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Abstract: Urban water bodies have a cooling effect and alter the local urban thermal environment.
However, current research is unclear regarding the relationships between factors such as the spatial
density, area proportion, and distribution pattern of water bodies and the cooling effect of water on
the local thermal environment. To clarify these relationships, it is critical to quantify and evaluate
the influence these factors have on the cooling effect of water in the urban landscape. Therefore,
we analyzed the cooling effect of different water bodies on the local thermal environment at the
microscale by comparing their area proportions and distribution patterns using numerical simulations.
Furthermore, we analyzed the day—night variation in the cooling effect of urban water bodies with
different areas and distribution patterns. We used the area proportion, separation index (SI), and
landscape shape index (LSI) to indicate the layouts of water bodies. The results showed that the
cooling effect of a water body was higher during the day than at night. These results also showed that
area proportion and LSI were positively correlated with the water body’s cooling effect. However,
the efficiency of the cooling effect gradually decreased with increasing area proportion. When the LSI
increased, more areas within the region displayed larger cooling effect values, but the uniformity of
the regional cooling diminished. Additional results showed that the cooling effect had no significant
positive correlation with SI. A moderate SI could enhance the uniformity of the cooling effect in the
region and link the cooling effect between water patches.

Keywords: cooling effect; urban water bodies; numerical modeling; water body layout

1. Introduction

With accelerating urbanization, the urban-scale heat island effect becomes more pro-
nounced. Under the urban heat island (UHI) effect, urban spaces do not form high-
temperature isothermal regions but present isolated centers of high temperature. UHIs not
only affect people’s living environment and quality of life but also can cause serious harm
to the urban ecosystem and public safety, affect the urban material cycle and energy flow,
and aggravate air pollution, thus affecting the development of cities.

In recent years, various mitigation efforts or acts of governance have been undertaken
to reduce the impact of UHIs. Using green and blue infrastructure to reduce the temperature
of the surrounding urban environment is one of the most effective ways to mitigate the
urban heat environment [1-5]. Urban blue infrastructure consists of water bodies in urban
landscapes. Various water bodies in urban landscapes offer significant potential value in
regulating the urban microclimate and reducing urban air temperatures [6]. Many studies
showed that water bodies have a significant cooling effect [7-9]. Water bodies have high
thermal inertia, heat capacity, and thermal conductivity, and low emissivity [10]. Because
water has only one surface with which to absorb solar radiation, the ability of urban
water bodies to absorb heat is weaker than that of buildings. Therefore, according to the
theory of surface heat balance, water bodies not only correspond to relatively low surface
temperatures but also influence the ambient temperature of the surrounding environment.
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Many factors affect water bodies” cooling effect, including factors specific to each
water body and local environmental factors. The ability of water bodies to regulate the
local microclimate can be realized by planning the area, shape and spatial heterogeneity
of different water bodies [11]. In terms of water body area, the proportion of water
surface is significantly negatively correlated (correlation coefficient of —0.72) with the
surface temperature of the water body [12]. The larger the area of the water body, the
more heat radiation it absorbs, and the larger its evaporation area. The larger the area of
evaporation, the more heat in the air is dissipated through evaporation, and the lower the
resulting air temperature and radiation temperature values [13]. The water body’s patch
area is the dominant cooling intensity factor [14]. However, in reality, the area of water
bodies is limited. Therefore, water bodies” shape and spatial heterogeneity can also be
designed to maintain their maximum value for microclimate regulation. The shape and
spatial heterogeneity of water bodies can be quantified by applying a landscape index [15].
The cooling effect of water decreases nonlinearly as the distance from the water body
increases [16]. The shape of a body of water is usually represented by the landscape shape
index (LSI). The smaller LSI of the water body is, the greater the UHI effect is [17]. The LSI
of the water body has a high correlation with the cooling effect of the water body [18-20]. In
terms of spatial heterogeneity, numerous smaller water bodies can provide more beneficial
cooling effects than fewer large water bodies with the same total area [21]. In addition,
widely distributed, discrete water bodies have a better cooling effect than concentrated
water bodies [22,23]. Therefore, parametric indicators are necessary to quantitatively study
the cooling effects of different water bodies.

