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A B S T R A C T   

As most cities are located around or near waterbodies, it is essential to assess the thermal effect of these 
waterbodies. This research focuses on 34 Chinese megacities as case studies to examine the spatial relationship 
between city-water layout and the thermal effect of waterbodies. Landsat-8 remote-sensing images acquired 
around noontime in summer were used to retrieve land surface temperatures (LST) and classify land cover. The 
results show that there are three types of city-water layout. For most cities, waterbodies have a cooling effect, 
and their mean cooling distance (ΔLmax) ranges from 431 m to 1350 m, with the maximum temperature dif
ference (ΔTmax) ranging from - 2.21 ◦C to 7.83 ◦C. The cooling effect of waterbodies is also influenced by their 
spatial distribution, size, location, and background climate regions. The larger the percentage or area of 
waterbodies in a city, the shorter ΔLmax and the bigger ΔTmax. Waterbodies have the longest ΔLmax and the 
smallest ΔTmax when they are dispersed within the city, whereas they have the shortest ΔLmax and the largest 
ΔTmax when they are flowing through the city. The results suggest that the thermal effects of waterbodies should 
be seriously considered by urban planners to improve the urban microclimate.   

1. Introduction 

Air temperatures in urban areas are higher than in their surrounding 
rural areas. This phenomenon is known as the urban heat island (UHI) 
and was first discovered by Howard in London. Later, scholars uncov
ered several types of UHI, such as boundary-layer heat islands and 
surface urban heat islands (SUHI) (Oke et al., 2017). The UHI can lead to 
more energy consumption in the summer due to rising cooling needs 
(Shen et al., 2013; Wilson, 2013; Almeida et al., 2021; Singh and 
Sharston, 2022). Combined with the trend of frequent heatwaves, the 
UHI exposes vulnerable people (e.g., elders, patients, and children) to 
health risk (Cai et al., 2019; Zhao et al., 2018; Van Hoof et al., 2017; 
Zhang et al., 2019), increasing their morbidity and mortality (Rydin 
et al., 2012; Zhang et al., 2019; Mora et al., 2017; Yang et al., 2019). 
Because of global warming and rapid urbanization, global average sur
face temperatures will continue to rise (Lindsey, 2014; Sippel et al., 
2020), and 68% of the world population will live in urban areas by 2050 
(United Nations, 2019), leading to even greater adverse effects of the 
thermal environment on urban residents. Therefore, it is urgent for cities 
to adapt to global warming and mitigate the UHI (Klok and Kluck, 2018; 

Manoli et al., 2019). 
One of the mitigation methods is to optimize the urban spatial form 

by expanding green spaces (Masoudi et al., 2019), waterbodies, and 
wetlands (Ghosh and Das, 2018; Sun et al., 2012). Due to their higher 
heat capacity, waterbodies play a more active role in cooling cities than 
green spaces and wetlands (Xue et al., 2019; Sun et al., 2012; Jiang et al., 
2021). While receiving the same amount of solar radiation, waterbodies 
have their temperatures rise more slowly than paved and building sur
faces, making them cold islands during daytime (Klok and Kluck, 2018), 
especially in the morning. In order to study the cooling effects of 
waterbodies, scholars have used different methods, such as 
remote-sensing monitoring, in-situ measurements, and statistical 
modeling. These studies show that waterbodies have a strong cooling 
effect on their surrounding areas because of evapotranspiration (Fig. 1), 
especially downwind (Cai et al., 2018; Du et al., 2016; Park et al., 2019; 
Moyer and Hawkins, 2017; Syafii et al., 2017). For example, Park et al. 
(2019) using moving survey thermometer and weater station data, find 
that the cooling distance of a small river (with an average width of 8 m) 
can reach 32.7 m, with a cooling intensity of 0.46 ◦C in the afternoon. 
Over all, the cooling distance of waterbodies ranges from 12 m to several 
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kilometers, reducing the surrounding temperatures by several degrees 
(Du et al., 2016; Park et al., 2019; Tsai et al., 2017; Adams and Smith, 
2014; Qiu et al., 2021). 

