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• Thermal-irradiant behaviors of green
infrastructure (GI) were measured and
compared.

• Two-way mixed ANOVA found the in-
teractive impacts of time and GI typolo-
gies.

• Two typical measurement methods for
MRT were used and compared.

• Contributory factors for differences be-
tween two MRT measuring methods
were examined.

• Implications of GI typologies for sustain-
able design were discussed.
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Greenery infrastructure (GI) is an important design strategy for sustainable cities and communities' develop-
ment, as it brings multiple benefits including mitigating urban heat island. Based on the implementation loca-
tions, three typical GI typologies, namely green roof, green wall, and ground tree, are widely adopted in urban
communities. As previous studies focused on one single GI and mainly studied their thermal features, this
study aims tofill the gap by investigating threeGI typologieswithin one site; their thermal-irradiant performance
was compared for four typical summer days in a subtropical city. Firstly, stationary and transect measurements
were taken for six points (three greenery and three bare points); two typical measuring methods, i.e., the
globe thermometer and the six-directional methods, were employed to collect irradiant variables. Secondly,
the thermal-irradiant differences were revealed among GI typologies and temporal periods; two measuring
methods were compared for their capabilities in detecting the irradiant variations near three GI typologies. Re-
sults showed that: 1) the ground tree experienced the smallest thermal-irradiant average and variation among
three GI typologies; 2) the morning session (09:00–12:00) had the largest thermal-irradiant reduction and var-
iations for three GI typologies; and 3) the six-directional method showed higher sensitivity towards the irradiant
variations near three GI typologies; the globe thermometer method is not suitable for tree-shaded areas. This
study provides a comprehensive understanding of proper selection of MRT measuring methods and GI imple-
mentation for thermal comfort, especially for the subtropical cities. Practically, this study shows designers and
policymakers on how to implement GI typologies for climate-resilient design.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

1.1. Background of study

According to the projection for 2050, 68% of the global population
will live in urban areas, especially in those subtropical and tropical re-
gions given their ongoing rapid urbanization (Ritchie and Roser,
2018). One of thewell-known environmental impacts of such urbaniza-
tion is the urban heat island (UHI) effect, which refers to a higher tem-
perature in urban areas than that in rural areas (Oke et al., 2017). The
local UHI effect, together with global climate change, may further exac-
erbate urban heat risks and worsen the urban residents' health condi-
tions during summertime (IPCC, 2014a). With the intensified UHI
effect, most of the less developed countries and regions located in
(sub)tropical climate and their citizens could be vulnerable to heat
stress. However, in these areas, climate considerations and applications
are still lacking in the urban planning and design processes (Roth,
2007). Furthermore, the subtropical climate is predicted to be the
main climate type globally in the future given the climate change back-
ground (Bastin et al., 2019).

To meet the challenges of changing climate, the corresponding mit-
igation and adaptation strategies have been investigated, developed,
and deployed, especially in (sub)tropical climates (IPCC, 2014b).
Among these strategies, the implementation and conservation of
urban greenery are favored by governmental officials and urban de-
signers to promote sustainable cities and communities (Ong, 2003), as
multiple benefits are brought including combating air and noise pollu-
tion, mitigating urban heat island, alleviating psychological stresses,
etc. Urban green infrastructure (GI) can be classified into various typol-
ogies based on different criteria: property: street trees, private yard
greenery, and urban parks (Li et al., 2016); location: ground, vertical,
and rooftop greenery (Bartesaghi Koc et al., 2018); species features: de-
ciduous and evergreen (Pérez et al., 2014); different greenery height
and planting styles: intensive and extensive green roof, green façade
and living walls (Pérez et al., 2014; Nyuk Hien et al., 2007), etc. In this
study, GI typologies were defined based on different planting locations,
consisted of the ground tree, green wall, and green roof, which is in line
with the implementations in the design guidelines (Greening and
Development Bureau, 2013; B. Department, 2016).

1.2. Cooling effects of different GI typologies

The cooling capacity of three GI typologies discussed in this study,
namely ground tree, green wall, and green roof, have been studied indi-
vidually in different study areas. Regardless of typologies, cooling was
achieved through the processes of shading and evapotranspiration
(Gunawardena et al., 2017).

The ground tree has the potential to reduce the solar radiation, cool
the ambient temperature, increase the humidity, and improve the out-
door thermal comfort (Lai et al., 2019). Studies in (sub)tropical climate
regions found that: in Hong Kong, 0.6 °C air temperature (AT) and
0.1–1.6 °C Physiological Equivalent Temperature (PET) were decreased
under the shading of tree canopy (Cheung and Jim, 2018); in Campinas,
Brazil, 0.9–2.8 °C and 0.7–2 °C AT was reduced by single trees and tree
clusters during 10:00–14:00 h; and 76.2–89.2% of the solar radiation
was decreased by different tree species (de Abreu-Harbich et al.,
2015); in Malaysia, 73.8–94.7% of the solar radiation was reduced by
the canopy (Manoli et al., 2019); in Osaka, Japan, and Tel Aviv, Israel, rel-
ative humidity (RH) was increased by 0.5–10.4% and 1.9–7.7% respec-
tively (Yoshida et al., 2015; Shashua-Bar and Hoffman, 2000). These
findings indicate that trees have great potential to mitigate the UHI ef-
fect and improve outdoor thermal comfort.

The green wall is another promising measure to counterbalance the
urban heat island effects (Alexandri and Jones, 2008), as it modifiedmi-
croclimate through shadow, evapotranspiration, and thermal insulation
(Perez et al., 2011). In Singapore, 12.8 °C mean radiant temperature
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(MRT) and 1.3 °C AT were reduced near the green wall (Liang et al.,
2014). Another study in Singapore measured up to 3.33 °C AT reduction
by green wall (Wong et al., 2010). In Chicago, the USA, areas near the
vertical greenery had 0.8–2.1 °C lower AT and less fluctuated RH com-
pared with the bare façades (Susorova et al., 2014). In Nanjing, China,
the mean surface temperature reduction was 2.6 °C (Yin et al., 2017),
this value was 4.0–12.0 °C in Singapore (Wong et al., 2010) and
12.0–20.0 °C in Italy (Mazzali et al., 2013). Outgoing heatfluxeswere re-
duced 23.0–37.0 W/m2 by the green wall in Italy (Mazzali et al., 2013).
All of the above observations were made less than 1.5 m distance from
the walls, which indicates vertical greenery adjacent to pedestrian foot-
paths may effectively improve the outdoor thermal comfort (Middel
and Krayenhoff, 2019).

The green roof was mostly discussed for energy saving through
shading, thermal insulation, and evapotranspiration (Raji et al., 2015).
Recently, the heat islandmitigation potential of green roofs has been ex-
plored (Santamouris, 2014). In Singapore, the surface temperature was
reduced up to 30 °C, and AT was decreased up to 4.2 °C within a limited
height by the green roof; 109 W/m2 solar radiation was decreased at
noontime (Wong et al., 2003). In Hong Kong, cooling provision by
green roof was averagely 1.7–4.9 °C in surface temperature, 0.6–1.6 °C
in AT, 4.5–10.9 °C in PET, 2.3–5.5 °C in Universal Thermal Climate
Index (UTCI) (Lee and Jim, 2019). In Melbourne, an irrigated green
roof can provide a substantial microclimate benefit during the day, as
AT was reduced by decreasing sensible heat (Coutts et al., 2013). In
Netherland, a slightlywarming effectwas observed for a green roof dur-
ing the day, and the same study also emphasized further research is
needed for the impact of the green roof towards AT (Solcerova et al.,
2017). In the meantime, some studies found green roofs can attenuate
urban heat at the city scale (Krayenhoff et al., 2018; Yang and Bou-
Zeid, 2019). Moreover, some researchers noted the unbalanced distri-
bution of modeling studies vs. measurement studies, and the majority
of the evidence of green roof was model-based (Francis and Jensen,
2017; D'Orazio et al., 2012; Ouldboukhitine et al., 2014).

