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Outdoor thermal comfort is a primary concern when designing urban environments suitable for pedestrian ac-
tivities. In previous research, urban greenery had been considered as an effective strategy to mitigate the
deterioration of the street-level thermal environment. Tree view factor (TVF), a parameter that can estimate the
amount of tree cover visible in the overlying hemisphere, was applied in recent thermal environment assessment
studies. However, a detailed understanding of TVF’s suitability and application in a subtropical high-rise
compact metropolis with diversified land uses is still lacking. To fill the knowledge gap, this study used Hong
Kong as a study case and conducted ENVI-met simulations to analyse the human thermal comfort at two levels of
TVF sites and two weather conditions. Results showed that high TVF (Htvf) sites had a pronounced reduction in
mean radiant temperature (TMRT) of at least 15 °C after 12:00 under both typical and extreme weather sce-
narios. A lower mean physiological equivalent temperature (PET) of below 30 °C and 35 °C remained in the
daytime of typical and extreme weather scenarios, respectively. It was also found that low TVF sites inside parks
received more solar radiation, while Htvf sites inside parks exhibited a more substantial cooling potential than
that inside street canyons. Htvf sites could maintain better pedestrian thermal comfort due to the shading effect.
This study also proved that TVF is more suitable than green coverage ratio (GCR) in urban thermal environment
assessments and urban green infrastructure design to create a thermally comfortable high-rise and high-density
metropolis.

1. Introduction
1.1. Urban greenery and human thermal comfort

Due to the considerable alteration to the original land covers, rapid
urbanization is a major factor causing environmental degradation in
recent decades. Featuring densely built environments, anthropogenic
heat sources and limited green and blue infrastructures, urban areas are
expected to experience amplified air temperature warming with very
high confidence in projected climates [1]. Intergovernmental Panel on
Climate Change (IPCC) Sixth Assessment Report [1] also highlighted the
more frequent occurrence of intensified heatwave. According to the
Hong Kong Observatory, the annual maximum air temperature of
36.1 °C in 2021 was the third-highest on 138 years’ record. It was 0.5 °C

lower than the highest record in 2017 [2]. In 2022, the extensive
heatwave in Europe was unprecedentedly strong. Air temperature
exceeding 40 °C was recorded in the United Kingdom while 47 °C was
observed in Portugal [3]. In addition to future climate change, the
thermal environment inside urban areas will deteriorate further. Human
thermal health and comfort are greatly threatened by heatwaves and
extremely hot weather, which may cause discomfort and even
heat-related illnesses, including heat syncope, heat exhaustion, and heat
stroke [4]. Notably, the human thermal comfort at the pedestrian level
(about 1.5 m—-2 m height above the ground [5]) should be paid more
attention to, as people spend 10% of their summertime outdoors [6], the
thermal conditions at that height could influence people’s thermal
sensation directly. The deterioration of thermal environments in
high-density cities [7-9] remains to be serious.
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Therefore, many mitigation measures have been developed to cool
the city and prevent the worsening of urban pedestrian-level thermal
comfort due to extreme heatwave. Urban green infrastructures (UGI)
have been identified as one of the most significant nature-based solu-
tions to mitigate and adapt the climate change and the urban heat island
effect. They can partly re-establish the ecosystem of evapotranspirative
cooling and shading, improve the outdoor thermal comfort, as well as
dampen the energy demand for cooling in summer [10]. The thermal
benefits of urban trees, grass, shrubs, vertical greening and rooftop
greening had been found in numerous studies [11-14]. In a research
conducted in Toronto, Canada, it was reported that the air temperature
was reduced by 0.8 °C in the high-rise areas on a summer afternoon
when the local urban vegetation coverage was increased by 10% by
including more trees and grass [15]. Another study in Rome, Italy, by
Battista et al. [16] suggested a 0.37 °C decrease in air temperature could
be obtained when introducing 34 trees of 10 m in height in the studied
square, compared to the base case.

Increasing urban vegetation proportion was reported as a highly
effective approach because of its cooling by shading and evapotranspi-
ration [7,17-19]. Tall vegetation can shade the ground level, reducing
the air temperature [11,20]. Meanwhile, evapotranspiration can in-
crease the latent heat flux in proximity, regulating the sensible heat flux
and the rise in air temperature [11,21,22]. However, it was reported that
the presence of trees could reduce wind speed in urban environments
[23]. To summarise, urban greenery is influential to the microclimate
and the outdoor thermal comfort at the pedestrian level.

1.2. Greenery morphological parameters

To estimate the potential cooling and microclimate effects of vege-
tation, numerous urban morphological parameters of greenery were
examined previously. The green coverage ratio (GCR) is widely scruti-
nised. It estimates the amount of vegetation cover within a selected
buffer area. Previous research showed that GCR and the cooling effect
positively correlated. Yang et al. [24] reported that air temperature
decreased by 0.2 °C when GCR had a 10% increase in a residential area
in Nanjing, China, and the most prominent decrease of 0.3 °C appeared
when GCR changed from 30% to 40%. A previous study by Zaki et al. in
Kuala Lumpur also highlighted the critical importance of green coverage
on cooling [25].

However, GCR accounts effects of both tall trees and short greenery
surfaces. It correlates with surrounding thermal conditions to some
extent but may not with human thermal comfort at the pedestrian level.
In hot and humid subtropical regions, such as Hong Kong, shade pro-
vision was crucial to mitigate street-level thermal comfort for pedes-
trians [7,26-32]. But shrubs and grass were more likely to contribute to
cooling at the surface level [25,33]. As suggested by Li et al. [34], the
fundamental element affecting air temperature was the tree cover rather
than shrub-grass surfaces. Hence it is essential to examine the cooling
abilities contributed by trees.

To estimate the effects of tree shading on thermal comfort, various
morphological parameters had been examined in previous research.
Zhang et al. [35] utilised satellite images to calculate the ratio of tree
canopy area to the park surface area and discovered that increased park
tree coverage could lead to a dropping park air temperature of 2.5 °C.
Nevertheless, this method only provides a rough estimation of tree
coverage. Solar radiation can penetrate gaps between leaves and reach
the ground surface, affecting thermal comfort at the pedestrian level.
Leaf Area Index (LAI) is another popular parameter that measures the
total one-sided area of leaf surfaces per unit of ground area. In general,
higher LAI could lead to more robust cooling of air temperature [34],
attenuation of direct solar radiation [36,37] as well as regulation the
thermal comfort [38]. However, research conducted in Busan (Cwa in
Koppen-Geiger climate classification), South Korea, concluded that LAI
was the least important factor in improving street-level pedestrian
thermal comfort among the other six factors regarding canyon geometry
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(e.g., street orientation) and tree configurations (e.g., tree heights) [39].
As LAI only considers the effect of leaf area on thermal comfort, it ne-
glects the shadow by wide tree trunks, especially when the sun is at a
lower altitude.

In some research, hemispheric photos were analysed to quantify the
canopy density, particularly of individual trees [40]. This approach
considers all the visible tree components in the overlying hemisphere,
estimated by the tree view factor (TVF). Its value ranges from 0 (no tree
components are visible) to 1 (the sky is completely blocked while no
gaps between leaves are observed). Similar concepts of assessing the
horizontal tree view factor had been applied in previous psychological
research, revealing trees were importantly related to the positive emo-
tions of pedestrians [41]. In the context of microclimate effects, Xue
et al. [42] concluded that TVF was significantly associated with the air
temperature divergence between the real-time measurement and the
official daily mean on a typical summer day. Other weather elements,
including relative humidity [43,44], mean radiant temperature [43,45],
and land surface temperature [46], had been subjects of previous TVF
studies in various climate regions. Besides, the relationship between TVF
and outdoor thermal comfort was investigated recently. In Sapporo,
Japan, it was revealed that TVF and wet-bulb globe temperature had a
negative correlation [47]. The relationship between TVF and other
thermal comfort indices such as COMFA [44] and thermal comfort vote
(TCV) [48,49] was also been recently discussed. Roadside trees away
from building shadings were also investigated using TVF to analyse their
effects on the surrounding environment in a tropical city [50].

