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ABSTRACT

Creating thermally comfortable living environment under the new normal of heat waves requires pertinent
knowledge as references. In subtropical residential areas, various types of public spaces exist, whose microcli-
mate differences during heat waves, as well as their relationship with surrounding building and greenery
characteristics, have not been systematically investigated. We therefore evaluated microclimate performances in
three typical types of residential public spaces, i.e., open squares, vegetated spaces, and semi-outdoor spaces, and
their relationship with surrounding built environment during summertime heat waves. Field measurement of
microclimate parameters was conducted in two selected public housing estates in Hong Kong, followed by
calculation of thermal comfort indices. Their relationship with building and greenery factors was analyzed.
Results show inconsistent patterns in different microclimate variables among three types of spaces across
different times of the day, while thermal comfort conditions in the three types of spaces are significantly
different. In vegetated spaces and open squares, three-dimensional factors play dominant roles in determining
microclimate and thermal comfort condition, with sky view factor (SVF) contributing the most. We detected key
SVF threshold for effective thermal comfort enhancement around 0.4, based on which we discussed building and
greenery optimization in similar urban context from a point-based SVF perspective and its potential application
in practice. In semi-outdoor spaces, two-dimensional land-cover composition contributes greater than three-
dimensional factors. This study provides empirical evidence on thermal performance of residential public
spaces, which can assist practitioners in achieving adaptation to heat waves in high-density urban contexts in
subtropical regions.

1. Introduction

Along with the trend of global warming, heat waves have become the

conditions, which calls for further knowledge as references [5].

Public spaces in cities are where functional, social and cultural ac-
tivities occur [6], and residents get exposed to heat stress and risks [7].
Of different types of public spaces, thermal environment in outdoor
spaces, e.g., green spaces, urban squares, etc., have been most frequently

new normal [1]. Though diversely defined worldwide, heat waves
generally refer to periods of excessive heat [2]. It is described by World
Meteorological Organization as “unusually hot and dry or hot and humid
weather that have a subtle onset and cessation”, and “a duration of at
least two to three days and a discernible impact on human activities”
[3]. Precise criteria on heat waves vary by countries and locations [2],
which combines considerations of both physiological and sociological
aspects [4]. Nevertheless, the negative impacts of heat waves on the
ecosystems and human well-being are globally universal [2]. Challenges
are therefore posed to planners and designers when creating thermally
comfortable living environment in the face of such extreme heat
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evaluated [8,9]. To guide planning and design practice, urban
morphological indicators were applied to describe two-dimensional
(2D) and three-dimensional (3D) building and greenery characteristics
[10,11], and their climatic effects were investigated at different scales.
At the city scale, empirical studies have been conducted to compare
climatic effects of building and greenery [12-15]. Building coverage
ratio [12-14] and building height [14] were generally spotted as
dominant factors. Buildings’ climatic effect tends to outweigh that of
greenery [15], especially when building coverage is high [12]. Such
results call for detailed evaluations in different types of land-uses. At the
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Nomenclature

Ta air temperature

Rh relative humidity

Tmrt mean radiant temperature

Tg globe temperature

Tnw natural wet bulb temperature

v wind velocity

PET physiological equivalent temperature
UTCI universal thermal climate index

HKHI  Hong Kong heat index

SVF sky view factor

SVFpuitding Sky view factor contributed by buildings

PerT»p,50 percentage of tree coverage within 20/50 m buffer
zone

PerVGzo,50 percentage of ground-level vegetation coverage
within 20/50 m buffer zone

PerBzg,s50 percentage of building coverage within 20/50 m
buffer zone

Hpuyiiding 20/50 average building height within 20/50 m buffer
zone

Hree 20750 average tree height within 20/50 m buffer zone

neighborhood scale, factors such as sky view factor (SVF),
height-to-width ratio, etc., were found to have significant climatic ef-
fects [16]. While when looking into the configuration of building and
greenery within a city block at the micro scale, simulation of different
design scenarios has been most frequently conducted [17-22]. 3D
building morphology indicators were found to perform strong effects on
microclimate [17]. Indicators such as building height, floor area ratio,
etc., were better correlated with temperature indicators than 2D in-
dicators such as land cover elements ratio [18]. More tree coverage
generally provides stronger cooling [19], though such relationship may
not be linear [22], and is influenced by configuration of building and
trees at micro scale [20,21]. However, rare studies comparing 2D and 3D
urban morphology indicators have been based on in-situ measurements
of microclimate parameters at micro scale [23]. Such evaluation is still
needed as it reflects the real situation of thermal environment variation,
and provides essential validation to the above-mentioned simulation
results.

