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Abstract: Urban expansion has intensified the heat-island effect, and the negative impact on the natural environment has 12 

gradually become considerable. However, urban lakes can significantly alleviate the heat-island effect caused by 13 

urbanization. Based on four-phase multispectral remote-sensing images during 2005–2020, 17 lakes in the main and 14 

surrounding urban areas of Hefei, China, were selected as the objects of our research. Each lake’s cooling intensity and 15 

distance were calculated; cooling-efficiency data for different lakes were compared and analyzed considering lake areas and 16 

regional differences. The following conclusions were drawn: (1) The central temperature of the lakes correlated positively 17 

with cooling intensity (R = 0.55, P < 0.01) but negatively with cooling distance (R = −0.28, P < 0.05); the area of the lakes 18 

was significantly positively correlated with cooling distance (R = 0.49, P < 0.01) and weakly positively correlated with 19 

cooling intensity. When a lake area reached a certain threshold, its cooling intensity tended to stabilize. (2) The lakes around 20 
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the urban area were far away from the main urban area where the heat-island effect was most concentrated, the ability of 21 

absorbing the high surface temperature caused by the heat-island effect was limited, the cooling-intensity and 22 

cooling-distance efficiency were less than those of the main urban lakes. (3) With urban expansion and the intensified urban 23 

heat-island effect, the cooling-intensity efficiency of lakes in the main urban area gradually increased, whereas the 24 

cooling-distance efficiency of lakes decreased.  25 

Keywords: lake-cooling efficiency; cooling intensity; cooling distance; urban lake; Hefei, China 26 

1 Introduction 27 

With the acceleration of global urbanization and the impact of climate change (Chen et al. 2021), the 28 

normal relationship between surface temperature and the atmosphere has been distorted, urban surface 29 

temperature has risen significantly, and the urban heat-island effect has continued to intensify (Wu et al. 30 

2021; Zheng et al. 2022). The urban heat-island effect has serious negative impacts on human society 31 

(such as effects on the physical and mental health of urban residents) and brings a series of challenges to 32 

human survival (including massive consumption of energy and water) (Cai et al. 2018; Santamouris 2020; 33 

Wang 2022). These problems are closely related to the daily life of residents, including productivity and 34 

social interaction, and they also seriously violate the green principle of sustainable development of human 35 

society (Yao et al. 2022). To meet the above challenges, researchers and government departments have 36 

proposed a series of mitigation measures and solutions for the urban heat-island effect, among which the 37 

most-recognized measure is to improve the urban ecological space (Chen et al. 2019; Fan et al. 2017; 38 

Janhall 2015). The urban heat-island effect could be alleviated through adding and maintaining urban 39 

lakes (Douglas et al. 2019; Matos et al. 2019; von Schneidemesser et al. 2019), which would maximize the 40 

cooling effect of urban ecological space. 41 
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Lakes within cities have significant cooling and humidifying effects, which to a certain extent can 42 

reduce the temperature of wetlands and adjacent urban areas and can effectively regulate the urban 43 

microclimate such as by improving the urban thermal environment (Gunawardena et al. 2017). Mitigation 44 

of the urban heat-island effect through lakes is also widely considered to be environmentally friendly  
45 

(Moss et al. 2019). Regarding the influence of the cooling efficiency of urban lakes, relevant research has 46 

focused mainly on the relationship between lakes and surface temperature  (Cheval et al. 2020) and the 47 

effects of such factors as the spatial layout of lakes (including area, geometric shape, etc.) on cooling 48 

intensity (Ke et al. 2021), etc. However, the spatiotemporal heterogeneity of lake-cooling efficiency within 49 

the context of urban expansion and climate change has largely been ignored. 50 

Therefore, for the research area, we selected Hefei (the capital city of Anhui Province in China), 51 

which is undergoing rapid urbanization, and we conducted research mainly involving three approaches:  (1) 52 

