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As an important ecological environmental factor, the lake water surface
temperature (LSWT) has an important impact on the ecological diversity of
lakes and watersheds. With the acceleration of urbanization in China, the impact
of urban expansion on LSWT can not be ignored. In this study, we introduced
the spatial influence(G) equation, selected MOD11A2, impervious surface (IS),
digital elevation model (DEM) and Landsat series remote sensing images as data
sources, and took six lakes with rapid urban expansion in China as the empirical
research object to explore the variation characteristics of urban expansion and
LSWT in six lake watersheds and the spatial influence of urban expansion on
LSWT. Finally, the following conclusions can be drawn: The results show that 1)
The IS in the six watersheds all experienced significant expansion, with an
increase of 1.80-3.91 times. 2) From the annual average LSWT from 2001 to
2018, only Poyang Lake's LSWT-night shows a cooling trend, while other lakes,
whether LSWT-day or LSWT-night, show a warming trend. 3) G is used to
comprehensively consider the area change of IS in the watershed, the influence
of distance and the change of lake area, which can quantify the impact of IS on
LSWT, so as to further explain and describe the spatial influence process and
characteristics of IS expansion on LSWT.

KEYWORDS

impervious surface, lake surface water temperature, urban expansion, spatial
influence, watershed

1 Introduction

As an important factor affecting the lake ecological environment (Woolway et al., 2016;
Huang et al,, 2021; Yu et al,, 2021), lake surface water temperature (LSWT) directly reflects
material and energy exchange processes at the water-air interface (Woolway et al., 2016;
Huang et al,, 2021). Previous studies have shown that the LSWT in most regions of the
world has shown a warming trend in recent decades, and the warming trend is different in
different regions (Sharma et al., 2015; Kainz et al., 2017). O'Reilly et al. (2015) conducted a
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statistical analysis of global lake ecological environmental factors
from 1985 to 2009 and found that the average rate of temperature
increase of the global LSWT in summer reached 0.34 °C/decade.
Other authors have made similar findings regarding the lakes on
the Qinghai-Tibet Plateau and the Great Lakes and have concluded
that the LSWT of the Great Lakes will rise significantly
(Trumpickas et al,, 2009; Wan et al,, 2018). Changes in LSWT
will affect lake ecology, biogeochemical processes and lake
biological communities. For example, the research results of
Oglu et al. (2020) on fourth largest lake in Europe show that
the continuous warming of LSWT in winter and the change of ice
cover phenology are expected to be crucial to the function of the
lake ecosystem and its impact on the lake biota, especially for
temperature sensitive fish. The research results of Mushtaq et al.
(2021) show that the LSWT are important reasons for the outbreak
of water blooms. In addition, the research results of Yang et al.
(2018) on Dianchi Lake also show that the LSWT was closely
related to several water quality parameters, and the LSWT was
highly related to the characteristics of the ecosystem and the level
of biodiversity in the watershed. Compared with other
environmental factors, the LSWT is affected by many factors.
First, the LSWT is sensitive to climate change (Woolway and
Merchant, 2018; Huang et al, 2021), so the changes of
temperature, pressure, solar radiation, cloud cover, and wind
speed will affect the LSWT (Yang et al., 2020b; Woolway et al.,
2020). Moreover, the number of people, IS and the morphological
characteristics, water color and transparency of the lake itself will
also affect the LSWT (Houser, 2006; Ptak et al., 2018; Yang et al.,
2019b; Yu et al., 2020).

Because of the importance of LSWT, many authors have
been attracted to study it, and the data used are also different,
mainly including measured data, simulation through models
and remote sensing data retrieval. Most in situ measured data
at this stage are used to verify the datasets of remote sensing
retrieval or the datasets of model simulation. From the point of
view of model simulation, authors have developed several
simulation models of LSWT or have improved the original
model to simulate LSWT (Ngai et al., 2013; Piccolroaz et al,,
2013; Layden et al.,, 2016), some of which can achieve better
results in simulating and predicting LSWT (Heddam et al.,
20205 Zhu et al.,, 2020; Huang et al., 2021). For the retrieval of
remote sensing data, different remote sensing sensors are used,
including the advanced very high-resolution radiometer
(AVHRR) (Riffler et al., 2015; Lieberherr and Wunderle,
2018) and medium-imaging spectral radiometer, and the
retrieved LSWT has a long-term robustness in different

scenarios. MODIS surface temperature data products
have become a more commonly used data source because
of  their  high-temporal and  spatial  resolution,

which can also meet the monitoring of spatiotemporal
characteristics of large and mesoscale LSWT (Liu et al,
2015; Pareeth et al., 2016; Liu et al., 2019; Luo et al., 2019b;
Yang et al., 2021b).

