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Abstract: With the global warming effect and the rapid growth of global urbanization, the concept
of urban heat islands (UHIs) has become one of the most important environmental issues in the
world. Early studies on UHIs mostly focused on highly developed, large cities and found that urban
heat island intensity (UHII) can be as high as 4~7 °C. In recent years, it has also been found that the
UHI of medium-sized cities can also reach 4-6 °C. Previous studies have also found that planting,
street orientation, and aspect ratio individually have a great impact on the thermal environment of
streets, but there are not many studies that comprehensively discuss the synergistic effects of these
factors. Therefore, this study takes a tropical, medium-sized city, Chiayi City, as a case study to use
the ENVI-met numerical simulation tool to comprehensively compare and analyze the influence of
the trees and geometric characteristics of streets on the microclimate and comfort in the streets. As
aresult, in a tropical, with sea winds (west winds), medium-sized city, by comparison of 12 street
schemes with different roadside tree situations (planting or not), orientations (E-W, N-S), and aspect
ratios (0.3, 0.7, 1.0), the improvement benefits and possible mechanisms of air temperature, wind
speed, MRT, PET, SET, absolute humidity, etc. at the pedestrian street level (H = 1.4 m) were obtained
and show that the cooling effect of trees was deeply affected by the street orientation and geometry.
An analysis of changes at different heights was also obtained. Finally, design strategy suggestions,
such as the street orientation, should be prioritized to be parallel to the prevailing wind; modifying
tree shapes or building forms on streets perpendicular to the prevailing wind for creating cool and
comfortable streets in future tropical, medium-sized cities were proposed.

Keywords: urban heat island (UHI); outdoor thermal environment; urban microclimate; height-to-
width ratio (H/W); canyon aspect ratio; street orientation; vegetation; urban design

1. Introduction

In recent years, with the effects of global warming, environmental disasters brought
about by climate change have become increasingly serious [1]. Supplemented by the rapid
growth of global urbanization [2], the concept of urban heat islands (UHIs) has become one
of the most important environmental issues in the world. UHI is a phenomenon in which
the air temperatures of urban areas are higher than those of surrounding or rural areas [3].
Urban heat island intensity (UHII), the maximum temperature difference between urban
and rural areas, is usually used to measure the severity of UHI [4]. The high temperature
and hotness in cities not only affect people’s physiological perception [5], but also affect
the livability of cities [6]. Therefore, the thought of environmental design with climatic
consideration began to increase and be valued by the fields of architecture and urban
design [6-9], and in recent years, it has been extended to topics such as building energy-
saving materials or payment willingness for mitigating high-temperature facilities [10,11].
Early studies on UHIs focused on large cities and found that their UHII can be as high as
4~7 °C [12-17]. However, in recent years, there has appeared to be a renewed interest in
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the development of medium-sized cities. Researchers have begun to conduct UHI surveys
in medium-sized cities, where the populations are approximately 150,000-300,000 persons,
and found that UHII can reach 4-6 °C [18-20]. Medium-sized cities are mostly in the early
stages of the development of large cities. Through the study of medium-sized cities, we can
more clearly understand the important stages and main impact mechanisms in the process
of urban densification, high rise, and complexity.

Regarding the thermal environment of streets, according to the concept of urban
atmospheric stratification proposed by Oke, it belongs to the urban canyon climate of the
urban canopy level (UCL) from the roof of a building to the ground floor [4]. According
to Oke, UCL is a micro-scale concept whose local characteristics at any point are strongly
influenced by the properties of the surrounding environment, such as building height,
geometry, street width orientation, green area, etc. [4]. Previous studies mainly explored
three aspects: (1) the impact of urban design on solar radiation intensity [3,21,22], (2) the
impact of urban design on wind flow [23-25], and (3) the impact of urban design factors
on pedestrian comfort [26,27], and these factors are all related to the formation of UHISs.
In recent years, street planting has been used more as an object to explore its effect on
alleviating the thermal environment of streets, and it has been found to have a significant
effect [28-32].

On the other hand, the main factors influencing street geometry and street microcli-
mate include aspect ratio and street orientation [23,27,33-36]. In terms of aspect ratio, Oke
(1988) once aimed at the impact of urban streets with different aspect ratios on air flow and
found that the street wind field can be roughly divided into three forms according to the
range of aspect ratio values to which it belongs, i.e., independent rough flow, wake flow,
and sliding flow. Independent rough flow has an aspect ratio lower than 0.3, wake flow has
an aspect ratio between 0.3 and 0.7, and sliding flow has an aspect ratio higher than 0.7 [23].
In recent years, in order to integrate the results of UHI surveys in various regions of the
world and analyze the characteristics of the built environment, Stewart and Oke proposed
the LCZ (local climate zone) classification system in 2012, which also classifies aspect ratios
of cities [37].

In addition, the SVF (sky view factor) is also a factor that has been commonly used
to describe the 3D geometric characteristics of streets in recent years [33]. Many scholars
have also used this as an indicator to explore the relationship between the SVF of urban
streets as well as their thermal environment [38—40]. The main influences on the difference
in street orientation are the amount of solar radiation received by the street canyon and the
wind speed [41,42]. Many studies have pointed out that streets with an E-W orientation
are exposed to solar radiation for a long time in summer, so they have a poorer thermal
environment than streets with an N-S orientation [43—45]. At the same time, some studies
have pointed out that the main reason for the lower air temperature in the morning and
afternoon in N-S orientation streets during the day is the mutual shading of the east and
west walls [46].

However, although previous studies have combined aspect ratio and orientation to
explore the influence of street geometry or combined roadside trees with a factor of street
geometry such as aspect ratio or orientation, few papers comprehensively study planting,
aspect ratio, and orientation [36,47]. Even if there are [48-52], the regions are primarily
subtropical, temperate, and Mediterranean [48-51], and there are few studies in tropical
regions. Most of their objects are almost metropolitan areas [49-52], and most of them only
discussed the coverage of trees [48-50,52].

Therefore, this study takes a tropical, medium-sized city, Chiayi City, as an example to
use the ENVI-met numerical analysis tool to comprehensively compare and analyze the
influence of trees and geometric characteristics in streets on their regional street microcli-
mate and comfort. Additionally, since the study scale is street or block level, the results can
inform decision-making not only in medium-sized cities but also in large or small cities.
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2. Materials and Methods
2.1. Study Areas and Characteristics

The research site takes a tropical, medium-sized city, Chiayi City, with a population
of approximately 270,000 people as the research object. Chiayi City is located in the
southwest of Taiwan (23°29’ N, 120°27’ E), with a tropical monsoon climate. It is near
the coast, approximately 25 km from the city fringe to the coastline (Figure 1). Therefore,
in the summer (June-August) afternoon, there is a prevailing sea breeze, a west wind,
and the wind speed can reach about 3~4 m/s [53]. Except for the hilly area in the east
(max height = 181 m), the rest is plain with an altitude of about 50 m, and the terrain
descends from east to west. Buildings with 2—4 stories account for about 50% of the city’s
total, and buildings with more than five stories account for about 11% [54]. The street width
of the main roads in the city is 20 m (34%) [55] (Table 1).

(b)

Figure 1. Aerial photo of Chiayi City (data source: Google Earth). (a) Terrain and distance from the
sea. (b) Aerial photo of Chiayi City.

