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Abstract: Hot and humid areas experience constant high temperatures and high humidity during
summer, causing widespread concern about outdoor thermal discomfort. This paper investigates the
effects of landscape design strategies on outdoor thermal environments during typical summer and
winter weather conditions in the hot-humid areas of China. The physiological equivalent temperature
(PET) is used for evaluating the thermal performance of the proposed outdoor environments. ENVI-
met software was validated via field measurements for this study and was used to evaluate the
outdoor thermal environment under typical summer and winter weather conditions. Three kinds of
common landscape elements were analyzed: tree species, pavement, and water bodies. The results
show that (1) by properly arranging landscape elements, the PET can be reduced by up to 1.6 °C
in summer without sacrificing relevant thermal comfort during winter. (2) Arbors with high leaf
area density (LAD) values performed better than those with a low LAD value for improved outdoor
thermal comfort. (3) The influence of pavement on outdoor thermal comfort differs when under
conditions with and without shade. This study provides practical suggestions for landscape design
in open spaces within hot-humid areas.

Keywords: hot-humid areas; microclimate; field measurement; outdoor thermal comfort; landscape
elements

1. Introduction

Affected by global and urban climate change, urban heat islands become aggravated
over time [1]. In hot areas, the high outdoor temperatures lasting for a long time throughout
the year can cause a series of health concerns [2], such as eye fatigue, vertigo, shortness
of breath, and tachycardia [3]. In this case, people tend to spend an excessive amount of
time in air-conditioned indoor spaces, which imposes negative effects on health [4] and
increases building energy consumption [5,6]. A comfortable outdoor environment benefits
cities in various ways, including physical, environmental, economic, and social aspects,
and also encourages people to stay outdoors [7-9]. Thermal conditions represent one of the
most important factors in creating a satisfying outdoor environment [10-12].

As shown in the Table 1, in recent decades, a number of investigations were carried
out to evaluate outdoor thermal conditions. The characteristics of the outdoor thermal
environment vary with differing climate zones [13]. In hot-humid areas, overheating in
summer is a major problem for outdoor environments [14], and urban areas are usually
affected by extreme climatic conditions. Meanwhile, tremendous urban expansion and
changes in the ground surface properties can lead to urban heat island effects [15]. In this
case, a number of optimizations for outdoor thermal environments have been carried out
around various landscape and urban design elements [16,17], including tree species [18],
tree layout [19,20], urban layout [21,22], and pavement [23]. It is envisaged that such “opti-
mized” design strategies are usually dominated by the summer climatic conditions [24,25].
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The environmental quality using such strategies in winter, however, can be very different
from the summer case. Though studies on the seasonal differences of the landscape design
strategies can be found in places with distinctive seasonal weather conditions, as shown in
Table 2, few studies can be found which cover subtropical areas with considerably high
humidity and risks of feeling cold discomfort in winter.

Table 1. Review of outdoor thermal comfort investigations in different regions.

Region Climate Season Measurement Time Thermal Comfort Index
Shanghai, China [26] Cfa Summer 1 day PET
Athens, Greece [27] Csa Summer, winter 125 days in summer, 28 days in winter PET
Xi’an, China [28] Cwa/BSk Winter and summer 1 day per season UTCI
Anatolia, Turkey [29] BSk Summer 10 days PET
Harbin, China [30] Dwa Summer, autumn, winter 23 days from July to January PET
Guangzhou, China [31] Cfa All seasons From June in 2016 to May in 2017 PET, UTCI, SET
Guangzhou, China [32] Cfa Summer 12 days PET
Guangzhou, China [33] Cfa Summer From June to July in 2019 PET, UTCI
Hong Kong, China [34] Cfa Summer 3 days UTCI
Guangzhou, China [35] Cfa Summer From June to July in 2016 WBGT, SET, PET, UTCI, PMV
Dalian, China [36] Dwa Autumn 5 days UTCI

Table 2. Different effects of heat mitigation strategies on outdoor thermal comfort in summer

and winter.
Region Strategy Parameters Summer Winter
Lhasa, China [37] Tree species PET —-9.73 °C +10.56 °C
Adana, Turkey [38] Planting design PMV —1.75 +0.50
Mianyang, China [39] Pavement Temperature —4.5°C +3.7 °C
Calabria University, Italy [40] Green roof Temperature —12°C +4°C
Puigverd de Lleida, Spain [41] Green roof Energy consumption —16.7%, —2.2% +6.1%, +11.1%
Xi’an, China [28] Pavilion UTCI —10.1°C —155°C
Erzurum, Turkey [42] Planting design PET —-1°C +2°C

Guangzhou is a typical city in the hot-humid areas of China with a large population.
Local universities represent densely populated areas. The campus environment plays an
important role in the daily life of students. Adequate outdoor activities are essential to
the student’s performance and health [43-46]. The outdoor open space, or what we call
“squares”, functions as an important activity site on campus. This place, however, is usually
regarded as a symbol of university culture and power. As a result, less attention is paid
to regulating the microclimate when designing campus squares. With an increasing focus
being paid to the student’s physical and mental health, it is necessary to study and design
the campus square from the perspective of environmental quality [47].