Frontiers in Environmental Science

02

10.3389/fenvs.2022.991502

As we mentioned in the first paragraph, the IS is one of the
factors affecting the LSWT, and the change of the IS in the
watershed will have an important impact on the LSWT (Yang
et al., 2019). With the acceleration of urbanization in China, as
the main manifestation of urbanization (Luo et al., 2018), the
impact of the expansion of IS on the LSWT cannot be ignored.
According to data from China’s seventh census, the number of
people living in urban areas in regard to the country’s population
reached 902 million, accounting for 63.9% of the total population
(https://data.stats.gov.cn/easyquery.htm?cn=C01&zb=
A0301&sj=2020). Moreover, from 1981 to 2018, the average
growth rate of China’s construction land area reached 5.90%
(Zhou et al,, 2021). At the same time, predictions from related
studies have indicated that China’s urbanization rate will reach
approximately 75% by 2050 (Gu et al., 2017). In the world, it is
estimated that 68% of the world’s population will live in cities by
2050 (Zhao et al., 2021). The massive influx of people into cities
will aggravate the urban heat island effect and the negative
impact of the thermal environment (Yang et al, 2019; He
et al,, 2021; Xie et al,, 2022; Yu et al,, 2022), and urban heat
island is a common problem in almost all Chinese cities (FHe et al.,
2022). Therefore, urban expansion has gradually become a topic
of increasing concern among the factors affecting the LSWT.
Previous studies have shown that there are significant differences
in land surface temperature between green surface and IS. The
land surface temperature of IS is 5-10°C higher than that of green
surface (Soydan, 2020). The research results of other authors also
show that the impact of public service facilities and residential
land on urban thermal environment is greater than that of green
space (Chen et al., 2022). The land surface temperature in the
built-up area is also significantly higher than the natural surface
temperature (Ren et al., 2022), and the land surface temperature
is positively correlated with the building area (Yang et al., 2021).
Moreover, the research results of Zhou et al. (2022) also show
that with the increase in the spatial level of the urban thermal
environment and the contribution from is IS is also increasing,
and the landscape indicators related to is at the regional level of
the entire urban heat island contribute the most to the surface
temperature. Urban expansion mainly affects the LSWT by
increasing the near surface temperature and through thermal
runoff. In the absence of precipitation, IS will have a positive
impact on urban near surface air temperature, He et al. (2013)
taking the urban expansion around the meteorological station as
the research object, it was found that every 10% increase in the
cities within 1 km around the meteorological station would lead
to an increase of 0.13°C in the air temperature record. When a
precipitation event occurs, the underlying surface of the city will
transfer heat to the runoff in the form of convection, which will
increase the temperature of the runoff (Thompson et al., 2008; Li
et al, 2019; Luo et al, 2019). If the impervious surface area
coverage rate (ISACR) in the catchment area increases from 20%
to 50%, the runoff temperature will increase by 3°C (Sabouri et al.,
2013). Every 1% increase in the proportion of IS in the watershed
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in summer will cause the runoff temperature to rise by 0.09°C
(Galli, 1990; Janke et al., 2009; Sabouri et al., 2013). Therefore, in
the process of urbanization, whether the warming of near surface
temperature or the warming of runoff will ultimately directly or
indirectly affect the LSWT. However, as far as the current
research is concerned, because the spatial relationship between
IS and lake is different from other influencing factors of LSWT,
which makes it difficult to study the impact of urban expansion
on IS. Taking air temperature as an example, the lake surface is in
direct contact with the air, resulting in energy exchange, which
directly affects LSWT. However, in most cases, there is a certain
distance between IS and the lake, so the impact of IS on the LSWT
is more indirect. For example, urban expansion leads to the
warming of near surface air, and then transfers heat to the lake.
Another effect is that the thermal runoff generated by is during
rainfall eventually converges into the lake, thus affecting the
LSWT. This indirect effect makes it more difficult to study the
impact of urban expansion on the LSWT. According to our
understanding, the existing studies do not consider the
characteristics that the impact of is on LSWT decreases with
the increase of distance, nor the impact of the spatial distribution
of is in the watershed on LSWT. Therefore, at present, no scholar
has comprehensively considered the impact of urban expansion
on LSWT from the perspective of the spatial distribution of is, the
distance between IS and the lake, and the lake area. In addition, in
the existing studies, some authors only put the IS and other
influencing factors together to study the impact of these factors
on LSWT (Yang et al., 2019), rarely analyze the impact of urban
IS expansion on LSWT alone, and most of the analysis methods
are simple correlation analysis (Yang et al., 2021¢). Therefore, in
order to explore the impact mechanism of IS expansion on
LSWT in the watershed, we selected Dianchi Lake (DCL),
Poyanghu Lake (PYHL), Chaohu Lake (CHL), Dongtinghu
Lake (DTHL), Hongzehu Lake (HZHL) and Taihu Lake
(THL) as the study area, and used G to quantify the impact
of IS expansion on LSWT in the watershed, the spatial impacts
of IS characteristics on LSWT in six lake watersheds were
discussed.