On the basis of cooling intensity and distance, we quantitatively analyzed the cooling efficiency of lakes 53 

of various sizes and in different locations to reveal the relationship between lake area and cooling 54 

efficiency. (2) According to the distance from the lake to Hefei city center and the lake’s spatial location, 55 

we divided the waterbodies into two types—those in the main urban area and those surrounding that 56 

area—and then separately analyzed the heterogeneity of their cooling efficiency. (3) We did comparative 57 

analyses of the response relationship of lake-cooling intensity and distance to urban expansion during 58 

2005–2020. 59 

The purpose of this study was both to understand the cooling efficiency of urban lakes and its 60 

influencing factors and to provide a theoretical basis for improving the urban heat-island effect and 61 

promoting sustainable urban development. 62 
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2 Data and methods 63 

2.1 Overview of study area 64 

Hefei (116°41′–117°58′E, 30°57′–32°32′N) is in eastern China and at the western end of the Yangtze 65 

River Delta. It is a strategic dual-node city of the “Belt and Road Initiative” (Chan et al. 2019) and the 66 

Yangtze River Economic Belt (YREB) (Zhang et al. 2021) (Fig. 1). Located in the subtropical monsoon 67 

humid climate, the surface water resources are abundant. The main water systems are the Huaihe River 68 

Basin and the Yangtze River, and there are lakes/reservoirs of different sizes in the urban area and its 69 

surroundings, with a total water area of ~824 km2. The ecological environment value is very high. 70 

As the capital of Anhui Province and characterized by rapid economic development, the urban area 71 

of Hefei has shown a significant expansion trend. High-density built-up urban areas and social and 72 

economic activities, along with climate change, have led to a serious urban heat-island effect (Liu et al. 73 

2020). Therefore, Hefei is considered representative and has social significance, making it an appropriate 74 

area to research the cooling efficiency of urban lakes. 75 

 76 
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Fig. 1 Study-area location and distribution of the lakes 77 

2.2 Data sources 78 

For this study, information on lakes, land use, and surface temperature in Hefei were extracted from 79 

Landsat remote-sensing images. All remote-sensing data were downloaded from the China Geospatial 80 

Data Cloud website (website: http://www.gscloud.cn). For this research, we selected four scenes of 81 

Landsat remote-sensing data (April 14, 2005; April 28, 2010; May 12, 2015; and April 15, 2020) acquired 82 

during clear weather (0% cloud coverage). After preprocessing (such as radiometric calibration, 83 

atmospheric correction, and image fusion), we applied surface-temperature inversion and land-use-type 84 

classification. 85 

In this study, to explore the factors influencing thermal mitigation in urban lakes, we selected 17 86 

lakes with areas in the range 0.16–775.94 km2 and distributed in and surrounding the main urban areas, as 87 

interpreted from water data (Fig. 1). Among them, six lakes (including Nanyan, Swan, Feicui Lakes, etc.) 88 

are relatively close to the city center, where they are surrounded by tall, densely situated buildings and 89 

where social and economic activities are concentrated; the other 11 lakes, which are relatively far away 90 

from the city center, are surrounded by a good ecological environment and scattered built land.  91 

2.3 Research methods 92 

2.3.1 Land-use-type extraction and urban-center analysis 93 

Using Landsat remote-sensing images, we extracted Hefei land-use types in 2005, 2010, 2015, and 94 

2020 by using ArcGIS 10.2 supervised classification, which divided the data into four main classes: water 95 

and three land categories (built land, woodland, and other). Using the ArcGIS 10.2 software, we extracted 96 

the built land with the largest area and determined its geometric center to represent the city center. We also 97 
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determined the geometric center of each lake, which we then used to derive the distance from each lake to 98 

the city center. 99 

2.3.2 Water-information extraction and surface-temperature inversion 100 

Commonly used waterbody indices are the Normalized Difference Water Index (NDWI)  (Teng et al. 101 

