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Abstract: Vegetation configuration in residential districts improves human comfort by effectively
moderating the thermal environment. Herein, the reliability of ENVI-met is verified by comparing
the field measured with simulated data, including air temperature and relative humidity. The cooling
effect of trees gradually increased with increasing tree coverage. Under the same coverage, trees with
a tree crown diameter (TCD) of 3 m have the strongest cooling capacity, followed by trees with a TCD
of 7 m, and trees with a TCD of 5 m have the weakest cooling capacity. The cooling capacity of a TCD
of 3 m is considerably higher than that a TCD of 5 m and a TCD of 7 m. When the tree coverage ratio
is 50%, the difference among the three TCDs is the largest. When the tree coverage is 50% or 70%, the
cooling effect of TCD at 7 m is considerably higher than that at 5 m. For different canopy sizes and
shapes under the same degree of tree coverage, only when the tree coverage is more than 50% and
TCD is 3 m, the cooling capacity of a cylindrical shape is 0.2 to 0.3 ◦C higher than that of conical and
ellipsoidal shapes. However, the difference between conical and ellipsoidal shapes when TCD is 5 or
7 m is not significant (∆Ta < 0.1 ◦C). Our results suggest that small canopy trees have a better cooling
effect than large canopy trees for the same level of coverage.

Keywords: ENVI-met; residential district; canopy structure; tree coverage; cooling effect

1. Introduction

Over the past few decades, with rapid population growth, rapid urban expansion, and
global climate warming, the phenomenon of urban heat islands has become a common
issue in urban cities around the globe [1], significantly impacting human health and
daily living, and increasing the frequency of extreme heat stress. Furthermore, the urban
thermal environments and the thermal comfort of residents have become challenging.
When temperatures become too hot, lives are threatened, and studies have found that
temperature is an important factor affecting morbidity and mortality [2,3]; indeed, heat
and heat waves are an additional contributing factor to increased mortality in summer.
Exposure to heat can impair the body’s ability to regulate its internal temperature, and can
result in temperature-related deaths [4–6]. Urban cooling can help to mitigate the impact of
extreme heat conditions on lives and livelihoods.

In most developed cities, urban green space is extremely limited, hence maximizing
the cooling effect of green space is critical. Previous studies have also found that vegetation
is one of the effective measures to mitigate the heat island effect and improve human com-
fort [7–9], since it affects air temperature (AT), relative humidity (RH), rainfall, and other
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conditions in urban areas, and the cooling capacity of trees is much more pronounced than
that of grass. The physiological characteristics of trees provide a higher cooling capacity
than other vegetation since trees can block the sunlight and absorb some heat and transpi-
ration. Therefore, trees can effectively moderate the urban thermal environment [10,11].

Studies have confirmed that the key factor for trees to exert a cooling effect resides
in the canopy [12–14], which blocks direct sunlight on the surface, while the leaves of the
canopy can perform photosynthesis and transpiration [15,16]. Different canopies have
different three-dimensional characteristics, leading to differences in the cooling capacity
of trees.

The surface temperature of pileated canopy shapes had the strongest cooling and
humidification effects, while the shape of the columnar canopy had the weakest [17,18].
This suggests that canopy shape should be considered when investigating the cooling effect
of trees. The size of trees can be described by tree crown diameter (TCD) and tree height
(TH), both of which have different effects on the urban thermal environment. At the same
time, increasing the diameter of the crown will have better cooling and humidification
effects than increasing the height of the trunk [18,19]. A larger TCD is more conducive to
improving human thermal comfort [19] since increasing TCD will reduce the average sky
view factor of the city [20,21]. TCD can indicate tree coverage; a larger canopy indicates a
higher percentage of tree coverage and thus the more shade it provides [19,22].

Tree coverage and number are important factors in urban planning. In addition to
crown size and canopy shape, tree coverage is also an important factor in the thermal
environment of urban open green spaces [23,24]. Urban vegetation coverage is closely
related to urban thermal environment and thermal comfort conditions [25]. In the hot
summer months, areas with higher vegetation coverage are cooler than those with lower, as
vegetation coverage effectively reduces air and radiation temperatures. Areas with higher
vegetation coverage provide greater shade and transpiration, thus effectively improving
the urban thermal environment [26]. When the canopy diameter of the trees is fixed, tree
coverage is a key factor influencing the number of trees in a green space. The amount of
cooling provided by green space and the distance over which that cooling extends depend
on factors such as green space size, but this relationship is not linear [27,28].