Previous studies have proved that the IS is an important
factor affecting the LSWT. Therefore, our research purpose is
not to prove that the IS will affect LSWT again, nor to calculate
the specific temperature increase value of the IS to LSWT. The
purpose of this paper is to take six lakes with rapid urban
expansion in China as the object of empirical research. By
discussing the spatial impact of urban expansion on LSWT in
these six lake watersheds, it is proved that G can be used to
measure the impact of urban expansion on LSWT in the
watershed, so as to further provide reference for ecological
environment protection, watershed governance and urban
planning. The final results show that based on the sub-
watershed scale, the spatial influence equation considering
the impervious surface area (ISA), distance and Lake area can
better quantify the impact of urban expansion on LSWT in the
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watershed, and explain the inconsistency between the growth
rate of IS and that of LSWT.

The remainder of this paper is organized as follows. Section 2
introduces the study area, data sources, methods of calculating
spatial influence and data processing methods. Section 3
introduces the change characteristics of IS, the change
characteristics of LSWT, the spatial impact of IS on LSWT,
and the correlation between G and LSWT. Section 4 discusses
the impact of urban expansion in the watershed on the LSWT,
the inconsistency between the expansion rate of IS and the
change rate of LSWT, and the availability of G to quantify the
impact of urban expansion on the LSWT. Section 5 provides
conclusions.

2 Materials and methods

2.1 Study area

This study selected six lakes with rapid urbanization in the
watershed as the study area, and the locations of the six lakes and
the watershed are shown in Figure 1. With the rapid development
of China’s economy, the ISA of these lake watersheds has
increased rapidly in recent decades. According to our
statistics, from 2001 to 2018, the ISA in the six lake
watersheds increased by at least 1.80 times, and the ISA in the
THL watershed increased by 3.91 times (See Figure 2 and
Supplementary Appendix Table SA2 for details). Studying the
changes in IS in these lake watersheds and their effects on LSWT
is of great significance to the protection of the aquatic ecological
environment of these lakes and the planning of cities in the
watershed.

2.2 Data source

The data used in this study include the LSWT, watershed
boundary, lake boundary of six lakes, and IS data in the six
Watershed boundaries
boundaries are directly extracted from the SWAT model
based on DEM data. LSWT is an 8-days synthetic product
with a resolution of 1 km, extracted from MODIS/Terra LST
level 3 MODI11A2 images. We downloaded all images from
2001 to 2018 from NASA’s Earth Observation System Data
and Information System (EOSDIS, https://earthdata.nasa.
gov). The lake boundary used to clip the LSWT is
extracted from the Landsat series of remote sensing

watersheds. and sub-watershed

images, which are downloaded from the official website of
the United States Geological Survey (USGS, https://
earthexplorer.usgs.gov/).For the of remote
sensing image time, we try to choose the remote sensing

selection

image of the current year. If there is an image missing, we
choose the remote sensing image of the latest year. At the
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FIGURE 1
Location of the study area.

same time, in order to avoid the extraction error of LSWT
caused by the lake boundary as much as possible, we try to
choose remote sensing images of the same or similar months
in a year. IS data is a data set established by Gong Peng’s team
at Tsinghua University. This data set provides China’s IS data
from 1985 to 2018 years by year, and the spatial resolution of
this data is 30 m. We downloaded the data from 2001 to
2018 from http://data.ess.tshughua.edu.cn. DEM data are
downloaded from the geospatial data cloud platform
(https://www.gscloud.cn/).

2.3 Research methods

2.3.1 Spatial influence analysis

G is used to measure the strength or influence of interaction
between two geographic areas that are not adjacent to each
other (Fotheringham, 1981; Yang et al., 2020a). Among them,
the distance-decay model is a multidisciplinary research topic
that both natural sciences and social sciences utilize, and it is
also a research hotspot in environmental sciences (Osth et al.,
2016; Clark et al., 2021). To quantify the impact of the IS in the
lake watershed on LSWT, we introduce the spatial influence
equation.

Gij =k x w; x w; xf(d,-,j) (1)

In Eq. 1, G;; represents the interaction strength between two
geographic objects that are not adjacent to each other and G is
dimensionless, k is a constant term, w; and w; are the volume of
geographic objects, and f(d) represents the distance-decay
function. At present, the most commonly used distance decay
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functions are the exponential decay function, power-law decay
function and Gaussian decay function. Among them, the power-
law decay function is scale-free, which is more suitable for large-
scale interaction problems and at the same time conforms to the
first law of geography (Yang et al., 2020a). Eq. 1 is simplified to
get the following Equation:

@
3)

Gizwiijxd’z
G =)G;

In Eq. 2, G; represents the spatial influence of the IS in the
sub-watershed, w; represents the ISA in the sub-watershed, w;
represents the area of the lake (In this paper, in order to
facilitate the comparison between six lakes, we standardize
the area of six lakes to less than 10), and d represents the
shortest distance from the sub-watershed to the lake, where we
calculate the shortest distance from the centroid of the sub-
watershed to the lake. In Eq. 3, G, represents the sum of the G of
the sub-watershed.