Table 1. Main road width and building height ratio in Chiayi City (Data from [54,55]).

Road
Floor 1F 2~4 F 5F 6~14 F >15F Width (m) 15 20 25 30 >40
Ratio (%) 40.57 48.63 5.06 543 0.31 Ratio (%) 17 34 17 14 17

2.2. Tree Species and Representative Street Settings

In the setting of tree species, according to the common species of roadside trees in
Chiayi City [56], Bauhinia (Bauhinia x blakeana), with an elliptical shape, was selected as
the representative planting species.

In terms of the street width setting, according to the data in Table 1, a road width of
20 m, with the highest proportion in Chiayi City, was selected as the road width setting.
This is also the type of street width for major arterial roads in medium-sized cities in Taiwan.
At the same time, streets can accommodate two-way, two-lane traffic lanes, sidewalks with
a width of 2 m on both sides, and a 2 m-wide roadside tree planting space (roadside tree
planting distance was 6 m) at least.

In terms of the street aspect ratio (H/W) setting, according to Oke’s (1988) classification
value of street types based on wind field changes [23], and Stewart and Oke (2012) for
the heat island research that proposed the LCZ (local climate zone) aspect ratio value [37],
street aspect ratios of 0.3, 0.7, and 1.0 were selected as the setting (Table 1). The orientation
was divided into east-west (E-W) and north-south (N-S) orientations.
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2.3. CFD (Computer Fluid Dynamics) Simulation
2.3.1. ENVI-Met

The CFD simulation software used in this study was a CFD simulation tool devel-
oped by a German research group and suitable for outdoor environments, i.e., ENVI-met
version 4.45 (www.envi-met.com accessed on 6 March 2022). The simulation tool is a
prognostic non-hydrostatic model composed of a three-dimensional main model and a
one-dimensional atmospheric boundary layer model. Based on the fundamental laws of
fluid dynamics and thermodynamics, it can reproduce the outdoor microclimatic and phys-
ical situation of urban or rural spaces by accounting for the interaction between surface,
plant, and air to evaluate the thermal conditions [57,58]. Several studies have shown that
ENVI-met can simulate both spatial and temporal temperature and wind speed for the
evaluation of a microclimate in both simple and complex urban areas [48-51,59-62]. A
recent review by Tsoka et al. [62] also provided evidence of its suitability for urban climate
analysis and examined mitigation strategies.

2.3.2. Geographic Location and Spatial Model Setting

The geographic location was set based on the actual latitude, longitude, and time zone
of Chiayi City, as shown in Table 2. Regarding the block space setting, considering the size
of common streets in Chiayi City, two homogeneous buildings with a length and width
of 100 x 40 m were set, as well as a 20 m-wide street in the center. The simulation grid
resolution was 2 m in both horizontal and vertical orientations, and the total grid size was
70 x 70 x 100. Detailed CFD simulation space setting information is shown in Table 2.
Among them, the setting of aspect ratios was performed by fixing the width of the street
and adjusting the setting of the building height to meet the aspect ratio value.

Table 2. Geolocation and space setting of ENVI-met.

Geolocation Setting

Place name Chiayi City Longitude (—W, +E) 120.45°
Time zone name Taipei Standard Time Latitude (—S, +N) 23.48°
Time zone 120.00 (CET/UTC+8)
Space setting

Simulation area size (m) 140 x 140 x 200 Road width (m) 20
Grid number 70 x 70 x 100 Sidewalk width (m) 2
Building size (m) 40 x 100 Planting distance (m) 6
Grid size (m) 2x2x2 Planting coverage (%) 43

2.3.3. Parameter Setting

In order to understand the synergistic effect of trees and street geometry in a typical
summer UHI climate, the sunny, rainless, and highest air temperature days were selected
from records in Chiayi Station of the Central Meteorological Administration from 2015 to
2020 (June-September) [53]. Finally, the day of 13 July 2020, was selected, and the initial
meteorological conditions were set based on the data from the day. The initial simulation
time was set at 0:00, and in order to explore the effect of the most severe UHI period,
2 p.m. to 5 p.m., the initial wind speed and orientation were set at 3.6 m/s and west wind,
constituting the average value from 2 p.m. to 5 p.m. on 13 July 2020. The total simulation
time was 48 h, and detailed setting information is shown in Table 3.
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Table 3. Setting of the initial meteorological environment.

Barometric Pressure

Date 2020.07.13 (hPa) 1005.2 Roughness 0.1
Air temperature (Min: 26.5 (6:00) Wind speed . .
©Q0) (Max: 36.4 (14:00) (m/s) 36 Start time 0:00
Relative humidity Min: 46 (16:00) . . . ° . . .
(%) Max: 84 (6:00) Wind orientation (360°) 270 Simulation time (h) 48

The planting setting is shown in Table 4. The tree shape was set according to the shape
of the Bauhinia species (ellipse). The tree height, crown width, and height of the bottom
of the crown were set at 8, 6, and 2 m, respectively. The LAD (leaf area density) value
was set at 0.6 based on the average of LAD values obtained from previous experimental
studies [63,64]. According to this setting, the trees were arranged in the street space, and
the street coverage rate of the trees was about 43%.

Table 4. Setting of the basic value of the roadside tree (The tree shape shown in the table is the actual
shape in the CFD simulation).

Name ] Size
(Scientific Name) Tree Shape (Ellipse) Height Width Canopy Base Height LAD
Bauhinia I
(Bauhinia x blakeana) ! 8 m 6m 2m 0.6

| !

The human body condition settings for comfort simulation are shown in Table 5. A
35-year-old man with a height of 175 cm and a weight of 75 kg was set as the human body
condition. The amount of clothing was set at 0.3 clo with short-sleeved upper and lower
underwear [65]. The activity state was walking, so the total metabolic rate (MET) was 3.
Other settings related to paving and building materials are shown in Table 6.

Table 5. Settings of the basic values of BIOMET.

Age 35 Clothing 0.3 clo
Total metabolic rate
Gender Male (MET) 3
Height (cm) 1.75
Weight (kg) 75
Table 6. Settings of the basic values of surface materials.
Pavement Building Materials
Thermal Properties Impermeable . Building Exteri'or Building Roof
Asphalt PI;vement Soil (Rebar Type Brick (Gypsum +gCement)
Wall + Cement) yp
Albedo 0.125 0.225 0.175 0.6 0.5
Radiation rate 0.95 0.800 0.925 0.85 0.9

Permeability F F T F F
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2.3.4. Simulation Schemes

A detailed description of the simulation scheme is shown in Table 7. There were
6 schemes without roadside tree planting, each of which was divided into 2 kinds of orien-
tations and 3 kinds of aspect ratios (A01~A03, B01~B03), and 6 schemes with roadside tree
planting, which also included 2 orientations and 3 aspect ratios (C01C~C03C, D01C~D03C),
amounting to 12 schemes. Among them, the schemes without roadside tree planting were
used as a control group to compare the difference with the planting schemes. The 3D
models of each scheme in ENVI-met are shown in Figure 2.

Table 7. List of simulation scheme descriptions.

