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ABSTRACT: Many physical, chemical, and biological processes in lakes depend on lake water temperature. However,
attribution of the warming rate in a shallow lake is not well
understood yet. Here, we evaluated a one-dimensional lake
model FLake by observed daily lake surface water temperature
(LSWT) at four typical lakes in the Middle and Lower
Yangtze River basin and then attributed LSWT warming to
climate variables during the period 1979−2017. We found that
FLake could capture well the seasonal/interannual variation of
observed LSWT. During the 39-year study period, LSWT
signiﬁcantly warms at a rate of 0.26−0.28 °C per decade, 24−
35% slower than the air temperature. Increased solar radiation
and air temperature contributed to most (>80%) of the LSWT
warming. The warming trend of LSWT in the spring is the largest among the four seasons, 2−4 times the warming rate of the
other seasons. Brightening in the spring contributes 50−64% of the largest spring warming. The future air warming plus the
brightening trend with the Clean Air Act in China would amplify LSWT warming and, thus, advance and/or deteriorate algae
blooms, especially in spring.

■

INTRODUCTION
Lake water temperature regulates physical, biological, and
biochemical processes in lake ecosystems.1−4 During the past
decades, lake warming has been found on a global scale5−9
which is in line with the increased land surface air temperature.
This lake warming has signiﬁcant implications for lake
ecosystems. For example, earlier stratiﬁcation, increased
nutrient availability, increased phytoplankton densities, poor
light availability, more harmful algal blooms, changed water
quality, and decreased primary productivity and ﬁshery have
been found in warming lakes.2,3,10−13 Increased ambient
temperature is also found to aﬀect freshwater ﬁsh by changing
the reproductive phenology, altering the growth rate, and/or
shifting spawning areas.14,15 Lake water temperature is closely
related to these important lake ecosystem services; thus, it is
important to investigate the magnitude of lake warming as well
as its attribution.
Changes in lake water temperature have been studied in
many deep lakes with winter ice cover in Europe,6 North
America,16 and Tibet,5,17 but in shallow ice-free lakes, changes
in water temperature are not well understood. There are
numerous shallow lakes in the Middle and Lower Yangtze
© XXXX American Chemical Society

River basin (MLYR, Figure 1), where the lake area is about
24361.1 km2. The population is 0.4 billion people in Yangtze
River basin, and the large population relies on the lakes for
drinking water, ﬁsheries, and other ecosystem services. During
the past three decades, surface air temperature has increased by
0.4 °C per decade over the Yangtze River basin.18 This fast air
warming increases the lake water temperature and thus has
consequential impacts (e.g., algae blooms) on lake ecosystems
over MLYR. However, the warming rate of shallow ice-free
lakes in MYLR and its attribution are not well-understood yet.
In this study, the main objectives are (1) to quantify the
warming rate of the lake surface water temperature (LSWT) in
shallow lakes over MLYR from 1979 to 2017 and (2) to ﬁgure
out the contributions of diﬀerent climate variables to the
LSWT warming. Here, we gathered in situ hourly or daily
observed lake water temperatures in four typical lakes, used
this in situ measured lake water temperature data to evaluate a
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Figure 1. (a) Map of lakes distribution in the Yangtze River Basin and the marked four lakes (Poyang, Liangzi, Chao, and Donghu Lake) in this
study. Lake distribution data is from the global lakes and wetlands database (GLWD).25 The shapeﬁle of the Yangtze River Basin is derived from
HydroSHEDS (https://hydrosheds.org/). (b−e) Comparison between simulated (red line) and observed (black dots) daily LSWT in the four
lakes.

