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Abstract: Lake surface water temperature (LSWT) is sensitive to climate change. Previous studies
have found that LSWT warming is occurring on a global scale and is expected to continue in the
future. Recently, new global LSWT data products have been generated using satellite remote sensing,
which provides an inimitable opportunity to study the LSWT response to global warming. Based on
the satellite observations, we found that the warming rate of global lakes is uneven, with apparent
regional differences. Indeed, comparing the LSWT warming in different climate zones (from arid to
humid), the lakes in drylands experienced more significant warming (0.28 ◦C decade−1) than those in
semi-humid and humid regions (0.19 ◦C decade−1) during previous decades (1995–2016). By further
quantifying the impact factors, it showed that the LSWT warming is attributed to air temperature
(74.4%), evaporation (4.1%), wind (9.9%), cloudiness (4.3%), net shortwave (3.1%), and net longwave
(4.0%) over the lake surface. Air temperature is the main driving force for the warming of most
global lakes, so the first estimate quantification of future LSWT trends can be determined from air
temperature projections. By the end of the 21st century, the summer air temperature would warm up
to 1.0 ◦C (SSP1-2.6) and 6.3 ◦C (SSP5-8.5) over lakes, with a more significant warming trend over the
dryland lakes. Combined with their higher warming sensitivity, the excess summer LSWT warming
in drylands is expected to continue, which is of great significance because of their high relevance in
these water-limited regions.

Keywords: lake surface water temperature; satellite data; air temperature; climate change; limnology

1. Introduction

Lakes store about 87% of the Earth’s liquid surface freshwater resources [1] and play a
key role in local and regional socio-economic development [2–4]. Water temperature is an
important physical parameter for determining lakes’ ecological health and their sustaining
services to human society. Lake water temperature affects a variety of aspects of limnic
systems, among which the survival and distribution of aquatic organisms [5], the rates
of chemical reactions [6], fisheries production [7], hydrological and biogeochemical pro-
cesses [8,9], and thermal stratification, thus the vertical exchange of energy and dissolved
substances along the water column [10,11]. Several recent studies have shown that lake
water temperature, among other factors, is sensitive to climate change [8,12–15]. For this
reason and thanks to the relatively easy access to these type of observations (partially
boosted by the increasing availability of thermal infrared imagery from space-borne satel-
lites), lake surface water temperature (LSWT), in particular, has mainly been used as an
eloquent indicator of climate change.
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A large fraction of global lakes are located in drylands, including arid and semi-arid
regions where precipitation is scarce (mean annual precipitation lower than 600 mm) [16,17],
and the ecosystem is fragile. Lakes in drylands provide valuable ecosystem services and
are a major source of water for human needs [18], yet drylands regions have experienced
the most significant warming over the past century [19]. In the past few decades, dryland
lakes have undergone tremendous changes in shape, size, and water level [20–22], making
them particularly vulnerable to climate change. For example, the largest loss of global
net permanent waters (over 70%) occurred in the Middle East and Central Asia, occupied
mainly by drylands [23]. Recent evidence has shown that 34% of the lakes over the dry
Mongolian Plateau have disappeared during the past three decades [24]. Climate change
and human activities (i.e., agricultural irrigation) have been confirmed to be the main
causes of the disappearance or shrinkage and dramatic water level variation of lakes in
drylands [18,20,22,25]. Based on CMIP5 projections, drylands are expected to expand from
41% to 56% of global land area by the end of the 21st century under the RCP8.5 scenario
due to surface energy allocation and radiation force of aerosol [26]. Therefore, lakes in
drylands are speculated to be particularly threatened by global warming, and the number
of lakes belonging to drylands regions is expected to increase in the future. While most
of the published research on dryland lakes focused on changes in the lake area and water
storage, relatively less attention has been given to understanding the climate controls
on LSWT. The warming of LSWT is expected to affect several physical, chemical, and
biological processes in lakes, with consequences for their aquatic ecosystem and associated
ecosystem services. These are hot issues in today’s research, which become particularly
relevant when fragile dryland environments are considered.