Water bodies, arbors, and pavement are common landscape elements within campus
squares. It is feasible to use them to improve the outdoor thermal environment of the
square [48-50]. Research indicates that outdoor thermal discomfort is closely related to
solar radiation and that trees of different species have different solar attenuation capac-
ity [51]. The creation of a thermally comfortable environment can be achieved due to the
combined solar attenuation and evaporative cooling capabilities of the trees [52,53]. During
summer in hot-humid areas, the air and surface temperature below the tree canopy is
lower than in surrounding unshaded areas [54]. Proper planting locations and species
have positive impacts on outdoor thermal comfort [55]. The evaporation of water has
positive impacts on reducing air temperature [56,57]. In addition to evaporation effects,
water has a relatively high heat capacity, with suppressed maximum daytime tempera-
tures. High albedo pavement has high reflectivity and a high emissivity coefficient to solar
radiation [58]. Increasing the area of highly albedo pavement in the square can reduce
the solar heat gain in the environment and lower the air temperature. This process of
“negative radiative forcing” can help to alleviate the effects of global warming and improve
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the microclimate [59-61]. Thus, high albedo pavement plays a vital role in the thermal
environment of the square [62].

It is summarized that several works have evaluated the effects of the single landscape
elements on the thermal environment. For hot and humid areas, in addition, the ther-
mal environments during the summer are usually portrayed as the “most unfavorable”
condition to the people in that open space. Yet, the contributions of multiple landscape
elements to the thermal environment during various seasons are not studied sufficiently,
leaving considerable uncertainties around environmental performance during winter. In
this regard, this study explores the potential of landscape element combinations during
typical summer and winter weather conditions to improve outdoor thermal environments
in the hot-humid areas of China. Whether landscape design strategies for improving the
thermal environment in summer have a negative effect on winter is analyzed. Suggestions
for the construction and renovation of squares in hot-humid areas in China are provided.

2. Methodology

The research framework is illustrated in Figure 1. Field measurements were taken
on summer and winter days from 7:00 a.m. to 9:00 p.m. There were four observation
points, two of which were under tree shade and two of which were fully exposed to
solar radiation. Besides, we have conducted field investigations to describe the built
environment of the research area (form of architecture, height, greenery, and pavement).
ENVI-met is a three-dimensional microclimatic model which can simulate microclimates
in urban contexts, with considerations of surface—plant-air interactions. Using ENVI-met,
the effects of small-scale changes in urban design, including the trees, buildings, and
materials, on the microclimate can be analyzed quantitatively [63]. We parameterized
it by creating a model using the ENVI-met software v4.4. The accuracy of ENVI-met in
simulating environmental parameters, including temperature, relative humidity, wind
velocity, etc., has been validated by multiple measurement studies [64-66]. However,
due to the differences in the simulation objects, simulation scale, simulation area and
surrounding environment, the model is a simplification of the actual environment to a
certain extent, where there are certain differences between simulation and reality. Therefore,
to verify the simulation model established in ENVI-met, we carried out field surveys and
compared the observed air temperature and relative humidity with the results predicted
by the ENVI-met model. Furthermore, four local common tree species were established in
the ENVI-met database, and simulations including these tree species were performed to
predict the impacts of vegetation and the combination of the arbor, pavement, and water
bodies on the outdoor thermal environment. The simulation results were compared with
those of the control group, which simulates the current status of the sites. Finally, we draw
conclusions and make recommendations for landscape architects and decision-makers on
the design and renovation of campus squares.

2.1. Climate Condition

Located on the subtropical coast, Guangzhou has a maritime subtropical monsoon
climate that is characterized by warm and rainy conditions, sufficient heat and light, long
summers, and short winter periods. As shown in Figure 2, the annual mean temperature
and humidity are 22 °C and 77%, respectively [67]. The hottest month of the year is July,
with an average temperature of 28.7 °C. The coldest month is January, with an average
temperature ranging from 9 °C to 16 °C. Throughout the year, there is a rainy season from
April to June, hot weather and typhoons from July to September, moderate temperatures
in October, November, and March, and a relatively cool winter season from December
to February.
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Figure 2. Monthly mean air temperature (Ta (Mean)), maximum air temperature (Ta (Max)), minimum
air temperature (Ta (Min)), and mean relative humidity (RH (Mean)) in Guangzhou [data Source:
Chinese standard weather database].

