the foundation controlling a wide range of lake physical and biogeo-
chemical processes (Feng et al., 2021; Maberly et al., 2020), understanding the lake thermal response to climate
change is of particular importance for effective management and adaptation strategies to protect the fragile
aquatic ecosystem and the livelihoods of species dependent on the lakes over TP.

Lakes are commonly regarded as sentinels of climate change (Adrian et al., 2009). Within the recent decades, ice
cover loss and lake warming have been widely observed globally (O’Reilly et al., 2015; Sharma et al., 2019;
Wang et al., 2021), for example, 2 weeks decrease of ice duration and 1.5°C increase of lake surface temperature
(LST) for the global lakes from 1981 to 1990 until 2010-2019 (Grant et al., 2021). The responses to anthro-
pogenic climate warming are much more pronounced for seasonally ice-covered lakes located at middle-latitude
or high-altitude regions (Huang et al., 2022; Li et al., 2022; Vinna et al., 2021). For example, LST of the Great
Lakes and large European Lakes has risen more rapidly than the ambient air temperatures due to the positive ice-
albedo feedback and joint contributions from other atmospheric variations (Niedrist et al., 2018; Schneider &
Hook, 2010). The increased LST would cause reduced water oxygen solubility and prolonged stable thermal
stratification, both of which facilitate to exacerbate lake hypoxia and the severity of hypolimnetic oxygen
depletion (O’Reilly et al., 2003). Widespread deoxygenation has been found among 393 temperate lakes during
1941-2017, with its mean declined rate being 2.75 to 9.3 times greater than that observed in global oceans (Jane
et al., 2021). This further rises concerns about decreased internal nutrient loading and primary productivity
(Swann et al., 2020), adverse thermal habitat changes for aquatic organisms (Kraemer et al., 2021), intensified
cyanobacterial blooms (Ho et al., 2019; Paerl & Huisman, 2008), and increased production/emission of methane
and toxic metal ions (Davison, 1981; Li & Xue, 2021). In addition to the water temperature, lake ice, thermal
stratification, and mixing regimes are also crucial factors in determining the nutrient cycling, dissolved oxygen,
methane emission, light availability, and thus have knock-on impacts on the biogeochemical processes and
species phenology (Merz et al., 2023; Woolway et al., 2022). These consequences of lake thermodynamic
changes are already taking place and threaten the socioeconomic functioning and aquatic biodiversity among lake
systems worldwide (Verburg et al., 2003; Woolway et al., 2020).

Acknowledging the significance, the generation of various datasets has been actively promoted, including
continuous in situ hydrological observations (Qu et al., 2012; Wang, 2020) and both active/passive microwave
and multispectral satellite remote sensing (Liu et al., 2019; Qiu et al., 2019; Wan et al., 2017). These efforts have
facilitated advancements in monitoring the lake-air interactions and interannual variations in LST and lake ice
phenology (Zhang et al., 2020). However, while valuable, first-hand in situ observations are only for short periods
and collected on a few large lakes. Satellite observations, typically extending back only to the early 1980s, are
constrained by the spatiotemporal resolution, cloud cover, and complex terrain (Guo et al., 2018), rendering them
inadequate to address the correspondence between climate change and lake thermal variations over TP. In this
context, lake physical models serve as effective tools for understanding the lake-thermal response to climate
change. Numerical modeling researches to date have revealed that since the 1970s, rapid changes in air tem-
perature, radiation and wind speed over TP elicited varying thermal responses in lakes such as Qinghai Lake, Lake
Nam Co, Ngoring and Garying, indicating the spatial heterogeneity of climate sensitivity (Huang et al., 2017,
Kirillin et al., 2017; Shi et al., 2022; Su et al., 2019). However, previous simulation studies mainly concentrate on
several large lakes during periods close to the satellite observation era, with scant attention to changes of lake
thermal extremes, thermal stratification, and mixing regimes and future variations. Given the prevalence of large
seasonally ice-covered lakes over TP, a comprehensive understanding of how various thermal elements of these
lakes respond under different future climate change scenarios is of paramount importance for ecological con-
servation and in formulating policies to preserve the biodiversity of lake ecosystems. In this regard, we aim to
address the question by selecting 30 large lakes over TP, each with an area exceeding or near 300 km?, and
investigating their thermal response to a changing climate. The analysis is based on one-dimensional lake sim-
ulations forced by the bias-corrected output from three global climate models (GCM) under three Shared So-
cioeconomic Pathways during the twenty-first century (2000-2100). Main findings will offer valuable insights for
researchers and policymakers in understanding the lake thermodynamic variations over TP and coping with
related risks on ecosystem, water resource, and aquatic biodiversity.

In the remaining parts of this paper, after introducing the materials and methods (Section 2), model performance
will be verified in Section 3. The model analyses will be carried out to investigate the climate-related lake thermal
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. changes in LST, lake heatwave, ice, warm thermal stratification, and mixing
regime (Section 4). Main findings of this study as well as the discussion and
recommendations for future studies will be provided in Section 5.
o5°E 2. Material and Methods
2.1. Study Area
Figure 1 shows the geographic location of selected 30 large lakes over TP.
o5 The selected lakes range 28.57-38.29°°N in latitude, 79.48 to 100.19°°E in
longitude, 3,876-5,010 m in elevation above sea level, 293.5-4,226.2 km? in
90°E 100°E surface area, 4.1-120.0 m in mean depth, and 0-14.7 g-L™" in salinity. The
\ I I — lake names, locations, surface areas, elevation and mean depth are from Guo
400 2800 3600 4400 m .. .
et al. (2021), and the lake salinity refers Zhu (2021). Details of the lake at-
Figure 1. Spatial distribution of land topography (unit: m) and 30 selected tributes and datasets are provided in Table 1 and Section 2.2.
large lakes (solid cycles, with the marker sizes denoting magnitude of lake
areas) over Tibetan Plateau (TP). The black solid line denotes the TP 2.2. Datasets

boundary with an elevation of 3,000 m.

