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Abstract: In the context of waterfront-space design, this study examines the impact of plant enclosures
and the ratio of water bodies to green spaces on the microclimate, aiming to enhance the climate
environment and mitigate urban heat. Utilizing Fujian Agriculture and Forestry University as a case
study, the research selects the summer solstice as a representative weather condition, conducts field
measurements and model validation for four types of waterfront vegetation, and creates 80 scenarios
with varying plant enclosures and water to green space ratios using ENVI-met 5.0.2software. This
comprehensive analysis seeks to identify the optimal water—green space ratio for waterfront areas.
Key findings include: (1) The efficacy and applicability of ENVI-met software for microclimate
studies are confirmed. (2) Waterfront plants have cooling and humidifying effects on the microclimate
environment. The order of cooling and humidifying effects of different plant community structures
was as follows: tree—shrub-grass > tree—grass > shrub-grass > grass. (3) The cooling, humidification,
ventilation, and human comfort levels are influenced by the specific enclosure conditions and water
to green space ratios; a ratio of 1.8:1 is the most effective for cooling and improving human comfort,
while ratios of 4:1 and 1:4 are better for humidification and ventilation. These results offer valuable
insights for designing waterfront spaces in hot and humid climates.

Keywords: summer; plants; enclosure conditions; water body—green space ratio; urban waterfront
space; microclimate effects

1. Introduction

The urban ecological environment is currently under significant stress due to chal-
lenges such as global warming and extreme heat, which pose severe threats to city dwellers’
physical and mental health [1]. As critical components of the urban ecosystem, waterfront
spaces play a pivotal role in enhancing the environmental microclimate and the comfort of
inhabitants. Consequently, investigating the effects of the microclimate on urban waterfront
spaces is paramount [2,3].

It has been shown that the blue—green characteristics of waterfront spaces (water
bodies and plant greenery) are the main factors influencing the microclimate [4]. On the
one hand, water bodies and plant greenery will have different degrees of influence on
the surrounding environment due to their own physical properties. Firstly, water bodies
have the characteristics of large heat capacity, large latent heat of evaporation, and small
water surface reflectivity, which can absorb and store a large amount of heat, and can
be used as an urban cooling source, which is conducive to alleviating the heat island
effect over and near the water bodies [5,6]. Secondly, plant greening can not only form a
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shade layer by directly blocking solar radiation through the tall canopy crown,; it can also
reduce the surrounding temperature through the pathway of evapotranspiration. Usually,
after absorbing most of the solar radiation, trees convert sensible heat into latent heat
and vaporize water to absorb heat [7], thus increasing the humidity of the surrounding
air [8], lowering the ambient temperature, and improving the urban thermal environment
and thermal comfort [9]. On the other hand, the enclosure conditions of plants and the
water—green space ratio are closely related to the microclimate effect. Related studies
have shown that different plant-enclosure conditions can produce different microclimatic
effects. Fung et al. studied the microclimatic effects of plant greening on waterfront
space in summer, and the results showed that water bodies shaded by trees have more
beneficial effects on the thermal environment of the grassland than those not shaded
by trees [10]. On this basis, Lin et al. and Song et al. tried to explore the combination
of plant greening in different waterfront spaces; tall and highly depressed trees can be
planted in the waterfront walkway space, and trees and grass can be combined in the
waterfront recreation space [11], to improve the ventilation environment, increase the
shaded area, and reduce the surrounding environmental temperature [12]. In addition,
different water body to green space ratios also produce different microclimate effects.
Mirela Robitu et al. found through microclimate assessment of cities that the combination
of river water bodies and plant greenery can significantly reduce the summer surface
temperature and improve comfort [13]; Li Kongqing et al. found that the strength of the
role of water body-microclimate-regulating properties will be affected by the external
space and vegetation [14]. Xu et al. concluded that the microclimatic effect of the campus
plaza is related to the water body footprint and that the microclimatic effect stays the
same when the water body footprint exceeds 36% of the area [15]. The current research on
the microclimate of waterfront space focuses on the improvement of the urban thermal
environment [16] and comfort [17] by spatial features [18], plant communities [19,20], and
water body layout [21] and lacks a systematic research study on the microclimate effect of
different blue-green features on waterfront space. Therefore, it is necessary to discuss the
effects of various water body—green space ratios on microclimate under different enclosure
conditions to provide a theoretical basis and data reference for the improvement of the
microclimate environment in waterfront spaces and to enrich the research knowledge of
urban microclimates.

Actually, in the urban construction landscape, the area of green space and water
bodies that can be used for planning and layout is limited. Therefore, we need to carry
out a multi-physical quantity and multi-probability simulation process through numerical
simulations to improve efficiency, save costs, and choose the best simulation method
for implementation. Studies have shown [22,23] that ENVI-met can realize parametric
control of many environmental conditions, has high accuracy and sensitivity, can reflect the
actual situation well, and has been widely used in climate environment simulation [24,25].
For example, Zhang et al. took Wuhan as an example, simulated the impact of different
vegetation scenarios on the thermal environment with the help of ENVI-met, and finally
chose the best plant configuration [26]. Xu et al. took campus green space as the research
object and explored the best green space optimization scheme design based on ENVI-met
numerical simulation [27]. Therefore, we will utilize this software fully to systematically
analyze the microclimate effect of waterfront space with different plant-enclosure conditions
and water—green space occupancy ratio.

