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A B S T R A C T   

Study region: Dianchi lake (DCL) watershed, located in southwestern China, has undergone sig
nificant urbanization. 
Study focus: Due to the accelerating urbanization in the watershed, the influence of urban 
expansion on lake surface water temperature (LSWT) has become increasingly significant. 
However, there is currently no quantitative study on the specific warming value of LSWT caused 
by urban expansion. This study primarily quantifies the increase in LSWT caused by urban 
expansion from two perspectives: the rise in near-surface air temperature (NSAT) resulting from 
urban expansion and the thermal runoff generated by urban expansion. 
New hydrological insights for the region: We found that the DCL watershed experienced significant 
urban expansion between 2001 and 2018. In this context, the cumulative increase in LSWT 
caused by the newly added impervious surface (IS) through NSAT is about 0.25 ◦C. The cumu
lative warming of the newly added IS on the LSWT through thermal runoff is about 0.05–0.06 ◦C. 
Urban expansion mainly affects the LSWT by increasing the NSAT.   

1. Introduction 

Lakes play a vital role in regulating the regional climate, providing water resources for human production and life, and facilitating 
convenient transportation (Huziy and Sushama, 2017), forming an indispensable component of sustainable urban development (Yang 
et al., 2019). By 2030, China’s economy is projected to experience rapid growth, leading to a population size of approximately 1.445 
billion and an urbanization rate of around 70.12% (Sun et al., 2017). Urban expansion is one of the influencing factors of lake surface 
water temperature (LSWT), which, in turn, serves as a crucial physical parameter affecting lake water quality. The rapid expansion of 
urban areas within the watershed will have a considerable effect on the lake’s ecology, including its biogeochemical processes and 
biological community(Chen et al., 2015; Hampton et al., 2008; O’Reilly et al., 2003; Peng et al., 2022; Sharma et al., 2007; Yang et al., 
2020a). 

LSWT is sensitive to climate change and human activities (Houser, 2006; Ptak et al., 2018; Woolway et al., 2020; Yang et al., 
2020b). Shallow lakes, in particular, show a rapid response of LSWT to solar and atmospheric forcing (Du et al., 2020a). Existing 
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research results on many lakes show that air temperature is the most important factor affecting the LSWT(Schmid et al., 2014; Schmid 
and Koster, 2016; Yang et al., 2020b). However, research findings about LSWT in certain regions indicate that the rate of LSWT in
crease surpasses that of air temperature rise (Austin and Colman, 2007; Schmid and Koster, 2016; Woolway et al., 2019), and show that 
there are other important factors that contribute to the LSWT increase, such as urban expansion (Jia et al., 2022; Yang et al., 2020b). 
Although climate remains the primary influencing factor for lake surface water temperature (LSWT) in most lakes, the accelerating 
urbanization within the watershed has made the impact of urban expansion on LSWT increasingly significant and cannot be ignored. 

The urban heat island effect, as many other urbanization impacts, have always been the focus of many research (Chen et al., 2022; 
Gu, 2019; Martinez-Zarzoso and Maruotti, 2011; Yao et al., 2021). According to prior studies, the maximum urban heat island intensity 
of major cities in the world is between 7 and 12 ◦C (Xu et al., 2021). Other scholars’ research findings on 32 major cities in China 
demonstrate that the average annual heat island intensity in these cities ranges from 0.01 to 1.87 ◦C during the day and from 0.35 to 
1.95 ◦C at night(Zhou et al., 2014). Based on quantitative research examining the relationship between urban expansion area and the 
specific temperature increase of near surface air temperature (NSAT), it has been observed that every 10% increase in urban spatial 
continuity contributes to a minimum temperature rise of the annual average Urban Heat Island effect by 0.3–0.4 ◦C (Debbage and 
Shepherd, 2015). Every 10% increase in urban expansion within 1 km around the meteorological station may result in a 0.13 ◦C 
increase in temperature recorded at the station (He et al., 2013). This indicates that a high percentage of IS is usually related to an 
elevated land surface temperature (Du et al., 2020b). At the same time, the heat exchange between air-water interfaces is one of the 
important ways to govern the temperature of the water surface(Zhao et al., 2020a). Consequently, as the air temperature in the 
watershed rises, heat exchange with the LSWT results in a continuous warming of the LSWT. In addition, cities generate more thermal 
runoff during their expansion process, which will have an impact on the LSWT. As urban expansion occurs, there is a significant in
crease in the area covered by artificial materials such as asphalt and concrete within the city. These materials have poor thermal 
performance and high absorption performance (Xu et al., 2021), facilitating thermal radiation and releasing higher heat. When 