Previous studies have confirmed that crown size, canopy shape, and tree coverage
are important factors affecting AT and RH [25,27,29], although only few studies explained
how the canopy affects the surrounding environment. To quantify the effect of crown
size, canopy shape, and tree coverage on AT and RH, numerical simulation was used in
this study to analyze and predict the urban thermal environment. ENVI-met, RayMan,
and SOLWEIG are software packages frequently used in microclimate simulation stud-
ies. Among them, RayMan simulation has the fastest operation speed, yet only outputs
few radiation parameters and cannot simulate reflected radiation well. SOLWEIG is suit-
able for radiation simulation of enclosed spaces, while ENVI-met software can calculate
more radiation parameters and long-wave and short-wave radiation between buildings
and surfaces [30].

ENVI-met is a 3D numerical simulation software based on fluid mechanics and ther-
modynamic equations [31]. According to the principle of iterative calculation, ENVI-met
can simulate the “surface-plant-atmosphere” interaction in the city; then, the influence char-
acteristics of urban planning form and landscape elements on complex space microclimate
are quantified, which can be used to assess the influence of architecture and urban planning
on environmental variables. ENVI-met can also simulate AT and RH, soil temperature and
humidity, solar radiation, surface temperature, and wind speed and direction scenarios;
hence, it is widely used in urban green space microclimate regulation effects, especially
to simulate the heat island effect [32–34], improve human thermal comfort [35–37], and
reduce air pollutants [38,39].

Previous studies using ENVI-met software found branching position height, planting
orientation, crown size, tree shape, and the number of trees differently impact the surround-
ing microclimate [40,41]. However, these studies are based on the vegetation database in
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the system, while there are various kinds of vegetation that vary regionally. Therefore, in
this study, we created a vegetation model consistent with the study area with the help of
a 3D laser scanner. To ensure the reliability of the model’s simulation output, it is often
necessary to calibrate the simulated values with the use of measured values and to assess
the accuracy of the model using statistical values such as root mean square error (RMSE)
and index of agreement (d) [42,43].

Although ENVI-met’s database contains various types of vegetation, in reality, the
size, shape, and types of trees are more complicated. To truly restore the information
of trees and improve the simulation accuracy of the model, we used the terrestrial laser
scanning (TLS) to reconstruct the trees in the sample plot. TLS is a measuring tool that can
accurately provide detailed stand and individual tree information without destroying trees,
including crown size and shape, tree height, and diameter at breast height (DBH) [44,45].
The tree crown is reconstructed by dividing the point cloud acquired by the TLS into a
three-dimensional grid of volume elements (voxel) [46].

In this study, we used the ENVI-met software to simulate a realistic scenario and used
the measured data to verify the accuracy of the simulation. Firstly, five groups of different
coverage of trees with three tree crown sizes were simulated during the summer. Secondly,
three groups of different TCD and three groups of different canopy shapes of trees were
simulated in five tree coverage scenarios. Our study aims are to (1) verify the simulation
accuracy of the ENVI-met model; (2) study the effects of different crown sizes and tree
coverage on the urban thermal environment in the summer; (3) quantify the cooling effect
of three canopy shapes on the urban thermal environment in the summer.

2. Materials and Methods
2.1. Study Area

The study area was located in the Lin’an district (118◦51′–119◦52′ E, 29◦56′–30◦23′ N),
Hangzhou City, Zhejiang Province, China (Figure 1). It has a typical subtropical climate
with sufficient light and abundant rainfall. The weather forms of the four seasons are quite
different: rainy in spring, hot and humid in summer, cool in autumn, and low temperature
with little rain in winter. The annual rainfall is 1628.6 mm, 158 days of precipitation, a
frost-free period averaging 235 days per year, with an average temperature of 16.4 ◦C
throughout the year [47].
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We selected a 100 m× 100 m size as the study area, and the features included buildings,
roads, concrete roads, green space, and vegetation (Table 1). The experiment was conducted
from 15 to 17 July 2021. The weather conditions in these three days were similar, with
stable weather, cloudless and low wind speed.

Table 1. Area and percentage of land cover types in the study area.

Open Space Elements Area (m2) Percent (%)

Student apartment 3014 30.14
Green space 4142 41.12

Roads 2844 28.44

2.2. Meteorological Data and Measured Data Collection

In this study, GHHB-001-485 wireless sensor equipment was used to monitor envi-
ronmental factors. To ensure the accuracy of experimental results and reduce systematic
errors among devices, all wireless sensor equipment were calibrated prior to the start of
the experiments. All data were calibrated after being collected via sensors and used in this
study. The AT error after calibration was <0.2 ◦C, while the RH error was <0.5%. Detailed
data specifications for wireless sensor equipment are listed in Table 2.

