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Abstract: The potential microclimatic effects of street trees are influenced by their ecological charac-
teristics, planting patterns, and street orientations, especially in subtropical hot and humid areas. To
investigate these effects, four typical street tree species in Guangzhou were selected for study during
the transition seasons: Khaya senegalensis, Terminalia neotaliala, Ficus microcarpa, and Mangifera indica.
Air temperature (AT), relative humidity (RH), solar radiation (SR), surface temperature (ST), wind
speed (WS), and the leaf area index (LAI) were monitored. The cooling effects of these four species
and the resulting improvements in human thermal comfort (HTC) were assessed. The influences of
tree planting patterns and street orientations on cooling benefits were systematically analyzed. The
results indicate that, during transition seasons, the four street trees, on average, can block 96.68% of
SR, reduce AT by 1.45 °C and ST by 10.25 °C, increase RH by 5.26%, and lower the physiologically
equivalent temperature (PET) by 8.34 °C. Terminalia neotaliala, reducing AT and PET by 1.76 °C
and 12.4 °C, respectively, offers the greatest potential for microclimate improvement. Among the
four tree species, the variations in ST (AST) and PET (APET) were minimal, at only 0.76 °C and
0.25 °C, respectively. The average differences in AT and PET between inter-tree and under-tree
environments were 0.06 °C and 0.98 °C, respectively. The AT reduction rate was 1.7 times higher in
the double-row planting pattern compared to the single-row planting pattern. Street trees planted
in the northwest-southeast (NW-SE) orientation exhibited a 16.96% lower WS reduction than those
in other orientations. The northeast-southwest (NE-SW) orientation showed the least potential to
enhance human thermal comfort. Compared to NE-SW, the northwest-southeast (NW-SE) orientation
achieved twice the rate of AT reduction, while the north-south (N-S) orientation improved it by
1.3 times. This data analysis aids in assessing the impact of green infrastructure on urban climates
and demonstrates the year-round microclimatic benefits of street trees.

Keywords: urban microclimate; transition season; street orientation; street trees; planting patterns

1. Introduction

Rapid urban expansion, population pressure, fossil fuel consumption, and inadequate
urban vegetation have resulted in urban areas being typically warmer than rural areas,
a phenomenon known as the urban heat island (UHI) effect [1,2]. The cooling effect of
vegetation on urban surfaces is diminished by the reduction in wetlands and the replace-
ment of traditional natural surfaces with impermeable substrates [3]. Changes in the urban
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thermal environment have altered the energy balance of cities, leading to increased energy
consumption and serious health problems for urban dwellers [4-7].

Sidewalks are an important setting for human activities [8], and planting sidewalk trees
has become an important means to alleviate the UHI effect. Compared with lawns, trees
have a stronger effect in improving the thermal environment of urban street canyons [9].
First, trees effectively mitigate outdoor thermal stress by absorbing and blocking solar
radiation [10,11], creating shadows and reducing long-wave radiation exchanges between the
ground and the surrounding buildings [12,13]. Through leaf transpiration, trees can also re-
duce the leaf surface temperature and air temperature, as well as increase air humidity [14,15].
However, when encountering extremely high-temperature weather, leaf stomata close
partially out of a protective mechanism, reducing water vapor emission and weakening the
transpiration cooling effect [16]. Shading and transpiration are the main means of vapor
heat stress mitigation in trees, but street tree shading plays a more important role. Trees
rely primarily on the canopy to reduce downward solar radiation [17], especially visible
and infrared light [18,19]. Coutts found that the cooling and human thermal comfort (HTC)
benefits of street trees are largely dependent on the degree of shading provided by trees
and are localized [20]. Some studies have confirmed that the structural characteristics of
trees, such as canopy width, canopy shape, canopy permeability, leaf size and shape, and
branch structure [21-23], all affect the performance of the canopy in improving the thermal
environment. Then, the leaf area index (LAI) describes the canopy density and is widely
used to assess the canopy filtering effect. However, the LAI varies among different tree
species and even among trees of the same species [24-26]. As a result, shading performance
varies among tree species, with variations in microclimatic benefits [27].

Second, the potential of street trees to regulate the microclimate is closely related to
local climatic conditions and street geometry. Eight typical cities in temperate monsoon
and Mediterranean climates were investigated by Yu et al. [28], who reported that the
cooling effect of green vegetation was weaker in areas with higher relative humidity (RH),
whereas increased wind speed can improve thermal efficiency in tropical and subtropical
climates [29,30]. Several studies show that street orientation also plays a key role in the UHI
effect, directly affecting the solar distribution and airflow in urban street canyons. Different
urban structures, street aspect ratios (H/W ratios), and directions have different impacts on
UHI mitigation [31,32]. For example, there are differences in the cooling effect of vegetation
between north—south streets and east—west streets [33], but the effects of different street
directions and aspect ratios on the thermal performance of buildings were also found to be
inconsistent [34]. Understanding to what degree native tree species in different areas are
able to provide microclimatic benefits for urban dwellers and pedestrians under different
street orientations is extremely important for urban street tree selection and replacement.

Third, trees planted in clusters are more effective in improving the microclimate than
isolated, individual trees [35-37]. Abreu-Harbich et al. [22] showed that a single tree can
reduce the air temperature (AT) by 0-2.8 °C during a given summer period in Brazil, while
clustered trees can reduce AT by 0.3-15.7 °C. Park et al. observed that the effect of median
strip tree vegetation on wind speed and air temperature is slight when compared to street
trees planted on the sidewalk [38]. It is evident that the microclimatic benefits of trees vary
across different planting configurations [39,40].