The in situ and satellite-derived datasets, as well as the bias-corrected GCM
projections, are listed as follows:

(1) An integrated dataset of daily lake-wide mean LST, as well as the name, location, surface area, elevation and
mean depth, for 160 lakes across TP (https://doi.org/10.5281/zenodo.5111400, Guo et al., 2021). Note that
the LST is the average of water surface temperature and ice surface temperature, weighted with the lake ice
area coverage fraction. The dataset includes daytime, nighttime, and daily mean LST during 2000-2017
retrieved from MOD11A1, and also reconstructed daily mean LST during a longer phase of 1978-2017
based on a modified Air2Water model developed by Piccolroaz et al. (2013). Air2Water is a semi-
physical model that calculates LST principally based on air temperature according to the lake surface heat
balance. It is proved to be an effective tool in obtaining long-term historic LST variations of lakes with
different morphology and climatic backgrounds. The satellite-based and model-based LST are comparable
and have been well verified with two satellite-based LST datasets released by Layden et al. (2015) and Liu
et al. (2019). In present study, this integrated dataset is chosen for validating the performance of one-
dimensional lake model in reproducing LST.

(2) Long-term lake ice phenology data of 132 lakes (each with an area exceeding 40 km?) across TP from 1978
to 2016 (https://figshare.com/articles/dataset/TPLIP/18852338, Wu et al., 2022). The dataset is produced
by combining the strengths of remote sensed LST (MOD11A2), snow cover (MOD10A1), and numerical
modeling (Air2Water), and includes six phenological indictors, that is, freeze-up start date, freeze-up end
date, break-up start date, break-up end, completely ice-duration and ice duration. The dataset has been
verified against available in situ records of three lakes, and proved to show high consistency with two
satellite-based datasets released by Qiu et al. (2017) and Cai et al. (2019). In this study, freeze-up start date,
break-up end, and ice duration are chosen for validation the model performance in replicating ice
phenology.

In situ lake water quality parameters of 124 closed lakes over TP (https://doi.org/10.11888/Geogra.tpdc.

271450, Zhu, 2021). The selected parameters in this study include the lake water transparency (i.e., Secchi

disk depth, Z,,, unit in m) and salinity, which are used for deriving the light extinction coefficient (7, unit in

m™") and parameterizing salinity effects on water thermal properties (to be discussed in Section 2.3).

@3

=

Finally, three bias-corrected GCM projections, that is, GFDL-ESM4, IPSL-CM6A-LR and MPI-ESM1-2-HR
from the Inter-Sectoral Impact Model Intercomparison Project phase 3b (ISIMIP3b, https://www.isimip.org/
protocol/3/, Lange & Biichner, 2021), are utilized to drive the one-dimensional lake model. The selected ISI-
MIP3b datasets with the horizontal resolution of 0.5° X 0.5° include daily surface downward shortwave (SW ) and
longwave (LW)) radiation, surface air pressure (PA), 2-m air temperature (T5,,), surface specific humidity (SPH),
and 10-m wind speed (WS,,,,) during historic (2000-2014) and future (2015-2100) phases under three SSPs, that
is, SSP1-2.6, SSP3-7.0 and SSP5-8.5. The ISIMIP3b data closest to the lake center of each studied lake are
extracted to create the meteorological forcings. The future projections encompass a range of low, medium and
high future radiative forcings from multiple GCMs, aiming to account for uncertainties in simulating the lake
thermal variations. Figures 2 and 3 show the temporal and spatial variations of over-lake atmospheric forcings
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Table 1
Attributes of All Studied Lakes, Ranked According to Decreasing Surface Area (Fourth Column)
Lake name Latitude (°N) Longitude (°E) Area (km?) Elevation (m) Mean depth (m) Salinity (g/L) 7n(m" e (&)
Qinghai 36.89 100.19 4,226.24 3,194 20 14.7 0.15 0.42
Serling Co 31.81 88.99 2,306.48 4,530 28 8 0.292 0.4
Nam Co 30.74 90.60 2,021.71 4,718 45 1.7 0.08 0.55
Ayakkuh 37.53 89.45 1,002.04 3,876 10 - 0.359 0.4
Zhari Namco 30.93 85.62 1,001.59 4,613 25 11 0.25 0.2
Tangra Yumco 31.07 86.61 857.6 4,528 120 9.86 0.1 0.2
Ngoring 3491 97.70 662.31 4,269 17.6 0.3 0.283 0.4
Ulan UL 34.80 90.47 654.33 4,854 6.9 10.9 0.12 0.5
Har 38.29 97.59 606.93 4,077 27.4 - 0.234 0.4
Migriggyang-zham Co 33.46 90.27 570.58 4,931 25.7 - 0.241 0.4
Yamdrok 28.96 90.72 570.38 4,441 28.2 1.4 0.12 0.45
Aqqik Kol 37.08 88.40 553.28 4,250 9.8 10 0.198 0.3
Gyaring 34.93 97.26 539.9 4,292 8.9 0.5 0.378 0.5
Ngangla- Ringco 31.54 83.09 535.16 4,715 10 - 0.359 0.2
Dogai Coring 34.58 88.97 529.25 4,814 22.5 - 0.85 0.3
Bangong Co 33.62 79.48 499.99 4,241 41.3 0.5 0.25 0.3
Dorsoidong Co 3341 89.84 494.88 4,921 20 11.6 0.171 0.4
Taro Co 31.14 84.12 485.02 4,566 34.1 0.5 0.1 0.2
Xijir Ulan 35.21 90.34 474.01 4,769 4.7 - 0.322 0.4
Gyaring Co 31.12 88.34 473.14 4,650 32.1 0.2 0.12 0.4
Ngangzi Co 31.02 87.13 465 4,683 8.7 6.6 0.3 0.2
Mapam Yumco 30.68 81.47 411.71 4,586 46 0.2 0.188 0.6
Dogaicoring QangCo 35.32 89.23 396.82 4,787 6.4 - 0.2 0.4
Lumagqangdong Co 34.02 81.61 391.87 4,810 45.1 14.7 0.149 0.4
Hoh Xil 35.59 91.14 354.25 4,878 12.6 9.1 0.1 0.6
Urru Co 31.72 88.00 343.39 4,548 19.2 0.3 0.13 0.2
Jingyu 36.33 89.44 341.79 4,708 4.1 10 0.11 0.5
Hoh Sai 35.72 92.88 316.74 4,475 16.6 - 0.29 0.4
Dogze Co 31.89 87.52 314.15 4,459 8.5 14.69 0.1 0.3
Pumoyong Co 28.57 90.40 292.51 5,010 36.4 0.2 0.208 0.6

