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The deterioration of the urban thermal environment poses multiple threats to residents’ health
and the ecological environment. The impact of the local environment on the water cooling island
(WCI) effect is complex and non-negligible. In this study, 21 water bodies in Changsha, China,
were selected to reveal the impact of the local environment on the WCI effect. The results
showed that the average cooling distance (WCI_D), cooling magnitude (WCI_M), and cooling
gradient (WCI_G) of the water bodies are approximately 0.31 km, 2.36 °C, and 7.61 °C/km,
respectively. The WCI effect changes with the type of land cover surrounding the water body:
the greatest WCI effect occurs when the water body is surrounded by built-up land, followed by
bare land, forest, and cropland. Shannon’s diversity index (SHDI) was the factor with the
greatest effect on WCI_D and WCI_G, while the landscape shape index (LSI) had the greatest
effect on WCI_M. The wind direction has a significant impact on WCI_D and WCI_M. The
influence of the wind direction on the WCI effect is obvious, e.g., the impact of prevailing wind
in the downwind direction on the WCI effect is larger than that in the upwind direction, where
WCI_D and WCI_M in the downwind direction were 0.15 km and 0.24 °C larger than those in
the upwind direction, respectively.

1. Introduction

China has been undergoing rapid urbanization over the past 40 years. Its urban regions cover
an area up to 12 times larger than that in 1981.() According to the National Bureau of Statistics
of China (2015), the urbanization rate of China is expected to reach 70% by 2030.2) The rapid
development has led to the degradation of the urban thermal environment with adverse effects
on public health and the ecological environment.

Water bodies and green space in urban areas as urban cooling islands have been shown
academically to play important roles in mitigating urban heat island (UHI) effects.>~® The
cooling island effect refers to the phenomenon that the temperature in the area is obviously lower
than that in the surrounding area. Owing to the higher heat capacity and evapotranspiration,(’-)
the water cooling island (WCI) effect is much greater than the cooling effect of green space.)
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Urban water bodies (such as rivers, lakes, and streams) play an important part in the regulation
of local microclimate and ecological services,(!? improve outdoor thermal comfort, and reduce
the ambient temperature of the surrounding environment, and are becoming a crucial solution to
cope with climate change and improve the urban thermal environment.(!:12)

The WCI effect mainly depends on the water body size, shape, surrounding vegetation
coverage, architectural features, and atmospheric circulation (such as the wind direction and
speed).(!31% In previous research, similarly to the description of UHI intensity, the WCI effect
was described from three aspects: the cooling distance (WCI_D), cooling magnitude (WCI_M),
and cooling gradient (WCI_G).(1>16)

Many researchers have conducted quantitative analysis on the WCI effect. Syafii et al. found
that even a 4 m? pond can reduce the temperature in the surrounding area,(!”) while Saaroni and
Ziv found that a pond of 4 ha could provide a cooling effect over a distance of 40 m.(!®) Adams
and Dove reported that a 35-m-wide river caused a drop of 1-1.5 °C in the ambient temperature
over a range of 30 m.(!” Sun and Chen conducted WCI research on 197 water bodies in Beijing
and demonstrated that the mean amplitude and efficiency of the WCI were 0.54 °C/hm and
1.76 °C/hm/ha, respectively.(1? Zeng et al. found that 2 km? water has the capability to cool the
environment by 0.6 °C over a range of 1 km.(ID

In recent years, research on the mechanism of the WCI effect has gradually increased, mainly
concentrating on the investigation of WCI_D, WCI_M, and the changes in the WCI effect caused
by seasonal differences. However, there has been insufficient research on the impact of the local
environment on the WCI effect, such as the changes in WCI_D and WCI_M caused by an
upwind and downwind direction, or the difference due to different types of land cover.

In addition, some studies revealed the relationship between the landscape indexes of water
bodies and the UHI effect, showing that the area, shape, connectivity, and density of the
landscape have a major influence on the land surface temperature (LST). Appropriately designed
water bodies can reduce the UHI effect.(20-2) Therefore, how to improve the cooling effect of
water bodies in urban areas with a high population concentration and high land utilization has
strong practical significance.