Based on this aim, this study focuses on Fujian Agriculture and Forestry University as
the case study area, assessing the microclimate parameters across four plant community
configurations. Utilizing ENVI-met, it models 80 different scenarios to investigate the
effects of plant enclosures and water to green space ratios on the microclimate. The findings
culminate in identifying the optimal microclimate regulation configuration. This model
offers valuable insights for improving the design of waterfront spaces during summer.
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2. Materials and Methods
2.1. Study Area

The area selected for this study was Fujian Agriculture and Forestry University (Qishan
Campus). Fujian Agriculture and Forestry University (Qishan Campus) is located in
Fuzhou City, which is in the eastern part of Fujian Province, in the lower reaches of the
Minjiang River and the coastal area (26°04'27"” N, 119°17'47" E), with a typical subtropical
monsoon climate and an average annual humidity of 74%. It is a typical subtropical
monsoon climate with an average annual humidity of 74%. The summer is characterized
by persistent high temperatures, with the highest temperature as high as 40 °C, which
has been regarded as one of China’s “four great furnaces”. The reasons for selecting this
campus as the research object include the following: (1) Fujian Agriculture and Forestry
University (Qishan Campus) is a university campus under construction, and the study
results are expected to be applied to practice. (2) The campus accommodates more than
20,000 students and teachers, and the waterfront space carries the essential functions of
leisure, recreation, and study for the students and teachers. High temperatures and hot
and humid environments directly affect the feelings of the students and teachers and the
frequency of use of spaces, and the task of alleviating the high thermal environment of the
waterfront space is very urgent. (3) The plant community in the waterfront space covers the
plant community in the hot and humid area, which is rich in number, numerous in species,
stable in growth, well managed, and suitable for this study. (4) The waterfront space on
campus has complete blue-green landscape elements, and the study of its waterfront space
is conducive to its extension to a larger area, providing a reference for the future design of
other types of waterfront space (Figure 1).

Asia

Fujian,CHINA Fuzhou,Fujian’ gig=# - Fujian Agriculture and
’ ¢ * Forestry University

Figure 1. Study area.

2.2. Field Measurement

In this paper, the summer solstice was selected for field measurements. The summer
solstice usually occurs on 21 June in the northern hemisphere. It represents the day with
the longest sunshine hours [28], with distinct microclimatic characteristics (temperature,
humidity, wind speed), and it is also considered to be the warmest day of the year in
China [29]. This period is crucial for studying the microclimatic effects of vegetation and
water bodies to effectively mitigate the urban heat island effect. Meanwhile, selecting a
typical summer solstice for climate and comfort assessment has ensured that the study
results are robust and valid under the widest possible range of conditions [30].

A Kestrel 5500 Meteorometer (accuracy +0.5 °C, £2.5%RH, £0.1 m/s; range —29~70 °C,
0~100%RH, 0~40 m/s) was used to determine the air temperature (°C), relative humidity
(%) and wind speed (m/s). The field measurements were selected on summer 2022.06.21
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(summer solstice), under smooth airflow and clear weather conditions, to determine the
microclimates of four different plant community structures. The current water body-green
space ratio of the waterfront space was 1:1.8, and in order to improve the accuracy of the
measurements, four different measurement points were selected for each plant community
(Figure 2), and the measured data were taken as the average of the four points. At the same
time, a control point was set at the place without plant community coverage. In total, there
were 16 measurement points and one control point, and the measurement points are shown
in Table 1. The test time was from 8:00 to 18:00. In the experiment, the meteorological
instruments were placed to allow use of the manual movement detection method for the
16 sample plots and hand-held measuring instruments were used to measure and record
the detailed data. Then, these were quickly rushed to the next measurement point, and
the interval time for switching the measurement points was as similar as possible, with an
interval of 1 h, and the results were recorded as an average value. The measured data were
used to analyze the daily trends (temperature, humidity, and wind speed) in waterfront
spaces created with different plant community-planting methods, and they were used to
verify the model accuracy of ENVI-met.

Legend

Arbor—-Shrub—Grass
® Arbor-Grass
® Shrub-Grass

m Grass

m Control Point

Figure 2. Distribution of measurement points in waterfront spaces.



Sustainability 2024, 16, 2957 50f20

Table 1. Overview of measurement points.

Measurement Point Plant Community Spatial Characteristic Photographs of Measurement
Type and Identification Type P Point
1 The perimeter is open and the ground
. Grass cover plants area dominated by Zoysia
matrella.
Enclosed by shrubs.
2 Shrubs are mainly Nerium oleander and
Shrub-grass Cyperus involucratus.
Ground cover plants were mainly
Zoysia japonica.
Enclosed by trees.
3 . .
O Tree—grass The ground cover is Ophiopogon
bodinieri.
Trees are Camphora officinarum.
Enclosed by trees.
Trees are mainly Bischofia javanica,
4 Melaleuca bracteata, Liriodendron chinense.
Tree—shrub—grass Shrubs are mainly Hibiscus rosa-sinensis,

Fagraea ceilanica, Cordyline fruticosa,
Bougainvillea spectabilis.
Ground covers are Zoysia japonica.

Control point
. Open space. Hard paved floors

2.3. ENVI-Met Simulation
2.3.1. Model Validation

Meteorological data were obtained by logging into the Chinese weather website
(https:/ /rp5.ru/) on 21 June 2022, which provided initial meteorological data for the ENVI-
met simulation parameter settings. According to the physical size of the site, the ENVI-met
modeling grid size is 270 m x 180 m x 30 m. The grid cell size is set as dx =4, dy =4, dz = 3.
The simulation time is from 5:00-19:00, and the data from 8:00-18:00 are selected for the
study. In order to ensure that the simulation is consistent with the measured environmental
conditions, the initial parameters of the model simulation, such as plot size, meteorological
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parameters, surrounding environment, vegetation status, and time, are set to be consistent
with the parameters of the measured waterfront space. Details of other parameter settings
are shown in Table 2.