Scheme W Orientation Planting or Not
H
Code Name Description E-W N-S Not Planting
A01 lanti 0.3 \% A%
AO2 Nop an.tmg, e.ast—west 0.7 \ \V
A03 orientation 1.0 v v
BO1 0.3 Vv \%
B2 No plantipg, n(?rth—south 0.7 v v
BO3 orientation 1.0 v v
Co1C Planti 0.3 \% A%
Co2C antlr}g, eagt—west 0.7 \V v
C03C orientation 1.0 v v
Do01C 0.3 A% A%
D02C Planting, nort.h—south 0.7 v v
D03C orientation 1.0 v v
Aspect 0.3 0.7 1.0 Aspect 0.3 0.7 1.0
ratio ratio
A01 A02 A03 C02(C)
E-W E-W
BO1 B02 B03 DO02(C)
N-S N-S
(a) No planting schemes (b) Planting schemes

Figure 2. Schematic diagram of 3D models of each simulation scheme.

2.4. Analysis at Different Levels

In order to discuss the simulation results of different height layers, four height layers,
ie,14m (K=3),3m(K=5),7m (K=7),and 11 m (K =9), were selected for analysis
(Figure 3a). 1.4 m was mainly used to discuss the pedestrian space; 3 m was used to discuss
the space of the lower canopy; 7 m was used to discuss the impact of the upper canopy
space; and 11 m was used to discuss the space above the canopy without planting.

2.5. Simulation Results Analysis Items, Comfort Index, and Statistical Method

The thermal environment items of the simulation analysis include air temperature,
surface temperature, wind speed, humidity, MRT (mean radiant temperature), etc. Finally,
the simulated results were evaluated for thermal comfort.
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21m

(b)

Figure 3. Schematic diagram of the vertical layer of the street space and street range for statistics.
(a) Vertical layer of the street space. (b) Street range for statistics (The black dotted line area).

In the past, there were many different indicators for evaluating thermal comfort.
In this study, comfort indicators that are commonly used in outdoor environments and
could be post-processed using ENVI-met software were analyzed, including SET (standard
effective temperature) and PET (physiological equivalent temperature). SET is a general
comfort index in the field of architecture proposed by Gagge et al. in 1986 [66]. It is a
comprehensive index with the same thermal sensation obtained by the subjective responses
of subjects to different air temperatures, relative humidity, the wind speed environment,
and solar radiation intensity, and is applicable for outdoor thermal comfort evaluation [66].
PET was proposed by German scholar Hoppe in 1999 and is a comfort index suitable for
outdoor spaces. It considers all of the physiological functions of the human body, including
vasoconstriction and expansion, physiological sweating, and physiological thermal balance.
It is mostly used for outdoor thermal environment evaluation [67].

The research results were analyzed based on the simulation results at 14:00 (the hottest
time of the day) on the second day, and the simulation results of each grid were exported
to Excel for statistical calculations. Among them, the average value, maximum value, and
minimum value of each scheme only calculate the values of the grids within the street area
(Figure 3b).

2.6. Accuracy Verification

In the verification of the simulation results, because the correctness of the CFD ra-
diation calculation affects the accuracy and reference of the final simulation results, the
surface temperature generated by the CFD radiation calculation and the air temperature
result obtained by the final fluid calculation were used as reference indicators to compare
the results with similar land cover properties or urban spaces to examine the accuracy and
reference of the simulation results [68-70].

3. Results and Analysis of the Mechanism
3.1. Verification of Simulation Results (2:00 p.m.)

The surface temperature simulation results of each scheme are shown in Figure 4. It
can be found that the surface temperature of artificial pavements without shade is about
50~60 °C (A01~A03, B01~B03), with that of those shaded by buildings being about 38~40 °C
(B01~B03); the ground surface temperature in shaded streets with trees and buildings was
in the range of 29~38 °C (C01(C)~C03(C), D01(C)~D03(C)), consistent with the trend of
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the measured results of related land cover types and the range of values [71-73]. At the
same time, the simulation results of air temperature can reflect the difference in the street
area affected by building shading, tree canopy shading, and other effects (Figure 5), so the
research results have a certain degree of accuracy.

Aspect 0.3 0.7 1.0 Aspect 0.3 0.7 1.0
ratio ratio
A01 A02 A03 C01(C) C02(C) C03(C)

< 30.00 °C < 30.00 °C

33.70 °C 33.70 °C

37.40 °C 37.40 °C

41.10 °C 41.10 °C

:;:zg QE 49.56(50.64/47.68)  46.28(47.91/44.30)  44.40(46.18/42.63) ::zg :2 46.92(54.68/30.38) 45.06(53.13/29.60) 44.10(52.63/29.20)
52.20 °C E_W 52.20 °C E-W

55.90 °C
59.60 °C
> 63.30 °C

Street area
avg
(max/rmn)

Aspect ratio

55.90 °C

B03 59.60 °C D02(C) D03(C

DO01(C
> 63.30 °C
Street area
avg
(max/rmn)

53.31(60.73/40.49)  52.51(59.58/39.17)  49.03(58.01/38.33) 47.95(60.51/37.57) 47.94(58.40/32.95) 45.55(57.35/32.11)
N-S N-S
(a) No planting schemes (b) Planting schemes
Figure 4. Surface temperature results of various schemes with or without roadside trees planted on
the street.
0 3 0 7 1.0 Aspect ratio 0.3 0.7 1.0

< 35.00 °C

35.60 °C
36.20 °C
36.80 °C
37.40 °C
38.00 °C
38.60 °C
39.20 °C
39.80 °C

> 40.40 °C
Street area

avg.
(max/min)

38.96(39.19/38.63)

C01(C) C02(C) C03(C)

i
< 35.00 °C |
35.60 °C )
36.20 °C
36.80 °C

740°C 38.69(39.40/37.61) 37.91(38.54/37.46)  37.27(37.80/36.94)

38.00 °C

38.60 °C E-W

39.20 °C

37. 72(38 30/37 48)  36.94(37.49/36.77)

B03 39.80 °C D01(C) D02(C) DO03(C)
> 40.40 °C
| Street area
avg.
(max/min)
37.64(38.37/37.30)  36.83(37.51/36.56)  36.26(36.78/36.02) 37.55(38.33/37.10)  36.66(37.44/36.37)  36.08(36.70/35.81)
N-S N-S
(a) No planting schemes (b) Planting schemes

Figure 5. Air temperature simulation results of various schemes with or without roadside trees
planted on the street.