However, whether TVF is suitable to be used in subtropical high-
density cities’ urban design is still unclear. Due to their hot-humid cli-
mates and complex urban morphologies (high-density, high-rise, and
compact urban environments with diversified land uses), it is chal-
lenging to create thermal-comfortable urban environments. Previous
TVF research often investigated the impacts caused by the tree geometry
and morphology without considering the interaction of neighbouring
buildings [50] and urban structures. Moreover, previous TVF research
usually was conducted under current typical weather and concluded
whether TVF was an influential morphological parameter. The suit-
ability of using TVF to evaluate the relationship with different weather
elements under extreme weather can be further investigated.

1.3. Objective

This research aims to determine whether the Tree view factor (TVF)
is a suitable vegetation morphology parameter for pedestrian thermal
comfort assessment in subtropical high-density cities. TVF’s perfor-
mance in Hong Kong, a compact city with a hot and humid climate, was
investigated as a case study. This study analysed the performance of TVF
under typical and extreme summer weather scenarios, considering the
high incidence of heatwaves under global climate change. Moreover, its
performance inside different urban environments (parks and two street
canyon orientation) is examined with corresponding pairs of high and
low TVF sites. In addition, the significance of implementing TVF in
urban design is discussed in detail by comparing it to the widely applied
parameter GCR.

2. Methodology
2.1. Study location and environments

Hong Kong (22°08'N - 22°35'N; 113°49'E — 114°31’E) is a coastal
city located at the southeastern coast of China. In 2021, the population
in this highly urbanised city is 7.4 million. Kowloon has the highest
population density of 47560 persons per km? [51]. Urban morphology is
complex. High-density and high-rise buildings of 60 m in height [52] are
typical urban structures. Nevertheless, pocket parks and rivers can
sometimes be found. With green and blue infrastructures, mixed land
uses are concentrated in a small area. In other words, commercial lands
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can be next to residential and recreational land use in a small district.

Six locations (Fig. 1) were selected as the study areas. Kowloon City
(KLC) and Mong Kok (MK) represent Hong Kong’s typical high-density
downtown areas with high-rise buildings in the Kowloon Peninsula.
Nam Shan Estate and the surrounding neighbourhood (NSE) locates in
the Kowloon Peninsula and near the downtown areas. Tuen Mun (TM),
Tai Po (TP) and Tin Shui Wai (TSW) are new towns in New Territories,
where more trees and water bodies exist. Detailed descriptions of the
study locations are listed in Table 1.

2.2. General summer weather in Hong Kong

Hong Kong has a hot and humid subtropical summer (Cfa in the
Koppen-Geiger scheme [53]). Starting from May, daily mean air tem-
perature often exceeds 26 °C, with afternoon temperature reaching
approximately 30 °C or above, while the monthly mean relative hu-
midity remains 70% or above in the afternoon [54,55].

Background winds are usually moderate. Monthly mean wind speed
ranges from 19.8 km/h to 21.6 km/h, measuring at an outlying island
named Waglan Island. However, due to obstruction by urban structures,
the monthly mean wind speed is weakened to approximately 10 km/h
inside the city [54]. As typhoons in summer could often bring strong or
gale winds to Hong Kong, the wind speed on a typical fine summer day
inside the city may even be weaker.

The monthly mean of daily global solar radiation ranges from 14.46
MJ/m? to 17.22 MJ/m? [54]. Although the monthly mean cloud amount
generally exceeds 70% at the Hong Kong Observatory [54], it does not
represent that all those clouds are low clouds. Solar radiation can still
penetrate thin high clouds to reach and thus heat the surface. Cloud type
data is not provided as a part of the Climate Information Service by the
Hong Kong Observatory. Therefore, the related data cannot be retrieved.

Heatwave refers to the persistent abnormal high air temperature that
often happens in Hong Kong’s summertime [56]. For example, in July
2020, the Very Hot Weather Warning was issued for 467 h continuously
in Hong Kong [57], with a high daily maximum air temperature ranging
from 32.2 °C to 35.3° [58]. Meanwhile, the surface wind speed is usually
low or sometimes stagnant during the heatwave. As a result, the thermal
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comfort within the city could considerably deteriorate.

Because of different combinations of dense high-rise buildings,
compact mixed land covers, and orography in the territories, regional
weather may vary in different study areas [59]. Therefore, ENVI-met
simulations are used to obtain detailed spatial distributions of various
weather elements and the human thermal comfort indicator in the six
target locations.

2.3. Microclimate simulation using ENVI-met 5.0

2.3.1. ENVI-met description

ENVI-met, developed by Michael Bruse in 1998 [60], is a holistic
three-dimensional microclimate computational fluid dynamics model.
As a non-hydrostatic model, ENVI-met can simulate surface-plant-air
interaction in an urban environment based on fluid mechanics, ther-
modynamics, and atmospheric physics principles. Owing to its simpli-
fied approach and ability to perform holistic simulation on
meteorological variables’ diurnal cycle at a lower computational cost,
ENVI-met has been utilised worldwide in the recent two decades [61].

Our research team has previously conducted much research in high-
rise and high-density cities with a hot and humid climate, in which
ENVI-met had been validated and proved to be a suitable simulation
model for urban microclimate [37,59,62-65]. An ENVI-met validation
paper from our research team concluded that ENVI-met could simulate
the air temperature and the mean radiant temperature with a satisfying
accuracy during summer daytime. ENVI-met simulations could also
replicate the thermal-radiative characteristics of the green in-
frastructures such as ground trees, green facade and green roofs [66].

2.3.2. Model configuration

In this research, ENVI-met 5.0 Science Version was selected as the
simulation tool. Table 2 lists the model details of the six study locations.
The resolution was 9 m (horizontal) and 4 m (vertical). Telescoping was
applied in vertical grid generation with a 20% telescoping factor and
started telescoping after 50 m.

All landscape elements were selected from the default database.
Buildings were constructed with concrete (0100C2). Dense trees with

Fig. 1. A Hong Kong map showing the six study locations that are indicated by red squares. The satellite photo shows that the study locations are highly urbanised
area. The base map is constructed by using the ArcGIS software. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)
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Table 1
General descriptions on building morphology, pedestrian activity, greenery and
natural water bodies of the six study locations.

Study area General descriptions

Kowloon City (KLC) Typical high-density downtown areas in the
Kowloon Peninsula. Buildings are mainly five
storeys. Commercial activities often
concentrate on the ground floor while the
upper floors are for residential purposes. The
traffic and pedestrian activities are usually
busy inside narrow street canyons. Not much
roadside vegetation could be found inside the
district. A limited number of small pocket
parks, the Kowloon Walled City Park and the
Kowloon Tsai Park exist within the study area.
Typical high-density downtown areas with
high-rise buildings in the Kowloon Peninsula.
Buildings exceeding ten storeys are common.
The ground floor usually consists of shops and
the upper floors are for residential or often
commercial purposes. The traffic and
pedestrian activities are usually busy inside
narrow street canyons. Not much roadside
vegetation could be found inside the district. A
limited number of small pocket parks and the
King’s Park Rest Garden exist in the region.
Nam Shan Estate and the Near the downtown areas in the Kowloon
surrounding neighbourhood Peninsula. Buildings are less compact than in
(NSE) the downtown area and some new towns.
Residential buildings of below ten floors
dominate the region. Shops mainly locate at
shopping malls. Traffic and pedestrian
activities on streets are less busy. Greenery
areas and roadside trees are much more than in
the downtown area. This area is surrounded by
20-30 storeys high-rise buildings in the
neighbouring districts.
A new town in the New Territories. A river is
found. Trees are more common, and mostly at
the roadside, inside parks, or open areas inside
housing estates. Compared to the downtown
area, parks are more and larger. Hence,
pedestrian activities can be frequently found
there. Traffic is less busy. Some shops locate at
the podium of residential buildings.
Meanwhile, shops can be found on the ground
floor and in shopping centres a few storeys
high. Residential buildings are mostly 20 to 30
storeys. Schools of five storeys are found in the
surrounding of housing estates.
A new town in the New Territories. Rivers are
found. Trees are more common, and mostly at
the roadside, inside parks, or open areas inside
housing estates. More and larger parks exist,
compared to the downtown area. Hence,
pedestrian activities can be frequently found
there if it is thermally comfortable. Traffic is
less busy than downtown. Shops often locate at
the podium of residential buildings. Ground
floor shops and shopping centres of a few
storeys also exist. Residential buildings are
approximately 20 storeys.
A new town in the New Territories. Natural
water features such as rivers and wetlands are
found. Trees are more common, and mostly at
the roadside, inside parks, or open areas inside
housing estates. Compared to the downtown
area, parks are more and larger. Pedestrian
activities can be frequently found there. Most
shops are located inside shopping centres.
Frequent pedestrian activities near malls are
often observed. Traffic is less busy than in the
downtown area. 30-storey residential
buildings are more common. Schools of 5
storeys high are found inside the housing
estates.