Table 2. Specifications data of wireless sensor.

Parameter Sensor Type Measuring Range Accuracy Resolution Response Time

Air Temperature GHHB-001-485 −40–80 ◦C 0.1 ◦C 0.1 ◦C 60 s
Relative Humidity GHHB-001-485 0–100% 0.3% 0.1% 60 s

We divided the study area into nine equal-sized cells, and arranged a wireless sensor
in the center of each cell. As the center points of some cells fall on the roof, we moved
these center points to be distributed on the roof horizontally along the north to the green
space, and arranged sensors. Since the air temperature was relatively stable, and the
composition and distribution of features in the study area were similar to those outside the
study area, we think that the data difference caused by this small-scale movement can be
ignored. Finally, nine wireless sensors were arranged in total (Figure 1), and some wireless
sensors were under trees, some were in grassland, and some were next to buildings. The
sensors were positioned at 1.5 m above the ground (Figure 2a), and recorded data at a
frequency of 1 per min. In addition, we obtained three days’ weather data consistent with
the experimental time from a weather station located on an open asphalt surface in the
campus and 2 m above the ground (Figure 2b). The collection frequency of the weather
station was 1 per min. Furthermore, we obtained the wind speed and direction information
at 10 m in the experimental day from the nearby Lin‘an Meteorological Station.

2.3. Tree Information Collectiona

In this study, we used the DJI M300 UAV equipped with a visible light camera to take
pictures of the study area to obtain images of the study site, including the composition
of the underlying surface and the location of trees, and set the flight altitude at 60 m. We
carried out a per-tree survey of the trees in the study area to obtain detailed information
about each tree, including TH and DBH. There are 167 trees in the study area, primarily
including Koelreuteria paniculata, Prunus cerasifera “Atropurpurea”, Osmanthus fragrans,
Elaeocarpus decipiens Hemsl, and Firmiana simplex (Linnaeus) W. Wight. We used a TLS
device to obtain the parameters such as TH, TCD, and trunk height. Detailed parameters
of the TLS equipment are listed in Table 3.
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Figure 2. (a) Pictures of wireless sensor monitoring in sample plots. (b) Image of the reference
weather station in the campus and at 2 m above the ground.

Table 3. System specifications for Leica ScanStation C5 equipment.

Parameter Value

Field of view 270◦ × 360◦

Range size 35 m @ ≥ 5% albedo
Scan rate 25,000 pts/s

Accuracy of position 6 mm
Accuracy of distance 4 mm

Minimum point spacing <1 mm
Operating temperature 0–40 ◦C

2.4. Individual Tree Creation Process

The point cloud data collected using the TLS equipment were imported into the
Cyclone software for processing and noise point removal near the point cloud of a single
tree. Then, the separated point cloud of a single tree was voxelized using the Python
3.6 software, and the voxelization operation was performed on the point cloud data to
convert the geometric form of the object into the closest representation form. In the sub-
module Albero of ENVI-met software, the voxelized point cloud data were used to create a
realistic single-tree model. We have created a total of 14 vegetation models. Cloud point
voxelization and single tree creation are shown in Figure 3.
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Figure 3. Creation of a single tree model. (a) Single tree point cloud data obtained using the TLS device.
(b) Single point cloud data after voxel processing. (c) Single tree model created using ENVI-met.

2.5. ENVI-Met Scenario Setting and Simulation

The input parameter settings of the model include area input, configuration, and
database files. The area input file included location and size of the study site, categories of
ground objects, and areas of various types of ground objects. The related software Context
Capture was used to stitch the photos taken via a drone to obtain a complete image map of
the study areas, following which ArcGIS 10.4 was used to vectorize the study area photos
obtained via the UAV to generate an image interface that can be input into the ENVI-met
software. The area input file was mainly the setting of the simulated area file. The realistic
scenario creation is illustrated in Figure 4.
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diagram of the real scene in ENVI-met, and (c) the 3D display diagram of the real scene in ENVI-met.