Besides outdoor spaces, semi-outdoor space, e.g., pilotis, corridors,
shelters, shaded terraces, elevated building, sky gardens, etc., is a type of
public space widely applied in tropical and subtropical regions, which
provides considerable environmental and social benefits [24]. Its ther-
mal environment is related to its intrinsic building forms and spatial
attributes [24-26]. Comparisons on thermal environment difference and
thermal perception between semi-outdoor space and other types of
spaces have been conducted in different urban contexts, e.g., on campus
[27-29], around workplace [30,31], in urban parks [32] and public
facilities [33], etc. It has been revealed that semi-outdoor spaces are
likely to have a restoration effect [30], and provide transient experi-
ences linking indoor and outdoor spaces [34,35]. However, in densely
populated residential areas, thermal environment in semi-outdoor
spaces, as well as its difference compared to other types of public
space, is still in need of investigations. Additionally, besides their
intrinsic spatial attributes, how the urban morphology indicators of their
immediate surrounding environment influence their thermal environ-
ment is still awaiting investigation.

Though some related studies have focused on extreme heat events
[36-42], systematic evaluations on thermal environment in different
types of public spaces during heat waves are still in rarity. Such evalu-
ation is needed, considering that the characteristics of thermal envi-
ronment during heat events could be different from those during typical
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weather conditions [37,42], as well as their relationship with urban
morphology indicators [42]. Such differences may further influence
human engagement and behavior [36]. Thus, it is necessary to look into
microclimate variance and their relationship with the built environment
during heat waves.

During heat waves, microclimate patterns vary across different land
uses [41]. Till now, studies have primarily focused on urban green
spaces [36-38], with few focusing on densely built residential areas
[39]. More pertinent knowledge is needed, as residential areas are
closely related to residents’ everyday life. As one of the most densely
populated cities, Hong Kong features severe and exacerbating heat stress
and risks [43,44]. Covering 17 km? of its land [45], Public Housing
Estates (PHEs) in Hong Kong accommodate 45.0% of Hong Kong’s
population [46]. Evaluating thermal environment in PHEs and its
influencing factors is important to benefit vast population, and provide
useful knowledge to subtropical regions.

In view of these, the objectives of this study are (1) to evaluate the
microclimate performance of three typical types of residential public
spaces, i.e., open squares, vegetated spaces, and semi-outdoor spaces,
during heat waves, and (2) to find out the main influencing factors of the
built environment under such urban context. By taking two PHEs in
Hong Kong as cases, new evidence given by this study may provide
essential knowledge to planners and designers on providing thermally
comfortable living environments in subtropical regions, and better
adapting to future extreme heat events.

2. Methodology

The workflow of this study is shown in Fig. 1. By taking 2 PHEs in
Hong Kong as study sites, field measurement of microclimate parame-
ters was conducted, followed by calculation of thermal comfort indices.
Meanwhile, 2D/3D building and greenery factors were measured, and
their relationship with microclimate was analyzed. Detailed information
is given in the following sections. Additionally, background weather
condition during measurement, device calibration method, and detailed
information of study site are given in Appendix A-C.

2.1. Study sites

Hong Kong SAR (22°15'N 114°10’E) is located at the south-east coast
of China, with a total area of 1106 km?. It features a sub-tropical climate
with hot and humid summer influenced by monsoon.

Considering locations, construction year, and existence of the tar-
geted public spaces, two typical PHEs, Wo Che Estate and Oi Man Estate,
were taken as study sites, as shown in Fig. 2. Located distant from the
sea, these two estates feature compact mid-rise buildings, whose heights
reach over 50 m, with well-vegetated courtyards as garden spaces. Their
basic information is given in Table 1.

2.2. Measurement of microclimate parameters and calculation of thermal
comfort indices

2.2.1. Field measurement of microclimate parameters

We conducted field measurement of microclimate parameters on
days with “very hot weather warning” announced by Hong Kong Ob-
servatory. This extreme high temperature warning is issued based on
joint considerations of meteorological data collected from weather sta-
tions across Hong Kong, and Hong Kong Heat Index (HKHI), a local
empirical index that reflects air temperature, relative humidity, wind
condition, and solar radiation [47]. The index is created based on local
heat stress and hospitalization data [48], and when it is higher than
30 °C, “very hot weather warning” will be considered. Such local
warning system is in line with the physiological and sociological con-
siderations of heat waves, and is therefore taken as the criteria for local
heat events.

Air temperature (Ta), relative humidity (Rh), globe temperature



Y. Li et al.

Building and Environment 236 (2023) 110225

Measurements &
data preparation

Data calibration

microclimate condition

Measurement of
9

thermal comfort indices

Calculation of

Measurement of

building/greenery characteristics

PET |4

| 2D composition |+| S
T

D canopy |+| 3D height

HKHI

UTCI |+

Calculate the range and SD during
measuring period at each point

! Calculate the difference between
.1 each measuring point and reference point | |

