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ABSTRCT: This research uses empirical data and supplementary computer simulation
result to study the summertime cooling effect of different landscape patterns in urban areas in
China. It employs field monitoring to collect hourly air temperatures and relative humidity at
pedestrian level over five consecutive days in July 2016, and calculates the discomfort index
for each scenario in studied urban squares. It also builds simulation models using Citysim and
Meteonorm software to further explore the cooling effects of different landscape patterns
within the same square. The results from field research show that the difference in cooling
and humidification among the four landscape patterns is significant, as is the thermal comfort

or discomfort caused by such effect. The research finds that the urban square equipped with



only hard paving and no canopy coverage could cause extreme discomfort and heatstroke
during summertime in the studied climate, whereas the urban square with lawn grass, high
canopy closure and thick canopy can reduce discomfort. The simulation analysis further
confirm that lawn grass can noticeably reduce the ground surface temperature and the surface
temperature of the surrounding buildings than if using asphalt as the ground cover. The
findings from this research provide design guidance for the landscape configuration of urban
squares in similar climates.
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1. Introduction

With the acceleration of urbanisation around the globe, the urban heat island (UHI)
effect, is the most prominent climate characteristic and an important factor affecting the
liveability of urban environments (Grimmond et al., 2010; Oke, 1978). Under the influence of
the UHI effect, extreme high temperature weather patterns occur frequently in summer,
causing human discomfort and in extreme cases, casualties. For example, during the summer
of 2003, western Europe experienced one of the worst heat waves in recent history, with an
estimated excess mortality varying between 25,000 and 70,000 (D'Ippoliti et al., 2010). From

2000 to 2016, the annual estimated number of people worldwide affected by a heat wave was



125 million (Watts et al., 2018), causing the use of energy-intensive cooling devices such as
air-conditioning, leading in turn to higher energy consumption and pollutant emissions
(Fouillet et al.,2006; Wu et al., 2013). Meanwhile, the UHI effect has created localised
circulation within the urban area where the retention of heat and pollutants in the city centre
has been exacerbated, resulting in an escalating deterioration of the urban environment

(Fouillet et al., 2006).

Research suggests that the UHI effect can be mitigated at a microscale by modifying the
urban microclimate (Bernatzky, 1982; Ca et al.,1998; Kawahsima, 1990). Vegetation cover is
the main climate modifier in urban areas (Oke, 1989; Vieira de Abreu-Harbich et al., 2015;
Salmond et al., 2016; Li et al., 2016; Mushtaha et al., 2021). Green landscapes such as parks,
squares and green areas can modify the microclimate by reducing temperature and increasing
humidification, thus alleviating the UHI effect (Rahman et al., 2011; Oliveira et al., 2011;
Konarska et al., 2014; Norton et al., 2015). In particular, urban canopy structures can modify
local microclimate by shading direct shortwave radiation, thereby altering the surface energy
balance and reducing surface temperatures (Rahman et al., 2011; Lindberg and Grimmond
2011). Transpiration in urban green areas can effectively reduce the air temperature, increase
the relative humidity, and improve the microclimate of the surrounding environment

(Jauregui, 1990-1991; Avissar, 1996; Madureira et al., 2015; Xue, et al., 2016).

The design of greenery in urban squares varies greatly in order to meet different

functions, but up to now the design has mostly been guided by aesthetic preferences (Erell,



2008). In recent years, however, increasing attention has been paid to the microclimatic
benefits of urban green areas in terms of form and distribution (Xue et al., 2017; Sodoudi et
al., 2018; Zhao et al., 2018). Previous studies that focused on small-scale urban landscape
have been informative for understanding context-based microclimate and providing design
guidance in the use of green landscapes to modify urban microclimate. Research has shown
that many factors can influence the effectiveness of vegetation for cooling and humidification
(Rahman et al., 2020; Gao et al., 2018; Brown et al., 1995; Wu et al., 2016). The dominant
factors include the area of vegetation (Jiao et al., 2017), vegetation type (Du et al., 2018; Wu
et al., 2016) and the configuration of vegetation cover (Zdlch et al., 2019). Research by
Armson et al. (2012) examined the role of trees and grasses in reducing temperatures in an
urban area. They chose a small plot in the UK and reported that while both grass and trees
effectively reduced the surface temperature and served to mitigate UHI in hot weather, tree
shade more effectively reduced local air temperature. Similarly, Rahman et al. (2018)
examined the below-canopy vertical air temperature gradients of urban trees and suggested
that, when the days are very hot, canopy cooling is more beneficial in comparison with grass
surface evapotranspirational cooling. More small-scale urban landscape research is urgently
needed, especially in subtropical and tropical regions with very hot summertime
temperatures, in order to inform stakeholders and urban designers and improve the urban