Mong Kok (MK)

Tuen Mun (TM)

Tai Po (TP)

Tin Shui Wai (TSW)
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Table 2
The basic information of the model domain of the six study locations.
Location Mong Kowloon Tai Tin Nam Shan Tuen
Kok City Po Shui Estate and Mun
Wai the
surroundings
Abbreviation =~ MK KLC TP TSW NSE ™
Area (m) 1800 1710 x 1740 2160 1530 x 1530 1530
X 1710 X X X
1800 1740 2160 1530
Model Size 200 x 190 x 194 240 170 x 170 x 170
200 x 190 x 28 x X 27 x
30 194 240 170
x 26 x 24 x 28
Rotation (°) -10 3 0 0 0 -1
Nesting 7 7 7 7 7 7
Grids

10 m (0000T1), 15 m (0000SK) as well as 50 cm height grass (000000)
were the three types of vegetation used. There were no rooftop greening
and green facade applied in the six locations. The distribution of
different ground surfaces was resembled according to the actual road
and surface conditions by using materials including unsealed soil (sandy
loam) (010000), pavement (concrete) (0100PP), granite pavement
(single stone) (0100GS), or asphalt road (0100ST). Water features such
as rivers and small ponds were represented by deep water (0100WW).
The model domain was generated according to the actual spatial
distribution of buildings, water cover, and vegetation by using the ENVI-
met Monde Module. However, it was nearly impossible to perform
perfect reconstruction at each point because of the limitation of grids.
Besides, simulation instability could often be introduced, especially in-
side a detailed and complex urban environment. Therefore, fine ad-
justments to buildings and vegetation distribution were applied by using
the ENVI-met Space module to avoid instability and ensure successful
simulations. Fig. 2 shows an example of the 3D model domain in Mong
Kok (MK), one of the densely built-up areas in the Kowloon Peninsula.
Other 3D model domains are displayed in Figure S1 and Figure S2.

2.3.3. Weather data input for simulation

The full-forcing mode had been applied in the 21-h simulation (from
00:00 to 21:00 the same day). As regional weather varied simulta-
neously, the input weather data, including air temperature, relative
humidity, and wind speed, at each location were retrieved from the
nearest operational automatic weather stations (AWS) established by
the Hong Kong Observatory. However, as solar radiation data were
unavailable at each AWS, direct shortwave radiation, diffuse shortwave
radiation, and longwave radiation data from Meteoblue [67] were
utilised.

To examine the impact of heatwave events, simulations were per-
formed under the extreme condition (May 18, 2018) [68] and the typical
condition (May 8, 2017). Fig. 3 illustrates the weather observed at the
nearest AWS, including air temperature, relative humidity, and wind
speed for extreme and typical weather of each study area. A few ad-
justments to the weather data had been made to avoid crashes and
instability of the simulations. Fig. 4 summarises three kinds of solar
radiation received in Hong Kong. The input solar radiation data are the
same for all six study areas.

2.4. Urban greenery morphological parameters

Urban morphology parameters had been widely applied in urban-
microclimate-related studies [52,69-71] to understand the impact of
urban morphology on microclimates. The parameters often help trans-
late scientific findings of climatic phenomena into practical urban de-
signs [69].

Except for upward view factors, a buffer circle with a 100 m radius
was used due to two reasons. First, canyon size (30 x 200 m), suggested
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Fig. 2. The 3D model domain of Mong Kok (MK).

by T.R. Oke’s urban climate scale classification [72], was a suitable
horizon length scale to represent the pedestrians’ bio-climate. Second,
this buffer size had been applied in numerous research on similar topics
[73,74].

2.4.1. Tree view factor (TVF)

TVF quantifies the amount of immediate tree cover obscuring the sky
at a given point from a horizontal surface. It varies from O to 1, where
0 represents no tree can be observed. Similar to the sky view factor, TVF
can be calculated by analysing hemispheric photos. However, as modi-
fications to vegetation had been performed in the model domain, the
domain’s TVF and the actual ones in the urban environment might
differ. Therefore, another approach was used to retrieve TVF from
simulations. In ENVI-met, the simulation outcome included the upward
vegetation view factor at each grid. As green facades and green roofs
were not included in the model designs, the upward vegetation view
factor retrieved at 2 m above ground surface could thus be analysed as
TVF.

2.4.2. Green coverage ratio (GCR)

GCR refers to the vegetation coverage within the buffer circle at a
horizontal surface, and it ranges from 0 to 1. Sometimes percentage
representation is used in some research.

In this study, GCR was extracted from the model domains using the
counting technique of pixels. Inside the domain, 10 m and 15 m height
dense trees and 50 cm height grass were green grids. The GCR at a given
point in the model domain was estimated by counting the green pixels
within the buffer circle. As there was a lack of detailed spatial vegetation
distribution maps in the geographic information product, and the loca-
tion of vegetation might have been minor adjusted as well, GCR was
obtained using the pixels-counting approach. It could approximate the
vegetation coverage of the domain more precisely. As green facades and
green roofs were not included in the model domains of the six study
areas, GCR calculated in this study referred to the ground-level values
only.

2.5. Data collation

2.5.1. Site selection for data analysis

Tree grids and exposed grids were identified from the model domain.
A tree grid referred to a grid with dense trees of 10 m or 15 m. The latter
referred to a grid that was unsealed soil (sandy loam), pavement (con-
crete), granite pavement (single stone), or asphalt road. In addition,
exposed grids did not contain any buildings, vegetation, or water
surface.

To obtain more accurate results, grids within 100 m of the model
boundary were not considered. Besides, grids within 100 m of the water

surface were also neglected in the site selection to achieve a fair
comparison.

For data analysis, ten tree grids and ten exposed grids were randomly
chosen following the above restrictions in the six locations: KLC, MK,
NSE, TM, TP, and TSW. Therefore, there were a total of 120 sites for data
analysis. Besides, paired sites within special urban environments such as
parks, north-south roads (N-S), and east-west roads (E-W) were also
considered. There were six pairs of parks, four pairs of N-S, and five
pairs of E-W.

As a result, two groups were classified with the location’s TVF. The
high TVF (Htvf) group consisted of all 60 sites under a tree, with each
TVF larger than 0.6. While for the low TVF (Ltvf) sites, the TVF value of
each site was less than 0.3. Fig. 5 shows the 2D model domains with the
indication of Ltvf sites, Htvf sites, and the examples of urban environ-
ments examined.