1

> PerT20i50

1

B PerVG2o/50

1
> PerB2o/50

*
1
1
1
1
1

» SVF

#» SVFbuilding

*
1
1

d (
> Hbuilding_20/50
d ,

'» Hiree_20/50

v

v

2 Data analysis

Microclimate and thermal comfort variation

| Kruskal-Wallis test |

Contribution of 2D/3D building and greenery factors

| All subsets regression ‘

T T Piecewise Partial
| Dunn post hoc test | | Hierarchical partitioning ‘ LeEIeSSION correlation
"""""""""""""""""""""" e PR |
3 Results Significance of microclimate . . . Effects of ke
variation and stability DT ey (5107 Breakpoints as =
factor with
= = threshold of her f:
Significance of thermal Comparison between 2D/3D key factor other factor(s)
comfort variation building and greenery factors controlled
T

2

4  Implications

|

Fig. 1. Workflow of this study.
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(Tg), natural wet bult temperature (Tnw), and wind velocity (v) were
measured on summer days during heat waves in 2022, with similar
weather conditions of mostly sunny and not windy (v < 3 m/s). Mea-

Fig. 2. (a) Locations of study sites and measuring points, and (b) typical examples of three types of public spaces.

Vegetated spaces

surements during cloudy time were excluded from analysis.

Kestrel 5400 Heat Stress Trackers were used for data collection. The
accuracy of the device is +0.5 °C for Ta, +1.4 °C for Tg, and +2% for
Rh, meeting the requirements of ISO 7726 [49]. Mean radiant

)

temperature (T, is calculated following equation (1) [50]. This locally
recalibrated equation is based on measurements in three typical urban
settings, which are open space, tree-shaded spot, and deep street canyon
featuring very low SVF, and demonstrated better performance in out-
door environment with the device we utilized.
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Table 1
Basic information of selected study sites.
Study site Built Total Residents  Green Building
year” area’ ratio” ratio”
Wo Che 1977 2584.65 6300 26.85% 22.03%
Estate
Oi Man 1974 994.45 6300 20.70% 36.14%
Estate

? Data of the whole Estate. Data source: Housing Bureau, Hong Kong SAR,
China.
b Calculated within each block surrounded by urban roads.

0.25

X 108 0.019
0.678 x 10° x v, 73 a

Ton = | (1 +273)" + ===
4

(t.e - t(,)

where t; is globe temperature, t, is air temperature, v, is wind velocity, D
is the globe diameter (0.15 m for Kestrel 5400 Heat Stress Trackers), and
gg is the emissivity of the black globe (0.95).

One device was located on an open square which is free from the
influence of building and tree canopy shades as the reference to record
pedestrian-level microclimate conditions within the selected PHEs dur-
ing 9:30-17:00. Data collected at the reference point is meant to record
the microclimate change at the site and eliminate the influence of
different measuring time due to the mobile measurement method we
adopted. Another three devices were used for mobile measurement
across selected measuring points, as shown in Fig. 2(a). These measuring
points were selected based on systematic sampling with similar dis-
tances among measuring points to the best extent. However, because the
three types of spaces are not so spatially evenly distributed within a
block, they were adjusted based on the actual situations. Additionally, to
exclude unwanted factors such as traffic heat, they were mainly set at
the core area of each block away from the adjacent roads. Devices were
placed at each measuring point for at least 20min to collect data at 5s
intervals, with data collected in the last 10min used for analysis and the
rest to ensure device stabilization. Continuous cloudy times were avoi-
ded to ensure relatively identical weather condition across different data
collection time. To avoid any of the devices used for mobile measure-
ment to be continuously exposed to direct sunshine, the three devices
were randomly assigned to measuring points of the three types of spaces.
All devices were set at the height of 1.2 m. Three rounds of mobile
measurement were carried out during 9:30-17:00, with each repre-
senting morning (9:30-11:30), noon (12:30-14:30), and afternoon
(15:00-17:00), which covers both typical microclimate measuring time
[51] and peak time of residents’ outdoor activity [52,53].

Though three identical Kestrel NK5400 were used for mobile mea-
surements in this study, their internal difference would introduce sys-
tematic error to results. To reduce such impact, we calibrated measured
Ta, Rh, and Tg following [54]. Detailed calibration method is given in
Appendix B.

2.2.2. Calculation of thermal comfort indices

Physiological Equivalent Temperature (PET) and Universal Thermal
Climate Index (UTCI), two widely used thermal comfort indices [8,55],
were calculated. Though demonstrating similar performance [55], the
sensitivity of these two indices to green space cooling is slightly different
in past local analysis [32,56]. 10-min averaged microclimate parameters
were used for the calculation of thermal comfort indices in Rayman Pro
[57,58]. Detailed settings are listed in Table D1.

Hong Kong Heat Index (HKHI), an index reflecting local heat stress
conditions [48], was calculated following equation (2).