2021) and the Modified Normalized Difference Water Index (MNDWI)  (Bakr and Abd El-kawy 2020). In 102 

this study, to extract water information, we used the MNDWI formula: 103 

                          MIRGreen

MIRG

MNDWI






—reen

                        (1) 
104 

where ρGreen represents the reflectance in the green band, and ρMIR represents the reflectance in the 105 

mid-wave infrared band. 106 

The surface-temperature inversion algorithms include mainly the radiative-transfer equation (Yao et 107 

al. 2020), the single-channel algorithm (Sahani 2021), and the split-window algorithm (Zarei et al. 2021). 108 

The radiative-transfer equation method has a wide range of applicability and can be applied to 109 

thermal-infrared remote-sensing data from any sensor (Sekertekin 2019). In this study, we used the 110 

radiative-transfer equation method for ground-temperature inversion. The thermal-infrared radiance value 111 

received by the satellite sensor L  includes the energy of the surface radiance reaching the satellite 112 

sensor after attenuation by the atmosphere, the upward radiance of the atmosphere, and the energy of the 113 

downward radiance of the atmosphere reaching the satellite sensor after being reflected by the ground  
114 

(Cheng et al. 2021; Chan et al. 2021). The formula can be written as  115 

                            L 1
s

B T L L                                  (2) 116 

Where   is land-surface emissivity, 
S

T  is real surface temperature (in K units),  S
B T

 
is brightness 117 
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temperature, L  is downward atmospheric radiance, L  is upward atmospheric radiance, and   is 118 

transmittance of thermal-infrared band in the atmosphere. 119 

2.3.3 Spatial analysis of lake-cooling effect 120 

Applying the ArcGIS 10.2 spatial-analysis tool to Hefei land-use type and surface-temperature data, 121 

we generated the boundaries of each lake and buffer zones at 60-m intervals. We used the 85 resulting 122 

multilevel buffer zones to explore the cooling effect of urban lakes on the surrounding environment. 123 

Using the ArcGIS 10.2 zonal-statistics tool to determine the mean surface temperature in each buffer zone, 124 

we drew the surface-temperature change curve for each land-use type. 125 

In this study, to weaken the influence of the synergistic cooling effect of woodland, grassland, and 126 

water, we considered the cooling effect of lakes only on built land. Accordingly, we define cooling 127 

intensity by the difference between the first turning point on the temperature curve of the built land and 128 

the central temperature of lake (Mandal et al. 2022) (Eq. 3) and the cooling distance ( LD ) by the buffer 129 

distance corresponding to the first turning point on the temperature curve of the built land (Du et al. 2016) 130 

(Fig. 2). Shorter distances to the lakes correspond to stronger cooling effects. When the distance reaches a 131 

certain threshold, the surface temperature of various land-use types tends to stabilize, as the cooling 132 

efficiency of the lake gradually dissipates. The lake-cooling-intensity efficiency refers to the cooling 133 

intensity of the lake per unit area, and the cooling-distance efficiency refers to the cooling distance of the 134 

lake per unit area. 135 

Cooling intensity is as 136 

LBL TTI                                  (3) 137 

Where BT
 

is the mean surface temperature of built land at the first turning point, LT
 

is the mean 138 
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central temperature of lake, and 
L

I
 

is the corresponding cooling intensity. 139 

 140 

Fig. 2 Conceptual curve of cooling intensity and cooing distance 141 

3 Analysis of results 142 

3.1 Urban expansion and urban heat-island changes during 2005–2020 143 

In this study, we used supervised classification to map Hefei land-use types into three different 144 

categories (built land, woodland, and other) and water for the years 2005, 2010, 2015, and 2020 (Fig. 3). 145 

Then we evaluated the accuracy of the resulting classification and tabulated the overall accuracy and 146 