Both in situ and satellite data indicate that global lakes have experienced a significant
warming trend in recent decades, especially in summer [27,28]. However, the warming rate
of lakes varies widely around the world [15,27]. In this respect, a recent reconstruction of
LSWT during the past 20th century highlighted the fact that lakes have different sensitivity
to climate change depending on the climatic zone in which they are located, lakes in the
temperate region being the most sensitive [12]. Many studies on the dominant factors
controlling LSWT response to climate change have been reported, however, most of them
focused on lakes in specific regions, mainly in Europe and North America, while studies
specifically focused on lakes in dryland regions are lacking. For example, the warming of
LSWT is mainly caused by air temperature increase according to the LSWT predicted by six
climate models on a global scale [29] and results of the Laurentian Great Lakes [30]. Schmid
and Köster (2016) showed that 60% of the lake’s warming is caused by increased air temper-
ature and 40% by increased solar radiation for the Lower Lake Zurich [31]. Fink et al. (2014)
found that increased absorption of solar radiation and long-wave radiation significantly
enhanced the current warming rate in Lake Constance in Central Europe [32]. The increase
in solar radiation and the decrease in near-surface wind speed played important roles in
the increase of LSWT during the 2018 European heatwave [33]. Different reasons have
been proposed to explain why LSWT is warming faster than the air temperature in some
lakes, including lake thermal stratification [30], lake depth [34,35], water clarity [36], rivers
inflow [32], humidity [31], and ice cover [27].

Despite the general advancements in understanding LSWT dynamics, specific research
focused on the processes contributing to the LSWT response to global warming over the
dryland regions remains limited. Recently, new LSWT data products were generated,
e.g., GloboLakes [37], Global Lake Temperature Collaboration (GLTC) [28], and ARC-Lake
(Paris, France) [38], offering a unique opportunity to investigate the response of LSWT at
the global scale, with a specific focus on dryland regions. Based on the analysis of these
datasets, we aimed to draw a better picture of the main meteorological drivers affecting
dryland lakes’ thermal dynamics. Specifically, we will address the following questions:
(1) How did LSWT in different climate zones respond to global warming in the last decades?
(2) What are the factors driving the response of dryland lake warming? (3) How LSWT
is expected to evolve in the next century across the globe? Addressing these questions
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poses the basis for future studies to evaluate how the expected global warming may affect
dryland lakes in terms of water quality and aquatic ecosystem health.

2. Materials and Methods
2.1. Lake Surface Water Temperatures (LSWT) Data

Observed LSWTs were obtained from two data sets: GloboLakes LSWT v4.0 from
satellite observations [37] and GLTC [28]. The GloboLakes dataset is available at http:
//www.laketemp.net (accessed on 30 April 2020), and was derived from the AVHRR on
MetOpA, from the AATSR on Envisat, and the ATSR-2 on ERS-2 [37]. For the GloboLakes
dataset, daily time series of satellite-derived LSWT for the period 1995–2016 were available
for 979 lakes across the globe with a spatial resolution of 0.05◦, from which we calculated the
lake-average LSWT. Each LSWT pixel has a quality level index ranging from low (0) to best
quality (5). In order to discard bad quality measurements, we computed the lake-average
LSWT only using pixels with a quality index larger than 4, indicating the acceptable and
best quality.

The GLTC dataset was compiled from in situ and satellite measurements by Sharma
et al. (2015) [28], and consists of mean summer lake-averaged LSWTs from 291 lakes
worldwide from 1985 to 2009. For lakes located in the Northern Hemisphere, summer
was defined as July–September (JAS), whereas in the Southern Hemisphere, it was defined
as January-March (JFM) [27,28,39]. In order to avoid the cloudy wet season of tropical
climates and justified by the fact that in the tropical regions the air temperature range is
very limited (absence of the traditional four thermal seasons), the JFM mean was used at
latitudes between the equator and 23.5◦N, and the JAS mean for latitudes between the
equator and 23.5◦S. This is consistent with the very minor air temperature range of tropical
climates. The same summer season convention was used to compute the mean summer
LSWT for the GloboLakes dataset.