Note. Note that  and a;

imax

denote the light extinction coefficient and maximum ice albedo, respectively.

during the twenty-first century. A consistent pattern of decreasing SW; and WS, increasing LW,, total
downward radiation TR (calculated as the sum of SW, and LW)), T,,,, and SPH can be found across all studied
lakes and GCM ensembles. The magnitude of multi-GCM averaged changes of atmospheric forcings under SSP1-
2.6, SSP3-7.0, and SSP5-8.5 evidently diverges since 2050 and increases more rapidly with the severity of SSP
scenario (Figure 2). Under the most stringent scenario SSP1-2.6, the atmospheric forcings show a somewhat end-
of-century stabilization, whereas under the medium-high radiative forcing scenarios, they show significant long-
term variations. For example, under the worst scenario SSP5-8.5, SW, LW, TR, T,,,, SPH, and WS, averaged
over all studied lakes show a long-term significant trend of —127 + 0.05 W-m™2 decade™’,
353 £ 007 Wm™> decade™, 225 + 005 Wm™> decade™’, 071 % 0.02°C-decade™,
0.21 + 0.01 gkg™" decade™, -0.03 + 0.00 m-s~' decade™", with the end-of-century change (2086-2100 minus
2000-2014) at —10.76 W-m™2, 27.13 W-m™2, 16.37 W-m™2, 5.42°C, 1.64 g-kg™', and -0.23 m-s~', respectively
(Figure 3). Given that PA has no direct or clear effect on lake thermodynamics and its end-of-century change is
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Figure 2. Time series of annual surface (a) downward shortwave (SW)), (b) downward longwave (LW),), (c) downward total
radiation (TR = SW +LW)), (d) 2-m air temperature (75,,), (¢) specific humidity (SPH), and (f) 10-m wind speed (WS ,,,)
averaged over all studied lakes during historic (2000-2014) and future (2015-2100) phases. The thick lines denote the mean
across three GCM-based forcings, the shaded regions denote standard deviation, and the texts and dashed lines denote long-
term trends during 2015-2100. The superscript asterisk of long-term trend indicates its statistical significance at the 0.05
level.

rather small (0.89, 4.33, and 5.63 hPa for SSP1-2.6, SSP3-7, and SSP5-8,5) relative to the climatic mean of
570 hPa, it is excluded in the subsequent analysis.

2.3. Model Description and Experimental Design

The one-dimensional lake model used in this study is referred as offline WRF-Lake, which is a 1-D mass and
energy balance model based on the eddy thermal diffusion theory (Henderson-Sellers, 1985; Henderson-Sellers &
Davies, 1989; Hostetler & Bartlein, 1990). Offline WRF-Lake is vertically discretized by up to 5 snow layers on
lake ice, 25 layers of lake water/ice, and 10 bottom sediment layers, and decently solves the primary physics
governing turbulent and diffusive energy transfer at the lake-air interface and lake column. The model is well
calibrated by Subin et al. (2012) and Gu et al. (2015), and its applicability on reproducing the seasonality and
long-term variability of lake thermodynamics over TP has been extensively tested (Huang et al., 2019; Ma
et al., 2022; Shi et al., 2022). Lake model details are described in Wu et al. (2020), with modifications in adding a
dynamic parameterization for surface roughness length and reducing the depth-dependent light extinction co-
efficient n by scaling 0.8. Additionally, when the observed Zg, is available from Zhu (2021), # is determined
based on the empirical equations proposed by Bukata et al. (1988) and Poole and Atkins (1929):
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Figure 3. Spatial distributions of the relative change in atmospheric forcings by the end of twenty-first century (20862100
minus 2000-2014). Ave denotes the average across all studied lakes.
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Considering most of the studied lakes are saline, we incorporate a parameterization of salinity effects on water
physical properties, for example, the temperature of maximal water density (7dmax, Chen & Millero, 1986),
freezing point (Millero, 1978), specific heat capacity (Sun et al., 2008), and thermal conductivity (Wen
et al., 2015; Yusufova et al., 1975) into offline WRF-Lake:
WU ET AL. 6 of 23
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Tdmax = 3.9839 — 1.9911 x 1072PA — 5.822 x 107°PA>

@
—(0.2219 + 1.106 x 107*PA)S

Ty = —0.05758 + 1.710523 x 107°S" — 2.154996 x 107*5* 3)
Cpow = Cp, — 448 )

Agw = Ay (1 =22 X 10725 + 1 x 107*5%) 5)

where PA is the surface air pressure (in bar), S is the lake salinity (in g-L™"), T, is the freezing point for saline
water (in °C), C,,, (C,,,,) is the heat capacity for saline (fresh) water (in J kg™'- K™Y, and A, (1) is the thermal
conductivity for saline (fresh) water (in Wem™' K.

On the basis of preliminary work (Huang et al., 2021; Layden et al., 2016), certain lake-specific model param-
eters, for example, # and maximum ice albedo (a;,,,,), need to be further tuned to achieve reliable modeling of
thermodynamics for each lake. Here, we perform a series of parameter-tuning simulations running from 20th May
1999 to 31st December 2014, covering the whole historic phase of 2000-2014. The simulations for 30 selected
lakes are done one-by-one and respectively initialized with zero ice cover and a uniform lake column temperature
based on the LST from Guo et al. (2021) on 20th May 1999. The atmospheric forcings are updated daily with
ISIMIP3b data. The criterion that daily absolute mean bias between the modeled and observed LST during 2000—
2014 is less than 1.5°C is adopted for an optimal simulation. The values of lake-specific model parameters are
thus determined, as listed in Table 1, and then used for the twenty-first century simulations forced by a collection
of three GCMs under three scenarios. We take the model results in 1999 as a spin up phase and use the results from
2000 onward for the following evaluation and analysis.