HKHI=0.8 x T,,, +0.05 x T, +0.15 x T, (2)

where Ty, is natural wet bult temperature, T, is globe temperature, and
T, is air temperature.
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2.3. Measurement of building and greenery factors

As previously introduced, building and greenery characteristics have
been quantified through 2D and 3D morphological indicators, and were
found having significant impact on urban climate at different scales [10,
11]. Focusing on micro scale within neighborhoods in this study, factors
that can directly and comprehensively depict the built environment
within a neighborrhood are considered, while factors quantifying street
canyons such as street orientation, height-width ratio are excluded.
Therefore, we deciphered building and greenery characteristics by 2D
composition factors and 3D canopy and height factors, as summarized in
Table 2 and Fig. 3. These factors describes the composition of different
land cover elements, urban canopy structure, and vertical height, and
are frequently used in past simulation studies at similar scales and urban
settings [18,19].

2D composition was quantified by the coverage ratio of different
land cover elements, including tree canopy (PerT), ground-level
greening (PerVG), i.e. lawn and shrubs, and building (PerB) within 20
m and 50 m buffer zones (Fig. 3 (a)). Such buffer sizes are effective in
analyzing microclimate variations in similar urban context [59].

3D canopy structure was quantified by SVF, which is an urban ge-
ometry indicator widely applied in microclimate studies [60]. Fish-eye
images taken by Nikon Fisheye Converter FC-E8 mounted on a Nikon
COOLPIX800 at the height of 1.2 m were used for SVF calculation in
Rayman Pro [57,58]. In order to separate the contribution of building
from overall canopy, SVFpyilding Was calculated in the same way by using
edited fish-eye photographs with tree canopy manually removed, as
shown in Fig. 3(b) and C1-2. Though calculation of SVFpyjiding based on
3D models is applicable, we adopted this method of manually editing
fisheye images for direct comparison with SVF, and for their higher
accuracy [60], especially considering the detailed 3D changes around
the measuring points. Additionally, such calculation based on edited
images corresponds to the sequential design process in practice, which is
further discussed in section 4.2.

3D height factors were quantified by mean heights of buildings and
trees within 20 m and 50 m buffer zones. The heights of buildings are
extracted from governmental data (https://www.hkmapservice.gov.
hk/), while the heights of trees higher than 4.5 m were field measured
by using Nikon Pro II laser rangefinder, and the lower ones were taken as
shrubs.

As shown in Fig. 4, collinearity among some factors exists, as all
three types of factors provide quantification of building and greenery
characteristics. Statistical methods tackling such collinearity are
described in Section 2.4.

Table 2
Factors quantifying building and greenery factors.
Influencing Factors Value Unit  Description
range
2D Composition  PerTzq,s0 [0,1] N/A Percentage of visually
PerVGao,s0 interpreted tree canopy,
PerByo,s50 ground-level greening,
and building coverage in
20, and 50 m radii buffer
zones around each
measuring point.
3D  Canopy SVF [0,1] N/A  Overall sky view factor
SVFbuilding and sky view factor
determined by buildings
at each measuring point.
Height Hbuilding 20/ [0,+0) m Average building and

50 tree height in 20, and 50
m radii buffer zones
around each measuring
point.

Hiree 20/50
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Fig. 3. Calculation of (a) 2D composition factors, (b) 3D canopy factors, and (c) 3D height factors.
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Fig. 4. Spearman correlation coefficient matrix among different factors.
2.4. Data analyses

10-min averaged microclimate parameters at each measuring point
were first calculated. To eliminate the influence of different measuring
time, Ta, Rh, v, Tmrt, PET, and UTCI differences between the measuring
and the reference point were calculated following the below equation,

AParameter = Parametergmple - Parameter eference

where Parametersample is the 10-min average collected at the sampling
point, and Parameterieference is the corresponding 10-min average
collected at the reference point.

To detect if significant differences exist among different types of
spaces, Kruskal-Wallis tests were conducted followed by Dunn post hoc
tests. Additionally, to evaluate the stability of microclimate condition,
the range, i.e., maximum minus minimum, and standard deviation of
each microclimate parameter during 10-min measuring time were
calculated. The above-mentioned results are shown in section 3.1.

To evaluate the microclimate effects of 2D/3D building and greenery
factors, multiple regression models were built facilitated by performing
all subsets regression, and when several significant models were built,
Akaike Information Criterion (AIC) was compared to spot the optimal
one. To avoid collinearity, one consistent buffer zone size for calculating

2D/3D factors, i.e., 20 m or 50 m, was considered. SVF, instead of
SVFbuilding, Was used for regression, as the former was calculated from in-
situ fisheye photos, while the latter was generated from virtual
situations.

To further compare the relative contribution of significant factors,
we applied hierarchical partitioning, which may identify the indepen-
dent effects of each factor and alleviate multicollinearity issues [61]. For
any factors spotted with primary effects, we applied piecewise regres-
sion to detect if key thresholds exist. Piecewise regression introduces
breakpoints to linear regression analysis to tackle non-linear but
segmented relations [62], which has been used to detect key thresholds
in a landscape-level study [63]. Additionally, partial correlation was
conducted to evaluate significant correlations with other factors’ effects
controlled. The above-mentioned results are shown in section 3.2.