2.2. Meteorological Data

Monthly mean precipitation, air temperature, evaporation, net shortwave, net long-
wave, wind, and cloudiness data at a spatial resolution of 0.25◦ were extracted from
the ERA5 reanalysis datasets for the period 1995–2016 [40], consistently with that of the
available LSWT observations. These data were used for climate classification and for investi-
gating the dominant factors controlling LSWT in lakes belonging to different climate zones.

Daily air temperature from 9 different models of the sixth phase of Coupled Model
Intercomparison Project (CMIP6) was also extracted and used to predict future air tem-
perature changes. The 9 models considered here were identified based on data avail-
ability (detailed information is provided in Table S1 of the Supplementary Information).
The scenario experiment of CMIP6 is a rectangular combination of the different shared
socioeconomic pathway (SSP) and representative concentration pathway (RCP), which
respectively represent the future global development and future climate radiative forcing
level [41]. Two scenarios (SSP1-2.6 and SSP5-8.5) are used to analyze the low-force and
high-force scenarios for future projections from 2015 to 2100. For a given SSPx-y scenario,
x and y represent the specific SSP and RCP forcing pathways, respectively. Specifically,
SSP1-2.6 represents the low end of the future forcing pathways spectrum and SSP5-8.5
represents the high edge of the future forcing pathways spectrum. SSP1-2.6 and SSP5-8.5
approximately correspond to RCP2.6 and RCP8.5, respectively [41]. In this paper, we choose
the lowest and highest scenarios to maximize the range of future LSWT variability as much
as possible, although the future is likely well beyond the SSP1-2.6 scenario at current
emission rates. For both ERA5 and CMIP6 datasets, the climate variables corresponding to
the analyzed lakes were extracted by identifying the closest grid point to the center of each
lake [35]. When the elevation of the lake and the model grid is not the same, the lapse rate
(Γ) was used to correct the surface air temperature to the over-lake value [12,42].

http://www.laketemp.net
http://www.laketemp.net
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2.3. Climate Regionalization

The analysis of the ERA5 reanalysis dataset allowed to identify four climate zones de-
pending on precipitation characteristics, including arid regions (mean annual precipitation—
AP <200 mm yr−1), semi-arid regions (200 ≤ AP < 600 mm yr−1), semi-humid regions
(600 ≤ AP < 1000 mm yr−1) and humid regions (AP ≥ 1000 mm yr−1) [16,17,43]. In the
following, arid and semi-arid regions together are defined as drylands [16,43].

2.4. Warming Efficiency

Warming efficiency η is a simple lake-averaged indicator introduced by Toffolon et al.
(2020) [44], which quantifies to what extent LSWT changes relative to a change in air
temperature. In order to compute this indicator, first, the five coldest and five warmest
years in the period 1995–2016 were identified (in terms of mean summer LSWT) for each
lake. Then, the mean summer air temperature and LSWT from these years were averaged,
obtaining values of mean air temperature and LSWT representative of the coldest (ATcold
and LSWTcold) and warmest years (ATwarm and LSWTwarm, where the overbar indicates
averaging over the corresponding five years). These averaged values were used to calculate
the temperature difference between the warmest and coldest years, for both air temperature
(∆AT = ATwarm − ATcold) and LSWT (∆LSWT = LSWTwarm − LSWTcold). Finally, the
summer warming efficiency η was obtained as the ratio between the difference in LSWT
and the difference in air temperature:

η =
∆LSWT

∆AT
(1)

We first computed the warming efficiency of each lake, and then we determined the
statistics for the four climate zones.