The objective of this study is to discuss the impact of the local environment on the WCI
effect. To achieve this goal, 21 water bodies in Changsha with area >1 ha and no other water
body within 1 km were selected. First, the WCI effect of each water body was comprehensively
determined. Second, the influence of the type of land cover on the WCI effect was examined.
Finally, the relationship between the key landscape indicators and the WCI effect was assessed
by Pearson correlation coefficient analysis and stepwise regression analysis, and the influence of
the wind direction was also considered. The results of this study provide useful suggestions for
promoting the healthy and sustainable development of the urban ecology and for urban managers
designing and maintaining urban water bodies.

2. Study Area

Changsha is the capital of Hunan Province, located in the mid-central region of China,
spanning 111°53°-114°15°E and 27°51’-28°40°N (Fig. 1). As one of the ten hottest cities in China,
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Fig. . (Color online) Location of study area, where numbers in red circles present the locations of 21 water bodies.

the summer in Changsha is long with high temperatures.??) Rainfall is abundant owing to the
humid subtropical monsoon climate. The annual rainfall of the city is approximately 1500 mm.
The city’s average air temperature in July exceeds 29.4 °C with a rainfall of 139.75 mm.?3 In the
past decades, Changsha has undergone significant urbanization and now has an urbanization
rate of 77.59%. According to the Seventh National Census of Hunan Province, the city’s
population reached approximately 10 million in 2020 with the built-up area reaching 40.89%
(587.99 km?). Rapid urbanization has resulted in the emergence of UHISs, and the average LST in
the main urban zone is 2.59 °C higher than that in 1988. The total area of water was 108.49 km?
in 2019, accounting for 7.91% of the total area in Changsha; however, this was 36.16 km? (25%)
lower than that in 1988.C%)

According to the results of land cover classification, there are a total of 162 water bodies in
the study area, excluding rivers. To reduce the cross-effect of the WCI effect between various
water bodies and take into account the spatial resolution of the Landsat 8 thermal IR band (100
m), 21 water bodies with areas larger than 1 ha and no other water bodies within 1 km were
selected as the research objects.
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3. Data and Methods
3.1 LST retrieval

The LST, as a key factor affecting the near-surface air temperature and a useful index that
can be obtained easily through remote sensing data, has been widely used in studies of urban
thermal environments. The thermal infrared sensor (TIRS) images carried by the Satellite
Landsat 8 were used to calculate the LST. The data were downloaded from the US Geological
Survey (https://earthexplorer.usgs.gov/) and the acquisition date was August 17, 2019. The
average air temperature for the date was 31.25 °C, as obtained from China Meteorological
Administration.

A single-band algorithm was adopted to retrieve the LST. This algorithm contains three basic
algorithms: the radiative transfer equation, mono-window algorithm, and single-channel
method.?>—2®) Considering the availability of Landsat data and the actual situation in the study
area, the mono-window algorithm, which is the most commonly used method in Asia,?%3% was

employed to retrieve the LST in this study.

The mono-window algorithm contains four input parameters: land surface emissivity,
atmospheric transmissivity, brightness temperature, and average atmospheric temperature. All
the constant parameters adopted in the algorithm were suitable for regions with a medium
latitude in summer. The formulas of the mono-window algorithm used to obtain the LST (7}) can
be expressed as

T,={a(1-C-D)+[b(1-C-D)+C+D|T-DT,} /C, )
C=er, ®)
D=(1-9[l+1-¢1, 3)

7=1.0163 — 0.1330w, @)

T,=16.0110 + 0.9262T, + 273.15, ©)

where T is the brightness temperature of the thermal IR band (band 10 of Landsat 8), ¢ is the
emissivity of the land surface, 7 is the atmospheric transmissivity in band 10 for the atmosphere
with total water vapor content w (g:cm 2) in the atmospheric column up to the sensor,
a=-62.7182, and b = 0.4339, T, is the average atmospheric temperature, 7|, is the atmospheric
temperature provided by China Meteorological Data Service Center.3)

3.2 Land cover data

The land cover data were obtained from Landsat 8 OLI images by a supervision classification
method. Land cover was divided into five categories: built-up, bare land, water, cropland, and
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forest. Among them, cropland and forest are defined as green spaces.3?) Notably, cropland in
Changsha is mainly composed of rice paddy fields, which contain a large amount of water
throughout the growing season, making it significantly different from typical cropland for
growing wheat or corn in northern China.

To test the classification accuracy, 300 random points were selected and then interpreted
using high-resolution spatial images from Google Earth. The validation results showed that the
overall accuracy of the classification results was above 91.2%.