Based on the discussions above, it is clear that the cooling intensity
varies with different urban greenery typologies. These variations are
caused by several potential factors, such as local climate, urbanmorpho-
logical conditions, spatial scales, temporal periods, (micro)-meteorolog-
ical parameters, and the specific GI typologies, etc. (Gunawardena et al.,
2017), which limit cross-comparisons due to the uncertainties arising
from non-identical contexts. However, limited studies measured the
thermal-irradiant features (thermal and irradiant variables) of GI typol-
ogies within one study site, which hinders the comparability of GI
thermal-irradiant performances (Bartesaghi Koc et al., 2018). Further-
more, solar radiation fluctuates along with time so that the thermal-
irradiant performances of greenery should be varied. However, tempo-
ral fluctuations in the thermal-irradiance have seldom been compared
for GI typologies in previous studies. A detailed understanding of the
temporal variations of GI cooling performance is also an essential step
in developing climate responsive design strategies accordingly.

1.3. Mean radiant temperature and its measuring methods

Mean radiation temperature (MRT) is definedas the “uniform temper-
ature of an imaginary enclosure in which the radiant heat transfer from
the human body equals the radiant heat transfer in the actual non-
uniform enclosure” (ASHRAE, 2001). With its dependence on incoming
shortwave radiation during daytime, MRT is mostly impacted by shading
effects of greenery, as the foliage impede the direct solar radiation so that
the shortwave radiation andMRT are decreased underneath the foliage or
canopy (Cheung and Jim, 2018). Besides, surface temperature can be re-
duced by shading, then longwave radiation of lateral directions is de-
creased as well (Middel and Krayenhoff, 2019). Comparing with other
parameters, MRT not only captures thermal variations at a fine-scale,
but also involves in the calculation of thermal indices, i.e., Physiological
Equivalent Temperature (PET), and Universal Thermal Climate Index
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(UTCI) (Thorsson et al., 2007; Lai et al., 2017). Given the highly spatial var-
iations in thermal exposure, MRT is widely used in outdoor thermal com-
fort studies to explain the thermal responses of a human being towards
his surrounding environment (Tan et al., 2013).

There are two main methods to measure MRT in the outdoor envi-
ronment: the globe thermometer and the six-directional method
(Kántor et al., 2015). The global thermometer method is based on the
radiation and convective heat exchange processes between the globe
thermometer and the environment (Kántor et al., 2015). This method
is convenient and cheap, yet with shortcomings including longer equi-
librium time, non-representative for radiation load of a human, and
overestimation in short-wave radiation compared to a human body
(Toudert, 2005; Heating, A.S.o., Refrigerating, and A.-C. Engineers,
1985). The six-directional method sums up short- and long-wave flux
in six directions (i.e., four lateral, upper, and down) (Kántor et al.,
2015), which has higher accuracy and canmeasure heat fluxes in differ-
ent directions (Tan et al., 2013). Previous studies compared the accuracy
between these two methods, which mainly focused on areas with lim-
ited greenery, such as the squares and courtyard (Thorsson et al.,
2007; Thorsson et al., 2006), streets with nearly no greenery (Krüger
et al., 2014), and pedestrian sidewalks (Khrit et al., 2017). However,
rare studies compared these two methods affected by greenery, espe-
cially for different GI typologies. As MRT is also largely affected by
greenery shading during the daytime (Tan et al., 2016), the comparison
between two methods is necessary for different GI typologies.

1.4. Objectives

Given theknowledgegapmentionedabove, this studyaims to: 1)mea-
sure the thermal-irradiant performance of GI typologies within one site to
control the background environmental setting and ensure the cross-
comparisons; 2) compare the thermal-irradiant differences among three
GI typologies and three temporal periods in daytime; and 3) compare
the sensitivity of two MRT measuring methods towards three GI typolo-
gies. The sensitivity here refers to the capacity of detecting the ranges
and variations in the irradiant features in the built environment with dif-
ferent GI typologies. The results of this study can serve as a reference to
other (sub)tropical areas in understanding the thermal-irradiant
Fig. 1. Case study site (so
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behaviors of different GI typologies, and furtherly assist scientific recom-
mendations on greenery design and implementations at a community
scale, especially for the priorities and distributions of different GI
typologies.

2. Materials and methods

2.1. Study area and measurement site

Hong Kong (HK), with a hot-humid subtropical climate (Cfa based
on Köppen climate classification), is taking a leading role in taking ac-
tions to combat climate change and providing insights for other (sub)
tropical cities (Ren et al., 2011). According to the records revealed by
Hong Kong Observatory (HKO), the summer period in HK ranges from
June to September, with 28.5 °C temperature and 80% relative humidity
in daily average (Chen et al., 2012). A changing trend of weather condi-
tions has been observed according to historical temperature records;
2019 was the warmest year since 1884 with an annual average of
24.5 °C, 1.2 °C higher than the normal of 1981–2010 (Hong Kong
Observatory, 2020a). The temperature is predicted to continuously
rise by 1–2 °C and 1.5–3 °C in themid- and late 21st century, compared
to the average of 1986–2005 (Hong Kong Observatory, 2020b).

The government of HK has taken various efforts to engage the key
private-sector stakeholders and the public in combating climate change.
Usually, government buildings set examples to the public for sustainabil-
ity establishment. Therefore, themeasurement site in this study located in
the courtyard of the Electrical and Mechanical Services Department
(EMSD) of the Hong Kong Government. EMSD is situated in the Kowloon
area, with the most populous urban area in Hong Kong (Fig. 1). Within
this site, three GI typologies are present and close in proximity; the vol-
ume of pedestrian and transportation is small so that the impacts of an-
thropogenic heat on measurement results are minimal.

2.2. Instruments and measurement campaign

2.2.1. Instruments setting-ups and recalibration
Measurements were conducted using HOBO U12 Data loggers,

TESTO480, CNR4 Net Radiometer (with LogBox SE), and LI-COR
urce: Google map).



Fig. 2. Measurement instruments setup (left); sensor specifications (right).
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pyranometer (LI-200SA and LI-1400 data logger), which were widely
used in previous studies (Cheung and Jim, 2018; Middel and
Krayenhoff, 2019; Morakinyo et al., 2017). The setup, parameter mea-
sured by each instrument, and sensors' specifications can be found in
Fig. 2. It should bementioned that our study used the 40mmglobe ther-
mometer instead of a 150 mm diameter copper sphere. On one hand,
smaller diameter size in globe thermometerwaswidely used in the out-
door studies for microclimate (Cheung and Jim, 2018; Liang et al., 2014;
Tan et al., 2013; Thorsson et al., 2006). On the other hand, the equilib-
rium time was affected by the sphere diameter and a smaller sphere
will shorten the response time, less than 5 min (Thorsson et al., 2007;
Kántor et al., 2015).

During themeasurement, all devices were set at the pedestrian level
(1.5 m height for all GI typologies, and 1 m distance from the green
wall). Before the field measurement in September 2019, sensors recali-
bration tests were conducted on the roof of a building in the Chinese
University of Hong Kong (see Supplementary file S1).

2.2.2. Measurement campaign: spots and procedure
Six monitoring spots were set for the measurement, two (reference

and greenery points) for eachGI typology (see Fig. 1). As shown in Fig. 3,
A1 and A2 represent green roof and bare roof location; B1 and B2 repre-
sent greenwall and barewall location; C1 and C2 represent tree-shaded
grass covering and tree-free concrete pavement location. Each pair are
within 3 m distance; thus, the surrounding environment was similar
and with minimal biases between paired locations.