Many researchers have conducted extensive research on trees as a means to mitigate
the UHI effect and improve HTC [41-45]. The cooling effects of trees have been quantified
by experimental measurements and numerical simulations. In order to more accurately
simulate planting scenarios, numerical simulation studies need to be supported by a large
number of field measurements of different native tree species [43,44,46]. Currently, the
most relevant studies are focused on tropical and temperate climates, with fewer studies
on subtropical climates. Generally, when measuring microclimatic parameters, the typical
hottest (coldest) months are chosen, with less attention to other seasons, such as transitional
seasons with cloudy and rainy weather. It is noteworthy that the subtropical monsoon
climate is characterized by high temperatures and heavy rainfall in transition seasons, but
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the microclimatic behavior of trees during this period has been overlooked. In addition,
most studies have monitored microclimatic parameters under street trees, without exploring
the inter-tree microclimatic behavior.

In this study, focusing on the subtropical transition season, five microclimatic factors
(air temperature and humidity, solar radiation, wind speed, and surface temperature) are
analyzed, in conjunction with street orientations and planting patterns, to evaluate the
microclimatic benefits and explore the inter-tree microclimatic behavior, using of four
typical street trees in hot and humid areas.

The research objectives include (1) quantifying the cooling effects and microclimatic
advantages of these species; (2) examining the disparities in microclimatic advantages
between inter-tree and under-tree environments; (3) assessing the influence of planting
patterns on the microclimatic responses of street trees; and (4) exploring the variations in
cooling effects across different street orientations.

The research findings will (1) be critical for developing urban design guidelines for
climate adaptation in subtropical urban areas; (2) address knowledge gaps regarding the
microclimate benefits of street trees during transition seasons; and (3) contribute to reducing
the costs of urban forestry management.

2. Methodology

Following the literature review, field surveys, and in situ measurements, we have
analyzed the effects of different street tree species, planting patterns, and street orientations
on the microclimate beneath trees during transition seasons, based on field test data. The
methodological flowchart is presented in Figure 1.

Heat mitigation benefits of street tree species during transition seasons in hot and humid: Case study in Guangzhou
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Figure 1. Methodological flowchart.

2.1. Study Area and Climate

This study was conducted at the Guangzhou Higher Education Mega Center, char-
acterized by a hot and humid climate. Guangzhou (23.13° N, 113.27° E) is situated in a
subtropical monsoon climate, classified as the Cfa climate type according to the Koppen
classification. Summers are characterized by high temperatures, high humidity, and strong
rainfall, often accompanied by short-lived gales and heavy precipitation, while winters are
mild, cool, and dry. Air temperature (AT), relative humidity (RH), and precipitation data



Forests 2024, 15, 1459

40f23

for a typical year are illustrated in Figure 2a. The hottest month is July, with an average
air temperature of 30.3 °C, relative humidity of 74.1%, and rainfall of 67.5 mm; the coldest
month is December, with an average air temperature of 14.6 °C, relative humidity of 68.8%,
and rainfall of 1.9 mm. The annual maximum air temperature can reach 37.9 °C, with the
highest monthly average solar radiation in July (475.22 MJ/m?) and the lowest in February
(226.67 MJ /m?) [47]. The annual average relative humidity exceeds 68%. Influenced by the
monsoon climate, the prevailing wind directions are highly seasonal, with southeast winds
in summer and northern winds in winter (Figure 2b). Situated in the Pearl River Delta
region, a zone frequently affected by tropical cyclones, Guangzhou experiences persistent
heavy rainfall during the transition season from May to June, with daily maximum air
temperatures exceeding 35 °C and average precipitations of 283.6 mm and 257.7 mm in
May and June, respectively [48]. These climatic features distinctly characterize the subtrop-
ical monsoon climate. Consequently, to investigate the microclimatic effects of street tree
species under typical cloudy conditions during transitional seasons, tests were conducted
from June 3 to 10, with cloud cover ranging from 40% to 70%.
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Figure 2. (a) Meteorological data for a typical year; (b) wind rose diagram in Guangzhou (China
Meteorological Data Service Center, 2020).

2.2. Study Subjects

The urban forest of Guangzhou Higher Education Mega Center covers a wide area,
where street trees account for 27.76% of all tree species, and includes up to 29 street tree
species, with the most common ones described in Table 1 [49]. In order to retain dis-
tinct morphological attributes, four typical street trees were selected: Khaya senegalensis,
Terminalia neotaliala, Ficus microcarpa, and Mangifera indica (Figure 3). The main morpho-
logical attributes of these trees are presented in Table 2. Based on field conditions, trees
planted in rows and growing well were selected as test objects. In order to ensure that only
the tree has an impact on the microclimate, the test was conducted in an open field without
buildings or other shelters in proximity. Pavements were adopted for the underlying
surface of the study site.

Street orientations parallel (northwest—southeast, NW-SE), perpendicular (northeast-
southwest, NE-SW), and offset (north-south, N-S) to the prevailing wind direction in
Guangzhou were selected for this study. The specifics of each of the four study sites are
presented in Figure 4: (1) single-row Khaya senegalensis: NE-SW; (2) single-row Terminalia
neotaliala: NW-SE; (3) double-row Ficus microcarpa and Mangifera indica: N-S; and (4) double-
row Ficus microcarpa: NE-SW. The canopy cover above the road (CCAD) and the LAI are



Forests 2024, 15, 1459

50f23

the two factors that mainly affect the thermal comfort under the canopy [50]. To study the
effects of street orientations, it was ensured that the CCAD and the LAI under the canopy
were comparable across the test sites (1), (2), (3), and (4).