2.4. Analysis Methodology

Lake heatwave (LHW) is defined as an anomalously warm event lasting for at least five days, during which the
LST exceeds the 90th percentile threshold (LSTy) of baseline phase (chosen as 2000-2014 in this study). The
seasonally varying LSTq, and baseline climatology LST (LST,,;,,) are calculated based on the daily LST within an
11-day window centered on the day of year across the 15-year baseline phase, as formulated by the methods in
Hobday et al. (2016, 2018):

LSTqy = Poof{LST(y, d)|y € [2000, 2014],d €[j—5,j+ 5]} (6)

2014 j+s LST(y, d)
LST cjim = Zy=2()00 d=j-5 11%15 @

where y and d are the year and day of year, respectively. Both calculated LSTy, and LST,;,, are smoothed by
applying a 31-day moving average. In common with atmospheric heatwaves, two discrete LHW events with a gap
of less than 3 days will be considered as a continuous event. In analyzing each LHW event, we focus on two basic
metrics, that is, duration (number of days between the start and end dates) and intensity (mean temperature
anomaly relative to LST,;,,, namely LST — LST ;). Moreover, an intensity-based method is adopted to classify
moderate, strong, severe, and extreme LHW categories. Moderate, strong, severe, and extreme events are those
LHW with (LST-LST ;;,)/(LSTyo-LST ;;,,,) ranging [1, 2), [2, 3), [3, 4), and [4,00), respectively. Finally, the annual
mean duration and intensity of LHW, and the total annual count of days belonging to each of the defined LHW
categories are derived for analysis.

Following Layden et al. (2015) and Woolway, Sharma, et al. (2021), we use LST as a proxy to determine both the
ice and warm thermal stratification phenology. That is, the ice onset (break-up) is defined as the first (last) date
when LST is below (above) T, and the duration is the total number of days between them. The warm strati-
fication onset (break-up) is defined as the first (last) date when LST is above (below) Tdmax, and the duration is
the total number of days between them.

The Pearson temporal correlation (TC) and mean bias (BIAS) are used for model evaluation. Specifically, TC
ranges —1 to 1, with higher absolute value indicating greater temporal similarity between observation and
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Figure 4. Daily lake surface temperature (LST) at (a)—(c) Qinghai Lake, (d)—(f) Lake Serling Co, and (g)—(i) Lake Nam Co during historic phase (2000-2014) from both
MODIS and Air2water products released by Guo et al. (2021) and the offline WRF-Lake simulations driven by three GCM-based atmospheric forcings. The statistics in
parentheses are calculated from simulations relative to MODIS and Air2Water, respectively.

simulation. Lower absolute BIAS indicates that the simulated values are more consistent with the observed values
in quantity. Details about the statistical formulation can be found in Wu et al. (2019). We define winter as from
December to the following February, spring as March to May, summer as June to August, and autumn as
September to November. The statistical significance of the linear regression and correlation coefficients is
evaluated using the two-tailed Student’s #-test (Brownlee, 1965).
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Figure 5. Spatial distributions of evaluation metrics for daily LST from offline WRF-Lake simulations driven by three GCM-
based atmospheric forcings relative to MODIS observations. Ave denotes the average of evaluation metrics across all studied
lakes.
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Figure 6. Left column: interannual variations (solid lines) and trends (dashed lines) of (al) ice onset, (a2) break-up, and (a3)
duration averaged over 27 studied lakes during 2000-2014 from observations and the mean across three GCM-based
simulations, with the shaded regions denoting the standard deviation. Right column: spatial distributions of BIAS between
observations and ensemble mean simulations, with Ave denoting the average of evaluation metrics across lakes. Note that:
(a) three lakes, as represented by the black crosses in (b1)—(b3), are excluded from this assessment due to the lack of
observations; (b) the short-term interannual trends are not statistically significant.

3. Model Evaluation

Figure 4 compares the daily LST time series of three largest TP lakes from both MODIS and Air2water products
released by Guo et al. (2021) with the offline WRF-Lake simulations driven by three GCM-based atmospheric
forcings during historic phase (2000-2014). Figure 5 shows the TC and BIAS for daily LST from simulations
relative to the MODIS observations across all studied lakes.

From Figure 4, Qinghai Lake, Lake Serling Co, and Lake Nam Co are typical seasonally ice-covered dimictic
lakes: (a) The lakes are ice-covered for 4-5 months during cold seasons, with the MODIS (Air2Water) LST of
—6.79 (—7.42)°C, —5.84 (—6.29)°C, —2.15 (—2.74)°C in winter and 0.10 (0.75)°C, —0.31 (0.20)°C, —2.26
(—2.69)°C in spring, respectively; (b) The lakes are stratified for 4-5 months during warm seasons, with the
MODIS (Air2Water) LST of 12.87 (12.12)°C, 10.28 (9.79)°C, 7.39 (7.27)°C in summer and 8.33 (8.53)°C, 7.53
(6.66)°C, 7.11 (8.80)°C in autumn, respectively. The three GCM-based simulations all reasonably reproduce the
observed seasonal evolution of LST, with a mean TC of 0.95 (0.96), 0.91 (0.93), 0.86 (0.91), and BIAS of 0.40
(0.53)°C, 0.52 (0.93)°C, 0.54 (0.71)°C relative to MODIS (Air2Water) for Qinghai Lake, Lake Serling Co, and
Lake Nam Co, respectively. Offline WRF-Lake also shows good performance in simulating the temporal evo-
lution and magnitude of LST among all studied lakes, yielding a mean TC of 0.88 and BIAS of 0.48°C relative to
MODIS (Figure 5) and a mean TC of 0.93 and BIAS of 0.92°C relative to Air2Water (figure omitted) across three-
GCM based simulations. After checking the monthly LST and its magnitude of interannual variation between
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Figure 7. Interannual variations of the (a) annual and (b)—(e) seasonal mean LST averaged over all studied lakes during
historic (2000-2014) and future (2015-2100) phases. The thick lines denote the mean across three GCM-based simulations,
the shaded regions denote standard deviation, and the texts and dashed lines denote interannual trends during 2015-2100.
(f) Monthly LST time series during 2015-2100, with the bars denoting the trends of respective annual time series for each
month. The long-term trends are all statistically significant at the 0.05 level and marked with asterisks.

MODIS and model simulations across all studied lakes (Figure S1 in Supporting Information S1), the high TC in
Figures 4 and 5 is primarily contributed by the reasonable simulation of seasonal LST variations. Considering that
the satellite-retrieved LST over TP is usually lower than the in situ observed values by 0.8—1.9°C due to the cool
skin effects (Hook et al., 2003; Ke & Song, 2014), the model BIAS is likely very small and the model can
reasonably replicate actual LST values.