Kappa coefficients (Table 1). The Kappa coefficients were all >0.85, and the classification results met the 147 

needs of our subsequent research. 148 

 149 

Fig. 3 Land-use-type map of Hefei during 2005–2020 150 

Table 1 Supervised-classification accuracy and built-area change for Hefei during 2005–2020 151 
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Built areas expanded over time from 225 km2 in 2005 to 481 km2 in 2020 (Fig. 3 and Table 1). 152 

Although the mean annual expansion rate during 2005–2020 was 5.20%, it reached 9.00% during 2005–153 

2010. At the same time, the location of the city center changed continuously, gradually shifting to the 154 

southeast during 2005–2020. 155 

According to the radiative-transfer equation method (Section 2.3), the land-surface temperature of 156 

Hefei inverted during 2005–2020, as shown by changes in its spatial distribution (Fig. 4). 157 

 158 

Fig. 4 Land-surface temperature in Hefei, 2005–2020 159 

Representing a significant heat-island phenomenon, the temperature of the built land is significantly 160 

higher than that of the surrounding areas (Fig. 4). Among them, owing to the rainfall on April 28, 2010, 161 

the mean surface temperature was low. During 2005–2020, the built area increased from 225 km2 to 481 162 

Date Classification accuracy Kappa coefficient  Built area (km2) 

April 14, 2005 85.76% 0.88 225 

April 28, 2010 86.23% 0.89 326 

May 12, 2015 85.15% 0.86 416 

April 15, 2020 87.34% 0.87 481 
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km2, and the area of the heat island gradually increased with the expansion of the city.  163 

To further analyze the spatiotemporal heterogeneity of land-surface temperature in the study area, we 164 

determined the mean surface temperature of different land-use types in the main urban area of four-phase 165 

multispectral remote-sensing images during 2005–2020 (Table 2). 166 

Table 2 Mean surface temperatures for different land-use types in Hefei’s main urban area of four-phase 167 

multispectral remote-sensing images during 2005–2020 168 

 Mean surface temperature (°C) 

Date  Built land Water Woodland Other 

April 14, 2005 26.35 16.24 24.14 23.60 

April 28, 2010 22.85 16.82 19.77 20.61 

May 12, 2015 31.43 20.11 25.78 29.51 

April 15, 2020 29.63 18.83 26.26 27.53 

The mean surface temperatures of the main urban areas in 2005, 2010, 2015, and 2020 were 22.58°C, 169 

20.01°C, 26.71°C, and 25.56°C, respectively. During 2005–2020, the mean surface temperature of 170 

different land-use types in the main city showed an upward trend, and the urban heat-island effect 171 

gradually increased (Table 2). The land-use type corresponding to the maximum mean surface 172 

temperature is built land, and that corresponding to the minimum value is water. 173 

3.2 Analysis of cooling efficiency of different lakes 174 

To analyze the temporal and spatial differences in the cooling efficiency of different lakes, we 175 
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determined lake area and central temperature of lake, distance from the lake to the city center, and cooling 176 

efficiency of 17 lakes in 2005, 2010, 2015, and 2020, including Ziyun, Swan, Chaohu Lakes, etc (Table 177 

A1). 178 

Table 3 Statistics of cooling-efficiency index of 17 lakes during 2005–2020 179 

Year 

Center temperature of 

all lakes (°C) 

Cooling intensity 

(°C) 

Cooling distance 

(m) 

Cooling-intensity 

efficiency (℃/km2) 

Cooling-distance 

efficiency (m/km2) 

 mean interval mean interval mean interval mean interval mean interval 

2005 18.25 15.41–20.42 7.51 5.21–10.74 508.24 120–960 9.73 0.01–21.25 645.65 1.22–1714.29 

2010 17.40 15.39–18.87 4.44 2.23–6.41 525.88 120–1080 6.80 0.01–26.68 797.92 1.36–4434.78 

2015 20.87 18.87–22.10 9.43 8.15–11.02 431.25 120–840 11.98 0.01–36.61 512.85 0.75–1411.76 