To quantify the cooling effect of water bodies, three methods are commonly used:
field measurement [24-26], monitoring by remote sensing [20,27,28], and microscopic
simulation [29-31]. Although field measurements are accurate, the cost of observation is
high, and the scale is limited. Remote sensing methods primarily focus on the relationship
between the cooling effect’s intensity and range and the areas and spatial patterns of
water bodies. Remote sensing methods tend to analyze the annual seasonal variation or
long-term interannual variation in the cooling effect of water bodies. Compared with
field measurement, microscopic simulation does not require much manpower or time.
Compared with remote sensing, microscopic simulation has the advantages of resolution
and dimension and can obtain 3-D temperature data at the meter scale. The computational
fluid dynamics (CFD) model is one of the important microscopic simulation methods. ENVI-
met is the most widely used software for analyzing the influence of different underlying
surfaces on urban microclimate. For example, ENVI-met was used to simulate the layout
factors of water bodies, and a microscale model was constructed to simulate the water
bodies’ scale, dispersion, morphology, and location. The cooling effects under different
water body configurations were simulated, and the water body configuration with the best
cooling effect was determined [22].

Based on previous studies, we found it very important to quantify the cooling effect
of urban water bodies. However, at present, most studies on the cooling effect of water
bodies start from remote sensing monitoring to analyze the cooling effect of water bodies,
especially of large rivers and lakes. There are few quantitative studies on the cooling
effect of artificial rivers, pools, and other landscape water bodies in urbanized areas
seriously affected by human activities at the microscale, and the factors affecting the
cooling effect. Therefore, we took urban artificial water bodies as an example and used
numerical simulation to analyze the cooling effect of water bodies quantitatively. The
specific objectives of this study were as follows: (1) to determine the effect of different area
proportions of water bodies on the cooling effect of urban water bodies; (2) to use different
layout indices to quantify the layout of water bodies; (3) to determine the influence of
different water body distribution patterns on the cooling effect of urban water bodies.
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2. Method

We used the urban microclimate simulation software ENVI-met for the simulation
experiments. ENVI-met software is based on relevant theoretical knowledge, such as
thermodynamics, computational fluid dynamics, and urban ecology. It fully considers the
interactions between the ground, vegetation, architecture, and atmosphere in small-scale
urban spaces and can numerically simulate and reproduce the dynamic urban atmospheric
change process. The numerical simulation of dynamic urban atmospheric change incorpo-
rates air flow, turbulence, heat and water exchange between plants and the surrounding
environment, particle diffusion, and heat and water vapor exchange on the ground and
building surfaces. Therefore, ENVI-met software is essential for studying the urban heat is-
land effect, building natural ventilation, and exploring atmospheric pollutant diffusion [32].

2.1. Boundary Condition of Simulation

As an example, we studied the cooling effect of urban water landscapes on the urban
microclimate in the Beijing area. The simulation area was 100 m x 100 m, located at 116.4° E
and 39.91° N. According to the characteristics of the ENVI-met numerical simulation, the
grid was set to 100 x 100 x 30. The grid resolution was dx=1m,dy=1m,and dz=2m
(dx and dy are the horizontal resolutions of the X and Y axes, respectively, and dz is the
vertical resolution of the Z axis). 31 July 2018, was selected as the simulation day, and the
simulation time was 24 h from 0:00. Based on the day’s meteorological data from Beijing,
the initial wind speed was set to 1.8 m/s, the dominant wind direction was 180°, the initial
temperature was 30 °C, and the relative humidity was 72%.

2.2. Simulation Design
2.2.1. Simulation of Different Water Body Area Proportions

To ensure that the surrounding environment remained unchanged, we used the control
variable method to set up a green space with a coverage rate of 30% around the water body.
With the shape and layout of the water body unchanged, we set up eight different models
of the area proportion of water bodies, with water body area proportions of 0%, 1%, 4%,
9%, 16%, 25%, 36%, 49%, and 64%, referring to the ratio of the area of water bodies to the
area of the surrounding region. The water body area proportion refers to the proportion of
water body area to the area of the area where it is located, and is calculated as follows:

_4s

/
A A

)
where A’ is the area proportion of the water bodies, A is the total simulation area, and A
is the total area of water patches.

The models of the area proportion for each water body constructed by ENVI-met
software are shown in Table 1, where the surfaces other than the water body were set as
bare soil.