Next, we assess the model’s performance in simulating the lake ice phenology during historic phase, as depicted
in Figure 6. It should be noted that three lakes, namely Lake Tangra Yumco, Lake Yamdrok, and Lake Dogai
Coring are excluded from this assessment due to the lack of observational data. According to the observations,
lake ice typically forms in early December and persists until early May during 2000-2014 (Figures 6al—6a3). The
mean values of ice onset, break-up, and duration across 27 lakes are 5th December, 7th May, and 154 days,
respectively. The lake ice phenology exhibits interannual trends featured by delayed freezing
(051 + 081 d-decade™), advanced thawing (—-0.56 =+ 0.65 d-decade™), and shortened duration
(—1.08 + 1.24 d-decade™"). The modeled climatological features of lake ice onset, break-up, and duration agree
well with observations, with the BIAS of —2.68, 0.57, and 4.25 days averaged over 27 lakes (Figures 6b1-6b3).
Moreover, the model replicates the shortening lake ice duration with an interannual trend of
—1.84 + 1.13 d-decade™ ", albeit with some overestimation. Overall, the offline WRF-Lake model can reasonably
reproduce the ice phenology of large lakes over TP, making it suitable for studying their long-term response to
future climate change.
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Figure 8. Spatial distributions of the relative change in (a)—(c) annual and (d)—(o0) seasonal LST (unit: °C) by the end of
twenty-first century (2086-2100 minus 2000-2014). Ave denotes the average across all studied lakes.
4. Lake Thermal Response to Climate Change
4.1. LST
Figure 7 shows the interannual variations of annual and seasonal LST averaged over all studied lakes during
2000-2100, with the end-of-century LST changes shown in Figure 8. The three-GCM based projections reveal a
consistent upward trend for the annual and seasonal LST, and the trend and end-of-century increase of LST are
much more pronounced under medium-high radiative forcing scenarios (Figures 7a—7e and 8). The LST during
winter and summer months shows stronger rising trends and end-of-century increases (Figures 7f and 8). On
average, the end-of-century increase of annual LST across 30 lakes is 4.90°C under SSP5-8.5, with relatively
larger increase of 5.91 and 5.27°C for LST during winter and summer. This is likely caused by the changes of lake
ice and thermal stratification. Specifically, during winter months, a decreased areal fraction of lake ice cover
corresponds to a decrease in surface albedo, favoring more extensive absorption of incident radiation and LST
increase. During summer months, the stable warm thermal stratification restricts vertical turbulent mixing, and
the volume of surface water participating directly in the lake-air interactions is smaller, causing higher sensitivity
of surface water temperature to meteorological variations.
In scenarios SSP3-7.0 and SSP5-8.5, the mean projected trends of annual LST are 0.48 £+ 0.01 and 0.65 + 0.01°
C-decade™ (significance at the 0.05 level), respectively, reaching 90.57% and 91.54% of the concurrent air
temperature rise (Figures 3d and 7a). The relatively modest increase scale of LST compared with air temperature
WU ET AL. 11 of 23
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Figure 9. Interannual variations (solid lines) and trends (dashed lines) of LST and atmospheric forcing variables under SSP5-8.5 during 2015-2100. All results are based
on the average across all studied lakes. The long-term trends are all statistically significant at the 0.05 level and marked with asterisks.

(+0.9°C-°C,;,~ ") was also reported by Grant et al. (2021) based on the global-scale lake thermal projections
across future climate scenarios. This phenomenon is anticipated since the LST increase is muted by the loss of
additional energy related to enhanced evaporative cooling and emitted longwave radiation (Wang et al., 2018;
Woolway et al., 2020). However, four lakes, namely Lake NamCo, Mapam Yumco, Hoh Xil, and Pumoyong, are
predicted to warm faster than the ambient air. For example, Lake Mapam Yumco has a warming rate of 0.85
(1.11) °C-decade™! under SSP3-7.0 (SSP5-8.5), which is 1.49 (1.44) times the ambient air warming rates. This
indicates that the climate factors driving LST increase, such as rising T, increasing TR, rising SPH, and
decreasing WS, (Figure 3), along with the local amplification effects due to reduced lake ice cover and
enhanced thermal stratification exhibit somewhat spatial heterogeneity.

Next, we examine the relationship between LST and atmospheric forcing variables under SSP5-8.5 during 2015—
2100 (Figure 9). The projected long-term LST increase is significantly correlated with the interannual variations
of SW,, LW, TR, T,,,, SPH, and WS, with the TC of —0.94, 0.99, 0.99, 1.00, 0.99, and —0.81, respectively.
Note that the strong linear relationship does not imply causality. From the perspective of lake surface energy
budget, higher downward radiation and 75, correspond to more energy input on lake surface. Increased SPH and
decreased WS, act to weaken the surface turbulent heat loss and vertical mixing. Thus, the weakening SW has a
negative impact on LST increase, while the increasing LW, TR, T,,,, and SPH, as well as the weakening WS,,,,,
jointly contribute the LST increase (Shi et al., 2022; Woolway et al., 2019).

4.2. Lake Heatwave

In comparison to long-term lake warming, the anomalous thermal extreme induced by climate change could lead
to more severe ecological consequences by altering the thermal/biogeochemical habitats of aquatic species and
thus pushing ecosystems to the resilience limits (Kraemer et al., 2021; Woolway, Jennings, et al., 2021), as has
already reported during record-breaking atmospheric and marine heatwaves (Laufkétter et al., 2020). Here, we
investigate the spatiotemporal variations in the annual mean duration and intensity of LHW over TP (Figure 10).
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Figure 10. Time series of annual mean (al) intensity and (b1) duration of lake heatwave (LHW) averaged over all studied
lakes during historic (2000-2014) and future (2015-2100) phases, with the formats same as Figure 2. Spatial distributions of
the relative change in annual mean (a2), (a3) intensity and (b2), (b3) duration of LHW by the end of twenty-first century
(2086-2100 minus 2000-2014) under SSP1-2.6 and SSP5-8.5, with Ave denoting the average across all studied lakes. In (al)
and (bl), the long-term trends are all statistically significant at the 0.05 level and marked with asterisks. In (b3), the black
hollow circles denote the lakes projected to reach a permanent LHW state.