microclimate.

This research employed field monitoring data and a supplementary computer simulation

model to study the effect of landscape patterns on the outdoor thermal environment in
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Zhanjiang, China. Zhanjiang experiences both tropical and subtropical monsoon climates
with hot, humid summers and mild winters. The research took four different landscape
patterns in urban squares in Zhanjiang as case studies; investigated and compared the cooling
and humidification effects on the microclimate during summertime using monitored
temperature and humidity data. The characteristics of the landscape patterns taken into
consideration included different underlying substrates, tree species, crown width, canopy
coverage and canopy closure. The research further explored the specific effect of ground
cover with a computer simulation modelled on one of the case studies, using a 10-year
average of meteorological data in order to gain further insight into the underlying effect of
landscape patterns on ground surface temperature and the surface temperature of surrounding

buildings over a longer time period.

2. Research Methods

2.1 Overview of the research sites

Zhanjiang City is located on Leizhou Peninsula, the southernmost part of mainland
China, between 109°31'—110°55" E and 20°12—21°35" N. The average annual temperature
in Zhanjiang is approximately 23°C, with an average humidity of 81% and dew point at 20°C
(Luo et al., 2017). The prevailing wind direction is from the south, with an average annual
wind speed between 1 and 3m/s. The average annual sunshine hours is between 1817 and
2106h, and the average annual rainfall is between 1417 and 1802mm (Luo et al., 2017). The

hottest period usually occurs during July and August, with maximum temperatures reaching



38°C. Zhanjiang has a small temperature difference between day and night in summer, where

the average wind speed in July is 2m/s.

Lingnan Normal University is located in the urban area of Zhanjiang and covers an
area of approximately 67 hectares. Four squares within the university campus were chosen as
case studies. The squares had distinctive landscape patterns, yet were typical of the climate in
an urban context. Square A was rectangular with an area of approximately 4,500m?, had
buildings on two sides and an outdoor stage on another. It was paved with concrete, with no
trees or shrubs. Due to the absence of vegetation, this square was selected as a control point.
Square B was nearly elliptical, with an area of approximately 13,000m?, it had buildings on
both sides. It was covered by lawn grass (Zoysia tenuifolia), but without trees or shrubs.
Square C was rectangular with an area of approximately 4,850m? and had buildings on two
sides. It was covered by lawn grass (Zoysia tenuifolia), and sparsely planted coconut trees
(Cocos nucifera). Square D was rectangular with an area of approximately 3,650m?,
surrounded by buildings on three sides. It was paved with concrete and planted with dense
Chinese Banyan tress (Ficus microcarpa). Apart from square B, the areas of the studied
squares were similar. The occupancy of each square was varied and mobile throughout the
day. The detailed landscape patterns of each square are shown in Table 1, images of the

squares are shown in Figure 1.

Table 1 Landscape pattern characteristics of four studied cases



The Average Average

Different square landscape average tree crown Canopy
ID patterns DBH/cm'  height/m  diameter/m  density> Groundcover plant
A Hard paving i ) ) ) o
B Lawn grass (Zoysia
tenuifolia) - - - - Zoysia tenuifolia
Coconut tree (Cocos
C nucifera) + Lawn grass 2348+ 1114+ 0.48 +
(zoysia tenuifolia) 441 2.57 5.56 +£2.65 0.16 Zoysia tenuifolia
D Chinese banyan tree (Ficus 3836+ 16.26+ 095+
microcarpa)thard paving 6.26 3.52 10.24 +£3.21 0.03 no