Studies also find that the cooling effect of waterbodies is influenced 
by several factors, such as their size and geometry (Sun and Chen, 2012; 
Zhu et al., 2011; Gunawardena et al., 2017; Theeuwes et al., 2013; 
Hathway and Sharples, 2012; Wang et al., 2019). For example, broad 
and regular waterbodies have a stronger cooling effect than narrow and 
irregular ones (Zhu et al., 2011; Gunawardena et al., 2017; Wu et al., 
2019). Urban canopy-layer conditions and the urban spatial form are the 
other factors that affect cooling effects (Hathway and Sharples, 2012; 
Wang and Ouyang, 2021), and studies indicate that open streets and city 
squares increase this cooling effect, whereas tall buildings or high walls 
decrease it (Hathway and Sharples, 2012). 

However, it should be noted that, besides waterbody characteristics 
and urban canopy-layer conditions, other factors (e.g. city-water layout, 

local climate zone) can also influence the cooling effects of waterbodies. 
For example, cities display large variations in waterbody spatial distri
bution and coverage, which creates varying city-water landscapes, such 
as coastal cities, river-side cities, lake-side cities, and even desert cities, 
with significant differences in their urban thermal environment (Lin 
et al., 2020). Moreover, depending upon the dry-wet climate regions 
where the cities are located, waterbodies may also have different ther
mal effects, and even warming effects (Steeneveld et al., 2014; Bande 
et al., 2019). The above factors are difficult to uncover in single-city 
studies and require comprehensive multiple-city comparisons. There
fore, 34 Chinese megacities, with various city-water layouts and loca
tions in different dry-wet climate regions, were selected to answer the 
following questions:  

a. What is the cooling effect of waterbodies across different cities with 
various city-water layouts?  

b. How does the dry-wet regional climate impact waterbody cooling 
effects? 

2. Data and methods 

2.1. Data sources and pre-processing 

2.1.1. Study area and data sources 
The 34 Chinese cities’ locations are depicted in Fig. 2, including 26 

provincial capital cities, 4 province-level cities (Beijing, Tianjin, 
Shanghai and Chongqing), and 4 typical coastal or lakeside municipal 
cities (Xiamen, Ningbo, Qingdao, Wuxi). They are located in four dry- 
wet climate regions, based on their humidity index: arid, semi-arid, 
semi-humid and humid regions. The radius of these cities ranges from 
3 km (Lanzhou) to 18 km (Shanghai). Since the strongest cooling effect 
of waterbodies takes place in summer daytime (Chun and Guldmann, 

Fig. 1. Water/land breeze system for an urban area in summer noontime.  

Fig. 2. Spatial distribution of the selected cities in different dry-wet climate regions.  
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2018; Sun et al., 2019), Landsat-8 cloud-free remote-sensing (RS) im
ages (Collection 2 Level-1, 30 m spatial resolution) over this study cities 
and acquired around 10:30 a.m. (local solar time) in summer were 
downloaded from the USGS website (https://earthexplorer.usgs.gov/) 
(Appendix 1). Google map layers with super-high resolution (2 m spatial 
resolution) of the study areas were clipped from Google Earth Pro. 

2.1.2. Pre-processing 
The different bands of Landsat-8 RS images were used to calculate 

the Normalized Difference Vegetation Index (NDVI), the Normalized 
Difference Built-up Index (NDBI) and the Modified Normalized Differ
ence Water Index (MNDWI) (Xu, 2008). All data were imported into 
ArcGIS Pro software (version 2.5.1) for georeferencing and study area 
clipping. In order to georeference the Google map layers using Landsat 8 
Collection 2 level-1 data (WGS 84 Coordinate System) as a reference 
image, at least 12 evenly distribution ground control points were 
selected for each city. The root mean squared error (RMSE) value be
tween Google layers and RS images is smaller than 0.5 pixel. 

2.2. Methods 

The following four steps are involved: 1) identifying urban and water 
boundaries, 2) setting buffer zones, 3) setting the spatial scale and 
processing data, 4) assessing the cooling effects of waterbodies and 
spatial analysis (Fig. 3). 