Fig. 1. Overview of the study area.  

Y. Luo et al.                                                                                                                                                                                                             



Journal of Hydrology: Regional Studies 49 (2023) 101516

3

summer rainfall events occur, these stored heat will be transferred to the runoff, resulting in thermal runoff pollution(Buren et al., 
2000; Herb et al., 2008; Kim and Sansalone, 2008; Ramier et al., 2011). As the main manifestation of urbanization, the alteration of 
impervious surface (IS) coverage is commonly utilized as a crucial measure to evaluate the extent of urban expansion(Luo et al., 2018). 
Therefore, studies have shown that when the coverage of IS in a watershed increases from 20% to 50%, it will lead to an increase in 
runoff temperature of 3 ◦C (Sabouri et al., 2013). For every 1% increase in the proportion of IS in the watershed, the temperature of 
urban runoff will increase by 0.09 ◦C(Galli, 1990; Janke et al., 2009; Sabouri et al., 2013). This thermal runoff will converge into the 
lake, leading to an increase in the LSWT. 

Although there have been some studies on the impact of urban expansion on the LSWT, these studies only demonstrate that urban 
expansion affects the LSWT. The research methods used are often simple, such as correlation and regression analysis(Yang et al., 
2020b; Yang et al., 2021). There is no quantitative study on the specific warming values of LSWT caused by urban expansion. 
Therefore, the research objective of this article is to elucidate the mechanisms by which urban expansion affects the LSWT, based on 
the integration of relevant fields and our team’s research findings. On this basis, a research method will be designed to effectively 
quantify the actual temperature increase of LSWT caused by urban expansion. Previous studies have proved that the intensity of urban 
heat island in summer is higher than in winter (Zhou et al., 2014), and the land surface temperature in summer is also higher than that 
in other seasons. In addition, the rainfall in the study area is concentrated in summer, which will generate more thermal runoff. 
Summer is also the season with the greatest impact of IS on the LSWT. Therefore, summer is selected as the best time to explore the 
warming effect of IS expansion on LSWT. 

Fig. 2. Data processing flowchart.  
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2. Materials and methods 

2.1. Study area 

Located in southwest China, Dianchi Lake (DCL) is the largest freshwater lake in Yunnan Province and the sixth largest freshwater 
lake in China. The specific location is shown in Fig. 1. DCL has an average width of 7.2 km, an area of 297.90 km2, an average depth of 
1.93 m and a capacity of 11.69 × 108 m3(Yang et al., 2020b). The climate in the DCL watershed belongs to a subtropical plateau 
monsoon climate, with dry and cool conditions in the winter half year and humid and warm conditions in the summer half year. The 
region receives most of its rainfall between May and October, with an average annual rainfall of 1000 ml and an average temperature 
of 14.8 ◦C. Due to economic development, cities within the DCL watershed have undergone substantial expansion. The impervious 
surface area (ISA) of the watershed in 2018 is 2.16 times bigger than that of 2001, and the growth rate of the IS is 237.29 km2 /decade 
(Tang et al., 2022). Moreover, the IS in the watershed is gradually expanding along the DCL coast, which will have an important impact 
on the lake ecology in the DCL watershed (Luo et al., 2017). 