The database file includes parameter settings such as vegetation, green space, build-
ings, and soil. When setting vegetation, users can set parameters such as tree height, tree
height width, and leaf shape according to their actual needs. The parameter settings of
the configuration file include the AT and RH, wind speed and direction at 10 m, ground
roughness, building material, and height. The hourly AT and RH obtained from the
weather station were used as meteorological boundary conditions. Our actual field size was
100 m × 100 m. However, in order to minimize the edge effect and enhance the numerical
stability, we added 10 empty cells: for each lateral boundary we expanded each edge
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outwards by 20 m in the simulation to reduce the influence of the model boundary on the
simulation results. The final simulation area was a 70 × 70 × 20 3D cell grid, with a grid
resolution of 2 × 2 ×3 (dx = 2 m, dy = 2 m, dz = 3 m), and the vertical grid cells of the
near-ground was divided into five sub-grid cells. The simulation results were saved at
hourly intervals. The specific parameter settings are listed in Table 4.

Table 4. ENVI-met model parameter settings.

Parameters Value/Source

Maximum air temperature at 2 m (◦C) 38.2
Minimum air temperature at 2 m (◦C) 28.2

Maximum relative humidity at 2 m (%) 87.5
Minimum relative humidity at 2 m (%) 48.2

Wind speed at 10 m (m/s) 1.1
Wind direction at 10 m SW

Grid cell size (∆x, ∆y, ∆z) 2, 2, 3
Number of grid cells (∆x, ∆y, ∆z) 70, 70, 20

Boundary condition Simple Forcing
Simulation duration 24 h

Roughness length 0.01
Albedo of road 0.2

Emissivity of road 0.9
Albedo of glass 0.2

Transmittance of glass 0.3

2.6. Numerical Simulation
2.6.1. Simulation under Different TCDs and Tree Coverage

In this study, 16 July 2021 was selected as the simulation date. To study the cooling
effect of different cover and TCD in summer, five different steps of tree cover (10, 30, 50, 70,
and 90%) and three different groups of TCD (3, 5, and 7 m) were set. A total of 15 scenes
were created, in which we did not consider the influence of the crown shape; hence, we
set the crown shape as a cylinder. In this study, the tree height was set to 7 m, except for
the trees in the real scene. The cover ratio used in the study is the ratio of vegetation to the
overall green space.

Base model: The basic scenario was the part left after all the trees in the realistic
scenario were removed. In other words, the difference between the realistic scenario and
the basic scene is only whether there are trees or not. In this paper, the analysis of the
cooling effect of different scenes was based on the basic scenes.

Case 1 (C1): Tree coverage of 10% with 46 trees (17, 9) based on the base model, and
TCD = 3(5, 7).

Case 2 (C2): Tree coverage of 30% with 138 trees (50, 25) based on the base model, and
TCD = 3 (5, 7).

Case 3 (C3): Tree coverage of 50% with 230 trees (83, 42) based on the base model, and
TCD = 3 (5, 7).

Case 4 (C4): Tree coverage of 70% with 322 trees (116, 59) based on the base model,
and TCD = 3 (5, 7).

Case 5 (C5): Tree coverage of 90% with 414 trees (149, 76) based on the base model,
and TCD = 3 (5, 7).

2.6.2. Simulation under Different TCDs, Tree Coverage, and Crown Shapes

Based on the above 15 scenes, we set three canopy shapes, namely cylindrical, conical,
and ellipsoidal, for each group, creating a total of 45 scenes. According to three groups of
different TCDs sizes and three different crown shapes, a total of nine single tree models
(Table 5) were created in the vegetation database.



Forests 2023, 14, 80 8 of 18

Table 5. Nine individual trees of different crown sizes and canopy shapes.

Shape TCD = 3 m TCD = 5 m TCD = 7 m

Cylindrical shape
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The single tree model used in the scenario was constructed in the submodule Albero
in the ENVI-met software. The specific parameter settings of scenes were set in the same
way as in the real scenario. In this study, a total of 5 h (09:00–14:00) were simulated with
the first 2 h of data being used to stabilize the model, and the average of the simulated data
for the 3 h (12:00–14:00) was selected to study the cooling and humidification effects of
different scenarios.

Except for the tree configuration, all other settings of scenes, including weather bound-
ary, forcing conditions, and category settings of ground objects, were consistent with the
basic model, which can avoid the influence of the model itself on the simulation results.
The average temperature with vegetation were compared with that without vegetation,
and the cooling effect of trees under different configuration methods was analyzed.