3.2. Pedestrian Layer of Results of each Scheme (H = 1.4 m)
3.2.1. Analysis of the Effect of Air Temperature Mitigation and Mechanism

The results of the air temperature difference are shown in Figure 6a. In the E-W
schemes, the average air temperature in the street area with an aspect ratio of only 0.3
(C01C-A01) had a cooling effect, with a value of —0.27 °C; the other two schemes (C02C-
AQ2, C03C-A03) were both warmings, with values of +0.19 and +0.34 °C, respectively.
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In the N-S schemes, the overall effect was that of cooling of —0.09, —0.17 and —0.18 °C,
respectively. At the aspect ratio of 0.3, there is a partial heating phenomenon in the central
street area, which weakens the overall cooling effect of the street; the other two schemes

(D02C-B02, D03C-B03) also had cooling benefits of about —0.17~0.18 °C.
Aspect 03 0.7 1.0 Aspect 03 0.7 1.0
ratio ratio
C01C-A01 C02C-A02 C03C-A03 P C01C-A01 C02C-A02 C03C-A03
Ty (2% e
1.20 *C 2.10 m/s
=< | B B -
J.?Q C = | — | — 18
E HE N
0.45 °C 0
0.30 °C 0
e -0.27(0.22/-1.04) 0.19(0.61/-0.31) 0.34(0.74/-0.04) 000 -0.96(0.04/-1.63)  -1.38(-0.16/-217)  -1.77(-0.28/-2.67)
: E-W p E-W
C D01C-B01 D02C-B02 D03C-B03 0.90 mys D01C-B01 D02C-B02 D03C-B03
C 1.20 m/s
C 1.50 my/s
0.90 °C : :(‘ m/s
o 210 mis
1.35 °C 240
> 1.50 °C 7?[‘”‘7\‘5
Street area 3.00 mys ] -

Street area

avg.
(max/min)  -0.09(0.08/-0.36)  -0.17(-0.06/0.32)  -0.18(-0.08/-0.32) Ve -0.04(0.24/-0.25)  0.05(0.11/-0.02)  0.03(0.07/-0.02)
(max/min)
N-S N-S
(a) Air temperature (b) Wind speed
Aspect 03 0.7 1.0 ‘ Aspect 03 0.7 1.0
ratio ratio
C01C-A01 C02C-A02 C03C-A03 C01C-A01 C02C-A02 C03C-A03

< -18.00 °C
-16.20 °C
-14.40 °C
-12.60 °C
-10.80 °C
-9.00 °C
-7.20 °C
-5.40 °C
-3.60 °C
-1.80 °C
-0.00 °C
1.80 °C
3.60 °C
5.40 °C
7.20 °C
9.00 °C
10.80 °C
12.60 °C
14.40 °C
16.20 °C
> 18.00 °C

Street area

-6.46(0.21/-14.31)

D01C-B01

-7.31(-0.42/-15.12)
E-W
D02C-B02

-2.64(4.44/-20.15)  -1.23(5.69/-16.53)  -0.30(6.91/-14.71)
E-W

D02C-B02

-7.47(-0.43/-15.38)

D03C-B03 D01C-B01 D03C-B03

23.40 °C
26.00 °C

PETTTIITIIT s
™

Street area

avg.
(max/min)  -5.61(-0.06/-14.92)  -4.87(-1.03/-15.81)  -4.18(-1.09/-16.38) (max/rmn) -5.36(7.50/-21.82)  -4.57(3.88/-21.36)  -3.48(5.27/-21.05)
N-S N-S
(¢) MRT (d) Surface temperature

Figure 6. The difference between each thermal item with or without roadside trees planted on
the street.

Opverall, as for planting trees on sidewalks, the scheme with an aspect ratio of 0.3 and
an E-W orientation had the greatest cooling effect, but it turned into a warming effect as
the aspect ratio increased, and the warming effect increased as the aspect ratio further
increased. The N-S orientation schemes will produce a cooling effect regardless of the
aspect ratio (—0.09~0.18 °C), and the difference becomes small after the aspect ratio is
higher than 0.7.

It is speculated that the possible reason for this phenomenon was that the street with
an aspect ratio of 0.3 and an E-W orientation was originally an open, low-rise building
with little shade space (A01), so the solar radiation shading effect caused by planting was
obvious. The schemes with an aspect ratio higher than 0.7 already have the shading effect
caused by buildings (A02, A03), so the shading effect caused by planting was not obvious.
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In addition, the canopy of trees would be resistant to winds and weaken the wind speed
(Figure 6b). These combined effects make this type of street (E-W orientation, H/W > 0.7)
have a negative effect of increasing the average air temperature in the street after planting
roadside trees.

3.2.2. Analysis of the Effect of Wind Speed and Mechanism

The simulation results of the wind speed difference are shown in Figure 6b. In the
E-W orientation schemes, the wind speed has a decreasing effect, with the order being
C03C-A03 > C02C-A02 > C01C-AO01, and the values being —1.77, —1.38, and —0.96 m/s,
respectively. This means that the wind speed decreasing effect of the E-W orientation
streets increased with the aspect ratio increasing. It is speculated that the possible reason
was the windshield effect caused by the canopy of roadside trees, and the windshield effect
becomes more obvious with the increase of the aspect ratio.

In the N-S orientation schemes, the average difference of the street was small, between
£0.05m/s. When the aspect ratio was 0.3 (D01C-B01), the average wind speed was reduced
by 0.04 m/s, and the other aspect ratio streets (D02C-B02, D03C-B03) increased slightly
(0.03 and 0.05 m/s, respectively). However, it is worth noting that the street with an
aspect ratio of 0.3 had the effect of reducing the wind speed, and the maximum reduction
value can reach —0.25 m/s in the central area. But because there were also sudden wind
speed increasing areas on both sides of the intersection, the values were averaged and
then weakened.

On the whole, the average street wind speeds of the E-W orientation schemes were
reduced by 1~2 m/s, while the N-S orientation schemes had no significant wind speed
change in the street area, except that the street with an aspect ratio of 0.3 had the wind
speed decreasing in the middle of the street.

3.2.3. Analysis of the Effect of MRT and Mechanism

The simulation results of the MRT difference are shown in Figure 6c. The average
MRT of each aspect ratio scheme at the E-W orientation was decreasing, and the order was
C03C-A03 ~ C02C-A02 > C01C-A01, with —7.47, —7.31, and —6.46 °C, respectively, which
means that the MRT decreasing effect at the E-W orientation increased with the aspect ratio
increasing and weakened when the aspect ratio was 0.7.

At the N-S orientation, the MRT average reduction trend among all aspect ratio
schemes was opposite to that at the E-W orientation, with the order being D01C-B01 >
D02C-B02 > D03C-B03, with —5.61, —4.87, and —4.18 °C, respectively, which means that at
the N-S orientation the MRT reduction effect decreases with the aspect ratio increasing.

Because the MRT is mainly affected by solar radiation, it is speculated that the reason
for this phenomenon was that the E-W orientation street witnessed west radiation from
the sun and was almost not shaded by buildings. Therefore, as the aspect ratio increased,
the amount of solar radiation entering the street was not greatly affected, so the shading
effect caused by the tree canopy was highlighted. On the N-S direction street, the shading
effect of the tree canopy was weakened due to the shading effect of the buildings on the
west side, and this effect was more obvious when the aspect ratio was higher.

Overall, all of the schemes had MRT reduction effects, and the MRT reduction effect of
the E-W direction was greater than that of the N-S direction, and the average difference
between the two directions was about 0.8~3.2 °C.

3.2.4. Analysis of the Effect of Surface Temperature and Mechanism (H = 0 m)

The results of the surface temperature difference are shown in Figure 6d. The average
surface temperature of each aspect ratio scheme in the E-W direction was decreasing,
in the order of C01C-A01 > C02C-A02 > C03C-A03, with —2.64, —1.23, and —0.3 °C,
respectively. Namely, with the increase of the aspect ratio, in E-W direction schemes, the
surface temperature decreased. It is worth noting that in the areas in which roadside trees
were planted on the north and south sides, there was a significant decrease in surface
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temperature (about —15.0~—20.0 °C), while in the central area without roadside trees, there
was a significant increase in surface temperature. And this increasing phenomenon became
more obvious as the aspect ratio increased. Since the surface temperature was mainly
heated by solar radiation and long-wave radiation, the accumulated heat can be taken away
by airflow. Therefore, according to the MRT difference distribution diagram in the E-W
direction in Figure 6¢, no increase in radiation in the central street area was observed, but it
can be seen from the wind speed difference distribution diagram in the E-W direction in
Figure 6b that there was a significant decrease in wind speed and a significant trend with
the increase of the aspect ratio. Therefore, it is speculated that the possible reason was the
weakening of the wind speed in the E-W direction.