Themeasurement campaign includes two parts: stationarymonitor-
ing and transectmeasurements. For eachmonitoring point, a HOBOU12
Data Logger was set for stationary monitoring, while the TESTO480,
LICOR, and CNR4 Net Radiometer were coupled for transect measure-
ment. The transect procedure included 8 rounds and each round was
within 1 h as shown in Fig. 4. During each round, the transect measure-
ment started at A1 and ended at C2. For eachmonitoring point, themea-
surement lasted for 5min, then the transect instrumentswere shifted to
the next point and were allowed to stabilize, which would take another
5 min. For each shifting, at least 2 min is ensured for the sensor's re-
sponse and stabilization time. This kind of setting was supported by
the conclusion in the previous studies that a 40mmglobe thermometer
shortens the response time within 5 min (Thorsson et al., 2007; Kántor
et al., 2015). To furtherly justify the stabilization of the 40mmglobewas
achieved in our study, ANOVA was taken between the values of the
5 min, and last 4, 3, 2, and 1 min, and the results showed there was no
significant difference between them (see Supplementary file S2). There-
fore, this study assumed the 40 mm globe thermometer has been stabi-
lized during the 5 min measurement and the values during the 5 min
were used in the following analysis.
4

Themeasurement started at 09:30 h and ended at 17:25 h on each of
four days: September 07th, 09th, 11th, and 12th, 2019, with typical
summer weather conditions in Hong Kong as partially cloudy (Tan
et al., 2017). All devices were synchronized every day before starting
the measurement. The detailed weather conditions were summarized
in Table 1, according to the weather records of two representative sta-
tions with long-term service time: HKO (Hong Kong Observatory) sta-
tion and KP (King's park) station (locations were shown in Fig. 1).

2.3. Methods of data analysis

2.3.1. Calculation of mean radiant temperature (MRT)
Two typical andwidelymeasuringmethods forMRTwere employed

in this study. The globe thermometer has advantages in the low-costs
and convenient application therefore is still widely used in recent mi-
croclimate and greenery studies (Cheung and Jim, 2018; Liang et al.,
2014; Lee and Jim, 2019). The six-directional method is more accurate
but requires higher in equipment settings. Understanding the correla-
tions and differences between these two methods is important, espe-
cially for different urban geometry contextswith different GI typologies.

2.4. The globe thermometer method

The globe thermometer method rests on the assumption that an
equilibrium state is achieved in the globe between gained and lost
heat through radiation and convection processes so that the globe tem-
perature reflects both radiant and ambient temperature (Kuehn et al.,
1970). By measuring globe temperature, air temperature, and wind ve-
locity, MRT can be calculated with Eq. (1) (Thorsson et al., 2007):

MRT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tg þ 273:15
� �4 þ 1:1∗108∗Va

0:6

ε∗D0:4 ∗ Tg−Ta
� �4

s
−273:15 ð1Þ

where Tg is the temperature measured by the globe [°C], Va is the wind
speed [m/s], Ta is the air temperature[°C], D is the globe diameter (=
40 mm), ε is the globe emissivity (= 0.95).

2.5. The six-directional method

The six-directional method assumes the human body as a cube, thus
MRT can be calculated by the weighted sum of all long- and short-wave
radiant fluxes (Chen et al., 2014). By measuring the radiant flux at the
six directions, MRT can be calculated based on Eqs. (2)–(5) (Lai et al.,
2017).



Fig. 3. Six measurement points and surrounding environments in the study.
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Table 1
The weather features in four survey days (9:00–18:00 h).

Date
(YYYY-MM-DD)

Air temperature (°C)⁎ Relative humidity (%)⁎ Wind conditions†

Min. Max. Mean Min. Max. Mean Mean speed (m/s) Mode direction (°)

2019-09-07 29.0 33.0 31.36 65.0 83.5 71.0 1.57 255
2019-09-09 29.8 33.0 31.25 65.0 77.5 71.8 1.99 265
2019-09-11 29.1 32.9 31.64 60.0 77.0 66.4 2.56 113
2019-09-12 29.7 33.4 31.73 61.0 75.0 67.2 2.76 90

Note: HKO (since 1884) and KP (since the 1950s) are two representative stations with long-term services.
⁎ From the HKO station.
† From the KP station (shown in Fig. 1).
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WSumL ¼ εp∑
6
i¼1Wi∗Li ð2Þ

WSumK ¼ ak∑
6
i¼1Wi∗Ki ð3Þ

SStr ¼ WSumLþWSumK ð4Þ

MRT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SStr= εp∗ơ

� �
4
q

−273:15 ð5Þ

where Li and Ki are longwave and shortwave fluxes from ith direction;
ak and εp are the absorption coefficients of the clothed human body
for short- and long-wave radiation (=0.7 and 0.97 respectively); ơ is
Stefan-Boltzmann constant (=5.67 ∗ 10−8W/m2 K4), andWi is an angu-
lar factor for six different directions with the sum weightings equals 1
(=0.22 for the lateral, 0.06 for the up-down directions).
Fig. 5. (a) Air temperature (AT) and (b) relative humidity (RH) differences in four measurem
(9:30–17:25) (dash line represents the division of three periods).

6

Besides, two components of radiant fluxes were calculated. Firstly,
the sum of longwave radiant fluxes was calculated based onweightings
in six directions in Eq. (2). Based on this, longwave radiant temperature
(LMRT) was calculated by replacing SStr with WSumL in Eq. (5), which
represents the effective longwave fluxes emitted and reflected from
the surrounding. After that, the differences between MRT and LMRT
(MRT-LMRT) were extracted to represent the effective shortwave irra-
diance reflected by the surrounding and scattered by the sky (Lai
et al., 2017).
2.5.1. Statistical analysis
Descriptive statistics was firstly conducted to describe the distribu-

tion of the data. Then two kinds of analysis of variance (ANOVA) were
used to compare the differences between samples. To compare the
ent days (YYYY-MM-DD: 2019-09-07, 09/09/2019, 11/09/2019, 12/09/2019) by HOBO
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thermal and irradiant differences between GI typologies, one-way
ANOVA was employed. Whether ANOVA showed a significant differ-
ence or not, a post hoc analysis was applied to identify where the differ-
ences were located. Afterwards, a two-way mixed ANOVA was applied
to examine themain effects of different temporal periods, GI typologies,
and their interaction (temporal periods × GI typologies) over the varia-
tions in AT, RH, and radiant features. GI typologies acted as a between-
subjects factor, whereas time was the within-subjects factor. Then
post hoc analysis was applied for multiple comparisons to detect the
factors that account for the differences. When an interactive effect was
found by ANOVA, Tukey's test was applied to examine the different
combinations of GI typologies and periods. Meanwhile, correlation
tests were conducted between MRT values measured by the two
methods; associations betweenMRT by twomethods and potential fac-
tors to explain the differences, i.e., wind speed, solar radiation, and radi-
ant fluxes components, were also analyzed. All of these analyses were
conducted in R (version 3.6.3) (R Core Team, 2020).