can predict lake water temperature and thermal regime of
various depths during any time scale and at any setting
interval.20 The lake water temperature proﬁle is divided
vertically by the FLake model into the upper mixed layer and
the thermocline. Below the water−bottom sediment interface,
the sediment proﬁle is divided vertically into the upper layer of
the bottom sediment penetrated by the thermal wave and
thermally active layer of bottom sediments. Additional layers
are considered when the lake is covered by ice and snow,
which is not applied here because of little snow/ice cover in
the four lakes.
Climate Forcing and Simulation Protocol. We used
daily climate forcing including SWdown, downward longwave
radiation (LWdown), speciﬁc humidity (SH), surface pressure,
SAT, and surface 10-m U/V wind speed (U), which is derived
from ERA-Interim provided by ECMWF (European Centre for
Medium-Range Weather Forecasts) covering the period
1979−2017 with a spatial resolution of 80 km × 80 km.22
For each lake, we extracted the climate forcing based on the
location of the LWST measured at the four lakes. We
compared the four daily in situ climate variables at Donghu
Lake including SAT, surface pressure, U, and SWdown
covering the period 2005−2017 with the corresponding
ERA-Interim daily data and found that ERA-interim agrees
well with the observed SAT and air pressure but signiﬁcantly
overestimates SWdown (Figure S2). To correct SWdown data,
we then applied two SWdown products which are much closer
to observation, one derived from the Institute of Tibetan
Plateau Research, Chinese Academy of Sciences (ITPCAS)
China Meteorological Forcing Data sets (CMFD),23 and the
other one derived from Clouds and the Earth’s Radiant Energy
System (CERES) Energy Balanced and Filled (EBAF) surface,
Edition 4.0 data products24 (Figure S3). The SWdown from
ITPCAS-CMFD covers the period 1979−2017 with a
temporal resolution of 3-hly and a spatial resolution of 0.1°
× 0.1°. The monthly SWdown from CERES covers the period

process-based lake model named FLake, and then ran the
FLake model with historical climate forcing from 1979 to 2017
for the warming rates of the four lakes. Finally, we used
fractional simulation to attribute the lake warming to
downward shortwave, longwave radiation, surface air temperature, surface pressure, wind speed, and speciﬁc humidity.

■

DATA AND METHODOLOGY
In Situ LSWT Observation Data. Figure 1a shows the
spatial distributions of lakes in the Yangtze River basin, and
most of lakes are located in MLYR. Since the early 2000s,
EXO2Multi-Parameter Water Quality Sonde was installed in
four lakes (Poyang Lake, Liangzi Lake, Chao Lake, and
Donghu Lake) to measure hourly LSWT with an accuracy of
±0.01 °C. Note that the periods of measured LSWT are
diﬀerent across the four lakes, with 9 years in Liangzi Lake and
12−14 years in the other three lakes (Figure 1b−e). Besides
LSWT, the water temperatures at 0.5, 1, and 1.5 m were also
measured in Donghu Lake and showed little stratiﬁcation
(Figure S1). The mean annual/seasonal water depth of the
mixed layer and number of stratiﬁed days for the four lakes
were also recorded (Table S1). At Donghu Lake, daily in situ
climate variables including surface 2-m air temperature (SAT),
downward shortwave radiation (SWdown), surface pressure,
and wind speed covering the period 2005−2017 were collected
to validate the climate forcing used in the FLake model (Figure
S2). The locations of these in situ observation sites generally
stand for the typical water environment for the four large lake.
FLake Model. FLake is a developed bulk model suitable for
use in numerical weather prediction or in climate modeling as
a lake parametrization module due to its low computational
cost,19,20 of which source code was accessed at http://www.
ﬂake.igb-berlin.de/site/download. The FLake model is a onedimensional model based on a parametric representation of the
results of calculating evolving temperature proﬁle, heat ﬂux,
and kinetic energy for the layers in question.21 Thus, FLake
B
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Yangtze River. Overall, the simulated LSWT can match the
seasonal and interannual variability of observed LSWT and
could be used for the trend analysis.
Changes in LSWT. Figure 2 shows the changes in annual
SAT and LSWT at the four lakes from 1979 to 2017. Both