2.2. Study Area and Model Validation

In this paper, we take the square from Guangzhou University as the object of study. The
east and west sides of the square in front of Guangzhou University are the administrative
buildings, and the central lawn and the library in the north form the landscape axis. There
are two rows of flower beds on both sides of the lawn. In order to assess the thermal
comfort of the campus square and verify the simulation model, four points of the campus
square were measured on 12 January and 12 July 2022, with two shaded and two unshaded
areas. The instruments were set 1.5 m away from the ground. The locations of the selected
measurement points are shown in Figure 3. The measurement instruments and their
parameters are given Table 3.
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Figure 3. On-stie measurement layout.
Table 3. Measuring instruments and parameters.
Measurement Instrument Measured Parameters Instrument Range Instrvru'm?,nt
Sensitivity
Kestrel5500 Wind speed 0~5m/s +0.05m/s
HOBO Pro Air temperature —40~70 °C +05°C
HOBO Pro Relative humidity 0~100% +2.5%
TBQ-2L solar radiometer Solar radiation 280~3000 nm 10.436 uV/ Wm—2

The measured hourly air temperature and relative humidity from 7:00 a.m. to 9:00 p.m.
during typical summer and winter conditions were compared with the simulated values
from the ENVI-met software to verify the model’s reliability. In this paper, the correlation
coefficient (R?), mean absolute error (MAE), and root mean square error (RMSE) were used
to test the accuracy of the model. The calculation formulas are as follows.

2
RMSE = \/ Z?:l(Xobs,z‘n— Xinodel,i) O

Y Xobsi — Xinodet,i
n

MAE (2)

where X5 is the measured value, X, 4, is the simulated, and n is the number of data pieces.

2.3. Thermal Comfort Assessing Indices

PET is a well-known physiological temperature indicator derived from the human
body energy balance equation, the unit of which is Celsius degrees. This criterion calculates
the human thermal comfort using the factors of air temperature, relative humidity, wind
speed, and mean radiant temperature, along with personal factors, including clothes and
metabolic rates [68]. Currently, PET is widely used in built-up urban areas to evaluate the
outdoor thermal environment [69-71]. Therefore, in this study, PET was selected as the
evaluation index for each modification strategy. PET has different evaluation ranges for
outdoor thermal comfort in differing climate zones. People in hot-humid areas are more
adaptable and tolerant to high temperature and humidity environments [72,73]. This study
refers to the PET assessment range suitable for Guangzhou [74], as shown in Table 4.
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Table 4. Range of PET assessment in Guangzhou [74].
PET Thermal Perception Grade of Physiological Stress
- Very cold Extreme cold stress
- Cold strong cold stress
Below 11.3 °C Cool Moderate cold stress
11.3-19.2°C Slightly cool Slight cold stress
19.2-24.6 °C Comfortable No thermal stress
24.6-29.1°C Slightly warm Slight heat stress
29.1-36.3 °C Warm Moderate heat stress
36.3-53.6 °C Hot Strong heat stress
Above 53.6 °C Very hot Extreme heat stress

2.4. Establishment of Plant Database

The geometric structure of the original vegetation constructed in ENVI-met is related
to common plants in high-latitude countries, which have large leaves and high LAD
values [75]. In order to accurately predict the changes in the microclimate within the model,
four plants, local and common to the hot-humid areas of China, were selected [76], and the
details are shown in Table 5. Table 6 shows the plant model.

Table 5. Parameters of plants involved in this study [76].

Bauhinia

Parameter Types Project Mangifera indica Michelia alba blakeana Ficus microcarpa
Tree height(m) 6.69 10.46 6.82 5.5
Canopy shape Diameter at breast height(cm) 25.05 21.64 14.87 18.98
Under branch height(m) 2 3 2 2
The crown(m) 6 6 6 6
Root morphology Depth of roots(m) Uniformly set to 0.45 m
Diameter of roots(m) The default ENVI-met value is used
Blade properties Foliage shortwave albedo 0.27 0.28 0.31 0.31
LAI(m2/m?) 2.73 246 3.02 3.43
LAD(m?2/m?)
1 m high - - - -
2 m high 0.17 * 0.18 0.36
3 m high 0.36 0.1 0.38 0.88
4 m high 0.71 0.15 0.74 1.39
5m high 0.89 0.25 0.98 0.8
6 m high 0.59 0.39 0.74 -
7 m high - 0.52 - -
8 m high - 0.53 - -
9 m high - 0.44 - -
10 m high - 0.08 - -

