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Abstract Lakes significantly influence local climate, yet a systematic assessment of their cooling effect
across diverse regions remains limited. This study develops a multi-metric (spatial extent, magnitude, and
efficiency) framework to evaluate the spatiotemporal patterns of Lake Cooling Capacity (LCC) for 265 major
Chinese lakes from 1980 to 2022. Results show that Chinese lakes exert substantial cooling on summer daytime
maximum temperatures, with a mean extent of 27.5 km, a magnitude of 1.03°C, and an efficiency of 0.46°C/
10 km. LCC efficiency shows spatially asymmetric trends, intensifying on the Tibetan Plateau but weakening in
the eastern plains. Random forests analysis reveals that albedo is the dominant driver of temporal variability,
while depth and surrounding topography are the primary spatial controls. These findings underscore the critical
role of lakes in mitigating regional heat extremes and highlight the necessity of incorporating lake-climate
feedback into climate adaptation.

Plain Language Summary Lakes act like natural air conditioners for their surrounding areas,
absorbing heat during the day and cooling the air nearby. In China, where lakes are changing rapidly due to
climate change and human activities, we studied how this cooling effect works across the country. Using
weather data, we found that lakes can lower summer afternoon temperatures by about 0.46°C for every 10 km
closer to the water, with this cooling influence reaching up to 27.5 km away. Interestingly, lakes on the Tibetan
Plateau are becoming better at cooling over time, while lakes in eastern China are losing this ability. These
differences are mainly driven by changes in how much sunlight the lake surfaces reflect and the shape of the
lakes themselves. Our research shows that protecting lakes helps maintain their natural cooling role, which is
especially important as heatwaves become more common.

1. Introduction

In a warming world, the increasing frequency and intensity of heat extremes pose severe threats to ecosystems,
water security, and human society (Tian et al., 2024; W. Wang et al., 2024). Among natural landscape features
that can mitigate such extremes, lakes play a vital but often underappreciated role by acting as natural cooling
islands through evaporative cooling and thermal inertia (Xing et al., 2026). Quantifying the spatiotemporal
patterns and drivers of lake cooling capacity (LCC) is therefore essential not only for advancing fundamental
knowledge of land-atmosphere interactions, but also for informing climate-resilient landscape planning and water
resource management (Gao et al., 2025; Yan et al., 2024).

The LCC, defined as the modulation of near-surface air temperature resulting from lake-atmosphere interactions,
serves as a fundamental metric for quantifying this climate regulation function. LCC most profoundly reduces
daytime maximum temperatures (T,max) through the absorption of incoming solar radiation and suppression of
turbulent heat fluxes during peak insolation periods (Rouse et al., 2008; Scott & Huff, 1996). As rising extreme
temperatures intensify global threats under climate change (Hua et al., 2023; W. Wang et al., 2024), their cooling
role becomes increasingly vital, exemplified by severe heatwaves such as the 2022 Yangtze River event (Jiang
et al., 2023).

China's diverse lacustrine system, encompassing lakes from the rapidly expanding Tibetan Plateau (Qiu
et al., 2023) to the shrinking Eastern Plains (Tao et al., 2020), provides a unique natural laboratory to investigate
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how lake-climate interactions vary across contrasting environmental and anthropogenic gradients. However,
existing assessments of LCC remain fragmented, typically focusing on individual lakes or regions (Liang
et al., 2012; Wang et al., 2015). A systematic, nationwide quantification of LCC that encompasses its spatial
extent, intensity, and efficiency is lacking, which hinders a holistic understanding of lakes' role in regional climate
regulation under changing conditions.