2.2. Data source and processing 

2.2.1. Data source 
The data used in this paper mainly include IS, rainfall, cloud cover, NSAT, and DEM data with vegetation and urban buildings 

removed. The IS data we use is the IS dataset built by the Gong Peng team at Tsinghua University, with a spatial resolution of 30 m and 
an average accuracy rate of over 90% (Gong et al., 2020). This data can be downloaded from (http://data.ess.tsinghua.edu.cn/). 
Rainfall, cloud cover and NSAT data are ERA5 reanalysis hourly data of each single day from 1959 to present day. Many studies have 
proved that ERA5 reanalysis data is one of the best in process analysis products(Hersbach et al., 2020; Jiao et al., 2021; Tarek et al., 
2020). These three data are downloaded from (https: //cds. climate. copernicus. eu /cdapp #! /dataset /reanalysis-era5-single-levels? 
Tab=form), where the rainfall data uses convective rainfall rate, which is the rainfall rate (rainfall intensity) at a specified time on the 
earth’s surface. It is generated by the convection scheme in the ECMWF integrated forecasting system (IFS), with a spatial resolution of 
0.25◦. This data represents the rate of rainfall uniformly distributed on the pixel, and its unit is mm/s. The cloud cover data used in this 
paper is the total cloud cover, which represents the proportion of cloud cover in the pixel. It is calculated from the clouds at different 
model levels through the atmosphere. The data has a spatial resolution of 0.25◦ and includes cloud cover fractions ranging from 0 to 1. 
The NSAT data utilizes temperature readings taken at a height of two meters, measured in Kelvin. This data will be utilized in the 
calculation of thermal runoff temperature and LSWT. To determine the IS that can produce effective runoff, the DEM data excluding 
vegetation and building height will be employed. The resolution of this dataset is 30 m, and compared to other data, the average 
absolute vertical error of urban built-up areas in this dataset has decreased from 1.61 m to 1.12 m(Hawker et al., 2022). This data can 
be downloaded from (https://data.bris.ac.uk/data/dataset/25wfy0f9ukoge2gs7a5mqpq2j7). 

2.2.2. Data processing 
Fig. 2 shows the entire process of data processing in this study. First, the data used in this study was collected and preprocessed. 

Second, in the data processing and result processing stage, the main tasks are as follows: 1. Extract the actual ISA from the preprocessed 
IS data. 2. Extract effective impervious surfaces (EIS) by combining DEM data that remove vegetation and buildings and IS data. 3. Use 
the pre-processed cloud cover and rainfall data to extract effective rainfall. 4. Calculate the effective thermal runoff rate by combining 
effective rainfall and the EIS. The above processing principles are shown in Section 2.3.3.2. 

It is important to highlight that EIS and effective rainfall have different resolutions. To address this, we utilize the boundary of 
effective rainfall (Low resolution data with a data resolution of 0.25◦) to clip the EIS (High resolution data with a data resolution of 
30 m), and the effective rainfall on all EIS within the same boundary will be calculated as the same. In other words, each low resolution 
grid covers multiple grids of high-resolution data, and when combining two data, the values of multiple high-resolution data within the 
same low resolution grid coverage range are considered the same. For example, in the lower half of Fig. 2, the effective rainfall on all 
EIS within the A1 range will be counted as the same. 

2.3. Research methods 

According to the existing research methods, it is not possible to directly calculate the exact increase in LSWT caused by urban 
expansion. However, both domestic and foreign studies, as well as our team’s research results, indicate that urban expansion primarily 
affects LSWT through two ways: increasing NSAT and generating heat runoff. Therefore, we can first calculate how much the urban 
expansion leads to an increase in NSAT, as well as the amount of heat runoff generated during the urban expansion process. Then, we 
can calculate the extent to which the increased NSAT and heat runoff contribute to the warming of LSWT. In this way, we can indirectly 
calculate the increase in LSWT caused by urban expansion. 