2.5. Case Studies Description

As shown in Table 7, to compare the influence of lawn, water body, and pavement on
outdoor thermal comfort, the original central lawn of the site was replaced with pavement
(albedo is 0.3) and a water body. Grey concrete pavement (albedo of 0.25 to 0.4), glacier
concrete pavement (albedo of 0.3), and dolomite precast concrete pavement (albedo of 0.54)
are common paving materials for squares. Materials with an albedo lower than 0.2, such as
asphalt, and materials with an albedo higher than 0.6, such as gravel, are rarely used in
squares [77]. Therefore, those pavements with an albedo of 0.3, 0.4, and 0.5 were set into the
simulation for comparison. In addition, to explore the influence of arbors on the outdoor
thermal environment, four kinds of arbors were arranged in the vacant flower beds on both
sides of the lawn. Therefore, nine different scenarios were simulated in the first stage of this
study to examine the independent effects of different landscape elements on the thermal
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environment. The results show that water bodies and arbors had significant effects on the
outdoor thermal environment. Therefore, based on the research results of the first stage,
12 combinations of landscape elements (water body, different arbors, and different albedo
pavement) were set up, aiming to find the best solution for outdoor thermal comfort in both
summer and winter. The observation point of each data point is the position of “L-0.3-/"
(red point in Table 7), which is 1.5 m above the ground. Table 8 shows the boundary
conditions of the model.

Table 6. Typical tree photo extraction ENVI-met abstract model schematic.

Tree Species Typical Tree Photos ENVI-Met Model

Mangifera indica

Michelia able

Bauhinia blakeana

Ficus microcarpa

Table 7. Case studies description.

The Control Group Describe

Serial number image

A-B-C:“A” denotes the nature of the land in the center of the site, where “L” is lawn, “W” is water

l‘ I body, and “P” is pavement with a 0.3 albedo; “B” denotes the albedo of the pavement; “C”
indicates the type of plant to be placed: “Mi” is Mangifera indica, “Ma” is Michelia able, “Bb” is
L-0.3-/ Bauhinia blakeana, “Fm” is Ficus macrocarpa, and “/” is no tree. “L-0.3-/" is the site status model,
l I which was validated by field measurement.
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Table 7. Cont.

The Control Group Describe
The first stage
Serial number image Serial number image Serial number image
W-0.3-/ I I P-0.3-/ ﬁ L-04-/
E l | l l
L-0.5-/ L-0.3-Mi ' I L-0.3-Ma ' l
1-0.3-Bb ;'I L-0.3-Fm E

The second stage

Serial number

Serial number image Serial number

)
W-0.3-Mi ﬁ : | : W-0.4-Mi E W-0.5-Mi
W-0.3-Ma ﬁ W-0.4-Ma ﬁ W-0.5-Ma
W-0.3-Bb E W-0.4-Bb E W-0.5-Bb
W-0.3-Fm E W-0.4-Fm E W-0.5-Fm
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Table 8. Initial setting of the ENVI-met simulation.

Boundary Conditions of the Simulation Process by ENVI-Met Model

Location

Simulation date

Simulation time

Model dimensions

Grid cell
Grid north
Nesting grids
Roughness length

Wind direction (N:0, 180:S)

Wind speed
Air temperature

Relative humidity

PET index calculation
Results visualization

Guangzhou (23°12' N; 113°20’ E)
Summer 22 January 2022
Winter 22 July 2022
From 07:00:00 to 21:00:00
X-Grids:96 Y-Grids: 81 Z-Grids:24
dx=3dy=3dz=3

OO
5
0.1
Summer 135°
Winter 0°
Summer 0-1.5m/s
Winter 04-15m/s
Summer 27.5-31.1 °C
Winter 11.5-15.9 °C
Summer 64-85%
Winter 65-66%

Biomet process
Leonardo visualization tool

3. Results and Discussion
3.1. Thermal Environment Assessment and ENVI-Met Model Validation
3.1.1. Thermal Environment Assessment

Figure 4 shows the temperature and humidity variation of each measurement site on
typical days during summer and winter. In summer, the temperature peaked at 16:00 local
time, which was about 36 °C on average. Even the lowest record can be as high as 29 °C,
and it occurred at 8:00. The temperature of the shaded points was lower than that of the
measuring points without shade. The relative humidity dropped all the way down from
almost 80% to 45% from 8:00 to 16:00 and then gradually rose. Temperature and humidity
changed according to opposite trends. In winter, the temperature at the measured time
held above 11 °C and the relative humidity fluctuated between 55% and 65%. According to
the measurement results, the relative humidity of points 3 and 4 with plant shading was
obviously higher than that of points 1 and 2 without plant shading. Summarily, the results
indicate that the arrangement of different landscape elements can effectively influence the
microclimate of the site.