To bridge this gap, key challenges must be addressed. First, a consistent multi-metric framework is needed to
quantify and compare the spatial footprint, magnitude, and efficiency of LCC across diverse lakes. Second, the
temporal trends of LCC over recent decades of rapid warming and lake surface change remain unquantified at the
national scale. Third, the relative importance of climatic versus geomorphic drivers in controlling the observed
spatial and temporal variations in LCC require systematic attribution (Du et al., 2016). To tackle these research
questions, we integrate high-resolution reanalysis, in situ observations, and machine learning to map LCC dy-
namics for 265 major Chinese lakes from 1980 to 2022. Our objectives are to: (a) develop and apply a multi-
metric framework for LCC assessment; (b) reveal the spatiotemporal trends of LCC across major lake regions;
and (c) attribute the divergent LCC patterns to key environmental drivers.

2. Materials and Methods
2.1. Data Acquisition

This study analyzes summer (June—August) daytime maximum near-surface air temperature (T,max) across
China from 1980 to 2022. The primary data set is the ERAS5-Land reanalysis (0.1° spatial resolution; Mufioz-
Sabater et al., 2021), selected for its FLake parameterization scheme that explicitly resolves lake-atmosphere
interactions. Lake boundaries were sourced from the HydroLAKES database (Messager et al., 2016), which
inventories both natural lakes and artificial reservoirs. From this database, we retained 265 water bodies
(63839.47 km?) with a surface area >50 km? to ensure a detectable LCC signal given the resolution of ERA5-
Land. Among these, 219 are natural lakes and 46 are reservoirs. Based on spatial clustering and geographical
features, these lakes are classified into five subregions for intercomparison, that is, the North-east Plain Lake
Region (NEP), Inner Mongolia-Xinjiang Lake Region (IMXJ), Tibetan Plateau Lake Region (TP), Eastern Plain
Lake Region (EP), and Yunnan-Guizhou Plateau Lake Region (YGP; G. Zhang et al., 2019). Auxiliary data sets
included the SRTM digital elevation model (30 m resolution; K. Liu et al., 2024) to correct elevation-induced
temperature biases using a 6.5°C/km lapse rate, and GLC_FCS30-2020 land cover data (30 m; Zhang
et al., 2021) to exclude urban areas, dense forests, and other waterbodies from analysis zones.

2.2. Concentric Zone Model Framework

We developed a spatial framework to detect lake-induced T,max signals. For each lake, 10 non-overlapping
concentric belts (10-km width, 0-100 km radius) were generated using geodesic buffering (Figure S1c in Sup-
porting Information S1). Land cover data then masked pixels classified as urban, forest, or non-lake waterbodies
within belts to minimize confounding effects (Figure S2 in Supporting Information S1). Mean elevation per belt
was computed from SRTM DEM, and T,max values were adjusted using the environmental lapse rate to account
for topographic differences. This correction minimizes elevation-induced temperature variations and helps isolate
the lake-specific cooling signal. Multi-year summer mean T,max (1980-2022) was calculated for each belt,
generating distance-temperature gradient curves (Figure S1d in Supporting Information S1).

2.3. LCC Metrics

We focused on daytime maximum temperature (T,max) because of its direct relevance to extreme heat and its
more pronounced LCC signal relative to daily mean temperatures. The LCC was quantified through three
dedicated metrics (see Figure S1d in Supporting Information S1): (a) LCC extent (buffer range), representing the
distance from the lake edge to the first statistically significant breakpoint in the T,max gradient curve, identified
using Pettitt non-parametric change-point detection (Pettitt, 1979) (see Text S1 in Supporting Information S1 for
details); (b) LCC magnitude, defined as the T,max difference between the lake surface and the LCC extent
location; and (c) LCC efficiency, calculated as the rate of T,max reduction per unit distance (10 km), derived
from the ratio of LCC-magnitude to LCC-extent. The derived LCC efficiency was systematically validated
against in situ observations from over 1,400 meteorological stations, demonstrating strong agreement in spatial
gradient patterns (see Text S2 and Figure S3 in Supporting Information S1).
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Figure 1. Distribution of LCC extent across China's lake regions. The central plot shows LCC extent for 265 Chinese lakes, with connecting lines to six probability
density plots representing five lake regions and national aggregate distributions. The solid vertical lines indicate means, dashed vertical lines represent medians, and I-
shaped error bars show 95% confidence intervals.