Table 2. Model validation parameter settings.

Parameter Name

Parameter Name Parameter Values

Grid settings

Model dimensions/size of grid cell in meter 270 x 180 x 30/4m x 4m X 3m

Model location

Fujian Agriculture and Forestry University

Base settings (Qishan Campus). 26.08° N, 119.23° E

Microscale roughness length of surface (m) 0.01
Start date 21 June 2022
Time and date Start time 5:00 a.m.
Total simulation time 14
Specific humidity in 2500 m (g/kg) 7
. Wind direction 135° (south-east)
Meteorological data Windspeed (m/s) 25
Temperature range 17-28
Upper layer (020 cm) 65 °C/50%RH
Soil section Middle layer (20-50 cm) 70 °C/50%RH
Deep layer (50-200 cm) 75 °C/50%RH

2.3.2. Modeling Scheme

In this study, we used the planting of trees as a condition of enclosure of the waterfront
space. According to the tree height, morphology, and leaf area index of 100 common trees
in Fuzhou City, we set the simulated tree species with a tree height of 10 m, umbrella-like
morphology, and leaf area index of 3.95 [31]. According to the research results of the
previous researchers [32], the green space of waterfront space should account for 35%~75%
of the total area of waterfront; the optimal ratio of trees, shrubs, and grasses in the green
space of waterfront is 2:2:1; and the height of closed spaces should not be more than 1/2 of
the width of the site.

Based on the above requirements, ENVI-met software was used to establish a three-
dimensional model with a model size of 40 m x40 mx10 m and grid cell sizes of dx =1,
dy =1, and dz = 3; the maximum height of the trees in the model was 10 m; the proportion
of the water area to the total area was set to be 80%, 65%, 50%, 35%, and 20% and the
ratios of the green space to the hard pavement were 1:4 (I), 1:1.8 (II), 1:1 (III), 1.8:1 (IV), 4:1
(V); the enclosure conditions are set as open (A), semi-open [one side of an enclosure] (B),
[two sides of an enclosure ] (C), [three sides of an enclosure] (D), and full enclosure (E)]
(Appendix A).

2.4. Data Analysis

First, we used software such as SPSS 13.0 and SigmaPlot 14.0 to calculate Root Mean
Square Error (RMSE), Mean Absolute Error (MAE), and Mean Absolute Percentage Error
(MAPE) to measure the observed and simulated values of the deviation and evaluate the
accuracy of the model [33] (Equations (1)—(3)) and to quantitatively analyze the correlations
between enclosure, water body—green space ratio, and microclimate and human comfort
improvement index. Secondly, for the climatic conditions of Fuzhou City, the three elements
of air temperature, relative humidity, and wind speed were selected as the primary evalua-
tion indexes to calculate the human comfort improvement index [34] (Equation (4)) under
the influence of enclosure conditions and water body—green space ratio. The evaluation
of the comfort index was based on the 9-level standard division method published by the
China Meteorological Administration, in which the application range of human comfort in
the humid and hot zone in summer was 6 to 9 levels. Finally, the changes in cooling index,
humidification index, ventilation index, and comfort improvement index were used to
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reflect the strength of the microclimate regulation effect of enclosure conditions and water
body—green space ratio on waterfront space [35] (Equations (5)—(8)) (Table 3).

Table 3. Data calculation formula.

Equation

Number Formula Meaning Symbol and Its Representation Reference
@ — /B’
RMSE " Evla luate the a;curacy of the x; denotes the simulated value
] ; model, compare the error between " denotes the measured value [34]
@ MAE = ;Y |x; — x| the measured and simulated ! -
oo n denotes the number of tests
- values, and reflect the applicability
(©) MAPE = HEI o X 100% of the model.
Level 6: 65-70 (warm,
comfortable).
. Evaluate the level of human Level 7: 70-75 (hot, more
4) Ci= comfort in different meteorological comfortable). [35]
18Ta+0.55(1 — Rh)32+32,/Va o & Level 8: 75-80 (stuffy,
conditions.
uncomfortable).
Level 9: >80 (Extremely stuffy,
extremely uncomfortable).
(5) ATa = T’”#*CT“C x 100% The cooling index, humidification ATac, ARhc, AVac, ACic, ATam,
Rhm—Rhe . index, ventilation index, and ARhm, AVam, and ACim denote,
©) ARH = " x 100% comfort improvement index were respectively, the air temperature,
@) AVa = Vam—Vac o 1009, used to indicate the improvement relative humidity, wind speed, [36,57]
Vac extent of the plaza’s microclimate ~ comfort index of the control point
(©)) ACi = SieEim 5 100% and of human comfort. and the measurement point
3. Results
3.1. Comparative Analysis of the Errors between Simulated and Measured Value
By comparing the average measured and simulated values of microclimate elements
in summer in the waterfront space (Figure 3), it can be seen that the fluctuation trends of the
simulated and measured results are consistent with a high degree of fit; the error between
the daily average simulated temperature and the measured temperature is 0.33 °C~1.18 °C;
the error between the daily average simulated humidity and the measured humidity is
0.03%~1.62%; the error between the daily average simulated wind speed and the measured
wind speed is less than 0.5 m/s. The RMSE values between the simulated and measured
temperature, humidity, and wind speed values in the study area are 0.87 °C, 1.01% and
0.5 m/s, respectively; the MAE values were 0.82 °C, 0.82%, and 1.18 m/s, respectively; and
the MAPE values were 2.58%, 1.18%, and 9.22%, respectively. The reasonable error ranges
of the model are RMSE: 0~1.5, MAE: 0~1.5, and MAPE < 10%, which indicates that the
model is highly accurate and the experimental results are valid.
RSME=0.87°C . R RSME=1.01% 046 p 1
5| MAE-D82°C . . 1 Al MAE=082% | RSME=0.05m/s .
MAPE=2.38% * MAPE=1.18% osi L MAE=0.04mss . J
- o n . i 2 " MAPE=9,22% .
s . - - Sl ] £
5 - . E - -Gq:' 0.42 - |
ag\'-l o ) E 75k | , 4 :é :
20 . = " 2 :gn-m + . = g
J:m, g . E"’[" ’ u a 1 038w - - A
wh © 65k : : ¢ g 0.36 . i
“-:'“ ":I"“ "’:"""T"”'ZT““‘-‘T”“HT“‘”-‘:"” “‘T““‘7T““‘*T"“'l'i”“-‘ m‘\o olrm |u:nm \Irmz:nu|_1Icm|4:nc||5‘an|r,:nnwr;mnszrmTime x;tllu u;luu Lu:wnlw IE:UL!\S:UIJM:l!llflelPIlv:UlJl'-‘:UUlB:llJ Time
= value of measured ®  value of simulation # value of measured  ®  value of simulation = value of measured ®  value of simulation
(a) (b) (c)