Square D

Figure 1 Images of four studied cases

2.2 Microclimate measurements

The microclimate measurements were taken using HOBO U23-001 temperature and
humidity recorder, with capacity for continuous measurement outdoors. The recorder had a
temperature range of -40°C to 70°C and a relative humidity range of 0—100% RH

(Temperature test accuracy + 0.21°C, relative humidity test accuracy + 2.5%). The

! DBH: Diameter at breast height
2 Canopy density was measured with hemispherical photography
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measurements were conducted in all four squares simultaneously for five sunny and windless
days (wind speed of <2 m/s) in July 2016. The Data was collected at hourly intervals from
8:00 to 18:00. Each square had five measurement points from which data was taken to find an
average. For rectangular squares, the measurement points were located at 1/4 and 3/4 of the
diagonals of the square, and at the intersection of the diagonals. For the elliptical square
(square B), first the ellipse was divided into four even quadrants, then the middle of each arc
joined into a rectangular shape; the measuring point was subsequently set according to the
rectangular square method. It should be noted that as there was a path in the middle of the
oval square, this central measurement point was adjusted to a point 10m to the left along the
diagonal intersection to avoid the effect of the path on the measured data (Figure 2). The four
sites were all semi-open, surrounded by buildings on two or three sides. In order to minimize
the interference of surrounding buildings on the result, measurement points were chosen
further away from the borders or four corners of the sites. The HOBO was installed 1.5m

from the ground to measure the air temperature and humidity at pedestrian level.

Figure 2 Diagram of selected measurement points.



2.3 Discomfort index

Human health is greatly affected by weather and climatic factors such as temperature
(Basu, 2009) and humidity (Qu and Xiao, 2019). This research chose to use the Discomfort
Index (DI) to quantify comfort/discomfort levels experienced by the human body. The DI
was previously proposed by Thom (1959) as it had been widely adopted in a similar field due
to its simple parameters, less restrictive test conditions, and more convenient correlation
analysis. It is especially suitable for the evaluation of human body thermal comfort in an
outdoor environment (Georgi et al., 2006; Wu et al.,2019). The DI was calculated using two
indicators that affect the human body, namely temperature and humidity. The calculation

formula is as follows:

DI =t—-055%x(1-0.01xXRH) X (t—14.5)

In the formula: DI indicates the discomfort index; t is the air temperature; RH is the
relative humidity of the air. The DI reflected the degree to which the human body felt
comfortable with the air environment under certain conditions of temperature and humidity.
Table 2 shows the classification criteria for the DI.

Table 2 Discomfort index evaluation (Yan et al. 2012; N. J. Georgi et al., 2006)

Grade Discomfort Index Feeling Degree
1 <21.0 No one is uncomfortable
2 21.0-23.9 A small number of people feel uncomfortable
3 24.0-26.9 many people feel uncomfortable
4 27.0 - 28.9 Most people feel uncomfortable
5 29.0-31.9 Almost everyone feels uncomfortable
6 >32.0 Risk of heatstroke

2.4 Calculation and Data Processing Methods
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Indicators such as temperature difference and drop rate were calculated using the formula

below:

Cooling rate = =425k % 100%,.

tsun

In the formula, #.., is the average temperature of the control point (square A), and ¢ is the
average temperature of each studied square. The calculation for humidification rate and
discomfort reduction rate used a similar formula.

Field measurement data was processed by STATISTICA10.0. STATISTICA is a
professional mathematical statistics software developed by StatSoft in the United States,
widely used for statistical analysis for its graphical data representation capabilities. In
STATISTICA 10.0, statistical descriptions and one-way analysis of variance were performed
on indicators such as temperature, relative humidity, cooling and humidification, and
reduction of DI. The differences between the groups were analysed by LSD multiple
comparison. The charts were all performed in STATISTICA 10.0. Data sorting, screening,

sorting, etc. were performed in Excel 13.0.