2.7. Statistical Analysis

Python 3.6 and Sigmaplot 14.0 were adopted for statistical analysis. We also used
IBM SPSS Statistics 26 for variance analysis to compare the differences in cooling capacity
between different scenes. The data acquired by the sensors and those exported using
the ENVI-met software were processed using Python software; we used the software to
calculate the correlation coefficient R2 between simulated and measured data, as well as the
RMSE and index of agreement (d). Scatter plots, histograms, and line plots were produced
using Sigmaplot software to compare the cooling and humidification effects of the different
tree coverage, TCD, and canopy shapes in summer.

3. Results
3.1. ENVI-Met Accuracy Verification

To ensure the reliability of the model output, the model was validated to ensure the
authenticity of the simulation results of the later scenarios and facilitate further analysis
and comparison of the results. In this study, we selected the data from 16 July to verify
the model, because it was the hottest day in the three-day experiment: the maximum
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AT was 38.2 ◦C and average AT was 32.8 ◦C. Since the height of the sensor was set to
1.5 m, the simulation results should also be at 1.5 m for the AT and RH. The output results
following simulation were analyzed, viewed, and exported through LEONARDO in the
ENVI-met module.

Figure 5 shows the changes of the measured AT data of nine wireless sensors and the
simulated AT data of the corresponding points of the wireless sensors during the whole
day of 16 July. In the daytime, the AT data of wireless sensors which were placed in the
unobstructed positions were overestimated, while the AT data of wireless sensors which
were placed under the tree were underestimated. All measuring points were overestimated
in the nighttime. Although there were differences between the simulated data and the
measured data, the simulated data were in good agreement with the measured data of
the corresponding sensor location, and the maximum temperature of each point in the
simulated data appeared at the same time as the measured data of the corresponding sensor
location. From the simulation results, we know that the temperature of the uncovered
monitoring points was always higher than that of the trees in the shade, which was
completely consistent with the actual situation, which also indicates that ENVI-met model
can simulate the spatial distribution of temperature.
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Figure 5. Simulated and measured air temperature data of nine points on 16 July 2021.

Figure 6 shows the 24-h simulated humidity data were consistent with measured
humidity data. In the daytime, the measured humidity data in the uncovered place were
lower than those from around the grass and trees, because trees provide shade and increase
humidity, and the simulated humidity data also conform to this phenomenon. Humidity
was generally underestimated in the nighttime.
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Figure 6. Simulated and measured relative humidity data of nine points on 16 July 2021.

Although the simulated data of nine points were in good agreement with the measured
data, we also needed to evaluate the overall accuracy of the model. We extracted the hourly
data of the nine wireless sensors corresponding to the monitoring point at 1.5 m above
the ground from the simulation results, with a total of 216 simulate results. At the same
time, we also analyzed the correlation between the 24-h measured data collected by nine
sensors and the 24-h simulated data of the corresponding nine points. Finally, a total of
216 pairs of simulated and measured data were collected. Figure 7 shows that the R2 of
AT was 0.9307, indicating that the simulated values were strongly correlated with the
measured values. Root mean square error (RMSE) and index of agreement (d) were used to
assess the difference between simulated and measured data. The RMSE of AT and RMSE
of RH were 1.13 ◦C and 4.35%, respectively, and the d of AT and d of RH were 0.945 and
0.94, respectively.
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3.2. Effects of TCD on AT and RH under Different Coverages

To better compare the cooling and humidifying effects of each created scene, we used
the scene without trees as the base scene for comparison and selected 12:00–14:00 as the
period for analysis, with the AT and RH values at 1.5 m. The variation range of AT of
the basic model was 37.79–38.46 ◦C, and the average temperature was 38.14 ± 0.34 ◦C.
The variation range of RH was 48.33–51.27%, and the average AT was 50.07 ± 1.54%. The
maximum temperature occurs at 14:00 (38.46 ◦C), which is very hot in summer. Figure 8
illustrates the AT and RH plan of the basic model at a height of 1.5 m at 14:00.

∆ATij = ATbase model − ATij (1)

where i could be 1, 2, or 3, which corresponded to TCD of 3 m, 5 m, and 7 m, respectively,
and j could be 1, 2, 3, 4, or 5 which corresponded to coverage of 10%, 30%, 50%, 70%, and
90%, respectively. ∆ATij indicates the average cooling capacity of a scenario with TCD of i
and coverage of j. ATbase model indicates the average air temperature of the base scenario.
ATij indicates the average air temperature of the TCD of i and coverage of j.