3.3 Definition of WCI effect

Water can form a cooling island effect due to the specific heat capacity and evaporation at the
water surface, leading to a temperature drop in the surrounding area.(33-3% The characteristics of
the WCI effect can be described by three aspects: the WCI_D, WCI_M, and WCI_G.

WCI D is defined by the distance between the edge of the water body and the first turning
point on the LST curve (Fig. 2). For each water body, the first turning point of the LST curve is
selected manually as the point where the LST starts to decrease or reaches a relatively stable
level. WCI_M is defined by the temperature difference between the water body and its first
turning point. WCI G is defined by the average temperature drop per unit distance, equaling
WCI_M divided by WCI_D.G>)

Specifically, WCI_D is the most common indicator in existing studies. A larger WCI_D
indicates a longer cooling distance, leading to a larger cooling range in the surrounding area.
WCI_M is a supplementary indicator. There are two possible situations that increase WCI_M:

First turning point,;

WCLM WCI_G,= WCLM, ' First turning point,

WCILG = o
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Fig. 2. (Color online) Illustration of WCI effects.
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(1) the water body is in a heat-concentrated area in the urban area, then an increase in the
temperature difference between the water body and its surrounding area would lead to an
increase in WCI_M; (2) the temperature in the water body decreases owing to the influence of
the ambient environment, leading to an increase in WCI_ M. Generally, a larger WCI M
indicates a better cooling effect. WCI_G is only a reference indictor, reflecting the cooling
efficiency per unit distance, where a larger WCI_G indicates higher cooling efficiency.

To investigate the WCI effect of water bodies, 21 typical water bodies with area larger than
1 ha and no other water bodies within 1 km were selected as the research objects. Buffer zones
were set up with a fixed interval surrounding the water bodies to extract the average LST and the
landscape indexes in each buffer zone. The buffer interval (60 m) was twice the spatial resolution
of Landsat 8 OLI images (30 m), and a distance of 1020 m (an integer multiple of 30 m) was
chosen as the furthest buffer distance on the basis of preliminary analysis results.

The spline function was adopted to increase the continuity of the LST variation with the
distance. Specifically, the LST intervals were interpolated at intervals of 10 m, then the average
LST was calculated at intervals of 10 m from the center of the water body to the edge of the
buffer zone to obtain the LST curve in the buffer zone (Fig. 2). Note that the average LST was
extracted in each direction of the buffer zone or water body when discussing the influence of the
wind direction on the WCI effects.

3.4 Local environment indexes
3.4.1 Wind data and wind direction classification

Generally, owing to the influence of the wind direction, the cooler air on the surface of a
water body is more easily moved in the downward direction. In contrast, when the cooler air on
the water surface moves in the upward direction, it is more susceptible to being blocked by a
headwind.

The prevailing wind direction in Changsha in summer ranges from 146.26 to 191.25° referred
to as southeast wind and south wind, respectively. According to China Meteorological
Administration, on the research date (August 17, 2019), the wind direction with the maximum
wind speed was from 133 to 172°, corresponding to southeast wind and south wind, respectively,
and the maximum wind speed was 3.6-3.8 m/s (breezy).

To investigate the influence of the wind direction on the WCI effect, each water body and its
surrounding buffers were divided into four directions. Starting from due north, every 90° in the
clockwise direction was assigned a direction, i.e., 0—90°, 90—180°, 180-270°, and 270-360°. The
direction N-NE (0—-90°) represents north wind and northeast wind; the direction E-SE (90—180°)
represents east wind and southeast wind; the direction S-SW (180-270°) represents south wind
and southwest wind; the direction W-NW (270-360°) represents west wind and northwest wind.
Therefore, in this study, the directions E-SE and W-NW are defined as the upwind and

downwind directions, respectively.?3)
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3.4.2 Landscape index of local environments

To investigate the impact of the local environment surrounding water bodies on the WCI
effect, we choose multiple landscape indicators that can represent the structural composition and
spatial configuration around a single water body to quantify the environmental characteristics of
the area around water bodies.(!>36-37)

From the aspect of the water body, two indictors, area and landscape shape index (LSI), were
selected. From the landscape level, the patch density (PD) and Shannon’s diversity index (SHDI)
were selected to describe the overall characteristics of the surrounding environment within
WCI_D. From the class level, the percent of landscape (PLAND), aggregation index (Al), largest
patch index (LPI), and splitting index (SPLIT) were selected to describe the local characteristics
of a certain land cover type (Table 1).

