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Abstract: Urban heat island (UHI) effects, intensified by urbanization and environmental
changes, are critical challenges to urban thermal comfort and sustainability. This study
investigates the combined role of water bodies and vegetation in mitigating microclimatic
heat island effects within a campus area, focusing on their cooling impacts and interac-
tions. Using field measurements and numerical simulations, the research evaluates the
cooling effects and wind flow modifications induced by greenery and water bodies in the
surrounding environment. The findings demonstrate that both vegetation and water bodies
provide a significant cooling effect, reducing temperatures by 0–6 K in downstream regions,
with the impact being more pronounced closer to the blue–green spaces. Furthermore,
the combined application of water bodies and vegetation offers enhanced cooling effects;
however, their influence on the thermal environment exhibits a nonlinear relationship.
These results underscore the importance of strategic blue–green infrastructure planning in
mitigating UHI effects and optimizing urban thermal environments.

Keywords: blue–green infrastructure; microenvironment; urban heat island; computational
fluid dynamics

1. Introduction
Urbanization is one of the most prominent trends of the 21st century, particularly

in rapidly developing countries like China. As cities grow, the concentration of human
activity and energy consumption increases, leading to significant amounts of waste heat
being released into the atmosphere. This phenomenon has exacerbated the urban heat
island (UHI) effect, where urban areas experience significantly higher temperatures than
their rural counterparts. As a result, UHI has emerged as a critical challenge to urban
sustainability, impacting both thermal comfort and public health. Moreover, with the
growing frequency of extreme heat events worldwide, mitigating UHI has become crucial
to achieving climate resilience in cities.

In response to these challenges, researchers have explored various strategies to mitigate
the UHI effect. In earlier years, research was carried out on the impact of regional land use
patterns on the heat island, and it was found that the air temperature of construction land
is higher than that of residential and agricultural land [1]. Subsequently, many researchers
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have attempted to mitigate the urban heat island by altering the properties of the underlying
surface. For example, high-reflectivity coatings, such as cool roof materials and cool-
color roof materials, have been applied in urban areas [2–4]. Among the most commonly
discussed measures are green infrastructure (such as vegetation and urban forests) and
blue infrastructure (including rivers, ponds, and lakes). These strategies primarily reduce
urban temperatures through mechanisms such as shade provision, evapotranspiration,
and surface albedo modification. Studies have shown that increasing urban greenery
and strategically placing water bodies can effectively lower surface and air temperatures.
However, most studies focus on either vegetation or water bodies in isolation, leaving a gap
in understanding how the combined effects of these infrastructures could further alleviate
UHI. To address this gap, many researchers have turned to computational fluid dynamics
(CFD) simulations to model the interaction between land cover, water, and vegetation.
These models can simulate the microclimate of urban environments, offering insights into
how different configurations of green and blue spaces could mitigate urban heat. Despite
this progress, few studies have integrated both field measurements and CFD simulations
to validate the cooling effects of urban water and vegetation in a real-world context [5–7].

The cooling effect of vegetation on the urban thermal environment operates through
four primary mechanisms: providing shade, facilitating evapotranspiration, altering surface
albedo, and enhancing multi-sensory interactions [8,9]. Shade reduces surface temperatures
by minimizing heat absorption and enhancing convective cooling [10]. For example, in
summer, Speak et al. [11] found that tree shade could reduce the maximum pavement
temperature by 292 K.

Another important mechanism is evapotranspiration, which cools the surrounding air
by releasing water vapor [12]. In Würzburg, Germany, the evapotranspiration cooling of
trees can reduce the air temperature by 3 K [13]. The surface albedo, or the reflectivity of
a surface, also plays a significant role in cooling event [14]. Vegetated surfaces generally
have a higher albedo than built-up surfaces, meaning they reflect more sunlight and absorb
less heat. For example, the albedo of plants can reach 0.3, while that of typical urban
surfaces such as concrete or asphalt is often between 0.1 and 0.2 [15]. Furthermore, green
infrastructure can influence thermal perception through psychological factors, improving
human comfort levels in urban environments [16]. Chen et al. [17] have quantitatively
demonstrated that an increase in the greening ratio of urban spaces can significantly lower
outdoor air temperatures. However, the relationship between greening and cooling is
nonlinear: beyond a certain point, increasing greening no longer leads to proportional
decreases in temperature, but rather reaches a maximum cooling effect.

Urban water bodies—including rivers, lakes, and ponds—offer significant cooling
effects that help mitigate the UHI effect [18]. These effects occur through various processes,
such as enhancing air circulation and heat absorption. Water bodies can significantly lower
ambient temperatures and improve wind patterns, which is especially evident in areas
near large bodies of water [19,20]. Smaller water bodies, such as ponds and lakes, can
have a more localized impact, as their cooling effects are more prominent in the immediate
surroundings.

Studies have shown that water bodies in cities can increase wind speed and lower
temperatures in adjacent areas. Yang et al. [21] simulated the effect of a small lake on wind
speed and temperature in the surrounding area of a city and found that the wind speed
increased and the temperature decreased in areas with water. Similarly, Song et al. [22]
analyzed the factors affecting the thermal and humid environment of the waterfront via
the CFD method and found that the temperature of the area with a low-floor-area ratio and
large ventilation corridor was more susceptible to the influence of water. Syafii et al. [23]
evaluated the impact of various water configurations on the urban thermal environment,
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with special emphasis on pedestrian comfort. The experimental results show that the
thermal environment in urban canyons with ponds is better than that in urban canyons
without ponds.