2.2.1. Identifying the boundaries of urban and waterbodies 
Landsat-8 remote-sensing images and Google map layers are used to 

identify urban boundaries and waterbodies. Usually, NDBI can charac
terize built-up areas and MNDWI can be used to classify waterbodies 
(Xu, 2007; Wu et al., 2020). However, land surfaces with little green 
coverage (e.g., soil, sand) have also high NDBI values and may be 
interpreted as built-up areas. Also, some land covers or features like 
building shadows may be confused with waterbodies. In order to avoid 
misclassification, the threshold values of NDBI > 0 and MNDWI > 0.05 
are set by visual interpretation. Google map layers are also used to 
manually corrects urban and waterbody boundaries. Small ponds and 
narrow rivers with width below 30 m are ignored because of the spatial 
limitation of RS images ( ≥ 30 m). 

2.2.2. Setting buffer zones and identifying city-water layout 
In order to capture the size of a city and its waterbodies, the geo

metric center of a city is set as the origin, and then the distances from 
this center to all grid cells on the urban boundaries are computed. The 
mean distance is then taken as the city radius (R). A buffer zone, with a 
width equal to 0.4 R is delineated outside of and adjacent to the urban 
boundary (Fig. 3c). This buffer is assumed to represent the surrounding 

rural areas, with a size close to the urban area size (and equal to it if the 
city were a perfect circle). 

The percentage of waterbodies (WPj), and the types of urban layout 
and waterbodies distributions (Tk) are used to identify and characterize 
the city-water layout. WPj and Tk are defined in Eqs. (1) and (2), 
respectively: 

WPj =

∑

i∈j
Wi

TAj
∗ 100% (j=U,R) (1)  

TK =
WPU

WPR
(K= 0, 1) (2)  

where WPj is the percentage of waterbodies in the urban (j = U, WPU) or 
rural (j = R, WPR) area of the city, TAj is the total urban or rural area, i is 
a cell located in the urban or rural area, and Wi is the waterbody area in 
cell i. 

If there are only small rivers (width ≤ 100 m) flowing through or 
around the city, then K = 0 and T0 = 0, and these cities are characterized 
as Type I. If there are medium and large river bodies (width >100 m) 
flowing through or around the city, then K = 1. T1 > 1 denotes that the 
urban area has more waterbodies than the rural area, with waterbodies 
located throughout the city. These cities are characterized as Type II. T1 
< 1 denotes that the urban area has smaller waterbodies than the rural 
area, with most waterbodies located around the city or with the city 
located on one side of the waterbodies. These cities are characterized as 
Type III. 

2.2.3. Setting the spatial scale and processing the data  

(1) Setting the spatial scale 

Several studies have shown that the results of urban spatial analyses 
are influenced by the spatial scale, particularly in the cases of the urban 
thermal environment, and the optimal scale varies across different cities 
(Chun and Guldmann, 2014; Han et al., 2016; Song et al., 2014; Wang 
et al., 2016). Some studies have also found that urban form indicators 
display the strongest correlations with LST around a 300-m spatial scale 
(Du et al., 2016; Dai et al., 2019). In order to cope with multiple bands 
pixels in 30 m resolution and thermal bands in 100 m resolution, a 300 
m × 300 m grid cell is selected to summarize or average the data 
(Fig. 3d). 

(2) Retrieval of LST 
The radiative transfer equation (RTE) method is used to retrieve LST 

from Landsat-8 TIRS band 10. For more details about this method, see 
Alvarez-Mendoza et al. (2020), Cai et al. (2021), and Sekertekin and 
Bonafoni (2020). The retrieved results shows that most citie have a 

Fig. 3. Processing steps (R represents the radius of the city).  
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median LST around 40 ℃ (Appendix 2) and are compareable. 

2.2.4. Finding the cooling effect of waterbodies and spatial analysis 
Previous studies have found that LST displays a rising trend away 

from waterbodies due to their cooling effect (Du et al., 2016; Sun et al., 
2012), and the scatter plots between LST and the distance away from the 
nearest water body (DW) can be curve-fitted (Fig. 4). Some researchers 
have manually sought the first turning point of the fitted curve (Du et al., 
2016; Sun et al., 2012). However, it is hard to find the turning point 
when the curve changes smoothly. Therefore, some updated methods 
have been applied, such as (1) using temperature slope and basin 
derived from terrain analysis to determine the cooling extent (Lin et al., 
2015), or (2) using a logarithmic function to fit scatter plots and get the 
threshold value (Yang et al., 2020). Some studies have also found that 
the scatter plots can be fitted as a third-order polynomial function (Cai 
et al., 2018; Park et al., 2019), where the cooling distance and the 
temperature difference can be easily found by calculating the first 
maximum point. The function can be expressed as follows: 