2020 21.48 16.97–23.06 8.93 6.71–11.18 441.18 120–1140 12.79 0.01–34.82 546.82 1.44–2086.96 

These results show that during 2005–2020, under the influence of urban expansion and the 180 

intensification of the heat-island effect, the mean central temperature, cooling intensity, and 181 

cooling-intensity efficiency of the lakes showed an increasing trend and significant spatial and temporal 182 

heterogeneity, whereas the mean cooling distance and cooling-distance efficiency showed a decreasing 183 

trend. 184 

3.3 Factors influencing cooling efficiency of different lakes  185 

To explore spatiotemporal factors influencing the cooling efficiency of different lakes, we used SPSS 186 

(Version 22) software to analyze correlation among lake area, central temperature of lake, distance from 187 



  12 

the lake to the city center, and cooling efficiency (Table 4). 188 

Table 4 Correlation among lake area, central temperature of lake, distance from lake to city center, and cooling 189 

efficiency 190 

 
Cooling 

intensity 

(°C) 

Cooling 

distance 

(m) 

Cooling-intensity 

efficiency 

(°C/km2) 

Cooling-distance 

efficiency 

(m/km2) 

Lake area (km2) 0.18 0.49* −0.29** −0.24 

Central temperature of lake (°C) 0.55* −0.28** 0.62* 0.27** 

Distance from lake to city center (km) −0.15 −0.02 −0.37* −0.46* 

 * Significant correlation at the 0.01 level (two-tailed). 191 

** Significant correlation at the 0.05 level (two-tailed). 192 

According to our data (Table 4), the lake-cooling intensity and distance strongly correlate with lake 193 

area and central temperature of lake but weakly correlate with the distance from the lake to the city center; 194 

the cooling intensity and central temperature of lake are positively correlated (R = 0.55, P < 0.01). Thus, 195 

for a given lake, the higher its central temperature, the stronger the cooling intensity. Also, the cooling 196 

distance is positively correlated with the lake area (R = 0.49, P < 0.01); the larger the lake, the greater the 197 

cooling distance. The central temperature of lake and cooling distance are negatively correlated (R = 198 

−0.28, P < 0.05); as the central temperature of lake decreases, the cooling distance shows an increasing 199 

trend. 200 
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The lake-cooling-intensity and cooling-distance efficiencies are strongly influenced by lake area, 201 

central temperature of lake, and distance from the lake to the city center. The cooling-intensity efficiency 202 

is negatively correlated with lake area (R = −0.29, P < 0.05): the larger the lake, the lower the 203 

cooling-intensity efficiency. The cooling-intensity efficiency has a positive correlation with the central 204 

temperature of lake (R = 0.62, P < 0.01): the higher that temperature, the higher the cooling-intensity 205 

efficiency. The cooling-intensity efficiency is negatively correlated with the distance from the lake to the 206 

city center (R = −0.37, P < 0.01): the greater that distance, the lower the cooling-intensity efficiency. The 207 

cooling-distance efficiency is positively correlated with the central temperature of lake (R = 0.27, P < 208 

0.05): the greater that temperature, the higher the cooling-distance efficiency. The cooling-distance 209 

efficiency is negatively correlated with the distance from the lake to the city center (R = −0.46, P < 0.01): 210 

the greater that distance, the lower the cooling-distance efficiency. 211 

To further study the effect of lake area on its cooling intensity and distance, and to explore the 212 

response of cooling efficiency to urban expansion, we performed regression analysis on the size of 17 213 

selected lakes in Hefei and their cooling efficiency (Fig. 5). 214 

 215 

Fig. 5 Regression relationships between (a) lake area and cooling intensity, and (b) lake area and cooling distance 216 