3. Results

3.1. Comparing thermal behaviors of three GI typologies

3.1.1. Thermal differences observed by stationary instruments
Fig. 5 shows the differences in air temperature (AT) and relative hu-

midity (RH) between the greenery and bare counterparts of the threeGI
typologies, which was measured by the stationary HOBO stations be-
tween 9:30 and 17:25 on the fourmeasurement days. In terms of AT dif-
ference, the green wall presented no more than 1 °C cooling and fewer
variations across the temporal periods. The green roof had moderate
fluctuations with higher AT difference in the morning and lower values
in the afternoon. The ground tree had similar trends with the green roof
Fig. 6. One-way and two-way ANOVA analysis results (a, b) for AT and (c, d) for RH (signific
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but had the highest AT difference before noon with up to 4 °C, and less
than 1 °C in the afternoon. This variation in different periods can be ex-
plained partly by the changing solar path and radiation. As for RH differ-
ence, the ground tree always increasedmoisture during the monitoring
periods, while the green wall and the green roof sometimes decreased
RH slightly, especially during noon. The highest RH difference was de-
tected as 16% under the ground tree in the morning. The details of de-
scriptive statistics were summarized in Table A1 in the Appendix.
Given the AT and RH were significantly affected by temporal periods,
thus in the following analysis, three temporal periods were divided
and considered:morning (9:30–12:00), noon (12:01–15:00), and after-
noon (15:01–17:25).

3.1.2. ANOVA analysis in the thermal difference
One-way ANOVAwas conducted to test the thermal difference of GI

typologies, and two-waymixed ANOVAwas adopted tomeasure the ef-
fect of temporal periods and GI typologies, as well as their interactive
impacts. The ANOVA results for AT and RH were shown in Fig. 6.

For theATdifference, themean± sdof green roof (−1.19±0.70 °C)
and ground tree (−1.24 ± 0.87 °C) presented higher values and
variations than that of the green wall (−0.54 ± 0.36 °C). Shown in
Fig. 6(a), one-way ANOVA results indicated significant difference
among three GI typologies, with F(2, 5709) = 624, p < 0.0001. A post-
hoc multiple comparison test showed significant differences between
each pair of GI typologies: green wall vs. green roof (p < 0.0001),
ground tree vs. green roof (p < 0.05), and ground tree vs. green wall
(p < 0.0001). The two-way mixed ANOVA shown in Fig. 6(b) revealed
both significant main effects of temporal periods and GI typologies
with F(2, 5703) = 1803.9, p < 0.0001, η2 = 0.279) and F(2, 5703) =
1161.2, p < 0.0001, η2 = 0.179) respectively. There was also a signifi-
cant interaction of temporal periods and GI typologies, with F(2,
ance code: ns— p > 0.05; * — p ≤ 0.05; ** — p ≤ 0.01; *** — p ≤ 0.001; **** — p ≤ 0.0001).



Fig. 7.MRT and irradiant elements (LMRT, MRT-LMRT) during three periods in four measurement days: (a) 0907, (b) 0909, (c) 0911 and (d) 0912.
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5703)= 328.4, p< 0.0001, η2= 0.101. Furthermore, the post-hocmul-
tiple comparison test showed that there was no significant difference
between green roof vs. ground tree in the afternoon (p > 0.05), but
8

statistically significant AT differences were found between each pair of
GI typologies in the morning and noon periods, and two remaining
pairs in the afternoon.
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Regarding the RH difference, ground tree (5.20 ± 4.55%) exhibited
higher values and variation than green roof (1.82 ± 2.83%) and the
green wall (1.74 ± 2.95%). The results of one-way ANOVA showed
that a significant difference existed between the humidity impact of GI
typologies with F(2, 5709) = 598.2, p < 0.0001 (see Fig. 6(c)). A post-
hoc test indicated that there was no significant difference between
moisture contents near the green roof and green wall (p > 0.05)
whereas significant differences were found between green roof vs.
ground tree (p < 0.0001), as well as green wall vs. ground tree
(p < 0.0001). A two-way ANOVA showed that there was a significant
main effect of temporal period (F(2, 5703) = 805.1, p < 0.0001, η2 =
0.138), and a significant main effect of greenery type (F(2, 5703) =
1008.7, p< 0.0001, η2= 0.173)). Also a significant interaction of period
and greenery typewas foundwith F(2, 5703)=578.4, p<0.0001, η2=
0.199 (Fig. 6(d)). The post-hoc multiple comparison test showed that
although there was a significant difference between each pair of GI ty-
pologies in both morning and noon period, and the RH differences
were also significant between ground tree vs. green roof (p < 0.0001),
ground tree vs. green roof (p < 0.0001) in the afternoon, but not for
green wall vs. ground tree during the afternoon (p > 0.05).

3.2. Comparing irradiant behaviors of three GI typologies

As the irradiant values of greenery and bare spots were not collected
simultaneously, in this section, six points were analyzed separately in-
stead of calculating greenery-bare differences. Besides, this section
mainly focused on irradiant values measured by CNR4, including MRT,
LMRT, and MRT-LMRT.

3.2.1. Irradiant features measured by transect measurement
Fig. 7 showed the radiant temperature distribution during three

periods in the four measurement days respectively, including mean
Fig. 8. Percentage of irradiant elements to MRT
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radiant temperature (MRT) and its irradiant elements (LMRT, MRT-
LMRT) at the six monitoring points. Overall, GI points had lower
mean values and fewer fluctuations than bare counterpart points.
The highest mean MRT value was observed at the bare roof location
(39.57 ± 12.26 °C), followed by the green roof (38.36 ± 11.17 °C),
the bare wall (37.36 ± 11.93 °C), the tree-free (32.78 ± 12.93 °C),
the green wall (31.83 ± 9.70 °C), and the ground tree (20.08 ±
3.32 °C). The detailed results of the descriptive statistics of radiant
temperature within four days can be found in Table A2 in the Appen-
dix. MRT values were mainly affected by MRT-LMRT which repre-
sents the effective sum of shortwave radiations received from the
surroundings and the sky (Lai et al., 2017). LMRT primarily fluctu-
ated around 20 °C and had smaller ranges than MRT and MRT-
LMRT. Regarding temporal periods, morning and noon sessions ex-
perienced higher radiant temperatures than that of the afternoon,
which was caused by weather conditions during the day that the
weather turned from sunny to partially cloudy and finally cloudy. Be-
sides, due to the changing solar path, the EMSD building provided
shading for the site in the afternoon.

To furtherly understand the different contributions of irradiant
features in MRT values, the proportions of LMRT and MRT-LMRT to
MRT were calculated and shown in Fig. 8. For the diurnal periods,
in the tree point, LMRT constituted a high proportion of MRT above
80%, which indicated the shading effects of the tree canopy. Other
points in open areas, such as the roof-pair and the bare wall points,
MRT-LMRTmade up over 50% contributions, whichmeans solar radi-
ation affected a lot. For different temporal periods, due to the chang-
ing weather conditions from sunny to partially cloudy, MRT-LMRT
dominated in the morning and LMRT dominated in the afternoon
session. In the noontime, the percentages of LMRT and MRT-LMRT
were in the equal distribution for all points except the ground
tree spot.
: (a, b) for LMRT and (c, d) for MRT-LMRT.
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3.2.2. ANOVA analysis in irradiant difference
Similar to Section 3.1.2, one-way and two-way ANOVA analyses