March 2000 to December 2017 with a spatial resolution of 1°
× 1°. We used the corrected SWdown with other ERA-interim
climate variables to run the FLake model. We also investigated
the uncertainty of climate forcing data on the simulated LWST.
The key input parameters to drive the FLake include
latitude, longitude, depth of the thermally active layer of
bottom sediments, mean water depth, light extinction
coeﬃcients, and initial water temperature for each lake
(Table S2). In this study, we used the observed water
temperature to initialize FLake and set the depth of the
thermally active layer of bottom sediments to 80% of the mean
water depth (Table S2). We also tested the depth of the
thermally active layer of bottom sediments for its uncertainty
from 40% to 80% of the mean water depth. For water
transparency, we found the light extinction coeﬃcient for each
lake on a scale of 0.01 to 3 m−1 optimizing minimum root
mean square error (RMSE) between the monthly simulated
and observed water temperature. Before running the model, we
ﬁrst set the initial water temperature on 1 January 1979,
including initial temperature of the upper mixed layer, initial
temperature at the bottom, and initial temperature of the
thermally active layer of the bottom sediments, to the observed
average LSWT in January of the earliest observed year. Then
we did a 20 year spinup with cycled one-year forcing of 1979
and an equilibrium state after the spinup is reached (Table S2).
FLake was driven by the daily climate forcing data over the
period 1979−2017 and output daily water temperature. We
evaluated the simulated daily LSWT with the in situ observed
daily LSWT in the four lakes in the In Situ LSWT Observation
Data section. For the annual and seasonal LSWT trends, we
used linear regression to derive the trend in LSWT and other
climate variables. Here, spring (March, April, and May),
summer (June, July, and August), autumn (September,
October, and November), and winter (December, January,
and February) are the four seasons for the seasonal LSWT
analyses.
To quantify the contribution of change in each climate
variable to trend in LSWT, we conducted one reference
simulation (S1) and six fractional simulations with climate
variables controlled (S2−S7). In the S1 simulation, all climate
variables changed from 1979 to 2017. From S2 to S7, each
fractional simulation with one climate variable trend was
removed by cycling this climate variable in 1979 while keeping
other climate variables changed from 1979 to 2017 (Table S3).
Then the diﬀerences in the trend in LSWT between the S1 and
the S2−S7 simulations are the contribution of the controlled
climate variables in the S2−S7 simulations.

Figure 2. Changes in annual LSWT (blue line) and SAT (red line) at
the four lakes from 1979 to 2017. The trends with 95% conﬁdence
intervals are shown, and * indicates p < 0.05.

SAT and LSWT have a signiﬁcant warming trend at the four
lakes. The four lakes are warming at a rate of 0.26−0.28 °C per
decade, equivalent to 65−76% of the SAT warming rate
(0.36−0.39 °C per decade). Seasonal warming trends in
LSWT at the four lakes from 1979 to 2017 with 95%
conﬁdence intervals are listed in Table 1. The warming trend
in LSWT is largest in spring, followed by autumn with almost
nonsigniﬁcant warming in summer and winter. The LSWT
warming trend is smaller than the SAT warming trend in all
seasons at the four lakes, except spring in Poyang Lake. The
ratio between the LSWT and the SAT warming rates is largest
in spring (74−114%), followed by summer (64−80%) and
autumn (57−72%), and smallest in winter (54−60%).
Attribution of Lake Warming. Figure 3 shows the
contributions of SAT, SWdown, LWdown, U, and SH to the
warming trends in LSWT from 1979 to 2017. Note that the
contribution of SP is too small to display and is not shown in
Figure 3. The annual LSWT warming at the four lakes is
attributed to SAT (36−44%), SWdown (47−52%), LWdown
(1−6%). and SH (5−9%). In general, SAT and SWdown
contribute most to the trend in LSWT in the four seasons. In
spring, the contribution of SWdown (50−64%) to LSWT
warming are larger than that of SAT (31−46%). In the
summer and autumn, SWdown (34−65% in summer and 47−
54% in autumn) and SAT (33−40% in summer and 38−43%
in autumn) also dominate the trends in LSWT. In winter,
increased SAT and SWdown still contribute most of the trends
in LSWT, but the contribution of LWdown (15−25%) is larger
than the other three seasons. Overall, the contribution of
increased SAT and SWdown to annual and seasonal LSWT
warming is larger than 80%. Detailed annual and seasonal
contributions of each climate forcing to the warming trends in
LSWT at the four lakes are listed in Table S4.

■

RESULTS
Evaluation of Simulated LSWT with Observation.
Figure 1 shows the comparison between simulated and
observed daily LSWT for the four lakes. The simulated
LSWT can capture the seasonal cycle of observed LSWT for
the four lakes (R2 = 0.97−0.98). The RMSE between the
monthly simulated and observed LSWT is less than 1.5 °C,
lowest in Liangzi Lake and highest in Chao Lake (Figure S4).
The bias in simulated LSWT is higher in winter (RMSE =
0.8−2.3 °C) and lower in spring (RMSE = 0.7−1.0 °C). We
also compared detrended and deseasonalized simulated and
observed LSWT trend at the four lakes (Figure S5 and S6).
The simulated LSWT capture well the decadal trend in Liangzi
Lake and Donghu Lake (R2 > 0.75), but not for Poyang Lake
and Chao Lake which may be due to water exchange with the
C
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Table 1. Seasonal Warming Trends in LSWT and SAT at the Four Lakes with Their 95% Conﬁdence Intervals
LSWT (°C per decade)
lake
Poyang Lake
Liangzi Lake
Chao Lake
Donghu Lake