2.3.2 Lake boundary extraction

In order to ensure the accuracy of extracting the LSWT
using the lake boundary as much as possible, we select Landsat
series remote sensing data with high spatial-temporal
resolution as the data source (see Supplementary Appendix
Table SA1 in the Appendix for the details of the selected
remote sensing images). The normalized water index (NDWT),
revised normalized water body index (RNDWTI),
enhanced water index (EWI) are used to extract the
lake the lake
with the highest accuracy are selected according to
different lakes.

and

boundary. Finally, boundary results
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2.3.3 Lake water surface temperature extraction
and missing value interpolation method

The selected lakes are all located in the subtropical monsoon
region, and the summer is a rainy season. Therefore, the data of
LSWT is inevitably polluted by clouds, resulting in the lack of
data. Therefore, for the downloaded MOD11A2 images, we first
perform batch projection on the data and convert them to Geo
Tiff format and then use the lake boundary to batch clip them to
obtain the LSWT data of each lake. Then, we set a threshold of
10% for the preprocessed data, eliminate the images with a
missing ratio greater than 10%, use the 8 days before and
after image interpolation instead. In this paper, the research
scale of LSWT includes six Lake seasonal and annual scale data.
Since MODI11A2 data is 8-days resolution LSWT data, it is
necessary to synthesize the data. Therefore, for the 8-days
resolution MODI11A2 data that has been pretreated by
interpolation, We use the raster calculator in the ArcGIS
5.2 platform to add them one by one, and finally calculate the
seasonal and annual average. Finally, the brightness temperature
of the MODI11A2 image is converted into degrees Celsius ("C).

2.3.4 Watershed boundary extraction

The DEM data with 30-m resolution in China were used to
extract the sub-watersheds of six lakes using SWAT model after
preprocessing. Total watershed boundaries are obtained by
(See
Appendix results and Supplementary Appendix Figure SA15

merging sub-watershed boundaries Supplementary

for sub-watershed extraction results).

2.3.5 Trend analysis and correlation analysis

The variation trend of IS and LSWT in the watershed is
calculated with a linear regression equation, and the significance
test is carried out. In addition, the Pearson correlation coefficient
is used for the correlation test in this paper.

3 Results

3.1 Expansion characteristics of
impervious surface

From 2001 to 2018, the ISA in the six lake watersheds has
increased significantly, as shown in Figure 2 and Supplementary
Appendix Table SA2. In the watersheds of the six lakes, THL
(3.91 times) had the highest growth multiple of IS from 2001 to
2018, followed by DTHL (3.59 times), PYHL (3.48 times), DCL
(2.5 times), CHL (2.16 times) and HZHL (1.80 times). In terms of
growth rate, HZHL (5,192.73 km®/decade) has the fastest growth
rate, followed by THL (4,945.96 km*/decade), DTHL (1,668.55 km?/
decade), PYHL (1,382.26 km*/decade), CHL (473.34 km?/decade)
and DCL (237.29 km*/decade). From Supplementary Appendix
Figures SA1-6 in the Appendix, it can be seen that the IS in the
six lake watersheds changes year by year. Before 2001, the IS in the

Frontiers in Environmental Science

05

10.3389/fenvs.2022.991502

DCL watershed was mainly distributed in the main urban area of
Kunming on the North Bank of DCL. Over time, it mainly expanded
outward from the main urban area of Kunming and southward
along the east bank of DCL. The IS in PYHL, DTHL and HZHL
watersheds is scattered, and it has expanded outward in the original
IS distribution area since 2001. The IS of CHL watershed is mainly
distributed in Hefei City on the northwest bank of CHL. It has
expanded from the center of Hefei since 2001 to the northwest coast
of CHL by 2018. The THL watershed experienced significant growth
in the whole watershed from 2001 to 2018.

3.2 The characteristics of lake surface
water temperature changes.

3.2.1 Annual variation characteristics of lake
surface water temperature

From Figure 3 and Supplementary Appendix Table SA3, we
can see the annual changes of LSWT from 2001 to 2018, the
LSWT of the six lakes showed an overall warming trend, but the
warming rate of each lake was different, and the LSWT-day of all
lakes showed a warming trend, with an average warming rate of
0.24 °C/decade. At night, only PYHL showed a cooling trend
(-0.03°C/decade), and the other lakes showed a warming trend,
with an average warming rate of 0.35°C/decade.

According to the warming rate of the LSWT-day of the six
lakes, the fastest warming rate was in CHL (0.41°C/decade), and
the slowest warming rate was in PYHL (0.10°C/decade). From the
LSWT-night of the six lakes, HZHL (0.55°C/decade) had the
fastest warming rate, and DTHL (0.25°C/decade) had the slowest

warming rate.