2.5 Using Meteonorm and CitySim

The second stage of the research utilised simulation software to model the
environment of square B in order to simulate different scenarios with consistent peripheral
parameters. The energy simulation software, CitySim, was selected due to its urban
simulation function that considers influential parameters used for urban analysis such as

surface temperature, radiative inter-reflection between surfaces and shadowing effect
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(Ahmadian et al., 2019), as well as its superior representation of surface and building
characteristics, and advanced capabilities for radiation exchange calculations from a set of
urban buildings (Sola et al., 2020). CitySim had been adopted for several previous studies
investigating urban energy analysis. Le Guen et al. (2018) used CitySim for improving
energy sustainability of a village in Switzerland through integration of building renovation
and renewable energy. Perera et al. (2018) combined CitySim with an urban climate model
and an energy system optimization model to show the impact of urban climate on urban
energy demand. Moghadam et al. (2019) adopted CitySim to develop a new visualization
method for the evaluation of urban heat energy planning scenarios. CitySim has been
previously validated using both monitored data and other energy simulation software.
Specifically, Ahmadian et al., (2021) validated CitySim through a pilot investigation,
comparing the results with a previously reported SAP (Standard Assessment Procedure)
prediction model. Also, Coccolo et al. (2013) validated CitySim against EnergyPlus software
using two existing buildings. Furthermore, Walter and Kédmpf (2015) validated CitySim
against BESTEST for calculating annual and peak heating/cooling energy demand of
buildings. They also experimentally verified the tool using monitored data of the annual

heating consumption of an EPFL campus building.

In this research, square B was chosen as the base simulation model because of its lack
of canopy coverage and defined enclosure created by surrounding buildings. This allowed
CitySim to create a more enclosed system to compare different scenarios, specifically in
order to study the effect of ground cover. By using Meteonorm (Remund et al., 2015) to

obtain a 10-year average temperature and solar radiation data in the studied urban area, the
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simulation provided an accurate long-term result when comparing the modelled scenarios.
The simulation focused specifically on the ground cover landscape patterns and their effect
on the microclimate. The simulation monitored the surface temperature of the ground (square
B) and the surface temperature of surrounding buildings that enclosed square B over a 10-
year period from 2010-2019 under two scenarios. The first simulated scenario followed the
actual condition of the square, with lawn grass as the main landscape pattern. The second
scenario substituted the lawn grass for asphalt. For each scenario, the parameters are defined

in Table 3 as follows (Upadhyay et.al, 2015):

Table 3 Simulation parameters defined for grass and asphalt scenarios

. , Thickness Density | Cp (Specific Heat | Conductivity | Shortwave

Scenarios Composition m kg/m? Capacity) J/(kg K) | W/(m K) Reflection kFactor
Clay 0.025 1760 920 0.97
Grass Sand 0.05 | 1300 828 0.5
Molasse 0.875 1600 1200 2.4
Cast asphalt 0.025 2360 1200 0.75
Sand 0.05 1300 828 0.5

S2 - Asphalt 0.14 0

Gravel 0.05 1800 792 0.7
Molasse 0.875 1600 1200 2.4

The surrounding building parameters were obtained from the Estate department in

Lingnan Normal University and were applied in both scenarios (Table 4):

Table 4 Simulation parameters defined for surrounding buildings

Walls of Surrounding buildings

Roofs of Surrounding buildings

Construction

Masonry cavity wall

Masonry
Reinforced concrete

U-Value W/m?K 1.4 /1.3 (glazing) 0.85
G-Value 0.55 n/a
Short-wave reflectance | 0.6 0.2

Conductivity

Composite (See appendix)

Composite (See appendix)

The selected sets of simulation results for comparison included the surface temperature of

the simulated square (ST,) and the surface temperature of the external fagade of surrounding
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buildings facing the square (STw_SW for the row of facade facing Southwest and STy, NE
for the row of facade facing Northeast). The statistical analysis used SPSS software. The

simulation model included the central square as well as the surrounding buildings (Figures 3a

Figure 3a Aerial view of square B; Figure 3b simulation process model using CitySim

3. Results from monitored data

3.1 Cooling and humidification effect of different landscape patterns

As shown in Figure 4, the temperature during any given daily period showed significant
differences in all measured squares. The temperature in square A was significantly higher
than that in the other squares from 9:00 to 18:00. The temperature in square B was very close
to that in square C. The temperature in square D was lower than that in all the other squares
during the whole period, indicating a greater cooling effect in square D. The daily cooling
rate of each square showed a similar trend to the daily temperature fluctuations of

corresponding squares.