We found that during 2005–2020, there was a positive logarithmic relationship among cooling 217 

intensity, cooling distance, and the lake area (Fig. 5). Accordingly, as the lake area increased, the cooling 218 
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intensity and distance gradually increased. Above a certain threshold, the cooling intensity tends to 219 

stabilize. This effect is consistent with previous conclusions that the cooling efficiency of lakes depends to 220 

a large extent on the size of the lake; related studies have shown that when the area of the lake is less than 221 

1 hectare, the compact shape can exert its cooling efficiency more effectively (Yang et al. 2020).  222 

4 Discussion 223 

4.1 Influence of different lake locations on cooling efficiency 224 

4.1.1 Cooling effect of lakes in main urban area 225 

According to their distance from the center of the main urban area of Hefei, we selected Nanyan, 226 

Swan, and Feicui Lakes and Wangzui, Dongpu + Dafangying, and Baiyanba Reservoirs to represent lakes 227 

in the main urban area. The distribution interval of the distance of these waterbodies from the city center 228 

is 8.45–16.65 km, and they have the mean area of 5.13 km2. We analyzed these six waterbodies to derive a 229 

quantitative relationship between lake size in the main urban area and cooling efficiency during 2005–230 

2020 (Fig. 6). 231 

 232 

Fig. 6 Cooling efficiency of lakes in main urban area. (a) cooling intensity; (b) cooling distance 233 

We found a positive logarithmic relationship between the cooling efficiency and lake size in the main 234 

urban area (Fig. 6). That is, the cooling intensity and distance increase with the lake size. During 2005–235 
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2020, the mean cooling intensity was 8.71°C, 5.55°C, 9.97°C, and 9.23°C, and the mean cooling distance 236 

was 580, 670, 432, and 510 m. Accordingly, under the influence of the heat-island effect, the mean 237 

cooling intensity basically shows an upward trend, and the mean cooling distance, a downward trend. 238 

4.1.2 Cooling effect of lakes surrounding main urban area 239 

According to the statistical distance from the waterbody to the center of the main urban area of Hefei, 240 

we selected Ziyun and Chaohu Lakes and Yiwan, Xiegaotang, Tanchong, Zhangqiao, Luoji, Caitang, 241 

Guanwan, Miaoji, and Zhongxing Reservoirs as representative of the lakes around the main urban area, 242 

with the mean area of 74.16 km2. We analyzed the correlation between lake area and cooling efficiency 243 

during 2005–2020 (Fig. 7). 244 

 245 

Fig. 7 Cooling efficiency of lakes surrounding main urban area. (a) cooling intensity; (b) cooling distance 246 

We found a positive logarithmic relationship between the cooling efficiency and the area of lakes 247 

surrounding the main urban area (Fig. 7). The trends of the cooling intensity and the cooling distance of 248 

these lakes are the same as those in the main urban area. During 2005–2020, the mean cooling intensity 249 

was 6.86°C, 3.84°C, 9.19°C, and 8.76°C, and the mean cooling distance was 469.09, 447.27, 430.91, and 250 

403.64 m. The main reason these intensity and distance values for lakes surrounding the main urban area 251 

are smaller than for those in the main urban area is that they are farther away from the main urban area 252 
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where the heat-island effect is most concentrated, and their ability to absorb the high surface temperature 253 

caused by the heat-island effect is limited. In future urban planning, to effectively alleviate such 254 

heat-island effects, the optimal configuration of the internal landscape of the main urban area needs to be 255 

the main consideration, and it can be achieved mainly by the adjustment of lake area. 256 

4.1.3 Relationship between distance from lake to city center and cooling efficiency 257 

According to the above analysis on the cooling effect of lakes in and surrounding the main urban 258 

areas, there was a strong correlation between the distance from the lake to the city center and the cooling 259 

efficiency. Therefore, we analyzed data from 2005–2020 to derive the quantitative relationship between 260 

the cooling-intensity efficiency, cooling-distance efficiency, and the distance from the lake to the city 261 

center (Fig. 8). 262 

 263 

Fig. 8 Correlation between distance from lake to city center and cooling efficiency. 264 