2.3.1. Pretreatment of impervious surface 
Based on the IS data, we extracted the IS data of DCL watershed from 2001 to 2018 to study the increase of LSWT attributed to 

urban expansion from 2001 to 2018(When calculating the effect of NSAT on LSWT, the percentage change of IS in the watershed is 
considered. By comparing the IS in 2000, the percentage change of urban expansion in 2001 can be obtained). At the same time, 
considering that the IS data is the annual scale data, in order to ensure the data integrity, we used the meteorological conditions in the 
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following summer to calculate the increase of the LSWT caused by urban expansion. 

2.3.2. Calculation of the increase of LSWT caused by near-surface air temperature 
The following formula is used to calculate the portion of the impact on raising LSWT by urban expansion through increasing NSAT. 

The formula utilized is based on the findings of two distinct studies. The first, conducted by He et al. (2013), explored the influence of 
urban expansion on NSAT. The second study, conducted by Schmid et al. (2014), examined the energy conversion process between 
NSAT and LSWT. This formula is divided into two parts. The first part is used to calculate the temperature rise of the NSAT attributed to 
urban expansion in the watershed, and the second part is the energy conversion between the NSAT and the LSWT. By calculating the 
NSAT rise caused by urban expansion in the watershed, the effect of urban expansion on the LSWT can be further calculated. 

Tt =

∑n

i=1
T1 + T2 + ⋯⋯Tn

n
× Pt (1) 

T1, 2. n respectively represent the increase of NSAT caused by the expansion of IS in the 1st and 2nd. n sub-watersheds. For the 
calculation of the temperature increase of the NSAT caused by the expansion of the IS in the sub-watershed, He et al. (2013) found that 
every 10% increase in urban expansion within 1 km around the weather station will cause the temperature to rise by 0.13 ◦C. Pt 
represents the energy conversion between NSAT and LSWT. Research shows that the value of LSWT increase corresponds to 75–90% of 
the value of NSAT increase (Schmid et al., 2014; Schmid and Koster, 2016). According to the research results of Schmid et al. (2014) 
and the corresponding geographical location of DCL watershed in the research results of this scholar, Pt is determined as 80%. 

2.3.3. Calculation of LSWT increase caused by thermal runoff 

2.3.3.1. Thermal runoff warming formula. The warming formula of the thermal runoff to the LSWT can be used to calculate the part of 
the increase of the LSWT caused by urban expansion through thermal runoff. By calculating the amount of thermal runoff, the thermal 
runoff temperature and the lake temperature, the warming of the LSWT by the thermal runoff can be calculated by using the liquid 
mixing formula between different temperatures when the lake capacity is known. 

Tr =
CThermalrunoff × TThermalrunoff + Clake × Tlake

CThermalrunoff + Clake
− Tlake (2)  

Cthermalrunoff = Ctotalrainfall − Ceffectiverainfall − Cinfiltration − Cotherlosses (3) 

Tr represents the warming of the thermal runoff to the LSWT. In the above formula, CThermal runoff represents the amount of effective 
thermal runoff, TThermal runoff represents the thermal runoff temperature, Clake represents the lake capacity, and Tlake represents the lake 
water temperature. In the previous study, we established a fitting equation based on the water temperature and temperature of the nine 
plateau lakes in Yunnan Province, so the water temperature data in this paper is directly calculated based on the fitting equation(Yu, 
2022). See 2.3.3.1–2.3.3.4 for the determination process of CThermal runoff. Ctotal rainfall represents the total rainfall, Ceffective rainfall rep
resents the rainfall that meets the conditions for generating thermal runoff, Cinfiltration represents the rainfall that flows into the 
permeable surface after falling to the IS, and Cother losses represents the rainfall that is lost by other means. 