Table 1. Different water body area proportions model settings.

Water Body Area Proportion Area (m?) Model

0% 0
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Table 1. Cont.

Water Body Area Proportion Area (m?) Model
10/0 100 .
40/0 400 .
90/0 900 .
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Table 1. Cont.

Water Body Area Proportion Area (m?) Model

49% 4900

64% 6400

2.2.2. Simulation of Different Water Body Layouts

The spatial heterogeneity and shape of the water bodies are important factors for
water body layout. To describe the simulation results, we used two quantitative indices to
quantify the differences between different layouts. We used the Separation Index (SI) to
denote the water bodies’ spatial heterogeneity [33]; it was calculated as follows:

N 2
[(EDgg) /N

SI= 1

@)
where Dy, is the minimum boundary distance from each patch to the nearest neighbor
patch, N is the number of water patches, A is the total area of water patches. SI describes
the degree of dispersion of the water bodies. A larger SI indicates that the more distant the
patches are from each other, the more discrete the distribution of patches.

We used Landscape Shape Index (LSI) to denote the water bodies” shape. LSI is a
shape index of water body patches, a standardized measure of total edge or margin density
that can be adjusted to the size of the landscape [34]; it was calculated as follows:

P
24/ TIAO

where P is the perimeter of a single water patch, Ay is the area of a single water patch. LSI
illustrates the complexity of the shape of the water body. Ideally, the LSI equals 1.00 for
a circle and 1.13 for a square. It increases with increasing landscape shape irregularity. A
larger LSI indicates a more irregular shape, leading to a larger contact surface between the
water body and the surrounding environment.

We selected a water body with an area proportion of 16%, established six layout
models, and simulated the above indicators with the layout elements shown in Table 2. The
effects of SI on the cooling effect of water bodies are discussed using cases 1, 2, 3, and 4.
The effects of LSI on the cooling effect of water bodies are discussed using cases 1, 6, and 7.

LSI = 3)
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Table 2. Different water body layout model settings.

Perimeter of a

Case Single Water Area of a Smglze SI LSI Model
Water Patch (m~)
Patch (m)
case 1 160 1600 0 1.13 .
case 2 40 400 0.06 1.13 .
case 3 40 400 0.25 1.13 .
case 4 40 400 0.56 1.13 .
case 5 200 1600 0 141 .
case 6 260 1600 0 1.69 .
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3. Results
3.1. The Effect of Area Proportion on the Cooling Effect

We analyzed the maximum, minimum, and average temperatures of water bodies
with different area proportions at 14:00. From Figure 1, we can see that the temperature
gradually decreased as the area proportion of the water body increased. However, when
comparing with the air temperature at 14:00 for water bodies with a 0% area proportion,
water bodies with 1%, 4%, and 9% area proportions did not have a cooling effect on the
surrounding environment, and even increased the air temperature. Therefore, we analyzed

the experimental results for the effects of water body area proportions of 16%, 25%, 36%,
49%, and 64% on the cooling effect.

—m— Max air temperature(°C)—@— Min air temperature(°C)—A&— Average air temperature(°C)

|

Air Temperature(°C)

32

T T T T T T T T
0% 1% A% 9% 16% 25% 36% 49% 64%

Water body area proportion

Figure 1. Maximum, minimum, and average temperatures at 14:00.

The hourly temperature changes throughout the day under each water body area
proportion are shown in Figure 2. The daily minimum temperature occurred at 3:00, and
the daily maximum temperature occurred at 14:00. The water bodies with area proportions
of 0%, 16%, and 25% had brief temperature drops at 8:00. The temperature started to
increase at 10:00 and reached a maximum at 14:00. For water bodies with area proportions

of 36%, 49%, and 64%, the temperature began to increase gradually after 3:00 and reached
its highest value at 14:00.

35 ——0% O 16% A —25% ¥ 36% & 49% > 64%

w
>
1

w
w
1

Air Temperature(°C)
= 83
1 1

w
(=]
1

29

T T T T T T T T T T T
2: 00 4: 00 6:00 8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00
Time(h)

Figure 2. Hourly temperature of water bodies with different area proportions throughout the day.
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Based on the sunrise and sunset times on 31 July 2018, we used the period of 6:00-19:00 as
the daytime and the rest of the period as the nighttime. The daytime, nighttime, and all-day
cooling effects for each selected water body area proportion are shown in the histogram in
Figure 3. The cooling effect is denoted by AT, and is calculated as follows:

ATcg =TTy 4)

where T is the average temperature in the scenario with the water body, T is the average
temperature in the scenario without the water body, and the unit of AT is °C.