13



Air temperature

Cooling effect /°C

Cooling rate /%

40 —o— Square A --8- SquareB
38 +- Square C —A- SquareD
36
Q 3
32
30
28
8 9 10 11 12 13 14 15 16 17 18
7
--@- SquareB +- Square C —&- SquareD -
5 o ~~—
///&‘———A—____b— g \\\
3 ,A// N
pad SF . rerlie RN P~
P B- - G © Ak~ R A
1 e e 2 — e
St e TE Q- e
-1
8 9 10 11 12 13 14 15 16 17 18
--B- Square B
14 +- Square C ///b—‘_‘&\
—a- Square D /&__._fa————&——~—r’ \\‘A\
10 - \\\
//A/ .
6 /// g ST o S o \\\A
P ErEIE 5 G- =9
-2
8 9 10 11 12 13 14 15 16 17 18
Time

Figure 4 Comparison of diurnal changes of air temperature indexes in different squares

The cooling effect of the various landscape patterns were calculated using square A as

the control point. The analysis of multiple comparison results of temperature (Table 5)

showed that square D exhibited the best cooling effect compared with square B and square C

(P <0.05). The difference in cooling rate between squares B and C was very small.

Moreover, squares A, B and C all had higher temperature fluctuations throughout the day,

whereas the hourly temperature was more consistent in square D.

Table 5 Difference of landscape cooling effect in different squares

air temperature/°C

Temperature difference/°C Cooling rate /%

aver
age
valu
ID e
A 3594a
B 34.80b

Mini
mum
value

29.87

29.55

Ma Coefficie
X1 nt of

mu  variation
m /%

40.

54 8.12

38.

30 6.57

aver .. Coefficient .. Ma  Coefficient
Minim . averag  Minim .
age Maxi of o um X1 of
valu mum  variation/ mu  variation/
value o value value o
% m %
0.00a 000 000  0.00 %9 000 000  0.00
1.14b 0.85 3.23 81.58 3.03 - 7.97 80.98
. =J. .. . b 2 ‘56 . .
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38. 294 -

C 3483b 30.11 13 6.47 1.11b -1.53 3.50 94.98 b 499 8.63 95.39
D 32.13c¢c  29.40 3665 4.73 3.82¢ 0.15 8.85 49.53 (1)0C3 048  21.98 45.16

Note: the lowercase letter after the average value is a multiple comparative analysis of the cooling effect between

different squares (LSD difference test, different letters indicate significant differences, P < 0.05).

The calculation of humidification rate employed the same method as the calculation for
cooling rate, using sqaure A as the control point. The hourly humidity and humidification rate
of the four studied sites also showed significant differences. The relative daily humidity
showed a single wave valley pattern. The lowest humidity was recorded at 14:00 in square A,
15:00 for squares B and C, and 16:00 for square D. This pattern was consistent with the daily
temperature changes in the corresponding squares, indicating that the air temperature was
closely correlated with relative humidity. The relative humidity of square A was significantly
lower than other squares during the day. Square D had the highest relative humidity at all
times of the day. The result of the humidification rate comparison among the four squares
was similar to the cooling rate comparison. Square D had the highest humidification rate
compared with squares B and C, though no significant difference between squares B and C (P

< 0.05) was observed.

3.2 Differences in discomfort index between the different squares

Based on the measured temperature and humidity results, the hourly DI was calculated
(Table 6). According to the hourly DI of the different squares, square A had the highest
average and maximum value, whereas square D had the lowest, indicating that square D

provided more comfort in terms of temperature and humidification. The discomfort rate of
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squares B and C were similar. The DI also showed that the highest level of discomfort
appeared in square A at 14:00 and 15:00, indicating the risk of heatstroke. Square D had the

lowest DI at 8:00, 9:00, 17:00, and 18:00 with level 4 discomfort.