2.3.3.2. Calculation of impervious surface capable of producing effective runoff. In this paper, Effective thermal runoff refers to the 
rainfall that lands on the IS and is not lost due to processes such as evaporation or infiltration. Instead, it ultimately accumulates and 
flows into the lake. In other words, effective thermal runoff equals to the rainfall minus runoff loss. Runoff loss is defined as the part of 

Fig. 3. Determination principle of impervious surface capable of generating effective runoff.  
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rainfall that did not produce runoff and calculated as rainfall minus runoff (Ramier et al., 2011). The process of runoff loss includes 
evaporation, infiltration and temporary water storage on the surface (Ramier et al., 2011). In this paper, runoff loss includes not only 
evaporation, infiltration, and temporary water storage on the surface but also includes rainfall that does not meet the conditions for 
thermal runoff. 

Since the spatial relationship between the IS and the permeable surface in the urban area will affect the generation of effective 
runoff, the land surface may not generate effective runoff after rainfall in the urban area. In this study, the identification of IS which is 
capable of generating effective runoff is based on the spatial relationship between permeable surfaces, IS, and their respective ele
vations. The specific principle is shown in Fig. 3. It can be seen from Fig. 3 that the relationship between the IS and the permeable 
surface can be divided into four categories. The first is that when the central pixel is the IS and the surrounding eight pixels are all 
permeable surfaces, no matter which direction the runoff flows to, it will eventually flow through the permeable surface and infiltrate, 
and the IS will thus be deleted. In the second case, when the central pixel is an IS, if any of the eight surrounding pixels has a permeable 
surface and the elevation is lower than the middle pixel, the central pixel will be deleted, otherwise the middle pixel will be retained. 
The third case is that when the central pixel is a permeable surface and the eight surrounding pixels have an IS, if the elevation of the IS 
is higher than the elevation of the middle pixel, the IS pixel will be deleted, otherwise, it will be retained. The fourth case is that when 
the middle pixel and the surrounding pixel are both IS, all IS pixels will be retained. 

2.3.3.3. Determination of rainfall that can produce effective runoff. Apart from the loss of runoff through infiltration of permeable 
surfaces, the formation of thermal runoff also requires more stringent conditions. The occurrence of thermal runoff relies on specific 
weather conditions, e.g., sunny, or cloudy conditions in which the IS absorbs sufficient heat before rainfall. To identify rainfall events 
that result in effective runoff, cloud data is combined with rainfall event data for screening purposes. According to Liu et al. (2022), the 
division theory of sunny, cloudy and overcast days, when the amount of clouds in the sky is 0–30%, it is classified as sunny, 30–70% is 
classified as cloudy, and more than 70% is classified as overcast. We associated the rainfall data with the weather condition one hour 
before the rainfall, removed the rainfall data that was overcast one hour before the rainfall, and retained the rainfall data that was 
sunny or cloudy one hour before the rainfall. Retention of this part of rainfall data is considered to be rainfall that can generate thermal 
runoff. 

2.3.3.4. Other losses. Apart from the rainfall infiltrating the permeable surface, the rainfall that falls on the IS also experiences losses 
due to evaporation, a small amount of infiltration and temporary surface water storage. To assess the proportion of this loss, Ramier 
et al. (2011) studied surface evaporation, small infiltration and surface temporary water storage on two streets. After measuring the 
rainfall and runoff flow in these areas, their findings revealed that this component of runoff loss accounted for 30–40% of the total 
rainfall. 

2.3.3.5. Determination of thermal runoff temperature. The research area of this paper is the DCL watershed, which is part of Kunming, 

Fig. 4. Temporal and spatial changes of effective impervious surface.  
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the capital of Yunnan Province. Most of the buildings in Kunming are concrete structures, while asphalt and other ISs only account for a 
small part of the total IS. Therefore, we approximate the IS of the entire DCL watershed as concrete surfaces in order to calculate the 
increase in LSWT caused by urban expansion. Through the micro-scale study conducted by our team in the DCL watershed, we have 
determined the thermal runoff temperature that can be generated by the IS of concrete (Luo et al., 2019; Luo et al., 2023). Luo et al. 
(2023) conducted a micro-scale study in the DCL watershed in summer. The results indicated that the thermal runoff temperature 
stabilized after a rise of 1.62 ◦C compared to the initial rainfall temperature. Therefore, in this paper, we set the thermal runoff 
temperature as 1.62 ◦C higher than the initial rainfall temperature. 