Table 1. Most common street tree species in the study area [49].

Number Species Family and Number of Trees Proportion (%)
Genus
1 Ficus microcarpa Moraceae Ficus 775 25.7
2 Syzygium hainanense Myrtaceae Syzygium 283 9.4
3 Khaya senegalensis Meliaceae Melia 253 8.4
4 Bauhinia Leguminosae Bauhinia 141 4.7
5 Terminalia neotaliala Combretaceae Terminalia 136 4.5
6 Mangifera indica Sumac Mangifera 59 2.0
Khaya senegalensis | Terminalia neotaliala Ficus microcarpa Mangifera indica

Figure 3. Tested street tree species.

Table 2. Physical parameters of the tested tree species.

. Height Height below Branch Trunk Diameter Canopy Diameter Leaf Area Index
Species 2,0
(m) (m) (m) (m) (m?*/m?)

Khaya senegalensis 12.39 2.80 0.31 9.90 411

Terminalia 10.40 417 0.26 10.90 437

neotaliala
Mangifera indica 9.67 2.47 0.23 6.82 1.94
Ficus microcarpa 11.49 2.54 0.39 9.42 5.69

2.3. Field Measurements

Air temperature and humidity, solar radiation, surface temperature, and wind speed
are the primary factors influencing outdoor human thermal comfort (HTC) [51,52]. In
addition to microclimatic parameters, physical characteristics such as tree height, canopy
diameter and shape also play a crucial role in enhancing human thermal comfort (HTC) [53,54].
Consequently, in this study, we measured the air temperature and humidity, solar radiation,
surface temperature, wind speed, tree height, canopy diameter, trunk diameter, and leaf
area index (LAI) of street trees. The measuring instruments and their principal technical
parameters are detailed in Table 3.
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23.13°N
113.27°E

Figure 4. Location and orientation of the experimental test sites.

Table 3. Variables and instruments used in field measurements.

Elements Instruments Manufacturer Accuracy Measurement Sampling
Range
Air te}rlnpellrgt.?re and HOB([)] 2d?)a’z)ao iogger Onset Computer L00eC ) ) .
umidity ( - ) Corporation/ (0~50 h) —40°C~70°C 5 min
Surface temperature ~ HOBO Thermocouple Bourne, MA, USA
Solar radiation <59
under trees qu-cgmponent Hukseflux Company, B 0~2000 W /m?2 5 min
Solar radiation radiation sensor Delft, The Netherlands
between trees N
Wind speed
HD32.3 thermal M. Young Company, Class 1/3 DIN —10°C~100 °C 5 min
Black globe environment analyzer Traverse, MI, USA +0.05m/s 0~5m/s
temperature
. +0.6 °C (Ta)
. Davis Company, o —40~65 °C (Ta) .
Weather parameters Davis Vantage Pro2 Boston, MA, USA ig (;0 ((gl\-/[)) 0-1800 W/m? (S) 10 min

Measuring points were situated in the center of the pavement. Under-tree and inter-
tree measuring points, positioned 1.5 m above the ground, were used to assess fluctuations
in microclimatic parameters (Figure 5). Parameter values in shaded areas beneath trees were
averaged from both under-tree and inter-tree measuring points. Additionally, measuring
points were established in open areas devoid of buildings to serve as references. In the
experiment, three points under the trees and two between them were designated during
field measurements; to ensure parameter accuracy, three instruments were positioned at
each point for comparative analysis. Temperature, humidity, solar radiation, wind, and
other experimental data were analyzed by averaging the values and eliminating anomalies,
thereby accurately reflecting the actual microclimatic environment of the experimental site.
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Figure 5. Schematic diagram of measuring points.

In this experiment, microclimatic parameters were assessed using a fixed-point mea-
surement method. Air temperature and humidity under the shade were recorded with a
HOBO data logger, black bulb temperature and wind speed (WS) were recorded with an
HD32.3 thermal environment analyzer, and surface temperature (ST) was recorded with a
HOBO thermocouple. Solar radiation was recorded using a short-wave radiation sensor
and a two-component radiation sensor, positioned under the tree and between the trees,
respectively, with direct solar radiation being the primary consideration. Simultaneously,
short-wave and two-component radiation sensors were utilized to record solar radiation
(SR) under and between trees. The Davis Vantage Pro2 instrument was employed to record
weather parameters in the open area. Microclimatic parameters in the shaded area were
logged every 5 min, while meteorological parameters in the open area were logged every
10 min. To prevent radiation interference with air temperature, the HOBO data logger was
enclosed in a louvered box radiation shield during measurements (Figure 6a). When mea-
suring surface temperature, thermocouples were evenly coated with thermally conductive
silicone grease to ensure optimal contact with the pavement, thereby maintaining data
accuracy (Figure 6b).

Figure 6. Instrument arrangement for experimental testing: (a) Louvered box radiation shield;
(b) HOBO thermocouple.



Forests 2024, 15, 1459

8 of 23

(@)

Air temperature (C)

Air temperature (C)

36

w
b
1

28 4

The physical parameters of the trees were measured using a metric ruler. Because
tree height is difficult to measure, we used AutoCAD 2022 software to help measure it by
placing reference objects beside the trees and taking photographs. However, the LAI was
measured with an LAI-2200 Plant Canopy Analyzer (Lincoln, NE, USA) and recalculated
by using the FV2200 software V2.1 [55]. The LAI-2200 instrument was moved along parallel
bands 1.5 m above the ground under the canopy of the test trees, taking measurements
every 2 m. Three measurements were then averaged for each test tree.