2.5. Attribution of LSWT Warming Trend

Previous studies identified six climate variables, including air temperature, evapo-
ration, net shortwave, net longwave, wind and cloudiness, as the most important factors
influencing LSWT [29–31,33,45]. In this study, a multiple linear regression model [46] was
used to assess the relationship between summer LSWT and different climate variables.
For the generic lake, the multiple linear regression model reads as

y = β0 +
6

∑
j=1

xjβ j (2)

where y is the vector of observed LSWT in summer for one lake of the GloboLakes dataset in
the period 1995–2016 (yi, with i = 1, . . . ,22), x is the matrix of the six climate regressors (xj,i,
with i = 1, . . . ,22 and j = 1, . . . ,6) including air temperature, evaporation, net shortwave,
net longwave, wind and cloudiness, and β0, β j, with j = 1, . . . ,6 are unknown coefficients
to be estimated through ordinary least squares (OLS) regression.

The total variance of summer LSWT explained by the six regressors taken together was
quantified by the coefficient of determination R2 of the full multiple linear model. Parallel
to this, the relative contribution of each climate variable was estimated as the variable-
specific R2 contribution to the overall model R2. The multiple linear regression analysis
was performed using the Python package Pingouin version 0.3.8. Finally, the Theil-Sen
estimator [47] was used to quantify the trends of LSWT and air temperature. Theil-Sen
slope estimation is a nonparametric regression obtained by calculating the median pairwise
slope combined with the median between two datasets. It avoids the effects of missing
time series data and the shape of data distribution on the analysis results, and can exclude
the interference of outliers in the time series.
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3. Results
3.1. The Enhanced LSWT Warming in Drylands

The time series and global distribution of summer LSWT anomalies calculated relative
to the climatology values during the overlapping period 1995–2005 for both GloboLakes
and GLTC datasets are shown in Figure 1. The mean warming trend of summer LSWT
from the two datasets are 0.39 ◦C decade−1 (95% CI: 0.35–0.43) and 0.25 ◦C decade−1

(95% CI: 0.23–0.26) across GLTC and GloboLakes datasets, respectively. Although there
is interannual variability of summer LSWT, the warming trend of lakes is widespread
distributed, which is consistent with previous studies [12,15,27]. However, the trends in
summer LSWT for individual lakes range from -0.19 to 0.75 ◦C decade−1 (GloboLakes,
Figure 1b) and from −0.12 to 0.87 ◦C decade−1 (GLTC, Figure 1c) (the 5th and 95th per-
centiles). Lakes in northwestern North America and central Europe are warming signifi-
cantly faster than the global average (Figure 1b,c) [27]. In contrast, low-latitude (<23.5◦)
lakes typically experience a negative LSWT trend. Moreover, the warming rates in these
lakes are heterogeneous even within the same region.

Figure 1. (a) Time series of summer mean lake surface water temperature (LSWT) anomalies at global
scale based on GloboLakes (red) and Global Lake Temperature Collaboration (GLTC) (blue) datasets.
The anomalies were calculated relative to the baseline period 1995–2005. The spatial distribution of
summer LSWT trends for GLTC (b) and GloboLakes (c) datasets is also shown.