During historic phase (2000-2014), a typical LHW event has a mean intensity of 1.31°C and a mean duration of
12.98 days. During future phase (2015-2100), LHW is projected to be more intense and longer-lasting across all
studied lakes, with the magnitude of metric changes increasing with the severity of SSP scenarios. Under the most
stringent scenario SSP1-2.6, the mean intensity and duration of LHW show a significant upward trend of
0.03 + 0.01°C-decade ™" and 2.35 + 0.25 d-decade™ (Figures 10a and 10b), and will increase to 1.86°C and 1.7-
fold to 35.14 days by the end of this century (2086-2100), respectively. Under the worst scenario SSP5-8.5, the
mean intensity and duration of LHW show a significant upward trend of 0.48 + 0.01°C-decade™' and
28.03 + 1.03 d-decade™, and will increase to 4.84°C and 16-fold to 220.43 days during 2086-2100 (Figures 10c
and 10d), respectively.

Figure 11 shows the long-term variations in the annual days of four LHW categories during the twenty-first
century. During 2000-2014, the moderate category accounts for the majority of LHW events, with an annual
mean count of 12.69 days and a percentage contribution of 97.77%. During 2015-2100, LHW days slightly
increase and the moderate category is still dominant under SSP1-2.6 (Figure 11a). However, under SSP3-7.0 and
SSP5-8.5, LHW occurs more frequently since 2050 and the proportion of strong, severe, and extreme categories
increases more rapidly toward the latter stage of this century (Figures 11b and 11c). For example, under SSP5-8.5,
the annual mean duration (percentage contribution) of moderate, strong, severe, and extreme LHW during 2086—
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Figure 11. Time series of annual moderate, strong, severe, and extreme LHW days under three SSPs during 2000-2100. All
results are based on the average of three GCM-based simulations in 30 studied lakes.

2100 increase to 27.33 days (12.40%), 40.56 days (18.40%), 45.06 days (20.44%), and 107.48 days (48.76%),
respectively. The above projections suggest that under medium-high radiative forcing scenarios, what was once
considered a short-lived moderate thermal extreme will evolve into a new “normal” thermal state, characterized
by longer-lasting and extremely higher temperature spanning multiple seasons. Five (thirteen) of the studied lakes
will reach a permanent LHW state under SSP3-7.0 (SSP5-8.5). That is, the projected LST exceeds the 90th
percentile threshold continuously over a full year, implying a complete deviation from the present LST
climatology.

4.3. Ice and Warm Thermal Stratification
Figures 12 and 13 show the historic and future changes of lake ice and warm thermal stratification, respectively.

During historic phase (2000-2014), lake ice typically forms in early December and persists until early May over
TP, with the mean duration and thickness of approximately 164 days and 0.99 m, respectively (Figures 12al—
12a4). The projections suggest a widespread trend toward delayed ice onset, advanced ice break-up, shortened
ice duration, and declined ice thickness from 2015 to 2100, with the severity of changes in line with the climate
driver shifts. For the low radiative forcing scenario SSP1-2.6 (Figures 12b1-12b4), the ice onset, break-up,
duration, and thickness averaged over all studied lakes will become 4.54 days later, 4.78 days earlier, 9.32 days
shorter, and 0.06 m thinner by the end of this century (2086-2100). While under SSP5-8.5 (Figures 12c1-12c4),
the ice onset, break-up, duration, and thickness have consistent but more pronounced long-term trends of
1.84 + 0.07 d-decade™, -2.82 + 0.10 d-decade™", -4.66 + 0.13 d-decade™", and -0.06 + 0.00 m-decade™" (sig-
nificance at the 0.05 level), corresponding to the remarkable end-of-century changes of 24.48 days, —30.07 days,
—61.56 days, and —0.43 m. Furthermore, lakes such as NamCo, Tangra Yumco, Yamdrok, Taro Co, Mapam
Yumco, and Pumoyong Co are anticipated to permanently lose their ice cover by the end of twenty-first century.
These ice phenological changes are highly likely exceeding the ranges of natural variability, and suggest the
influence of positive ice-albedo feedback, where the decreased surface albedo due to lake ice retreat acts to cause
increased absorption of solar radiation, more pronounced lake warming, and thus reinforce the winter lake ice
loss. Subsequently, the earlier break-up of lake ice enables the water to warm more rapidly in early spring via
allowing effective radiative heating. This would lead to earlier spring overturning and stratification onset,
amplifying the influence of rising downward radiation and air temperature on the lake water temperature during
stratified phase, and in turn shift ice phenology toward delayed onset and reduced production. The evidence and
cascading effects of ice-albedo feedback have been recognized for both the Arctic Ocean (Kashiwase et al., 2017)
and global seasonally ice-covered lakes (Huang et al., 2022; Li et al., 2022), including the Laurentian Great Lakes
and Lake Vittern (Austin & Colman, 2007; Weyhenmeyer et al., 2007; Zhong et al., 2016).
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Figure 12. Left column: time series of annual (al) ice onset, (a2) break-up, (a3) duration, and (a4) thickness averaged over all studied lakes during historic (2000-2014)
and future (2015-2100) phases, with the formats same as Figure 2. Middle and right columns: spatial distributions of the relative change in ice onset, break-up, duration,
and thickness by the end of twenty-first century (2086—2100 minus 2000-2014) under SSP1-2.6 and SSP5-8.5, respectively. In the left column, the long-term trends are
all statistically significant at the 0.05 level and marked with asterisks. In the right two columns, Ave denote the average across all studied lakes, and the black circles
denote the lakes projected to permanently lose ice cover.

During historic phase (2000-2014), lake thermal stratification typically begins in early June and persists until late
October, with a duration of 143 days (Figures 13al-13a3). In the projected future phase (2015-2100), the
increasing TR and T,,, cause intensified heating, and the decreasing WS, cause weakened turbulent heat loss
and vertical mixing. The combined effects are anticipated to result in an earlier onset, later break-up, and pro-
longed duration in stratification, with the severity of changes in line with the shifts in climate drivers. The
stratification onset, break-up, and duration averaged across all studied lakes are projected to undergo the modest
end-of-century changes during most stringent emission scenario SSP1-2.6, with respective values of —7.10, 4.08,
and 11.18 days (Figures 13b1-13b3). While under the high emission scenario SSP5-8.5 (Figures 13c1-13c3), the
projected long-term trends for stratification onset, break-up, and duration are much larger at —6.27 + 0.14,
2.24 +0.05, and 8.51 + 0.16 d-decade™" (significance at the 0.05 level), corresponding to the remarkable end-of-
century changes of —46.83, 18.62, and 65.46 days. It is noteworthy that the advancing stratification onset shows
evidently more pronounced trends and relative changes than the delaying stratification break-up. This can be
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Figure 13. Same as Figure 12, but for warm thermal stratification onset, break-up, and duration. In (al)—(a3), “Stra” is the abbreviation of “Stratification”.

explained by the strong linear relationship between earlier ice break-up and stratification onset, as also high-
lighted in a phenological study on Northern Hemisphere lakes by Woolway, Sharma, et al. (2021).