3.1.2. Model Accuracy Assessment

As summarized in Table 9, we calculated and analyzed the error of the simulated value
relative to the measured value. The correlation coefficients (R?) between the measured and
simulated atmospheric temperature and relative humidity values for the four monitoring
sites ranged from 0.88 to 0.94 and 0.84 to 0.95 for winter and 0.94 to 0.98 and 0.94 to 0.98 for
summer, respectively. The RMSE values ranged from 0.91 °C to 2.29 °C and 0.73% to 2.27%
in winter and from 0.53 °C to 2.56 °C and 2.47% to 3.36% in summer. MAE values ranged
from 0.55 °C to 1.06 °C, 0.66% to 1.99% in winter and from 0.42 °C to 0.55 °C, 1.85% to0 2.77%
in summer. Figure 5 shows the simulation and measurement fitting for the air temperature
at each measured point. And Figure 6 reports the simulation and measurement fitting for
the relative humidity at each measured point. The results indicate that the established
ENVI-met model is reliable and can be used to test the thermal environment.



Atmosphere 2022, 13, 1604

10 of 24

364

< 301

801

o= B |
O W

& o
=

Relative humidity(%)

[
W O

S W

o

Pointl
Point2
Point3
Point4
78 910111213141516171819202122
Local time(h)
(a)
Point1
Point2
Point3
Point4

78 910111213141516171819202122

)

Local time(h)

(©)

W =) -
1 1 J

Air temperature(°C)
s =

)
L

= = =)
(NS N, - \
" )

W
%
L

Relative humidity(%)
wn ! [+
(=) [=]

W
s
"

32

Pointl
Point2
Point3
Point4
7 8910111213141516171819202122
Local time(h)
Pointl
Point2
Point3
.............. Point4
7 8910111213141516171819202122
Local time(h)

Figure 4. Measured meteorological data, (a) air temperature on a typical day in summer, (b) air
temperature on a typical day in winter, (c) relative humidity on a typical day in summer, and
(d) relative humidity on a typical day in winter.

Table 9. RMSE, MAE, and R? between the measured and simulated values.

Meteorological Indicators Point 1 Point 2 Point 3 Point 4
Elements

Air temperature RMSE/°C 256 0.54 0.53 0.55
(Smfmer) MAE/°C 0.55 0.42 0.45 0.48
R? 0.94 0.96 0.98 0.98
) . RMSE/% 3.36 3.33 2.37 247
Rda(t;‘l’lfn};;‘g‘;dlty MAE /% 247 2.77 1.85 2.04
R? 0.94 0.96 0.98 0.98
Air temperatun RMSE/°C 2.29 0.92 0.91 1.21
&irf:fe 3 ure MAE/°C 0.55 0.8 0.79 1.05
R? 0.88 0.91 0.94 0.89
, . RMSE /% 22 0.72 1.21 1.92
Relative humidity MAE,/% 19 0.65 0.88 1.57
(winter) R2 0.84 0.95 0.87 0.85

3.2. Effect of Landscape Elements on Air Temperature, Relative Humidity, and Wind Speed

Figures 7 and 8 illustrate the effects of different landscape elements on air temperature
and relative humidity in summer (a) and winter (b), respectively. As Figure 7 shows,
compared with the lawn and pavement, the water body is the best cooling measure. It
improves thermal comfort in summer and has a negative impact in winter. Compared with
L-0.3-/, the water body reduced the temperature by 1.3 °C and 0.3 °C in summer and winter,
respectively. As shown in Figure 8, water is the landscape element that can substantially
increase the relative humidity in summer. A high-temperature environment intensifies
water evaporation, meaning the relative humidity at the site rises by 4-6% compared to a
lawn of an equal area. The temperature during winter is low, and the evaporation of water
is lower than that of summer. The ability of the lawn and water body (of the same area) to
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affect site moisture is almost the same, with a difference of less than 1%. As Figure 9 shows,
during summertime, compared with the lawn scene, the wind speed is stronger within the
water body scene. This is because the water body lowers the surrounding temperature and
creates a temperature difference over the site; the cold pressure intensifies the wind speed.
Similarly, the temperature in winter is relatively low, and a temperature difference can be
generated by the heat storage and dissipation functions of the lawn. Therefore, wind speed
in the lawn scenario is stronger than that in the water body scenario.

~371 =8}
2_ 36 OU 36
T o .
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5344 ..  ee y = 0.95x+1.56 7} eon
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11 12 13 14 15 16 17 11 12 13 14 15 16 17

Measured air temperature(°C) Measured air temperature(°C)

(o) (d)

Figure 5. Relationship between the simulation and measurement for air temperature. (a) Point 1 and
2 in summer, (b) point 3 and 4 in summer, (c) point 1 and 2 in winter, and (d) point 3 and 4 in winter.