2.4. Statistical and Attribution Analysis

Long-term trends in annual LCC (1980-2022) were assessed using Sen's slope estimator (Wilcox, 2005), with
significance (p < 0.05) evaluated via the Mann-Kendall test. To attribute LCC variations, random forests models
(BREIMAN, 2001) were implemented. The potential temporal drivers of LCC including 26 climatic variables
(e.g., albedo, net solar radiation, evaporation) from ERA5-Land averaged over each lake, and spatial drivers
consisting of 13 static geomorphic parameters (e.g., area, depth, lakeshore slope) from HydroLAKES (see
detailed list in Table S1 of Supporting Information S1). For temporal attribution, separate model was trained for
each lake using annual data (43 years). For spatial attribution, a single model was trained using all 265 lakes. All
models were configured with 1000 trees, and variable importance was quantified by the percent increase in mean
squared error (%IncMSE) upon permutation. Detailed model setups, parameter choices, and validation procedures
are provided in Text S1 and Text S2 of Supporting Information S1.

3. Results
3.1. Spatial Patterns of Lake Cooling on Daytime Maximum Temperature

Chinese lakes significantly reduce summer daytime maximum temperatures, with nationally averaged LCC
characterized by an extent of 27.5 £ 14.9 km (Figure 1), a magnitude of 1.03 = 0.84°C, and an efficiency of
0.46 £ 0.44°C/10 km (Figure 2, For detailed statistical information, see Table S2 in Supporting Information S1).
The spatial distribution of lake cooling exhibits strong regional heterogeneity: lakes in the NEP and EP show the
most extensive cooling footprints, exceeding 40 km in major water bodies such as Poyang Lake and Taihu Lake.
In contrast, Tibetan Plateau lakes, despite their large surface areas, produce more localized cooling, with a median
LCC extent below 25 km. These spatial patterns are consistently captured by the distance—temperature gradient
curves from the concentric zone model across all 265 lakes (Figure S4 in Supporting Information S1), which
uniformly indicate declining T,max toward lake centers.

XING ET AL.

3 0of 10

d ‘S *9T0T LO0SYF61

:sdyy woiy papeoy

:sdny) suontpuo) pue suua 1, a1 23§ *[9707/€0/81] uo Areiqry auruQ Aopip ‘SnqsSny youponqiqsignsioatun 4q Lp00Z11DSTOT/6Z01°01/10p/wod Kot A.

0o Koy A

ASUBDIT SuoWWoy) 2A1eAI) d[qedrjdde ay) £q paurdAoS aie sajonE Y fasn Jo sa[ni 10y AIeIqiT aul[uQ) Ad[IAy Uo (



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2025GL120047

54
(a) (b)
" -
E )]
4 2 ‘
£ 3 g
2 g
c
]
g2 S 1
; g
[
O 4] Q [8)
] o
ur| % L
0 0 '
TP NEP EP IMXJ  YGP  China P NEP EP IMXJ  YGP  China
Magnitude Efficiency
c) (°C/10 km)
4.0 20
(c) (d)
50°N 35 50N 18
16
3.0
14
40N 25 N 12
20 1.0
15 08
30°N 4 : 30°N
06
Lake area (kmz) N 'S 1.0 Lake area (kmz) P 7
o <100 | A o <100 al , 0.4
Q 100-500 e Q 100-500 e L,
QO 500-1000 2 0.5 O 500-1000 }
20°N 4 8 1000-2000 ;‘;?{?.,l 20°N 4 8 1000-2000 ;;;!,S"’ 0.2
>2000 9 2000 ]
T T T T T T - 0.0 Z T T T T T Il - 0.0
80°E 90°E 100°E 110°E 120°E 130°E 80°E 90°E 100°E 110°E 120°E 130°E

Figure 2. National-scale patterns of LCC across China. Raincloud plots display the distribution of (a) LCC magnitude and (b) LCC efficiency for five lake regions and
the national aggregate. Spatial distribution of mean (c) LCC magnitude and (d) LCC efficiency during the study period reveals distinct regional characteristics.