In the N-S direction, the average of the surface temperature difference among all
aspect ratio schemes was decreased, and the trend was the same in E-W direction schemes:
D01C-B01 > D02C-B02 > D03C-B03, with —5.36, —4.57, and —4.48 °C, respectively. Namely,
with the increase of the aspect ratio, in N-S direction schemes, the effect of reducing the
surface temperature decreased. It is worth noting that since there was no significant change
in wind speed in the N-S direction (Figure 6b), the shading effect caused by planting can
be completely present in the street area without being weakened by other factors.

On the whole, all of the schemes can reduce the surface temperature, and the cooling
effect decreases with the increase of the aspect ratio (regardless of orientation). In addition,
the cooling effect of the N-S orientation was greater than that of the E-W orientation
schemes after planting roadside trees, and the difference can reach an average of about
2~3°C.

3.2.5. Analysis of the Effect of Comfort
(1) SET

The simulation results of the SET difference are shown in Figure 7a. In the E-W
orientation schemes, the average SET value of the street increased, and the order was
C03C-A03 > C02C-A02 > C01C-A01, with 1.20, 0.91, and 0.53 °C, respectively. Namely, with
the increase in the aspect ratio, the thermal effect on the E-W orientation increased. The
possible reason was that the weakening of the wind speed made the heat from the human
body difficult to dissipate, which increased the thermal sensation. This reason can also be
explained by the similarity between the distribution of the wind speed difference in the
E-W orientation in Figure 6b and the SET difference distribution in the E-W orientation.

However, in the N-S orientation schemes, the average value of the SET difference
decreased, and the order was D02C-A02 > C03C-A03 > C01C-A01, with —1.51, —1.14, and
—0.63 °C, respectively. Namely, the SET reduction value at an aspect ratio of 0.7 was the
highest, followed by an aspect ratio of 1.0, and the lowest was at an aspect ratio of 0.3. It is
worth noting that the street with an aspect ratio of 0.3 had a cooling effect where roadside
trees were planted, and the maximum temperature can reach —5.59 °C, but there was a 4~5
m-wide area in the central area that had the largest increasing effect up to +2.02 °C. It was
the reason why the overall SET reduction value at the aspect ratio of 0.3 became lower. The
possible reason was the wind speed weakening effect on the N-S orientation streets, as
shown in Section 3.2.2.

On the whole, at the E-W orientation, after planting roadside trees, the wind speed
weakened significantly due to the tree canopies, causing an increase in SET; meanwhile, at
the N-S orientation, it had the opposite effect, although at the aspect ratio of 0.3, the wind
speed in the central street area witnessed a slightly weakening phenomenon, but it can still
be reduced by 0.63 °C on average.
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Figure 7. The difference result chart between (a) SET and (b) PET for the comfort level of whether
there were roadside trees planted on the street.

() PET

The simulation results of the PET difference are shown in Figure 7b. In the E-W
orientation schemes, the average SET value of the street was increased, and the order was
C03C-A03 > C02C-A02 > C01C-A01, with 1.02, 0.65, and 0.15 °C, respectively. Namely,
with the increase in the aspect ratio, the thermal effect at the E-W orientation increased.

In the N-S orientation schemes, the average value of the PET difference decreased,
and the order was D02C-A02 > C03C-A03 > C01C-A01, with —3.37, —2.55 and —1.92, °C,
respectively. Namely, the SET reduction value at the aspect ratio of 0.7 was the highest,
followed by the aspect ratio of 1.0, and the lowest was at the aspect ratio of 0.3.

Overall, the results of the PET difference were similar to those of the SET, and the
reasons and mechanisms were also similar. At the E-W orientation, PET had an increasing
effect, which was 0~0.34 °C lower than for SET; meanwhile, at the N-S orientation, it had a
decreasing effect, which was about 1.3~1.8 °C higher than for SET.

3.2.6. The Results of Absolute Humidity and the Influence of Stomatal Transpiration

The results of the absolute humidity difference are shown in Figure 8a. The average
absolute humidity difference in the E-W orientation schemes was increased, and the order
was C03C-A03 ~ C02C-A02 > C01C-A01, with 0.22, 0.21, and 0.14 g/kg, respectively.
Namely, with an increase in the aspect ratio, the absolute humidity difference increased. It
is worth noting that the difference distribution map at an aspect ratio of 0.3 shows that the
source of moisture mainly came from the transpiration of roadside trees on both sides. But
there was also a phenomenon of a V-shaped gradual increase from west to east, and with
the aspect ratio, the increase was more obvious.

The average absolute humidity difference at the N-S orientation also increased, and the
order was C03C-A03 > C02C-A02 > C01C-A01, with 0.11, 0.09, and 0.03 g/kg, respectively.
Namely, with an increase in the aspect ratio, the absolute humidity difference increased
similarly to that at the E-W orientation. It is worth noting that the distribution of absolute
humidity difference values at the N-S orientation was relatively average, and the maximum
increase was between 0.07 and 0.16 g/kg, which was not better than at the E-W orientation
(0.26-0.40 g/kg), and only about 1/3 or so of those.
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Figure 8. The difference result chart between absolute humidity and stomatal evapotranspiration of
whether there were trees planted on the streets.

Overall, in all of the schemes, the humidity increased, and the E-W orientation
increased by 0.11 g/kg more than in the N-S schemes; moreover, the spatial distributions
presented a V-shaped accumulation phenomenon toward the east.

Because the humidity increase in the street area was mainly due to the transpiration
of roadside trees, in order to understand the possible reasons for the change in absolute
humidity, this study further analyzes the simulation results of stomatal transpiration near
the pedestrian layer (H = 3 m), as shown in Figure 9b. It was found that the overall average
stomatal transpiration at the E-W orientation was about two to three times higher than that
at the N-S orientation, which explained why the average absolute humidity difference at
the E-W orientation was higher than that at the N-S orientation.

In addition, if we individually analyze the trend of stomatal transpiration at each
orientation and the aspect ratios, it can be found that no matter what the orientation was,
there was a trend that the stomatal transpiration increased with the increase of the aspect
ratio, which also shows the reason as to why the absolute humidity increased with the
aspect ratio. However, in the results of stomatal transpiration, a non-similar trend was
found: the absolute humidity at the E-W orientation increased gradually in a V shape from
west to east. Therefore, it is speculated that other factors may have caused this change, and
the most possible factor was the effect of weakening wind speed.

