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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Proposed a systematic approach to 
quantify the cooling effects of green 
infrastructure (GI) strategies. 

• Proposed three indicators to assess the 
cooling effects from a spatio-temporal 
perspective. 

• Compared the cooling effects of seven GI 
strategies based on three GI typologies. 

• Investigated the impacts of urban 
morphology on the cooling provision of 
GI strategies.  
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A B S T R A C T   

Urban green infrastructures (GI) are efficient nature-based solutions for urban heat mitigation. Typically, three 
GI typologies, i.e., green roof, green wall, and street tree, are often recommended and implemented for outdoor 
thermal comfort modification and passive energy saving. However, the current evaluation of the cooling effects 
for GI strategies is not comprehensive for two reasons: 1) lacking a holistic assessment to involve different 
combinations of GI typologies; 2) lacking a spatio-temporal lens to quantify the cooling effects. 

This study proposes a systematic approach to quantify the cooling effects of GI strategies from a spatio- 
temporal perspective. Through a parametric study in ENVI-met model, the cooling effect of seven GI 
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strategies were quantified, and different street orientations and sky view factor (SVF) were also involved. Three 
cooling indicators were proposed for different sustainable planning targets: cooling intensity (CI), cooling area 
(CA), and cooling duration (CD). The results showed that the seven GI strategies performed differently under 
various urban morphologies. The greatest cooling effect of GI strategies was observed at SVF = 0.7, after which 
additional strategies may be needed for urban heat mitigation. Three proposed indicators were found to show 
similar patterns across the GI strategies, but revealed the details of cooling effects differently. 

Overall, this study represents the first assessment of the cooling effects of seven GI strategies across different 
morphological settings. The evidence-based understanding contributed by this study can help planners and 
designers to optimize the thermal environment in subtropical climate. The systematic approach from a spatio- 
temporal lens can be transferred to other cities and climate backgrounds.   

1. Introduction 

1.1. Green infrastructure strategy for urban heat mitigation 

The sixth Assessment Report released by the Intergovernmental 
Panel on Climate Change (IPCC) in 2021 indicates that human activities 
are unequivocally warming the environment, creating an irreversible 
trend usually occurring on the timescales of centuries (IPCC, 2021). As 
the hot extremes are becoming intensified, frequent and prolonged, 
tackling urban heat becomes a big concern for the many governmental 
authorities and policymakers. Therefore, it requires an innovative 
combination and implementation of passive and technological solutions 
for urban heat mitigation. In recent decades, green infrastructure (GI) 
has been widely advocated by policymakers and climate action planners 
as an effective strategy to adapt cities to urban heat (Ruth et al., 2017). 
For instance, London aimed to be the world’s first National Park City in 
2019, with the ultimate goal of turning 50% of the urban area green by 
2050 (London Government, 2015). Additionally, Singapore has released 
the Green Plan 2030 to promote the planting of 1 million more trees for 
sustainable living (Singapore Government, 2021), and Hong Kong has 
published the Climate Action Plan 2050 to emphasize the application of 
GI in more effective places (HK Government, 2021). 

GI can be classified into various typologies based on different criteria 
(Wong et al., 2021), e.g., deciduous and evergreen based on leaf life span 
(van Ommen Kloeke et al., 2012). In terms of implementation location, 
common GI typologies include green roof (intensive and extensive 
depending on the vegetation height and substrate depth), green wall 
(green façade and living wall differentiated by planting styles), and 
ground-level trees (street trees, park/ green space trees) (Ouyang et al., 
2021, masked for blind review). These three GI typologies are widely 
used for microclimate regulation. However, to fully utilize the cooling 
potential of GI, it is necessary to understand the cooling effects of 
different GI strategies (based on various combinations of GI typologies) 
and their performance in different urban contexts from a holistic 
perspective (Norton et al., 2015). 

To quantify the cooling effects of GI, remote sensing technology, field 
measurement, and numerical simulation are often used. Satellite images 
are widely employed to measure the land surface temperature and the 
impact of urban greening (Weng, 2009), but they are limited to repre
senting the atmosphere conditions, thus cannot indicate thermal per
ceptions at the pedestrian level. Field measurement can be used to 
record the events and phenomena in reality through an instrument, but 
it does not enable sufficient experimental control for investigating 
“what-if” scenarios and presents potential uncertainties (i.e., pedestrians 
block the incoming shortwave and alter wind conditions (Liu et al., 
2022; Stewart, 2011)). Numerical models are gaining popularity due to 
their advantage in isolating certain processes in the complex urban 
system (Arnfield, 2003); therefore, numerical models are applied and 
discussed in this study. 

1.2. Necessity of a holistic assessment for the cooling effects of different 
GI strategies 

In existing studies based on the numerical simulation method, the 

pedestrian-level cooling effects of different GI typologies have been 
quantified separately. Regarding green roof, previous studies investi
gated the cooling effects of green roof at the pedestrian level and its 
features (i.e. green roof type (Morakinyo et al., 2017), coverage ratio 
(Jin et al., 2018; Morakinyo et al., 2017), layout (Jin et al., 2018; Zhang 
et al., 2019), and plant characteristics (i.e., Leaf area index – LAI) 
(Berardi, 2016)). These studies revealed that green roof reduced the air 
temperature (AT) by 0.05–0.6 ◦C at the pedestrian level (1.5–1.8 m 
above the ground), and the cooling effects were positively correlated 
with LAI of the plants and the greenery coverage ratios. For green wall, 
the cooling effect was influenced by different coverage ratios (Mor
akinyo et al., 2019; Wong et al., 2009), planting height and location 
(Acero et al., 2019), and plant shading coefficients (Wong et al., 2009). 
These simulation studies showed that green wall can cool the ambient 
environment and improve thermal comfort by decreasing air tempera
ture (AT) by 1 ◦C and physiological equivalent temperature (PET) by 
0.1–10 ◦C within 3–5 m from the walls. Trees are the most efficient GI for 
heat mitigation, which is often quantified in terms of the tree cooling 
intensity (Ng et al., 2012; Ziter et al., 2019) and cooling efficiency 
(Ouyang et al., 2020, masked for blind review), species selection (Kong 
et al., 2017; Z. Liu et al., 2020; Morakinyo et al., 2018), planting location 
and layouts (Ng et al., 2012; Tan et al., 2016; Wu & Chen, 2017; Zhao 
et al., 2018), leaf characteristics (Fahmy et al., 2010), etc. These studies 
reconfirmed the cooling potential of trees, and revealed the dependence 
of cooling provision on proper tree species selection, planting arrange
ments, and coverage ratio allocation. 