LCC magnitude displays a similar spatial structure, with the highest values in the YGP (2.37°C) and TP (1.29°C),
and lower values in the NEP (0.59°C) and EP (0.60°C). Combined with extent, LCC efficiency is highest in the
YGP (1.01°C/10 km) and TP (0.59°C/10 km), and lowest in the NEP (0.18°C/10 km). Although magnitude and
efficiency share broadly similar spatial patterns, efficiency exhibits stronger heterogeneity, likely because it
integrates information from both cooling intensity and spatial extent, offering a more comprehensive measure of
lake thermal regulation. Comparison between the 219 natural lakes and 46 large reservoirs showed minimal
differences in cooling effects (Figure S5 in Supporting Information S1). The mean LCC extent of natural lakes
was 3.3 km larger than that of reservoirs, while differences in LCC magnitude and efficiency were negligible.

3.2. Divergent Trends in Cooling Efficiency Across Regions

LCC efficiency across China has intensified over the past four decades, with a nationally increasing trend of
8.06 x 107°°C/10 km-decade™" during 1980-2022 (Figure 3). This trend, however, exhibits pronounced spatial
heterogeneity linked to elevation: high-altitude lakes on the Tibetan Plateau enhanced their cooling role, led by
Qinghai Lake (0.02°C/10 km-decade™!), whereas low-altitude lakes in the Eastern Plain experienced declines,
exemplified by Poyang Lake (—0.01°C/10 km-decade™"). Of the 94 lakes with statistically significant trends, 57%
(54 lakes) increased in efficiency while 43% (40 lakes) decreased, reflecting divergent lake-specific responses to
climate change rather than uniform behavior.

3.3. Drivers of Temporal and Spatial Variability

Random forests analysis identified distinct controls on both temporal and spatial patterns of lake cooling
effectiveness (Figure 4). For temporal variability (Figures 4a and 4b), albedo emerged as the predominant driver,
controlling LCC variations in 31% of lakes nationally. This was particularly evident in the EP, NEP, and TP (32%
of lakes). Soil water content (11%), radiation processes (surface net thermal radiation, 9%), and evaporation
processes (potential evaporation, 8%) represent additional important climatic controls.

A significant positive correlation exists between lake albedo and LCC efficiency across China's lakes (Figure S6a
in Supporting Information S1). This relationship is particularly significant for lakes on the TP (Figure Séc in
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Figure 3. Temporal trends in LCC efficiency across China. The central plot shows the trend magnitude and statistical significance of LCC efficiency for 265 studied
lakes. Surrounding panels display the time series and linear regression curves of LCC efficiency for the 14 largest lakes, arranged geographically.

Supporting Information S1). Concurrently, multi-year trends reveal a widespread and significant decrease in
albedo for TP lakes (Figure S6b in Supporting Information S1). This declining albedo trend is likely associated
with the rapid expansion of TP lakes, which may alter surface properties and water composition.

Figures 4c—4e further reveals the dominant drivers of inter-lake variability in LCC. Surface pressure emerged as
the primary control on LCC extent and a significant predictor of both magnitude and efficiency. Geographic
location (longitude/latitude) also contributed substantially to spatial heterogeneity in cooling extent. For LCC
efficiency, lakeshore topography and lake morphology dominated, with mean depth, longitude, and near-shore
slope (100 m buffer, slope_100) identified as the three most important geomorphic determinants. Lake eleva-
tion additionally played a significant role in shaping LCC patterns.