All data analyses were conducted in R 4.2.2. R packages FDA, leaps,
hier.part, segmented, and ppcor were used.

3. Results

3.1. Microclimate and thermal comfort variation among three types of
public spaces

3.1.1. Difference in microclimate condition across different types of spaces

Fig. 5 shows the difference of ATa, ARh, Av and ATmrt among three
types of spaces. Detailed descriptive statistics are given in Table E1. By
comparing to samples on open squares, the difference in mean overall
ATa, ARh, Ay, and ATmrt in vegetated and semi-outdoor spaces are
0.75 °C, 1.85%, 0.27 m/s, 13.63 °C, and 2.14 °C, 5.01%, 0 m/s, 22.34 °C
respectively (Table E1). Significant differences in ATa, ARh and ATmrt
among three types of spaces exist while varying across measuring time
(Fig. 5). For example, differences in ATa and ARh between open squares
and vegetated spaces are insignificant in the afternoon. In terms of Av, a
significant difference exists between open squares and vegetated spaces
across all periods, while that of open squares and semi-outdoor spaces
are always insignificant.

Fig. 6 shows the range (Fig. 6 (i)-(iv)) and standard deviation (Fig. 6
(v)-(viii)) of measured microclimate parameters during the 10-min
measurements at each point. Significant differences among three types
of spaces are consistently detected, indicating differences in microcli-
mate stability among three types of spaces. Ta, Rh and Tmrt are most
stable in semi-outdoor spaces, compared to vegetated spaces and open
squares. In terms of v, vegetated spaces are significantly more stable
than open squares and semi-outdoor spaces, differences among which
are statistically insignificant (Fig. 6 (iii), (vii)).

3.1.2. Difference in thermal comfort across different types of spaces
Fig. 7 demonstrates consistently significant differences in thermal
comfort and heat stress indices among three types of spaces. Detailed
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Fig. 5. ATa, ARh, Av and ATmrt variance among 3 types of public spaces at different time of the day. (Note: * and ** refer to significant differences between groups

at o = 0.05 (two-tailed) and a = 0.01 (two-tailed) respectively.).

descriptive statistics are given in Table E2. Across all three measuring
times, the difference in thermal comfort indices is always the highest in
semi-outdoor spaces and the lowest in open squares, indicating least
thermal comfort condition in open squares. The mean overall
enhancement of thermal comfort in vegetated and semi-outdoor spaces
compared to open squares are 4.95 °C and 10.28 °C in PET, 2.95 °C and
6.65 °C in UTCI, and 1.48 °C and 2.84 °C in HKHI (Table E2). The three
evaluated thermal comfort indicators show similar temporal patterns,
the mean thermal comfort difference was always the largest in the
morning, while the smallest in the late afternoon except for APET in
open squares.

To directly demonstrate the thermal comfort conditions in three
types of spaces during heat waves, Fig. 8 demonstrates the absolute

value of thermal comfort indices at each measuring point, as well as
those calculated at the reference point of the same measuring time.
Though different indices were applied, compared to the corresponding
heat acceptability thresholds, similar trends were shown. In open
squares, 78.79% (PET), 80.80% (UTCI), and 72.72% (HKHI) of calcu-
lated thermal comfort indices at measuring points were beyond the
corresponding heat acceptability threshold. In vegetated spaces, such
proportions are much less, which are 29.30% (PET), 36.89% (UTCI), and
21.66% (HKHI). Thermal comfort in semi-outdoor spaces were consis-
tently most preferable, with all calculated indices lower than the local
heat acceptability thresholds.
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3.2. Contribution of 2D/3D building and greenery factors

3.2.1. Dominant factors in different types of spaces

Using all subsets regression, optimal regression models were built
with 2D/3D building and greenery factors as independent variables.
Fig. 9 demonstrates the effects of these factors on microclimate and
thermal comfort parameters in different types of spaces. Among all
factors, SVF is most included. As SVF increases, i.e., more views of sky,
ATa, ATmrt, APET, AUTCI, and AHKHI increase, while ARh decreases.
Increasing coverage of ground-level vegetation (PerVGsp) and building
coverage (PerBsp) may enhance thermal comfort in semi-outdoor spaces,
while the opposite trend applies for tree canopy coverage (PerTs).
Microclimate effects of building height (Hpuilding 50) vary across different
types of spaces, increasing which may enhance thermal comfort on open
squares, while may deteriorate that in semi-outdoor spaces. No signifi-
cant multiple regression models were built for thermal comfort indices
in vegetated spaces. Details of these models are presented in Appendix F.