Some studies examined the cooling effects of two or the three GI 
typologies and analyzed either the individual (GI) or synergistic effects, 
although this evidence is limited. For instance, in Munich, Germany, the 
cooling capacity of three GI typologies were compared, and trees 
showed the highest cooling potential, providing a 1 ◦C reduction in AT 
and a 13%–15% decrease in extreme heat; green roof showed no 
apparent heat mitigation, and green wall reduced PET by 4 % within a 2 
m distance (Zölch et al., 2016). In Malda, India, green wall and green 
roof were investigated, and the results showed that combining green 
wall and green roof reduced the temperature by 1.29 – 1.87 ◦C (Ziaul & 
Pal, 2020). In Spain, combining trees, grass, and green roof reduced PET 
by up to 10 ◦C (Lobaccaro & Acero, 2015). In Sri Lanka, trees, green 
roofs, green walls, and the combination of all of them lead to AT re
ductions of 1.87 ◦C, 1.79 ◦C, 1.86 ◦C, and 1.9 ◦C respectively at the 
hottest hour (Herath et al., 2018). These results highlight the merits of 
combining GI strategies, as combining different GI typologies led to 
higher cooling effects than applying a single GI typology. Although the 
cooling effects provided by single or certain combinations of GI typol
ogies can be extracted from different studies in the literature, it is 
warranted to analyze these effects within a singular study for unbiased 
comparative analysis and, ultimately, the development of evidence- 
based implementation strategies. 

1.3. Significance of a spatio-temporal lens for GI cooling effects 

In previous studies, the cooling effect has mostly been quantified by 
the differences between the GI and the corresponding bare/ reference 
scenarios, which is usually referred to as the cooling intensity (CI). CI is 
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often quantified by calculating the spatial (i.e., targeted analysis 
domain) and temporal (specific hour or a certain period) average of the 
chosen microclimate indicator. However, the average values may 
obscure the details of the spatial spread of cooling and the effective 
duration of the cooling effects. 

In the current literature, there are mainly four ways to present the 
spatio-temporal patterns in simulation or parametric studies: 1) showing 
the distributions of CI values, i.e., by boxplot (Ouyang et al., 2020, 
masked for blind review, Yin et al., 2019); 2) mapping the microclimate 
variables with the aid of Leonardo in ENVI-met (Lan et al., 2021; Tan 
et al., 2022); 3) presenting the frequency distribution of CI values from a 
temporal perspective, i.e., by ridge plot (Ouyang et al., 2020, masked for 
blind review, Qin et al., 2021); and 4) visualizing the spatio-temporal 
average values for different cases and hours, i.e., by heatmap (Rodrí
guez Algeciras et al., 2016; Rodríguez-Algeciras et al., 2021). The above 
methods describe the data distributions from different perspectives, 
including value dispersion, spatial patterns, and temporal variation. 
Therefore, these methods can support the understanding of how tem
perature varies across different locations and times. However, they do 
not directly show the specific effective areas or cooling periods, which 
would be useful to support policy-makers to formulate guidelines or 
thresholds for urban planning and design processes. Therefore, it is 
necessary to develop a proper indicator that provides a spatio-temporal 

perspective and, thus directly shows policymakers the efficiency of a 
certain strategy in terms of how many areas can be affected and how 
long periods of these effects. 

1.4. Impacts of urban morphology on microclimate and GI cooling 

In the field of climate-sensitive planning and design, urban 
morphology is a significant factor to be considered. A street canyon is, a 
basic geometric unit in urban areas, consisting of two rows of buildings 
and the space between them (Oke, 1988), and the geometry of street 
canyons has been shown to play an important role in the microclimate 
and outdoor thermal comfort (Jamei et al., 2016). The geometry of 
street canyons is widely quantified by street orientation and sky view 
factor (SVF). Specifically, SVF is a dimensionless parameter ranging 
from zero to one that measures the percentage of unobstructed sky seen 
from a target location (Gong et al., 2018). Lower SVF values can lead to 
lower AT in the daytime and higher AT at night (Unger, 2004). Street 
orientation, which describes how buildings and canyons are oriented, 
can affect the amount of solar access and the wind speed in the canyons, 
subsequently impacting pedestrian thermal comfort on a typical summer 
day (Ali-Toudert & Mayer, 2006) and the length of the sun exposure 
period (Acero et al., 2021). For example, East-West (EW) oriented streets 
are exposed to solar radiation for longer than North-South (NS) oriented 

Fig. 1. HK and the basic climate graph (Source: HKO website, Google map).  
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streets, thus meaning the former show low thermal comfort levels 
(Johansson, 2006).. 

In terms of the impacts of urban geometry on GI cooling, a study 
revealed that, when applying both green wall and green roof, minor 
differences were found between NS and EW orientations (0.1 ◦C for 
daytime average), but the difference became more significant for green 
wall only (0.8 ◦C) (Alexandri & Jones, 2008). In the same study, the 
impacts of aspect ratios were also explored, which indicated that green 
roof and green wall had a weaker cooling effect in wider canyons 
(Alexandri & Jones, 2008). However, this pattern was not the same for 
tree strategy, as the street tree was more effective in EW oriented streets 
(Yin et al., 2019). Additionally, for the compact canyons, trees provided 
lower cooling effects because the high buildings provided enough 
shading (Ng et al., 2012; Ouyang et al., 2020, masked for blind review). 
A recent study proposed a tree selection approach based on SVF (Mor
akinyo et al., 2020), as canyons with different geometries had varying 
thermal conditions (Tan et al., 2016, 2017). The above evidence con
firms the impacts of urban geometry on GI cooling provision, but these 
impacts were reported in different studies with various site settings and 
background climates, thus hindering the direct cross-comparisons. 
Therefore, it is necessary to systematically explore the impacts of 
urban geometry when implementing GI strategies in local contexts. 

1.5. Research gaps and objectives 

Three research gaps can be identified in the existing literature. 
Firstly, previous studies have predominantly focused on examing the 
cooling effect of a single GI typology or directly comparing a single GI 
typology with combined GI typologies. Therefore, little is known about 
the differences in the cooling effects of GI strategies, especially for 
various combinations of GI typologies. Secondly, the cooling effects 
have mainly been described in terms of the average values of the anal
ysis area at the hottest hour. Consequently, it is warranted to measure 
the cooling effects from a spatio-temporal perspective. Thirdly, it is 
worth investigating the cooling performance of GI strategies in different 
morphological conditions. 

Therefore, this study aims to provide a systematic quantification of 
the cooling effects of GI strategies from a spatio-temporal perspective. 
Based on a validated ENVI-met model, a parametric study was con
ducted for seven GI typologies, two street canyon orientations, and eight 
SVF classes. Thereafter, the cooling effects at the pedestrian level were 

quantified in terms of three cooling indicators: cooling intentisty (CI), 
cooling area (CA), and cooling duration (CD). Three objectives were 
achieved: 1) comprehensively estimating the thermal-radiant perfor
mance of seven GI strategies; 2) proposing three cooling indicators to 
quantify the cooling effects from a spatio-temporal perspective; 3) sys
tematically examining the impacts of urban morphology on the cooling 
provision of the GI strategies. This study can inspire future parametric 
studies regarding the comprehensive quantification of GI cooling effects, 
as the evaluation approach and proposed indicators can be applied to 
other sites and cities. The findings of this study also provide a spatio- 
temporal lens to support urban planners to select the appropriate GI 
strategies based on the urban morphology of their design site. 