Additionally, water bodies’ size and configuration play a key role in determining their
cooling efficacy [24]. Xie et al. [25] discussed the cooling effect of water bodies on the urban
environment in Wuhan, China, based on the measured data. The results showed that the
main factor affecting the cooling effect of the urban water body system was the nature of
the landscape, and the urban water body system with a relatively larger water body, more
regular boundaries, and a simpler environment may be more effective in cooling the urban
environment.

Numerical simulation plays a vital role in predicting the impacts of various urban
planning measures on the thermal environment. CFD simulations are particularly useful for
analyzing microclimates and the interaction between environmental parameters such as air
temperature, wind speed, and humidity [26–28]. Early studies often relied on microclimate
simulation tools to model mesoscale models, but due to computational limitations, many
researchers have turned to CFD for micro-scale urban modeling [29].

CFD simulations provide valuable insights into the thermal dynamics of urban spaces,
particularly when analyzing the impact of green and blue infrastructure on urban heat.
For instance, studies by Tan et al. [30] and Bottillo et al. [31] examined how variations in
surface temperature and thermal inertia influence urban airflow, using CFD models to
simulate street canyons and building configurations. Robitu et al. [32] used standard CFD
to simulate the impact of pools and trees on the surrounding thermal environment, and the
results showed that trees and ponds should be regarded as improving the microclimate
conditions of outdoor space.

In summer-hot and winter-cold regions, the urban heat island (UHI) effect significantly
increases the cooling demand for buildings, with the UHI effect in certain areas of China
leading to a 69.4% increase in building energy consumption [33]. To address this issue,
research suggests that optimizing the layout of blue–green spaces is an effective solution.
Zhou et al. [34] used remote sensing technology and geographic information systems (GISs)
to analyze the role of blue–green spaces in Wuhan. The results showed that increasing
green and water body coverage significantly lowers local temperatures, especially in dense
urban areas. By optimizing the layout of these spaces, not only can the UHI effect be
mitigated, but the city’s climate adaptability and ecological health can also be improved.
Additionally, Pan et al. [35] combined the urban canopy model (UCM) with the Weather
Research and Forecasting (WRF) model to simulate the cooling effect of blue–green spaces.
Their findings indicated that increasing water body or green coverage by 5–15% could
effectively reduce both daytime and nighttime temperatures by approximately 0.71 ◦C.
Therefore, optimizing the layout of blue–green spaces plays a crucial role in mitigating the
urban heat island effect in summer-hot and winter-cold regions.

Based on the measured results of Wuhan’s Dongxihu District, this paper studies the
impact of water bodies and greening on the neighborhood microenvironment. By changing
the proportion of water bodies and greening and changing the situation with or without
water bodies and greening, it studies the changes in velocity speed and temperature in
the neighborhood through comparison of various cases. In this paper, high-resolution 3D
steady-state RANS CFD simulation is used. A comprehensive model of turbulence and
radiation was used to determine the whole process, and the heat exchange between water
and air was calculated. By comparing the influence of various cases on the thermal environ-
ment and wind environment, as well as the influence of their coupling on the neighborhood
microenvironment, the design and layout of water and greening were guided.
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2. Measurement and Analysis of the Site
2.1. Area Overview

The measurement was carried out on 4 June and 6 July 2024. The actual measurement
site was the eastern campus area. The campus is located in Dongxihu District, Wuhan City.
It is adjacent to Lingkonggang Avenue in the east, Gongxiang Road in the west, Wang’an
Avenue in the north, and Binhe North Road in the south (Figure 1). Most of the buildings
have 3 to 5 floors, and the spatial layout of the buildings is reasonable. There are various
types of houses and complete facilities in the college, including architectural areas such
as canteens, dormitories, libraries, and teaching buildings, as well as sports areas like
playgrounds and gymnasiums (Figure 1). The campus has a total area of 480,000 m2. The
regional greening rate is over 30%, the building area occupies a relatively small proportion,
and the ventilation is good.
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Figure 1. Location map and layout of the research area.

To understand the internal and surrounding environment of the campus, we measured
the meteorological parameters along the campus and nearby roads. The instruments used
for the measurements included the JT2023B anemometer, the JT2020 multifunctional tester,
and the PC-8(A) mobile weather station (Figure 2). The specifications of the equipment are
shown in Table 1. The measurements were taken at a height of approximately 1.5 m, which
is typical for human breathing height. Due to limitations in the number of instruments
and personnel, multiple observation points were selected on the campus and surrounding
roads, with measurements conducted in phases. When selecting the measurement points,
we considered factors such as greenery, road layout, and building density, and positioned
the observation points at several representative locations accordingly.

Table 1. Table of equipment specifications.

Equipment Place of Production Manufacturer
Range of Measurement Margin of Error

Temperature Velocity Temperature Velocity

JT2023B

Beijing, China
Beijing Century

Jiantong Technology
Co., Ltd.

−20~70 ◦C 0–20 m/s ±0.5 ◦C ±(0.1 m/s ± 2% of the reading)

JT2020 −20~70 ◦C
0–2 m/s

±0.5 ◦C
±(0.05 m/s ± 2% of the reading)

2–5 m/s ±(0.1 m/s ± 2% of the reading)

PC-8(A) Liaoning, China
Jinzhou Sunshine

weather technology
Co., Ltd.