Based on the optimal regression models, Fig. 10 shows the inde-
pendent effects of each factor quantified by hierarchical partitioning. It
is shown that in outdoor spaces, i.e., open squares and vegetated spaces,
3D canopy and height factors generally play dominant roles in deter-
mining microclimate and thermal comfort conditions (Fig. 10 (a-f)/ii,
iii), with SVF and Hiree 20/50 most included. While in semi-outdoor
spaces, 2D composition factors perform greater independent effects
(Fig. 10 (a-f)/iv). When considering all three types of spaces, SVF
consistently contributes the most independent effect (Fig. 10 (a-f)/1).

Fig. 10 also shows the accumulative independent effects of building
and greenery factors. In semi-outdoor spaces, building factors generally
performs greater effects than greenery, while the opposite trend applies
to open squares. However, due to the significant effect of SVF, building
and greenery’s accumulative contribution are low in vegetated spaces
and when all types of spaces are taken as a whole.

3.2.2. Effects of SVF on thermal environment in outdoor spaces

As SVF serves as the dominant influencing factor in outdoor spaces, i.
e., open squares and vegetated spaces, we further look into how
microclimate and thermal comfort indices in outdoor spaces respond to
SVF jointly. As shown in Fig. 11, ATa, ATmrt, APET, AUTCI, and AHKHI

gradually increase as SVF increases, while the relation seems not simply
linear. The opposite trend applies for ARh. By using piecewise regres-
sion, significant breakpoints were found for all parameters (Fig. 11). For
ATa and ARh, breakpoints exist at SVF = 0.291 (Fig. 11(a), (b)), while
for ATmrt, APET, AUTCI, and AHKHI, breakpoints exist around SVF =
0.4 (Fig. 11(c)-(f).

We further break down the effect of SVF contributed by building and
greenery through partial correlation. As shown in Table 3, when outdoor
spaces are taken as a whole, significant correlations persist even if the
effects of SVFpyjiding are controlled, indicating weak microclimate effects
of SVF contributed by buildings. When looking into one specific type of
space, similar results are obtained in vegetated spaces, while opposite on
open squares. For ATmrt, APET, AUTCI, and AHKHI in open squares,
insignificant correlations with SVF were detected when controlling the
effects of SVFpyilding, indicating weak effects of greenery elements on
thermal comfort condition.

4. Discussion

4.1. Thermal environment diversity in densely built-up residential areas
during heat waves

Three types of residential public spaces show highly diversified
microclimate and thermal comfort conditions during summertime heat
waves (Figs. 5-7). Though the selected measuring points are spatially
close (Fig. 2), considering that the thermal properties of different un-
derlying surfaces vary greatly [67], microclimate and thermal comfort
variation could be large even in very close vicinity [68]. Such variation
in the thermal environment is likely to be intensified during heat waves,
as the mean overall ATa, APET, and AUTCI difference between vege-
tated and open squares (Ta 0.75 °C, PET 6.75 °C, UTCI 3.75 °C) are
stronger than a similar local study [32]. Such intensification is in line
with the microclimate variance under different subtropical synoptic
condition [42].

Among the three types of public spaces, semi-outdoor spaces
demonstrate the highest potential to provide a thermally comfortable
environment during heat waves, with all calculated thermal comfort
indices falling within the range of local heat acceptability (Fig. 8).
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Significant shading provided by buildings guarantees the alleviation of
heat stress [69], especially considering that these spaces are not exposed
to sun exposure, i.e., with no direct solar energy intake. This may
explain why the enhancement of thermal comfort in semi-outdoor
spaces is stronger than that in vegetated spaces in this study.

However, the wind amplification effect in semi-outdoor spaces [69]
compared to open squares was not observed (Fig. 5 (c)), and an opposite
trend of thermal comfort enhancement between semi-outdoor and
vegetated spaces compared to Ref. [32] was observed, which may
largely due to their different urban settings and different spatial
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attributes of these semi-outdoor spaces. Additionally, this empirical
study under the context of heat waves may supplement the results of
past studies under typical summer condition [69,70], and support the
advocacy of utilizing semi-outdoor spaces in tropical and subtropical
high-density cities to provide thermally comfortable environment [69,

71].

4.2. Dominant 2D/3D building and greenery factors to guide design
practice

During heat waves, microclimate conditions vary across different
land-uses due to their different urban spatial forms [41]. Focusing solely
on residential areas, the multiple regression models built in this study
(Fig. 9) reconfirms that microclimate and thermal comfort are sensitive
to building and greenery elements in close vicinity [72].
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Table 3
Spearman’s correlation and partial Spearman’s correlation with SVFpyjiging controlled between microclimate parameters, thermal comfort indices and SVF in outdoor
spaces.
Microclimate parameters Thermal comfort indices
ATa ARh ATmrt APET AUTCI AHKHI
Vegetated and open square P 0.338** —0.235%* 0.656** 0.714** 0.718** 0.611**
Par p 0.337** —0.248%** 0.656** 0.671** 0.654** 0.582**
n 289 247 289
Vegetated P 0.251** —-0.138 0.433** 0.453** 0.532** 0.421**
Par p 0.192% —0.064 0.373** 0.408%* 0.494** 0.372%*
n 157 122 157
Open-square P 0.049 0.081 0.522** 0.576** 0.466** 0.307**
Par p —0.185* 0.259%* 0.072 0.068 —0.006 —0.089
n 132 125 132

Note: p Spearman’s correlation, Par p Partial Spearman’s correlation with SVFpyiing controlled, n sample size. * and ** refer to significant correlation at a = 0.05 (two-

tailed) and o = 0.01 (two-tailed) respectively.