2. Methodology 

2.1. Study area and its representativeness 

Hong Kong (HK), located on the southeast coast of China (22.32◦ N, 
114.17◦ E), has a humid subtropical climate (Cfa) according to Köppen 
climate classification system (Fig. 1). The summer months range from 
June to September, with average daily temperatures of 28.4–30.2 ◦C and 
a relative humidity of 73–84 % (HKO, 2019, 2020). As a representative 
city for the (sub)tropical climate, HK has been making efforts in climate 
action to develop climate-resilient cities (Ng et al., 2012). In the last 2 
decades, the HK government has released several policies regarding 
urban greening to improve the thermal environment on a scale from the 
city to buildings. For instance, the Green Master Plan (GMP) provides an 
overall greening framework for specific urban districts (Hong Kong Civil 
Engineering and Development Department, 2004), the Planning Stan
dards and Guidelines suggest 30% green coverage for new public house 
development (Planning Department, 2010), and the Practice Note APP- 
152 provides guidelines for gross floor area and site coverage calculation 
for the implementation of greening in new building development (Bui
dling Department, 2016). 

2.2. ENVI-met model and validation 

The parametric study presented in this paper was conducted in ENVI- 
met –– a holistic, 3D, non-hydrostatic model. This model can simulate 
the complex interactions among surfaces, plants, and atmosphere 
(Huttner, 2012), and thus is one of the most widely used microclimate 

Fig. 2. Illustration of the urban morphology scenarios.  
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models to investigate the relationship between urban greening and 
urban morphologies (Tsoka et al., 2018). ENVI-met can estimate the 
microclimatic variations on both the spatial and temporal levels, with 
high spatial (0.5–10 m) and temporal (1–5 s) resolution. Recently, ENVI- 
met V5 incorporated a 3D vegetation module to mimic complex vege
tation geometries, which has improved the estimation accuracy for 
urban greening by considering plants as biological and dynamic bodies 
and involving evapotranspiration and energy absorption in the simula
tion (Simon et al., 2020). 

Based on field measurement data, the performance of ENVI-met was 
validated for the three GI typologies, namely green roof, green wall, and 
ground tree. To achieve this, the thermal-radiant variables were 
collected during typical summer days in the courtyard of the Electrical 
and Mechanical Services Department (EMSD), where three GI typologies 
are present. The measurement equipment and process were illustrated in 
our earlier study (Ouyang et al., 2021, masked for blind review). Sub
sequently, using ENVI-met,the measurement site was modeled and the 
microclimate was simulated. The detailed model settings can be found in 
Table A1 in Appendix. Thereafter, the simulation results were evaluated 
in relation to the measurement data for three GI typologies (including 
six points –– three GI and three reference points). The model validation 
results were presented in Table A2 in Appendix. The detailed evaluation 
processes were reported in our previous study (Ouyang et al., 2022, 
masked for blind review). In summary, the estimation accuracy of ENVI- 
met is reasonable for the three GI typologies, regardless of thermal and 
radiative variables, and, thus, ENVI-met can justifiably be applied for 
the following parametric studies and analyses. 

2.3. Parametric study 

2.3.1. Model configuration and urban morphology 
The model domain consisted of two parallel buildings (building 

length × width: 20 m × 90 m), whose heights varied from 10 m to 60 m 
depending on different SVF scenarios. The grid resolution was 2 m × 2 
m × 3 m to balance both simulation accuracy and efficiency (Salata 
et al., 2016). Additionally, 10 empty cells and 10 nesting grids were 
added to the lateral boundary to ensure simulation stability and mini
mize edge effects. The simulation was conducted for a typical summer 
day in HK with an air temperature of 28.48–33.15 ◦C and a relative 
humidity of 59.62–85.69%. It should be noted that in order to exclude 
the impact of wind conditions, this parametric study set the wind speed 
as static at 1 m/s for all hours (CUHK, 2008), and the direction was 
parallel to the street canyons. The semi-hourly inputs for full forcing can 
be found in our model evaluation study (Ouyang et al., 2022, masked for 
blind review). 

Considering the complexity of urban morphology, especially in HK, a 
generalized and representative model was established based on real 
situations. As shown in Fig. 2. (a), two typical street canyon orientations 
(NS and EW) were modelled. Moreover, SVF, ranging from 0.1 to 0.8, 
indicated the openness or compactness of the urban morphology, with 
larger SVF values representing open canyons and smaller values indi
cating shallow and compact canyons. Based on Oke’s method (Oke, 
1988), eight SVF scenarios were built with different combinations of 
building heights (H) and street widths (W). Assuming the street canyon 
is infinitely long and symmetrical, the view factor of each wall can be 
calculated with equation (1)–(2), and then the SVF of both walls can be 
obtained through equation (3). Fig. 2. (b) presentes the eight SVF cases, 
their H and W values and the correlation relationship between SVF and 
aspect ratio (AR, also known as H/W). 

φw = (1 − cosθ)/2 (1)  

θ = tan− 1(H/0.5*W) (2)  

φs = (1 − (φw1 + φw2) ) (3)  

2.3.2. GI scenarios and analysis domain 
As shown in Fig. 3, eight scenarios were built, including one refer

ence scenario (bare), three scenarios with a single GI typology (green 
roof, green wall, ground trees), three scenarios with two combined GI 
typologies (green roof + green wall, green roof + ground tree, green 
wall + ground tree), and one scenario with the three GI typologies 
combined (green roof + green wall + ground tree). These seven GI 
strategies are mentioned as Roof, Wall, Tree, RoofWall, RoofTree, 
WallTree, RoofWallTree respectively in the following text. This study 
mainly focused on the cooling effects of these seven GI strategies. The 
coverage ratios of green roof and green wall were set as 100%, and two 
rows of trees were planted within the street canyons at identical dis
tances apart (8 m); therefore, the impacts of coverage ratios and planting 
configurations can be excluded. The characteristics of the greening were 
listed in Table A1. 

2.4. Cooling indicators 

Three cooling indicators were proposed to quantify the cooling ef
fects of the GI strategies: cooling intensity (CI), cooling area (CA), and 
cooling duration (CD). In this study, CI measured the average cooling 
effects between the GI case and the corresponding reference case within 
the analysis area, CA quantified the percentage of the grids providing 
cooling effects above a certain threshold, and CD indicated for specific 
cooling periods (in hours), the cooling areas with cooling effects above a 

Fig. 3. Illustration of the GI scenarios.  
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certain threshold. CI focuses on the absolute cooling effects, whereas CA 
measures the spatial dispersion of the cooling effects, and CD measures 
the cooling duration and dispersion in spatial and temporal perspectives. 
The cooling effects in this study refer to the value differences between 

the GI case and the bare case (see equation (4)). These three indicators 
are calculated based on the equation (5)–(7). The illustration of these 
three cooling indicators can be found in Fig. 4. 

Three thermal variables were considered and reported in this study: 
air temperature (AT), mean radiant temperature (MRT), and physio
logical equivalent temperature (PET). To differentiate the cooling effects 
of different GI strategies, the cooling thresholds for AT, MRT, and PET 
were set as 0.5 ◦C, 5 ◦C, 4 ◦C respectively. These settings were based on 
the previous references and ISO standards. Specifically, one earlier study 
found that the lowest mean AT change for the three GI typologies was 
about 0.5 ◦C (XXX et al., 2021, masked for blind review), the measuring 
accuracy requirement for the thermal stress level was ± 5 ◦C for MRT 
(ISO, 1985), and the PET change value for each thermal perception class 
was in the 4 ◦C range (Morakinyo et al., 2020). 