3.2.1 The seasonal variation characteristics of
lake surface water temperature

From Figure 3 and Supplementary Appendix Table SA3, we
can see the seasonal variation of LSWT from 2001 to 2018, the
LSWT-day of the six lakes showed a warming trend in spring, the
fastest warming rate was in THL (0.72°C/decade), and the slowest
was in PYHL (0.15°C/decade), and the average warming rate of the
six lakes in spring was 0.40°C/decade. Judging from the LSWT-day
of the six lakes in summer, only DCL had a cooling trend (—0.24°C/
decade), and the fastest warming rate among the other five lakes
was in THL (0.48°C/decade), while the slowest warming rate was in
HZHL (0.22°C/decade), and the average warming rate of these five
lakes was 0.39°C/decade. Judging from the LSWT-day of the six
lakes in autumn, there were three lakes showing a warming trend,
namely, DCL (0.51°C/decade), PYHL (0.31°C/decade) and CHL
(0.09°C/decade), while DTHL (-0.08°C/decade), HZHL (-0.24°C/
decade), and THL (-0.07°C/decade) showed a cooling trend.
Judging from the variation characteristics of the LSWT-day of
the six lakes in winter, only PYHL showed a cooling trend
(-0.32°C/decade), and the other five lakes showed a warming
trend, of which the fastest warming rate was DTHL (0.51°C/
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decade), the slowest warming rate was DCL (0.03°C/decade), and
the average warming rate of these lakes was 0.27°C/decade.
From the variation characteristics of the LSWT-night of six
lakes in spring, only PYHL showed a cooling trend (-0.54°C/
decade), and the other five lakes showed a warming trend.
Among the five lakes, HZHL had the fastest warming rate
(0.98°C/decade), and DCL had the slowest warming rate
(0.24°C/decade), while the average warming rate of the five
lakes was 0.56°C/decade. Judging from the LSWT-night of the
six lakes in summer, all six lakes showed a warming trend; the
fastest warming rate was in THL (0.58°C/decade), and the slowest
warming rate was in DCL (0.06°C/decade). The average warming
rate of these lakes was 0.27°C/decade. Judging from the changing
characteristics of the LSWT-night of the six lakes in autumn, only
PYHL showed a cooling trend (—0.29°C/decade), and the other
five lakes showed a warming trend, of which the fastest warming
rate was in DCL (0.64°C/decade), the slowest warming rate was in
THL (0.01°C/decade), and the average warming rate of these five
lakes 0.24°C/decade. the
characteristics of the LSWT-night of the six lakes in winter,

was Judging from changing
the six lakes all showed a warming trend; the fastest warming rate
was in HZHL (0.60°C/decade), and the slowest warming rate was
in CHL (0.04°C/decade). The average warming rate of the six

lakes was 0.28°C/decade.

3.3 Spatial influence of impervious surface
on lake surface water temperature.

Figure 4 shows the change of G value of IS on LSWT over
time in six lake watersheds. It can be seen from the figure that the
G value of the six lakes generally shows an upward trend, which is
similar to the growth of ISA. The growth rate of the G value of the
six lakes accelerated after 2011 and began to slow down in 2016.
The decrease of G value of HZHL and DTHL after 2017 is due to
the change of lake boundary. See Supplementary Appendix
Figures SA7-12 in the Appendix for details of spatio-temporal
changes of G value of the six Lake sub-watersheds.

3.4 Correlation between G and lake
surface water temperature.

Figure 5 shows the correlation of G with the annual average
LSWT and seasonal LSWT. From the perspective of the
correlation between the average annual LSWT-day and G, the
highest correlation was in CHL (0.47), and the lowest correlation
was in HZHL (-0.02). According to the correlation between the
annual average LSWT-night and the G, the highest was in DCL
(0.56), and the lowest was in PYHL (-0.07).

From the perspective of LSWT-day and G in each season, the
highest correlation between LSWT-day and G in spring was in
THL (0.46), and the lowest was in DTHL (-0.06). From the
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perspective of summer, the highest correlation was in THL
(0.44), and the lowest correlation was in DTHL (-0.26). From
the perspective of autumn, the highest correlation was in DCL
(0.40), and the lowest correlation was in HZHL (—0.18). From the
perspective of winter, the highest correlation was in DCL (0.45),
and the lowest correlation was in HZHL (-0.23).

From the perspective of LSWT-night and G in each season,
the highest correlation between LSWT-night and G in spring was
in HZHL (0.47), and the lowest was in PYHL (-0.37). From the
perspective of summer, the highest correlation was in THL
(0.36), and the lowest correlation was in DTHL (-0.12). From
the perspective of autumn, the highest correlation was in DCL
(0.66), and the lowest correlation was in PYHL (-0.17). From the
perspective of winter, the highest correlation was in DTHL
(0.27), and the lowest correlation was in CHL (0.04).