−40–120 ◦C 0~90 m/s ±0.1 ◦C ±0.1 m/s



Atmosphere 2025, 16, 134 5 of 22

Atmosphere 2025, 16, x FOR PEER REVIEW 5 of 23 
 

 

PC-8(A) 
Liaoning, 

China 

Jinzhou Sunshine 
weather technology 

Co., Ltd. 
−40–120 °C 0~90 m/s ±0.1 °C ±0.1 m/s 

 

 

Figure 2. The measuring instruments, from left to right, are the JT2023B wind speed tester, the 
JT2020 multifunctional tester, and the PC-8(A) mobile weather station. 

2.2. Measurement Results and Analysis 

2.2.1. Field Measurements of Campus and Surrounding Roads 

The field measurements of campus and surrounding roads were conducted on the 
afternoon of 4 June 2024, during a cloudy day. The temperature ranged from 297.4 K to 
298.6 K, with wind speeds recorded between 2 and 4 m/s (light breeze), and the wind came 
from the south and southeast. Given the measurement costs and accuracy considerations, 
the average temperature was recorded over 20 min intervals at each measuring point. 

Initially, measurements were taken along three different roads surrounding the cam-
pus. For each road, two measurement points were selected and recorded. Following this, 
two rounds of measurements were conducted within the campus area. In each round, 
three different measurement points were selected, and as a result, six measurement points 
were used in total within the campus. The situation of each measuring point is shown in 
Figure 3. 

 
(a) Surroundings measurement (b) Internal measurement 

Figure 3. Layout of measurement points. 

The measured data are summarized in Tables 2 and 3. The temperature differences 
along the same road were consistently within 0.5 K, indicating a relatively uniform tem-
perature distribution. The temperatures of the surrounding roads were all above 300.2 K, 

Figure 2. The measuring instruments, from left to right, are the JT2023B wind speed tester, the JT2020
multifunctional tester, and the PC-8(A) mobile weather station.

2.2. Measurement Results and Analysis
2.2.1. Field Measurements of Campus and Surrounding Roads

The field measurements of campus and surrounding roads were conducted on the
afternoon of 4 June 2024, during a cloudy day. The temperature ranged from 297.4 K to
298.6 K, with wind speeds recorded between 2 and 4 m/s (light breeze), and the wind came
from the south and southeast. Given the measurement costs and accuracy considerations,
the average temperature was recorded over 20 min intervals at each measuring point.

Initially, measurements were taken along three different roads surrounding the campus.
For each road, two measurement points were selected and recorded. Following this, two
rounds of measurements were conducted within the campus area. In each round, three
different measurement points were selected, and as a result, six measurement points were
used in total within the campus. The situation of each measuring point is shown in Figure 3.
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The measured data are summarized in Tables 2 and 3. The temperature differences
along the same road were consistently within 0.5 K, indicating a relatively uniform temper-
ature distribution. The temperatures of the surrounding roads were all above 300.2 K, with
the temperature near the left boundary being slightly lower than that at the right boundary,
likely due to the proximity of the latter to the central campus area.
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Table 2. The measured results of the surrounding roads.

Measuring
Points

Airport Avenue (A Road) North Binhe Road (B Road) Shared Road (C Road)

10:25–10:45 11:40–12:00 12:40–13:00

Wind Speed
(m/s)

Temperature
(K)

Wind Speed
(m/s)

Temperature
(K)

Wind Speed
(m/s)

Temperature
(K)

1 1.168 301.6 1.761 302.2 1.355 300.3
2 1.545 302 1.047 302.1 1.160 300.5

Table 3. Campus interior measurement results.

Measuring Points Time Wind Speed (m/s) Temperature (K)

1
15:50–16:10

2.02 299.5
2 1.06 299.3
3 3.68 299.5

4
16:45–17:05

1.08 299.1
5 2.39 299.3
6 0.94 299.3

Inside the campus, the heat island effect was not particularly pronounced due to good
ventilation and moderate weather on that day. At measuring points 1 and 3, the tempera-
tures were approximately 299.5 K, about 0.4 K higher than the surrounding temperature.
The higher temperature at point 1 can be attributed to its location near the roadside, with
less greenery and vehicle exhaust contributing to the temperature rise. At point 3, the heat
island effect was more noticeable due to the relatively high building density in the area,
which trapped heat around the measuring point.

The measurements show that the temperature difference between different areas was
influenced by factors such as building density, greening, and proximity to main roads.
As shown in Tables 1 and 2, areas closer to roads with fewer green spaces experienced
higher temperatures, while areas surrounded by buildings with higher ventilation and
more green infrastructure tended to maintain lower temperatures. These results underscore
the importance of strategic planning in urban design to mitigate the UHI effect.

2.2.2. Field Measurements of Microclimates in Blue–Green Spaces Surrounding
the Campus

The field measurements of microclimates in blue–green spaces surrounding the cam-
pus of measurements were carried out on 6 July 2024, under cloudy weather conditions
in Dongxihu District, Wuhan. The temperature ranged from 308.2 K to 309.2 K, and the
wind speed ranged from 2.5 m/s to 4.4 m/s (light to moderate breeze). The wind direc-
tion originated from the southwest. Given the measurement cost constraints, the average
temperature at each measuring point was recorded over 30 min intervals, and the final
measurement results were derived from the average value of these readings. Initially,
measurements were taken on the main roads around campus, followed by four rounds of
measurements inside and around the institute. The positions of all measuring points are
shown in Figure 4, with the environmental wind speed and temperature data shown in
Tables 4 and 5.
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Table 4. Temperature measurement results.