3. Results 

3.1. Temporal and spatial variation of impervious surface capable of generating effective runoff 

We define the IS that can produce effective runoff as the effective impervious surface (EIS). From Fig. 4, the EIS of DCL watershed 
experienced significant expansion from 2001 to 2018. From the perspective of time change, the effective ISA in 2018 is 2.1 times of that 
in 2001, and the growth rate of the effective impervious surface area (EISA) in the DCL watershed reaches 155.06 km2 /decade 
(significance level p＜0.01). In terms of spatial transformation, prior to 2001, the EIS in the DCL watershed was concentrated mainly in 
the primary urban area north of DCL in Kunming. However, over time, the EIS that generates effective runoff in the DCL watershed has 
progressively spread towards the north of DCL’s banks and along the south of the DCL’s east bank. By 2018, the EISA that can produce 
effective runoff in the DCL watershed has reached 429.97 km2, and the EIS in several sub-watersheds on the east bank of the DCL has 
also taken a large proportion. 

3.2. Comparison between actual impervious surface and effective impervious surface 

From Fig. 5, it can be observed that in all years, both the area and the yearly increment of actual IS exceed those of EIS. From the 
actual change of each year, the maximum difference between the two is in 2018, with the difference of 156.54 km2. From the 
increment of each year, 2011 is the year with the fastest growth of IS, and the difference between the two also reaches 11.67 km2. 

3.3. Influence of near-surface air temperature change on lake surface water temperature 

Fig. 6 shows the warming of LSWT caused by urban expansion in the DCL watershed through NSAT. From the figure, it can be seen 
that the actual warming trend in each year in the watershed is similar to the growth of ISA in the watershed, of which the warming in 

Fig. 5. Change of actual impervious surface and effective impervious surface. Note: Fig. a shows the area of the actual IS and the EIS in each year, 
and the number shows the difference between the two. The Fig. b shows the annual increment of the IS and the EIS, and the number shows the 
difference between the two. 
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2001 was relatively large, and the warming in each year after 2002 gradually increased, showing a downward trend after 2015. From 
the perspective of cumulative warming, urban expansion in the watershed has led to a significant increase of LSWT, with an increase 
trend of 0.15 ◦C /decade. From 2001–2018, the expansion of the cities in the DCL watershed increased the NSAT, resulting in a cu
mulative increase of the LSWT of about 0.25 ◦C. 

Fig. 6. The effect of near-surface air warming on lake surface water temperature.  

Fig. 7. Increase of lake surface water temperature by thermal runoff.  
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3.4. Increase of lake surface water temperature by thermal runoff 

Fig. 7 shows the warming trend of LSWT attributed to the urban expansion in the DCL watershed through thermal runoff. From the 
actual growth temperature in each year, the increase in water temperature gradually increased after 2002, with 2011 being the year 
with the highest temperature increase, with a temperature increase of 0.0064–0.0074 ◦C for the LSWT. From the perspective of cu
mulative warming, the warming of LSWT caused by urban expansion in the DCL watershed through thermal runoff shows a significant 
upward trend, with an increase trend of 0.033–0.038 ◦C /decade (significance level p＜0.01). The cumulative increase in LSWT due to 
the addition of IS from 2001 to 2018 is estimated to be between 0.05 and 0.06 ◦C. 