Lake area, average depth, and total volume are all positively correlated with both LCC magnitude and LCC
efficiency, with lake depth exhibiting a stronger and more significant influence on LCC (Figure S7 in Supporting
Information S1). Deeper lakes, indicative of greater water storage capacity, enhanced heat storage capacity and
cooling efficiency. Longitudinal gradients reflected a clear west-east decline in LCC efficiency. Steeper near-
shore slopes (typical of mountain lakes) were associated with higher LCC efficiency, likely due to constrained
atmospheric mixing. In contrast, gentle littoral zones promoted greater heat exchange and stronger lake—
atmosphere coupling. Morphological factors overall outweighed climatic variables in explaining efficiency
patterns, with 9 of 11 statistically significant predictors (p < 0.05) relating to physical lake attributes. Among
meteorological variables, surface pressure and 2 m air temperature significantly influenced LCC magnitude and
efficiency, underscoring the role of regional climate background in modulating lake cooling performance.

To integrate our spatial, temporal, and driver analyses, we propose that China's lakes can be conceptualized into
four characteristic types of cooling response based on the two most influential drivers identified: surface albedo
and lake depth (Figures S8—S10 in Supporting Information S1). Lakes were classified into four categories using
median albedo and depth thresholds: high albedo-deep lake (HA-DL), high albedo-shallow lake (HA-SL), low
albedo-deep lake (LA-DL), and low albedo-shallow lake (LA-SL). Among these, HA-DL lakes exhibit the
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Figure 4. Control factors on LCC identified through random forests models. (a) Key meteorological drivers and their importance (quantified by increase in MSE) for
LCC efficiency across lakes. (b) Proportional distribution of primary meteorological factors by lake region. (c—e) Importance of environmental predictors (including
lake geomorphometry and climate variables) for LCC (c) extent, (d) magnitude, and (e) efficiency across China. Red bars denote statistically significant predictors
(p < 0.05).
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highest median LCC efficiency (Figure S10 in Supporting Information S1) and are predominantly located in the
western TP (Figure S9 in Supporting Information S1). LA-DL lakes, which also show relatively high cooling
efficiency, are mainly distributed in the eastern TP, YGP, and parts of the EP. In contrast, LA-SL lakes, char-
acterized by the lowest median LCC efficiency, are concentrated in the EP, especially within the Yangtze River
mid-lower reaches. This typology not only synthesizes the key drivers of LCC variability but also highlights how
combinations of albedo and depth shape the spatial patterning of lake cooling effectiveness across China's major
lake regions.

4. Discussion
4.1. Climate Regulation Capacity of China's Lakes

This study presents comprehensive assessment of LCC across China, using a multi-indicator framework that
quantifies the extent, magnitude, and efficiency of lake-induced temperature regulation. Our tri-metric approach
reveals that Chinese lakes exert substantial cooling on summer daytime maximum temperatures, with a mean
LCC extent of 27.5 km, a magnitude of 1.03°C, and an efficiency of 0.46°C/10 km. This integrated character-
ization demonstrates that lakes provide crucial mitigation of regional heat extremes. Notably, the efficiency
metric enabled the novel identification of the Eastern Plain lakes as the most effective climate regulators, despite
their generally smaller sizes compared to Tibetan lakes. This finding suggests that lake morphology and local
topography outweigh absolute lake size in controlling the spatial influence of lake effects, a nuance previously
obscured by single-metric approaches. While the cooling magnitude aligns with prior regional studies (Bryan
etal., 2015; Zhu et al., 2018), our multi-dimensional assessment reveals how cooling capacity varies in structure,
not just in magnitude, across diverse lake regions.

The pronounced regional heterogeneity in LCC extent, particularly the smaller values observed on the TP
compared to the NEP, may also be linked to fundamental differences in geomorphology. On the TP, many large
lakes reside in isolated, high-elevation basins bounded by mountain ranges (Chen et al., 2022). When applying a
fixed 0-100 km concentric buffer, these zones can extend beyond the immediate topographic basin, incorporating
adjacent areas that may belong to separate climatic regimes. This could lead to the detection of an earlier tem-
perature gradient breakpoint, resulting in a smaller estimated LCC extent. In contrast, the vast, flat landscapes of
the northeastern and eastern plains allow lake-influenced air masses to advent farther with less topographic
disruption, facilitating a more extensive spatial footprint.