CVi = VGI i − VBarei (4)  

CI =
∑n

1CVi

n
(5)  

CA =
Count(CVi < Vthreshld)

n
(6)  

CDhr = Hour(
Count(CVi < Vthreshld)

n
) (7)  

where CVi is the cooling effect for the ith grid within the analysis 
domain, VGIi is the ith grid value of the GI case; VBarei is the ith grid value 
of the corresponding bare case; Vthreshold is the threshold for a certain 
variable; Count() is the function to count the number of the grids; Hour() 

Fig. 4. Illustration of the three cooling indicators.  

Fig. 5. Cooling rankings of the seven GI strategies across three variables.  

Table 1 
The statistical results regarding the cooling performance of GI strategies (Unit: 
◦C).  

Variable GI Strategy Max Min Mean Median Std 

AT Roof  0.01  − 0.32  − 0.01  0.00  0.04 
Wall  0.01  − 1.54  − 0.30  − 0.26  0.22 
Tree  − 0.01  − 2.57  − 0.73  − 0.66  0.42 
RoofWall  0.01  − 1.56  − 0.31  − 0.27  0.24 
RoofTree  − 0.01  − 2.84  − 0.74  − 0.66  0.44 
WallTree  − 0.03  − 3.07  − 0.88  − 0.80  0.51 
RoofWallTree  − 0.03  − 3.34  ¡0.90  − 0.81  0.53 

MRT Roof  0.01  − 0.15  − 0.01  0.00  0.01 
Wall  3.31  − 5.65  − 0.41  − 0.42  1.09 
Tree  2.28  − 25.85  − 11.78  − 11.85  6.45 
RoofWall  3.31  − 5.74  − 0.42  − 0.43  1.09 
RoofTree  2.26  − 25.91  ¡11.79  − 11.85  6.45 
WallTree  4.26  − 25.75  − 11.28  − 11.54  6.58 
RoofWallTree  4.25  − 25.81  − 11.28  − 11.55  6.58 

PET Roof  0.29  − 0.28  0.00  0.00  0.04 
Wall  2.28  − 5.88  − 0.41  − 0.31  0.67 
Tree  0.97  − 15.14  − 6.09  − 5.85  3.61 
RoofWall  2.40  − 5.87  − 0.42  − 0.31  0.67 
RoofTree  0.96  − 15.17  ¡6.10  − 5.86  3.62 
WallTree  1.67  − 15.11  − 5.98  − 5.81  3.66 
RoofWallTree  1.68  − 15.13  − 5.99  − 5.81  3.67  
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Table 2 
ANOVA results regarding the cooling performance of the seven GI strategies.  

Variable  Df Sum Sq Mean Sq F value Pr (>F) 

AT GI 6 53,104 8851 60,329 < 0.001 
Residuals 527,303 77,359 0   

MRT GI 6 16,383,949 2,730,658 110,940 < 0.001 
Residuals 527,303 12,978,996 25   

PET GI 6 4,291,645 715,274 92,933 < 0.001 
Residuals 527,303 4,058,495 8    

Fig. 6. Cooling intensity (CI) of different GI scenarios across different urban morphology.  
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is the function to identify the duration of the cooling effects; the unit of 
CI is degrees Celsius (◦C); and the unit of CA and CD is percent (%). 

3. Results 

3.1. Ranking the overall cooling of the seven GI strategies 

This section compares the cooling intensity of the seven GI strategies 
for the urban morphology cases with eight SVF scenarios and two 
orientation scenarios, all grids within the analysis domain (see Fig. 2), 
and all diurnal hours (9:00 – 17:00). As shown in Fig. 5, the cooling 
rankings of the seven GI strategies were dissimilar across the three 
thermal variables.Specifically, based on the average values, Roof had 
the lowest cooling effect, with nearly no cooling benefit for the pedes
trian level regardless of the thermal variables. The RoofWallTree strat
egy provided the greatest reduction in AT(0.9 ◦C), while RoofTree 
decreased MRT and PET the most (11.79 ◦C and 6.10 ◦C). When 

involving trees in the GI strategies, the cooling effects were greatly 
improved. For instance, Tree, RoofTree, WallTree, and RoofWallTree 
had cooling effects of 0.73 – 0.90 ◦C for AT, 11.28 – 11.79 ◦C for MRT, 
and 5.98 – 6.09 ◦C for PET. Additionally, for MRT and PET, certain GI 
strategies can lead to a warming effect (maximum value in Table 1). This 
indicates that some GI strategies should be carefully examined in rela
tion to certain urban morphology before implementation. This also 
justifies the necessity of this study in terms of conducting a systematic 
evaluation of GI strategies across different urban morphologies. The 
details of the cooling performance of seven GI strategies can be found in 
Table 1. 

In order to examine whether there is a significant difference between 
the cooling effects of seven GI strategies, a one-way analysis of variance 
(ANOVA) was conducted. As shown in Table 2, there were significant 
differences in the cooling performance between the GI strategies. 
Further post-hoc tests were applied to explore the comparisons between 
each pair. The results showed that all pairs of GI strategies presented 

Fig. 7. Cooling area (CA) of different GI scenarios with different urban morphology.  
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significant differences in terms of AT, indicating that different GI stra
tegies influenced AT conditions variously. As for MRT and PET, Wall
–RoofWall, Tree–RoofTree, WallTree–RoofWallTree showed non- 
significant differences regarding their cooling effects. These results 
indicate that the Roof strategy makes limited contributions to improving 
pedestrian thermal comfort. The detailed results are reported in 
Table A3 in the Appendix. 

3.2. Cooling intensity of the seven GI strategies 

Cooling intensity (CI), identified as the cooling difference between 
the GI case and the bare case, represents the average impact of a GI 
strategy in relation to a particular analysis domain. Lower CI values 

indicate higher cooling effects, and vice-versa. As shown in Fig. 6, CI was 
affected by GI strategies and urban morphologies. 

Across the seven GI strategies, RoofWallTree showed the largest AT 
reduction, while RoofTree presented the largest CI values for MRT and 
PET reduction. Irrespective of the type of thermal variable, the GI 
strategies implemented on building surfaces, namely Roof, Wall, and 
RoofWall, showed limited contributions to cooling (the greatest cooling 
was –0.44 ◦C to –0.07 ◦C for AT, –1.12 ◦C to –0.02 ◦C for MRT, –0.76 ◦C 
to –0.04 ◦C for PET). Additionally, Wall and RoofWall caused a slight 
increase in MRT (1.73–1.84 ◦C) and PET (0.46–0.54 ◦C) in street can
yons with SVF = 0.1. One possible reason is that the impact of shortwave 
radiation was reduced, as limited solar radiation could penetrate into 
the deep canyon, so longwave radiation may have played an important 

Fig. 8. Cooling duration (CD) of different GI scenarios with different urban morphology: a) AT, b) MRT, c) PET.  
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role. Another possible explanation is that the leaves exert drag effects on 
the wind environment, and lower wind speeds may lead to slightly 
higher MRT and PET values. When the GI strategies included trees, CI 
was greatly improved across all three thermal variables. For instance, 
the greatest cooling was − 1.19 ◦C to − 1.10 ◦C for AT, − 17.30 ◦C to 
− 16.49 ◦C for MRT, − 9.03 ◦C to − 9.50 ◦C for PET by Tree, while 
− 1.41 ◦C to − 1.32 ◦C for AT, − 16.77 ◦C to − 15.97 ◦C for MRT, − 9.42 ◦C 
to − 8.94 ◦C for PET was observed for RoofWallTree. Other details can be 
found in Table A4 in Appendix. 