In semi-outdoor spaces, dominant influencing factors are 2D
compositional ones (Fig. 10). While in outdoor spaces, 3D canopy and
height factors play dominant roles, with building factors contributing
more to thermal environment variation (Fig. 10). Such results are in line
with past studies based on numerical simulation [17,18], though
different 3D indicators describing vertical building morphology were
utilized. Comparatively, the coverage of vegetation elements was only
included in models of ATa and ARh in vegetated spaces, indicating a less
significant contribution of 2D vegetation composition. Such results
differ from previous understanding of the strong cooling effects of
vegetation [19-21], especially tree canopy during heat waves [39].
Besides weaker climatic effects compared to buildings, what may also
explain this, is that SVF partly includes description of tree canopy in-
formation, as shown in Fig. 4 the strong correlation between SVF and
PerTsg (p = —0.51). However, considering that they describe different
aspects of urban morphology, 3D canopy and 2D composition factors
were included in multiple regression models. Tree canopy’s contribution
to SVF is demonstrated in Table 3, which we find may guide design
practice in residential contexts, as discussed in section 4.2.1. Such

comparisons on 2D/3D characteristics may supplement those studies
under the city scale [12-14] and provide reference to allocating building
and greenery elements in residential areas at the micro scale.

Based on the above-mentioned dominant influencing factors in
different types of spaces, implications for balancing building and
greenery elements in outdoor and semi-outdoor spaces are given below.

4.2.1. SVF as a key indicator for building and greenery configuration in
outdoor spaces

In residential areas, outdoor spaces are composed of building and
greenery elements, whose interactions have an impact on microclimate
condition [12,73]. In this microscale study conducted within urban
blocks of subtropical high-density urban setting, 3D canopy factor SVF
plays a dominant role on outdoor thermal environment (Fig. 10), which
strengthens the significance of shading [74], especially under
high-temperature heat waves.

The non-linear relationship between SVF and thermal comfort
indices yields a threshold of around 0.4, below which thermal comfort
can be effectively enhanced. This threshold shows up on open squares
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(Fig. 11), indicating that thermally comfortable environment under
high-temperature heat waves may exist in spaces whose SVF are mainly
contributed by buildings. Allocating tree canopies or other shading in-
frastructures to such spaces would be less efficient than allocating them
to spaces with SVF over the threshold, which may avoid the SVF
contributed by landscape elements be lost to that contributed by
buildings. Similarly, in studies conducted in comparable contexts, trees’
shading may largely be lost to the shades of buildings in densely built-up
area [20,75], though greenery’s shading was found more significant
than building’s shade [76].

As SVF is determined by building and greenery elements jointly, to
decompose their contribution, we adopted two factors, i.e., SVF and
SVFbuilding. Different from past studies of extracting different elements
from the same image [77-79], we calculated SVF contributed solely by
buildings through manually edited fisheye images. This method echoes
the procedure in design practice, with architecture design framing the
spaces first, followed by landscape design in outdoor areas. Corre-
sponding to this procedure, SVF is first determined by spatial arrange-
ments of buildings, and then contributed by tree canopy and other
shading infrastructure in landscape.

Based on these, an SVF threshold perspective shows the potentials to
guide the configuration of greenery within urban blocks of similar high-
density urban context. For areas whose SVFpyilding are lower than the
SVF threshold, open squares and related functions can be prioritized.
While for vegetated spaces, tree optimization shows potentials to ach-
ieve best SVF reduction, as shown in Fig. 12 a point-based illustration of
how different tree configuration of same sets of trees (Fig. 12 (b), (c))
may lead to different 3D canopy condition under certain building set-
tings. Considering that changing tree locations surrounding one point
may also influence SVF of its’ adjacencies, optimization of greenery
could be obtained by applying such point-based analysis to an area of
interest through splitting into grids and calculating SVF in each grid. For
example, this could help to optimize the tree canopy configuration in
urban renewal projects with similar site condition, when new trees could
be planted, or current trees could be moved to new places,. Meanwhile,
we find this may help go beyond restrictions on coverage ratio [22] and
simple planting patterns, e.g., trees in lines and squares, etc., in past
parametric studies [80], and provide reference to more complex con-
figurations of different vegetation types as in practice. We propose such
an SVF perspective for building and greenery optimization awaiting

(a) Building only
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future validation.