4. Discussion 

4.1. Parameter selection of lake surface water temperature increase due to urban expansion 

For the conversion efficiency between NSAT and lake surface temperature (Tsurf), we refer to the study of (Schmid et al., 2014), who 
estimated the impact of climate change predicted by six climate models on Tsurf globally, and evaluated the interaction between 
different forcing variables, the sensitivity of Tsurf to these variables, and the differences between climatic regions. In this study, the 
scholar did not use the Tsurf, but used the lake surface equilibrium temperature (Teq), that is, the temperature at which the lake surface 
net heat flux is zero under given meteorological conditions as the representative of the Tsurf. In the discussion part, the author 
mentioned that for shallow lakes, that is, most of the lakes in the world, the Teq is a good representative of the Tsurf on the seasonal time 
scale. In addition, △ Tsurf is more representative of △ Teq, because the systematic difference between Tsurf and Teq is largely offset by 
the difference between the future and the baseline scenario (Wilhelm et al., 2006). In this paper, we did not consider the increase of 
LSWT caused by the existing IS every year, but the increase of LSWT caused by the increase of IS every year compared with the previous 
year, that is, the increase of LSWT caused by △ impervious surface. Therefore, it is reasonable to refer to the scholar’s research. And 
Schmid et al. (2014) also concluded that △ Teq is about 80% of △ Tair in tropical and temperate climates, and this value is also 
referenced when calculating the energy conversion between air temperature and Tsurf according to the location of the study area. The 
research results of Woolway et al. (2017)also show that the increased value of LSWT is about 80% of the increased value of air 
temperature. 

The selection of research scales is of great significance for the impact of urban expansion on the warming of NSAT. Here, we choose 
the sub-watershed scale. The main reason for choosing the sub-watershed scale is that from the perspective of the spatial distribution of 
the IS of the DCL watershed, the cities in the DCL watershed are mainly distributed in the main urban area of Kunming on the north 
bank of the DCL. With the acceleration of the urbanization process in Kunming, the urban expansion in the DCL watershed extends 
southward along the east bank of the DCL (Luo et al., 2018). Apart from the sub-watersheds along the coast, the rate of urbanization in 
other sub-watersheds is comparatively low, with a relatively gradual pace of urban development. If participating in the calculation at 
the entire watershed scale, the impact of a large expanse of IS in the coastal region on urban expansion would be minimized, while the 
impact of a smaller area of IS in the distant regions on the LSWT would be overemphasized. 

For the mixing of thermal runoff and DCL water, we directly use the amount of effective runoff and the capacity of DCL to calculate. 
Due to the fact that the research season is in summer and DCL is a shallow lake, it is not necessary to consider the stratification of DCL 
when calculating the warming effect of thermal runoff on the LSWT. Therefore, this paper directly uses the effective runoff and the 
capacity of DCL to calculate the water temperature. 

4.2. Comparison between the warming of near-surface air temperature and the warming of thermal runoff on lake surface water 
temperature 

By comparing the contribution of NSAT and thermal runoff to the warming of LSWT, it can be seen that the impact of urban 
expansion on LSWT through NSAT is significantly greater than that of thermal runoff on LSWT. The main reasons are as follows: first, 
for the increase of NSAT, as long as the new IS is added, it will have an effective impact on the NSAT. In contrast, there are relatively 
strict conditions for the IS that can generate thermal runoff, because the spatial relationship between the IS and the permeable surface 
will greatly affect the amount of effective runoff. Therefore, as shown in Fig. 4, the actual IS that affects the near surface, whether in 
terms of annual increments or total area, is much larger than the EIS that affects the thermal runoff. In addition, the conditions for the 
formation of thermal runoff are relatively stringent. In this paper, we use the cloud amount of the hour before rainfall as a reference. 
Rainfall during this period can be considered as part of the effective runoff only if the hour before rainfall is classified as cloudy or 
sunny weather. At the same time, some of the rainfall falling on the IS will be infiltrated when it flows through the permeable surface. 
Despite the fact that rainfall falling on the IS cannot flow to surrounding permeable surfaces for infiltration, a portion of the rainfall is 
still lost through evaporation and infiltration as it moves through the IS (Ramier et al., 2011). 