4 Discussion

4.1 The impact of impervious surface
expansion in the watersheds on lake
surface water temperature

The expansion of IS in the watersheds will have an important
impact on the aquatic ecological environment of the lakes (Yang
et al,, 2018). In the introduction, we have mentioned that every
10% increase in cities within 1km around the meteorological
station will lead to a 0.13°C increase in temperature records (He
et al.,, 2013). In addition, when the ISACR increased from 20% to
50%, the surface runoff temperature increased by 3°C, which
could have had a direct warming effect on LSWT (Sabouri et al.,
2013). Every 1% increase in the proportion of IS in the watershed
in summer will cause the runoff temperature to rise by 0.09°C
(Galli, 1990; Janke et al., 2009; Sabouri et al., 2013). The increase
of near surface temperature and thermal runoff of IS will
eventually act on the lake, making LSWT rise. Therefore, we
have made statistics on the ISACR in each sub-watershed (see
Supplementary Appendix Table SA4 for details). By 2018, the
ISACR of 15 sub-watersheds of DCL, 1 of PYHL, 6 of CHL and
58 sub-watersheds of THL has exceeded 20%. Among the sub-
watersheds with ISACR of more than 50%, there are 4 in DCL
and 16 in THL. Except for PYHL, DTHL and HZHL watersheds,
the ISACR of their sub-watersheds has increased slowly due to
their large watershed area, most sub-watersheds of the other
three lakes have experienced significant growth. The increase of
IS in these watersheds will eventually have a warming effect on
LSWT of the lake directly or indirectly. In addition, it can be seen
from Supplementary Appendix Figure SA14 of the Appendix that
the increment of IS in each year shows an upward trend in the
increment of ISA of all lakes before 2015, but the increment of
ISA has decreased since 2016, especially in 2017 and 2018, the
increment of its area has remained at a low level. Such a situation
will slow down the warming rate of the LSWT to a certain extent,
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Temporal and spatial changes in IS in the watersheds. Note: In the above picture, the left picture represents the temporal and spatial changes in

IS in the six lake watersheds, and the fan-shaped values on the right represent the ISA and ISACR in the corresponding year. The inner side is the ISA, in
square kilometers (km?), and the outer side is the ISACR, in %. The arrows and numbers at the bottom of the pie chart indicate the growth rate of IS.
The change in the size of the sector also shows the rate of change of the ISA. Significance level: p < 0.001 (***).

and will also be beneficial to the protection of the aquatic
ecological environment of the lake.

4.2 The influence of watershed
characteristics and impervious surface
distribution characteristics on lake surface
water temperature

We have made statistics on the changes of ISA and ISACR of
six lakes, as shown in Figure 2; Supplementary Appendix Table
SA2. After comparing the growth rate of ISA and ISACR of the
six lakes with the warming rate of LSWT of the six lakes, it was
found that the growth of ISA or ISACR was not completely
consistent with the warming rate of LSWT. From the perspective
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of CHL, the growth rate of ISA in CHL watershed is only
473.34 km’/decade, and the ISACR has only increased from
4.83% to 10.44%. However, from the perspective of the
warming rate of LSWT, the LSWT of CHL has a high
warming rate, especially in spring, the warming rates during
the day and at night are 0.69°C/decade and 0.78°C/decade
respectively. In contrast, the growth rate of ISA in THL
watershed is 4,945.56 km?*/decade, while the ISA increases
from 8.06% to 31.57%, but the warming rate of LSWT of the
two lakes is similar. In addition, although the ISA of DTHL and
PYHL has a growth rate of 1,668.55km?*/decade and
1,382.26 km®/decade, respectively, the LSWT of PYHL and
DTHL is not as fast as that of CHL, while the ISA of HZHL
has the fastest growth rate of 5,192.73 km?/decade, but LSWT of
HZHL is not significantly higher than that of the other five lakes,
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It also shows that only considering the change of ISA in the
watershed will enlarge or reduce the impact of urban expansion
on LSWT. This phenomenon can be explained by quantifying the
impact of urban expansion on LSWT through G and combining
the watershed characteristics of each lake, the distribution of IS in
the watershed and the lake area.

As for CHL, it can be seen from Supplementary Appendix
Figure SA10; Supplementary Appendix Table SA5 the two sub-
watersheds with the largest G value for CHL are located on the north
bank and south bank of CHL respectively. The sub-watershed on
the north bank is the area with the most dense IS distribution in
CHL watershed. Although the ISA of the sub-watershed on the
south bank is small, the centroid of the sub-watershed is close to the
lake, making its G value to CHL larger. According to the statistics of
ISA in the sub-watershed on the north bank, from 2001 to 2018, the
ISA in the watershed increased from 64.82 to 175.6 km?, and the
proportion of ISA in the total ISA increased from 10.11% to 12.66%.
In addition, previous studies have shown that the temperature of
surface thermal runoff will decrease with the increase of distance
(Hathaway et al., 2016). This sub-watershed is directly adjacent to
CHL. The heat runoff with increased temperature due to IS is
discharged into CHL without too much heat consumption. The
warming of near surface temperature will also significantly warm
CHL, making the ISA in CHL watershed grow slower than that of
other lakes, However, the LSWT of CHL increased rapidly.