4.2.2. Land cover composition as an important indicator in semi-outdoor
spaces

In semi-outdoor spaces, their intrinsic spatial attributes, summarized
as porosity, openness, and exposure, were decisive in their thermal
performance [24-26]. Supplement to that, we found that the land cover
in the adjacent buffer zones may also have a significant influence
(Fig. 9). We found that increasing building and ground-level greenery
coverage may enhance the thermal comfort in semi-outdoor spaces. As
all semi-outdoor spaces are located at ground floors of buildings,
improving buildings coverage can be seen the same as enhancing the
size of these semi-outdoor spaces, which creates more constantly
building-shaded areas. And by enhancing the ground-level greenery
coverage, pavement will be replaced by pervious surfaces, and air will
be less heated before ventilated to semi-outdoor spaces. However,
contrary to intuition, enhancing tree canopy coverage was found to have
a negative effect on thermal comfort. It may be explained that almost all
selected semi-outdoor spaces in this study are directly connected to open
squares, as they are mostly exits of these buildings. It makes these
semi-outdoor spaces less influenced by the cooling of tree canopies.
Additionally, ventilation is important in improving the thermal comfort
in semi-outdoor spaces [69]. Though enhancing tree canopy coverage is
effective in regulating microclimate through providing shades [81], we
find that dense vegetation may decrease the air flow, as vegetated spaces
feature significantly lower wind speed (Fig. 5 (c)). Additionally, heated
airflow under extreme heat condition could also possibly perform a
negative effect on human [82], and seems humidity-dependent [83].
How wind condition influences thermal comfort condition in public
spaces under extreme heat still awaits future validation.

Though results in this study indicate the significance of land cover
composition around semi-outdoor spaces, we are unable to compare its
significance to the intrinsic spatial attributes of these semi-outdoor
spaces, as all sampled spaces are ground-floor pilotis with similar
depth and height belonging to the horizontal breezeway defined by
Gamero-Salinas et al. [24]. To find answer to this question, future
assessment by including different kinds of semi-outdoor spaces is
needed.

(b) Building+Greenery (c) Building+Greenery
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Fig. 12. Illustration of a point based SVF perspective for building and greenery optimization. Note: Values of SVF are calculated by using Rayman Pro. This

illustration is based on S10 in Wo Che Estate.
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4.3. Limitations

We consider the below limitations that could be enhanced in future
work. Firstly, by adopting a mobile measurement method, field mea-
surement in this study is limited by temporal and spatial resolution, as
well as the accuracy of the portable devices we utilized. Only two typical
PHEs were selected as study sites, where the diversity of semi-outdoor
spaces is lacking. Sites with more diversified space types could be
included in future. We also didn’t conduct nighttime measurements due
to the labor-consuming mobile measurement method. According to a
previous study, the thermal environment pattern under tree canopy and
shading shelter are different during daytime and nighttime [32]. Future
work may incorporate comparisons between diurnal and nocturnal pe-
riods. Secondly, we applied physiological and empirical indices to
evaluate thermal comfort in the targeted spaces, instead of directly
measuring subjective thermal perception and sensation. And how
building and greenery characteristics mediate subjective thermal
perception through their influence on environment parameters, e.g.,
temperature, humidity, wind, and radiation, is therefore not quantified
in this current study [33]. Additionally, considering that psychological
and behavioral factors may have an influence on thermal sensation [84,
85], future studies are expected to adopt related research
methodologies.

5. Conclusion

In this study, microclimate and thermal comfort during summertime
heat waves in three types of public spaces were evaluated. We analyzed
their relationship with 2D/3D building and greenery factors, and ob-
tained an SVF threshold, which shows potential to be applied in practice
under subtropical high-density urban setting. We conclude that.

(1) Microclimate differences among three types of spaces are incon-
sistently significant across different times of day, while thermal
comfort differences are constantly significant. Semi-outdoor
spaces have the most favorable thermal condition, while the
least in open squares. The mean overall enhancement of thermal
comfort in vegetated and semi-outdoor spaces compared to open
squares are 4.95 °C and 10.28 °C in PET, 2.95 °C and 6.65 °C in
UTCI, and 1.48 °C and 2.84 °C in HKHI.

In outdoor spaces, i.e., vegetated spaces and open squares, 3D
canopy and height factors play dominant role in determining
microclimate and thermal comfort condition, with sky view fac-
tor (SVF) contributing the most. The key SVF threshold for
effective thermal comfort enhancement is about 0.4, above which
the climate-sensitive strategies are most needed. Effects of SVF
contributed by buildings are only significant in open squares.

In semi-outdoor spaces, 2D composition factors perform greater
impacts than 3D ones. Allocating proper building and greenery
elements around semi-outdoor spaces is significant to provide a
thermally comfortable environment in semi-outdoor spaces.

(2

3

This study provides new empirical evidence under the context of
summertime heat waves in subtropical residential areas, which can be
referred to by urban and landscape designers when allocating building
and greenery elements to adapt to future heat waves.
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