Regarding the impacts of urban morphology, although CI showed 
similar trends between the two orientations, EW-oriented streets showed 
higher CI values than NS orientations when implementing the GI strat
egy with trees. For example, when applying the Tree strategy, the CI 
difference between EW and NS orientations was –0.10 ◦C to 0.01 ◦C for 
AT, –1.43 ◦C to –0.16 ◦C for MRT, and –0.81 to –0.06 ◦C for PET, and the 
corresponding CI differences were –0.14 ◦C to 0.00 ◦C for AT, –1.48 ◦C to 
–0.14 ◦C for MRT, and –0.80 ◦C to 0.08 ◦C for PET when applying 
RoofWallTree. As for the impacts of SVF, the cooling effects were more 

apparent with higher SVF. The highest cooling effects were achieved for 
canyons with SVF = 0.7; after that, the cooling effects were slightly 
lower with higher SVF values. Indeed, for RoofWallTree applied in NS- 
oriented canyons, the CIs at SVF = 0.7 and 0.8 were –1.32 ◦C and 
–1.02 ◦C for AT, –15.97 ◦C and –14.14 ◦C for MRT, and –8.94 ◦C and 
–8.29 ◦C for PET. This pattern was consistent across all the GI strategies 
and the two canyon orientations, whose details were reported in 
Table A4. 

3.3. Cooling area of the seven GI strategies 

Cooling area (CA) was calculated as the percentage of areas/ grids 
with cooling effects above certain thresholds. In this study, the threshold 
was set as 0.5 ◦C for AT, 5 ◦C for MRT, and 4 ◦C for PET. CA indicates the 
spatial effects of GI strategies, with higher CA values indicating larger 
impact areas of a GI strategy. As shown in Fig. 7, CA was closely related 
to both GI strategies and urban morphology. 

From the seven GI strategies, RoofWallTree impacted the largest 

Fig. 8. (continued). 
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spatial domain in terms of AT reduction, while Tree and RoofTree 
showed the largest CA values for MRT and PET reductions. Similar to the 
CI indicators, the GI strategies targeting building surfaces (i.e., Roof, 
Wall and RoofWall), showed insignificant cooling areas for the three 
outcome variables. Specifically, with given cooling thresholds, Roof 
provided no cooling effects at the pedestrian level, and Wall and Roof
Wall only showed 7%–27% and 7%–38% cooling areas, respectively, for 
AT. And there was nearly no cooling areas for MRT and PET. This in
dicates that green wall moderates the ambient temperature near the 
walls through evaporation processes but has insignificant effects on the 
radiant environment. Trees greatly increased the cooling areas, indeed. 
For instance, for the Tree strategy, the CA was 41%–91% for AT, 40%– 
90% for MRT, and 14%–88% for PET. As for the RoofWallTree strategy, 
CA was 55%–93% for AT, 30%–89% for MRT, and 12%–87% for PET. 
Other details are revealed in Table A5 in the Appendix. 

Concerning the urban morphology, the two street orientations 
showed similar patterns for CA. However, the EW-oriented canyons had 
higher CA values than those with NS orientation due to the higher solar 

exposure and thermal discomfort in EW orientations. The largest CA 
differences between the two orientations were 13%–14% for AT, ach
ieved by the RoofWall, RoofTree, WallTree, Tree and RoofWallTree 
strategies. For MRT and PET, the largest differences were 8%–10% and 
13%–16% respectively, for the RoofWall, WallTree, and RoofWallTree 
strategies. Regarding the SVF settings, higher CA was found in the 
canyons with higher SVF. Indeed, the largest CA values were identified 
in canyons with SVF = 0.7, and CA slightly decreased with SVF = 0.8. 
For example, for RoofWallTree, CA for AT was 90% in canyons with SVF 
= 0.7, but reduced to 85% with SVF = 0.8. This SVF pattern was con
stant across the two orientations and seven GI strategies. Please find the 
remaining details in Table A5. 

3.4. Cooling duration of the seven GI strategies 

Cooling duration (CD) is defined as the percentage area showing 
cooling effects (above the targeted threshold the same as for the CA 
calculation) for a certain number of hours, and this indicator considers 

Fig. 8. (continued). 
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the cooling effects of strategies from both spatial and temporal di
mensions. Higher CD values for certain hours in dicate that the GI 
strategy can impact larger areas, while higher cooling hours indicate 
that the GI strategy can support longer cooling period. Fig. 8 shows that 
the CD values were dissimilar across the different GI strategies, urban 
morphology settings, and microclimatic variables. 

For the seven GI strategies, similar to CI and CA, Roof exerted 
negligible impacts on the pedestrian-level microclimate and thermal 
comfort. Regardless of the outcome variables, the green roof cases 
showed 0 h of cooling provision. Wall and RoofWall consistently showed 
low CD values when quantifying by MRT and PET, with only a small 

fraction of areas (6%–10%) showing 1 h of cooling in high SVF canyons. 
However, for AT, Wall and RoofWall showed more evident cooling ef
fects; specifically, 20%–60% of areas were cooled by 0.5 ◦C for at least 1 
h, and at least 4%–7% areas benefited from Wall and RoofWall for 9 h 
when the SVF was greater than 0.6 in the NS-oriented canyons. These 
inconsistent results not only indicate the significance of selecting the 
microclimate variables accordingly, but also justify the necessity to 
quantify the cooling effects of GI strategies from both spatial and tem
poral perspectives. 

In terms of the impacts of urban morphology, NS and EW orienta
tions had similar CD patterns for different GI strategies and SVF values. 
EW-oriented canyons yielded more benefits than those with NS orien
tation, as the CD values for longer hours were relatively higher. For 
example, when quantified by MRT and applying Tree in canyons (SVF =
0.3), the percentage area cooled for 8 h of CD in EW streets was 45% 
higher than in NS streets. The difference between the two orientations 
was more apparent with AT than with MRT and PET, especially for low 
SVF (0.1–0.5). In terms of SVF, higher SVF values were associated with 
higher CD at longer cooling periods. This indicates that the GI strategies 
could play a more significant role in wider and more open street can
yons. Streets with SVF = 0.7 benefited the most from GI strategies, as the 
CD values were the highest for the longer hours, irrespective of the 
orientation settings or GI strategies. Areas with values of SVF = 0.1 
gained the least benefits with more areas showing cooling benefits in 0 
h. Furthermore, when implementing trees, above 80% of the areas were 
cooled for at least 7 h in canyons with SVF = 0.7, but this value was only 
2%–20% when SVF = 0.1. Further details are presented in the Supple
mentary File. 