3.3. Analysis of the Effects of Schemes at Different Height Layers
3.3.1. Air Temperature Mitigation Effects and Wind Speed Changes

(1) Air Temperature

The comparison results of the air temperature difference at different height layers are
shown in Figure 9a. At the E-W orientation, the aspect ratios of 0.7 and 1.0 (C02C-A02,
C03C-A03) witnessed similar trends, all of which were increases, and that air temperature
increase effect was retarded with the increase of the height layer. However, the aspect
ratio of 0.3 (C01C-AQ1) witnessed cooling near the surface layer, and the cooling effect
retarded as the height increased, with the air temperature beginning to increase at the 7 m
height layer.
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Figure 9. Changes of (a) air temperature, (b) wind speed, and (c) MRT difference at different heights
with or without roadside trees planted on the street.

At the N-S orientation, after planting roadside trees, there was a cooling effect at
all levels, and the cooling effect changed little with the level. In addition, the difference
between the aspect ratios of 0.7 and 1.0 (D02C-B02, D03C-B03) was very small, but the
difference at an aspect ratio of 0.3 (D01C-B01) was relatively large, which can be lowered by
about 0.1 °C on average. It is speculated that the possible reason was that when the aspect
ratio was higher than 0.7, the increase in the height of the building resulted in additional
shading effects.

(2) Wind Speed

The comparison results of the wind speed difference at different height layers are
shown in Figure 9b. The wind speed weakening effect of the E-W orientation schemes
increased with the increase in height layers. When the aspect ratio was higher than 0.7
(C02C-A02, C01C-A01), the effect began to retard at the 7 m height layer, and for all
schemes, the wind speed weakening effect at the 11 m height layer retarded and reached
the minimum.

At the N-S orientation, the difference values of the three aspect ratio schemes were
close and did not change much with height. Only the scheme with an aspect ratio of 0.3
(D01C-B01) had a slightly obvious wind speed weakening phenomenon at the 7 m height
layer (—0.29 m/s).
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It is speculated that the reason for this phenomenon was the different wind-shade
environments at each level caused by the height of the tree canopies. At the E-W orientation,
because the tree canopies were located at a height of 2~8 m, the wind speed at the levels was
weakened. In addition, the wind speed gradually recovered at the height of 11 m (where
there were no tree canopies). Among them, as for the street with an aspect ratio of 0.3, no
matter what the orientation was, at the 7 m height level, because the tree canopies were
higher than the buildings and had no building wall cover, the wind shade environment
was different from those covered by the buildings at other height levels. This resulted in a
particularly different wind speed change at this height level.

3.3.2. Analysis of the Effect of MRT

The comparison results of the MRT difference at different height layers are shown in
Figure 9c. The reduction effect in the E-W orientation schemes decreased with the increase
of the height layer, and the MRT reduction effect of the three aspect ratio schemes reached
a minimum of about 2.0 °C at the 11 m height level.

The changing trends of the three aspect ratio schemes at the N-S orientation were
not the same. The MRT reduction effect of the aspect ratio of 0.3 (D01C-B01) decreased as
the height increased; meanwhile, the scheme at the aspect ratio of 0.7 (D02C-B02) had a
slightly increased MRT reduction effect when the height increased to 3 m, compared to the
near-surface (1.4 m). Furthermore, it was shown that the MRT reduction effect decreased as
the height increased. The scheme at an aspect ratio of 1.0 (D03C-B03) increased the MRT
reduction effect when the height increased to 7 m, but it also changed back to the MRT
reduction effect when the height reached 11 m.

3.3.3. Analysis of the Effects of Comfort
(1) SET

The comparison results of the SET difference at different height layers are shown in
Figure 10a. In the E-W orientation schemes, the increasing effect of SET increased with
the increase of the height layer, and at the 7 m height level, the increasing effect began to
decrease when the aspect ratio was higher than 0.7 (C02C-A02, C03C-A03); meanwhile,
as for the scheme with the aspect ratio of 0.3 at the 11 m height level, the decreasing
effect appeared.

The trends in N-S orientation schemes were not the same. For the scheme with an
aspect ratio of 0.3 (D01C-B01), when the height increased to 3 m, the SET reduction effect
decreased and was close to zero, and the SET reduction effect increased as the height
increased. Regarding the scheme with an aspect ratio of 0.7, (D02C-B02), when the height
increased to 3 m, the MRT reduction effect increased slightly, while the SET reduction effect
decreased with the height increase. For the scheme with an aspect ratio of 1.0 (D03C-B03),
when the height increased to 7 m, the SET reduction effect increased, above which the SET
reduction effect decreased as the height increased.

2) PET

Overall, the results of the two orientations of PET were similar to those of SET. The
most different point was that the scheme with an aspect ratio of 0.3 at the N-5 orientation
(D01C-B01) and at the 7 m height layer (marked in a red circle in Figure 10b) decreased in
comparison with the SET decreasing effect.

3.3.4. Analysis of the Effect of Absolute Humidity and Stomatal Transpiration

The comparison results of the absolute humidity difference at different height layers
are shown in Figure 11a. Overall, there was almost no change between the 1.4 m and 3 m
height layers for all of the schemes, regardless of the orientation, because the trees only
had leaf transpiration above a height of 2 m, above which the absolute humidity decreased
with the increase of the height layer.
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Figure 11. Differences of (a) absolute humidity and (b) stomatal evapotranspiration at different

height layers with or without roadside trees planted on the street.

Among them, the difference between the aspect ratios of 0.7 and 1.0 (C02C-A02, C03C-
AO03) of the E-W orientation scheme was very small and almost the same, but the difference
at the aspect ratio of 0.3 (D01C-B01) was large, and the increase was about 0.5~0.8 g/kg.
This should be caused by the effect of accumulating moisture on the ground layer due to



Buildings 2023, 13, 2092

17 of 24

the weakening of the wind speed (see Section 3.2.6) continuing at the height layers. The
N-S orientation scheme had a tendency to increase the absolute humidity with the increase
of the aspect ratio. The aspect ratio of 0.7 increased by about 0.6 g/kg in comparison with
that of 0.3, and the aspect ratio of 1.0 increased by 0.2~0.3 g/kg in comparison with that of
0.7. This should also be caused by the effect of absolute humidity increasing continuously
with the aspect ratio at the pedestrian height layer (see Section 3.2.6).

In addition, we conducted further analysis of the difference between stomatal tran-
spiration at the three height layers (H = 3 m, 5 m, and 7 m) with tree crowns, as shown in
Figure 11b. It can be found that except for the scheme of planting trees at the N-S orien-
tation and the aspect ratio of 0.3 (D01C), the stomatal transpiration of the other schemes
showed a quadratic trend line (R? = 1) with the increase in height. Namely, the stomatal
transpiration increased with height to a certain value. Thereafter, the stomatal transpi-
ration would start to decrease even if the height increased. According to Huang’s (2009)
research on the relationship between stomatal transpiration and meteorological factors, the
stomatal transpiration of trees has a quadratic relationship with solar radiation. Namely,
stomatal transpiration will reach its maximum at a certain radiation value [74], so it can be
speculated that the difference in this height was mainly affected by the difference in solar
radiation at different heights. For the tree planting scheme with an aspect ratio of 0.3 at
the N-S orientation (D01C), the reason as to why stomatal transpiration can continue to
increase at the 7 m height was also that the solar radiation at this height did not reach the
radiation value of the maximum stomatal transpiration.