4.3. Impact of urban expansion on lake surface water temperature rise and prevention and control measures 

DCL is the sixth largest freshwater lake in China and the largest plateau lake on the Yunnan-Guizhou Plateau. Due to the impact of 
human activities, the water quality of DCL has deteriorated (Jia et al., 2023; Yang et al., 2018). Research results of some scholars 
indicated that most of the water quality indicators in DCL were significantly affected by the LSWT. Studies also found that LSWTs 
fundamentally affect lake cyanobacterial blooms(Yang et al., 2018). Hence, it is imperative to explore the means of controlling the 
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warming effect on LSWT resulting from the urban expansion. For the increase in NSAT, increasing vegetation area will have a sig
nificant cooling effect on NSAT and air temperature (Klok et al., 2012; Mathew et al., 2018). Optimizing the composition and 
configuration of landscape patterns within the region will also effectively reduce land surface temperature (Sun and Chen, 2012; Zhao 
et al., 2020b), thereby reducing the warming of NSAT on IS. The decrease in land surface temperature will also effectively reduce the 
temperature of thermal runoff, thereby reducing the increase in LSWT caused by urban expansion. In addition, the urban heat island 
can be improved by changing the materials of roof and pavement and selecting cool roof and pavement (Akbari and Kolokotsa, 2016; 
Tan and Wang, 2023). For thermal runoff, it can be alleviated through the construction of ‘Sponge City’. The Sponge City was initially 
established to solve urban water management problems such as urban surface water flooding, urban runoff purification, flood peak 
runoff reduction and water conservation (Chan et al., 2018; Jiang et al., 2018). The DCL watershed is currently witnessing the 
development of numerous structures as part of the construction of a Sponge city. Substantial investments have been made in the future 
planning of the Sponge city project (https: //www.km. gov.cn /c /2022–12–14 /4612250. shtml). At the same time, infrastructure 
projects such as permeable pavement can also effectively reduce thermal runoff (Chan et al., 2018). 

5. Conclusion 

This paper studies the warming of LSWT during urban expansion from the perspectives of NSAT and thermal runoff. The results of 
this analysis offer valuable insights into the factors that influence the LSWT and can be used as a reference for urban planning process. 
Specific conclusions are as follows:  

(1) From the perspective of time change, the IS in the DCL watershed experienced a significant expansion from 2001 to 2018, with a 
growth rate of 237.29 km2 /decade (significance level p＜0.01), of which the EIS that can produce effective runoff has a growth 
rate of 155.06 km2 /decade (significance level p＜0.01). From the perspective of spatial change, the IS was mainly distributed in 
the main urban area of Kunming in 2001, and then expanded along the main urban area to the north bank of DCL and along the 
east bank of DCL to the south.  

(2) From the perspective of the impact of urban expansion in the DCL watershed on the LSWT by increasing the NSAT, the annual 
warming change is similar to the increase of the ISA, with the largest annual increase in 2011. The increase in the LSWT of the 
newly added IS in that year was 0.024 ◦C. From 2001–2018, the new IS of DCL increased the LSWT by about 0.25 ◦C by 
increasing the NSAT.  

(3) From the perspective of the impact of urban expansion in the DCL watershed on the LSWT through thermal runoff, the annual 
increase is also similar to the increase of ISA. In 2001, the increase of LSWT through thermal runoff was between 0.006 and 
0.007. From 2001–2018, the cumulative increase in LSWT caused by the newly increased IS in the DCL watershed through 
thermal runoff was about 0.05–0.06 ◦C.  

(4) By comparing the increase of NSAT and thermal runoff on the LSWT, it can be seen that the impact of urban expansion on the 
LSWT is mainly through the increase of NSAT.  

(5) Based on the integration of relevant fields and the research achievements of our team, this article innovatively proposes a 
method that can effectively quantify the specific increase in LSWT caused by urban expansion, considering the mechanisms of 
urban expansion’s impact on LSWT. The experimental results demonstrate that this method is able to effectively quantify the 
specific temperature increase on the LSWT caused by urban expansion.  

(6) From the results of the studies, we conclude that a viable approach to reduce the impact of urban expansion on LSWT is to 
optimize the landscape pattern, strategically arrange buildings and vegetation within the city, and choose suitable building 
materials. 
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