2.5.2. Weather data from ENVI-met simulation results

Three weather elements, air temperature (TA), wind speed (WS), and
mean radiant temperature (TMRT), were extracted from the hourly
simulation results at 2 m above horizontal ground. WS data were
extracted to inspect the impact of trees on the ventilation flow. TMRT
data were retrieved to scrutinise the cooling effect brought by shading.

2.5.3. Human thermal comfort assessment

Developed based on the Munich Energy-Balance Model for In-
dividuals, physiological equivalent temperature (PET) is defined as the
air temperature at which the human skin and core temperature are
equal, and the body heat balance is maintained in the assessed envi-
ronment [75,76]. It describes human thermal comfort by using degrees
Celsius.

PET was the indicator for this study for two reasons. Firstly, its
calculation considered a variety of meteorological variables (air tem-
perature, relative humidity, wind speed, and mean radiant temperature)
and human elements (such as clothing level and metabolic rate caused
by activity) [75]. Secondly, PET was a widely used thermal comfort
indicator in urban microclimate research in different climatic regions [8,
77-79].

PET was calculated by using the BIO-met module in the ENVI-met.
The default setting on body parameters and persons metabolism were
adopted, i.e., a male aged 35 with 75 kg in weight and 1.75 m in height,
and his total metabolic rate is 164.49 W. For the static clothing insu-
lation, 0.4 was used to represent the typical clothing of Hong Kong
citizens in the hot and humid summer [65].

Previous research in Hong Kong reported that the neutral PET was
28.1 °C [80] while PET of 32 °C was at which pedestrians would feel
slightly warm [81] and still be comfortable [65]. Regarding heat toler-
ance, ideal thermal stress was defined when PET is lower or equal to
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Fig. 3. The weather observed at the nearest AWS of the six study locations.

32 °C, while PET higher than 32 °C would be considered a non-ideal
condition in this study.

2.6. Scenario descriptions

Data of 09:00, 12:00, and 15:00 represented situations in the
morning, noon, and afternoon respectively. Six scenarios had been
proposed to study the differences induced by extreme weather

0 11
Hour

12 13 14 15 16 17 18 19 20 21 22

™ = TSW
TP == mean

Weather == ex == typ

KLC and NSE had the same data due to their similar proximity to the same AWS.
conditions at different times of the day, as listed in Table 3.
2.7. Multiple linear regression of PET
To evaluate the impact of the urban morphology on the outdoor

pedestrian-level thermal comfort, multiple linear regressions were
conducted based on the following equation:
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Solar radiation

Solar raqiation (Wim*"2)
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Fig. 4. Input solar radiation data under the two weather scenarios. SW refers to shortwave radiation while LW refers to longwave radiation.

PET =aTVF + bBVF . +c,

where PET is the value of PET at different time of the day, TVF is the tree
view factor (only constituted by vegetation), BVFc is the upward
building view factor without the presence of any vegetation (only
constituted by buildings), a and b are the corresponding coefficients, and
c is the intercept.

The mean BVFc of the 60 Htvf sites and 60 Ltvf sites were 0.41 and
0.49, respectively. BVFc represented the urban morphology in this study
because of the following considerations: 1) The significant correlation
between BVFc and intra-urban climates in high-rise and high-density
cities had been proved [82], thereby allowing BVFc to be a viable in-
dicator to investigate the relationship between urban morphology,
urban microclimate, and human thermal comfort. 2) Among common
urban morphology parameters in microclimate research, BVFc was
relatively straightforward to be obtained and accurately calculated for a
specific location using ENVI-met. A previous study [83] has summarised
twelve frequently applied parameters, including building coverage
ratio, building volume density, mean building height, floor area ratio,
and frontal area index. However, most of these parameters could not be
easily and accurately extracted from ENVI-met models.

The multiple linear regressions were conducted with data extracted
from the six case scenarios mentioned in section 2.6. Two series of re-
gressions were performed. One was performed with 120 sites, while
another analysed the 30 sites in the special urban environments (i.e., E-
W, N-S and park). The model was significant at 0.05 level.

3. Results
3.1. Scenario analysis

Tables 4 and 5 summarise the meteorological variables at all 120 Ltvf
and Htvf sites. Fig. 6 illustrates the boxplot distribution of the micro-
climate variables in different sites under the six scenarios.

3.1.1. Typical weather condition

The following section highlighted characteristics of Ltvf and Htvf
sites in typical weather scenarios (09typ, 12typ, and 15typ).

Similar air temperatures were observed at Ltvf and Htvf sites in the
three scenarios. The difference between the mean of Ltvf and Htvf sites
slightly varied from nearly 0.1 °C (in the morning) to 0.2 °C (at noon and
in the afternoon).

In all three scenarios, light winds of less than 3 m/s were observed in
all sites. Moreover, Ltvf sites generally had higher wind speeds, implying
that the presence of trees would slow the ventilation flow.

Htvf sites had prominently reduced TMRT. The mean TMRT of Htvf
sites remained under 33 °C in all three scenarios. Regarding the differ-
ence between the mean of Ltvf and Htvf sites, it enlarged from 7.4 °C in
the morning to 16.2 °C at noon. Therefore, it implied that TMRT
reduction could be strengthened during the period with the strongest
insolation and maintained throughout the daytime due to the high
effectiveness of tree shading.

PET at Htvf sites was prominently lower. While the mean PET at Ltvf
site reached 36.4 °C during the daytime, the mean PET could remain
under 32 °C at Htvf sites. It indicated the non-ideal thermal sensation
(above the 32 °C, the slightly warm threshold) for pedestrians to stay at
Ltvf sites during daytime. Whereas staying at Htvf sites could allow an
ideal thermal sensation throughout the day. Moreover, the advantage of
staying at Htvf sites became more prominent in the hottest period of the
day. In the morning, the difference between the mean of Ltvf and Htvf
sites was 1.9 °C. This difference enlarged to 7.1 °C and 6.6 °C at noon
and afternoon, respectively.

3.1.2. Extreme weather condition

The following section reported characteristics of Ltvf and Htvf sites
in extreme weather scenarios (09ex, 12ex, and 15ex).

Similar air temperatures were observed at Ltvf and Htvf sites in the
three scenarios. The difference between the mean of Ltvf and Htvf sites
increased from 0.1 °C in the morning to 0.31 °C in the afternoon.

Wind speeds at all sites were less than 3 m/s during the heatwave,
with lower WS at Htvf sites. The difference between the mean of the two
groups of sites varied from 0.1 m/s to 0.2 m/s.

TMRT had a marked reduction at Htvf sites due to the existence of
trees. The mean TMRT at Htvf sites ranged from 27.6 °C in the morning
to 35.4 °C at noon. Meanwhile, the mean TMRT varied from 36.5 °C in
the morning to 52.4 °C at noon at Ltvf sites. The difference between the
mean of Htvf and Ltvf sites was 8.9 °C in the morning, 17.0 °C at noon,
and 15.0 °C in the afternoon. It suggested that TMRT reduction by trees
was still effective during heatwaves.

The substantial PET reductions at Htvf sites were notable. The day-
time mean PET at Htvf sites ranged from 28.3 °C to 34.6 °C, while those
at Ltvf sites varied from 32.4 °C to 44.9 °C. The difference between the
mean of sites increased from 4.1 °C in the morning to 10.3 °C at noon
and 9.3 °C in the afternoon. The hottest Ltvf and Htvf sites had a
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considerable difference of 17 °C in the afternoon. It implied that Htvf
sites were better thermal environments during heatwaves compared to
Ltvf sites. Nevertheless, although the daytime PET reductions were
remarkable at Htvf sites, only morning was the thermally ideal period

for outdoor activities.

3.1.3. Heatwave event impacts
By comparing the characteristics concluded in section 3.1.1 and
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Table 3
The six case scenarios and its naming.

Typical weather condition Extreme weather condition (heatwave)

Morning 09typ 09ex
Noon 12typ 12ex
Afternoon 15typ 15ex

3.1.2, the impact caused by heatwave events were reported in this
section.