4.4. Mixing Regime

Lake mixing regime depends on whether it experiences ice cover and the annual counts of continuous vertical
mixing phase (Lewis, 1983). At present, the majority of large seasonally ice-covered lakes are categorized as
dimictic (meaning they experience two annual mixing phases), with few exceptions such as Dogze Co, which is a
meromictic lake that experiences incomplete mixing due to the existence of monimolimnion related to high
salinity gradient (Wang et al., 2014). In future scenarios, the climate-related changes in LST, ice, and stratification
are expected to qualitatively modify the lake mixing regime. To address this, Figure 14 shows the historic and
future daily evolution of lake ice and water temperature profile in Lake Mapam Yumco. From Figure 14a, Lake
Mapam Yumco is a typical dimictic lake over TP, featured by long-lasting inversely stratified and stratified
phases during winter and summer, and two following complete overturning mixing phases in spring and autumn.
However, as the influence of anthropogenic radiative forcing intensifies in the future (Figures 14a—14c), the lake
will experience substantial winter ice loss, accelerated ice melt, and earlier establishment of summer thermal
stratification. The mixed layer temperature during stratified phase is projected to significantly increase, acting in
conjunction with the decreased WS, to cause an anomalously stable and persistent stratification, further
delaying the ice onset. In the extreme SSP5-8.5 scenario, lake water temperature remains above Tdmax
(Figure 14d), estimated to be 3.93°C with a pressure of 0.57 bar and a salinity of 0.2 g L™" for Lake Mapam
Yumco, since the break-up of stratification. The lake no longer freezes during winter, and instead of forming the
historic inverse stratification, it stays in a thermally mixed state until thermal stratification onset in the following
year. This indicates a shift in the lake's mixing regime from dimictic to warm monomictic.
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Figure 14. Daily evolution of ice thickness and water temperature profile in Lake Mapam Yumco (a) during 2000-2014 and
during 2086-2100 under (b) SSP1-2.6, (c) SSP3-7.0, and (d) SSP5-8.5. All results are based on the ensemble mean
simulations under three GCM-based forcings. In (a), texts in black denote the annual mean 7R), T,,,, SPH, and WS, during
2000-2014, and in (b)—(d), texts in red and blue denote their end-of-century changes (20862100 minus 2000-2014).

5. Summary, Discussion and Future Recommendations

In this study, we use the 1-D offline WRF-Lake model to assess the influence of climate change on large-lake
thermodynamics over TP. The model was driven by the atmospheric forcing variables from three bias-
corrected GCM projections of twenty-first-century climate under three SSPs. The validation during historic
phase (2000-2014) shows that the model can reasonably reproduce the seasonality and magnitude of LST relative
to MODIS observations, with a mean TC of 0.88 and BIAS of 0.48°C averaged across all studied lakes.

From 2015 to 2100, large lake basins are projected to experience consistent increases in LW, TR, Ty, SPH,
along with decreases in SW, and WS,,,. The combined impacts of climate changes correspond to widespread
lake warming, declined ice cover, shortened ice duration, and prolonged warm thermal stratification. These
changes are more pronounced with the severity of anthropogenic climate shifts. Under the worst scenario SSP5-
8.5, the trends of annual LST, ice thickness, ice duration, and stratification duration averaged across all studied
lakes are 0.65 + 0.01°C-decade™", —0.06 + 0.00 m-decade™", -4.66 + 0.13 d-decade™!, 8.51 + 0.16 d-decade_l,
and LHW will become hotter (0.48 + 0.01°C-decade™") and longer (28.03 + 1.03 d-decade™"). Note that the
positive ice-albedo feedback is likely to exacerbate the influence of climate changes by accelerating the ice break-
up (—2.82+£0.10 d-decade™) and stratification onset (—6.27 + 0.14 d-decade™"), which in turn contributes to the
stronger lake warming during winter and summer months. By the end of this century, the extreme heatwaves are
anticipated to occur more frequently and across multiple seasons, and nearly half of the studied lakes will reach a
permanent heatwave state. With the lake temperature irreversibly moving out of its natural variability, those lakes
featured by significant warming are found to intermittently or permanently lose seasonal ice cover and tend to
exhibit anomalous mixing regimes. In the extreme case, the common alteration in lake mixing regimes over TP is
from dimitic to warm monomictic, implying remarkably weakened vertical mixing strength. Nonetheless, by
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adhering to the most stringent scenario SSP1-2.6, rapid lake warming, accelerated ice loss, frequent occurrence of
extreme LHW, and potential shifts in mixing regimes can be avoided.

There is compelling observational evidence that the lake warming (Carrea et al., 2019; O’Reilly et al., 2015),
phenological shifts in ice and stratification (Fichot et al., 2019; Kraemer et al., 2015; Sharma & Woolway, 2021),
and mixing regime alterations (Anderson et al., 2021; Ficker et al., 2017; Woolway & Merchant, 2019) are
already under way, and exert widespread influences on the lake physical and chemical processes. We expect that
the projected out-of-control climate-related lake thermal changes will cause numerous and adverse biogeo-
chemical consequences. First is the anticipated increase of evaporative rates due to the warming surface waters
during prolonged open-water phase. Globally, annual mean lake evaporation is expected to increase by 16% from
2006 to 2015 to 2091-2100 under the high-emission RCP8.5 scenario (Wang et al., 2018). On one hand, the
enhanced evaporative water loss plays a critical role in lake water balances (Zhao et al., 2022), with negative
implications for the rapid TP lake expansion induced by the increasing precipitation and terrestrial runoff. On the
other hand, the resulting intensified turbulent heat and water flux may pose feedback to the regional lake-effect
clouds and precipitation (Riithrich et al., 2015; Yao et al., 2023). A notable example is the projected intensifi-
cation of hazardous thunderstorms over Lake Victoria under high-emission scenarios (Thiery et al., 2016). Thus,
it is imperative to further address the future variations in lake evaporation and the cascading impacts over TP.
Second, the stronger and longer-lasting stratification couples to less frequently vertical exchange of nutrients and
dissolved gases. The impact on oxygen exchanges can work together with the temperature-induced decrease of
oxygen solubility to result in lake deoxygenation and ecological productivity decline (Pilla & Williamson, 2021;
Steinsberger et al., 2020). The release of methane, phosphorus, toxic metal ions due to mineralization or anaerobic
processes (Borges et al., 2015; Hupfer & Lewandowski, 2008), as well as the occurrence of harmful algal blooms
(Brookes & Carey, 2011), may be amplified, posing serious threats to the lake water quality and habitats of
aquatic organisms (Till et al., 2019; Zhang et al., 2015). In the future, understanding the ongoing cascading
ecological influence of thermal changes is also an urgent task to identify equilibrium points and determine
management strategies for sustaining the lake biodiversity and ecosystem functioning over TP.