4. Discussion
4.1. Comparison with Previous Studies
4.1.1. Comparison with Similar Studies

In the past, some studies utilized ENVI-met simulation tools to discuss planting
and street geometry [48-51]. However, due to the different sets of conditions, the results
obtained are not the same, and the applicability is also different. For example, Ali-Toudert
F. and Mayer H. (2007) used strip streets that had a street width of 8 m, aspect ratios of 1,
1.5, and 2.0, and E-W and N-S orientations and were located in Ghardaia (medium-sized
city, 32.40° N) of the Algerian Sahara to conduct a simulation discussion. Although it was
found that the cooling effect of the canopies was greatest at the N-W orientation with
the greatest thermal discomfort [48], the results were different from those of this study.
Chatzidimitrioua A. and Yannas S. (2017) also used actual streets, which had aspect ratios of
1.7,3.2, and 3.0, E-W and N-S orientations, and the prevailing wind as a south-southwest
wind (SSW), located in Thessaloniki (large city, latitude 40.5° N), to conduct a simulation.
And found that the north side of the E-W orientation street, the east side, or both sides
of the N-S orientation street, as well as both sides and the center of a very wide street,
were effective tree locations for sunshade [49], similar to the results of this study. However,
the results of PET in the summer that were better in the E-W orientation deep street
(H/W =3.2) than in the middle depth (H/W = 1.7) [49] were not the same as in this study.

In addition, Aboelata A. (2020) also used long streets that had a street aspect ratio
of 1.0, two orientations (E-W, N-5), a planting size of 11 x 11 m (H x W), a prevailing
wind orientation of N/WN, a wind speed of 1.8 m/s, and were located in Cairo (large city,
30.03° N) of Egypt to conduct a simulation [50]. The results obtained were compared with
those of this study at H/W = 1, as shown in Table 8. The results found that there were
similar trends in air temperature at the E-W orientation, as well as in wind and PET at the
N-S5 orientation. But the trends in air temperature at the N-S orientation and in PET at the
E-W orientation were different. Possible reasons include differences in the prevailing wind
orientation, planting settings, latitude conditions of the case site (sun orientation), etc., so
the results were not the same as in this study.
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Table 8. Comparison table between the results of this study and Aboelata A. (2020).

This Study (H/W =1.0) Aboelata A. (2020) [50]
Air temperature (°C) ]15\:/;7 i(())3148 :82
— _ _ (H/W =1, planting
Wind (m/s) ?\}Yg _16737 _8§ 50%,H x W=11m,
: : 2:00 p.m.)
o E-W +1.02 —-1~-15
PET (°C) N-S —2.55 —1~-2

Korean scholar Wu J. et al. (2022) also used long streets located in Busan (a large city
near the sea, 35°50’ N), which had settings on street widths of 24, 36, 48, and 60 m, aspect
ratios of 0.5, 1.5, 2.5, and 3.5, four orientations (N-S, E-W, NE-SW, SW-NW), planting
heights of 6, 9, 12, and 15 m, an SSW regional prevailing wind orientation, and a wind
speed of 2.8 m/s, to discuss the simulation results of 32 schemes by statistical analysis
of ANOVA [51]. It was found that street geometry had a greater impact on pedestrian
microclimate and thermal comfort than tree configuration because shading from adjacent
buildings prevented solar radiation from reaching artificial surfaces and provided better
thermal comfort amongst pedestrians with deeper street canyons, reducing the importance
of tree placement in the deep street canyons [51]. This was similar to the results in this
study in the N-S orientation schemes. In addition, Wu J. et al.’s study also proposed that
the order of importance of street factors in improving the thermal comfort of pedestrians in
downtown Busan was Hp/Ws (aspect ratio) > Wg (street width) > Og (orientation) > Hy
(tree height) > Dt.7 (distance between trees) > Dg.1 (distance between trees and buildings)
> LAI However, the results in this study tend to show that orientation was larger than the
aspect ratio. The possible reason for the difference was that the research aspect ratio of Wu
J. et al. (2022) only discussed a range higher than 0.5 without considering the low aspect
ratio (0.3), and the prevailing wind orientation was SSW and the wind speed was 2.8 m/s,
which were different from the west wind and 3.6 m/s in this study, so the results were not
the same. In addition, the latitude of this region belongs to the mid-latitude region, and the
solar radiation conditions in the tropical region of this study are different.

4.1.2. Comparison with Other Related Studies and Summary

From the above discussion, it can be found that the cooling benefits of roadside trees
were highly regionalized, which was also consistent with the viewpoint proposed by
Jamei E. et al.’s (2016) review of the benefits of roadside trees [47]. Moreover, because trees
may have negative effects due to a reduction in wind speed or the relationship between
the sun’s position and buildings or tree canopies, the relationship between orientation, the
sun’s position, and the prevailing wind direction in an area is very important. Therefore,
it is suggested that these basic conditions of the research area be clearly stated in future
research so that the research results can be easily applied. Finally, this study also found that
high humidity and reduced ventilation below the canopies may adversely affect the thermal
conditions in deeper canyons, which is consistent with the results of the literature review
by Jamei E. et al. (2016) [47]. Therefore, when arranging roadside trees, it is necessary to
consider the height of the bottom and the shape of the canopies.

In summary, it is suggested that future research should present data including back-
ground meteorological conditions (latitude/solar radiation, prevailing wind orientation,
and wind speed) of the study area and basic information about trees, such as tree shape,
canopy width, thickness, and height of the bottom, as well as LAD, so that the research re-
sults of different regions can be compared more accurately. Moreover, regional background
climate conditions, tree characteristics, and street geometry have a mutual effect on the ther-
mal environment of roadside trees in streets. Therefore, it is suggested that future research
could focus on comprehensive comparison studies on streets that have different back-
ground climate conditions (such as the tropical/subtropical seaside, tropical/subtropical
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inland/basin areas), tree characteristics (such as LAD, shapes, canopy-bottom-height), and
widths to serve as a reference more broadly for street planning and design in similar areas.

4.2. Extended Application of the Aspect Ratio—SVF

In order to compare the research results of this study in terms of aspect ratio with those
of other studies on the street thermal environment, using SVF as an indicator, this study
further used ENVI-met to analyze its SVF, and the results are shown in Figure 12. It can be
seen that the SVF of street canyons without roadside trees planted in the street with aspect
ratios of 0.3, 0.7, and 1.0 at the ground layer (H = 0 m) produced average values of 0.61,
0.43, and 0.36, respectively. However, the SVF values of the street with roadside trees were
reduced by 0.25, 0.14, and 0.11 on average at an aspect ratio of 0.3, 0.7, and 1.0, respectively,
compared with the original streets. This means that after roadside trees were planted, the
SVF would decrease no matter what the aspect ratio was, and the higher the aspect ratio of
the street, the smaller the reduction effect of the SVF value caused by planting.

Aspect

Aspect 03 0.7 1.0 ’ 03 0.7 1.0
ratio ratio
< -0.40
C01C-A01/ C02C-A02/ C03C-A03/
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Figure 12. Difference result graph on (a) SVF without roadside trees and (b) SVF difference with or

without planting roadside trees.

4.3. Suggestions for Street Design in Tropical, Medium-Sized Cities with Climatic Significance

When street design considers the microclimate environment, the main key factors are
the influence of solar radiation and the prevailing wind, and the main purpose is to ensure
the minimum amount of solar radiation and airflow in the summer. In this research case,
because the west sea wind prevails in summer afternoons in the area, the E-W orientation
streets had the advantage of being able to introduce the prevailing wind, but the effect
of shading solar radiation was not good. The advantage of the N-S orientation was the
opposite. It can shade solar radiation well, but it cannot introduce the prevailing west sea
wind in summer afternoons.