3. Results and Analysis
3.1. Air Temperature (AT)

Figure 7 shows the daily patterns of AT between the trees, under the trees, and in
the open area for the four tree species. (1) The daily patterns of AT between open and
shaded areas are consistent, reaching a maximum around 16:00 p.m., but at any time, AT
in the open area is significantly higher than in the shaded area. (2) AT in the shaded area
generally varies less and is more stable, while AT in the open area varies dramatically.
(3) The under-tree and inter-tree AT curves almost overlap for all four tree species, with a
mean AAT of 0.06 °C. From 14:00 to 15:00 p.m., AAT for Ficus microcarpa between open and
shaded areas is very small (Figure 7d), due to the thickening of cloud cover and weaker
solar radiation, and subsequently lower AT.

Khaya senegalensis (b) Terminalia neotaliala
—— 1.5m between trees 36 — 1.5m between trees
—— 1.5m under the tree —— 1.5m under the tree X -~
——open area ~— open area VAN AN Yol
A / \ / A
A .'\w‘ 6 34 4 N\
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o 321
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£ 304
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Time ( d) Time

Ficus microcarpa and Mangifera indica Ficus ;"gc’ ogar pa
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Figure 7. Daily variations in AT between trees, under trees, and in the open area at a reference height

(1.5 m) for four tree species. (a) is Khaya senegalensis, (b) is Terminalia neotaliala, (c) is Mangifera indica,
and (d) is Ficus microcarpa.

The extent to which the four tree species contribute to AT is quantified in Figure 8a,b.
All trees display a significant effect on cooling the air, with the highest AAT for Ficus
microcarpa and Mangifera indica (average of 1.82 °C) and Terminalia neotaliala (average of
1.76 °C), and the smallest AAT for Khaya senegalensis (average of 0.99 °C).
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Figure 8. Comparison of the air-cooling effect in the shaded area at the reference height (1.5 m)
among the four tree species: (a) AAT = AT in the open area — AT in the shaded area; (b) reduction
rate of AT = AAT/AT in the open area x 100%.

3.2. Relative Humidity (RH)

RH between trees and under trees, and in the open area at a reference height (1.5 m)
was measured for the four tree species (Figure 9). (1) Similar to the patterns of AT, the
patterns of RH in the open and shaded areas are the same, with consistently higher RH
in the shaded area. (2) There are no significant differences in under- and inter-tree RH
between the four tree species, with a mean ARH of 0.44%. (3) RH fluctuates more sharply
in the shaded area than in the open area.

Khaya senegalensis

100
—— 1.5m between trees
95 — 1.5m under the tree
——open area

©
o
!

85
80 *
75
70

65+

60 T T T T T T T T d
9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00
Time

Ficus microcarpa and Mangifera indica

—— 1.5m between trees
—— 1.5m under the tree
——open area

Time

(0) <

@ @ ~
t=] o o
L ! L

Relative humidity (%)

S
=)
1

30

Terminalia neotaliala
—— 1.5m between trees
——1.5m under the tree
——open area

"\
g WA

(d)

804

T T T T T T T T 1
9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00

Time

Ficus microcarpa

—— 1.5m between trees
—— 1.5m under the tree

754 —— open area

Relative humidity (%)

o
a
1

50

T T T T T T T T 1
9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00

Time

Figure 9. Daily variations in RH between trees, under trees, and in the open area at a reference height
(1.5 m) among the four tree species. (a) is Khaya senegalensis, (b) is Terminalia neotaliala, (c) is Mangifera

indica, and (d) is Ficus microcarpa.
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The humidifying capacity of the four tree species is illustrated in Figure 10. The
average increase in RH ranges from 2.41% to 5.26%. Based on the rate of increase in RH,
the largest humidification benefits are obtained with Terminalia neotaliala (9.97%), Ficus
microcarpa, and Mangifera indica (9.60%). In contrast, Ficus microcarpa (5.98%) and Khaya
senegalensis (3.51%) are much less effective in enhancing the RH of the air around them.
High humidity is evident in the subtropical transition season, and the humidifying capacity
of street trees is also influenced by the RH of the actual climatic conditions. Humidification
due to vegetation varies with the overall RH; a lower RH rate leads to higher humidification.
For the four tree species, RH increases by 5.03% when RH in the open area is below 60%. In
contrast, RH increases by only 3.1% when RH in the open area is above 60%. The optimum
RH for human survival is between 40% and 60%. The RH under Ficus microcarpa and Khaya
senegalensis trees is above 60%, which may affect pedestrians” HTC.

Ficus Ficus
microcarpa - microcarpa
Ficus Ficus
microcarpa microcarpa
and - e | I e and - { 1

Mangifera Mangifera
indica indica
Terminalia Terminalia
neotaliala R - neotaliala
Khaya Khaya
senegalensis =1 senegalensis

T T T T T ] T T T T T T ,

-25 0.0 25 5.0 75 10.0 125 -5 0 5 10 15 20 25 30

Increased relative humidity (%) Increase rate of relative humidity (%)
[125%~75% — Median + Mean B 25%~75% — Median + Mean

Figure 10. Comparison of the rate of increase in RH in the shaded area at reference height (1.5 m)
among four tree species: (A) ARH = RH in the shaded area — RH in the open area; (B) increase rate of
RH = ARH/RH in the open area x 100%.