We classified climate zones as humid, semi-humid, semi-arid, and arid regions by
precipitation (Figure 2a) as described in Section 2.3, and compared the trends of LSWT and
air temperature in the four climate zones (Figure 2b,d). The air temperature was generally
warming during 1995–2016, excluding weak negative trends in northeast North America,
the middle of South America, some regions in Africa and Asia (Figure 2b). Considering
the location of lakes (hereafter, for the sake of consistency, only the GloboLakes dataset
is analyzed), it was found that these are generally distributed in areas where the air
temperature increased. The abundance of lakes and the cumulative area they cover within
each climate region make clear differences between climate regions (Figure 2c). The number
of lakes in semi-arid regions is the largest, followed by semi-humid and humid regions,
and the lakes in arid regions are the least. The largest cumulative area is in the humid and
semi-humid regions. As a result, 49.6% of global lakes are located in drylands, assuming
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homogeneous coverage of the GloboLakes dataset. As for the lake area, the largest coverage
is found in the humid and semi-humid regions, indicating that the lakes in these regions
have a larger individual surface area on average. Finally, Figure 2d compares the warming
trends of LSWT with that of air temperature across the different climate zones. In general,
comparing the warming of lakes in different climate zones shows that lakes in drylands are
warming at a rate of 0.28 ◦C decade−1 in summer, which is about 50% faster than lakes in
semi-humid and humid regions (0.19 ◦C decade−1). Moreover, we notice that although air
temperature warmed more in semi-humid regions than in other climate regions, lakes in
semi-arid regions show the highest LSWT warming in summer.

Figure 2. Global distribution of annually averaged precipitation (a) and air temperature trends
(b) from ERA5 reanalysis between 1995 and 2016. The pie chart in (a) represents the percentage
of land areas falling in the four climate zones. Gray triangles in (b) represent the locations of the
global lakes (GloboLakes dataset). (c) The number and cumulative areas of lakes in different climate
zones. (d) The mean warming trend of summer LSWT and air temperature in different climate zones.
The error bars represent 1σ uncertainty.

More importantly, when computing the summer warming efficiency η, which ef-
fectively relates LSWT warming to the concurrent air temperature changes, lakes in the
drylands region show the highest sensitivity to air temperature changes (Figure 3). Specifi-
cally, η in drylands is 1.18 on average (95% CI: 1.10–1.27), which is larger than 0.91 (95% CI:
0.85–0.98) of semi-humid lakes and 0.93 (95% CI: 0.87–1.00) of humid lakes (Figure 3b). It is
interesting to note that the warming efficiency of lakes over the Qinghai-Tibet Plateau is
much larger than that in other regions of the world (Figure 3). Overall, these results indicate
that summer LSWT in drylands experience enhanced warming compared to semi-humid
and humid regions and suggest that under the perspective of a warming climate, dryland
lakes may face more risks than other aquatic ecosystems.
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Figure 3. (a) Global spatial distribution of summer warming efficiency η of lakes during 1995–2016.
(b) Mean warming efficiency of lakes in different climate zones. The error bars represent 1σ uncertainty.

3.2. The Drivers of Enhanced Dryland LSWT Warming

We quantify the relative contribution of air temperature, evaporation, net shortwave,
net longwave, wind, and cloudiness to summer LSWT warming by multiple linear re-
gression analysis (see Section 2.5). The full multiple linear regression model can explain
about 0.64 (95% CI: 0.63–0.66) of the total summer LSWT variance (see overall model R2 in
Figure 4a), the total explained variance being slightly smaller for lakes in humid regions
(R2 = 0.52) than for lakes located in the other climate regions (mean R2 = 0.66, Figure 4a).
When looking at the relative contribution of each climate variable to the overall model R2,
air temperature is the most important factor to drive the response of summer LSWT in all
the four climate zones (contributing to more than >40% of the total R2). The wind is the
second most important factor besides air temperature affecting LSWT in arid, semi-arid,
and semi-humid regions, while it is the net longwave radiation in lakes located in humid
zones, although wind speed is similarly important (Figure 4a). In any case, the five vari-
ables other than air temperature overall have similar effects on explaining summer LSWT,
with relative contributions of about 10% to the total R2. These results are confirmed when
looking at the number of lakes where the different climate variables have been found to
contribute the highest (Figure 4b,c) and at the spatial distribution of the most dominant
factor around the world (Figure S1). Air temperature is the most important contributor in
74.4% of lakes on average (Figure 4b) and is the most prominent in the mid-high latitudes
(Figures 4c and S1a). In the remaining 4.1%, 9.9%, 4.3%, 3.1%, and 4.0% of lakes, evapo-
ration, wind, cloudiness, net shortwave, and longwave, respectively, are the dominant
factor explaining summer LSWT variation. In general, the effect of wind is confirmed to
be the second dominant factor after air temperature for lakes from arid to humid climate
regions, with a hotspot concentrated in central North America. (Figure 4b,c). In any case,
air temperature is the most dominant factor worldwide.
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Figure 4. (a) R2 of the full multiple linear model (text) and relative percentage contribution of
the six climate variables across the four climate regions. The error bars represent 1σ uncertainty.
(b) The percentage of lakes for each considered climate variable is the dominant factor in the full
multiple linear model across the four climate regions. (c) Global distribution of the dominant climate
variables to the full multiple linear model.