During heatwaves, daytime TA in both Htvf and Ltvf sites was
prominently higher than usual. In the morning, the mean increase in TA
was 3.3 °C for both sites. It was noteworthy that the mean increase at
noon and in the afternoon was approximately 5 °C (intensified by nearly
2 °C compared to the morning values). The maximum increase due to

Table 4
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heatwave impact at Htvf and Ltvf sites was both 4.8 °C in the morning
while they were 7.3 °C and 7.2 °C at noon, respectively. It suggested that
ground-level heating could intensify during heatwave events. Besides,
heatwaves could cause a slightly larger difference between the mean TA
of Htvf and Ltvf sites (particularly at noon and in the afternoon),
implying a more heterogeneous air temperature distribution due to the
impact of heatwaves.

WS at Ltvf sites notably weakened during heatwaves. Mean re-
ductions of 0.3 m/s to 0.5 m/s were found in Ltvf sites during the day-
time, while no clear reduction trend was observed at Htvf sites. As
illustrated in Fig. 6b, Ltvf and Htvf sites had a more similar WS during
heatwaves. Hence no prominent difference between the mean of these
two groups could be observed.

TMRT did not prominently changed during heatwaves. For Ltvf sites,

Summary of air temperature (TA) and wind speed (WS). Overall refers to the overall statistics of total 120 sites regardless of the classification of sites. Max refers to the
maximum value while min refers to the minimum value. Sd refers to the standard deviation.

TA Ltvf Htvf Overall WS Ltvf Htvf Overall
09typ max 28.4 28.2 28.4 09typ max 2.3 1.9 2.3
min 25.1 25.1 25.1 min 0.1 0.0 0.0
mean 26.4 26.4 26.4 mean 1.0 0.5 0.8
sd 0.91 0.88 0.90 sd 0.56 0.45 0.56
09ex max 30.8 30.8 30.8 09ex max 1.8 1.8 1.8
min 29.0 28.7 28.7 min 0.1 0.1 0.1
mean 29.8 29.6 29.7 mean 0.6 0.4 0.5
sd 0.45 0.43 0.44 sd 0.39 0.31 0.36
12typ max 31.5 31.1 31.5 12typ max 2.5 1.8 2.5
min 26.8 26.6 26.6 min 0.0 0.0 0.0
mean 28.9 28.7 28.8 mean 1.1 0.6 0.9
sd 1.15 1.13 1.14 sd 0.61 0.46 0.59
12ex max 35.3 34.9 35.3 12ex max 2.4 2.6 2.6
min 33.3 32.4 32.4 min 0.1 0.0 0.0
mean 34.2 33.8 34.0 mean 0.8 0.7 0.8
sd 0.47 0.47 0.50 sd 0.59 0.50 0.55
15typ max 31.4 31.1 31.4 15typ max 2.6 1.8 2.6
min 27.2 26.9 26.9 min 0.0 0.0 0.0
mean 29.5 29.3 29.4 mean 1.0 0.6 0.8
sd 0.98 0.94 0.97 sd 0.59 0.43 0.57
15ex max 36.2 35.7 36.2 15ex max 2.3 2.3 2.3
min 33.2 33.1 33.1 min 0.0 0.0 0.0
mean 34.6 34.3 34.4 mean 0.7 0.6 0.6
sd 0.72 0.67 0.71 sd 0.56 0.44 0.50
Table 5
Summary of mean radiant temperature (TMRT) and physiological equivalent temperature (PET).
TMRT Ltvf Htvf Overall PET Ltvf Htvf Overall
09typ max 43.5 31.4 43.5 09typ max 34.2 28.2 34.2
min 24.7 21.0 21.0 min 22.0 22.4 22.0
mean 32.5 25.1 28.8 mean 26.4 24.5 25.5
sd 4.54 2.50 5.21 sd 2.52 1.29 2.20
09ex max 48.4 34.3 48.4 09ex max 38.3 32.2 38.3
min 28.8 22.8 22.8 min 28.5 26.3 26.3
mean 36.5 27.6 32.0 mean 32.4 28.3 30.3
sd 4.70 2.56 5.85 sd 2.27 1.27 2.77
12typ max 59.9 41.9 59.9 12typ max 48.7 36.9 48.7
min 33.1 23.4 23.4 min 29.1 24.1 24.1
mean 48.5 32.3 40.4 mean 36.4 29.3 32.8
sd 4.78 6.05 9.77 sd 3.51 3.38 4.96
12ex max 62.5 42.0 62.5 12ex max 54.9 38.7 54.9
min 36.8 26.0 26.0 min 36.1 30.0 30.0
mean 52.4 35.4 43.9 mean 44.9 34.6 39.7
sd 4.49 4.99 9.75 sd 3.96 2.60 6.14
15typ max 58.5 38.5 58.5 15typ max 43.5 34.6 43.5
min 30.1 24.4 24.4 min 27.8 24.3 24.3
mean 45.6 30.5 38.0 mean 35.6 29.0 32.3
sd 6.57 4.08 9.32 sd 3.76 2.25 4.51
15ex max 61.1 42.5 61.1 15ex max 56.2 39.3 56.2
min 34.0 27.9 27.9 min 34.5 31.1 31.1
mean 49.4 34.3 41.8 mean 43.8 34.5 39.2
sd 6.86 3.84 9.36 sd 5.28 2.01 6.12
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Fig. 6. Boxplot distribution of a) air temperature

(TA), b) wind speed (WS), ¢) mean radiant tempera-
ture (TMRT), and d) PET at Ltvf (red) and Htvf sites
(blue). For d) PET, the solid horizontal line indicates
the neutral PET of 28 °C, while the dotted horizontal
line at 32 °C indicates the beginning of non-ideal
thermal stress. Sitegp in the legend introduces the
two groups of sites. DegC refers to the unit of tem-
perature (°C). (For interpretation of the references to
colour in this figure legend, the reader is referred to
the Web version of this article.)
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it was approximately 4 °C higher than usual. For Htvf, the increase
ranged from 2.5 °C to 3.8 °C. In addition, the differences between the
mean of Htvf and Ltvf sites slightly changed by +1.5 °C in the morning,
+0.8 °C at noon, and no change in the afternoon when compared to the
differences under the typical weather. To conclude, during heatwaves,
the respective TMRT rises at both sites as well as the differences between
the mean of the two groups were slightly higher than usual.

With the above changes in the weather parameters, PET deteriorated
at both sites under heatwaves. Compared to the mean PET under typical
weather, it was 3.7 °C higher at Htvf sites and 6.0 °C higher at Ltvf sites
in the heatwave morning. It was 5.5 °C higher at Htvf sites and 8.2 °C
higher at Ltvf sites in the afternoon. Moreover, the differences between
the mean of Htvf and Ltvf sites during heatwaves enlarged by 2.3 °C in
the morning and 3.1 °C at noon when compared to the usual. The
morning cases showed that heatwaves had already influenced thermal
comfort, even though the urban environment had not yet received the
strongest insolation. Besides, the PET in the heatwave morning was
similar to that at noon and afternoon under typical weather conditions
(see Fig. 6). Fig. 6 also illustrated that it was not ideal for performing
outdoor activities during heatwave noon and afternoon, even if pedes-
trians stayed under tree shades. Therefore, it implied that the current
vegetation distribution might not be sufficiently effective to maintain
outdoor thermal comfort in such dense and high-rise urban, especially
when heatwaves would become more frequent because of future climate
change. Additional mitigations, such as ventilation corridors and water
cooling systems, should be introduced to ameliorate the future deteri-
oration of urban thermal environments.