4. Discussion 

4.1. The cooling effects of GI strategies 

Previous studies predominantly focused on the cooling effects of a 
single GI typology or the cooling differences between single and com
bined GI typologies. Based on three typical GI typologies, namely green 
roof, green wall, and ground trees, seven GI strategies in total can be 
realized. However, the current evidence does not support cross- 

Fig. 9. Demonstration of the suggested strategies for different morphological conditions.  

Table A1 
Main settings of ENVI-met.  

Construction & Plant Input Parameter [Unit] Settings 

Ground pavement Albedo 0.15 
Emissivity 0.9 

Building roof Thickness [m] 0.3 
Albedo 0.2 
Emissivity 0.7 
Thermal conductivity [W/(m.K)] 1.13 
Specific heat [J/(kg.K)] 1060 
Density [kg/m3] 2225 

Building wall Thickness [m] 0.3 
Albedo 0.2 
Emissivity 0.9 
Thermal conductivity [W/(m.K)] 1.44 
Specific heat [J/(kg.K)] 840 
Density [kg/m3] 2130 

Green roof Plant height [m] 0.25 
Leaf area index (LAI) [m2/m2] 2.5 
Plant albedo 0.2 

Green wall Plant height [m] 0.25 
Leaf area index (LAI) [m2/m2] 2.5 
Plant albedo 0.2 

Ground tree Plant height [m] 8 
Plant width [m] 11 
Leaf area index (LAI) [m2/m2] 4 
Plant albedo 0.28  
Foliage transmittance 0.1  
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comparisons between those strategies in terms of their cooling perfor
mance. Therefore, this study was inspired by this research gap and 
aimed to compare them systematically. 

Regarding single GI typologies, the results in this study indicate that 
green roof had limited impacts on pedestrian-level microclimate and 
thermal comfort: the average reductions in AT, MRT, and PET within the 
analysis domain were 0.00–0.07 ◦C, 0.00–0.02 ◦C, and 0.00–0.04 ◦C, 
respectively. This finding is in accordance with previous studies showing 
negligible cooling effects by green roof with 100% coverage ratio in HK 
and Japan (Chen et al., 2009; Ng et al., 2012). One possible reason for 
this outcome is that the building heights in this study were set at 10–60 
m, but the roof greenery may only benefit the pedestrian level when the 
building height is lower than 10 m (Wong et al., 2003). Green wall 
showed slightly higher cooling effects than green roof, especially in 
terms of nearby ambient temperatures, with reductions ranging from 
0.24 to 0.37 ◦C. This is in line with the findings in a previous parametric 
study (Alexandri & Jones, 2008). However, this value was lower than 
that found by another parametric study at the neighbourhood scale in 
HK, which revealed a ~ 1 ◦C reduction in AT when using 30–50% of 
green façade (Morakinyo et al., 2019). The possible reason for this dif
ference is that the updated version of ENVI-met enables the modelling of 
multiple façade layers, including green wall, while the previous version 
could only use 1-dimensional greening to represent the green wall 
(Ouyang et al., 2022, masked for blind review). Furthermore, this study 
also unveiled that green wall may increase MRT in narrow canyons, as a 
0.44–1.84 ◦C increase in MRT was found in canyons with SVF = 0.1 and 
SVF = 0.2. One possible explanation is that the radiation balance is 
dominated by longwave radiation in narrow canyons, as shortwave 

radiation is blocked by the buildings and, thus penetrates less to the 
pedestrian level (Ge et al., 2022). Therefore, the longwave radiation 
trapper by both leaves and canyons may slightly increase the MRT (Oke, 
1981). When GI strategies involved trees, the cooling benefits were 
greatly improved. For example, trees (30% coverage for the whole 
simulation domain), on average, reduced AT by 0.46–1.10 ◦C, MRT by 
4.63–16.49 ◦C, and PET by 2.12–9.03 ◦C. The cooling effects were 
slightly higher than in other studies in Hong Kong where 34% tree 
coverage produced a 0.2–0.7 ◦C reduction in AT (Ng et al., 2012), 30% 
tree coverage lead to 0.7–0.9 ◦C reduction in AT, 6 ◦C reductions in 
MRT, 2.5 ◦C reductions in PET (Ouyang et al., 2020, masked for blind 
review). These differences may be due to the different simulation scales 
(street canyon vs. neighbourhood), building morphology settings, and 
meteorological inputs. 

Regarding the combined GI strategies, this study found that utilizing 
the three GI typologies simultaneously did not always lead to the highest 
cooling benefits. For instance, the RoofWallTree strategy showed the 
highest cooling effects in AT across all morphological settings 
(0.62–1.41 ◦C) but yielded slightly lower cooling benefits in terms of 
MRT (3.29–15.97 ◦C) compared to the Tree strategy (4.63–16.49 ◦C) 
and RoofTree strategy (4.64–16.53 ◦C). This may partly be due to the 
warming effects of green wall discussed previously (Djedjig et al., 2017; 
Lee & Jim, 2019) and the possible effects of overlapping leaves 
(Cameron et al., 2014). Additionally, this finding was inconsistent with a 
previous study, which found that combining grass, tree, and green roof 
showed the higher cooling effects than only combining grass and trees 
(15.03–20.65 ◦C vs. 7.84–15.57 ◦C in MRT, 5.68–6.94 ◦C vs. 4.47–6.7 ◦C 
in PET) (Lobaccaro & Acero, 2015). It should be noted that the GI 

Table A2 
The validation results of ENVI-met model (XXX et al., 2022, masked for blind review).  

Variable* Metrics# Green Roof Bare Roof Green Wall Bare Wall Ground Tree Tree Free 

AT (◦C) R2  0.67 0.64 0.93  0.89  0.73  0.62 
d  0.88 0.7 0.89  0.94  0.68  0.82 
RMSE  0.65 1.63 0.56  0.44  0.96  0.73 
MBE  − 0.29 − 1.34 0.3  − 0.2  0.71  0.03 

RH (%) R2  0.54 0.25 0.76  0.87  0.58  0.13 
d  0.63 0.7 0.6  0.6  0.28  0.42 
RMSE  4.27 3.9 5.15  4.95  8.58  5.84 
MBE  − 3.4 − 1.15 − 4.71  − 4.5  − 8.15  − 4.51 

MRT (◦C) R2  0.79 0.87 0.84  0.62  0.67  0.85 
d  0.87 0.9 0.8  0.88  0.37  0.94 
RMSE  7.49 7.48 9.08  6.93  5.79  5.74 
MBE  5.25 5.82 8.18  1.28  5.55  3.26 

SWdown (W/m2) R2  0.62 0.86 0.32  0.13  0.3  0.85 
d  0.84 0.94 0.75  0.63  0.32  0.95 
RMSE  227.11 136 335.71  436.68  41.86  142.08 
MBE  136.62 89.51 − 153  − 231.7  33.12  36.8 