3.3. The Risk of Dryland LSWT Warming in the 21st Century

Based on the CMIP6 multi-model ensemble, mean summer air temperature at the
GloboLakes locations is expected to increase at a comparable rate of about 0.42 ◦C/decade
and 0.56 ◦C/decade globally under SSP1-2.6 and SSP5-8.5 scenarios during the period
2015–2040 (Figure 5a). After 2040, air temperature warming is expected to cease under the
SSP1-2.6 scenario while continuing to rise at a higher rate of 0.81 ◦C/decade until the end
of the 21st century under the SSP5-8.5 scenario. By the end of the 21st century, the summer
air temperature over the global lakes is expected to warm up to 1.0 ◦C (SSP1-2.6) and 6.3 ◦C
(SSP5-8.5), in the two cases.

As done for the historical period (Figure 2d), we analyzed the expected air temperature
trend under the two future scenarios separating the different climate zones considered here.
Compared with the other three climate regions, the expected air temperature trend in semi-
arid regions is the highest under both scenarios, followed at a short distance by the warming
trends in arid regions (Figure not shown). This implies that the air temperature warming
rate in drylands (0.13 ◦C decade−1, 0.80 ◦C decade−1) is higher than that in semi-humid
and humid regions (0.11 ◦C decade−1, 0.65 ◦C decade−1) under SSP1-2.6 and SSP5-8.5
scenario. This is particularly true under the SSP5-8.5 scenario (+23% excess warming in
drylands compared to semi-humid and humid regions) than under the SSP1-2.6 scenario
(+18%). Although the difference of air temperature warming between drylands and humid
regions may be underestimated in the simulated results, all the considered CMIP6 models
agree on projecting higher air temperature warming trends for dryland regions compared
to humid and semi-humid regions (except for the EC-Earth3 and MPI-ESM1-2-LR models
under SSP1-2.6, see Figure S2).
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Figure 5. (a) Long-term time series of the multi-model ensemble mean summer air temperature
anomalies for the lakes’ locations in GloboLakes (lines), with the 5th to the 95th percentiles con-
fidence interval (shaded areas) during 2015–2100. The anomalies were calculated relative to the
baseline period 2015–2020. Multi-model ensemble mean warming (2090–2100 relative to 2015–2020)
of summer LSWT across the different climate zones, under SSP1-2.6 scenario (b) and SSP5-8.5 scenario
(c). The error bars represent 1σ uncertainty. The global spatial distribution of multi-model ensemble
means summer LSWT and lakes’ air temperature warming (2090–2100 relative to 2015–2020) under
SSP1-2.6 (d) and SSP5-8.5 scenarios (e). The error bars represent 1σ uncertainty.