Table 1

Influencing factors of WCI used for this study.

Index Description Equation
Complexity of shape of water body. Larger LSI indicates more irregular D

LSI shape, leading to larger contact surface between water body and LSI:W

surrounding environment.

PD Degree of differentiation or fragmentation of patches in landscape. Larger PD =%§Ni
J=1

PD represents greater fragmentation of landscape.

Heterogeneity of landscape. Particularly sensitive to uneven distribution of

. . m
patch types in landscape. Larger SHDI represents more different types of SHDI :—Z(Pi « lnp,.)
landscape, i=1

richer land use, and greater fragmentation.

SHDI

Percentage of total area of green space (including cropland and forest)

in entire landscape area. Value near 0 indicates very rare patch type in

PLAND G i PLAND = % 100

landscape. Value of 100 means entire landscape composed of one type of
patch.

Degree of patch dispersion in landscape area. Larger Al means patches of
Al same type in landscape aggregate with each other; therefore, more compact — ,, _ & 400
structure with higher connection degree and lower fragmentation within " max —> gy

patch.

Proportion of landscape area composed of largest patch. Reflects landscape
LPI dominance. Value near 0 indicates that area of largest patch is small. Value LPI =
of 100 means entire landscape composed of only one type of patch.

axa;
Y %100

Degree of separation of individual distribution of different patch numbers

in certain landscape type. Reflects aggregation and dispersion of patches.  gpy 7 =
Larger SPLIT indicates more scattered patches of this type and greater
fragmentation.

A2
a?
j=1v

SPLIT

Note: D and WA: perimeter and area of water body, respectively, M: total number of landscape element types, 4: total
landscape area, N;: number of type i patches of landscape elements, p;: area proportion of patch type 7 in landscape, m:
number of patch types in landscape, 4;: total area of type i patches of landscape elements, g;;: number of common edges
of patch type i grid in landscape, maxg;;: number of largest common edges of patch type i grid in landscape, a;;: area of
patch 7.
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Note that PLAND is only used for green space (PLAND_G), and the last three indexes are
used for all land cover types. For simplicity, Al for built-up, bare land, cropland, and forest is
denoted by AI B, Al BL, Al C, and Al F, respectively. LPI for built-up, bare land, cropland,
and forest is denoted by LPI B, LPI BL, LPI C, and LPI F, respectively. SPLIT for built-up,
bare land, cropland, and forest is denoted by SPLIT B, SPLIT BL, SPLIT C, and SPLIT F,
respectively. All landscape indicators were calculated using Fragstats software (v4.2).

Pearson correlation coefficient analysis was used to quantify the relationship between the
characteristics of water bodies and WCI effects.®® The variables with high or significant
correlation values based on the results of Pearson correlation coefficient analysis were treated as
potentially effective indicators of WCI effects. In addition, multiple stepwise regression, a
common method to eliminate multicollinearity between factors and obtain optimal regression
models, was employed to determine the key factors influencing the WCI effect.

The backward elimination procedure was used and alpha was set at 0.10 to decide whether to
include the variables in the final models.®® Using the significance degree, the method can
provide the explanatory power of the key factors and predict their relative importance for the
WCI effect. P-values of less than 0.05 were considered statistically significant, while p-values of
0.05-0.1 were considered suggestively statistically significant.®3”) All statistical analysis
procedures were completed using Stata 14.

4. Results and Discussion
4.1 WCI effects of 21 water bodies

The area of the 21 water bodies in the study ranges from 1.01 to 56.83 ha, with the LSI
ranging from 1.05 to 2.19 (Table 2). The LST of the water body has a negative correlation with
the area and LSI of the water body; the LST tends to decrease with increasing size and
complexity of the shape of the water body. This can be explained by the heat capacity and
evaporation of the water body. On the one hand, a larger area with a higher water content
contributes to a slower temperature increase, resulting in a lower LST of the water body. On the
other hand, the complex shape of the water body increases the contact surface between the water
body and the surrounding area, promoting the air flow and accelerating evaporation, thus
reducing the LST of the water body.

WCI_D of the water body in the study is between 0.12 and 0.97 km with an average of 0.31
km. The LST in the buffers increases with the distance from the water bodies and remains flat
after reaching a certain distance (Fig. 3). All LST curves show similar rules for all types of land
cover, which reveals that the WCI effect has a certain range of influence, and the water body has
a certain cooling effect on all land cover types.