3.3. Solar Radiation (SR)

The daily variations in solar radiation (SR) for the four tree species are documented in
Figure 11. When cloudiness is high, SR in the open area exhibits significant instability, with
pronounced fluctuations (Figure 11a,c,d), whereas SR fluctuates considerably less under
near-clear or less cloudy conditions (Figure 11b). Significant differences in solar radiation
(SR) are observed between and beneath trees. SR between trees is stronger and fluctuates
more markedly than beneath trees, which is attributed to the phenomenon of light spots.
The figure indicates that the under-tree sites receive almost no solar radiation, primarily
due to the large crowns of the test trees and the extended duration in which these sites
remain shaded.

Trees clearly moderate SR, and the order of SR weakening effectiveness is clear in
Figure 12: Ficus microcarpa (217.67 W/m?, 97.98%), Mangifera indica (337.27 W/m?, 97.74%),
Khaya senegalensis (231.06 W/m?, 95.87%), and Terminalia neotaliala (523.75 W /m?, 95.14%).
In particular, great differences were found in the stability of diurnal attenuation of SR
(Figure 12B). Ficus microcarpa and Mangifera indica had the strongest stability, while Termina-
lia neotaliala, and Khaya senegalensis had the worst stability. This suggests that the tree LAI
is a key factor in SR attenuation and maintaining SR stability under the trees.
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Figure 11. Daily variations in SR between trees, under trees, and in the open area for the four tree species.
(a) is Khaya senegualensis, (b) is Terminalia neotaliala, (c) is Mangifera indica, and (d) is Ficus microcarpa.
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Figure 12. Comparison of the degree of SR modification in the shaded area among the four tree
species. (A) ASR = SR in the open area — SR in the shaded area; (B) reduction rate of SR = ASR/SR in

the open area x 100%.

Unlike AT and RH, the under-tree and inter-tree ASR are significant for the four tree
species (Figure 13). The ASR ranges from 22.01 W/m? to 65.37 W/m? (mean 48.26 W/m?).
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Figure 13. Differences between under-tree and inter-tree SR for the four tree species. ASR = inter-tree

SR — under-tree SR.

3.4. Surface Temperature (ST)

The underlying surface of the study area is pavement. Due to the shading effect of
the tree canopy, the effect of trees on ST is considerable (Figure 14). (1) The pattern of
ST is consistent with that of AT. Because of the thermal inertia of ground materials, the
ground generally warms up about 10 min later than the air. (2) In the open area, ST is
obviously affected by the weather, presenting multiple and drastic fluctuations, while ST in
the shaded area has relatively little fluctuation.
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Figure 14. Daily variations in ST between trees, under trees, and in the open area for the four tree species.
(a) is Khaya senegualensis, (b) is Terminalia neotaliala, (c) is Mangifera indica, and (d) is Ficus microcarpa.
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(A)

The comparison of ST in the open and shaded areas (Figure 15) shows that the cooling
benefits reflected by ST vary considerably among the tree species. The greatest cooling
benefits are due to Terminalia neotaliala (12.9 °C, 28.55%). Mangifera indica (11.14 °C, 25.57%)
and Khaya senegalensis (8.85 °C, 22.46%) generate the next highest cooling benefits. Ficus
microcarpa (8.09 °C, 20.51%) provides the least cooling benefit.
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Figure 15. Comparison of the degree of reduction in ST in the shaded area among the four tree
species. (A) AST = ST in the open area — ST in the shaded area; (B) Reduction rate of ST = AST/ST in
the open area x 100%.

The analysis of tree species with the same planting pattern and orientation shows
that AST is 0.76 °C. The range of under-tree and inter-tree AST for the four tree species is
0.1 °C-1.42 °C (mean 0.91 °C), with difference rates ranging from 0.33% to 4.46% (mean
2.84%) (Figure 16). The largest under-tree and inter-tree AST is observed in Terminalia
neotaliala and the smallest in Ficus microcarpa.
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Figure 16. Differences between under-tree and inter-tree ST among the four tree species:
(A) AST = inter-tree ST — under-tree ST; (B) differential rate of ST = AST /under-tree ST x 100%.

3.5. Wind Speed (WS)

Consistent with previous studies, trees have an obstructive effect on wind. Overall,
trees can reduce WS (Figure 17), but this does not mean that WS in the open area is larger
than WS in the shaded area at any given time. In fact, WS is occasionally greater in the
shaded area (e.g., Terminalia neotaliala). Quantifying the WS impeding ability of the four tree
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species (Figure 18) reveals that, although there is no significant difference in AWS among
the four tree species (Figure 18A), a noticeable difference in the WS reduction rate is found
(Figure 18B). The ranking of the trees in terms of their blocking effect on WS is as follows:
Khaya senegalensis (0.66 m/s, 51.39%), Mangifera indica (0.49 m/s, 44.39%), Ficus microcarpa
(0.56 m/s, 48.63%), and Terminalia neotaliala (0.38 m/s, 31.18%). The average AWS for the
four tree species is 0.52 m/s, and the reduction rate of WS is 43.9%.
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Figure 17. Daily variation in WS in open and shaded areas at a reference height (1.5 m) for the four tree
species. (a) is Khaya senegalensis, (b) is Terminalia neotaliala, (c) is Mangifera indica, and (d) is Ficus microcarpa.
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Figure 18. Comparison of the degree of reduction in WS in the shaded area among the four tree

species: (A) AWS = WS in the open area — WS in the shaded area; (B) reduction rate of WS = AWS/WS
in the shaded area x 100%.
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3.6. Physiologically Equivalent Temperature (PET)