Figure 3. Fitting diagrams of the simulated and measured values of summer microclimate factors at
the measurement points. (a) Temperature; (b) Humidity; (c) Wind speed.
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3.2. Analysis of Measured Results of Plant Communities in Waterfront Spaces

Four kinds of plant community structures in the waterfront space, namely grass,

arborvitae, shrub—grass, and arborvitae, were selected as research objects, and the average
values of temperature, humidity, and wind speed were counted and the daily trends were
analyzed in each test period in summer in the humid and hot zone (Figure 4).

T T T 9 — T 0.50 T T
Br % oo o oo o
]
v ¢ y—v
5 85 0451 @ v
o 8 £ ¥
2 2 ]
S31F s80r S04 4 v
3 £ 2 A
& E] @
£ o 2 A
5 ° B v
= 2 75 = v A
=30+ = = o35 'S A /A
< 2 § / u
g = 5] B A A A
= $ = m \
29 s 030 |- -\-_/ \
\
|
nl
28
025 P S P S R E R R S R
L L _ T 8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00Time
8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00Time 800 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00Time n
—®— Grass—® Shurb-Grasses 4~ Arbor-Grass ¥ Arbor-Shurb-Grass ®— Grass —®— Shurb-Grasses & Arbor-Grass ¥ Arbor-Shurb-Grass #-—~Girass—® = Shurh-Grasses ==z Arbor-Grass —¥=Arbor_Shurb:Grass

(a)

(b) (c)

Figure 4. Fitting diagram of the simulated and measured values of summer microclimate factors at

the measurement points. (a) Temperature; (b) Humidity; (c) Wind speed.

@

@)

®)

Temperature. The average daily temperatures of different plant communities in wa-
terfront spaces in summer had the same trend. The overall trend was an inverted
U-shaped curve which increased and then decreased. All the maximum tempera-
tures occurred at 14:00 p.m. and the minimum temperatures occurred at 8:00 a.m.
The temperature of grassland varied from 28.64 °C to 32.57 °C with a mean daily
temperature of 30.92 °C. At 14:00 p.m., the lowest air temperature was 27.94 °C for
tree-shrub-grass, followed by the tree—grass and shrub-grass plant communities with
temperatures of 31.13 °C and 31.54 °C, the highest air temperature was 31.76 °C for
grass. At 8:00 a.m., the order in terms of coolness of the plant community was: tree—
shrub—grass (coolest) > tree—grass > shrub—grass > grass, and the air temperatures
were: 27.94 °C, 28.17 °C, 28.18 °C, and 28.61 °C, respectively.

Humidity. The daily average humidity of different plant communities in waterfront
spaces in summer had the same trend. The overall trend showed a U-shaped curve
which decreased and then increased, with the lowest humidity occurring at 15:00 p.m.
and the highest humidity occurring at 8:00 a.m. The humidity of the tree-shrub-grass
varied from 67.30% to 87.18%, and the daily average humidity was 74.71%. Compared
to tree-shrub—grass, grassland had the lowest average daily humidity of 73.01%,
followed by tree—grass at 74.39%. At 15:00 p.m., tree—grass had the highest relative
humidity of 67.51%, followed by tree-shrub-grass and shrub—grass plant communities
at 67.30% and 65.89%, respectively, and grass had the lowest relative humidity of
65.03%. At 8:00 a.m., the order of highest humidity in the plant community was:
tree—shrub—grass > tree-grass > shrub—grass > grass, and the relative humidity was:
87.18%, 87.08%, 87.07%, and 86.54%, respectively.