1.8 1 [] Day-time cooling effect(°C) [__] Night-time cooling effect(°C) | All-day cooling effect(°C)
: —m— Lifficieney of the cooling effect (°C/%) r0.032
1.6+ A
| F 0. 030
] 1 1 \ S
'\ e F 0. 028
1.2+ L
8) \ 0.0 £
| [ ) (=)
1.0 || B O
5 <
= .\ - =
< 0.8 L 0,021
0.6 F 0.022
04 - 0. 020
0.2+ \
F0.018
0.0 T T T T T
16% 25% 36% 19% 61%

Water body area proportion
Figure 3. Cooling effect and efficiency of the cooling effect for different water body area proportions.

We expressed the speed of enhancement of the all-day cooling effect for each water
body area proportion with respect to the previous area proportion in terms of the efficiency
of cooling effect enhancement, as shown in the line graph in Figure 3. We used Vg to
denote the efficiency of cooling effect enhancement; it is calculated as follows:

ATcg; — ATcg,

V =
ET TPW - PW,

©)

where PW; is the water body area proportion and PW; is the area proportion of the previous
water body (i.e., the previous PW;). ATcg, and ATcg, are the cooling effects under their
respective area proportion scenarios. The unit of Vg is °C/%.

Figure 3 shows that the water body cooling effect increased as the area proportion
of the water body increased. In the case of identical water body area proportions, the
cooling effect of the water body was more significant during the day than at night. With
increases in the area proportion of the water body, the efficiency of the water body cooling
showed a decreasing trend. When the area proportion of the water body was 16%, Vg was
0.030 °C/%; when the area proportion of the water body was 64%, Vg was 0.019 °C/%.

We selected five typical times of the day, 5:00, 10:00, 14:00, 19:00, and 23:00, to simplify
the daily temperature changes. 5:00 and 19:00 were the times of sunrise and sunset,
respectively. 10:00 was in the sunrise temperature rise stage, 14:00 was in the highest
temperature stage of the day, and 23:00 was the time when the temperature continued to
fall after sunset. The cooling effects of different water body area proportions at the five time
points are shown in Figure 4. We found that with increases in water body area proportion,
the water body cooling effect gradually became apparent. The cooling effect was highest at
5:00, while the cooling effect at 14:00 was relatively low.
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| |5:00 | | 10:00] | 14:00 | 19:00] | 23:00

0.0 I d 1 i I 2 I d 1
16% 25% 36% 49% 64%
Water body area proportion

Figure 4. The cooling effect of water bodies with different area proportions at different time points.

For a 1.4 m high horizontal surface, we set buffers at 1 m (model horizontal resolution)
intervals to extract the average cooling effect of each buffer at 14:00. The cooling effect
of different water body area proportions across a range of different buffers is shown in
Figure 5. As the radius of the buffer increased, the cooling effect gradually decreased,
and the cooling effect of the neighboring water body was the most obvious. Within the
same buffer radius, the cooling effect of the water body continued to show increases with
increasing water body area proportion.

6% ] 25% ] 36% [ |49% 0] 64%

1.0 7 ]

AT(°C)
1
1
I

0.4 7 M M — .

0.2 7

0' O I " I " 1 ' I " I " I v 1 ' I ' I v I
1 2 3 4 b 6 7 ] 9 10
Buffering radius(m)

Figure 5. Cooling effect of different water body area proportions in different buffer radii.
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3.2. The Effect of Layout on the Cooling Effect
3.2.1. Effect of the SI of Water Bodies on the Cooling Effect