∆RHij = RHij − RHbase model (2)

where i could be 1, 2, 3, which corresponded to TCD of 3 m, 5 m, and 7 m, respectively,
and j could be 1, 2, 3, 4, 5 which corresponded to coverage of 10%, 30%, 50%, 70%, 90%,
respectively. ∆RHij indicates the average humidity capabilities of a scenario with TCD of i
and coverage of j. RHbase model indicates the average relative humidity of the base scenario.
RHij indicates the average relative humidity of the TCD of i and coverage of j.
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Figure 9 demonstrates the increasing magnitude of the cooling capacity of trees with
an increasing tree coverage ratio. At C1, all three scenes with different TCD showed the
weakest cooling effect, the ∆AT11, ∆AT21, ∆AT31 is 0.34, 0.04, and 0.10 ◦C, respectively;
meanwhile, at C5, all three scenes with different TCD showed the strongest cooling effect,
with an average cooling of 1.80, 1.39, and 1.54 ◦C, respectively. The cooling effect of TCD
at the 3 m scene was significantly higher than that at 5 and 7 m (p < 0.05), and the biggest
difference was among the three scenarios in C3; the ∆AT13, ∆AT23, ∆AT33 is 1.59, 0.76, and
1.03 ◦C, respectively. Only in scene C3 or C4 was the average cooling effect of TCD at 7 m
significantly higher than that at 5 m (p < 0.05). Under the same tree coverage ratio, the
cooling effect of TCD at 7 m scene was consistently stronger than that at 5 m.
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Figure 9. Comparison of cooling effects of three different crown diameters (TCD = 3, 5, and 7 m)
under five groups of coverage, the tree coverage of C1, C2, C3, C4, and C5 was 10, 30, 50, 70, and
90%, respectively. Lowercase letter (a, b, c) above the boxes indicate significant differences among
three different crown diameters (TCD = 3, 5, and 7 m) for five groups of coverage (C1, C2, C3, C4, C5)
at p < 0.05.

3.3. Effects of Canopy Shapes on AT and RH under Different Coverage and TCD

Crown shape also affected the cooling effect of trees. The influence of the same crown
shape differed under different crown diameters and coverage. The histogram shown in
Figure 10 illustrates the effect of changing in canopy shape of the trees on the temperature
of the study area for five different tree coverage ratios and three different TCDs.

The cooling effect of all scenarios increases with increasing tree coverage. When
the tree coverage was at 10%, the difference between the three different canopy shapes
at the same TCD was minimal and did not exceed 0.1 ◦C. The maximum cooling of the
three canopy shapes with a TCD of 3 m could reach 0.3–0.4 ◦C. However, the effect of the
three canopy shapes with a TCD of 5 and 7 m on the air temperature was minimal. The
maxi-mum cooling value of the scene was reached when the tree coverage was 90%, where
the average ∆AT of the three crown shapes, cylindrical shape, conical shape, and ellipsoidal
shape, was 2.11 ± 0.15 ◦C, 1.82 ± 0.13 ◦C, and 1.86 ± 0.14 ◦C, respectively; at TCD of 3 and
5 m, the average ∆AT was 1.31 ± 0.10 ◦C, 1.29 ± 0.12 ◦C, and 1.28 ± 0.12 ◦C, respectively,
and 1.34 ± 0.09 ◦C, 1.24 ± 0.09 ◦C, and 1.20 ± 0.10 ◦C, respectively, at 7 m. When the tree
coverage ratio was 50%, the difference between three TCDs was the biggest, the difference
between different TCDs of the same canopy shape was also the biggest, and the cooling
effects of trees with cylindrical shapes under three TCDs (3, 5, and 7 m) were 1.86± 0.14 ◦C,
0.71 ± 0.04 ◦C, and 0.82 ± 0.05 ◦C, respectively; those with conical and ellipsoidal shapes
both were 1.60 ± 0.12 ◦C, 0.70 ± 0.06 ◦C, and 0.73 ± 0.04 ◦C, respectively.

Figure 10 also shows no significant difference among the three crown shapes with a
TCD at 5 or 7 m, with a difference of <0.1 ◦C, regardless of coverage.