Measuring Point Time 1 2 3 4 5

First 11:15–11:45 309.7 K 308.6 K 311.8 K 312.1 K 311.3 K
Second 14:45–15:15 310.5 K 309.7 K 311 K 310.9 K 310.6 K
Third 15:30–16:00 312.2 K 310.7 K 313 K 314.1 K no

Fourth 16:25–17:55 309.7 K 310.3 K 310.9 K 308.7 K 311.4 K
Fifth 17:15–17:45 310.2 K 309.8 K 309.1 K 310.6 K 310.2 K

Table 5. Wind velocity measurement results.

Measuring Point Time 2 3 4

First 11:15–11:45 7.01 m/s 3.25 m/s 3.62 m/s
Second 14:45–15:15 3.02 m/s 1.98 m/s 1.46 m/s
Third 15:30–16:00 2.63 m/s 1.75 m/s 1.07 m/s

Fourth 16:25–17:55 1.96 m/s 2.21 m/s 3.23 m/s
Fifth 17:15–17:45 1.34 m/s 1.11 m/s 0.88 m/s

The analysis of the first round of measurements showed a clear heat island effect in
the central area, with temperature differences of 2–3 K compared to areas further from the
center. This temperature increase was most prominent in the central area, where the UHI
effect was most intense. In the second measurement, the temperatures at points 1 and 2
were lower than the intermediate temperature, and the heat island intensity reached up to
1.3 K. As for the third round of measurements, temperatures at points 3 and 4 in the central
area were significantly higher than those at points 1 and 2, with the maximum heat island
intensity reaching 1.8 K.

Interestingly, the fourth round of measurements showed a heat island intensity of 1.7 K,
but at point 4, a lower temperature was observed due to higher wind speeds. The elevated
wind speed at point 4 resulted in a cooler temperature, which was further amplified by the
high density of greenery in the area. This phenomenon led to the formation of a localized
low-temperature zone, which helped alleviate the heat island effect.

The fifth measurement revealed a decrease in the heat island intensity, which dropped
to approximately 0.8 K. This reduction was likely due to the lower ambient temperature
and reduced building energy consumption, which in turn reduced heat emissions from
buildings. Notably, point 3 showed a temperature drop, even exhibiting a cold island effect.
As seen in Figure 3, dense greenery, including trees, shrubs, and other plants, was located
around point 3, which likely contributed to the formation of this cold island.

2.2.3. Comparative Analysis and Conclusions

By comparing the results from the five rounds of measurements, it is clear that the heat
island effect was more intense over a larger area than within the confines of the campus. The
data also showed that the heat island intensity varied depending on ambient temperature,
with higher ambient temperatures leading to stronger heat island effects. This suggests
that weather conditions play a crucial role in modulating building energy consumption,
which subsequently affects the intensity of the heat island effect.

It is also evident that the intensity of the heat island effect is influenced by environ-
mental factors, such as the surrounding greenery and building energy consumption. In
areas with high levels of greenery, the heat island effect is alleviated, and even cold island
phenomena can occur. Additionally, areas with higher wind speeds tend to have lower
temperatures, further reducing the impact of the heat island effect.



Atmosphere 2025, 16, 134 9 of 22

3. Mathematical and Physical Models
3.1. Mathematical Model

The RNG k-ε model [36,37] was applied to simulate the temperature and wind speed
conditions on the campus. This model offers reliable simulation results with an acceptable
computational cost and is widely used in turbulence modeling. In Anasys fluent 2022R1,
the time-average governing equation for the incompressible fluid continuity equation,
momentum equation, and energy equation is as follows:

Continuity equation:
∂ui
∂t

= 0 (1)

Momentum equation:

∂ui
∂t

+ ρ
∂(uiuj)

∂xj
= − ∂p

∂xi
+

∂

∂xj

{
(µ + µt)

[
∂ui
∂xj

+
∂uj

∂xi

]}
+ Sui (2)

Here, ui represents the vector velocity u (m/s), v (m/s), and w (m/s) in the x, y, and z
directions; ρ is the air density, kg/m3; p is the air pressure, pa; µ is the dynamic viscosity,
pa·s; and Su, Sv, and Sw are velocity source terms in the x, y, and z directions, respectively.

Turbulent kinetic energy k equation:

ρ
∂k
∂t

+ ρ
∂kui
∂xi

=
∂

∂xj

[
αkµe

∂k
∂xj

]
+ Gk + Gb − ρε − YM + Sk (3)

Turbulent kinetic energy dissipation rate ε equation:

ρ
∂ε

∂t
+ ρ

∂εui
∂xi

=
∂

∂xj

[
αεµe

∂ε

∂xj

]
+ C1ε

ε

k
(Gk + C3εGb)− C2ερ

ε2

k
− R + Sε (4)

Here, k and ε represent the turbulent kinetic energy and the dissipation rate of turbu-
lent kinetic energy, respectively; υ is kinematic viscosity, m2/s; C1ε = 1.42; µt = ρCµk2/ε;
Cµ = 0.0845; Gk represents the turbulent kinetic energy generation term due to the average
velocity gradient; Gb is the turbulent kinetic energy generation term caused by welfare; YM

represents the contribution of Liopogon expansion to the total dissipation rate in compress-
ible turbulence; and Sk and Sε are source terms, and the greening and water bodies in this
model are calculated in the form of source terms.