LST = a ∗ DW3 + b∗DW2 + c ∗ DW + d (3)  

where a, b, c and d are parameters to be estimated. The cooling distance 
(ΔLmax) and the maximum temperature difference (ΔTmax) can be 
identified by seeking the value of DW that sets the derivative of LST to 
zero (Park et al., 2019; Jaganmohan et al., 2016) (Fig. 4): 

ΔLmax =
− 2b ±

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
4b2 − 12ac

√

6a
(4)  

ΔTmax = a∗(ΔLmax)
3
+ b∗(ΔLmax)

2
+ c ∗ ΔLmax (5)  

3. Results 

3.1. Waterbodies in different types of cities 

All the case study cities have waterbodies within both urban and and 
rural areas. Their urban layout and waterbodies distribution can be 
classified into three types: waterbodies dispersed within the city (Type 
I), waterbodies flowing through the city (Type II), and waterbodies on 
one side of the city (Type III) (Fig. 5). Type I cities are all inland cities 
and almost in the semi-humid zone. Most of Type II cities are inland 
cities and located in the humid zone. Most of Type III cities are located 
on one side of a large river, lake, or ocean, and likely located in the 
humid zone and along the coast. 

Cities with different city-water layouts differ in WP. Cities tend to 
have a higher WP when a river flows through or around it. Fig. 6a shows 
that WPU ranges from 0.22% to 15.49%, and the median WPU increases 
from Type I cities (1.21%) to Type III cities (2.75%) to Type II cities 

(5.63%) (Figs. 6a–1). WPR ranges from 0.49% to 32.82% (Fig. 6b), and 
the median WPR increases from Type I cities (1.64%) to Type II cities 
(2.71%) to Type III cities (16.70%) (Figs. 6b–1). Type I cities have 
similar WP in their urban and rural areas. However, for Type II and Type 
III cities, there are big WP differences between urban and rural areas 
(Fig. 6a and b). Type II cities tend to have more waterbodies than their 
surrounding rural areas, because of wide rivers flowing through the city 
and many human-made small lakes within the city. In contrast, Type III 
cities have fewer waterbodies than their surrounding rural areas, 
because of large lakes and the ocean located outside urban areas. 

3.2. The cooling effect of waterbodies across the different types of cities 

DW has a significant positive relationship with LST in 31 cities, as the 
Pearson correlation coefficient ranges from 0.043** (HB) to 0.417** 
(LZ), with the strongest coefficients in Type II cities (Fig. 7a). Thus, in 
those cities, LST rises with DW. The scatter plots between LST and DW 
show that the rising trend takes place within a limited distance, beyond 
which LST becomes stable and is no longer correlated with DW (Fig. 4b). 
This confirms that waterbodies have a cooling effect on the surrounding 
area within a limited distance. 

ΔLmax and ΔTmax also show that the cooling effect of waterbodies 
varies across cities. ΔLmax ranges from 431.6 m (HZ) to 1350 m (XM) 
(Fig. 8a), and the median ΔLmax decreases from Type I cities (1131.1 m) 
to Type III cities (908.9 m) to Type II cities (896.5 m) (Figs. 8a–1). ΔTmax 
ranges from - 2.21 ◦C (UQ) to 7.83 ◦C (WH) (Fig. 8b), and the median 
ΔTmax decreases from Type II cities (3.81 ◦C) to Type III cities (2.52 ◦C) 
to Type I cities (1.98 ◦C) (Figs. 8b–1). 

Further analyses show that WPU has a significant negative relation
ship with ΔLmax (− 0.447**) and a significant positive relationship with 
ΔTmax (0.629**), underscoring that the larger the percentage of water
bodies in a city, the bigger the temperature difference, but the shorter 
the cooling distance. 