The distance between water patches affects the linkage of cooling effects between
water patches. Thus, changing the distance between water patches can alter the cooling
effect of water bodies. Cases 1, 2, 3, and 4 are shown in Figure 6 for daytime, nighttime,
and all-day cooling effects. SI in case 3 was moderate and corresponded with a higher
cooling effect during both day and night, making it the optimal layout among the four.
Therefore, our analysis determined that the water body cooling effect would weaken if
water body locations were too concentrated or too scattered. Additionally, moderate SI
water bodies were more conducive to the linking of cooling effects between water patches.
The average cooling effect and maximum cooling effect of water bodies with different SI
values are shown in Figure 7. The dark color in Figure 7 represents the average value,
and the light color represents the maximum value. There is no additive cooling effect
presented in the figure, and the value provided as the maximum cooling effect is the value
of the maximum cooling effect. The maximum cooling effect of case 1, the water body with
the most concentrated layout, was 2.514 °C in the morning (5:00). The maximum cooling
effect of case 3, with a moderate SI value, was better in the morning (10:00) and midnight
(23:00), and the values of ATcr were 1.551 and 1.189 °C, respectively. In the afternoon
(14:00) and evening (19:00), the cooling effect of case 4, with a higher SI value, was better,
and the values of ATcg were 0.813 °C and 0.863, respectively. Regarding average cooling
effect, case 3, with a moderate SI, had a higher cooling effect at all five typical time points.
Therefore, we can infer that appropriately increasing the spacing of water patches aided in
the reduction in temperature throughout the day within a locality.

\ | casel | | case2 | | case3 | | cased

0.6 7

Day-time Night-time All-day

Figure 6. Day-time, night-time, and all-day cooling effects in cases 1, 2, 3 and 4.



Water 2022, 14, 3091

110f18

[ casel Average casel Max [ case2 Average [ ] case2 Max
- case3 Average| | case3 Max |:| cased Average cased Max

259717

_

5:00 10:00 14:00 19:00 23:00
Time(h)

Figure 7. Average cooling effect and maximum cooling effect of cases 1, 2, 3 and 4.

The temperature distribution of cases 1, 2, 3, and 4 at 14:00 is shown in Figure 8. We
defined the blue area as the lowest-temperature area, the green and yellow areas as low-
temperature areas, the orange and red areas as high-temperature areas, and the purple area
as the highest-temperature area. From Figure 8, we can see that a moderate SI was more
likely to reduce the temperature in the interstitial regions between water patches and had
more cooling advantages for the whole location. As SI increased, the lowest-temperature
region (blue) and the low-temperature region (green) gradually separated. However, the
cooling effect linkage between the water patches caused the separated interstitial area to be
filled by the next-lowest temperature region (yellow). When the SI was too high, the gap
area between the patches was again gradually encroached upon by the high-temperature
area (orange), and the distance between the oversized patches destroyed the linkage of
cooling effects.

Potential Air Temperature
<€33.35°C

3.2.2. Effect of the LSI of Water Bodies on the Cooling Effect

The cooling effect of water bodies is influenced not only by the cooling effect linkage
between the patches but also by the characteristics of the water patches themselves, such
as their shape. The daytime, nighttime, and all-day cooling effects for cases 1, 5, and 6 are
shown in Figure 9. For water body layouts with the same LSI, the cooling effect of the water
body at nighttime was more significant than that at daytime. Whether daytime or nighttime,
the highest cooling effect was in case 6, and the lowest cooling effect was in case 1. We can
see that the larger the LSI value for a water body, the higher the cooling effect. The average
and maximum cooling effects of water bodies with different LSIs are shown in Figure 10.

A

Figure 8. Distribution of temperature in cases 1, 2, 3, and 4 at 14:00.
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Case 6 had the highest maximum cooling effect. However, the maximum cooling effect of
case 5 was smaller than that of case 1 at all time observations except 14:00, which indicates
that a linear water body was the least favorable to a cumulative cooling effect. Regarding
the average cooling effect, the cooling effect of the water body was more obvious as LSI
increased, indicating that increased complexity of the water body shape was beneficial to
the overall cooling effect of the water body on the surrounding environment.

[ | casel | | cases | | case6

0.7

0.0 T T T ' T
Day-time Night-time All-day

Figure 9. Daytime, nighttime, and all-day cooling effects in cases 1, 5 and 6.

|:| casel Average casel Max - case5 Average |:| case5 Max
I case6 Average case6 Max
3.0 I
2.5 7
%) 2.0 7 ]
<
m
HL)
< 1.5 7
1.0
0.5
0.0 T
5:00 10:00 14:00 19:00 23:00
Time(h)

Figure 10. Average cooling effect and maximum cooling effect in cases 1, 5 and 6.