Because air temperature has been identified as the dominant driver of LSWT warming
(Figure 4), the summer warming efficiency values found in Figure 3 can be used together
with future air temperature trend obtained by each CMIP6 model to get the first estimate
of the magnitude of LSWT warming until 2100. Specifically, the expected summer LSWT
warming temperature has been calculated by multiplying the projected summer air tem-
perature (∆AT = AT2090−2100 − AT2015−2020) by the summer warming efficiency η for each
lake and climate model. The worldwide spatial patterns of LSWT warming in 2090–2100
compared to 2015–2020 under the two considered scenarios are shown in Figure 5b–c.
Under the SSP1-2.6 scenario, the mean LSWT is expected to increase to 1.08 ◦C (95% CI:
1.02–1.14 ◦C) (Figure 5b). Under the SSP5-8.5 scenario, the global lakes experience air
temperature warming of 5.25 ◦C on average (95% CI: 5.01–5.48 ◦C) with some global lakes
experiencing LSWT warming of more than 10 ◦C, with the fastest warming occurring in
the Qinghai-Tibet Plateau and western South America around Peru and Bolivia (Figure 5c).

The results indicate that the existing warming trend of lakes in drylands will con-
tinue and will be higher than that in semi-humid and humid regions under both scenarios
(Figure 5d,e). The warming of LSWT (2090–2100 compared to 2015–2020) in drylands
(1.26 ◦C, 6.03 ◦C) is higher than that in semi-humid and humid regions (0.83 ◦C, 4.13 ◦C)
under SSP1-2.6 and SSP5-8.5 scenarios, with a clear hotspot in the Qinghai-Tibet Plateau
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confirming recent observations and model simulations [48]. The significant air temperature
warming over lakes in arid and semi-arid regions enhanced by the higher warming sensi-
tivity of these lakes will result in excess warming of dryland lakes compared to lakes in
semi-humid and humid regions.

4. Discussion

The results presented here show that the global LSWTs increased significantly dur-
ing 1995–2016 (Figure 1), confirming the conclusions of earlier studies [12,15,27,39,49].
Specifically, the present study provided an overview of the global distribution of LSWT
warming separating among different climate zones defined based on precipitation statis-
tics. Climate zone-specific analyses revealed consistent LSWT warming across the four
climate zones, though the warming rate varied (Figure 2d). The analysis of the LSWT
differences between the four climate zones showed higher LSWT warming in drylands
compared to lakes in semi-humid and humid regions (Figure 2). This phenomenon is
expected to continue in future scenarios based on the projected air temperature warming
in the CMIP6 experiments.

LSWT warming is fundamentally determined by the imbalance of the lake surface
energy budget, which is controlled by the heat flux terms in the heat energy budget,
including incoming shortwave and longwave radiation, sensible and latent heat flux.
Therefore, any factors that can affect these fluxes and hence the budget may drive LSWT
warming, including cloud cover, over-lake wind speed, lake ice, and air temperature, for
example, (i) Woolway et al. (2020) attributed the increase in LSWT to the disappearance of
the ice sheet, evaporation, and changes in water volume, as well as mixing regimes [15],
(ii) warming increases the importance of evaporation for the lake surface heat balance [29],
and (iii) increased wind speed tends to cool down LSWT due to increased evaporation [50].
These processes interact with each other to influence the lake surface energy budget.
Among these factors, air temperature, evaporation, and radiation are the most important
drivers of LSWT warming [29,31,33,45]. Our analysis further identified air temperature
as the most important factor worldwide, the other drivers being secondary regardless of
climate region (Figure 4). However, wind speed is the second most important driver in all
four climate regions (Figure 4), confirming its importance in affecting turbulent heat losses
due to enhanced exchanges with the atmosphere and more intense wind-induced mixing.