The divergent trends in cooling efficiency between high-altitude Tibetan lakes and low-altitude Eastern Plain lakes
reveal complex responses to climate change. Tibetan lakes' enhanced cooling capacity coincides with documented
lake expansion (Guo et al., 2021; Xu et al., 2024), suggesting that increased water volume amplifies their climate
regulation function. This amplification likely operates through multiple pathways: increased evaporative cooling
due to larger surface area, enhanced albedo from glacier-fed sediment inputs, and greater thermal inertia from
deeper waters (Lee et al., 2023). Conversely, Eastern Plain lakes' diminished cooling capacity occurs alongside
widespread lake shrinkage, indicating that water loss reduces their ability to moderate local climate.

4.2. Mechanistic Insights From Driver Analysis

Our random forests models reveal that albedo variations dominate the temporal variability in lake cooling ca-
pacity (LCC), highlighting the central role of surface energy balance in mediating lake-atmosphere interactions.
Mechanistically, albedo fluctuations (driven by water area changes, sediment influx, or ice-cover dynamics)
directly regulate solar energy absorption, thereby modulating the lake's thermal storage and subsequent cooling
effects (Hou et al., 2025). The secondary importance of evaporation and radiation-related variables in our analysis
further underscores the critical role of surface energy partitioning. While albedo regulates solar energy input,
evaporation acts as the primary heat dissipation pathway, converting absorbed radiation into latent heat flux and
thereby modulating the intensity of daytime cooling (Vanderkelen et al., 2020).

Spatially, the primacy of topographic and morphometric factors reveals that lake dimensions and surrounding
terrain constrain the expression of climate effects (Qin et al., 2023). Lake depth emerged as a key driver of LCC
efficiency heterogeneity, with deeper lakes enhancing heat storage capacity and sustaining stronger LCC. Steeper
surrounding topography appears to enhance cooling efficiency by restricting cold air drainage and prolonging
lake-air interaction. For LCC extent, surface pressure was identified as the primary determinant, governing the
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horizontal propagation scale of lake effects through its control on atmospheric boundary layer structure. Lower
surface pressure promotes deeper vertical mixing, enabling lake-modified air masses to spread farther downwind,
whereas higher pressure conditions suppress vertical development and constrain lake effects to nearer shores.

The driver importance analysis provides a mechanistic foundation for the key spatial patterns described earlier.
The dominant role of albedo in governing temporal variability directly explains the enhanced cooling efficiency
observed on the TP. The significant positive albedo-LCC relationship for TP lakes coupled with their widespread
albedo decline, suggests that ongoing lake expansion is a key modulator of their cooling capacity (Qiu
et al., 2023). Furthermore, the identified importance of both lake area and depth points to the integrated role of
total lake water storage (Su et al., 2020). Greater water volume confers higher thermal inertia, enabling a lake to
absorb more solar energy, thereby sustaining a stronger land-lake temperature gradient and a more robust cooling
effect (Subin et al., 2012). This storage-induced mechanism offers a unified explanation for the divergent regional
trends: significant water volume increase on the TP enhances thermal inertia and supports strengthening LCC,
whereas widespread lake shrinkage and shallowing in the EP reduce water storage and weaken cooling efficiency.

The classification scheme based on albedo and lake depth provides a transferable framework for characterizing
LCC in other global regions. The dominant drivers identified in this study, surface energy regulation (governed by
albedo) and heat storage capacity (determined by depth), represent fundamental physical properties of lakes that
are relevant across diverse climatic and geographic settings. For example, in high-latitude or glacial-fed lakes,
elevated albedo due to prolonged ice cover or meltwater inputs could enhance cooling efficiency, mirroring the
behavior of high-albedo deep lakes on the Tibetan Plateau (Wen et al., 2015). Similarly, shallow lakes with low
albedo in arid or semi-arid regions may exhibit minimal cooling capacity, comparable to the low-albedo shallow
lakes in eastern China (Gu et al., 2016). This physically grounded typology offers a scalable approach to syn-
thesize cross-regional patterns, prioritize lakes for climate-adaptive management, and improve the representation
of lake effects in earth system models.