The temperature distribution for cases 1, 5, and 6 at 14:00 is shown in Figure 11. From
Figure 11, we can see that as the shape index (LSI) increased, there was a clear tendency
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for the lowest-temperature area (blue) to deepen, with more areas within the locality
displaying high cooling effect values. However, we simultaneously see that increases in
the LSI weakened the uniformity of cooling within the locality, and the low-temperature
area (green) was significantly reduced.

Potential Air Temperature

<33.38°C
33.56 °C
33.73 °C
33.90 °C
34.07 °C
34.24 °C
34.42 °C
34.59 °C
34.76 °C
> 3493 °C

i i)

Figure 11. Distribution of temperature in cases 1, 5, and 6 at 14:00.

4. Discussion
4.1. The Effect of Wind Direction on the Cooling Effect

Just as water exerts a cooling effect on the air flowing over the water surface, the
wind direction also influences the cooling effect of water bodies. From the temperature
distribution experiment above, we can see that temperature was gradually reduced with
changes in wind direction. When the water body was located in the windward area of the
dominant wind direction in summer, the cooling effect of the water body could impact a
larger area [22]. When the position of the water body is fixed, cold wind-driven air flowing
over the water surface decreases the temperature in the downwind area significantly [35].
Therefore, we set points 1, 2, and 3 in cases where the area proportion of the water body
was 16%, 25%, 26%, and 49% to study the cooling effect in the downwind area, center area,
and upwind area of the water body. The location of each point is shown in Table 3.

Table 3. Distribution of points in each area.

Water Body

Area Proportion

16% 25% 36% 49% 64%

1
1
1
. 1
. 2 2
Points 2 2 2
£ 3
3 3
3

The air temperatures and cooling effects for water bodies with different area pro-
portions at 14:00 at the three points are shown in Table 4. We can see from Table 4 that
the air temperature at the points in the downwind area was significantly lower than the
air temperature at the points in the center and upwind areas of the water body when
the area proportion of the water body was 16%, 25%, and 36%. The cooling effect in the
downwind area was also significantly greater than that in the central and the upwind
regions of the water body. However, the temperature and cooling effect in the central area
of the water body was greater than that in the downwind and upwind areas when the area
proportions of the water bodies were 49% and 64%. This indicates that the cooling effect on
the surrounding environment gradually weakened when the area proportion of the water
body was too large.
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Table 4. Air temperature and cooling effect for each point.

Water Body Area Proportion Point Air Temperature (°C)  Cooling Effect (°C)
1 33.506 0.672
16% 2 33.734 0.560
3 34.245 0.199
1 33.343 0.812
25% 2 33.576 0.718
3 34.197 0.298
1 33.182 0.956
36% 2 33.390 0.905
3 34.139 0.416
1 33.037 1.093
49% 2 33.183 1.112
3 34.094 0.555
1 32.938 1.203
64% 2 33.019 1.275
3 34.146 0.686

4.2. The Effect of Waterfront Green Space Type on the Cooling Effect

Waterfront green space acts as part of the water corridor and has a synergistic cooling
effect with the water body. Waterfront green spaces can affect the radiation balance of water
bodies by providing shade, lowering water temperature, and promoting air convection to
reduce coastal temperature [36]. The spatial configuration and vegetation type of waterfront
green spaces jointly affect the cooling effect. Vegetation configuration includes the variation
among vegetation species and the selection and combination of tree, hedge, and grass
types to form a multilevel vegetation structure [37]. To study the cooling effect of different
vegetation types on the environment around water bodies, we constructed three ideal
waterfront green space scenarios with three configured vegetation types: trees (height
15 m), hedges (height 2 m), and grasses (height 0.25 m). Apart from the water bodies,
the underlying surface was set up as bare soil, and a no-green-space scenario was also
considered, as shown in Table 5. The area proportion of the water body was 16%, and the
coverage of the green areas was 33%.

Table 5. Model settings for different waterfront vegetation types.