were conducted for radiant temperature from the sixmonitoring points.
Fig. 9 showed the ANOVA results for radiant temperature in daytime
and three temporal periods. For MRT, significant differences were ob-
served among six points with F(5, 954) = 71.96, p < 0.0001. However,
a further post-hoc test revealed no significant difference between the
green roof and the bare roof (p> 0.05)while other pairs showed signif-
icant differences at p < 0.0001 level (see Fig. 9(a)). Two-way mixed
ANOVA was employed to understand the effects of GI typologies and
temporal period on MRT variation. Shown in Fig. 9(b), a significant
effect was found for the temporal periods (F(2, 942) = 14.969,
p < 0.0001, η2 = 0.022), and GI typologies (F(5, 942) = 75.742,
p < 0.0001, η2 = 0.274). The interactive effect of GI typologies
Fig. 9. ANOVA analysis results for radiant temperature by CNR4 in daytime and three periods (
p ≤ 0.05; ** — p ≤ 0.01; *** — p ≤ 0.001; **** — p ≤ 0.0001).
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and temporal periods was also found to be significant with F(10,
942) = 3.221, p < 0.0001, η2 = 0.023. The post-hoc tests revealed
significant differences between each pair during the morning and the
afternoon. As for the noon period, green roof vs. bare roof and green
roof vs. green wall pairs showed no significant differences (p > 0.05).
As for LMRT, significant differences were observed among six points
with F(5, 954) = 58.24, p < 0.0001. No significant difference between
the green roof and green wall (p > 0.05) while other pairs showed
significant differences at p < 0.0001 level (see Fig. 9(c)). Two ANOVA
results showed a significant effect for the temporal period of the day
(F(2, 942) = 1076.6, p < 0.0001, η2 = 0.266), and GI typologies (F(5,
942) = 108.88, p < 0.0001, η2 = 0.234), as well as an interactive effect
on LMRT caused by GI typologies and temporal periods with F(10,
942)= 22.17, p< 0.0001, η2= 0.095 (see Fig. 9(d)). But no differences
a, b) for MRT; (c, d) for LMRT; (e, f) for MRT-LMRT (significance code: ns— p > 0.05; * —



Fig. 10. Correlation between the MRT measured by two methods (a) daytime, (b) three temporal periods.
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were observed for green roof vs. green wall in the morning and
afternoon, and green wall vs. bare wall in the morning. Regarding
MRT-LMRT, one-way ANOVA both showed significant results with F(5,
954) = 77.95, p < 0.0001, but post-hoc tests showed no significant
difference for green roof vs. bare roof (p > 0.05). Two-way ANOVA
showed a significant effect for the temporal period of the day (F(2,
Fig. 11. Correlation between global shortwave radiation and MRT measur
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942) = 264.97, p < 0.0001, η2 = 0.231), and GI typologies (F(5,
942) = 133.25, p < 0.0001, η2 = 0.290), as well as an interactive effect
on LMRT caused by GI typologies and temporal periods with F(10,
942) = 15.89, p < 0.0001, η2 = 0.069. But no difference was found
between the green roof and the bare roof at the noontime
(p > 0.05).
ed by two methods (a, c) daytime and (b, d) three temporal periods.
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3.3. Comparing irradiant responses of two measuring methods

As previous studies compared two typical MRT measuring methods
in the sites with nearly no greenery, their results and conclusions may
not apply to sites with greenery covering. In this section, we presented
the correlation and differences between two measuring methods re-
garding MRT and its contributory factors.

3.3.1. Correlation between MRT by two methods
Fig. 9 showed the correlation between MRT measured by two

methods: global thermometer method (TESTO480) and six-directional
method (CNR4) during daytime (Fig. 10(a)) and three temporal periods
(Fig. 10(b)). In general, the ranges of MRT by CNR4 (range:
16.93–57.11 °C) was larger than that of TESTO480 (31.25–46.95 °C),
and MRT by CNR4 (mean ± sd: 33.33 ± 12.55 °C) had a lower average
and a higher variation than theMRT by TESTO480 (37.58±4.12 °C). For
different GI typologies, all six points showed positive correlations be-
tween MRTs by two methods; the correlation was especially strong for
the tree-free (R2 = 0.89), the bare wall (R2 = 0.85), and the bare roof
(R2 = 0.81), but weakly correlated for the ground tree (R2 = 0.16).
The correlations throughout three periods were also examined because
the irradiative features were different in these three periods (as
discussed Section 3.2.2). In the morning, these two methods showed
the highest correlation in the bare wall location (R2 = 0.82) and lowest
correlation in the ground tree spot (R2 = 0.03), whichmeans small dif-
ferences between these twomethodswere found near the barewall but
larger discrepancies adjacent tree. At noon, these two methods per-
formed similarly in the tree-free point (R2 = 0.78) but showed a weak
Fig. 12. Correlation between LMRT and MRT measured by two method
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correlation near a green wall (R2 = 0.22) and the bare wall (R2 =
0.38). Nearly no correlation was found near the ground tree for these
two methods (R2 = 0.01). During the afternoon, strong relationships
were found between MRT by two methods near the bare wall, the
green roof, and the tree-free location with R2 above 0.9, while two
methods responded differently for the ground tree (R2 = 0.18).
3.3.2. Correlation between global shortwave radiation and MRT by two
methods

To further explore whether the differences of correlation arise from
shortwave radiation, correlations between MRT and global shortwave
radiation (GSR) were plotted and compared in Fig. 11. For the six-
directional method, MRT values in all six points showed a strong corre-
lation with GSR, while the tree free (R2 = 0.91), bare roof (R2 = 0.87),
and green roof (R2 = 0.83) showed especially high correlation coeffi-
cients. This indicated that MRTmeasured by the six-directional method
was largely affected by GSR. Furthermore, for temporal periods, the
strong relationship was found in the morning as a high R2 was found
near the bare wall (R2 = 0.84), tree-free (R2 = 0.82), and ground tree
(R2 = 0.80). At noon, although MRT in no tree and green roof spots
showed a high correlation with GSR (R2 = 0.89 and 0.83 respectively),
a weak coefficient of R2 = 0.24 was revealed for the green wall. Simi-
larly, in the afternoon, MRT near the spots of green roof (R2 = 0.97),
green wall (R2 = 0.95), bare wall (R2 = 0.92), and tree-free (R2 =
0.87) showed high correlation with GSR, but the ground tree and the
bare roof showed a moderately weak relationship with R2 = 0. 32 and
0.35, respectively.
s (a, b) LMRT vs. MRT by CNR4 (c, d) LMRT vs. MRT by TESTO480.



W. Ouyang, T.E. Morakinyo, C. Ren et al. Science of the Total Environment 764 (2021) 144635
In terms of the globe thermometer method, during the entire day-
time period, MRT and GSR were moderately correlated except at the
ground tree location which showed no correlation (R2 = 0.03). In
deeper details for three periods, MRT near the ground tree showed no
correlation with GSR throughout all three periods with R2 = 0.00,
0.00, and 0.08. A weak correlation was also found for MRT near the
green wall (R2 = 0.28) and tree-free (R2 = 0.48) in the morning, the
bare wall (R2 = 0.22) and the green wall (R2 = 0.42) in the noon, as
well as the bare roof (R2 = 0.26) in the afternoon. Besides, the correla-
tion for AT, wind speed (Ws), and global temperature (Tg) and MRT by
twomethods were also analyzed, which could be found in Fig. S3-1, S3-
2, S3-3 in Supplementary file S3.

3.3.3. Correlation between radiant fluxes components and MRT by two
methods

To investigate the different dependence ofMRTon two components of
MRT (LMRT for the longwave radiant part and MRT-LMRT for remaining
part), the correlations betweenLMRTandMRTmeasuredby twomethods
were shown in Fig. 12. Generally, MRT by twomethods showed a positive
correlation with LMRT in a moderately good coefficient of determination
(R2 ≥ 0.5). In detail, MRT by CNR4 presented a slightly lower association
with LMRT near three bare points and two GI typologies (green roof and
green wall) thanMRT by TESTO480, but a stronger correlation coefficient
at ground tree location regardless of daytime or three temporal periods.
As LMRT presents the surface temperatures of the surrounding environ-
ment (Lai et al., 2017), the results indicated MRT by CNR4 was more de-
pendent in longwave radiant fluxes under shaded areas but less
dependent in open areas, and vice versa for MRT by TESTO480.
Fig. 13. Correlation between MRT-LMRT and MRT measured by two methods (
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The associations between MRT-LMRT and MRT measured by two
methodswere shown in Fig. 13. Apparently,MRT by CNR4 showed strong
correlations with MRT-LMRT irrespective of GI typologies and temporal
periods. In terms of MRT by TESTO480, low coefficients were found near
the tree and the green wall although the moderate coefficients were
found near bare spots and green roof. As MRT-LMRT quantified the sum
of shortwave fluxes reflected and diffused by the surrounding environ-
ment, the results indicatedMRT by CNR4was highly dependent on short-
wave radiant fluxes regardless of GI typologies and temporal periods, but
MRT by TESTO480 only responded to shortwave fluxes comparatively in
open areas. And the results of this and the last section showed the defi-
ciency of TESTO480 under the tree shading areas.