To further assess the robustness of LCC under varying meteorological backgrounds, we conducted a supple-
mental analysis examining the influence of precipitation on LCC (Figures S11 and S12 in Supporting Infor-
mation S1). By comparing distance-T,max gradients and LCC metrics between rainy (days with total
precipitation >1 mm, including the following 1-2 days) and non rainy days across all lake regions, we found that
precipitation generally lowers near shore daytime temperatures, yet its effect on spatial cooling patterns remains
limited (Figure S11 in Supporting Information S1). Nationally, rainfall slightly reduced LCC extent and
magnitude, leading to a modest and statistically non significant decrease in cooling efficiency (Figure S12 in
Supporting Information S1). The most pronounced precipitation mediated suppression of LCC occurred on the
TP, whereas other regions showed weaker responses. These results suggest that while precipitation contributes to
surface cooling, its influence does not fundamentally alter the lake dominated thermal regulation patterns
identified in our main analysis.

4.3. Implications, Limitations and Future Scope

The spatial and temporal patterns of lake cooling efficiency have important implications for climate change
adaptation. Regions experiencing both lake shrinkage and reduced cooling capacity, particularly the Eastern
Plain, face compound challenges of diminishing water resources and weakening natural climate regulation. This
dual threat exacerbates vulnerability to heat extremes in precisely those regions with high population density and
agricultural importance (Li et al., 2025). Conversely, the enhanced cooling capacity of expanding Tibetan lakes
may provide some mitigation to warming trends in these sensitive high-altitude ecosystems (Qiu et al., 2025). Our
findings suggest that lake conservation and restoration could serve as effective climate adaptation strategies,
particularly in regions where maintaining lake ecosystems helps preserve their climate regulation services (Cheng
et al., 2023).

The increasing prevalence of lake heatwaves presents a potential threat to lake-induced climate regulation (Yang
et al., 2025). A severe lake heatwave elevates lake surface temperature, thereby reducing the critical land-water
temperature gradient that drives evaporative and sensible heat fluxes (Woolway et al., 2021). This process likely
suppresses the LCC during the event. Should such events increase in frequency or intensity under climate change,
a sustained reduction in seasonal or annual mean LCC could occur, particularly for shallow lakes with lower
thermal inertia (Qin et al., 2023). Future research must integrate lake thermal dynamics with near-surface climate
analysis to evaluate the resilience of LCC under compound heat extremes.
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While our concentric zone approach effectively quantifies lake cooling extent, it simplifies complex spatial
patterns that higher-resolution climate models could better resolve. Future work should integrate 3D atmospheric
modeling with seasonal tracking to unravel how lake-atmosphere interactions evolve under climate variability.

5. Conclusions

This study provides a quantitative assessment of lake cooling capacity across China's 265 major lakes through
three key metrics: spatial extent, intensity, and efficiency. Results show that lakes exert substantial summer
daytime cooling, with a mean extent of 27.5 km, a magnitude of 1.03°C, and an efficiency of 0.46°C/10 km.
Spatially, lake's cooling is most efficient in the Yunnan-Guizhou Plateau and weakest in the northeastern plains.
Temporally, 57% of lakes have significantly increased cooling efficiency since 1980, though trends diverge
regionally, which is strengthening on the Tibetan Plateau but weakening in eastern plain. These patterns are
primarily controlled by surface albedo and lake morphology, emphasizing the role of both climatic and
geomorphic factors. The findings highlight the importance of incorporating lake-climate interactions into regional
climate adaptation and lake conservation strategies.
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