We found that the differences in summer LSWT warming between drylands and
humid regions are related to air temperature warming and lakes warming efficiency. First,
drylands experienced a more enhanced air warming trend than humid areas in the historical
period, which is mainly determined by the different responses of surface energy budget
across the climate regions [26]. Indeed, the surface net energy in drylands prefers to
allocate surface energy to sensible heat rather than latent heat due to the limitation of
surface water resources. This mechanism has induced enhanced land and surface air
warming in drylands, thus contributing to higher warming trends than humid regions.
Second, the summer warming efficiency of lakes located in dryland is larger than that
over the humid region, meaning that the dryland lakes are more sensitive to changes in
air temperature. Moreover, warming efficiency is prominent in the Qinghai-Tibet Plateau.
This suggests that besides the warming effect caused by concurrent higher air and land
surface temperatures through conduction [51], previous meteorological conditions [44],
the long ice-cover season lasting until April–May [52], and other physical processes such
as albedo changes associated with snow/ice melting [53] or strong radiative warming
penetrating the transparent ice cover [54] may contribute to higher warming efficiency,
which deserves further investigation. Overall, the difference in the LSWT warming trend is
combinedly caused by higher air temperature trends and warming efficiency in dryland
lakes compared to lakes located in humid regions. Dryland lakes may face more risks than
other aquatic ecosystems under the prospective warming climate.

Due to the projected enhanced dryland air temperature warming expected for the 21st
century, the excess warming of LSWT in dryland lakes compared to lakes in humid regions
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will continue in the future, which may seriously jeopardize their water quality, ecosystems,
and even their future existence. It may also result in further shrinking and deterioration
of precious dryland aquatic ecosystems. In fact, because of enhanced warming, lakes in
drylands are drying up, especially the smallest ones such as the lakes on the Inner Mongolia
plateau [24,55]. When these lakes shrink to the point of disappearing, the Bowen ratio
(the ratio of sensible to latent heat) averaged in drylands will significantly increase due to
the limitation of surface water available in the region, thus causing more surface energy
to be allocated to sensible heat than latent heat and inducing an accelerated land and
surface air temperature warming in dryland [43]. This creates positive feedback between
air temperature warming on one side and LSWT warming and lake evaporation on the
other, able to intensify the effects of climate change in these regions of the globe.

5. Conclusions

Lakes around the globe have experienced a significant warming trend in recent years.
Dryland lakes, accounting for ~49.6% of the global lakes covered in this study, underwent
a mean summer warming rate of 0.28 ◦C decade−1, while a lower warming rate of 0.19 ◦C
decade−1 characterized lakes in semi-humid and humid regions. The larger summer
LSWT warming in drylands occurred irrespective of the fact that air temperature was
increasing less than in semi-humid and humid regions and can be explained as resulting
from higher thermal sensitivity of these lakes to changes in air temperature. Indeed, during
the analyzed historical period (1995–2016), air temperature in drylands was warming 7%
less than in semi-humid and humid regions, and the warming efficiency was 28% higher.
The analysis of the historical data also confirmed previous findings indicating that air
temperature is the dominant climatic factor controlling LSWT (in 74.4% of the studied
lakes), while the other drivers have smaller and comparable importance. This suggests that
the air temperature warming expected by the end of the 21st century is likely to have major
consequences for LSWT. Indeed, the CMIP6 multi-model ensemble mean results indicate
that the global summer air temperature warming can reach as high as 1.0 ◦C (SSP1-2.6)
and 6.3 ◦C (SSP5-8.5) by the end of the century, with higher warming (18%/23%) expected
in drylands. Considering the higher thermal sensitivity of lakes in this climate region, a
first estimate quantification suggests that LSWT in drylands would continue to increase at
higher rates (52%/46%) than LSWT in more humid regions.

Such excess warming of dryland lakes deserves further study, especially concerning a
more detailed characterization of the possible positive feedback between air temperature
warming and lake evaporation and shrinking in (progressively more) water-limited areas.
Overall, LSWT warming in drylands is expected to raise serious concerns for the future
state of these ecosystems, which may be particularly severe for communities living in arid
regions where freshwater resources are of vital importance.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/rs14010086/s1, Figure S1: Relative contribution of air temperature
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lakes in four climate zones under the SSP1-2.6 (a) and SSP5-8.5 (b) scenarios with 9 CMIP6 models.
(c) Excess warming for each model under the SSP1-2.6 and SSP5-8.5 scenarios. Excess warming is
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