4. Discussions and implications

4.1. Thermal and irradiant features of three GI typologies

Previous studies measured three GI typologies separately for their
thermal and irradiant behaviors in different study areas, which makes
comparison rather difficult and brings biased as the surrounding envi-
ronmental condition and anthropogenic factors might be different
(Bowler et al., 2010). Our study contributed to the limited evidence of
the thermal-irradiant performance of three GI typologies within one
site so that the thermal-irradiant features can be compared unbiasedly.

According to previous studies, it was observed in Hong Kong that the
daytime AT difference between the green roof and bare roof on sunny
days was 1.3 °C (Lee and Jim, 2020), which was slightly higher than
1.18 °C in our study for partially cloudy days. A study in Nanjing, China
a, b) MRT-LMRT vs. MRT by CNR4 (c, d) MRT-LMRT vs. MRT by TESTO480.
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found a higher temperature cooling at 0.6mheight (0.23 °C) than at 1.2m
height (0.09 °C), and in sunnyweather than in cloudy weather (Yin et al.,
2019), while a higher cooling of 1.18 °C was found in our study at 1.5 m
height under partly cloudy weather condition. Additionally, these two
studies surprisingly detected a warming effect for the green roof during
nighttime in Hong Kong and daytime in Nanjing, which was not found
in our study. These discrepancies may because rooftop greenery was
placed in different heights above the ground (7 m in our study, 14 and
16.5 m in these two studies), also could be explained by various greenery
densities, plant species, aswell as variable solar intensity. Regarding green
wall, MRT and AT attenuation were found within a limited distance,
i.e., within 1 m. For instance, in Singapore, vertical greenery decreased
MRT by up to 12.9 °C, and this attenuation was influenced by shading ef-
fects of walls (Liang et al., 2014). Our findings were in line with this study
that radiant reduction was greater in the morning and afternoon periods
due to building shadings. A study in Spainmeasured greenwalls in differ-
ent orientations and found 0.5–2.0 °C temperature reduction and up to 7%
moisture increase in the hottest months (Perez et al., 2011), which was
higher than the results of this study (0.21–0.73 °C AT reduction and
(−0.66)−4.71%RH increase). This difference canbe attributed to the var-
ied climate background and different greenery species. In terms of the
ground tree, a study in Taiwan found tree canopy decreased AT by
0.64–2.52 °C compared with nearby unshaded areas (Lin and Lin, 2010),
which was slightly higher than the results in this study (0.88–1.57 °C).
In Hong Kong, researchers observed trees provided a temperature reduc-
tion of 0.4–0.6 °C averagely andby1.7–2.6 °Cmaximumly in summerday-
time (Cheung and Jim, 2018), whichwas slightly lower than the values in
our study. This is partly because of the different underlying surfaces be-
tween two studies; Our study measured the combinations of both tree
and grass, and this combination also showed reinforced cooling in a dry
and hot climate (Shashua-Bar et al., 2011).

In respect of GI typologies comparison, our study observed similar
temperature reduction by the green roof and by the ground tree
(Fig. 6a), which was possible because green roof point was surrounded
by other shrubs and trees and was affected by the cooling capacity of
the surroundings. Besides, average daytime irradiant attenuation in MRT
was achieved at 16 °C near the tree, followed by the green wall by 8 °C,
but the green roof showed a minor reduction in MRT. With shading
evapotranspiration process, shortwave and longwave radiations under
the tree point were reduced significantly, and thus MRT under the tree
was lowest for three periods (Gunawardena et al., 2017). This indicated
that ground tree and vertical greenery may effectively reduce pedestrian
thermal exposure (Middel and Krayenhoff, 2019; Tan et al., 2017). Al-
though the green roof showed little contribution to the pedestrian level,
it showed significant heat attenuation at the city scale (Santamouris,
2014). Therefore, future studies should explore the optimal strategies
for differentGI typologies and in different scales. Concerning temporal pe-
riods, our study found temperature reduction provided by GI typologies
was larger before noon than in the afternoon, which was different from
the findings of previous studies that the attenuation was the highest in
the afternoon (Tan et al., 2017). One possible reason is the shading effects,
as the EMSD building shading for six measurement points undermined
the effectiveness of greenery cooling (Morakinyo et al., 2020). Further ex-
plorations should compare both effects of temporal periods and shading
effects and found the main driver for GI thermal-irradiant differences.

In summary, some findings of our study were consistent with pre-
vious studies, while other findings were different. These different
thermal-irradiant values should be compared and interpreted care-
fully, as the measurement settings, background climate, urban ge-
ometry, and greenery species and features were different and
interacted complexly. This also emphasizes the necessity of our
study to conduct the measurements in the same site for GI typolo-
gies, and thus the comparisons of the thermal-irradiant features
are possible. Furthermore, experimental data in this study can also
provide evidence to assess the reliability of the models (Francis and
Jensen, 2017).
14
4.2. Comparison between two measuring methods for MRT

Two measuring methods for MRT estimation, namely the six-
directional and globe thermometer method, have been compared and
discussed in the previous studies. However, these studies mainly fo-
cused on areaswith limited greenery, such as the squares and courtyard
(Thorsson et al., 2007; Thorsson et al., 2006), streets with nearly no
greenery (Krüger et al., 2014), and pedestrian sidewalks (Khrit et al.,
2017). A study included park site but only discussed the impacts of
trees on the differences of two methods (Tan et al., 2013). Our study
filled the research gap of comparing the two measuring methods for
their different responses towards GI typologies.

So far, a consensus has been obtained that the six-directional
method is the most accurate and reliable estimation for MRT (Krüger
et al., 2014; Chen et al., 2014). A study in Göteborg found small differ-
ences between these two methods with R2 above 0.9 (Thorsson et al.,
2007), which was much higher than the correlation coefficients in our
study. Globe thermometer was found to overestimatedMRT in Freiburg
(Chen et al., 2014) and shading conditions in Göteborg (Thorsson et al.,
2007); underestimated MRT in sunshine conditions in Göteborg com-
pared with six-directional technology (Thorsson et al., 2007). Our find-
ings were in line with this evidence that MRT by TESTO480 showed
higher values under tree shading and lower values in open spaces
than MRT by CNR4. Furthermore, a tropical study found larger ranges
and variations for the six-directional method than the globe thermom-
eter method (Tan et al., 2013), which corresponds to the results of our
study. Another study in the tropical regions found MRT by globe ther-
mometer overestimatedMRT during the noontime but underestimated
in the morning and afternoon (Khrit et al., 2017), which was not
reflected in our findings. These results should be carefully compared
due to the complexities of the irradiative processes in the different cli-
mate background and urban geometry context (i.e., sky view factor,
greenery density), as well as different time resolution for analysis.