Solar radiation has a great impact on the temperature of buildings and land. Therefore,
the radiation heat transfer equation used in this simulation is as follows:

dI
(→

r ,
→
s
)

ds
+ (α + σs)I

(→
r ,

→
s
)
= αn2 σT4

π
+

σs

4π

∫
I
(→

r ,
→
s
′)

ϕ
(→

s ,
→
s
′)

dΩ′ (5)

where
→
r is the position vector,

→
s is the direction vector,

→
s
′

is the scattering direction vector,
s refers to the path length, α is the absorption coefficient, n is the refractive index, σs is
the scattering coefficient, σ is the Stefan–Boltzmann constant, 5.67 × 10−8 W/(m2K4), I is
the radiation intensity, T is the local temperature, Φ is the phase function, and Ω′ is the
solid angle. The radiation intensity of this simulation is set at 400 W/m2, the longitude of
Dongxihu District is 114.13, the latitude is 30.67, and it belongs to the +8 time zone.

3.2. Physical Model

The simulation of this time is the campus in Dongxihu District, Wuhan, as shown in
Figure 1 The model is designed to accurately simulate the real urban heat island, wind
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environment, and pollutant distribution around the institute. The simulation domain of the
campus area is 1250 m × 1200 m. According to the study of Franke et al. [38], since the tallest
building in the block is 30 m, the simulated area of this model is 2450 m × 2050 m × 200 m.
The three-dimensional physical model is shown in Figure 5b. To ensure the correctness of
the verification results, the internal area of the campus is finely divided, as shown in Table 6.
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Table 6. Proportion of underlying surface.

Underlying Surface Type Ratio/%

water body 17.5
green belt 17.5
meadow 22.7

unit 10.7
soil 16.4

highroad 15.2

3.3. Boundary Conditions and Calculation Methods
3.3.1. Boundary Settings

For the simulation boundary conditions in this study, the inlet temperature is 308.7 K
Additionally, the left, right, and upper boundaries were set as symmetry boundary condi-
tions, and the outlet boundary was set as an outflow boundary, while the no-slip boundary
condition was adopted at the walls and the ground. The inlet velocity boundary condi-
tion was modeled using the exponential law to represent the wind speed profile, as it is
commonly used in environmental simulations [39,40]. Therefore, the exponential law was
adopted in this paper to represent the wind speed profile. The velocity inlet was set to
follow the widely adopted gradient wind model. At the outlet, the flow was assumed to be
fully developed, and the outlet boundary condition was defined as “outflow”. The side
surfaces and the upper boundary were defined as symmetry boundary conditions.

The gradient wind formula is as follows:

uin = ure f

(
z

zre f

)0.16

(6)
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According to the calculations of Carlson et al. [41], the turbulent kinetic energy and its
dissipation rate at the inlet are as follows:

kin = 0.01u2
re f (7)

εin = C3/4
µ k3/2

in /(kz) (8)

where uref is the characteristic velocity at the reference height zref, which is 3.86 m/s; zref is
set to 10 m; z represents the height above the ground, m; k is the von Kármán constant and
is taken as 0.4; and the empirical constant Cµ = 0.09.

3.3.2. Water Body Evaporation and Heat Transfer Simulation

Since the simulation is conducted during daylight hours, a portion of the solar ra-
diation absorbed by the water body is transferred to its depths, while another portion is
utilized for the evaporation process. Since few scholars have conducted experiments on
this, the calculation of the heat exchange between the water body and the air in this study
is as follows [21]:

φn = αφε + φc (9)

φε = f (wz)(ew − eα) (10)

φc = 0.47 f (wz)(tw − tα) (11)

where ψe represents the heat absorption amount due to evaporation; ψc represents the
convective heat exchange amount between the water body and the air; α is a conversion
coefficient, and in this simulation, it is taken as 0.5; ta and tw are the air temperature and
water surface temperature, respectively, K; ew and ea are the evaporation pressure of the
air above the water surface and the air evaporation pressure, respectively, mmHg; and
f (wz) = 9.2 + 0.46 wz

2. The water body heat flow calculated in this study is −169.45 w/m2.

3.3.3. Porous Media Simulation Setup for Vegetation

The plant canopy is composed of branches and leaves, with airflow channels formed
between the leaves. Microscopically, leaves have the functions of depositing and purifying
particulate matter. Macroscopically, the aerodynamic effects of the plant canopy impede air
movement. Simulating the impact of the plant canopy on airflow at full scale is complex
due to its sparse structure and the presence of pores. Consequently, the tree canopy can
be modeled as a porous medium. The flow resistance of the airflow affected by the plant
canopy is divided into viscous resistance and inertial resistance, which can be achieved
by adding source terms to modify the corresponding equations [42]. The expressions are
shown as follows:

SUi = −ρCdLADUiU (12)

Sk = ρCdLAD(βpU3 − βdUk) (13)

Sε = ρCdLAD
ε

k

(
Cε4βpU3 − Cε5βdUk

)
(14)

where Ui represents the velocity component; SU, Sk, and Sε, respectively, stand for the
source term of the continuity equation, the source term of the turbulent kinetic energy
equation, and the source term of the turbulence dissipation rate equation; SU < 0 indicates
that plants have a weakening effect on airflow; and ρ denotes the air density. It should be
noted that the plant leaf drag coefficient Cd is closely related to the vegetation type, and
its typical value range is from 0.1 to 0.3. In this research paper, to effectively avoid the
interference caused by different vegetation types, we uniformly set the value of Cd as the
average value of 0.2. The plant leaf area density (LAD), which is defined as the ratio of
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the leaf area to the volume of the plant canopy, usually has a value range from 0.5 m−1 to
2 m−1, and in this study, it is selected as 2 m−1. Based on the previous research results of
Gromke and Blocken et al. [43], we further take βp = 1, βd = 5.1, and the empirical constants
Cε4 = Cε5 = 0.9. In this simulation, the height of vegetation on the left side of the vegetation
area is 3 m, and that on the right side is 4 m.