The three crown shapes with a TCD of 3 m differed under different coverage. Under the
same coverage, the cylindrical shape showed the strongest cooling capacity, while conical and
ellipsoidal shapes showed the same cooling capacity, with a maximum difference of <0.1 ◦C.
In addition, there was no significant difference among the three crown shapes when the tree
coverage was <50%, while with a TCD of 3 m, the difference between them was <0.2 ◦C. At
TCD of 3 m and tree coverage ratio of >50%, the cooling capacity of the tree with a cylindrical
shape was significantly higher than that of the other two crown shapes (p < 0.05).
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Figure 10. Effects of the three canopy shapes with three crown diameters on AT and RH under five
groups of tree coverage during summer. Lowercase letter (a, b) above the boxes indicate significant
differences among three different canopy shapes with same tree crown diameter for five groups of
coverage (10%, 30%, 50%, 70%, 90%) at p < 0.05.

4. Discussion
4.1. Differences between the Simulated and Measured Values

The AT correlation between the simulated and measured values was 0.9307, the RH
correlation was 0.9221, and the d between the simulated and measured values was >0.90,
indicating that TLS can be used as an important means of tree reconstruction and be
applied to the creation of vegetation in ENVI-met model. The RMSE was 1.13 ◦C for AT
and 4.35% for RH in the simulated and measured values. The results were similar to some
studies [40,48], with an underestimation during the day and an overestimation at night.
The reasons for the discrepancy between simulated and measured data are attributed to
three reasons, namely the limitations of the model itself, the complexity of the realistic
scenario, and the data of processing method.

Firstly, the ENVI-met model is limited in the solar radiation input and does not
allow users to input by the hour, which may cause the AT in the uncovered place to be
overestimated. The inaccuracy in the calculation of energy consumption of simulated
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buildings accounts for the difference between the simulated and measured values [49]. The
model also does not consider radiation between buildings and leaves. These factors impact
the surrounding environment [50].

Secondly, the vegetation used in the ENVI-met model was a simplified tree model,
while the actual tree geometry is irregular and difficult to digitize [51]. The climate of
a residential area is affected by several factors, such as the thermal insulation and radi-
ation characteristics of buildings, concrete, and soil. Human factors also lead to greater
differences when the flow of people and vehicles increases, as vehicle fuel combustion and
human metabolism release a lot of waste heat [52]. Weather condition is another factor since
the wind speed and direction change in real time, while the wind speed and direction in the
simulation always remain constant [53]. These factors contribute to the differences between
the measured and simulated values. ENVI-met could not accurately simulate the shaded
areas of the tree, hence the temperature in the shade of trees is easily underestimated in the
daytime and overestimated in the nighttime [54,55].

However, there was a limitation in our study that the sensors we used were not verified
for radiation prior to use. Both natural shading and incorrect shading methods can lead to
bias in the sensor data, and the sensor bias may be more obvious when the solar radiation
was too high or the wind speed was too low; this bias was particularly apparent during the
day and has little effect at night [56–58]. This may result in a greater data collection from
sensors placed in exposed environments than the truthful data.

4.2. Effect of TCD and Tree Coverage Ratio on the Cooling Effect

Vegetation is one of the factors that alleviate urban thermal environment problems; the
canopy structure is the main factor for vegetation to exert its cooling effects. In the limited
urban open space, we must select the appropriate tree size and tree coverage to maximize
the cooling effect of trees. Previous studies have suggested tree coverage ratio as a factor
affecting air and surface temperatures, with higher coverage having a more powerful effect.
When air flows through green space, trees can alter the wind characteristics that affect
air dispersion. Generally, a higher tree coverage rate can effectively reduce wind speed
through the canopy while increasing the time to change the thermal characteristics of the air
mass [23]. The cooling effect of trees in this study also generally increased with increasing
tree coverage ratio [24]; however, after reaching a certain peak, the increase gradually
decreases, which indicates that when the vegetation coverage reaches a certain threshold,
the cooling effect is optimum. It has been previously reported that the threshold of optimal
vegetation coverage depends on the regional location and climatic conditions. The cooling
effect of trees is the greatest when the vegetation coverage is 40% in the Midwest of the
United States [27], while for some subtropical seasonal climatic regions, the cooling effect
of vegetation tends to be stable when the coverage is 20–30% [59], similar to our results.

When the tree coverage rate exceeded 50%, and the increasing rate of the cooling effect
gradually decreased as the tree coverage rate increased. Our study also confirmed that
canopy size is an important factor in the cooling effect. Indeed, the cooling effect of trees of
different canopy sizes in a scene with equal coverage varied between scenes; the cooling
effect was strongest in the TCD of 3 m, followed by 7 m, while TCD at 5 m showed the
weakest cooling effect. The scene with a TCD of 3 m was considerably higher than that of
the other two crown shapes when the tree coverage ratios were >30%. When considering
only a single tree in the thermal environment, the cooling effect of large canopies was
stronger than that of small canopies. Still, under the same level of tree coverage, trees with
smaller crown diameters indicated more trees.