The RayMan model, was adopted to evaluate HTC and calculate PET. The current
thermal environment considered acceptable by 80% of the people is referred to as the 80%
acceptable rate (27.25 °C in Guangzhou). The neutral temperature (24.41 °C in Guangzhou)
indicates the minimum temperature necessary for a person to maintain bodily metabolism.
In order to quantify thermal comfort among the four tree species, daily PET data in summer
are presented in Figure 19. (1). PET in the open area is far greater than the neutral
temperature and the 80% acceptable rate. With the exception of a sudden weather change
after 14:00 (Figure 19d), almost all PET values were above 30 °C, with large fluctuations.
(2) Without considering sudden changes in weather, PET in the shaded area for the four
tree species is noticeably lower than that in the open area and is also above the neutral
temperature at all times. From 10:00 to 11:00 a.m., however, the PET in the shaded area
falls below the 80% acceptable rate, indicating that trees may create a gloomy feeling in the
morning when the SR is not too strong. (3) The diurnal variation patterns of PET between
trees and under trees are highly consistent. At the same time, when compared to PET
under trees, a slightly higher PET with more dramatic fluctuations is found between trees.
(4) The inter-tree PETs for Khaya senegalensis and Ficus microcarpa approach PET at an 80%
acceptability rate about 20 min earlier than the under-tree PET and about 1 h earlier than
the inter-tree PETs for Terminalia neotaliala, Ficus microcarpa, and Mangifera indica.
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Figure 19. Daily variation in PET between trees, under trees, and in the open area at a reference
height (1.5 m) for the four tree species. The 80% acceptable rate of PET in Guangzhou is 27.25 °C
in summer. The neutral PET in Guangzhou is 24.41 °C in summer. (a) is Khaya senegalensis, (b) is
Terminalia neotaliala, (c) is Mangifera indica, and (d) is Ficus microcarpa.

Undoubtedly, trees are effective in improving outdoor thermal comfort, and the or-
der of improvement is Terminalia neotaliala, Mangifera indica, Ficus microcarpa, and Khaya
senegalensis (Figure 20). The greatest improvement benefit is attributed to Terminalia neotal-
iala (12.4 °C, 30.35%), followed by Ficus microcarpa and Mangifera indica (9.3 °C, 24.16%).
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(A)

Ficus microcarpa (5.95 °C, 17.65%) and Khaya senegalensis (5.7 °C, 16.21%) have the least
improvement benefit. The difference in APET among the various tree species was 0.25 °C.

(B)

Foue] | e Floce | — T
microcarpa microcarpa
Ficus Ficus
microcarpa microcarpa
and - — and - —
Mangifera Mangifera
indica indica
Terminalia | (S —] Terminalia | T
neotaliala neotaliala
Khaya | e Khaya | (E—] "
senegalensis senegalensis
0 5 10 15 20 0 10 20 30 40
Reduced PET (C) Reduction rate of PET (%)
[[]25%~75% — Median + Mean B 25%~75% — Median + Mean

Figure 20. Comparison of the PET modification between open and shaded areas among four
tree species: (A) APET = PET in the open area — PET in the shaded area; (B) reduction rate of
PET = APET/PET in the open area x 100%.

The inter-tree and under-tree APETs for the four tree species range from 0.5 °C to
1.3 °C (mean 0.98 °C), and the difference rate ranges from 1.83% to 4.47% (mean 3.39%)

(Figure 21).
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Figure 21. Differences between under-tree and inter-tree PET among the four tree species: (A) APET
= inter-tree PET — under-tree PET; (B) differential rate of PET = APET/under-tree PET x 100%.

3.7. Street Orientation

The improvement benefits brought by trees to the outdoor thermal environment with
different street orientations are compared and analyzed in terms of the average rates of
AAT, AST, ASR, AWS, and APET (Figure 22). It can be clearly seen that the cooling effect of
trees varies by street orientation in the absence of surrounding building shadows. Trees in
the NW-SE orientation exhibit the greatest capacity to cool and enhance thermal comfort.
The N-S orientation has the next highest cooling performance. The two tree species Khaya
senegalensis and Ficus microcarpa in the NE-SW orientation yield poor cooling benefits. The
NW-SE orientation is consistent with the prevailing wind direction in Guangzhou and
displays a 16.96% smaller value in AWS in the shaded area of street trees than in other street
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orientations. It is particularly important to improve WS under trees for pedestrian thermal
comfort in a high-humidity environment during the transition period. The NW-SE-oriented
street trees reduce AT by 3%, ST by 8%, and PET by 14% more than the street trees in the
NE-SW orientation. Then, the rate of AAT, AST, and APET values of street trees in the N-S
direction are 1.3%, 3%, and 6.5% lower, respectively, than those in the NE-SW orientation
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Figure 22. Street orientation and the average reduction rates of four parameters: AWS, AAT, APET,
AST, and ASR.

3.8. Planting Patterns

As found by others, double-row planting was significantly better than single-row
planting. The reduction rate of AT in the NE-SW direction was 1.7 times greater in the
double-row Ficus microcarpa (4.17%) than in the single-row Khaya senegalensis (2.47%).
Single-row planting patterns in streets parallel to the prevailing wind direction can also
achieve the effect of double-row planting in other orientations. However, the double-row
planting pattern in streets (NE-SW) with vertical prevailing winds improves the thermal
environment under the canopy even more, increasing the reduction rate of PET by 1.44%
compared to single-row planting.