3.3. Waterbody size and its cooling effect 

Previous studies have found that the cooling effect of waterbodies is 
influenced by their size (Sun et al., 2012; Zhu et al., 2011; Hathway and 
Sharples, 2012; Wang et al., 2019). In order to further assess this in
fluence, waterbodies are classified into three categories (river, lake, 
ocean) and seven classes (small river, medium river, large river, small 
lake, medium lake, large lake, ocean) according to their width or area 
(Table 1). The results show that larger waterbodies tend to have a 
stronger cooling effect than smaller ones. The median ΔLmax decreases in 
the following order: large lake (904.4 m), large river (735.2 m), small 
river (668.7 m), small lake (577.5 m), medium lake (559.7 m), ocean 
(559.4 m) and medium river (528.9 m) (Fig. 9a). The median ΔTmax 

Fig. 4. (a) Conceptual third-order polynomial curve; (b) Scatter plots between LST and DW (Lanzhou urban area).  
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Journal of Environmental Management 324 (2022) 116263

5

decreases as follows: large river (7.7 ◦C), ocean (6.54 ◦C), large lake 
(6.25 ◦C), medium lake (5.5 ◦C), medium river (5.0 ◦C), small lake 
(4.5 ◦C) and small river (3.0 ◦C) (Fig. 9b). 

3.4. The cooling effect of waterbodies across different dry-wet climate 
zones 

The median ΔLmax for cities in different dry-wet climate regions 
decreases as follows: semiarid zone (1023.62 m), semi-humid zone 
(1008.11 m), arid zone (1001.99 m) and humid zone (874.56 m) 
(Fig. 10a). The median ΔTmax in urban areas decreases as follows: humid 
zone (3.75 ◦C), semiarid zone (2.54 ◦C), semi-humid zone (1.98 ◦C) and 

arid zone (1.53 ◦C) (Fig. 10b). In summer daytime, a waterbody has 
strong evaporation. The air in the humid zone has higher humidity than 
in the arid zone. Moist air is expected to have a higher heat capacity and 
can reduce the efficiency of water evapotranspiration (Ampatzidis and 
Kershaw, 2020), which produce a large ΔTmax and a shorter cooling 
distance. 

3.5. The cooling effect of waterbodies in urban and rural areas 

Compared to urban areas, DW in rural areas has weaker correlations 
with LST in most of Type I and Type II cities (Fig. 7a and b), which 
suggests that waterbodies have a weaker cooling effect in rural areas. 

Fig. 5. City-water layouts for 34 cities and 4 dry-wet climate regions (See Appendix 3 for the aerial images of those cities).  

Fig. 6. Distribution of WPU (a) and WPR (b) across the 34 cities; Box plots of WP across different city-water layout types in urban areas (a-1) and rural areas (b-1).  
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The decrease in ΔTmax in most cities also confirms this insight (Fig. 8b), 
as the median ΔTmax in Type II cities decreases from 3.81 ◦C (urban) to 
2.34 ◦C (rural), and the median ΔTmax in Type I cities decreases from 
1.98 ◦C (urban) to 1.96 ◦C (rural). In rural areas, there are more green 
spaces and less built-up surfaces. The cells near waterbodies tend to have 
a lower LST, which leads to smaller temperature differences (Fig. 11). 
This reduces the intensity of air exchanges between waterbodies and 
their surrounding areas. 

However, the waterbody coverage still impacts its cooling effect, as 
WP has a significant positive relationship with ΔTmax both in urban and 
rural areas, although the correlation decreases from 0.629** (urban) to 

0.482** (rural). This shows that the larger percentage of waterbodies, 
the stronger the cooling effect. 

4. Discussion and limitations 

4.1. The factors influencing the cooling effects of waterbodies across 
different types of cities 

The varying cooling effects of waterbodies in different types of cities 
can be explained by the waterbodies’ characteristics and the surrouding 
urban spatial form. Large waterbodies have a stronger cooling effect 
than smaller ones, as has been identified in several studies (Zhu et al., 
2011; Gunawardena et al., 2017). Fig. 6a shows that a city tends to have 
a higher WPU when a large river flows through it. Without large rivers 
and just small lakes dispersed within the city, WPU tends to be lower. 
Thus, Type II and Type III cities, with a higher WPU, have a bigger ΔTmax 
as compared to Type I cities. Moreover, in Type II cities, rivers flow 
through the city, and the city center is always adjacent or close to 
waterbodies. As the city center has always a higher LST, this can produce 
a big temperature difference among land surface and waterbody surface. 
The hot and dry air in the city center quickly heats the cooler and humid 
air from the waterbodies and reduces their cooling distance (Ampatzidis 

Fig. 7. Pearson correlation coefficient between DW and LST in urban (a) and rural areas (b); R-square of the fitted third-order polynomial function between DW and 
LST in urban (c) and rural areas (d). 