3.2. Diurnal variation analysis

In this section, diurnal variations of weather elements in different
urban environments, including urban parks (park), east-west oriented
roads (E-W), and north-south oriented streets (N-S), were summarised.
The diurnal data of the corresponding pairs of Ltvf and Htvf sites within
these three urban environments were extracted and analysed. The

PET_12typ PET_12ex

PET_15typ PET_15ex

scenario

10

sitegp B3 Ltvi BE Hivr

cooling maximum was also calculated to show the potential cooling with
the presence of overhead trees.

3.2.1. Air temperature

Fig. 7 (top) displays the diurnal variations of air temperatures. For
Ltvf sites, similar temperatures were observed in the three environments
at noon despite the weather. In the afternoon, parks had slightly higher
TA, while TA at N-S was the lowest. It might be due to the degree of
building shade from the deep street canyon. Without the shade of
buildings, Ltvf sites at parks received more direct solar radiation and
surface heating during the daytime. For Htvf sites, the TA of parks was
lower than the street by approximately 0.5 °C at noon during heatwave
daytime. However, similar temperatures were observed in all sites under
typical weather.

Fig. 7 (top) also shows the cooling maximum in air temperature. It
indicated that the most substantial cooling occurred in parks (0.6 °C
under typical weather and 0.9 °C under extreme weather), followed by
E-W and then N-S. All three urban environments showed a larger
cooling potential during heatwaves. Although the park’s Ltvf sites had
higher TA than others, they exhibited a more substantial cooling during
the daytime. It was also contributed by the park’s Htvf sites, which had
relatively lower TA than that inside street canyons with a longer time.

3.2.2. Wind speed

Fig. 7 (bottom) shows the diurnal variation of wind speed (WS) in the
three urban environments during heatwaves and typical weather. Dur-
ing most of the daytime, WS was similarly weak. Under typical weather,
E-W had the lowest WS at both Htvf and Ltvf sites. When during heat-
waves, WS patterns inside street canyons differed. Similar WS was
observed between the Ltvf and Htvf sites at E-W. Besides, the Htvf sites
at N-S surprisingly showed a slightly higher WS than the Ltvf sites. It
demonstrated that the weakened background WS during heatwaves
could generate a more similar WS between Ltvf and Htvf sites within
deep street canyons. Park was less affected by this impact due to its more
open exposure.
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Fig. 7. Diurnal TA (top) and WS (bottom) variation at different urban environments under the two weather conditions. DegC refers to the unit of temperature (°C).

Under typical weather, Ltvf sites at all three urban environments had
higher mean wind speeds of approximately 0.5 m/s than Htvf sites. The
most considerable wind speed reduction by Htvf sites was found inside

parks.

3.2.3. TMRT

Fig. 8 (top) shows the diurnal variation patterns of TMRT. For Ltvf
sites under both weather conditions, parks had the highest TMRT, fol-
lowed by E-W and N-S. The parks chosen were less surrounded by high-
rise buildings, resulting insufficient shading to the park’s Ltvf sites.
Therefore, its TMRT was higher than that located inside deep street
canyons. The lowest TMRT of the N-S was likely contributed by the

sufficient shading from neighbouring high-rise buildings. It suggested
the influencing role of shading from neighbouring high-rise buildings on
TMRT. Regarding Htvf sites, similar TMRT were observed in all three
urban environments. It might imply that TMRT in different urban en-
vironments could be reduced to a similar level with the presence of trees.

Fig. 8 (top) also illustrates the maximum reduction in TMRT under
two weather conditions. Parks exhibited the highest maximum reduc-
tion (24.0 °C under typical weather and 25.5 °C under extreme
weather), followed by E-W (18.6 °C under typical weather and 17.8 °C
under extreme weather) and then N-S (10.3 °C under typical weather
and 12.1 °C under extreme weather). The difference in TMRT reduction
between heatwave and typical weather was not prominent.

11
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3.2.4. PET

Fig. 8 (bottom) displays the diurnal variations of PET under different
weather conditions. The similar pattern of PET to TMRT suggested that
TMRT strongly influenced PET in Hong Kong summer. At Ltvf sites
under typical weather, parks had the highest PET, followed by E-W and
then N-S. At heatwave noon, E-W’s Ltvf sites surprisingly had a higher
PET than parks. Regarding Htvf sites, E-W generally had higher daytime
PET than parks, while N-S had the lowest PET (except at noon). Another
point to note was that under typical weather, pedestrians were suggested
to stay under trees as the shade could provide a more thermally

12

comfortable environment for outdoor activities. If it was not feasible,
staying inside an N-S canyon could be an alternative. Although N-S had
a non-ideal thermal condition around noon, PET inside N-S was within
the ideal thermal stress threshold for most daytime under typical
weather.

Fig. 8 (bottom) also shows the maximum PET reduction in the three
urban environments. Under typical weather, parks had the highest
values (11.4 °C), followed by E-W (8.1 °C) and then N-S (3.9 °C).
However, this pattern changed during heatwaves. The diurnal PET
reduction by trees at E-W (13.0 °C) was similar to the park one (12.8 °C),
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while the value of N-S remained the lowest. The substantial increase in
the maximum PET reduction was only observed in street canyons during
heatwave events. It implied that the thermal sensation differences be-
tween Ltvf and Htvf sites might deteriorate in deep street canyons during
a heatwave event.

3.3. Influence of tree and urban morphology on PET

3.3.1. Overdll

Table 6 summarises the six multiple linear regression models ana-
lysed with 120 sites. The result showed that TVF was significant in all six
models. BVFc was also significant except for the noon case under typical
weather (12typ). Comparing the significance values (Pr(>|t)), TVF’s
was smaller than BVFc’s in the same model. Besides, TVF had a more
negative coefficient during noon and the afternoon, implying TVF had a
larger PET reduction than BVFc when the daytime outdoor thermal
comfort was the most uncomfortable.

Therefore, although BVFc (representing the urban morphology and
geometry) was significantly causing an impact, the influence of TVF
could be considered generally larger in the 120 sites, particularly during
noon and the afternoon.

3.3.2. Special urban environments

Table 7 shows the summary of the six multiple linear regression
models, analysed with a total of 30 sites in the E-W, N-S and parks. The
results showed that TVF was significant in all six models. BVFc was
insignificant in the noon and afternoon cases (insignificant in PET_12-
typ, PET_12ex, and PET_15ex). Comparing the cases in which both in-
dependent variables were significant, TVF had a smaller significance
value (Pr(>|t)) than BVFc with a similar coefficient (except PET_09typ).

Therefore, it implied a more significant influence of TVF, particularly
at noon and afternoon under extreme weather.

4. Discussion

4.1. Urban thermal comfort improvement by trees in different urban
environments

There were two notable features shown among the three urban en-
vironments. First, parks had a larger TMRT reduction by trees than the
other two urban environments. This was caused by the higher TMRT at
Ltvf and low TMRT at Htvf sites at parks. Chen et al. [84] revealed that
extremely high TMRT of a mean of 66.4 °C was experienced in unob-
structed open areas in Shanghai. In Singapore, a metropolis with similar
hot and humid climate as Hong Kong, Acero et al. [85] concluded that
low-rise or partly open areas had a higher mean TMRT of 3.4 °C than the
high-rise environments with the same street orientation in wet
NE-Monsoon afternoons. Lau et al. [86] mentioned that open space
generally received a higher TMRT than deep street canyons under the
shading effect of surrounding buildings. In other words, urban parks
generally had higher TMRT due to insufficient sheltering from insolation
during the daytime. Lau et al. also highlighted that daytime TMRT inside
deep street canyons could be 5 °C lower than inside the park [86]. Our
study obtained a coherent outcome at Ltvf sites in parks and E-W. It
further revealed that the TMRT differences between Ltvf sites in parks
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and N-S could reach 10 °C at noon and more in the rest of the daytime
during heatwaves. Due to this fundamental difference in the TMRT at
Ltvf sites, in addition to the lower TMRT observed at Htvf sites, parks
had a larger TMRT reduction than the other two urban environments.
Second, parks had a larger maximum PET reduction by trees (i.e. a larger
reduction between Ltvf and Htvf sites in the park than in street canyons),
resembling the above TMRT feature. The main reason was that TMRT
had a decisive influence on the calculation of PET. As the absorbed
shortwave and longwave radiation primarily affect human thermal
comfort, the diurnal variations of PET in the outdoor environment were
similar to the TMRT. Generally, the maximum PET reduction in parks
was more prominent than in street canyons. Our results were consistent
with Morakinyo et al. [38]. However, the interesting point was that the
PET reduction in E-W was similar to the parks around noon during
heatwaves.