spring
0.58
0.51
0.43
0.50

±
±
±
±

0.22a
0.22a
0.21a
0.21a

summer
0.12
0.16
0.22
0.16

±
±
±
±

0.17
0.15a
0.20a
0.17

SAT (°C per decade)

autumn
0.27
0.27
0.22
0.27

±
±
±
±

0.17a
0.16a
0.18a
0.17a

winter
0.23
0.18
0.20
0.19

±
±
±
±

spring

0.23
0.22
0.23
0.22

0.51
0.54
0.58
0.56

±
±
±
±

0.17a
0.21a
0.21a
0.22a

summer
0.16
0.23
0.28
0.25

±
±
±
±

0.18
0.20a
0.23a
0.22a

autumn
0.47
0.38
0.38
0.38

±
±
±
±

0.18a
0.17a
0.18a
0.18a

winter
0.42
0.32
0.36
0.32

±
±
±
±

0.26a
0.25a
0.25a
0.26a

a

Indicates a trend with statistical signiﬁcance (p < 0.05).

Figure 3. Attribution of the trend in annual and seasonal (MAM, JJA, SON, DJF) LSWT from 1979 to 2017 for the four lakes. The individual
eﬀects of changes in surface 2-m air temperature (SAT), downward shortwave radiation (SWdown), downward longwave radiation (LWdown),
surface 10-m U/V wind speed (U), and speciﬁc humidity (SH) on the trends in LSWT were derived from diﬀerence between simulation S1 and
the corresponding simulations S2−S6, respectively (Table S3). Signiﬁcant (p < 0.05) trends are denoted by dots. The black hollow circle and red
hollow diamond indicate the sum of individual contributions of each climate variable and the warming trends under S1 simulation, respectively.

Climate variables that contribute LSWT warming including
SAT, SWdown, LWdown, and SH increased during the period
1979−2017 (Table S5). The signiﬁcant brightening and larger
air temperature warming in spring are the main clues of the
larger LSWT warming in spring than other seasons. Increased/
decreased wind speed generally decrease/increase LSWT
(Figure 3 and Table S5). Note that the warming rate in the
S1 simulation is larger/smaller than the sum of contributions
from each climate variable in diﬀerent seasons, indicating
synergistic/antagonistic interactions between these climate
variables on LSWT warming at these lakes (Figure 3).
Lake Surface Energy Fluxes. We summarized the energy
budgets of the lake surface including upward shortwave
radiation (SWup), SWdown, LWdown, upward longwave
radiation (LWup), sensible heat ﬂux (H), latent heat ﬂux
(LE), heat ﬂux across the water−sediments boundary (Qbot),
radiation ﬂux through the water−bottom sediment interface
(Ibot), and net heat ﬂux (G) between 1979 and 1983 and
2013−2017. The net heat ﬂux (G) is the residual between heat
gains and losses, based on eq 1.

Figure 4. Surface heat budgets with units of W m−2 at Donghu Lake
during the two periods (upper panel for 1979−1983 and lower panel
for 2013−2017). For LSWT, heat gains include the downward
shortwave radiation (SWdown) and downward longwave radiation
(LWdown) while heat losses include the upward shortwave radiation
(SWup), upward longwave radiation (LWup), sensible heat ﬂux (H),
latent heat ﬂux (LE), heat ﬂux across the water−sediments boundary
(Qbot), and radiation ﬂux through the water−bottom sediment
interface (Ibot). G represents the net heat ﬂux, i.e., the residual
between heat gains and losses.

G = SWdown + LWdown − (SWup + LWup + H
+ LE) − Qbot − Ibot

(1)

Figure 4 shows the surface heat budgets between the two
periods 1979−1983 and 2013−2017 for Donghu Lake, and the
other three lakes are shown in Figure S7. Between the two
periods, SWdown and LWdown increased by 2.7 W m−2 and
5.9 W m−2, respectively. This increased incoming energy is
dissipated into Qbot (0.6 W m−2), Ibot (0.1 W m−2), LE (3.3
W m−2), H (−0.6 W m−2), SWup (0.2 W m−2), and LWup
(4.3W m−2), with increased residual of G by 0.5 W m−2 at
Donghu Lake for heating water. At Donghu Lake, annual