Fig. 8. ΔLmax (a) and ΔTmax (b) for the 34 cities in urban and rural areas; Box plots of ΔLmax (a-1) and ΔTmax (b-1) across different city-water layout types in 
urban areas. 

Table 1 
Classification of waterbodies (Source: Authors).  

Categories Classes Width or area 

River Small river width ≤ 100 m 
Medium river 100 m > width ≤ 500 m 
Large river 500 m > width 

Lake Small lake area ≤ 100 ha 
Medium lake 100 ha < area ≤ 500 ha 
Large lake 500 ha > area 

Ocean Ocean NA  

Z. Cai et al.                                                                                                                                                                                                                                      
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and Kershaw, 2020). High-rise buildings along the river can also shut off 
the cooling effect of the rivers and produce a smaller cooling distance 
(Hathway and Sharples, 2012). 

4.2. The warming effect of waterbodies 

Waterbodies do not always have a cooling effect on their surrounding 
areas. They may act as a warm island, as in Urumqi (UQ), where DW 
displays a significant negative correlation with LST (− 0.072**). LST 
displays a decreasing trend with increasing distance from waterbodies, 
which act as a warm islands in the city. UQ is located in the arid zone. 
There are few waterbodies dispersed within the city, and most are small 
interior lakes. Water rarely flows, with little energy exchanges with 
surrounding areas. This makes small waterbodies easily heated by solar 
radiation and urban anthropogenic heat. Shallower static waterbodies 
reach peak surface temperatures sooner than others, as identified in 
earlier studies (Oke, 2002; Gunawardena et al., 2017). 

It should also be noted that stronger cooling effects almost always 
happen around noontime, when waterbodies are slowly heated by solar 
radiation and are cooler than land surfaces, therefore cooling sur
rounding areas. After noontime and especially at nighttime, as solar 

radiation gradually decreases, the temperature of the water body de
creases more slowly than the surrounding areas, producing a warming 
effect on the city (Moyer and Hawkins, 2017; Jacobs et al., 2020; 
Ampatzidis and Kershaw, 2020). Moreover, humidity can also increase 
the heat capacity and heat accumulation of the air, thus reducing the 
efficiency of heat exchanges between the human body and the air. This 
can produce an uncomfortable thermal environment (Lai et al., 2019). 

4.3. Limitations and future work 

In this study, LST was retrieved from RS images acquired around 
summer noontime, which is a limitation. Some studies, using air tem
perature or satellite sensors to explore the thermal effect of waterbodies 
at other times, have contrary findings. For example, Theeuwes et al. 
(2013) and Gunawardena et al. ( 2017) point out that waterbodies have 
a warming effect during nighttime/winter. Such analyses were not 
carried out here because of data limitations. The commonly-used free 
satellite sensors are Landsat and MODIS, which tend to fly over China in 
the morning or around noontime. Although MODIS has a sensor that can 
acquire LST at nighttime, it cannot be used in detailed spatial analyses 
because its thermal band has a spatial resolution of 1000 m. Using 

Fig. 9. Box plots of ΔLmax (a) and ΔTmax (b) across different classes of waterbodies.  

Fig. 10. Box plots of ΔLmax (a) and ΔTmax (b) across different dry-wet climate regions for the 34 cities.  
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data-fusion methods with various sensors to produce high-resolution 
spatiotemporal datasets may be an area for further research (Gao 
et al., 2021), which would allow comparing waterbodies’ cooling or 
warming effects at different periods. Also, LST was resampled from a 30 
m to a 300 m spatial resolution. Therefore, narrow rivers or small 
waterbodies were excluded here. However, these waterbodies may have 
an active role in the urban thermal environment because of their large 
numbers (Gunawardena et al., 2017). Other studies have also pointed 
out that urban configuration and spatial form have an impact on the 
urban thermal environment and the cooling effect of waterbodies (Liu 
et al., 2019; Zhou et al., 2019). This is also an area for further research, 
as the presence of green spaces and various building configurations can 
also affect the observed cooling effect and the maximum cooling 
distance. 