Table 6 Evaluation of discomfort Index in different squares

time Square A level Square B level Square C level Square D level
8:00 28.91 4 28.77 4 28.66 4 28.35 4
9:00 30.05 5 30.18 5 29.89 5 28.61 4
10:00 31.06 5 30.87 5 30.57 5 29.00 5
11:00 31.24 5 31.01 5 30.93 5 29.26 5
12:00 31.44 5 31.11 5 30.90 5 29.51 5
13:00 31.71 5 31.22 5 30.95 5 29.74 5
14:00 32.21 6 31.67 5 31.55 5 29.80 5
15:00 32.27 6 31.94 5 31.67 5 29.91 5
16:00 31.83 5 31.30 5 31.11 5 29.78 5
17:00 29.95 5 29.98 5 29.58 5 28.70 4
18:00 29.34 5 29.18 5 29.24 5 28.49 4
Average 30.91 30.66 3045 29.19
Maximum 32.27 31.94 31.67 29.91
Minimum 29.34 29.18 29.24 28.49

For the majority of the measured time periods the DI in all squares was at level 5, which
meant that almost everyone felt uncomfortable. Such a result was not unusual in the studied
climate region. In general, it is not advised to stay outside for an extended period of time.
However, the result suggests that with certain configurations of landscape design, the

discomfort can be reduced effectively.

4. Simulation of square B

The second stage of this research employed a computer simulation method using CitySim
with climate data provided by Meteonorm. The reasons for performing the simulation were:
(1) By using 10-year average climate data collected by Meteonorm in digital simulation, a
long-term effect of different ground covers could be explored to supplement the measured

result. (2) The simulation enabled comparison of different ground covers in a controlled
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environment where all other conditions could be kept unchanged. (3) Combining the 3D
model and climatic data with CitySim simulations could potentially provide new ideas and
additional decision-making tools for urban planning and microclimate simulation research in

different regions.

The simulation used the 10-year average meteorological data to provide a long-term
microclimatic result for two scenarios: the first followed the actual condition of the square,
with lawn grass as the main landscape pattern; the second scenario exchanged the lawn grass
with asphalt to explore the difference this made to the microclimate. The surface temperature
on the central ground for the two simulated scenarios are shown in Figure 5. The
temperatures for both scenarios show a similar trend throughout the day, with the maximum
temperature recorded at 14:00. The surface temperature of asphalt was consistently higher
than that of grass. The highest mean temperature of asphalt ground was 53°C, the highest
temperature of grass ground was 32°C. The mean temperature difference was 5.7°C
throughout the 10-year simulated period with a paired sample t-value of 74.64 (p < 0.001),
where the highest hourly mean temperature difference was nearly 19°C occurring at 13:00

and 14:00.
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Figure 5 Comparison of ground surface temperature (ST g) between two scenarios

The simulation result can be further compared based on the monthly average ground
surface temperature (Figure 6) over the 10-year time period between 2010-2019. The result
showed a significant difference in surface temperature between the two scenarios. This
difference was more apparent during summertime (July and August), where the mean

monthly temperature difference could reach 10°C between grass ground and asphalt ground.
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Figure 6 Mean ground surface temperature (ST g) by month by scenario (2010-2019 average)

Additionally, a more interesting comparison was found when comparing the surface
temperature of the surrounding buildings between the two scenarios (Figure 7). The facades
facing the square were separated into two groups based on their orientation, Southwest (SW)
and Northeast (NE), and the temperatures of each group in both grass and asphalt scenarios
were compared. The group of fagades facing SW had a higher mean temperature throughout
the day and throughout the year, which was to be expected at the given geographic location in
the Northern hemisphere. The facades facing both directions showed a similar mean
temperature difference of 0.5°C between two simulated scenarios with a paired sample t-
value of 104 and 106 respectively (p < 0.001). The maximum temperature difference for the
SW facing fagades was 2.63°C while for the NE facing fagades, the maximum temperature

difference was 2.81°C.
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Figure 7 Comparison of NE and SW external wall surface temperature (ST w) between two scenarios