Although the modeled lake thermal variations exhibit good consistency across three GCM-based simulations, we
must admit that adopting an ensemble framework with broader ranges of atmospheric forcings and physically
based lake models is essential for advancing a more comprehensive and convincing understanding of present
results. Moreover, several study limitations should be carefully considered to better predict and understand the
projected lake thermal response to climate change. First, the influence of glacier and snow cover changes on lake
thermodynamics is not resolved by the model but important for these high-altitude lakes. For example, despite the
overall warming trend of LST over TP during the past two decades, a cooling trend is detected for the glacier-fed
lakes located at elevations above 4,200 m (Song et al., 2016; Wan et al., 2018; Zhang et al., 2014), leading to a
higher mean warming rate in non-glacier-fed lakes compared to glacier-fed ones (Zhang et al., 2020). This
phenomenon is linked to the accelerated cold-water supply from the observed rapid melting of glaciers and
perennial snow cover (Bolch, 2012; Yao et al., 2019, 2022; Zhang et al., 2023). In our research, 26 of the studied
lakes are discharged by the glacier-melt/snow-melt runoff (Guo et al., 2021). We expect the projected lake
warming to be overestimated since the negative effect of cryospheric degradation will be likely amplified under a
warming climate over TP. Neglecting the change of over-lake snow cover can introduce additional uncertainties
into the projections. Specifically, the presence of snowpack and snow ice, acting as a reflective and insulating layer
due to their high albedo and low thermal conductivity (Adam, 1976; Sturm et al., 1997), results in the accumulation
of thicker lake ice toward the end of ice season, followed by rapid melting (Brown & Duguay, 2010, 2011). Less
snow cover corresponds to earlier ice break-up by augmenting the available amount of solar radiation absorbed for
melting (Vavrus et al., 1996; Woolway et al., 2020), thus advancing the onset of spring overturning and thermal
stratification. Considering the significant air warming over TP has led to the decrease of snowfall/rainfall ratio
over the past half century (Wang et al., 2016), a trend also noted in future projections (Nury et al., 2022), it is
imperative to further investigate the influence of this factor on lake thermal projections. Second, we must admit
that the utilized offline (one-way driven) simulation cannot fully capture the dynamic lake-atmosphere feedback
mechanisms involved in online lake-atmosphere coupled simulations, such as the modification of local micro-
climate (temperature, humidity, and wind) by lake surface temperature and turbulent fluxes, which could, in
turn, influence the lake thermodynamics and mixing processes. The missing representation of these dynamic lake-
atmosphere feedbacks in offline simulations generally adds the projection uncertainty of lake thermal response to
future climate change. Third, the interannual variability of lake ice phenology, which is significantly influenced by
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weather-climate anomalies and large-scale teleconnection patterns, for example, the El Nifio-Southern Oscillation,
Arctic Oscillation, and North Atlantic Oscillation (Bai et al., 2012; Fujisaki et al., 2013; Imrit & Sharma, 2021), is
not accurately captured by the offline WRF-Lake. The model’s poor predictability primarily arises from lake ice
phenology’s highly sensitive and nonlinear response to the complex variability of climate forcings (Benson
et al., 2012; Richardson et al., 2024). This issue is underscored by Wang et al. (2012), who, using satellite ob-
servations of the Laurentian Great Lakes from 1973 to 2010, observed that the standard deviations in annual ice
cover were comparable or sometimes even larger than the climatological means for all five lakes. Additionally, the
limited predictive capability of natural climate variability in GCM climate forcings, combined with the lake
model’s insufficient representation of ice-related processes, further contributes to the challenge in accurately
simulating the interannual variability of lake ice phenology. Fourth, in marine/lake heat wave definitions (Hobday
et al., 2016), a period of 30 years, which is almost the full period of recorded satellite sea surface temperature
observations, is recommended to define a baseline temperature climatology. A sufficiently long baseline whenever
possible is also emphasized by previous applications, for example, 1982-2005 by Oliver et al. (2017) and 1970-
1999 by Woolway, Jennings, et al. (2021). Hence, when interpreting the LHW shown in Section 4.2, one should
bear in mind that a 15-year baseline, covering the historic phase of 2000-2014, may not effectively capture the
long-time scales of LST variability. Finally, to what extent the lake thermodynamics are altered by individual
atmospheric forcing variables deserves further quantitative attribution analysis.

Data Availability Statement

The integrated dataset of daily lake surface temperature for 160 lakes over TP can be downloaded from https://doi.
org/10.5281/zenodo.5111400 (Guo et al., 2021). The lake ice phenology dataset of 132 lakes across TP from 1978
to 2016 is available on https://figshare.com/articles/dataset/TPLIP/18852338 (Wu et al., 2022). The field
observed lake water quality parameters of 124 closed lakes over TP (Zhu, 2021) are available on the National
Tibetan Plateau Data Center (https://data.tpdc.ac.cn/en/). The bias-corrected GFDL-ESM4, IPSL-CM6A-LR and
MPI-ESM1-2-HR projections from ISIMIP3b are available on https://www.isimip.org/protocol/3/ (Lange &
Biichner, 2021). We acknowledge the use of Python Package “marineHeatWaves” (http://github.com/ecjoliver/
marineHeatWaves) to detect lake heatwaves, and the NCAR Command Language version 6.6.2 (http://dx.doi.org/
10.5065/D6WD3XHS) to analyze model results and plot all the figures.
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