3.3.4. Anthropogenic Heat Source Settings

Buildings act as significant heat sources in urban environments due to the heat released
by air conditioning, heating systems, and various appliances. This effect is particularly
pronounced during the summer months, contributing to the intensification of the urban
heat island effect. The building heat index of each building is based on the building heat
index calculated by Ma et al. [44]. The unified campus heat index of 118.54 kWh/(m2a)
is adopted.

3.3.5. Simulation Method

In this numerical simulation, the RNG k-ε turbulence model in ANSYS FLUENT
2022R1, a commercial computational fluid dynamics software based on the finite volume
method, was adopted. For the convective terms, the second-order upwind difference
scheme was used, while for the diffusion terms, the second-order upwind difference
discrete scheme was employed. The SIMPLE algorithm was utilized for the coupling
of pressure and velocity. When the residual values of variables such as flow velocities
were less than 10−5 and the residual value of the energy equation was less than 10−6, the
calculation results were considered to have reached convergence.

3.4. Mesh Independence Verification

The tetrahedral grid is adopted for this model. To ensure the accuracy of the numerical
simulation, it is necessary to verify the grid independence of the numerical grid. In
this paper, the calculation results of three grid systems (with the numbers of grids being
7,197,800, 5,825,900, and 4,219,200, respectively) under the same calculation conditions and
the same setup working conditions are compared. As shown in Figure 6, the maximum
calculation errors of the temperature and velocity distributions along the Z direction in
the (500,500) position for the three grid systems under the same conditions are all less
than 5%. When the number of grids is 4,219,200, the error of the calculation result is the
largest. However, when the number of grids is 5,825,900 and 7,197,800, there is no obvious
deviation in the calculation results. It can be concluded that further increasing the number
of grids will not cause significant changes to the calculation results. Therefore, the grid
system with 5,825,900 grids can ensure the accuracy of the calculation results.

The simulated grid is a hexahedral mesh, with a maximum grid size of 40 m in the study
area. To ensure calculation accuracy, the internal region is refined, with the building and
ground areas having a grid size ranging from 5 to 8 m, while the green plant areas are refined
with a grid size of 4 m. The total grid count is 5,825,900, with a resolution exceeding 0.5 m.



Atmosphere 2025, 16, 134 13 of 22
Atmosphere 2025, 16, x FOR PEER REVIEW 13 of 23 
 

 

(a) Velocity Verification (b) Temperature Verification 

Figure 6. Grid independence verification. 

3.5. Model Validation 

To validate the simulation results, actual measurement data from 4 June 2024 were 
used. The test site, located at the campus in Dongxihu District, Wuhan, was chosen for its 
representative urban environment. The measurements were conducted under cloudy con-
ditions, with the temperature ranging from 297.4 K to 298.6 K, wind speeds between 2 and 
4 m/s (gentle breeze, levels 2–3), and winds from the south and southeast. These condi-
tions were selected to reflect typical summer weather patterns in the region. 

In order to ensure data accuracy and minimize measurement costs, the average tem-
perature at each measuring point was recorded over a period of 20 min. The environmen-
tal conditions in Dongxihu District from 2:00 pm to 5:00 pm on that day were used as the 
basis for the simulation. The simulation results were then compared with the actual meas-
ured data. 

A total of six internal measurement points were established, as shown in Figure 7, 
with each measuring point located at a height of 1.5 m. These points were carefully dis-
tributed within the area to capture spatial variations in temperature and wind speed. 

 

Figure 7. The layout of measuring points inside the campus. 

Table 7 shows the results, where it can be seen that the simulated wind speeds closely 
match the measured values. The maximum error between the simulation and the actual 
measurements is 21.7%, which is within an acceptable range for this type of simulation. 

Figure 6. Grid independence verification.

3.5. Model Validation

To validate the simulation results, actual measurement data from 4 June 2024 were
used. The test site, located at the campus in Dongxihu District, Wuhan, was chosen for
its representative urban environment. The measurements were conducted under cloudy
conditions, with the temperature ranging from 297.4 K to 298.6 K, wind speeds between
2 and 4 m/s (gentle breeze, levels 2–3), and winds from the south and southeast. These
conditions were selected to reflect typical summer weather patterns in the region.

In order to ensure data accuracy and minimize measurement costs, the average tem-
perature at each measuring point was recorded over a period of 20 min. The environmental
conditions in Dongxihu District from 2:00 pm to 5:00 pm on that day were used as the
basis for the simulation. The simulation results were then compared with the actual
measured data.

A total of six internal measurement points were established, as shown in Figure 7, with
each measuring point located at a height of 1.5 m. These points were carefully distributed
within the area to capture spatial variations in temperature and wind speed.
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Table 7 shows the results, where it can be seen that the simulated wind speeds closely
match the measured values. The maximum error between the simulation and the actual
measurements is 21.7%, which is within an acceptable range for this type of simulation.
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This suggests that the model can reasonably replicate the wind behavior in the study area
under typical summer conditions.

Table 7. Comparison between the measured and simulated wind speeds.

Measuring Point Simulated Wind
Speed (m/s)

Measured Wind
Speed (m/s) Relative Error

1 2.33 2.02 15.3%
2 0.83 1.06 21.7%
3 3.79 3.68 3.0%
4 1.16 1.08 7.4%
5 2.65 2.39 10.9%
6 1.05 0.94 11.7%

This validation process not only confirms the reliability of the simulation results but
also demonstrates the model’s ability to accurately simulate urban environmental condi-
tions in Dongxihu District. The good agreement between the simulated and measured data
supports the use of this model for future studies on urban heat islands and environmental
planning in similar urban areas.