Wind speed. The wind speed fluctuated in summer at each measurement point. The
shrub-grass had the highest average wind speed and the best ventilation. (wind
speeds ranged from 0.47 to 0.48 m/s, with an average wind speed of 0.47 m/s),
followed by tree-shrub—grass (wind speeds ranged from 0.36 to 0.46 m/s, with an
average wind speed of 0.43 m/s) and shrub-grass (wind speeds ranged from 0.32
to 0.39 m/s, with an average wind speed of 0.35 m/s). Grassland had the worst
ventilation (wind speed range from 0.27 to 0.36 m/s, mean wind speed of 0.30 m/s).
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3.3. Analysis of the Effects of Different Enclosure Conditions and Water—Green Space Ratio on

Microclimate and Comfort Level

(1) Cooling index. Comparative calculation of the average summer cooling index (Table 4)
found that, under the same enclosure conditions, different water body—green space
ratios have different effects on temperature regulation. With the increase in water
body percentage, the cooling index showed a trend of increasing and then decreasing.
Comparing the average value of each water body-green space ratio, it can be seen that
the water body—green space ratio of 1.8:1 has the best heat preservation effect, with
an average cooling index of 1.83 °C, followed by the water body-green space ratios
of 4:1 and 1:1, with an average cooling index of 1.80 °C. By analyzing the correlation
between the water body—green space ratio and the cooling index (Figure 5a), it was
found that the water body-green space ratio was significantly positively correlated
with the cooling index under the three-side enclosure space (R2 =0.81), and the water
body-green space ratio was positively correlated with the cooling index under the
two-side enclosure space (R? = 0.66), i.e., the three-side enclosure space > two-side
enclosure space. In all other enclosure conditions, the correlation was not significant.
By analyzing the correlation between the enclosure and the cooling index (Figure 5b),
it was found that the spatial enclosure cooling and the temperature index were
significantly positively correlated (R? = 0.96) when the water body-green space ratio
was 1.8:1 and that the spatial enclosure was significantly positively correlated with the
cooling index when the water body-green space ratio was 1:1 (R? = 0.93), i.e., the water
body—green space ratio of 1.8:1 > the water body—-green space ratio of 1:1. The other
enclosures were not strongly correlated with the cooling index. A comprehensive
comparison shows that the average cooling benefit of B4 (enclosure on the east side)
is better. The cooling index is the highest at 2.03% for a water body-green space ratio
of 1.8:1, and the cooling indices of the other water body—green space ratios are in the
following order: 2.02%, 2.02%, 2.01%, and 2.00%, followed by C4 (enclosure on the
southwestern side), and the space with a water body-green space ratio of 1.8:1. The
cooling indices were all 1.99%.

Table 4. Waterfront-space cooling index variation under the effects of different enclosure conditions
and waterbody—green space ratio.

Enclosure Condition Water Body—-Green Space Ratio
Index Enclosure Degree Enclosure Direction I-1:4 I1-1:1.8 I1-1:1 IV-1.8:1 V-4:1
A - 1.70 1.70 1.72 1.74 1.71
B1—North 1.59 1.60 1.60 1.60 1.60
B2—South 1.70 1.70 1.71 1.72 1.71
B B3—West 1.75 1.77 1.79 1.82 1.80
B4—East 2.02 2.02 2.01 2.03 2.00
Cooling index C1—West-North 167 167 167 168 1.6
C2—South-North 1.76 1.76 1.78 1.82 1.80
C C3—East-North 1.78 1.78 1.82 1.85 1.82
C4—West-South 1.89 1.90 1.91 1.99 1.94
C5—East-West 1.79 1.88 1.88 1.89 1.88

C6—East-South 1.78 1.78 1.78 1.82 1.81
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Table 4. Cont.
Enclosure Condition Water Body—Green Space Ratio
Index Enclosure Degree Enclosure Direction I-1:4 II-1:1.8 I11-1:1 IV-1.8:1 V-4:1
D1—North-South-West 1.78 1.82 1.87 1.86 1.87
D2—North-South-East 1.72 1.72 1.76 1.76 1.86
L D

Cooling index D3—East-West-North 1.82 1.82 1.86 1.92 1.82
D4—East-West-South 1.73 1.73 1.85 1.90 1.75
E East-South-West-North 1.77 1.78 1.85 1.89 1.76
Average value 1.77 1.78 1.80 1.83 1.80
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Figure 5. Correlation analysis of enclosure conditions, water body-green space ratio, and waterfront-

space cooling index. (a) Water body—green space ratio; (b) Enclosure condition.
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Humidification index. The higher the content of water molecules in the air in summer,
the better the humidification benefit and the better the improvement of the environ-
ment. From Table 5, it can be seen that under the same enclosure conditions, different
water body—green space ratios have different humidification effects. The higher the
water body—green space ratio, the higher the relative humidity, which is due to the
presence of a large number of water molecules in the water body that can increase
humidity. The average humidification rates were 2.09%, 2.23%, 2.43%, 2.53%, and
2.73% for water body—green space ratios of 1:4, 1:1.8, 1:1, 1.8:1, and 4:1, with the
humidification rate increasing in that order. Analyzing the correlation between the
water body—green space occupancy ratio and the humidification index, it was found
(Figure 6a) that the water body—green space ratio and the humidification index were
positively correlated under different enclosure conditions. Among them, the correla-
tion between water body—green space ratio and humidification index was significantly
positive under three-side enclosure, four-side enclosure, and two-side enclosure con-
ditions (R? = 0.93, R? = 0.88, and R? = 0.84). Analyzing the correlation between the
enclosure and the humidification index found (Figure 6b) that spatial enclosure was
positively correlated with the humidification index at water body—green space ratios
of 1:1,1.8:1, and 4:1 (R? = 0.61, R? = 0.75, and R? = 0.67). Taken as a whole, different
enclosure conditions showed different regulatory effects on humidity, and the highest
humidification effect was found in D2 (three-sided enclosure in the north-south-east
and south-east, with a water—green space ratio of 4:1) and D4 (three-sided enclosure in
the east-west and south-west, with a water—-green space ratio of 4:1), with humidifica-
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tion rates of 4.88%, and 4.66%, respectively; these were followed by E, the space with
water—green space ratios of 1.8:1, 4:1, which had a humidification rate of 3.96%, 3.98%.