For THL, it can be seen from Supplementary Appendix
Figure SA12; Supplementary Appendix Table SA5 that the
sub-watersheds with large G values are located along the
THL. According to the statistics of the IS of the coastal sub-
watersheds, from 2001 to 2018, the ISA increased from 373.75 to
1,425.64 km’, the proportion in the total ISA ranges from
14.24 to 13.87%. Therefore, it has a great impact on LSWT of
THL. However, there are two main reasons why the LSWT of
THL is not significantly higher than that of CHL. The first reason
is that THL has a large lake area (as can be seen in Supplementary
Appendix Table SAT), because larger lakes have a better ability to
regulate the water temperature (Song et al., 2016). Second, the IS
in the THL watershed is mainly distributed in the downstream of
THL (as can be seen from Supplementary Appendix Figure SA6;
Supplementary Appendix Figure SA13). By 2018, the ISA in these
watersheds has reached 6,659.21 km’, accounting for 64.80% of
the total ISA. This part of IS only affects LSWT of the lake by
increasing the near surface temperature.

For HZHL, the growth rate of ISA in the watershed is the
fastest among the six lakes. The G value of each sub-watershed
can be seen from Supplementary Appendix Figure SAll;
Supplementary Appendix Table SA5. We have made statistics
on the ISA in the three sub-watersheds with the largest G value.
As of 2018, its area is 1,047.49 km?, accounting for only 5.77% of
the total ISA. The IS of other sub-watersheds has little impact on
the LSWT due to the long distance. Therefore, despite the rapid
growth of ISA, the warming of LSWT is not significantly higher
than that of lake.
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For PYHL and DTHL, the G values of each sub-watershed of
PYHL and DTHL can be seen from Supplementary Appendix
Figures SA8,9 of the Supplementary Appendix Table SA5 of the
Appendix. According to the statistics of the three sub-watersheds
with the largest G value, as of 2018, the ISA of the three sub-
watershed of PYHL was 663.4 km?, accounting for 22.3% of the
total ISA. The ISA of the three sub-watersheds of DTHL is
1,048.2 km?, accounting for 28.46% of the total ISA. However,
the water area of the two lakes has a large seasonal change, among
which the area of DTHL has a seasonal change of 730-2000 km?
(Ding and Li, 2011). Supplementary Appendix Table SA1 of the
Appendix also shows the change of the water area of the two lakes
in different time periods. Previous studies have proved that the
impact of summer air temperature on LSWT is the most
important (O'Reilly et al, 2015). One of the ways that IS
affects LSWT is to increase the temperature near the surface. In
addition, the IS can store more heat in summer, and the thermal
runoff generated during precipitation becomes another way for IS
to affect the LSWT, while the rapidly increasing Lake area of the
two lakes in summer weakens the warming of LSWT.

The watershed area of DCL is small, so the ISA and the
growth rate of ISA of DCL are smaller than other lakes (see
Figure 2 and Supplementary Appendix Table SA2 for details).
We can see from Supplementary Appendix Figures SA1,7 the
spatial distribution of IS in DCL watershed and the size of G value
in each sub-watershed. From the two figures, we can see that the
sub-watersheds with large G value are located along DCL, which
is more consistent with the spatial distribution of IS in DCL
watershed. Due to the close distance between IS and lake and the
small lake area of DCL, the warming rate of LSWT of DCL is
similar to that of PYHL and DTHL, and even higher in some
seasons.

4.3 Availability of using spatial influence to
quantify the impact of impervious surface
expansion on lake surface water
temperature

It can be seen from Figure 4 that the G values of THL and
CHL are significantly higher than those of the other four lakes.
It can be seen from Figure 3 that the LSWT increase rate of
CHL and THL is significantly higher than that of the other four
lakes. The warming rate of LSWT of the six lakes shows strong
consistency with the size of G value. However, we can see from
Figure 4 that the G values of HZHL, DTHL and CHL have not
been in the same growth state as the IS. In some years, the G
values of these three lakes have decreased, mainly because the
change of the lake boundary leads to the change of the distance
between the IS and the lake, which affects the G value.
Therefore, for lakes with large changes in Lake boundaries,
its availability should be considered when using spatial impact
equation to guide urban planning.
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The X-axis represents time, and the Y-axis represents LSWT in
degrees Celsius (°C). The left graph represents the changing trend
line of LSWT, the right lower corner line graph represents the
actual change in LSWT, the black line represents the annual
average LSWT, the green line represents LSWT in spring, the red
line represents LSWT in summer, the orange line represents LSWT
in autumn, and the blue line represents LSWT in winter. The upper
right corner number indicates that LSWT becomes cold or warm,
the deep red font indicates that LSWT presents a warming trend,
and the deep blue font indicates that LSWT presents a cooling
trend. Significance level: p < 0.01 (**), p < 0.05 (*) and p < 0.1 ().