5. Conclusions 

We have compared the cooling effects of waterbodies in 34 Chinese 
megacities located in different dry-wet climate regions. Different water 
body distributions have led to a classification of city-water layouts: 
waterbodies dispersed within the city (Type I), waterbodies flowing 
through the city (Type II), and waterbodies on one side of the city (Type 
III). 

Waterbodies in the three types of city-water layout display different 
thermal effects. In most cities, waterbodies have a strong cooling effect. 
Within urban areas, ΔLmax ranges from 431 m to 1350 m, and ΔTmax 
ranges from - 2.21 ◦C to 7.83 ◦C. The cooling effects of waterbodies are 
weaker in rural areas. The cooling effect is also affected by WP, both in 
urban and rural areas. WP has a significant negative relationship with 
ΔLmax, but a significant positive relationship with ΔTmax. The larger the 
area share of waterbodies, the larger ΔTmax, but the shorter ΔLmax. 
However, not all waterbodies display a cooling effect, as a warming 
effect has been observed in the desert city of Urumqi. The cooling effect 
of waterbodies is also influenced by their size, location and background 
climate regions. Waterbodies in the humid zone tend to have a bigger 
ΔTmax and a shorter ΔLmax than in the arid zone. These findings help 

better understand the thermal effects of waterbodies and use different 
planning methods to improve urban resilience and mitigate the SUHI in 
different cities. 
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Manoli, G., Fatichi, S., Schläpfer, M., Yu, K., Crowther, T.W., Meili, N., et al., 2019. 
Magnitude of urban heat islands largely explained by climate and population. Nature 
573 (7772), 55–60. 

Masoudi, M., Tan, P.Y., Liew, S.C., 2019. Multi-city comparison of the relationships 
between spatial pattern and cooling effect of urban green spaces in four major Asian 
cities. Ecol. Indicat. 98, 200–213. 

Mora, C., Dousset, B., Caldwell, I.R., Powell, F.E., Geronimo, R.C., Bielecki, C.R., et al., 
2017. Global risk of deadly heat. Nat. Clim. Change 7 (7), 501–506. 

Moyer, A.N., Hawkins, T.W., 2017. River effects on the heat island of a small urban area. 
Urban Clim. 21, 262–277. 

Oke, T.R., 2002. Boundary layer climates. Routledge. 
Oke, T.R., Mills, G., Christen, A., Voogt, J.A., 2017. Urban Climates. Cambridge 

University Press.Oke, T. R (2002). Boundary layer climates. Routledge.  
Park, C.Y., Lee, D.K., Asawa, T., Murakami, A., Kim, H.G., Lee, M.K., Lee, H.S., 2019. 

Influence of urban form on the cooling effect of a small urban river. Landsc. Urban 
Plann. 183, 26–35. 

Qiu, X.Y., Kil, S.H., Park, C., 2021. Impact of local environment on cooling island effect 
of water body: case study of Changsha, China. Sensor. Mater 33, 3801–3817. 

Rydin, Y., Bleahu, A., Davies, M., Dávila, J.D., Friel, S., De Grandis, G., et al., 2012. 
Shaping cities for health: complexity and the planning of urban environments in the 
21st century. Lancet 379 (9831), 2079–2108. 

Shen, T., Chow, D.H.C., Darkwa, J., 2013. Simulating the influence of micro- climatic 
design on mitigating the urban heat island effect in the hangzhou metropolitan area 
of China. Int. J. Low Carbon Technol. 11 (1), 130–139. https://doi.org/10.1093/ 
ijlct/ctt050. 

Sekertekin, A., Bonafoni, S., 2020. Land surface temperature retrieval from Landsat 5, 7, 
and 8 over rural areas: assessment of different retrieval algorithms and emissivity 
models and toolbox implementation. Rem. Sens. 12 (2), 294. 

Singh, M., Sharston, R., 2022. Quantifying the dualistic nature of urban heat Island effect 
(UHI) on building energy consumption. Energy Build. 255, 111649. 

Sippel, S., Meinshausen, N., Fischer, E.M., Székely, E., Knutti, R., 2020. Climate change 
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