WCI_M of the water body in the study is between 0.64 and 4.16 °C with an average of
2.36 °C. Different land cover types show distinct differences in the cooling magnitude (Table 3),
with the largest cooling magnitude occurring in built-up (2.80 °C), followed by bare
land (2.01 °C), forest (1.55 °C), and cropland (1.38 °C). Within the whole cooling distance, the
maximum LST difference between the water body and built-up reached 5.09 °C, followed by
bare land (3.6 °C), forest (2.92 °C), and cropland (2.21 °C).
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Table 2
WCI effect of water bodies.
Number Area LSI Water LST WCI_ D WCI M WCI G
(ha) (O (km) O (°C/km)
1 2.89 1.34 28.40 0.37 2.69 7.27
2 25.03 1.79 27.98 0.43 2.21 5.14
3 13.26 1.56 28.18 0.20 2.79 13.95
4 1.56 1.25 31.06 0.25 1.71 5.50
5 2.36 1.32 30.89 0.23 37 17.45
6 1.47 1.21 29.78 0.28 2.21 5.74
7 2.16 1.21 28.84 0.27 1.80 6.62
8 1.01 1.30 29.38 0.22 2.61 11.35
9 1.80 1.07 29.84 0.18 2.36 13.18
10 1.37 1.25 30.33 0.12 0.64 5.82
11 3.40 1.98 30.46 0.18 0.98 5.51
12 1.84 1.14 29.11 0.51 2.76 5.35
13 5.62 1.05 28.45 0.21 2.57 12.24
14 1.55 1.15 30.04 0.25 1.77 6.56
15 1.37 1.08 29.38 0.27 1.21 448
16 2.16 1.14 28.96 0.3 2.31 7.11
17 23.67 1.31 27.98 0.54 3.20 5.93
18 52.28 2.00 28.10 0.45 3.05 6.78
19 2.58 1.16 29.01 0.14 1.10 7.97
20 28.64 1.45 29.08 0.19 377 20.60
21 56.83 2.19 28.24 0.97 4.16 4.24
Mean 11.09 1.38 29.21 0.31 2.36 7.61
Std Dev 16.82 0.33 0.96 0.19 0.94 4.52
Table 3
Parameters of different land cover within the cooling distance.
Parameter Land cover
Bare land Built-up Forest Cropland
WCI_M (°C) 2.01 2.80 1.55 1.38
Maximum LST difference (°C) 3.60 5.09 2.92 2.21
WCI_G (°C/km) 6.48 9.03 5.00 4.52

The obtained results are similar to those of Cheval ef al., who reported that the influence of
lakes on the LST is 1-5 °C depending on the land cover type.“? This difference can be explained
by the different absorption rates of heat radiation for different types of land cover. Specifically,
built-up land, mainly consisting of impervious surfaces, strongly absorbs heat from the sun.
Bare land is mainly natural bare soil with strong water permeability, which has slightly higher
thermal inertia and heat reflection ability than artificial impervious surfaces.*! Forest shows
strong ability to reflect solar radiation owing to evapotranspiration and the shading effect.4?
The cropland in the study area was mainly rice paddy fields. During summer, the evaporation of
a large amount of water from rice paddy fields results in the absorption of a large amount of heat,
which, combined with the large canopy of rice, gives cropland the lowest temperature among the
different types of land cover.

WCI_G of the water bodies in the study area is between 4.24 and 20.6 °C/km with an average
of 7.61 °C/km. The cooling gradient is also different for each land cover type. The maximum
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(Color online) LST curves of 21 water bodies.
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cooling gradient occurs in built-up (9.03 °C/km), followed by bare land (6.48 °C/km), forest
(5.00 °C/km), and cropland (4.52 °C/km). This illustrates that the WCI effect has the strongest
impact and the highest cooling efficiency on built-up land.

4.2 Influence of landscape complexity of local environments on WCI effect
4.2.1 Influence of landscape indexes

The correlation analysis suggests that several factors are relevant to the WCI effect (Table 4).
The area of water bodies has a relatively strong positive relationship with WCI_D and WCI_M
but no significant relationship with WCI_G. LSI also has a positive relationship with WCI_D but
no obvious relationship with WCI_M and WCI_G. In addition, PD and SHDI were found to be
negatively related to WCI_D and WCI_M but have little influence on WCI_G. PLAND_G and
LPI F has a negative correlation with WCI G, while LPI B and SPLIT F have a positive
correlation with WCI_G. AI B and SPLIT B show positive and negative relationships with
WCI_M, respectively, and appear to be unrelated to WCI_D and WCI_G.