5. Discussion

According to the data analysis of monitored temperature and humidity, when comparing
the cooling effect between squares C and D, it is interesting to note that despite square C
employing both canopy cooling and grass evapotranspirational cooling, compared to square
D with only green canopy structure as the cooling mechanism, the advantage of square D in
cooling and humidification is apparent. The significant advantage exhibited in square D from
the monitored result confirmed that wider tree crowns and higher density canopy provided a
better cooling effect, as had been reported by Speak et al., (2020). This is also consistent with
the research findings provided by Li et al. (2011) that tall trees forming an arbour can achieve
a better cooling effect than shrubs and lawns with the same footprints. The result also
suggested that canopy vegetation with a larger crown size and coverage is more effective in
reducing local air temperature than grass surface evapotranspirational cooling in very hot
weather. This result was similar to the result reported by Armson et al. (2012) and Rahman et
al. (2018). The comparison of the humidification effect showed that on a hot summer day, the
humidification effect of green space is particularly significant, in comparison with outdoor
areas covered with no shade and only hard paving . This result is consistent with research

conducted by Wu et al. (2013). The humidification result confirmed that plant transpiration
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can effectively increase the cooling effect (Tanaka and Hashimoto, 2006; Dixie and Johnson,
2004). Plant transpiration produces large amounts of water vapour, which increases the local
air vapour content and thus the relative humidity. Higher crown and denser canopy can
increase the total area of plant leaves and the corresponding high transpiration of water

vapour (Qin et al., 2015; Foley et al., 2003).

When comparing squares B and C, it is interesting to note that even though square C
had large areas of green canopy coverage, whereas square B had none, the cooling and
humidification effects were very similar. The reason that no significant difference in cooling
and humidification effect was found between the two squares in this research might be
because the area of square B was much larger than that of square C, resulting in a larger green
area hence a higher rate of humidification (Jiao et al., 2017; Gioia et al., 2014; Chang et al.,

2007).

The DI result confirmed that the outdoor summertime comfort level for humans is
higher in an area with green vegetation than in an area with only hard paving and no
greenery. This result is consistent with a number of previous studies (Wu et al., 2020; Akbari,
2002; Mayer et al., 2008; Streiling et al., 2003); it also suggested that higher tree coverage
with large canopy closure and a thick canopy can significantly reduce the DI and the risk of
heatstroke, which is consistent with the research conducted by Rahman et al. (2020) and
Georgi et al. (2006). This result also confirms the findings reported by Feng et al. (2014) that
urban squares dominated by arboreal structures provide better comfort, and the comfort level

increases with the increase of canopy closure.

The simulation of square B suggested that lawn grass can effectively reduce the ground

surface temperature, in comparison with asphalt ground. The annual average difference in
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ground surface temperature was 5.7°C. This result is reflected in previous research which
suggests that different heat capacity, thermal conductivity, warming rates and albedo of
different ground surfaces, can significantly affect the surface temperature of the ground (Wu
et. al., 2013; Shang et. al., 2019). The latent heat consumed by the lawn due to plant
transpiration and evaporation was greater than asphalt, which greatly reduced the heat storage
of green space and the heat exchange between ground and air, hence the grass covered
ground gained less heat, resulting in a reduced surface temperature. This result is consistent
with previous research by Coccolo et al. (2018) that greening and cooling materials could
effectively reduce surface temperatures. The comparison of mean monthly temperature result
is consistent with previous research conducted by Upadhyay et. al (2015), confirming that
grass covered ground has a better cooling effect than concrete or asphalt covered ground.
Moreover, the simulation also suggested that using lawn grass as a landscape material could
also reduce the surface temperature of the surrounding buildings, due to a reduction in net
ground radiation. The mean reduction, however small, was significant in the paired sample t-
Test. This result is consistent with research conducted by Mansouri (2017) that the albedo
effect of the ground cover could impact the air and surface temperature of surrounding
buildings.

6. Conclusion

This research employed field monitoring data and supplementary computer simulation
results to study the effect of landscape patterns on the outdoor thermal environment in

Zhanjiang, China. The primary findings of this research confirm that urban landscape
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configurations can effectively alter the outdoor thermal environment on a micro-scale to
mitigate the UHI effect. Especially in tropical and subtropical climatic regions, canopy
vegetation with a large crown size and coverage can significantly reduce summertime
discomfort and the risk of heat stroke in built-up urban areas. Further simulation results,
which specifically studied ground cover landscapes, found that green vegetation, in
comparison with hard paving covered ground such as asphalt, can not only reduce the surface
temperature of the ground area consistently over a longer time period, but also has a

detectable cooling effect on the facades of surrounding buildings.