(a) cooling-intensity efficiency; (b) cooling-distance efficiency 265 

We found negative logarithmic relationships among the cooling-intensity and cooling-distance 266 

efficiencies and the distance from the lake to the city center (Fig. 8). Accordingly, as the distance from the 267 

lake to the city center increased, the cooling-intensity and cooling-distance efficiencies decreased. The 268 

main cause is the temperature difference between the lake and objects on the surrounding land. That is, the 269 

greater the distance of the lake to the city center, the smaller the ground-temperature difference and the 270 
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weaker the water’s ability to absorb heat effects that are accompanied by corresponding reductions in 271 

cooling-intensity and cooling-distance efficiencies. 272 

4.2 Response of lake-cooling efficiency to urban expansion 273 

According to the above results, as the distance from the lake to the city center decreased, the cooling 274 

effect of the lake became prominent. Therefore, we selected the mean central temperature of the lakes in 275 

the main urban area and built size as the indicators to further analyze the response of lake-cooling 276 

efficiency to urban expansion. 277 

 278 

Fig. 9 The mean central temperature of lakes vs mean cooling-intensity efficiency(a), and vs mean 279 

cooling-distance efficiency(b); the built size vs mean cooling-intensity efficiency(c), and vs mean 280 

cooling-distance efficiency(d). 281 

During 2005–2020, with the expansion of the main urban area of Hefei and the intensification 282 

of the heat-island effect, the mean cooling-intensity efficiency of the lakes in the main urban area 283 

increased with the increase in the built size and mean central temperature of lakes, but the mean 284 
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cooling-distance efficiency decreased accordingly (Fig. 9). The main cause is that the lakes in the 285 

main urban area are in the concentrated heat-island effect, and the temperature difference between 286 

the lakes and urban built area is considerable. Thus, the cooling effect is obvious, and the cooling 287 

intensity of the lakes per unit area increases with intensifying heat-island effect. However, because 288 

the size of the lakes in the main urban area is small (with a mean area of 5.13 km2), and with the 289 

increase in the central temperature of the lakes caused by the heat-island effect, the cooling distance 290 

of the lakes per unit area decreases. 291 

5 Conclusions 292 

In this study, we analyzed and compared the cooling efficiency of different lakes in and surrounding 293 

the main urban areas of Hefei, China. We analyzed the factors influencing lake-cooling efficiency from 294 

the aspects of lake size and location, and we explored the response of lake-cooling efficiency to urban 295 

expansion. According to the results of this study, the following conclusions can be drawn:  296 

(1)  Cooling intensity was positively correlated with the central temperature of the lakes (R = 0.55, P 297 

< 0.01), and cooling distance was negatively correlated with the central temperature of the lakes (R = −298 

0.28, P < 0.05). As the central temperature of the lakes increased gradually, cooling intensity increased 299 

significantly and cooling distance decreased. 300 

(2)  Lake area was significantly positively correlated with cooling distance (R = 0.49, P < 0.01) and 301 

weakly positively correlated with cooling intensity. As lake area increased, cooling intensity and distance 302 

also increased. However, when lake area reached a certain threshold, cooling intensity tended to stabilize. 303 

(3)  At the greater distances of the lakes from the city center, cooling-intensity and cooling-distance 304 

efficiencies were lower. This was mainly because the surrounding lakes were far from the main urban area 305 
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where the heat-island effect was the strongest, and the absorption capacity of the surface-heat radiation 306 

caused by the heat-island effect was limited. Further, mean cooling intensity and distance were smaller 307 

than those of the lakes in the main urban area. 308 

(4) With enlarging city scale and aggravating heat-island effect from 2005 to 2020, the 309 

cooling-intensity efficiency of the lakes in the main urban area gradually increased, whereas the 310 

cooling-distance efficiency of the lakes decreased. 311 
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