4. Results and Discussion
4.1. Simulation Case Settings

In this simulation, four cases (shown in Table 8) of the campus were first analyzed
to compare the wind speed and temperature distributions of each case. To better analyze
the impacts of greenery and water bodies on the thermal and wind environments of the
block, the simulation area was partitioned as illustrated in Figure 8. By examining each case
and each partition, the influences of greenery and water bodies on the thermal and wind
environments of the block were investigated, which could offer certain guiding significance
for subsequent urban planning.
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Table 8. Case setting.

Case Vegetation Water Body

Case 1 no no
Case 2 no yes
Case 3 yes no
Case 4 yes yes

4.2. Wind Velocity Distribution

According to Figures 9 and 10, the average wind speeds of case 1 and case 2 show a
nearly overlapping phenomenon, suggesting that the water body has a negligible impact
on the wind speed in the block. By comparing case 1 and case 3, it can be seen that the
presence of greenery has a substantial influence on the wind speed at a height of 1.5 m
within the block. As shown in Figure 10, due to the effect of green plants like trees and
bushes in the green belt, the wind speed at this position decreases by approximately 2 m/s.
The existence of the green belt leads to a reduction in wind speed of about 0.5 m/s in the
area close to it while having little effect on the wind speed in the regions far from the green
belt. This is because the vegetation such as trees in the green belt blocks the upstream wind,
directly affecting the wind speed near the ground surface in the vicinity of the green belt.
For the regions at a relatively long distance, the impact is minor due to the full development
of the flow.
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In Figure 10, the wind speeds in region 3 and region 5 are lower than the average
wind speeds in region 4 and region 6. A comparison of the contours also shows significant
differences in the maximum wind speed ranges between these regions. Owing to the
differences in building forms as well as the impacts of building density and layout, it is
observable that the wind speed around circular buildings has noticeably increased, which
is caused by the abnormal wind speed due to the generation of vortex streets. In contrast,
such abnormal phenomena scarcely occur around square buildings, and the wind speed
distribution shows a high wind speed on the windward side and a low wind speed on
the leeward side. Another reason is that the building layout in the square building area is
compact, while that in the cylindrical building area is relatively dispersed. Moreover, under
the influence of vegetation, the average wind speed in region 3 decreased by 0.3 m/s, while
the wind speed in region 5 decreased by 0.5 m/s. This is because the vegetation height on
the left side of the vegetation area is lower than that on the right side, so increasing the
greening height will further reduce the wind speed in the downstream area.

Figure 11 shows the distribution map of turbulent kinetic energy at a height of 1.5 m. It
is observed that the effect of water bodies does not have an impact on the turbulent kinetic
energy in the downstream area, while vegetation has a greater impact on the downstream
area. The closer the distance to the vegetation, the more obvious the change in turbulent
kinetic energy, and the farther the area, the weaker the effect. Based on the distribution
of turbulent kinetic energy inside the campus in the figure, it is found that under the
influence of greenery, the turbulent kinetic energy inside the college in the downstream
area increases. This is because the vegetation plays a role in disturbing the upstream wind,
resulting in an increase in vortices in the downstream area and an increase in turbulent
kinetic energy. According to Figure 9, it is found that in some downstream areas, due to the
obstruction of vegetation, the wind speed does not decrease significantly. This is because
the eddy current here increases, resulting in an abnormal increase in the wind speed at
the beginning of region 4. In addition, the turbulent kinetic energy around the circular
building is higher than that around the square building, which is due to the phenomenon
of the Karman vortex street, which causes the wind speed around the circular building to
increase. Therefore, the disturbance effect of the circular building on the surrounding wind
is significantly higher than that of the square building, making the wind speed around the
circular building higher than that of the square building. In comparison to observing the
phenomenon of abnormal increase in flow velocity in the middle area of Anye Road in
Figure 8 for case 1 and case 3, it can be seen from Figure 9 that the turbulent kinetic energy
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here is significantly enhanced, and due to the strong eddy current generated here, the wind
speed here is enhanced.

Atmosphere 2025, 16, x FOR PEER REVIEW 17 of 23 
 

 

upstream wind, resulting in an increase in vortices in the downstream area and an in-
crease in turbulent kinetic energy. According to Figure 9, it is found that in some down-
stream areas, due to the obstruction of vegetation, the wind speed does not decrease sig-
nificantly. This is because the eddy current here increases, resulting in an abnormal in-
crease in the wind speed at the beginning of region 4. In addition, the turbulent kinetic 
energy around the circular building is higher than that around the square building, which 
is due to the phenomenon of the Karman vortex street, which causes the wind speed 
around the circular building to increase. Therefore, the disturbance effect of the circular 
building on the surrounding wind is significantly higher than that of the square building, 
making the wind speed around the circular building higher than that of the square build-
ing. In comparison to observing the phenomenon of abnormal increase in flow velocity in 
the middle area of Anye Road in Figure 8 for case 1 and case 3, it can be seen from Figure 
9 that the turbulent kinetic energy here is significantly enhanced, and due to the strong 
eddy current generated here, the wind speed here is enhanced. 

  
(a) Case 1 (b) Case 2 

 
(c) Case 3 (d) Case 4 

Figure 11. Distribution of turbulent kinetic energy at Z = 1.5 m. 