Besides the PET magnitude, there was a longer thermal uncomfort-
able period (i.e., earlier to experience non-ideal thermal comfort in the
morning and later to resume the ideal thermal comfort) at parks’ Ltvf
sites. Therefore, staying inside parks did not necessarily to be thermally
comfortable. The sensible approach was to conduct outdoor activities at
Htvf locations in parks to achieve ideal thermal comfort. Thus, the
importance of designing shaded leisure areas is emphasised.

Street orientation was another critical factor controlling the TMRT
and hence the thermal comfort within deep street canyons [50,87]. This
research revealed two noteworthy features. First, E-W had more sub-
stantial TMRT reductions than N-S. In Ltvf sites, TMRT at E-W was
higher than at N-S. In previous research conducted in locations having
similar summer weather as Hong Kong (i.e., hot and humid summer
weather), most concluded with echoing results [26,50,86,87]. While
solar radiation could penetrate E-W during the daytime more easily,
high-rise buildings along the N-S sheltered the pedestrian level from the
insolation. Therefore, as trees planted inside the deep street canyon
could reduce TMRT to a similar magnitude at Htvf sites regardless of
road orientations, a larger cooling potential was found at E-W. Second,
PET reduction in E-W was also larger than in N-S. At the pedestrian
level, daytime PET in hot and humid summers was substantially influ-
enced by solar radiation [39,88,89] and thus TMRT [39,90-92]. As
daytime TMRT in E-W was higher at Ltvf sites, PET was generally higher,
i.e., more deteriorated thermal comfort. In other words, there was a
higher potential for PET reduction by trees in E-W.

In section 3, it was revealed that although trees reduced wind speeds
at Htvf sites, which was consistent with previous research [93], the
pedestrian-level thermal comfort improved. It was substantially
contributed by the shading of tall trees, as demonstrated by the promi-
nent TMRT reduction at Htvf sites. In other words, the advantages of
planting trees to reach a high TVF in the urban area outweighed its
disadvantages in a general high-density urban setting. Moreover, the
improvement varied regarding different urban environments where the
trees were planted.

In section 3.3, the multiple linear regression models suggested the
significance of TVF in lowering the PET. Although urban morphology
was reported as an important variable for changing urban climatic
conditions, TVF also had a crucial influence on outdoor thermal comfort.
The influence of TVF is especially essential at noon and afternoon. When
solar radiation penetrates the deep street canyons due to the high

Table 6
Summary of the six multiple linear regression models analysed with 120 sites. Estimate refers to the coefficient. Pr(>|t) refers to the corresponding p-value.
Model Variables Estimate Pr(>|t) Model Variables Estimate Pr(>|t)
PET_09typ TVF —2.8649 8.60e-10 PET_09ex TVF —5.7212 <2e-16
BVFc —4.8767 2.66e-04 BVFc —6.7542 6.42e-09
PET_12typ TVF -9.4871 <2e-16 PET_12ex TVF —-13.2127 <2e-16
BVFc —2.9109 0.178 BVFc —4.4084 0.0311
PET_15typ TVF —8.8424 <2e-16 PET_15ex TVF —12.0864 <2e-16
BVFc —7.0873 4.12e-04 BVFc —8.2967 0.0018
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Table 7
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Summary of the six multiple linear regression models, analysed with a total of 30 sites in the E-W, N-S and parks. Estimate refers to the coefficient. Pr(>|t) refers to the

corresponding p-value.

Model Variables Estimate Pr(>|t) Model Variables Estimate Pr(>|t)
PET_09typ TVF —4.0327 4.72e-05 PET_09ex TVF —7.376 1.53e-11
BVFc —7.3379 6.20e-04 BVFc —7.7243 2.32e-05
PET_12typ TVF —9.449 1.67e-06 PET_12ex TVF -12.675 1.80e-09
BVFc —5.257 0.148 BVFc -3.53 0.287
PET_15typ TVF —9.633 1.79e-07 PET _15ex TVF —12.354 5.27e-08
BVFc —10.245 0.00306 BVFc —7.583 0.0546

elevation of the sun (in the summer), the direct overhead tree canopy at
street level can shade pedestrians from shortwave solar radiation. This
study emphasised the importance of overhead tree canopy shading as a
small-scale mitigation and immediate shelter from solar radiation in a
high-rise and high-density city.

4.2. GCR and TVF

Under the current greening policy in Hong Kong, a site’s GCR should
achieve 20% or 30% (for sites with areas of 1000-20,000 m? or greater
than 20,000 m? respectively) [94] by applying a combination of
greenery at different platforms (including roof, facade, podium, slopes,
and water integration) with diverse vegetation species. Similarly, green
factors in other regions, such as Seattle Green Factor and London Urban
Greening Factors, were developed to assess the urban environment
based on the total coverage area of various urban greenery types.

Although GCR is simple, straightforward, and easy to use, it ignores
individual vegetation species’ cooling effectiveness and efficiency.
Rooftop greening had little influence on the air temperature and outdoor
thermal comfort at the pedestrian level in high-rise metropolises with a
hot and humid climate [95-98]. Vertical greening had a limited hori-
zontal cooling scope [99,100] and Katsoulas et al. [100] reported that
the inflection point was only 2.5 m. Therefore, not every green infra-
structure included in GCR necessarily has pronounced improvement to
the pedestrian-level thermal environment. Regarding ground-level
vegetation, it was reported that the increase in grass coverage gener-
ally had a limited mitigation effect on thermal comfort at the pedestrian
level [33,101,102]. Zhao et al. illustrated that the reduction in PET by
grass only ranged from 3.8 to 4.7 °C with a GCR of 8%-56% compared to
the base case of 0% GCR. However, for the scenario with a high-density
canopy tree, the PET reduction ranged from 5.2 to 11.4 °C [33]. In
similar biometeorological studies, the general conclusion was that a
higher tree proportion in GCR could lead to a more thermally comfort-
able urban environment [33,37,38,101,103,104]. Research by Mor-
akinyo et al. [37] proposed that TMRT reduction could be ranged from
5.6 °Ct09.1 °C, and the PET reduction could reach 3.2 °C-4.2 °C if there
is 30% tree coverage regardless of tree species. Ma et al. [101] suggested
that PET reduction of 0.78 °C could be achieved by increasing 3% the
tree coverage ratio within the range of 3.5%-18.2% at 15:00. This
implied that the prominent differences in thermal comfort at the
pedestrian level could be due to the dominant vegetation types in the
surrounding ground-level environment.

The dominant vegetation type is a decisive factor in human biome-
teorology due to the cooling mechanisms of vegetation. Urban greenery
has three mechanisms to cool the thermal environment: shade provision,
evapotranspiration, and increased albedo [7]. Although grass coverage
at the street level can reduce the surface temperature by the latter two
mechanisms, the limited height of grass restricts its effectiveness of
shade provision. Thus, grass cannot effectively block solar radiation in
urban environments at pedestrian heights. However, shade provision by
trees improves the urban thermal environment. When pedestrians are
under the tree shade, their shortwave radiation exposure reduces due to
the reflection and absorption by the tree canopy. It helps to control the
amount of absorbed solar radiation by the human body and affects the
human energy budget. Reduced human heat stress load promotes
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thermal comfort, preventing the overheating of the body. As a result,
tree shade provides the most prominent benefit of urban greenery to
human biometeorology. Therefore, GCR, estimating the greenery
coverage without considering the vegetation species, should not be the
only morphological parameter analysed in urban microclimate and
thermal sensation studies. Also, GCR target fulfilment should not be the
only consideration when formulating the greenery policy in high-density
metropolises.