These results imply that WCI_D increases with increasing area, increasing complexity of the
shape, decreasing landscape density, and decreasing SHDI. A larger water area has greater
evapotranspiration of the water body, thereby increasing WCI_D. A more complex shape of the
water body leads to a larger contact area between the water body and its surrounding
environment, thereby increasing WCI_D. For a lower PD, a less heterogeneous landscape, and
lower fragmentation of the landscape, the connection of green spaces is higher, then the
absorption of solar radiation by the green spaces can effectively reduce the intensity and area of
the heat island in the environment surrounding the water body, leading to an increase in WCI_D.

Table 4
Pearson correlation coefficient between influencing factors and WCI effect.
Influencing factors WC effect

WCI_D WCI M WCI_G
Water area 0.7135% 0.6043* -0.0374
LSI 0.5450* 0.3243 —-0.1556
PD —0.4738* —0.6479%* —0.1116
SHDI —0.5191* —0.6697* —0.0891
PLAND G 0.1735 -0.2592 —0.4844*
Al BL —0.2836 0.1092 0.3391
Al C -0.2174 0.0701 0.4312
Al B 0.3013 0.5267* 0.1426
Al F 0.0598 —0.1600 -0.2740
LPI BL —0.0336 0.0588 0.1050
LPI C —0.0393 —-0.1331 —0.1741
LPI B -0.0146 0.4241 0.4437*
LPI F 0.1958 -0.2727 —0.5035*
SPLIT BL 0.0960 —-0.0972 —0.2232
SPLIT C —0.0869 0.0228 0.2090
SPLIT B —0.0868 —0.4385* —0.3412
SPLIT F -0.3927 0.0021 0.4387*

*p <0.05 level
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WCI_M increases with increasing area, decreasing landscape density, decreasing SHDI, and
a more concentrated and less separated built-up area. In general, a larger area results in a larger
volume of the water body, which slows the temperature increase in the water body, thereby
causing an obvious temperature difference between the water body and its surrounding area.
WCI_M increases with decreasing proportion of green space, increasing proportion of the
largest patch in the built-up area, decreasing proportion of the largest patch in the forest, and a
more separated forest. For a smaller PD, a smaller SHDI, lower fragmentation of the landscape,
and higher ratio and connectivity of green spaces, the solar radiation absorbed by the green
spaces and their shading effects reduce the rate of warming of the water body, thereby increasing
WCI_M. For a more concentrated and less separated built-up area, the higher temperature in the
built-up area aggravates the UHI effect, thereby increasing WCI_M.

WCI_G increases with decreasing green space ratio, increasing proportion of the largest
patch belonging to the built-up area, decreasing proportion of forest, and less clustered forest.
These conditions all increase the ambient temperature in the water body, leading to a more
obvious thermal environment issue and an increase in WCI_G.

The key influencing factors in the landscape on the WCI effect were selected by stepwise
regression analysis (Table 5). Generally, all the built models showed a relatively acceptable
explanation rate (>44%).

SHDI (-), AI BL (-), and PLAND G (+) contributed significantly to the prediction of
WCI_D. A lower SHDI means fewer landscape types, a lower degree of patch fragmentation,
and greater connectivity of the landscape. A lower Al BL means a lower concentration of bare
land. A larger PLAND G means a higher proportion of green spaces. WCI_D increases with
decreasing patch fragmentation, decreasing concentration of bare land, and a higher percentage
of green spaces. This is due to the ability of green spaces to absorb solar radiation. The green
space patches effectively break up impervious surfaces, thereby reducing the intensity and area
of the heat island and increasing WCI_D.“3 This finding is consistent with previous studies,
which found that larger and more continuous green spaces surrounding a water body achieve a
better cold island effect.(13:44)

The most relevant factors influencing WCI_M are LSI (-), Al B (+), water area (+), and PD
(). A water body with a simple shape has a smaller contact area with its surroundings. A more
concentrated built-up area increases the UHI effect, contributing to an increase in the LST. A
larger area of water body has a lower LST in the water body. A smaller PD indicates a lower
degree of fragmentation, changing the ambient temperature in the water body. These conditions
all contribute to increasing the temperature difference between the water body and its
surrounding environment, thereby increasing WCI_M.