Table 5. Waterfront-space humidification index variation under the effects of different enclosure

conditions and water body—green space ratios.

Enclosure Condition

Water Body—-Green Space Ratio

Index Enclosure Degree Enclosure Direction I-1:4 I1-1:1.8 II1-1:1 IV-1.8:1 V-4:1
A - —0.46 —0.46 —0.39 —0.01 0.18
B1—North 1.78 1.80 1.81 1.84 1.87
B2—South 1.78 1.80 1.81 1.83 1.87
B
B3—West 1.77 1.74 1.75 1.76 1.79
B4—East 1.75 1.80 1.81 1.82 1.86
Cl1—West-North 2.32 2.37 2.36 2.37 1.87
C2—South-North 2.36 2.14 2.20 2.26 2.18
Humidification C C3—East-North 2.46 2.38 2.49 2.58 2.96
index C4—West-South 2.38 2.62 2.77 2.87 2.65
C5—East-West 2.50 2.51 2.61 2.81 2.89
C6—East-South 2.56 2.58 2.64 2.74 3.94
D1—North-South-West 2.78 2.89 2.89 2.99 3.00
D2—North-South-East 2.18 2.90 3.74 3.76 4.88
D
D3—East-West-North 211 2.98 3.10 3.18 3.04
D4—East-West-South 2.68 2.97 3.69 3.76 4.66
E East-South-West-North 2.52 2.72 3.65 3.96 3.98
Average value 2.09 2.23 2.43 2.53 2.73
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Figure 6. Correlation analysis of enclosure conditions, water body—green space ratio and waterfront-

space humidification index. (a) Water body—green space ratio; (b) Enclosure condition.
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Ventilation index. Table 6 shows that under the same enclosure conditions, different
water body-green space ratios have different effects on the regulation of wind speed.
Observation of the ventilation index values revealed that the waterfront space was
best ventilated when plants were not enclosed, and the water body—green space
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ratio was 1:4, with an average ventilation index of 0.94%. Analyzing the correlation
between water body-green space occupancy and humidification index, it was found
(Figure 7a) that the water body-green space ratio was negatively correlated with the
ventilation index under the same enclosure condition and that the water body—green
space ratio under the no-enclosure space had a significant negative correlation with
the ventilation index (R? = 0.99). As shown in Figure 7b, the degree of enclosure
was negatively correlated with the ventilation index, where the strongest correlation
was for the waterfront space with a waterbody—green space ratio of 1:4 (R? = —0.97).
Enclosure degree, enclosure direction, and underlayment ratio each had an effect on
wind speed. In summary, A (unobstructed), with a waterbody-green space ratio of
1:4, had the best ventilation index of 1.55%. This was followed by B3 (enclosure on
the west side, enclosure on the south side, enclosure on the east side, and enclosure
on the north side) with a water body-green space ratio of 1:4, with ventilation indices
of 1.41%, 1.30%, 1.24%, and 1.09%, respectively.

Table 6. Waterfront-space ventilation index variation under the effects of different enclosure condi-
tions and waterbody-green space ratios.

Enclosure Condition

Water Body—Green Space Ratio

Index Enclosure Degree Enclosure Direction I-1:4 I1-1:1.8 II1-1:1 IV-1.8:1 V-4:1
A - 1.55 0.56 0.56 0.57 0.54

B1—North 1.09 0.38 0.38 0.38 0.25

B2—South 1.30 0.38 0.39 0.33 0.11

b B3—West 1.41 0.35 0.36 0.35 0.13

B4—East 1.24 0.40 0.42 0.31 0.16

C1—West-North 0.98 0.43 0.43 0.43 0.26

C2—South-North 0.85 0.40 0.40 0.41 0.23

C3—East-North 0.88 0.36 0.36 0.36 0.19

Vefl}rtlgaetion C C4—West-South 0.91 0.34 0.34 0.35 0.11
C5—East-West 0.93 0.42 0.42 0.42 0.27

C6—East-South 091 0.39 0.39 0.39 0.20

D1—North-South-West 0.68 0.46 0.46 0.47 0.45

D2—North-South-East 0.64 0.42 0.43 0.43 0.43

b D3—FEast-West-North 0.66 0.4 0.4 0.45 0.40
D4—East-West-South 0.66 0.44 0.44 0.45 0.41

E East-South-West-North 0.28 0.24 0.25 0.25 0.25

Average value 0.94 0.40 0.40 0.40 0.27

4) Human comfort index. As shown in Table 7, the degree of enclosure, the direc-
tion of enclosure, and the water—green space ratio improved human comfort to
some extent. As shown in Figure 8a, different water body-green space ratios
under the same enclosure conditions had different improvement effects on
the comfort index. The water-green space ratio under the two-side enclosure
space was negatively correlated with the comfort improvement index; the
water—green space ratio under the entire enclosure space was significantly
positively correlated with the comfort improvement index; and there was no
significant correlation between the water-green space ratio and the comfort
improvement index under the rest of the enclosure conditions. Comparing
the average comfort improvement indexes of water—green space ratios, it was
found that the most extensive average comfort improvement index was 15.99%
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for a water—green space ratio of 1.8:1, and the smallest average comfort im-
provement index was 15.36% for a water—green space ratio of 4:1. Under
the condition of the same water body—green space ratio, different enclosure
degrees and enclosure directions have different abilities to improve the hu-
man comfort index. When the water body—green space ratio was 1:1, the
degree of enclosure was negatively correlated with the comfort improvement
index; when the water body-green space ratio was 4:1, the degree of enclosure
was significantly positively correlated with the comfort improvement index,
and the rest were not significantly correlated (Figure 8b). Taken together, the
most significant improvement index was C4 (two southwestern enclosures,
water—green space ratio of 1:4) at 17.38%, followed by C3 (two northeastern
enclosures, water—green space ratio of 1:4) at 17.34%, and then C4 (two south-
western enclosures, water—green space ratio of 1.8:1), all with an improvement
index of 17.27%.
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Figure 7. Correlation analysis of enclosure conditions, water body-green space ratio, and waterfront-
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Figure 8. Correlation analysis of enclosure conditions, water body—green space ratio and waterfront
space human comfort index. (a) Water body-green space ratio; (b) Enclosure condition.
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Table 7. Waterfront-space human comfort improvement index variation under the effects of different
enclosure conditions and waterbody-green space ratios.