Regarding the arbor, the results indicate that arbors are also effective in cooling
summer temperatures. Different kinds of arbors exhibit different cooling abilities. The main
reason is that the physical form and evapotranspiration of arbors are different. Michelia able,
which has the lowest LAD values, creates the lowest temperatures in summer relative to
the other arbors. This is partly because its canopy is relatively the sparsest and shields
the least wind. In winter, arbors have a thermal insulation effect on the environment [78].
Because arbors block part of the wind and, consequently, the wind speed drops [79,80],
this reduces the heat exchange between a person’s body and the cold wind, improving the
body’s perceived temperature. As shown in Figure 8, compared with L-0.3-/, the relative
humidity of Mangifera indica decreases significantly from 12:00 to 16:00, while the other
arbors increased the relative humidity. The reason may be that Mangifera indica leaves have
the lowest foliage shortwave albedo (0.27), and receiving more solar radiation is beneficial
to promote photosynthesis; therefore, the leaves absorb more water from the surrounding
environment. In addition, as shown in Figure 9, arbors reduce wind speed in summer
and winter. The ability of arbors to reduce wind speed is mainly related to their LAD
values [81,82]. Ficus microcarpa, with the largest LAD value, reduces wind speed the most
in summer and winter among the four kinds of arbors.
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Figure 9. Effects of landscape elements on wind speed in summer (a) and winter (b).

In terms of pavement, a large area of hard pavement in summer could lead to thermal
discomfort. Compared with L-0.3-/ and P-0.3-/, the site temperature difference was
0.3 °C on average, which indicates that the lawn is more conducive to improving outdoor
thermal comfort. Changing the albedo of the pavement can regulate the air temperature.
If the albedo of the pavement increases from 0.3 to 0.4, the temperature of the unshaded
spaces can be reduced by up to 0.4 °C in summer. When the albedo of the pavement is
increased to 0.5, the maximum air temperature recorded declined by 0.1 °C. In winter,
highly albedo pavement reduces the radiation absorbed by the ground, resulting in the
lowest air temperatures. According to Figure 8, in summer, when the pavement albedo
rises from 0.3 to 0.4 and 0.4 to 0.5, this increases the relative humidity by 1.82% and 0.2%,
respectively. This may be because, as the albedo increases, the pavement absorbs less solar
radiation and the low ground temperature affects the air temperature, which leads to a rise
in humidity. Similarly, a decrease in summer surface temperature leads to an increase in
wind speed. In winter, the opposite is true.

3.3. Impact of Landscape Elements on Outdoor Thermal Comfort

Figure 10 shows the influence of various landscape elements on outdoor thermal
comfort in summer and winter, respectively. In summer, water significantly reduced the
PET value of the site. The higher the temperature, the more significant the improvement of
the water body on the thermal environment. The maximum PET value could be reduced
by 1.1 °C from 15:00-16:00. In winter, the air temperature and solar radiation are low, and
the water body is expected to reduce the temperature of the site and increase the relative
humidity of the site, which leads to a 2.2 °C reduction in PET on average during the daytime
and strengthens the cold discomfort. As shown in Figure 11, compared with “L-0.3-/” and
“W-0.3-/”, the southeast wind significantly reduces the PET value for the northwest of the
water body in summer. In winter, winds from the north can significantly reduce the PET
values for the south of the water body. It can be seen that, with a change in wind direction,
the water body affects the outdoor thermal condition of the different locations.