SWup (W/m2) R2  0.66 0.81 0.74  0.6  0.08  0.74 
d  0.87 0.94 0.88  0.72  0.52  0.91 
RMSE  23.13 24.71 21.93  49.08  5.41  27.59 
MBE  − 11.65 0.04 − 14.41  − 39.33  3.76  − 5.62 

LWdown (W/m2) R2  0.23 0.22 0.77  0.07  0.04  0.27 
d  0.57 0.42 0.23  0.22  0.09  0.56 
RMSE  8.55 15.72 31.13  24.79  25.83  12.64 
MBE  1.51 14.53 30.94  24.1  24.38  − 9.87 

LWup (W/m2) R2  0.61 0.94 0.92  0.85  0.39  0.52 
d  0.82 0.65 0.53  0.65  0.11  0.77 
RMSE  15.36 36.39 43.54  31.69  27.68  25.3 
MBE  9.44 − 31.67 42.64  30.35  27.43  14.48 

LWin (W/m2) R2   0.67  0.88   
d   0.47  0.25   
RMSE   10.36  33.05   
MBE   − 9.88  31.25   

LWout (W/m2) R2   0.67  0.51   
d   0.38  0.84   
RMSE   40.67  10.98   
MBE   − 38.75  − 0.74   

* AT: air temperature; RH: relative humidity; MRT: mean radiant temperature; SWdown and SWup: downward and upward shortwave radiation; LWdown and LWup: 
downward and upward longwave radiation; LWin and LWout: incoming and outgoing longwave radiation of the wall; 
# R2: the coefficient of determination; d: the index of agreement; RMSE: the root mean square error; MBE: the mean bias error; 
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strategy settings were dissimilar in this study. Additionally, the simu
lation model versions and building morphologies were also different. 
Therefore, direct comparisons of the values should be undertaken with 
cautions. This difficulty in direct cross-comparison justifies the necessity 
of the systematic comparison of GI strategies in this study. 

4.2. The spatio-temporal perspective 

Current discussions lack a spatio-temporal perspective regarding the 
cooling effects in parametric studies. For instance, most recent studies 
have only reported the average or maximum cooling effects at the 
hottest hour (i.e., 14:00). Therefore, this study appllied three cooling 
indicators to assess the cooling effects: cooling intensity (CI), which 
describes the average cooling capacity for a certain area or period; 
cooling area (CA), which measures the cooling impact areas from the 
spatial perspective; and cooling duration (CD), which indicates the 
cooling hours and impact areas from the spatio-temporal perspective. 

The results indicated that seven GI strategies showed consistent 
patterns of the cooling effects, regardless of the different cooling in
dicators. The Wall strategy showed the least cooling effects, followed by 
the Roof and RoofWall strategies; when involving trees, cooling effects 
were idnetified apparently for all three variables. RoofWallTree ach
ieved the highest cooling effects when quantified by AT, while RoofTree 
provided the greatest cooling in terms MRT and PET (see Figs. 4 & 5). 
When investigating the details for different variables (i.e., AT, MRT, and 
PET), these three cooling effect indicators showed dissimilar patterns. CI 
is the most used indicator in previous studies, whose results have been 
discussed in section 4.1. Regarding CA, the range values were similar 
between AT and MRT, and these values were slightly higher than those 
of PET. For instance, the Tree strategy applied in different SVF settings 
presented 41%–87% and 42%–90% CA for AT and MRT respectively, but 
showed 14%–85% CA for PET, meaning trees can cool 41%–87% of 
canyon areas for at least 0.5 ◦C in AT, and 42%–90% areas for at least 
5 ◦C in MRT, and 14–85% areas for at least 4 ◦C in PET. In terms of CD, 

Table A3 
Post-hoc results of the one-way ANOVA.  

GI pair AT MRT PET 

Diff p-value 
adj 

Diff p-value 
adj 

Diff p-value 
adj 

Wall – Roof  − 0.28  0.00  − 0.41  0.00  − 0.41  0.00 
Tree – Roof  − 0.71  0.00  − 11.77  0.00  − 6.08  0.00 
RoofWall – Roof  − 0.30  0.00  − 0.41  0.00  − 0.41  0.00 
RoofTree – Roof  − 0.72  0.00  − 11.78  0.00  − 6.09  0.00 
WallTree – Roof  − 0.87  0.00  − 11.27  0.00  − 5.97  0.00 
RoofWallTree – 

Roof  
− 0.88  0.00  − 11.28  0.00  − 5.98  0.00 

Tree – Wall  − 0.43  0.00  − 11.37  0.00  − 5.67  0.00 
RoofWall – Wall  − 0.02  0.00  0.00  1.00  0.00  1.00 
RoofTree – Wall  − 0.44  0.00  − 11.38  0.00  − 5.68  0.00 
WallTree – Wall  − 0.58  0.00  − 10.86  0.00  − 5.56  0.00 
RoofWallTree – 

Wall  
− 0.60  0.00  − 10.87  0.00  − 5.57  0.00 

RoofWall – Tree  0.41  0.00  11.36  0.00  5.67  0.00 
RoofTree – Tree  − 0.01  0.00  − 0.01  1.00  − 0.01  0.98 
WallTree – Tree  − 0.16  0.00  0.51  0.00  0.11  0.00 
RoofWallTree – 

Tree  
− 0.17  0.00  0.50  0.00  0.10  0.00 

RoofTree – 
RoofWall  

− 0.43  0.00  − 11.37  0.00  − 5.68  0.00 

WallTree – 
RoofWall  

− 0.57  0.00  − 10.86  0.00  − 5.56  0.00 

RoofWallTree – 
RoofWall  

− 0.58  0.00  − 10.87  0.00  − 5.57  0.00 

WallTree – 
RoofTree  

− 0.14  0.00  0.51  0.00  0.12  0.00 

RoofWallTree – 
RoofTree  

− 0.16  0.00  0.51  0.00  0.11  0.00 

RoofWallTree – 
WallTree  

− 0.01  0.00  − 0.01  1.00  − 0.01  0.99  
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the patterns of MRT and PET were quite similar, but were different from 
that of AT. For example, in NS-oriented canyons and with SVF = 0.7, the 
Tree strategy cooled 49% of areas for 9 h for AT, but this value was only 
1% for MRT and 0% for PET. These differences may partially be due to 
the threshold for CA and CD calculations: 0.5 ◦C for AT, 5 ◦C for MRT, 
and 4 ◦C for PET. The thresholds can be adjusted for different research or 
practical objectives in other cities. The cooling indicators proposed in 
this study, such as CA and CD provide a spatio-temporal lens to under
stand the cooling effects of urban greenery. This perspective not only 
supports the comprehensive understanding of the cooling effects of GI 
strategies, but also targets different goals in urban planning and 
implementation process. 

4.3. The impacts of urban morphology on the GI cooling 

It is important to examine the impacts of the urban morphology on 
the cooling provision of GI strategies (Jamei et al., 2016) so that GI 
strategies can be recommended and tailored for certain neighbourhoods 
with different morphological characteristics. Therefore, this study 
modeled urban morphology based on two important factors: street 
orientation and sky view factor (SVF). The performance of GI strategies 
in these different morphological settings was cross-compared 
systematically. 