Table 5

Stepwise regression models for the key factors affecting the WCI effect.

WCI effect Coefficients R?
WCI_D SHDI (-2.3716%%), AI_BL (—0.0451¥), PLAND_G (0.0089%) 0.7321
WCI_M LSI (-1.4008%), AI_B (0.1422), water area (0.0368%), PD (~0.0189) 0.7553
WCI_G SHDI (15.4979), AI_F (-1.8788), LPI_B (0.2881*%) 0.4417

Standardized coefficients were used to determine the relative importance of the explanatory variables, and larger absolute
values of the standardized coefficients indicate higher importance in predicting the WCI effect.
**p < 0.01 level; *p < 0.05 level; Others p < 0.1 level
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The factors with the greatest impact on WCI_G are SHDI (+), Al F (-), and LPI B (+),
indicating that a water body in a dense urban area has the capacity to achieve the highest cooling
efficiency. A higher SHDI means a higher rate of land use, higher heterogeneity, and a more
fragmented landscape, leading to an increase in the LST. A less clustered forest with poor
connectivity of the forest also increases the LST, which, combined with the larger LPI B,
aggravates the UHI effect, thereby increasing WCI_G.

4.2.2 Influence of wind direction on WCI effect

Table 6 gives the WCI effect of the 21 water bodies for different wind directions. WCI_D is
largest (0.29 km) in the N-NE and W-NW directions and smallest (0.22 km) in the S-SW
direction. The largest WCI_M (2.71 °C) occurs in the E-SE direction, followed by the S-SW
direction (2.61 °C), N-NE direction (2.42 °C), and W-NW direction (2.16 °C). The greatest
WCI G appears in the S-SW direction, followed by the E-SE, N-NE, and W-NW directions.

To illustrate the influence of the wind direction on the WCI effect, the water bodies with
simple terrain (i.e., excluding those surrounded by mountains or built-up area) were selected. As
shown in Fig. 4, in the upwind direction of the prevailing wind, the average WCI_D, WCI_M,
and WCI_G are 0.21 km, 2.31 °C, and 10.75 °C/km, compared with 0.36 km, 2.55 °C, and
7.61 °C/km in the downwind direction of the prevailing wind, respectively. WCI_D and WCI_M

Table 6

Influence of wind direction on WCI effect.

WCI o o

effect WCI_D (km) WCI_M (°C) WCI_G (°V/km)
Water Direction Direction Direction

number N-NE E-SE S-SW W-NW N-NE E-SE S-SW W-NW N-NE E-SE S-SW W-NW

1 038 034 0.6 0.18 319 284 1.27 285 8.41 836 791 15.84
2 033 042 0.15 0.17 297 284  3.04 1.16 899 677 2024  6.80
3 0.18 0.18 0.17 0.36 3.09 206 227 342 1718 1146 13.33 9.50
4 0.15 025 032 024 1.69 1.81 2.55 1.60  11.25 7.25 796  6.65
5 040 030 0.17 0.18 362 832 392 1.74 9.04 2774 23.07  9.66
6 0.45 0.17 0.18 0.30 244 225 280 279 542 1324 1554 929
7 0.18 0.27 065 028 0.73 3.53 3.25 1.59 406 13.07 500 5.66
8 065 022 0.6 0.18 570 295 267 1.71 878 1342 16.71 9.47
9 0.15 0.12 0.18 0.20 1.70 .56  3.09 300 11.33 13.00 17.19 15.01
10 0.07 0.1 0.13 0.15 028 066  0.88 1.22 403  6.60 6.75 8.16
11 0.14 0.17 0.18 0.21 0.71 1.06 1.14 1.45 508 624 633 691
12 053 020 036 054 2.83 1.96 341 2.01 534 981 947 373
13 024 019 0.17 0.31 2.84 244 255 274 11.85 12.82 1497 884
14 042 028 012 0.9 241 3.1 1.94 1.04 574  11.07 16.21 5.47
15 0.14 026 028  0.39 1.62 113 2.03 1.88  11.59 434 724 481
16 028 036 038 0.8 349 246 274 048 1246  6.82 720  2.64
17 054 036 020 0.53 2.11 486 4.03 238 391 1350 2014 449
18 037 036 0.8 0.48 3.00 348 3.04 3.62 8.10 9.68 16.86  7.55
19 0.11 0.16 0.13 0.14 0.14 1.19 1.62 1.43 1.32 744 1249 10.24
20 0.18 024 018 0.18 3.70 357 405 28 20.56  14.87 2252 1554
21 024 018 023 0.60 263 274 251 444 1095 1524 10.93 7.40