As shown in Figure 11, compared with the water body, the influence of the arbors on
outdoor thermal comfort is more significant. In summer, the canopy of the arbors reduces
the solar radiation absorbed by the ground [83], which significantly cools the environment.
The four arbors decrease the PET value by an average of 4 °C during the hottest hours.
In winter, the solar radiation is not as strong as it is in summer, and the shielding of the
solar radiation by the arbor’s canopy has little influence on the thermal comfort of the
site. However, the canopy of the arbors affects the wind environment [84,85]. Arbors with
higher LAD can effectively reduce airflow velocity and create a more comfortable outdoor
environment. The effects of the foliage shortwave albedo and LAD on outdoor thermal
comfort are apparent. Among the four kinds of arbors, Ficus microcarpa, which has a high
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value for leaf foliage shortwave albedo and LAD, can better improve the outdoor thermal
environment in both summer and winter.
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Figure 10. Effects of landscape elements on outdoor thermal comfort in summer (a) and winter (b).
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Figure 11. Contour map of PET distribution for the different scenarios at 15:00 in summer and 14:00
in winter.
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With the increase in pavement albedo, the summer PET value shows an upward trend,
and the thermal comfort of the site decreases. This indicates that pavement with a high
albedo value is not conducive to improving outdoor thermal conditions under an unshaded
area [86]. Among the three albedo indices in this study, 0.3 is the most suitable value for
unshaded spaces in the hot-humid areas of China. When the pavement albedo increases
from 0.4 to 0.5, the outdoor thermal comfort of the site is basically unchanged. The high
albedo material can re-radiate the incident solar radiation to the sky, even if the ground
temperature is reduced, meaning the pedestrians can feel uncomfortable because of the
considerable radiation their bodies are exposed to. Hence, this factor is unable to improve
the thermal environment overall. In winter, although more reflected radiation could
theoretically warm the human body during winter, the total amount of radiation is low
and insufficient to compensate for the cold discomfort caused by the drop in temperature.
Comparing L-0.3-/ with P-0.3-/ during summer without shade, a 0.3 albedo pavement of
the same area can lead to higher thermal discomfort than a lawn, which raises the PET by
1.5 °C at most. Under the conditions of no shade during winter, compared with the lawn, a
0.3 albedo pavement reduced the site PET by 2.5 °C on average in the daytime.

3.4. Effect of the Combination of Landscape Elements on Temperature, Relative Humidity, and
Wind Speed

The simulation results for those design scenes where the lawn was replaced by water,
with arbors arranged around this, are shown in Figures 12-16. According to Figure 12, air
temperature at the monitoring point drops significantly. The values of Mangifera indica,
Michelia able, Bauhinia blakeana, and Ficus microcarpa decreased by about 1.1, 1.1, 1.1, and
1.0 °C, respectively. When the pavement albedo increased to 0.4, the air temperature
decreased slightly. When the pavement albedo moves to 0.5, the air temperature was
basically the same as for 0.4. This is because little solar radiation passes through the leaves,
and the increased albedo cannot reflect more solar radiation. Figure 13 depicts the situation
in winter. Air temperature remained basically unchanged because trees have a certain
insulation effect. If the albedo of the pavement increases from 0.4 to 0.5, the temperature
remains almost the same. In winter, the solar radiation value is low, and the radiation that
emits to the ground through the plant canopy is even lower. The radiation reflected by the
ground is slight, and the increase in pavement albedo could not significantly increase the
radiation reflected in the pedestrian space.

Figures 14 and 15 demonstrate the relative humidity results. In summer, the monitor-
ing point observes a significant rise after 14:00, and the change was 4.1% for Mangifera
indica, 4.2% for Michelia alba, 4.1% for Bauhinia blakeana, and 4.1% for Ficus microcarpa.
When the site albedo rose to 0.4, the humidity increased slightly, and the humidity when
the albedo rose to 0.5 remained basically the same as when the albedo was set to 0.4. In
winter, except for Mangifera indica, the humidity remains basically unchanged with the
other three arbors. The relative humidity increases slightly with increasing pavement
albedo. When Mangifera indica is deployed, the humidity is 1-3% lower at all times of the
day than in other cases.

As can be seen in Figure 16, in summer, the wind speed for the scenario with the
four arbor variations increased by 0.13, 0.21, 0.13, and 0.08 m/s, respectively (it should be
noted that the wind speed increases because the water body replaces the lawn. During
the hot summer, the temperature difference between the water body and the surrounding
high-temperature environment increases the wind speed). Wind speed increases the most
within the Michelia alba and able scene and the least in Ficus microcarpa scene. This is due
to Michelia able having the lowest LAD and the least shielding effect on the wind, while
Ficus microcarpa has the highest LAD, leading to an obvious impact on the wind speed. In
winter, the surface temperature decreases as the albedo of the road surface increases. The
temperature difference between the water and the surrounding ground decreases, and the
wind speed decreases.
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Figure 12. Air temperature for different landscape combinations with different arbor species in
summer: (a) Mangifera indica, (b) Michelia alba, (c) Bauhinia blakeana, and (d) Ficus microcarpa.
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3.5. Impact of the Combination of Landscape Elements on Outdoor Thermal Comfort

The simulation results for the scene where the lawn was replaced by water and four
plants are shown in Figures 17 and 18. As Figure 17 shows, during the hottest time of
summer, with the design scene changes, the PET value drops by 1.44 °C (scenes with arbors,
a water body, and a 0.3 albedo pavement), 1.60 °C (scenes with arbors, a water body, and
a 0.4 albedo pavement), and 1.45 °C (scenes with arbors, a water body, and a 0.5 albedo
pavement) compared with that of the design scenes without a water body and a 0.3 albedo
pavement on average. The results indicate that the water body is significantly better (than
the lawn) for cooling down the environment during summer. The ground temperature and
radiation reflected from the ground, which affects PET value, are related to the choice of
pavement albedo. It was found that, under the shading effect of the arbors, the PET values
for the 0.4 albedo pavement scenes were slightly lower than those within the other scenes.
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Figure 17. PET values for different landscape combinations using different arbor species in summer:
(a) Mangifera indica, (b) Michelia alba, (c) Bauhinia blakeana, and (d) Ficus microcarpa.
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Figure 18. PET values for different landscape combinations using different arbor species in winter:
(a) Mangifera indica, (b) Michelia alba, (c) Bauhinia blakeana, and (d) Ficus microcarpa.