Waterfront Green
Space Type

No Green Space Grass (0.25 m) Hedges (2 m) Tree (15 m)

Model

The air temperatures at five typical times for the four selected riparian vegetation type
scenarios are shown in Figure 12. We can see from Figure 12 that the highest temperature
at each observation was when hedges were the waterfront vegetation type, and the lowest
temperature was when trees were the waterfront vegetation type. When grass and hedge
were the vegetation type, the temperature was slightly higher than in the no-green-space
scenario. Therefore, we can select trees as the optimum vegetation type for waterfront
vegetation type selection.
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Figure 12. The air temperature of different waterfront vegetation types at different time points.

The full-day cooling effect on localities with trees as the waterfront vegetation type
relative to localities without greenery is shown in Figure 13. The cooling effect gradually
increased before 8:00, and the strongest cooling effect was 1.457 °C at 8:00. The cooling
effect gradually decreased after 8:00, and the weakest cooling effect was 0.011 °C at 17:00.
The cooling effect of trees gradually disappeared after 17:00 because the shading and
transpiration effect of the tree canopy gradually decreases following sunset, which weakens
the cooling effect provided by trees.
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5. Conclusions

The cooling effect of urban water bodies is influenced by several variables, including
water body scale and layout pattern, which are important factors that cannot be ignored.
We used the urban microclimate simulation software ENVI-met to construct models of
different proportions and layouts of water bodies in order to analyze urban water bodies
quantitatively. By analyzing the cooling effect of different water body proportions and
layouts, we found that both elements significantly affect the cooling effect.

Our study verifies previous findings that the cooling effect of water bodies is correlated
with scale, and larger water body proportions induce more pronounced cooling effects [21,35,38].
A large area of water usually has a high water convection heat dissipation capacity, which
can significantly reduce the surrounding ambient temperature. When the water body
area proportion was 16-64%, the all-day cooling effect was 0.48-1.57 °C. As the area
proportion of a water body increases, its thermal storage capacity is enhanced, which
further promotes heat transfer between the water body and the surrounding area, thus
reducing the surrounding temperature. When the area of the water body was too small, it
did not provide a cooling effect, which verifies the previous study results [39]. However,
it is impossible to meet the demand for the urban cooling effect by increasing the area of
water bodies. This is because as the area of the water body increases, the efficiency of the
cooling effect of the water body decreases. When the area of the water body was too large,
the cooling effect was most apparent in the center of the water body, and the cooling effect
in the upwind and downwind directions was smaller than in the center of the water body.

Proper separation of water bodies can reduce the temperature of the areas between
water bodies, and the linkage of cooling effects between water bodies can more evenly
distribute the cooling effect across the locality. However, when the SI was high, the cooling
effect linkages between the water patches disappeared. Therefore, the separation of water
bodies in the same area should be appropriately increased to maximize the cooling benefit.
Additionally, complex water body shapes had a more obvious cooling effect, and increasing
the complexity of the shape increased the overall cooling effect of the water body on the
surrounding environment [40,41].

In addition, wind direction and waterfront vegetation type also significantly affected
water bodies’ cooling effects. When the water body area proportion was moderate, its
cooling effect in the downwind area was higher than that in the center and the upwind
areas. The cooling effect in the central area of the water body was higher than that in
the upwind and downwind areas when the area proportion of the water body is larger.
Regarding waterfront vegetation type, the cooling effect was most significant when the
vegetation type was trees. The cooling effect of trees was most significant at 8:00 but
disappeared after 18:00.

However, there are some limitations to this study. We only used a single form of
numerical simulation data to analyze the cooling effects of different water bodies on the
local thermal environment at the microscale. We did not use onsite measurements or
remote sensing monitoring data to compare with numerical simulation data. Therefore,
in subsequent research, we need to combine various methods to analyze the cooling
effects of different water bodies from multiple proportions. Because the high summer
temperature in Beijing includes high-frequency seasonal variability that affects the study
of the cooling effect of water bodies, we used typical summer weather in Beijing as the
meteorological conditions of the model. However, the water body cooling effect may
vary in different regions with different summer meteorology. Thus, research on variation
patterns in different regions should be continued. Not only would the factors of the water
body itself affect the cooling effect, but also the type, material, and layout of the features
around the water body, which would have a synergistic effect with the water’s cooling
effect. However, we added only green areas and simple vegetation types with the same
coverage around water bodies, and other factors were not considered. Therefore, the
coupling effects of various factors should be studied in depth to analyze more complex
cooling mechanisms.
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