To improve these problems, it is recommended that the following factors and design
strategies be considered in the design of urban streets:

(1) As for the geographical location, if the case object is a coastal city, there will be strong
prevailing sea winds during the day in the summer. Therefore, the orientation of the
street should first be parallel to the prevailing wind orientation of the sea wind so as
to introduce a cool sea wind and reduce the daytime UHI in the summer.

(2) For streets whose orientation is parallel to the prevailing wind in the area (this research
was at an E-W orientation), when planting roadside trees, it is necessary to avoid
the wind speed slowing effect produced by canopies, which would cause heat to be
difficult to remove, resulting in the negative effect of an increase in air temperature
and thermal comfort. In addition, this phenomenon became more obvious as the
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aspect ratio increased. The methods that can be considered are for the selection of the
tree shape, the height of the bottom of canopies, etc. to improve, especially for streets
with an aspect ratio higher than 0.7.

(3) For streets facing perpendicular to the prevailing wind orientation in the area (N-5S
orientation in this study), the wind shading effect of buildings became very important.
Even if it were easier for the prevailing wind to enter the street and the aspect ratio
were small (0.3), there was still a weak wind area in the upwind street. Therefore, no
matter what the aspect ratio of the street is, the ladder type that lowers the height
of the building to the street could improve this phenomenon, avoid the wind speed
lowering at the upwind, and enter the street area along the building form, but care
must be taken to avoid reducing excessive building shade. In addition, if consideration
is not given to changing the shading environment of buildings, it is suggested that
the length of the street be shortened so that it can have E-W openings and increase
the introduction of parallel prevailing winds.

4.4. Limitations of the Results

This study used the ENVI-met simulate tool to explore the synergistic effects of tree
species and spatial geometry on the thermal environment in urban streets. Some limitations
should be addressed to help understand the results. There are two major limitations in
this study that could be addressed in future research. First, because this study focused on
the road width of 20 m under the synergistic influence of the same street geometry and
tree species, whether the results will be different when the width of the street becomes
wider or narrower remains to be clarified by future studies. Second, Although Bauhinia
(Bauhinia x blakeana) (ellipse, LAD = 0.6) was selected as a representative tree species for
analysis in this study, due to the planting of different tree species, there will be differences
in tree shape and LAD, so the synergistic effect may also be different. Therefore, it is
suggested that future research can discuss and analyze several representative tree species
with different tree shapes and LADs.

5. Conclusions

This study utilized Chiayi City, a tropical, medium-sized city in Taiwan, as the research
object, used Chiayi City’s common roadside tree species Bauhinia as an example, and used
CFD simulation software ENVI-met to set the representative street types and background
climate conditions of Chiayi City to discuss the street thermal environment of six different
geometric types with or without planting roadside trees and to comprehensively compare
and analyze the influence of planting and street geometric characteristics on the street
microclimate, comfort, etc. The important conclusions obtained are as follows:

" Influence at the pedestrian level (H = 1.4 m):

(1) After planting roadside trees, the N-S orientation produced a slight cooling
effect (—0.09~—0.18 °C) regardless of the aspect ratio; meanwhile, the E-W
orientation had the largest cooling effect at the aspect ratio of 0.3, but as the
aspect ratio increased, it became a warming effect, and as the aspect ratio
further increased, this warming effect also increased.

) The overall average wind speed in the E-W orientation decreased by 1~2 m/s.
For the N-S orientation schemes, except that the street with an aspect ratio of
0.3 had wind speed weakening in the central area of the street, there was no
obvious change in wind speed in the street area of the other schemes.

3) On the whole, regarding MRT, all of the schemes had an MRT reduction effect,
and the MRT reduction effect of the E-W orientation was greater than that of
the N-S orientation, and the average difference between the two orientations
was about 0.8~3.2 °C.

4) As for the SET results of comfort, after planting roadside trees at the E-W
orientation, the effect of weakening the wind speed due to the tree canopy was
obvious, resulting in an increase in SET, but the N-S orientation had the effect
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©)

of decreasing. Meanwhile, the results of comfort PET were similar to those of
SET, and the causes and mechanisms were also similar.

Regarding the absolute humidity results, all schemes increased humidity, and
the E-W orientation increased humidity by 0.11 g/kg in comparison with the
N-S orientation schemes, and no matter what the orientation was, there was a
tendency to increase with the increase of the aspect ratio.

»  Interms of the vertical-level changes:

)

)

®)

4)

©)

In terms of temperature, it was found that at the E-W orientation, the schemes
with aspect ratios of 0.7 and 1.0 increased, and the warming effect was retarded
as the height level increased. The scheme with an aspect ratio of 0.3 decreased
near the ground and retarded the cooling effect as the height level increased.
The N-S orientation schemes had a cooling effect for each height layer, and the
cooling effect varied little with the height layer.

In terms of wind speed, it was found that the wind speed weakening effect of
the E-W orientation schemes increased with the increase of the height layer,
but the schemes with an aspect ratio higher than 0.7 began to retard at the
7 m height level. At the N-S orientation, the difference values of the three
aspect ratio schemes were close and did not change much with height. Only
the scheme with an aspect ratio of 0.3 had a slightly obvious wind speed
weakening phenomenon at the 7 m height layer (—0.29 m/s).

In terms of MRT, it was found that the reduction effect of the E-W orientation
decreased with the increase of the height layer, and the MRT reduction effect
of the three aspect ratio schemes reached a minimum of about 2.0 °C at the
11 m height layer. The changing trends of the three aspect ratio schemes from
N-S were not the same.

In terms of the SET of comfort, in the E-W orientation schemes, the increasing
effect of SET increased with the increase of the height layer, and at the 7 m
height level, the increasing effect began to decrease when the aspect ratio was
higher than 0.7; meanwhile, as for the scheme with the aspect ratio of 0.3 at the
11 m height level, the decreasing effect appeared. The trends in N-S orientation
schemes were not the same. Overall, the results of the two orientations of PET
were similar to those of SET.

In terms of absolute humidity, overall, there was almost no change between the
1.4 m and 3 m height layers for all of the schemes, regardless of the orientation.
Moreover, regardless of the orientation, the changes in height between the
aspect ratios continued the differences in the ground layer. However, the
variation of plant stomatal transpiration in height was significantly affected by
the solar radiation of its location.

The street design strategies in tropical, medium-sized cities in the future should
consider that street orientation should be prioritized to be parallel to the prevailing wind
orientation of the cool source. When planting roadside trees in a street orientation parallel
to the prevailing wind direction of the area, it is necessary to avoid the wind speed slowing
effect produced by tree canopies. The improvement methods are for the selection of tree
shapes, the height of the bottom of the canopy, etc., to improve, especially for streets with an
aspect ratio higher than 0.7. On streets whose orientation is perpendicular to the prevailing
wind orientation of the area, the windshield effect of buildings is obvious. Therefore, the
building form can be improved so as to prevent the wind speed from being blocked in the
upwind area and not entering the streets, but attention must be paid to avoiding reducing
excessive building shading.
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