7. Limitation and future research

It is important to acknowledge that the existence of a number of limitations during the
research design process may have affected the findings. Firstly, the field measurement was
conducted during a 5-day period in 2016. A lack of longer-term and repeated observation
could limit the validity and generalisability of the result. Furthermore, due to limitations of
resources, certain meteorological variables (such as wind speed) were not measured.
Although previous research without the consideration of wind speed showed conclusive
results (Talukdar et al., 2018; Zheng et al., 2020), future research should take such measures
into consideration, even if the effect is minimal. It would also be beneficial to consider
alternative comfort indexes that take wind speed into consideration to measure comfort levels
in future research. Secondly, due to a lack of resources, no occupancy or qualitative data was
collected during the monitored time period to compare with the measured data and calculated

DI result. Further research is needed to allow for a longer monitored time period
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accompanied by a questionnaire survey on the subjective measure of outdoor comfort. Lastly,
the simulation only modelled one square with two different scenarios using lawn grass and
asphalt as the ground covering. The result from the simulation could be further strengthened
with more scenarios modelling different landscape patterns, where the effect of canopy
coverage could be added to the simulation. At the same time, the simulation could further
benefit from measured data (such as albedo) as input data, in order to draw conclusion on a

broader scale.
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APPENDIX: Composition used in CitySim simulation
Composition of surrounding building floor in CitySim simulation

<Composite id="10" name="LesosaiBTK B 1" category="Floor">

<Layer Thickness="0.1000" Conductivity="2.3000" Cp="1000" Density="2300" NRE="0"
GWP="0" UBP="0"/>

<Layer Thickness="0.0500" Conductivity="0.0300" Cp="1400" Density="50" NRE="0"
GWP="0" UBP="0"/>

<Layer Thickness="0.0001" Conductivity="0.2000" Cp="1400" Density="960" NRE="0"
GWP="0" UBP="0"/>

<Layer Thickness="0.0500" Conductivity="0.8500" Cp="1000" Density="1200" NRE="0"
GWP="0" UBP="0"/>

<Layer Thickness="0.0100" Conductivity="1.3000" Cp="838.799988" Density="2300"
NRE="0" GWP="0" UBP="0"/>

</Composite>

32



Composition of surrounding building roof in CitySim simulation
<Composite id="12" name="LesosaiBTK D 1" category="Roof">

<Layer Thickness="0.0500" Conductivity="1.4800" Cp="1100" Density="2400" NRE="0"
GWP="0" UBP="0"/>

<Layer Thickness="0.0010" Conductivity="0.2000" Cp="1600" Density="1200" NRE="0"
GWP="0" UBP="0"/>

<Layer Thickness="0.1600" Conductivity="0.0400" Cp="600" Density="120" NRE="0"
GWP="0" UBP="0"/>

<Layer Thickness="0.0001" Conductivity="0.2000" Cp="1400" Density="960" NRE="0"
GWP="0" UBP="0"/>

<Layer Thickness="0.2000" Conductivity="1.6000" Cp="1000" Density="2200" NRE="0"
GWP="0" UBP="0"/>

Composition of surrounding building wall in CitySim simulation
<Composite id="57" name="Jill" category="Wall">

<Layer Thickness="0.0300" Conductivity="1.3000" Cp="838.799988" Density="2300"
NRE="0" GWP="0" UBP="0"/>

<Layer Thickness="0.0600" Conductivity="2.3000" Cp="1000" Density="2300" NRE="0"
GWP="0" UBP="0"/>

<Layer Thickness="0.0240" Conductivity="0.0360" Cp="601.200012" Density="60"
NRE="0" GWP="0" UBP="0"/>

<Layer Thickness="0.0000" Conductivity="2.3000" Cp="1000" Density="2300" NRE="0"
GWP="0" UBP="0"/>

</Composite>
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