Mean 029 024 022 0.29 242 271 2.61 2.16 830 11.08 11.71 7.57
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Fig. 4. (Color online) WCI effects of water bodies with simple terrain.

are considerably higher in the downwind direction than in the upwind direction, implying that
the wind direction has significant impact on the WCI effect. This is similar to the results of
Gupta et al., who demonstrated that air ducts can effectively mitigate the UHI effect.®>)

4.3 Implications and limitations

4.3.1 Implications for urban planning of impacts of local environment on WCI effect

There are three recommendations for the design of water bodies and surrounding areas: (1) a
water body with a reasonable configuration can produce a good cooling effect on the surrounding
environment as part of urban planning. Preventing the expansion and infiltration of built-up and
bare land and increasing the green space around the water body as much as possible to form a
continuous and concentrated blue-green space will increase its cooling effect. (2) For the centers
of urban areas with a high building density and high plot ratio, water bodies can be established in
combination with urban parks and residential blocks to form a blue-green land network, reduce
the concentration of impervious ground, and alleviate the internal UHI effect. (3) Green spaces
should be configured in combination with urban air ducts. For example, configuring more
continuous green spaces in the upward wind direction of the prevailing wind surrounding the
water body will achieve a better WCI effect. The findings of this study could provide some
useful guidelines in the future urban planning of other countries and regions with similar terrain
and climate to Changsha, although the WCI effect will be slightly different.

4.3.2 Limitations

We concentrated on the impacts of the local environment on the WCI effect and extracted the
main influencing factors by stepwise regression analysis. The influence of the wind speed and
wind direction on the WCI effect was presented; however, it was not quantified in the model.
Moreover, other factors including building heights and topographic parameters could influence
the wind speed and direction.#®) Therefore, more factors should be added in the future to
improve the existing model.
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Previous studies have shown that the WCI effect varies considerably between day and night
and among the four seasons.37#¢~4®) This was not investigated in our study because of the
limited Landsat data. The local environment surrounding water bodies will markedly change
with the growth and decay of vegetation during the four seasons; therefore, seasonal and diurnal
changes in the WCI effect should be examined in the future.

5. Conclusions

The UHI effect has become a serious threat to the urban ecology, causing great harm to the
health of urban residents and the sustainable development of the ecological environment. We
investigated the WCI effect of 21 water bodies in Changsha and revealed the relationship
between the WCI effect and various influencing factors. The conclusions are summarized as
follows.

The water body has a certain cold island effect. For the 21 water bodies in the study area,
WCI_D is between 0.12 and 0.97 km with an average of 0.31 km, WCI_M is between 0.64 and
4.16 °C with an average of 2.36 °C, and WCI_G is between 4.24 and 20.6 °C/km with an average
of 7.61 °C/km. For areas with abundant water resources, we recommend the mitigation of the
UHI effect by preserving natural water bodies and adding artificial lakes as part of urban
planning.

Different types of land cover contribute to markedly different increases in the LST. Built-up
land has the largest increase of 2.80 °C, followed by bare land (2.01 °C), forest (1.55 °C), and
cropland (1.38 °C). This indicates that water bodies in dense urban areas provide a good cooling
effect.

The WCI effect is affected by multiple indicators. For WCI_D, the largest influencing factor
is SHDI (-), followed by Al BL (-) and PLAND G (+); for WCI_M, the largest influencing
factor is LSI (-), followed by AI B (+), water area (+), and PD (—); for WCI_G, the main factors
are SHDI (+), Al F (-), and LPI_B (+). Therefore, the design of water bodies should include a
surrounding forest landscape to obtain a greater WCI effect.

The wind direction has a significant impact on WCI_D and WCI_M. In the case of a simple
local environment, in the upwind direction of the prevailing wind, WCI_D is 0.1-0.36 km with
an average of 0.21 km and WCI_M is 0.66—4.86 °C with an average of 2.31 °C. In the downwind
direction of the prevailing wind, WCI_D is 0.2—0.6 km with an average of 0.36 km and WCI_M
is 1.22—4.44 °C with an average of 2.55 °C. Therefore, the design of a water body should take the
wind direction and path into account, and the water body should be combined with surrounding
green spaces to maximize the WCI effect.
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