LSWT increased from 18.46 to 19.25 °C and lake water gained
9.01 × 106 J m−2 heat between the two periods. In the other
three lakes, annual LSWT increased by 0.70−0.86 °C and lake
water gained 0.80−1.82 × 107 J m−2 heat.
D
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BSDs, aﬀecting phytoplankton phenology.34 By outdoor
enclosure manipulated experiments, besides, Li et al.35
deduced that warmer LSWT in spring may result in earlier
growth of aquatic plant communities, increased phytoplankton
densities, and changed dominance patterns from macrophyte
to algal, which may inﬂuence the dynamics of lake ecosystems.
With low-frequency sampling plus otolith measurements,
warmer water temperatures in spring and growing seasons
lead to earlier reproduction in spring and the extension of the
growing season.15 However, observations for the impacts of
water warming and change in its variability on aquatic
ecosystems are still sparse, and further investigation by lake
ecosystems monitoring and modeling study are needed. On the
other hand, the biological and chemical feedbacks and
dynamics in lakes could aﬀect LSWT which are not included
in the FLake model. For example, algae growth simulated by
water warming could decrease the light attenuation coeﬃcient,
which will consequently slow the warming rate of water.36 The
concentration of colored dissolved organic matter may also
interact with water temperature by the light attenuation
coeﬃcient.37 These complex internal feedbacks and dynamics
could be studied in the future by other model coupled physical,
chemical, and biological processes in lakes.
In this study, the depths of the four lakes are constant
without seasonal and interannual variation in the FLake model
(Table S2). Actually, this is almost the situation for Donghu
Lake, but not for Poyang Lake, the depth of which is regulated
by humans with the water level of the Yangtze River.38 The
variation of lake depth may bias the simulated seasonality of
LSWT but bias less the trend of LSWT if there is little trend in
lake water depth at Poyang Lake.38 Intralake heterogeneity
shows the largest trend in LSWT at the deepest location.39
This indicates bias in the simulated trend of LSWT if there is a
strong trend in lake water depth. The long-term lake depth
data are needed for assessing the impacts of variation in lake
depth on the trend of LSWT at the lakes with strong
seasonality and/or trend of lake water depth. In addition,
locating downstream of the Yangtze River, Poyang Lake is
connected to the Yangtze River and has water exchange with
the Yangtze River (e.g., Hu et al., 2007).40 Lake Chao has a
water transfer project from the Yangtze River.41 The water
exchange which is not included in the FLake simulations may
bias the simulated trend that is conﬁrmed by worse
performance of FLake on the trend in LSWT at Poyang
Lake and Chao Lake than Donghu Lake (Figure S6).
Meanwhile, the constant extinction coeﬃcient of water
transparency used in this study may also bias the simulated
trend in LSWT, but this bias would be negligible when the
extinction coeﬃcient is larger than 0.5 m−1.37 With FLake,
Heiskanen et al.37 found neither seasonal diﬀerence in water
temperature nor diﬀerence in lake surface turbulent ﬂuxes
between simulations with constant and time-dependent
extinction coeﬃcient (varied between 0.5 and 0.7 m−1). The
extinction coeﬃcient of lakes in this study is 0.6−1.8 m−1, so
the time dependency on the extinction coeﬃcient has limited
eﬀects on the simulated trend of LSWT in this study. However,
if the water becomes clearer in the future, especially to less
than 0.5 m−1, the trend of the extinction coeﬃcient should be
taken into account in the LSWT trend analysis. In addition, the
ratio between depth of the thermally active layer of bottom
sediments and lake depth was set from 0.4 to 0.8, and RMSE
between simulated and observed monthly LSWT only changed
by less than 2% (Table S6). This indicates that the trend in