Figure 18 shows the simulation results for winter. Except for Mangifera Indica, the
outdoor thermal comfort remained unchanged within the other three scenarios. In the
scenario with mango, outdoor thermal comfort had improved during the day and decreased
at night. In the mango scene, the humidity in the daytime was lower than that of the other
plants. When replacing the lawn with water, the relative humidity increases more than
in the scenes with plants, and it is too high at night, which is detrimental to outdoor
thermal comfort.

3.6. Improved Benefits of the Combination of Landscape Elements on Outdoor Thermal Comfort

In order to explore the ability of landscape element combinations to improve the
thermal environment of the campus square, we compared the PET differences between the
scenes with landscape element combinations and tree-only scenes. In Figures 19 and 20a—c,
differences in PET resulting from various combinations of landscape elements are compared.
This difference is the difference between a scene with both water body, arbors, and different
pavements (albedo is 0.3, 0.4, 0.5, respectively) and a scene with arbors and pavement
(albedo is 0.3).

In summer, water is a better cooling measure than lawns, and arranging trees near
water has a greater positive effect on thermal comfort. In winter, water can reduce the
PET value by up to 3.5 °C in the daytime, giving people cold discomfort. It is worth
mentioning that the discomfort caused by the cooling effect of water can be weakened by
planting arbors. This is because part of the wind can be blocked by the arbors. Planting
arbors is a way to raise the PET value by 3.42 °C (Mangifera indica), 2.47 °C (Michelia Alba),
3.4 °C (Bauhinia Blakeana), and 3.83 °C (Ficus microcarpa), respectively, and the difference
in PET increase is related to the LAD of the arbors. In addition, different plants show
different abilities to improve outdoor thermal comfort in combination with other landscape
elements. Michelia alba, with a low LAD value, has a greater significant difference for
outdoor thermal comfort when the surrounding environment changes (referring to water



Atmosphere 2022, 13, 1604

20 of 24

bodies and pavement with different albedos), and the maximum difference in PET was

about 1.5 °C. In contrast, when th

e surrounding environment changes, the maximum PET

difference was about 1.3 °C in the scene with Ficus macrocarpa, a kind of arbor with a

relatively high LAD.
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4. Conclusions

This study analyzes the effects of different landscape elements (water body, arbor,
and pavement) and their combinations on the year-round outdoor thermal environment
of a university square in the hot-humid Guangzhou area. ENVI-met was used as the
simulation tool, and its performance for calculating the local climate was validated via field
measurements. The findings from the simulations are summarized as following points.

1.  Water bodies are best at cooling the environment when compared to all other potential
factors during summer. The PET can be reduced by 1.1 °C by introducing a water
body to the square, and the PET can be reduced further by 1.6 °C when other design
approaches are used together. However, the cooling effect of water can somehow be
excessive, causing discomfort in winter;

2. Thearbor improves the thermal environment by shading the unwanted solar radiation
in summer and blocking the excessive cold wind in winter. Trees being arranged
around a water body increases the PET by 3.8 °C in winter by reducing the wind speed;

3. Under the influence of a water body, the PET around low-LAD trees can be 1.7 °C
higher and 1.4 °C lower than the PET of a high-LAD species in summer and winter,
respectively. A high-LAD tree is favorable in both summer and winter cases;

4. The PET is not sensitive to the pavement albedo, especially when a water body is used in
the square. For cases without tree shadings, an albedo >0.3 is unfavorable to the thermal
environment in summer due to the excessive amount of solar radiation reflection.

Several suggestions for good thermal environments in the local climate are given:

Prioritizing water bodies;

Arranging trees around a water body;

Selecting trees with a high LAD;

Avoiding pavement with a high albedo value (e.g., >0.3 without trees).

Some of the limitations of this study are expected to be addressed in future research.
A more comprehensive analysis of the effects of different landscape elements and their
combinations on outdoor thermal comfort should be carried out in order to provide more
detailed landscape design guidelines for hot and humid regions. Besides, the effects of
landscape design strategies on seasons other than summer and winter should also be
explored later.
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