Enclosure Condition Water Body—Green Space Ratio
Index Enclosure Degree Enclosure Direction I-1:4 I1-1:1.8 II1-1:1 IV-1.8:1 V-4:1
A - 15.29 15.10 15.48 15.73 14.72
B1—North 15.03 16.22 16.66 15.61 14.96
B2—South 15.07 16.34 15.99 16.04 14.98
B B3—West 15.02 16.32 16.45 16.52 14.76
B4—East 15.06 16.21 16.23 16.11 13.92
Cl1—West-North 15.90 16.17 15.15 16.02 16.46
Human C2—South-North 16.17 16.19 15.38 16.22 15.16
comfort
improvement C C3—East-North 17.34 16.61 15.29 17.26 15.15
index C4—West-South 17.38 16.27 15.18 17.27 16.11
C5—East-West 15.95 15.73 15.43 15.72 15.44
Cé6—East-South 16.70 16.10 15.45 16.69 15.05
D1—North-South-West 14.69 14.94 14.71 14.68 15.98
D2—North-South-East 15.68 16.13 15.94 15.79 15.70
b D3—East-West-North 15.02 15.48 15.27 14.92 16.87
D4—East-West-South 15.17 15.75 15.24 14.94 13.89
E East-South-West-North 15.43 15.19 14.48 16.36 16.54
Average value 15.68 15.92 15.52 15.99 15.36

4. Discussion
4.1. Microclimatic Effects of Plant Communities in Waterfront Spaces

The analysis of plant microclimate effects in waterfront spaces reveals that the tree—
shrub—grass configuration provides the most effective cooling and humidification, sur-
passing the tree—grass setup. This superior performance is attributed to its more complex
vertical layering and pronounced canopy features, characterized by abundant and denser
branches and trunks, enhancing heat insulation and moisture retention. These findings
align with those of Chang C. et al. [33]. Conversely, grasslands exhibit the least effective
cooling and humidification during summer, primarily due to the absence of tall trees
like arborvitae, which fail to create a protective shade layer against solar radiation. This
observation is consistent with Atsumasa Y.’s research [34]. Additionally, the impact of
vegetation spatial structure on wind speed was found to be minimal. However, spaces
with a combination of shrubs and grasses showed the most considerable influence on
wind speed, contrasting with Liu Binyi et al.’s findings [38]. This discrepancy could result
from the limited variation in the vertical and horizontal structures of the plant community,
leading to a negligible effect on the wind environment and, consequently, insignificant
changes in wind speed.

4.2. Microclimatic Effects of Different Enclosure Conditions and Water Body—Green Space Ratios

on Waterfront Spaces

(1) Cooling Index. This simulation study explores the relationship between enclosure
conditions, the water body—green space ratio, and their combined effects on cooling. It
reveals that the cooling index correlates significantly and positively with the enclosure
degree at water body—green space ratios of 1:1 and 1.8:1, with weaker correlations
observed at other ratios. This phenomenon likely results from the interplay of en-
closure degree, water body size, green space area, and other factors [39]. Previous
research indicates that urban temperature variations directly relate to subsurface
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structure and composition differences [40], as well as to variations in surrounding
vegetation coverage and types, which influence green spaces’ abilities to regulate
thermal energy [41]. Furthermore, each water body—green space ratio possesses a
distinct temperature regulation capacity. As the proportion of water bodies increases,
the cooling index initially rises, then declines, suggesting an optimal ratio at 1.8:1
for maximizing cooling effects. Notably, a higher water body proportion does not
guarantee improved cooling, aligning with Offerle’s findings [42]. Additionally, the
degree and orientation of enclosure significantly impact the waterfront space’s internal
environment. An entirely open site, devoid of shade and subject to high temperatures,
can regulate its cooling index by enhancing enclosure, such as increasing tall trees
and structures’ projection area, modifying microclimatic factors like light and wind
speed, or adjusting the water body—green space ratio.