Contributory factors, i.e., wind speed, solar radiation, radiant fluxes
components, were also explored for MRT measured by two methods
in other studies. In terms of wind speed and solar radiation, some stud-
ies smoothed the rapid changes in them by using a large temporal scale,
i.e., 5-min and reduced their effects in MRT discrepancies (Thorsson
et al., 2007). Some studies also corrected the convection coefficients in
MRT calculation equations for the globe thermometer based on wind
velocity (Tan et al., 2013; Chen et al., 2014) and incoming short-wave
radiation (Thorsson et al., 2007; Marino et al., 2017). In our study, how-
ever, wind speed variations showed generally no effects onMRT by both
methods (Fig. S3-3), whichmay be due to the lowwind speed at the pe-
destrian level in Hong Kong (Ng et al., 2011). And global shortwave ra-
diation (GSR) showed a high correlation with MRT by CNR4 regardless
of GI typologies and temporal periods. This result indicated that MRT
by CNR4 was influenced by GSR significantly, which was also found in
another study in Hong Kong (Lai et al., 2017). Regarding radiant fluxes,
such as LMRT to represent the surface temperature in the surroundings
and MRT-LMRT to represent the shortwave radiations diffused and
reflected by the surroundings, a previous study in Hong Kong found a
higher correlation coefficient for LMRT than for MRT-LMRT with MRT
(Lai et al., 2017), which was different from the results of our study
where MRT by CNR4 was dependent higher in MRT-LMRT than in
LMRT. As for MRT by TESTO480, it associated significantly with Tg
based on nearly perfect correlation relationships (Fig. S3-2), but less
with LMRT and MRT-LMRT. Especially near ground tree location,
TESTO480 showed its deficiency in MRT measuring.

In addition, previous studies applied different sizes in globe ther-
mometer, i.e., 38 mm, 40 mm, 50 mm, and 150 mm (Cheung and Jim,
2018; Liang et al., 2014; Thorsson et al., 2007; Tan et al., 2013; Khrit
et al., 2017). The sphere is smaller, the response time is shorter and
equilibrium status is achieved faster. However, due to a greater effect
of the convective heat change (wind speed, air temperature, etc.), the
accuracy of the globe thermometer method is reduced accordingly



W. Ouyang, T.E. Morakinyo, C. Ren et al. Science of the Total Environment 764 (2021) 144635
(Kántor et al., 2015). Besides, different sampling resolution and average
ranges in time period also differed. This partly explained some differ-
ences between our study and previous studies.

To sum up, our study indicated the six-directional method showed
higher sensitivity and accuracy in measuring the irradiant variations
than the globe thermometer method. The Globe thermometer method
cannot be used in shading environments due to its low responses towards
LMRT and MRT-LMRT which should be the main components for MRT in
shading areas. To overcome the shortcomings of the globe thermometer
method, some studies suggested replacing black globe with grey one as
the black color tends to absorb more shortwave radiation (Thorsson
et al., 2007; Krüger et al., 2014), while some recommended appropriate
wind adjustments (Krüger et al., 2014; Chen et al., 2014). Although the
six-directionmethod is identified as themost accuratemethod tomeasure
MRT (Krüger et al., 2014), a shortcoming was found for its relapse during
noon for clear days (Kántor et al., 2014),whichwas not found in our study.
Previous studies often discussed these twomethods in different urban ge-
ometry, such as sky view factor, but seldom compared their differences re-
garding different GI typologies. Our study enlarges the discussion and
understanding of the similarities and differences of these twomethods to-
wards different greenery typologies. Yet these two methods should un-
dergo further exploration and improvement for suitable application
situations, especially for varied contexts with different GI typologies.
Once the limitations and strengths of these methods are well-known,
the best selection in the method for certain research objectives and
study areas could be made.

4.3. Implications for sustainable planning and design

For a local experience, HK published a comprehensive strategic plan
HK2030+ to enhance livability in the high-density environment (H.K.P.
Department, 2012). In this policy file, a new green index is proposed
and discussed to combine ground tree, vertical greenery, and rooftop
greenery. For these three GI typologies, our results suggest that they
can improve pedestrian-level thermal comfort by decreasing both ther-
mal and radiant loadings. Shading is themost significant design strategy
for the outdoor thermal environment, while decreasing LMRT (sur-
rounding surface temperature) also counts by replacing impervious sur-
faces with the pervious covering, especially by GI (i.e., green wall, green
roof, grass cover). Based on suggested 30% greenery coverage ratios in
HK's planning and design guidelines (H.K.P. Department, 2010), trees
should be prioritized for GI provision and be planted based on urban ge-
ometry features accordingly (Morakinyo et al., 2020); whereas in areas
without enough space to plant trees, GI strategies in optimized combi-
nations should be considered. Our results also support the
practice note 152 published by the HK government in calculating the
greenery coverage ratio in both ground and skyrise locations
(Greening and Development Bureau, 2013; Department, B, 2016).

Regionally, our results can also be referred to other areas and regions
in the similar climate regions, such as Greater Bay Area megalopolis re-
gions in a subtropical climate. Internationally, our study is in line with
the advocate of theWorldHealth Organization (WHO) that GI is consid-
ered as a determinant of health and well-being (World Health
Organization, 2010). Strengthening GI from neighborhood to city-scale
is also supported by theUnited Nation's (UN) (2015) Sustainable Devel-
opment Goals (SDGs): SDG 3-good health and well-being and SDG11-
sustainable cities and community (United Nations, 2015).

4.4. Limitations and future studies

This study has certain limitations in the measurement periods and
greenery species diversity. Firstly, this study only covered diurnal pe-
riods in partially cloudy weather conditions in HK. Further measure-
ments should include both daytime and nighttime, as well as other
types of weather conditions, to get a comprehensive understanding of
the thermal-irradiant performances of GI typologies (Yin et al., 2019).
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Moreover, this study applied transect measurement to collect irradiant
variables. If possible, stationary measurement for irradiant variables
near three GI typologies should be conducted and the results could be
compared with this study. Secondly, this study focused on the differ-
ences among GI typologies, thus only covered one tree species, and
did not explore the differences between intensive green roof vs. exten-
sive green roof, and greenwall vs. livingwall. Other trees with different
features, i.e. leaf area indices (LAI), canopy densities, and shapes, etc.,
areworth furtherly investigating to providemore tree species selections
for landscape design (Morakinyo et al., 2020; Zheng et al., 2020). Com-
parisons between different vertical greenery systems, green roof con-
structions and plant species are also necessary to study for their
environmental benefits and implementations (Besir and Cuce, 2018;
Zhang et al., 2020).

Several directions are worthy further investigations in the future. As
this study focused on two widely used MRTmeasuring methods, a new
method using cylindrical pyranometer was recently proposed (Brown,
2019), and worth investigating for its performance around GI typolo-
gies. Besides, the comparisons between relative humidity and absolute
humidity for their differences and representativeness in humidity
level, especially near GI typologies, are also valuable. Lastly, further
studies should explore optimized strategies in differentGI combinations
for local climate and urban built environment contexts.

5. Conclusion

To ensure the cross-comparisons among GI typologies in the similar
climate background and urban geometry settings, this study firstly con-
ducted the field measurements on the thermal-irradiant variables at six
points (three GI typologies) within one site in a subtropical climate city.
Secondly it compared the thermal-irradiant performance of three GI ty-
pologies in different temporal periods with descriptive statistics and
ANOVA analysis. Given previous studies only compared the globe ther-
mometer and the six-directional methods in greenery free sites, our
study compared the radiant features measured by these two methods
for their different responses towardsGI typologies; the contributory fac-
tors for the discrepancies between them were investigated.

The important findings can be drawn as below in three aspects:

• For GI typologies, the ground tree showed the highest reduction and
the lowest fluctuations in thermal-irradiant features, followed by the
green roof and the green wall. Shading effects from the surrounding
building had impacts on the thermal-irradiant performance of GI ty-
pologies.