It can be seen from Figure 5 that the correlation between LSWT

of DCL, CHL and THL and G is greater than that of PYHL, DTHL
and HZHL in most cases. By comparing the watershed area, it can
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be seen that the watershed areas of HZHL, DTHL and PYHL are
relatively large. Among them, the largest DTHL has an area of
253,357.88 km?, HZHL has an area of 161,406.77 km? and PYHL
has an area of 161406 km®. Compared with these three lakes, the
watershed areas of THL (32,553.96 km?), CHL (13,277.80 km?) and
DCL (2,771.15 km?®) are much smaller, Larger watershed area means
that it is affected by more factors in energy transmission, which
makes it more difficult to quantify the impact of IS expansion
on LSWT.

In addition, although the correlation between LSWT and G in
DCL, DCL and THL is higher than that in other lakes, the highest
correlation between LSWT and G in these three lakes is only 0.66.
Previous studies have proved that for the LSWT of most lakes, air
temperature is the most important factor affecting LSWT. O'Reilly
et al. (2015) after analyzing LSWT of global lakes, it is concluded
that the impact of temperature and landform on LSWT is greater
than that of other factors. The results of the selected research area of
Schmid and Koster (2016) show that the contribution rate of near
surface temperature to LSWT of lakes reaches 60%. Compared with
the temperature, the influence of IS on LSWT is much smaller. Yang
et al. (2020b) taking the main lakes in the Yunnan Guizhou Plateau
as the research object, the driving factors of LSWT are discussed.
The results show that there is a strong correlation between LSWT
and air temperature (the correlation between LSWT and near
surface air temperature in the daytime is 0.83, and that at night
is 0.81). The relationship between other influencing factors and
LSWT is relatively low. Therefore, it can be explained
that the correlation between G value and LSWT is not very high.

To sum up, this research can provide decision-making basis for
urban development in the watershed, so as to minimize the impact
of IS expansion on LSWT and realize green and sustainable urban
development.

5 Conclusion

Based on the IS and LSWT data, a spatial influence equation
is introduced to quantitatively analyze the spatial influence of IS
expansion in the watershed on LSWT. Our research conclusion
shows that:

(1) IS of the six lakes in the watershed experienced significant
expansion from 2001 to 2018, and the ISA and ISACR of
each lake had different growth rates. From the growth rate of
ISA, the growth rate of ISA is between 237.29 km*/decade
-5,192.73 km*/decade. From the perspective of the growth of
ISACR, the growth of ISACR is between 1.05%-23.51%, and
the urban expansion in the watershed of these lakes will
directly or indirectly affect the surface water temperature of
the lakes.

Through a comparative analysis of the growth rate of ISA
or ISACR and the warming rate of LSWT in six
lake watersheds, we found that the warming rate of

2
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Correlation between lake surface water temperature and G. Note: Two decimal places are reserved for the correlation in the figure.

LSWT was not absolutely consistent with the growth rate
of ISA or ISACR. Among them, the growth rate of ISA in
CHL is only 473.34 km?*/decade, and ISACR increases
from 4.83% to 10.44%. However, the annual average

temperature rise rate of LSWT in daytime and night in
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CHL has reached 0.41°C/decade and 0.28°C/decade
respectively. Therefore, without considering distance
attenuation, only considering the growth rate of ISA or
ISACR to analyze the impact of IS expansion on LSWT
may amplify or reduce the impact of IS on LSWT.
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(3) The introduction of the spatial influence equation can solve the
problem in which the discretization of the spatial distribution of
IS and the lake makes it difficult to study the impact of IS on
LSWT. Furthermore, by quantifying the impact of IS on LSWT
in the watershed, combined with the spatial distribution of IS in
the watershed, the lake area and distance, the phenomenon of
the inconsistency between the IS warming rate and the ISA or
ISACR growth rate can be further explained. At the same time,
by comparing the correlation between the LSWT of the six lakes
during the day and at night and G, it can be seen that DCL
(0.22 and 0.56), CHL (0.47 and 0.35) and THL (0.43 and 0.40)
with smaller watershed areas have higher correlation than PYHL
(0.06 and —0.07), THHL (0.18 and 0.16) and HZHL (—0.02 and
0.35), which have larger watershed areas, indicating that
compared with lakes with large watershed area, the spatial
better ~ quantify  the
impact of urban expansion on LSWT in a small-scale watershed.

influence equation can
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