4.3. Temperature Distribution 

Figure 12 illustrates the average temperature distribution across different regions un-
der cases 1 to 4. From Figure 11, it can be observed that in case 1, the temperature in areas 
around the buildings remains consistently high, approximately 319 K. However, in case 

Figure 11. Distribution of turbulent kinetic energy at Z = 1.5 m.

4.3. Temperature Distribution

Figure 12 illustrates the average temperature distribution across different regions
under cases 1 to 4. From Figure 11, it can be observed that in case 1, the temperature in areas
around the buildings remains consistently high, approximately 319 K. However, in case 2,
the presence of the water body results in a significant cooling effect, particularly in regions
downstream of the water body. The cooling effect intensifies with proximity to the water
body and leads to a temperature reduction of approximately 2 ◦C to 6 ◦C in the downstream
regions. Similarly, case 3 demonstrates the cooling effect of greenery. As seen in Figure 13,
the vegetation areas cause a significant temperature drop in the adjacent regions, with the
cooling effect diminishing with increasing distance from the greenery. However, some
areas within the greenery exhibit higher temperatures, which may be attributed to low
wind speeds that reduce the dissipation of heat and lead to localized warming. Case 4,
which combines the effects of both water bodies and greenery, shows a cooling effect in the
downstream regions. However, this combined cooling effect is not linear, and the synergy
between greenery and water bodies does not produce significantly greater cooling than
when each element is considered separately. This is likely due to the distinct mechanisms
of cooling: the water body dissipates solar heat through evaporation and heat transfer to
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deeper layers, while the greenery interacts with the wind flow, redistributing heat and
altering temperature patterns.
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From Figure 13, it is evident that regions 1 and 2, which are not directly downstream
of the water body or greenery, experience minimal temperature changes across all cases. In
contrast, regions 3, 4, 5, and 6, located directly downstream, show substantial temperature
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reductions under cases 2, 3, and 4. Notably, the cooling effect of greenery surpasses that
of the water body in these regions due to the water body’s limited influence at greater
distances. Furthermore, in areas where both greenery and water bodies coexist, the temper-
ature distribution shows an interesting pattern: the water body maintains a consistently
lower surface temperature, while the vegetation shows slight localized warming due to
direct solar radiation heating the leaves at a height of 1.5 m. This distinction highlights the
complementary but independent cooling mechanisms of water bodies and greenery.

In summary, analyses of Figures 12 and 13 reveal that both water bodies and greenery
play crucial roles in reducing temperatures within the block. While water bodies are effec-
tive in lowering temperatures through evaporation and heat absorption, greenery interacts
dynamically with wind and solar radiation, resulting in more localized temperature varia-
tions. The combination of these elements provides cooling effects but does not amplify the
temperature reduction significantly beyond their individual contributions.

By comparing the distribution of wind speed and temperature, it is evident that both
greenery and water bodies significantly improve the thermal comfort of downstream areas.
However, since greenery tends to reduce wind speed in the downstream region, blocks with
water bodies are generally more comfortable than those with greenery during hot summer
conditions. When both greenery and water bodies are combined, the cooling effect is not
significantly enhanced compared to the effect of a single water body or greenery alone.

5. Conclusions and Prospects
This study combines field measurements and CFD simulations to investigate the ef-

fects of blue–green infrastructure on microclimatic heat islands within a campus area. The
findings demonstrate that both vegetation and water bodies provide significant cooling ef-
fects, reducing temperatures by 0–6 K in downstream areas, with impacts more pronounced
near the blue–green spaces. The research underscores the nonlinear relationship between
the thermal environment and the combination of water bodies and vegetation, highlighting
the importance of their spatial arrangement for optimal performance.

Field measurements revealed clear patterns of temperature variation, with heat island
effects near roads and cold island phenomena in densely vegetated areas. While greenery
and water bodies both contribute to cooling, the mechanisms differ: vegetation reduces
temperatures but decreases wind speed, which can affect thermal comfort, while water
bodies tend to maintain wind flow and provide consistent cooling. These differences
suggest that the placement of water bodies upstream and vegetation downstream can
maximize their combined effects in summer.

Despite these valuable insights, this study has limitations that warrant further explo-
ration. The field measurements were conducted in stages and covered a limited spatial
extent due to constraints in resources and equipment. Additionally, CFD modeling sim-
plifies urban layouts, which may introduce discrepancies between simulated and actual
results. Most importantly, the research focuses exclusively on summer conditions, where
heat island effects are most pronounced, leaving the impacts of blue–green infrastructure
during other seasons unexamined.

The role of blue–green infrastructure is not confined to mitigating summer heat. In
regions with distinct seasons, these systems can also stabilize temperatures in winter.
Water bodies may release stored heat during cold periods, acting as thermal buffers, while
vegetation can provide wind shelter and reduce heat loss. Such effects could help address
cold island phenomena in winter and further enhance urban thermal comfort. Expanding
the scope of this research to include year-round measurements and simulations will provide
a more comprehensive understanding of the dual roles of blue–green spaces in mitigating
both heat and cold islands.
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In conclusion, blue–green infrastructure offers a powerful strategy for addressing
urban heat islands and improving microclimatic conditions. By carefully designing the
spatial arrangement of water bodies and vegetation, urban planners can optimize these cool-
ing effects and enhance thermal comfort in diverse urban environments. Future research
should focus on refining these strategies for different climatic conditions and exploring
their seasonal dynamics, ensuring that blue–green systems contribute to sustainable urban
development throughout the year.
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