The results also reveal that the planting pattern is the main source of stability in the
daily SR variations. The ratio of canopy diameter to plant spacing (D/S) was calculated, and
the results are as follows: Khaya senegalensis (1.67), Mangifera indica (3.10), Ficus microcarpa
(1.70), and Terminalia neotaliala (2.20). Since the D/S ratio of Khaya senegalensis is the smallest
(1.67), indicating a small canopy diameter and large plant spacing, the SR reduction rate
under this tree is unstable. Although the D/S ratio of Ficus microcarpa (1.70) is close, the
staggered planting pattern of double-row Ficus microcarpa makes the shadow distribution

between trees uniform and achieves a relatively favorable radiation attenuation effect

Overall, when D/S is greater than 3, the reduction rate of SR under the canopy fluctuates
by less than 1%.

4. Discussion
4.1. Microclimatic Benefits of Street Trees in Transition Seasons

The field measurements and analyses of the microclimatic effects and thermal comfort
generated by trees in Guangzhou during the transition season reveal variations among the

four tree species in enhancing outdoor microclimates. Regarding air temperature, AAT
for the four tree species ranged from 0.83 °C to 1.82 °C (mean 1.45 °C), and the reduction
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rate ranged from 2.47% to 5.43% (mean 4.33%). Numerous studies have explored the
cooling benefits of street trees by comparing the air temperature (AT) between shaded and
open areas. For example, Lin and Lin determined that in the Cfa climate, air temperatures
under the canopy were reduced by 0.64 °C to 2.52 °C during the summer [24]. In Dresden,
Germany, trees planted in rows reduced the average air temperatures by 0.77 °C to 2.22 °C
during the summer [16]. By comparing the experimentally measured transition season’s
AAT with the summer’s AAT reported in the study by Lin and Lin, it is evident that the
transition season’s AAT is 0.7 °C lower than that of the summer. The data indicate that
street trees provide a significant cooling effect during the transition season. Unlike rows of
street trees, the cooling benefit of an individual street tree ranges from 0.85 °C to 1 °C [56].

Humidification by the four tree species varied from 2.41% to 5.26% (average 4.06%).
This finding is in agreement with the RH of street trees of 1.11%-6.48% [16]. During the
subtropical transition season, RH in the open area generally exceeds 60%. Street trees will
raise the RH under the trees due to transpiration, but the increased rate will be limited by
the air with high humidity. When the RH in the open area is reduced by 15%, the increased
rate of RH in the shaded area rises by around 5%.

ASR for the four tree species varied from 217.67 W/m? to 23.75 W/m? (average
327.44 W/m?), with reduction rates ranging from 95.14% to 97.98% (average 96.68%). As
expected, the tree canopy was able to attenuate SR by more than 90% [57], with the LAl as
the main factor making a difference among the four tree species [58]. A larger LAI keeps
daily SR fluctuation more stable and creates a more uniform shaded area under the canopy.

AST for the four tree species on the pavement ranged from 8.09 °C to 12.9 °C (mean
10.25 °C), and reduction rates were in the range of 20.51% to 28.55% (mean 24.27%).
Previous studies have found that trees may lower soil ST by 3.28 °C to 8.07 °C [24] and
asphalt ST by 5.5 °C to 15.2 °C [16]. The reflectivity of various surface materials influences
the change in ST, modifying the surface’s energy gain [59], which has an impact on the
surrounding AT and HTC. Furthermore, with the same street orientation and planting
pattern, the AST for various species varied around 0.76 °C.

AWS for the four tree species ranged from 0.38 m/s to 0.66 m/s (mean 0.52 m/s),
with a reduction rate ranging from 31.18% to 51.39% (mean 43.90%). Terminalia neotaliala,
being the least obstructive to wind, better meets pedestrian expectations of wind. The WS
reduction rates are similar to those found in other studies, which found that cluster-planted
trees reduced WS under the trees by 51% to 83% [38], 46% [60], and 54% [61]

APET for the four tree species varied from 5.7 °C to 12.4 °C (mean 8.34 °C), with
reduction rates ranging from 16.21% to 30.35% (mean 22.09%). Maximum improvement
benefits were provided by Terminalia neotaliala. Street trees have reduced under-tree PET
in summer by 4.7 °C to 5.3 °C in Melbourne, Australia [62]; up to 4.6 °C in Freiburg,
Germany [63]; 16 °C in Campinas, Brazil [22]; and 16.5 °C in Guangzhou, China [56]. The
maximum APET among the four tree species in the transition season was approximately
4.1 °C lower than that in the subtropical summer. The minimum APET benefit was about
1 °C higher than that in the temperate summer. All four tree species performed well in
moderating HTC, but the difference in PET was just 0.25 °C among the four tree species.
Consistent with our results, Sanusi concluded that there were no significant differences in
PET benefits between tree species [62].

4.2. Under-Tree and Inter-Tree Microclimate Differences

The under-tree and inter-tree microclimate parameters for the four tree species were
monitored, and the daily variation curves of AT and RH for each species were found to
be close. Their average difference was 0.06 °C for AT and 0.44% for RH. However, the
under-tree and inter-tree daily variation curves for SR and ST were more distinct, with
differences ranging from 22.01 W/m? to 65.37 W/m? (mean 48.26 W/m?) for SR and
0.1 °C to 1.42 °C (mean 0.91 °C) for ST. Inter-tree and under-tree APET among the four
tree species ranged from 0.5 °C to 1.3 °C (mean 0.98 °C), with difference rates ranging
from 1.83% to 4.47% (mean 3.39%). Inter-tree PET usually reached the 80% acceptable
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PET value 20 min to 1 h earlier in the morning, as compared to under-tree PET. The
discrepancy in SR and ST between under-tree and inter-tree implies that microclimate
parameters are not uniformly distributed under street trees. As a result, while evaluating the
overall microclimatic advantages of street trees, the influence of inter-tree variations should
be considered.