Differing from GCR, TVF is a morphological parameter considering
trees merely. In limited TVF research in regions with similar climates to
Hong Kong, the general conclusion was that a higher TVF value (i.e.,
more overhead tree cover) led to a more substantial cooling effect and a
thermally comfortable environment for pedestrians [40,50,105,106].
Zaki et al. [50] reported a reduction of 18.7 °C in TMRT and 10.6 °C in
PET under a dense canopy, while a reduction of 15.7 °C in TMRT and
8.5 °C in PET were found under a sparse tree canopy when compared
with the reference station. The results of this study were similar. Besides,
the recent studies in other climates regions also coherently concluded on
the relationship of TVF with various weather elements [45,46] or other
outdoor thermal comfort indices [44,47]. It implies the importance of
trees in regulating the outdoor thermal comfort of pedestrians in both
microclimatic and psychological [41] contexts across different climates.

As observed from the results of previous literature and Figure S3, a
high TVF did not necessarily represent a high GCR value. TVF of a site
depends on its immediate surrounding above the pedestrian, whereas
GCR depends on the ground-level environment within a selected buffer
size. Therefore, when pedestrians travel across a region, TVF may sub-
stantially vary while GCR remains similar, especially when individual
roadside trees are common in a compact city. On the other hand, TMRT
and PET depend on exposure to solar radiation, which is also greatly
influenced by the immediate shading provided by urban structures. In
other words, TMRT and PET can also vary substantially in a short dis-
tance. Table S1 summarises the correlations between PET and TVF/GCR.
It showed that PET and TVF generally had a significant negative cor-
relation in different districts under both typical and extreme weather.
Meanwhile, generally insignificant correlations were found between
PET and GCR in the six locations independently (Tables S2-57).
Generally insignificant correlations were also found between TA and
TVF or GCR. Hence, using TVF as the morphology parameter may cap-
ture the variations better than GCR when studying weather parameters
that greatly vary in spatial distribution, such as TMRT and PET. More-
over, as concluded in previous research, tree shade was directly related
to human sensation and the perception towards thermal comfort,
affecting the behavioural adaptation of pedestrians. Cheung and Jim
[107] concluded that the average useable time of a tree-shaded site
approximately doubled when compared to a well-exposed site in Kow-
loon Bay, Hong Kong. Another study by Lo et al. [108] in Hong Kong
proposed that 95% of survey respondents recognised urban tree shade
provision, and 93.6% affirmed the contribution of the cooling effect of
trees. Chan et al. [109] proposed that a higher level of thermal accept-
ability was found at the survey locations where trees were observable in
situ. In research conducted at a square in Taichung City, a hot and humid
city in central Taiwan, the most preferred mitigation of over 70% of
respondents was to seek shading under trees [110]. Because of the above
two main reasons, TVF may be a better indicator to quantify the relation
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between trees and human thermal comfort.
4.3. Implications on urban design, and limitations

This study proposed and evaluated the use of TVF to quantify
pedestrian thermal comfort in complex urban settings. It provides in-
sights into the relevance of using the hemispheric view of tree cover at
the pedestrian level to human thermal comfort. Our results showed that
using TVF can better capture the shading effect in terms of the reduction
in TMRT and PET as the main determinant of shading efficiency. This
echoes the findings of our previous studies that foliage density accounts
for 60% of temperature regulation [37]. Generally speaking, tree species
with high foliage density are more preferred in reducing the heat load,
but they are limited by the scarce land resources and the underground
utilities commonly found in the urban environment. Selecting the right
trees at appropriate locations was previously investigated [64]. TVF can
therefore provide an indicator for choosing the appropriate and
cooling-effective tree species according to the conditions of site contexts.

The findings of the present study can inform the current practices of
tree planting or vegetation provision in Hong Kong. Chapter 4 of the
Hong Kong Planning Standard and Guidelines concerning greening in
the city focuses primarily on the areas of tree planting and the overall
percentage of tree coverage in site development [111]. It provides
general guidance for greenery provision in site planning. The Sustain-
able Building Design Guidelines also address the site coverage of
greenery and take a step further on how the specific types of greenery
account for the overall site coverage [94]. However, it does not provide
specific guidance and evaluation at pedestrian-level landscape design.
Considering the TVF in developing landscape design facilitates a para-
digm shift from generalizing tree or greenery coverage to
individual-based thermal comfort. It contributes to the revision of
existing guidelines to include the concept of individual-based thermal
comfort in tree design. It also offers flexibility to landscape and urban
designers in selecting the appropriate and effective tree species ac-
cording to the context of street environments.

This study had two limitations. First, the walls of buildings in the
model domains were constructed solely with concrete for simplification.
With this discrepancy, the street-level radiation budget in the model
might differ from that in the actual urban environments [112,113]. To
improve its accuracy, the building models in the simulation domain
could be constructed with additional materials, such as glass, to avoid
the over-simplification of actual buildings. Second, only two tree models
were used in the domain for simplification. In the real-world environ-
ment, trees have different morphologies based on their species [40,114],
so replacing them with other species might generate slightly different
values [37]. Such replacement can evaluate the actual cooling effect of
particular tree species on outdoor human comfort at the pedestrian
level.

5. Conclusion

This research demonstrated the usage of TVF to investigate the
relationship between trees and pedestrian thermal comfort. Through
performing ENVI-met simulations in the six different high-rise and high-
density locations in Hong Kong (a metropolis with hot and humid sub-
tropical summer), air temperature, wind speed, TMRT, as well as PET
(indicating the thermal comfort at the pedestrian level) were thoroughly
studied under both typical and extreme weather (a heatwave event).

Results showed that although Htvf sites received similar air tem-
peratures and reduced wind speeds compared to Ltvf sites, TMRT
prominently reduced. Hence, the PET in Htvf sites remained below 32 °C
(the ideal thermal comfort) under typical summer weather. This study
also revealed that the above features remained similar under extreme
weather, indicating that Htvf sites could help mitigate the substantial
changes in temperatures and thermal comfort. Diurnal variations were
also found within urban environments such as parks, E-W, and N-S
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street canyons. Although Ltvf sites in parks received more solar radiation
than in deep street canyons, the cooling potential exhibited by parks’
Htvf sites was more substantial than in street canyons. Moreover, Htvf
sites experienced an improvement in thermal comfort when compared to
Ltvf sites within the same deep street canyon. To conclude, Htvf sites at
different locations and urban environments could maintain better
thermal comfort for pedestrians due to the reduction in TMRT.

Therefore, this research demonstrated that tree shading was crucial
to thermal comfort inside a high-rise and high-density metropolis with
compact and mixed land uses. Keeping a high TVF in such a city could
improve thermal comfort and help to lengthen the period ideal for
outdoor activities under both typical and extreme weather, which could
be more frequent in the future.

This study suggests that TVF is a suitable vegetation morphological
parameter in complex urban settings and should also be considered and
adopted as a crucial indicator for future urban development. Future
urban landscape designs can consider keeping a continuous overhead
tree canopy to maintain high TVF in the neighbourhood, thereby
creating a thermally comfortable outdoor environment for pedestrians,
especially for the elderly who are more vulnerable to extreme weather.
Planting trees not only increase the TVF nearby but also fulfils the GCR
target of mitigating the impact caused by future climate change. With
additional applications of ventilation corridors, the effectiveness of this
mitigation for future pedestrian thermal comfort could be further
improved. The results of this research emphasise the importance of
sheltering from solar radiation under a tree in order to achieve pedes-
trian thermal comfort when conducting outdoor activities.
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