Humidification index. There is a correlation between waterfront-space enclosure and
humidification index. Under the same enclosure conditions, the larger the water
body-green space ratio, the stronger the humidification effect, which is consistent
with the findings of Ranhao et al. [43]. The weakest correlation was found when the
water body—green space ratio was 1:4, which might be related to the size of the water
body area. The large area of the water body means that the water surface has high
albedo and evaporation, which can take away part of the heat during air exchange,
thus achieving a good cooling and humidifying effect. At the same time, the open
water surface increases the exchange with the dominant wind, further increasing
the wind speed, which is similar to the research results of Saaroni H and Steeneveld,
G.]J. [44,45]. In addition, the shading area and enclosure of tall trees, such as street
trees and other tall trees, and the regulation of air circulation also affect the humidity
change [46], which is consistent with the research results of Zhu et al. [47].
Ventilation index. The ventilation index assesses the impact of various water body-green
space ratios under uniform enclosure conditions on ventilation, corroborating existing
research that highlights the positive effects of both water bodies and grasslands on the
wind environment [48]. Our experiments demonstrate that spaces without enclosures
exhibit a superior ventilation effect due to the reduction in wind obstruction as
vertical shading decreases. This facilitates increased airflow and wind speeds during
summer [49], echoing the observations of Dan Song et al. [50]. Notably, spaces with a
water body-green space ratio of 1:4 achieve the highest ventilation index, attributed to
the water surface’s minor roughness creating wind channels that enhance wind speed
and, consequently, natural ventilation. This setup optimally leverages the water’s
large specific heat capacity and gradual temperature changes to minimize convection
and turbulence between the water surface and air, promoting steady wind flow [51].
Human comfort improvement index. Human comfort is mainly affected by the joint
influences of temperature, humidity, and wind speed [52]. Under the same enclosure
conditions, the water body—green space ratio of the two-sided enclosure space was
negatively correlated with the comfort improvement index; this was inconsistent with
the findings of Kuang W H et al. [53], which might be related to the single water-
body-plate setting in the simulation software. The water body—green space ratio
of the fully enclosed space was significantly positively correlated with the comfort
improvement index; under conditions with the same water body—green space ratio,
the enclosure was significantly positively correlated with the comfort improvement
index when the water body—green space ratio was 4:1. This may be due to the use of
green trees as the enclosure method in our simulation, and the tall, leafy trees can
impede particular air circulation and form a heat insulation layer [54], which makes
the external greenery insulate the external hot and high temperatures. The internal
water body environment reduces the temperature and increases the humidity, which
results in the improvement of the comfort level.

In addition, The robustness and reliability of our study are significantly enhanced

by the size and diversity of the dataset [29], which encompasses 80 distinct scenarios
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generated using ENVI-met software based on data collected during the summer solstice.
This comprehensive approach ensures that our findings are not confined to a limited set of
conditions but are applicable to a wide array of urban waterfront settings. Each scenario
represents a unique combination of plant enclosures and water to green space ratios, thereby
capturing a diverse range of potential waterfront configurations. The extensive dataset not
only underscores the thoroughness of our investigation but also bolsters the validity of our
conclusions. Consequently, our research lays a strong foundation for the formulation of
adaptable guidelines suitable for diverse urban landscapes.

5. Conclusions

This study employs meteorological measurements and numerical simulations to ex-
amine the microclimate impacts of waterfront spaces in summer, specifically focusing on
how the characteristics of these spaces influence microclimate effects. Key findings include:

(1) Waterfront vegetation contributes to cooling and humidifying the microclimate, with
the effectiveness of different plant communities ranked as follows: tree—shrub—grass >
tree—grass > shrub—grass > grass. This research also reaffirms ENVI-met software’s
scientific reliability and practical utility for microclimate studies.

(2) A water body-green space ratio of 1.8:1 achieves the most significant cooling effect.
Enclosure conditions positively impact the cooling index at ratios of 1:1 or 1.8:1.

(3) Interms of humidification, a positive correlation exists between the water body—green
space ratio and the humidification index, in descending order of effectiveness: 1.8:1
> 4:1 > 1:1 > 1:1.8 > 1:4. Similarly, enclosure methods correlate positively with the
humidification index, ranked as: three-sided > four-sided > two-sided > one-sided >
no enclosure.

(4) For ventilation, a ratio of 1:4 between water body and green space, under uniform
enclosure conditions, inversely affects the humidification index, with larger water
body areas enhancing ventilation.

(5) The optimal ratio for improving human comfort is 1.8:1, with negative correlations
observed for a 1:1 ratio in minimally enclosed spaces and positive correlations for a
4:1 ratio in fully enclosed spaces.

Future waterfront-space planning should scientifically determine the appropriate
water body—green space ratio to optimize local environmental conditions and human
comfort. A 1.8:1 ratio is recommended for cooling needs, while ratios of 4:1 and 1:4
can address humidification and ventilation demands, respectively. If adjusting the ratio
is challenging, then modifying the space’s enclosure by planting can also enhance the
microclimate, with three-sided enclosures favoring cooling, fully enclosed spaces benefiting
humidification, and open spaces aiding ventilation.

However, this study has limitations, such as potential measurement errors from mobile
measurement and manual reading, and the ENVI-met’s sensitivity to computer hardware,
which may affect accuracy. Furthermore, the research’s focus on a campus setting during
summer suggests the need for broader investigations across different locations and seasons
to enhance the scientific robustness of the findings.
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Appendix A

Table Al. Specific dimensions of modeled scenarios for different enclosure conditions, waterbody-
green space ratio.

Enclosure Condition

Water Body—Green Space Ratio

Enclosure Enclosure
Degree Direction

I-1:4 I1-1:1.8 II1-1:1 IV-1.8:1 V-4:1

B1—North

B2—South

B3—West

B4—East

C1—West-
North

C2—South-
C North

C3—East-
North
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Table A1l. Cont.

Enclosure Condition Water Body—Green Space Ratio

Enclosure Enclosure
Degree Direction

ot
L}

=

B

1I-1:1.8 III-1:1 IV-1.8:1 V-4:1

C4—West-
South

C5—East-West

C6—East-South

D1—North-
South-West

D2—North-
South-East

D3—East-West-
North

D4—East-West-
South

East-South-
West-North
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