4.3. Effect of Planting Patterns and Street Orientations on Microclimate Benefits

The double-row planting pattern improves the reduction rate of AT by 1.7 times
compared to the single-row planting pattern. The microclimatic benefits of a single-row
planting pattern for streets with parallel prevailing winds are comparable to those of street
trees planted in a vertical prevailing wind direction. Streets with perpendicular or offset
angles to the prevailing wind direction can increase the reduction rate of PET by 1.44%
with a double-row planting pattern.

The larger the ratio of canopy diameter to plant spacing (D/S), the more consistent
the ASR is under the canopy, indirectly reducing inter-tree and under-tree AST differences.
ASR fluctuations under the canopy can be less than 1% at a D/S ratio of 3 and above. With
the same D/S value, a double-row planting pattern enhanced the stability of the under-tree
and inter-tree ST and SR. The reduction rate of SR under the canopy of double-row street
trees fluctuated by only 1.3%, which was 1.8 times lower than that in single-row street trees.
The difference between under- and inter-tree ST of double-row street trees was roughly
1 °C, while the double-row Ficus microcarpa with a staggering planting pattern provided
good shade beneath the trees, with a difference of about 0.1 °C.

Trees in the NW-SE orientation were found to have the greatest ability to cool down and
improve the microenvironment. Although Terminalia neotaliala planted in this orientation
did not perform optimally in reducing SR and ST, the NW-SE orientation parallels the
prevailing summer wind direction in Guangzhou, thus maintaining a good under-tree
microenvironment [64]. The rate of AWS for Terminalia neotaliala in the shaded area was
16.96% lower than that in the other orientations. In hot and humid areas, increasing WS
is one of the most effective ways to improve HTC. Street trees planted in the parallel
prevailing wind direction (NW-SE) can reduce AT by 5% and PET by 30% on average
under the canopy. Conversely, street trees in the NE-SW orientation, perpendicular to the
prevailing wind direction, create a poorer thermal environment. Compared to NE-SW,
NW-SE has twice the AT reduction rate, while N-S has a 1.3 times more reduction rate than
NE-SW. This is in line with Kriiger [64], who concluded that trees in S-N-oriented streets
can exhibit better cooling potential.

5. Limitations

The selected street range was relatively wide, and only a certain area of the street was
measured during the experiment. However, since streets change dynamically in real time
(e.g., affected by pedestrians, vehicles, etc.), it is recommended that measurement points be
arranged in multiple areas of the entire street to obtain more holistic and comprehensive
environmental data for the street. Currently, the measured data are applicable to hot and
humid areas. In other climatic zones, while the experimental method can be applied, the
experimental parameters must be specifically determined according to local conditions,
and further relevant studies are required [65-67].

6. Conclusions

Based on the physiological parameters of typical tree species in hot and humid areas
and their surrounding microclimate data, we have investigated the effects of various tree
species, planting patterns, and street orientations on the microclimate under trees, and we
have analyzed the changes in the microclimatic parameters of street trees in the transitional
season, drawing the following conclusions:
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o  The four street tree species can significantly improve the thermal environment of street
canyons with an average AAT of 1.45 °C (reduction rate of 4.33%), an average AST of
10.25 °C (reduction rate of 24.27%), and an average APET of 8.34 °C (reduction rate
of 22.09%). In the transition season, the maximum AAT and APET for the four tree
species are 1.82 °C and 12.4 °C, respectively, 0.7 °C and 4.1 °C lower than those in the
subtropical summer. The minimum APET of the four tree species is 5.7 °C, about 1 °C
higher than in the temperate summer.

e Based on the potential of the four tree species for improving the outdoor thermal
environment, the order of priority is as follows: Terminalia neotaliala > Mangifera indica
> Ficus microcarpa > Khaya senegalensis. The differences in AST and APET among the
four species were only 0.76 °C and 0.25 °C, respectively.

e  Among the four tree species, the inter-tree and under-tree differences averaged 0.06 °C
for AT, 0.44% for RH, 0.91 °C for ST and 0.98 °C for PET. Therefore, while evaluating
the overall microclimate benefits of street trees, the influence of inter-tree differences
should be considered.

e  The reduction rate of AT was 1.7 times greater in the double-row planting pattern
than in the single-row planting pattern. With the same D/S value, a double-row
planting pattern enhanced the stability of the under-tree and inter-tree ST and SR. ASR
fluctuations under the canopy were less than 1% at a D/S ratio of 3 and above.

e  In streets parallel to the prevailing summer wind direction (NW-SE) in Guangzhou,
street trees in the shaded area yielded a 16.96% reduction in AWS. Trees in the NE-SW
direction had the least ability to improve HTC. Compared to NE-SW, NW-SE had
twice the AT reduction rate, while N-S had 1.3 times more reduction rate than NE-SW.

e A single-row planting pattern is recommended for streets with parallel prevailing
winds, whereas a double-row planting pattern is better for streets that are perpendicu-
lar or at an angle to the prevailing wind direction to improve the HTC.
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