Multiple small patches can provide more shade than a single large patch when the total
area covered is the same; the more small patches a scene has, the more shade the tree will
provide [26,60]. For the same level of coverage, scenes with a 7 m canopy are cooler than
those with a 5 m canopy, possibly since larger canopy trees are more effective at blocking
short-wave radiation from the sun and sky, as well as long-wave radiation from the sky and
from inside nearby buildings [61]. The cooling capacity and shading effect of larger canopy
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diameter is greater than that of a small canopy [29,62]. At a coverage of 30%, the ∆AT
between the three groups of different TCDs was the largest. The average ∆AT of the TCD
at the 3 m scene was 0.56 and 0.83 ◦C higher than that of the other two scenes, respectively,
while at a tree coverage of 10%, the TCD of the 5 m tree scene had a negligible cooling effect
on the area (<0.1 ◦C), yet markedly impacts surface and building temperatures [63].

4.3. Effect of Different Canopy Shapes on the Thermal Environment

In this study, the tree canopy characteristics were correlated with the surrounding
thermal environment, as previously reported [17,29]. The differences in the effect of
different canopy shapes on the surrounding environment are mainly due to different
canopy shapes having different canopy structures, resulting in different shading and wind
protection capacities [64,65]. Further, we observed that the cooling effect of the cylindrical
shape was greater than that of the ellipsoidal and conical shapes, consistent with a previous
study [18]. When TCD was at 3 m, the ∆AT of cylindrical shape was larger with a value
of 0.2–0.3 ◦C than the other shapes. Although the three crown shapes with a TCD of 3 m
are narrow at the same coverage level, they have a higher total canopy density, and are
associated with the highest number of trees.

A canopy with multiple layers of leaves can reduce the maximum transmittance,
and the photosynthesis and transpiration of the trees are also stronger [66,67], which
indirectly leads to a better cooling effect. However, different crown shapes do not show
great differences in cooling effect in TCD at 5 or 7 m. At a TCD of 5 m, the influence of
canopy shape on the surrounding thermal environment becomes less important, with no
significant differences between crown shapes. At a TCD of 7 m, the difference between the
three canopy shapes occurred only when there was sufficient tree coverage (>70%), and the
cylindrical shape was 0.1 ◦C higher than the other two. The difference between the three
canopy shapes with TCD at 5 and 7 m was the smallest. The total leaf area index of all three
canopy shapes was set to a constant value to eliminate the influence of other parameters,
in which leaf area index was an important factor affecting the cooling capacity of the
trees [13,29]. Furthermore, the three canopy shapes have the same short-wave radiation
transmittance and dense crowns, hence the solar radiation can hardly penetrate the crown
and only a very small amount of light beams and radiation reach the ground [16].

5. Conclusions

In this study, we reconstructed trees in the real scene with TLS and used the recon-
structed trees in the real scene simulation. The simulation results were verified, and the
simulation data were in good agreement with the measured data. Therefore, when ENVI-
met is used to simulate the real scene, TLS can be considered as an important means of
tree reconstruction, which can restore the real trees and improve the simulation accuracy
of the model. Under the five coverage gradients, the cooling effect of trees increases with
the increase in coverage. Tree crown diameter can produce significant cooling effect under
the same coverage; the cooling effect of trees with TCD of 3 m was significantly higher
than that of the other two crown diameters (p < 0.05). We recommend planting trees with
small crown diameter since they provide a better cooling effect. Moreover, at a coverage of
50%, the cooling effect among the three tree crowns showed the biggest difference. The
crown shape was also an important factor affecting the cooling effect of several trees, as the
tree coverage exceeded 50%, the cooling effect of the cylindrical shapes was significantly
higher than that of the other two crowns under the same coverage (p < 0.05), however, the
difference of the cooling effect between TCD at 5 and 7 m remained small (<0.1 ◦C). In
future urban planning and construction projects, we recommend selecting appropriate tree
coverage and tree crown diameter and making use of the limited available space to achieve
maximum cooling effect. More attention should be paid to the use of sensors in future
studies, especially in open sites, and radiation shields need to be repeatedly verified before
use or higher quality radiation shields and sensors need to be used to reduce errors; when
this error is minimized, the study can be reliable.
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