DISCUSSION
Our results show annual LSWT is warming at a rate of 0.26−
0.28 °C per decade at the four lakes in MLYR, which is 65−
76% of the increase in SAT. The ratio in warming rates
between LSWT and SAT at three lakes (except Chao Lake
with a ratio of 65%) have fallen in the range of the predicted
ratio of increase in equilibrium LSWT to increase in air
temperature (70−85%).26 Both the warming rate of LSWT
and the ratio in warming rate between LSWT and SAT at the
four lakes are smaller than those in deeper Lake Zurich in
Central Europe and other deeper lakes in temperate and boreal
regions (max depth ≥ 21 m).7,27 The smaller ratio in the
warming rate between LSWT and SAT at the four lakes in
MLYR could be related to ice-free and shallow lake depth
shortening/inhibiting stratiﬁcation.7
The diﬀerences of the trend in annual LSWT between the
four lakes are slight (7%) and not signiﬁcant (p > 0.2), but the
spatial variation of the trend in seasonal LSWT reaches 20%−
30% (Table 1). This spatial variation between the four lakes
can be attributed to the changes in the climate variables and
sensitivity of LSWT to climate (Tables S4 and S5). Donghu
Lake is ∼40 km away from Liangzi Lake, and similar annual
and seasonal trends in LSWT are found in these two lakes due
to similar climate changes (Tables 1 and S5). Among the four
lakes, Poyang Lake has the largest brightening trend in spring
(6.28 W m−2 per decade) and the highest ratio between trends
in LSWT and SAT (114%). In contrast, Chao Lake has the
smallest spring brightening trend (4.25 W m−2 per decade) as
well as the lowest ratio between the trend in LSWT and SAT
(74%). Furthermore, the smallest (largest) light extinction
coeﬃcient in Poyang Lake (Chao Lake) also enhances
(alleviate) the LSWT warming rate in spring. While in
summer, Poyang Lake has the smallest LSWT trend due to
the lowest increased trend in SAT and SWdown (Table S5). In
autumn and winter, the diﬀerences in LSWT trend between
the four lakes are also related to diﬀerent trends in SAT and
SWdown. In addition, the stratiﬁcation in spring and summer
in the three lakes (except Donghu Lake) may contribute to the
diﬀerences in LSWT trend.
Among the four seasons, the LSWT warming rate is largest
in spring due to the larger SAT warming rate and SWdown
brightening rate at the four lakes. Spring brightening is much
larger (4−6 W m−2 per decade) than in the other three
seasons, and this largest brightening in spring explains the
highest ratio between the trend in spring LSWT and the SAT
warming rate, because more light penetrated into water can
amplify the rate of LSWT warming due to surface air
warming.26 Similarly, by analyzing 50 years of LSWT records
from 1961 to 2010 in 20 Central European Lakes, Woolway et
al. found the largest warming trend in LSWT in spring (0.47
°C per decade) and in summer (0.46 °C per decade).28 In
Lake Zurich, ∼60% of this spring LSWT warming is attributed
to SAT warming and ∼40% to increased SWdown.27 On the
one hand, warmer water with more light availability could
trigger or intensify cyanobacteria blooms, especially in Chao
lake where the eutrophication is severe.29−31 The extended
cyanobacteria blooms can probably deteriorate the water
quality with respect to cyanobacteria toxins and oﬀ-ﬂavor
problems, leading to higher heath risk or even social panic.32,33
Investigation on Taihu Lake indicates that spring water
temperature and air temperature have negative correlations
with bloom start dates (BSDs) and are the key predictors of
E
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LSWT is nonsensitive to the depth of the thermally active layer
of the bottom sediment at the four lakes.
The interactions between the climate variables on LSWT
warming seems 1 order of magnitude smaller than that of
climate variables (Figure 3) but may be important for some
highly coupled variables. For example, LWdown strongly
correlates with SAT. To test the interaction between LWdown
and SAT, removing the trend of both SAT and LWdown
together, we found the impact of interaction between SAT and
LWdown on the trend in annual LSWT could be negligible in
the four lakes but could cause overestimation of contribution
to the trend in seasonal LSWT in this study (Figure S8). The
speciﬁc interactions between two or more climate variables on
LSWT warming are worth further study.
SWdown has a signiﬁcant impact on LSWT, and the
brightening trend since the 1980s over MYLR is veriﬁed by
several radiation data sets which show a trough of SWdown
during the 1980s,42,43 although there is large uncertainty of
SWdown in China.43 Our study shows that brightening/
dimming could amplify/inhibit the warming of a shallow lake
in MLYR. The lake warming from brightening is also found in
central Europe,27 which corresponds to the period after the
clean air act in Europe. China had the dimming trend during
1952−1980, but southern China reversed to a brightening
trend since 1994, and northern China still had the dimming
trend until 2010.42 The clean air act in China (People’s
Republic of China Air Pollution Prevention Law in 2015)
during the past decade and the next few decades could get a
brightening trend in China. How this brightening trend in
China plus surface air warming in the next few decades amplify
the lake warming in China is worth further detailed and
quantiﬁed investigation. Furthermore, the confounding eﬀects
of brightening and warming on algae blooms and other
physical and biological processes in China should be further
investigated and will be helpful for policy related to
sustainability of lakes.
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