• For temporal periods, the morning session (9:30–12:00) had the
highest AT reduction, RH increment, and MRT variations among the
three GI typologies, followed by the noon (12:01–15:00) and after-
noon periods (15:01–17:25).

• For two MRT measuring methods, the six-directional method per-
formed higher sensitivity towards the radiation variations, and there-
fore had higher ranges and different responses on three GI typologies;
the globe thermometer tended to overestimate MRT with low global
solar radiation (GSR) and underestimate MRT with high GSR.

The present study provides a comprehensive understanding of the
thermal-irradiant performance of three GI typologies, which may assist
landscape designers and policymakers for climate responsive design.
Also, this study underscores the necessity to select the MRT measuring
method carefully according to certain built environments and research
targets, especially avoiding using the globe thermometer method in
the shaded sites, such as under the tree canopy.
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Appendix A
Table A1

Descriptive statistics for the thermal difference on four selected measurement days.
Date (YYYY-MM-DD)
 Index
 Greenery type
 Max
 Min
 Mean
 Std
019-09-07
 ΔAT
(°C)
Green roof
 0.06
 −2.72
 −1.23
 0.54

Green wall
 −0.09
 −1.64
 −0.73
 0.28

Ground tree
 −0.02
 −4.44
 −1.57
 1.10
ΔRH
(%)
Green roof
 11.11
 −3.15
 0.42
 2.30

Green wall
 6.96
 −1.46
 2.27
 1.94

Ground tree
 15.50
 −0.34
 6.27
 4.63
019-09-09
 ΔAT
(°C)
Green roof
 0.17
 −2.65
 −1.01
 0.53

Green wall
 0.48
 −1.16
 −0.21
 0.26

Ground tree
 −0.25
 −2.46
 −0.88
 0.49
ΔRH
(%)
Green roof
 6.73
 −0.55
 3.31
 1.43

Green wall
 5.99
 −4.68
 −0.66
 2.41

Ground tree
 12.92
 −0.18
 4.46
 3.63
019-09-11
 ΔAT
(°C)
Green roof
 0.53
 −3.13
 −1.38
 0.90

Green wall
 0.00
 −1.40
 −0.56
 0.28

Ground tree
 0.00
 −4.18
 −1.17
 0.75
ΔRH
(%)
Green roof
 6.89
 −5.50
 2.00
 2.40

Green wall
 4.98
 −2.73
 0.54
 1.43

Ground tree
 16.23
 −0.27
 3.78
 4.17
019-09-12
 ΔAT
(°C)
Green roof
 0.46
 −3.14
 −1.10
 0.72

Green wall
 0.12
 −1.95
 −0.66
 0.38

Ground tree
 −0.25
 −3.93
 −1.32
 0.85
ΔRH
(%)
Green roof
 10.19
 −5.92
 1.51
 3.84

Green wall
 11.13
 0.21
 4.71
 2.59

Ground tree
 15.50
 −0.29
 6.09
 5.02
Table A2

Descriptivse statistics for the radiant temperature on four selected measurement days (unit: [°C]).
Date (YYYY-MM-DD)
 Radiant temperature
 Green roof
 Bare roof
 Green wall
 Bare wall
 Ground tree
 Tree free
019-09-07
 MRT
 Max
 49.76
 53.46
 46.65
 51.47
 36.09
 57.01

Min
 20.90
 23.00
 18.92
 19.55
 17.84
 21.17

Mean
 34.15
 39.01
 30.06
 34.27
 20.76
 33.26

Sd.
 9.91
 11.62
 8.42
 10.99
 3.59
 11.66
LMRT
 Max
 22.85
 23.42
 21.53
 23.42
 20.60
 24.70

Min
 17.39
 18.60
 17.92
 18.10
 17.38
 19.13

Mean
 19.52
 21.13
 19.56
 20.30
 18.57
 22.25

Sd.
 1.27
 1.34
 1.10
 1.37
 0.87
 1.93
MRT-LMRT
 Max
 27.60
 32.47
 25.82
 30.88
 15.51
 32.37

Min
 3.50
 3.03
 0.01
 0.93
 0.03
 2.01

Mean
 14.63
 17.88
 10.50
 13.97
 2.19
 11.01

Sd.
 9.18
 10.67
 7.71
 10.22
 2.96
 10.15
019-09–09
 MRT
 Max
 52.36
 50.37
 49.91
 53.17
 30.06
 50.91

Min
 17.92
 18.26
 17.92
 18.10
 16.93
 17.48

Mean
 35.22
 34.36
 32.59
 35.27
 19.46
 29.65

Sd.
 12.81
 12.56
 11.48
 13.71
 2.99
 12.04
LMRT
 Max
 21.58
 22.62
 21.82
 22.60
 19.79
 24.13

Min
 15.64
 16.57
 16.25
 16.83
 16.24
 17.08

Mean
 18.49
 19.30
 19.09
 19.76
 17.74
 19.81

Sd.
 1.99
 2.13
 1.90
 2.25
 0.82
 2.18
MRT-LMRT
 Max
 33.23
 28.93
 28.10
 30.97
 11.05
 27.09

Min
 1.66
 1.34
 0.62
 0.74
 0.02
 0.39

Mean
 16.74
 15.05
 13.50
 15.51
 1.72
 9.84

Sd.
 10.99
 10.76
 9.89
 11.70
 2.44
 10.11
019-09-11
 MRT
 Max
 50.60
 55.03
 48.37
 53.70
 38.05
 54.40

Min
 20.09
 21.28
 19.82
 20.24
 17.19
 18.90

Mean
 43.68
 43.60
 33.03
 40.28
 20.45
 32.52
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able A2 (continued)
Date (YYYY-MM-DD)
2

Radiant temperature
 Green roof
 Bare roof
17
Green wall
 Bare wall
 Ground tree
 Tree free
Sd.
 9.12
 11.88
 9.10
 11.37
 4.37
 12.82

LMRT
 Max
 21.81
 22.28
 21.47
 22.33
 20.87
 24.23
Min
 16.52
 17.61
 17.69
 17.95
 17.27
 17.52

Mean
 19.53
 20.56
 19.58
 20.28
 18.01
 20.75

Sd.
 1.58
 1.46
 1.40
 1.47
 0.80
 2.34
MRT-LMRT
 Max
 29.81
 32.97
 26.90
 31.90
 17.58
 31.06

Min
 3.53
 3.65
 1.98
 2.27
 0.01
 1.38

Mean
 24.15
 23.04
 13.45
 20.00
 2.44
 11.77

Sd.
 7.94
 10.61
 7.88
 10.22
 3.67
 10.67
019-09-12
 MRT
 Max
 52.78
 56.60
 46.00
 50.51
 22.25
 57.11

Min
 21.25
 23.52
 20.01
 21.51
 17.51
 19.67

Mean
 40.38
 41.32
 31.62
 39.61
 19.66
 35.69

Sd.
 10.06
 11.45
 9.65
 10.70
 1.69
 14.73
LMRT
 Max
 22.82
 24.56
 22.58
 24.75
 19.37
 26.06

Min
 16.79
 18.13
 16.54
 18.20
 17.25
 18.42

Mean
 19.74
 21.22
 19.65
 20.91
 18.23
 22.02

Sd.
 1.76
 1.97
 1.74
 1.99
 0.68
 2.79
MRT-LMRT
 Max
 30.52
 35.21
 24.27
 28.03
 3.98
 31.65

Min
 4.40
 4.20
 1.87
 3.22
 0.04
 1.25

Mean
 20.64
 20.10
 11.97
 18.71
 1.43
 13.67

Sd.
 8.73
 9.90
 8.22
 9.44
 1.43
 12.14
Appendix B. Supplementary data
Supplementary data to this article can be found online at https://doi.org/10.1016/j.scitotenv.2020.144635.
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