The results revealed that EW oriented canyons benefited more than 
NS oriented canyons from the GI strategies, especially for those strate
gies with trees. Higher CI, larger CA, and longer CD were observed in the 
EW orientation. This is largely because EW-oriented streets endure un
comfortable microclimates for longer than NS-oriented streets due to the 
EW orientation receiving higher solar radiation in summer, as has been 
reported in previous studies (Gong et al., 2019; Rodríguez Algeciras 
et al., 2016). In terms of the SVF, areas with larger SVF usually expe
rienced greater cooling effects, with higher CI, CA, and CD values. One 
explanation for this pattern is that the building shading effects are 
stronger in canyons with lower SVF, meaning the cooling effects from 
the shading from greenery were reduced (Morakinyo et al., 2020; 
Ouyang et al., 2020, masked for blind review). Therefore, when streets 
are deep and narrow (SVF = 0.1), it is not recommended to implement 
the Wall and RoofWall strategies, as this might lead to a slight increase 
in MRT and PET in the outdoor environment. GI cooling potential was 
maximally utilized for streets with SVF = 0.7, as the CI, CA, and CD 
values were all the highest in these areas. However, when the streets are 
wider (SVF = 0.8), the cooling effects of GI strategies decrease 
marginally. This finding indicates that extra strategies other than urban 
greenery should be considered for wider streets, as the cooling provision 
of GI strategies cannot counterbalance the thermal loads received from 
the solar radiations in these areas (Santamouris et al., 2017). 

4.4. Implications for research and practice 

The implications of this study can be discussed in terms of both 
research and practice. For research in urban climate and urban planning, 
this study presents a systematic quantification approach to investigating 
the cooling effects of GI strategies. In the present work, a parametric 
study in ENVI-met was used to simulate different GI strategies and urban 
morphological conditions. Subsequently, three cooling indicators were 
proposed and applied to quantify the cooling effects of those strategies 
from a spatio-temporal perspective. In the future, the approach and in
dicators in this study can be applied to other cities and study areas. 

As for practices in sustainable planning and design, this study sug
gests that GI strategies should be selected based on certain morpholog
ical conditions and thermal comfort targets, as depicted in Fig. 9. Firstly, 
it is recommended that trees are utilized as a priority, and this sugges
tion is in line with the findings of previous studies (Ng et al., 2012; 
Ouyang et al., 2021, masked for blind review). Secondly, EW-oriented 
streets need more attention, as they are subject to higher heat stress 
and gain more benefits from GI strategies. Thirdly, when streets are Ta
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narrow or deep (SVF = 0.1 – 0.2), it is not recommended to implement 
GI strategies, especially green wall at the pedestrian level, as the thermal 
benefits were found to be minimal and some warming effects may be 
produced due to longwave radiation trapping within the narrow can
yons. However, the green wall may be applicable for the podium or 
upper parts of towers based on the evidence presented in (Morakinyo 
et al., 2019). When streets are wide and open with SVF = 0.8, other 
strategies should be adopted to complement urban greenery for cooling 
provision. Moreover, the three cooling indicators are of interest con
cerning street design and its objectives concerning street design and its 
effects on thermal comfort, as they can be used for different assessment 
targets. For instance, when planning and designing with the target of 
providing higher temperature reduction, CI indicator should be used. 
When underscoring the impact areas that a strategy can cover, CA in
dicator could be applied. When emphasizing the cooling persistence for 
both larger areas and longer periods, CD indicator could be considered. 
The thresholds for the CA and CD calculation should also be tailored 
based on different cities and objectives. 

Specifically, for the local context in Hong Kong, although the Hong 
Kong government has been encouraging the implementation of urban 
greenery, the high-density and complex morphological characteristics 
may prevent urban planners and architects from involving urban 
greenery in their design schemes. The results of this study provide a 
strong incentive for planners to consider green wall and green roof in 
their design schemes. For instance, Hong Kong Planning Standards and 
Guidelines require each public housing development to achieve 30% 
green coverage (Planning Department, 2010). If there is limited spaces 
in the horizontal pedestrian zones to apply greenery, green wall and 
green roof can be utilized to meet the requirements (Buidling Depart
ment, 2014, 2016). Furthermore, this study reminds practitioners to 
consider the morphological features (i.e., the street orientations and the 
openness and compactness of the neighbourhoods) before designing or 
implementing greenery for a site. Therefore, other than the applicable 
findings in the context of subtropical climate, there is generalizable 
knowledge that this study may offer beyond the HK city. 

4.5. Limitations and future work 

This study has several limitations, which represent promising future 
directions to be explored. Firstly, this study only covered the diurnal 
periods when downward radiation plays a significant role in the 
microclimate. As the urban heat island effect is intensified during 
heatwave events at night (Ren et al., 2021), further studies are war
ranted to investigate the cooling performance of GI strategies at night. 
Secondly, to control for the effects of wind conditions, this parametric 
study set the wind speed as constant at 1 m/s for all simulation periods, 
and the wind direction was parallel to the street canyon direction. We 
did a sensitivity test for different wind speeds and directions, and the 
results showed that the main findings of this study were robust, although 
with different values for the cooling effects (the details are provided in 
Supplementary File). Wind conditions are a significant factor for 
pedestrian-level thermal comfort (Ng et al., 2011), thus meaning it is 
important to examine the impact of wind on the cooling provision of GI 
strategies. Thirdly, this study mainly focused on the outdoor thermal 
environment, but the green roof and green wall strategies also benefit 
indoor thermal environments and energy-saving (He et al., 2020; Pérez 
et al., 2014). Therefore, future research should investigate the combi
nation of both the outdoor and indoor benefits of GI strategies. It would 
be also worth examining and comparing the cooling effects of GI stra
tegies at both street and podium levels (Morakinyo et al., 2020). 
Furthermore, as climate change will increase the intensity, frequency, 
and duration of extreme heat in the future (Ren et al., 2021), it is war
ranted to examine the applicability of current urban design strategies to 
future scenarios, from the perspectives of both public health (Wang 
et al., 2019) and energy consumption (Liu et al., 2020). 

5. Conclusion 

Using parametric studies in ENVI-met, this study assessed the cooling 
capacity of GI strategies in different urban morphologies in the humid 
subtropical city of Hong Kong. This study makes three key contributions 
to the current literature: 1) systematically quantifying the cooling effects 
of seven GI strategies involving three GI typologies, namely green roof, 
green wall, and ground tree; 2) proposing to apply three cooling in
dicators to assess the cooling effects from a spatio-temporal perspective; 
3) examining the impacts of urban morphology (i.e., street orientation 
and SVF) on the cooling provisions of the GI strategies. 

The findings can be summarized as follows:  

• In terms of GI strategies, strategies involving ground surface GI (i.e., 
trees) should be prioritized; Indeed, building surface greening 
contributed limitedly to the outdoor thermal comfort but can 
decrease the nearby ambient temperature: green wall should be 
carefully implemented in deep and narrow street canyons, and green 
roof showed limited cooling for pedestrian thermal comfort at the 
microclimate scale when applied on high buildings.  

• For cooling indicators from a spatio-temporal perspective, cooling 
intensity (CI) is mostly used for average cooling quantification, while 
cooling area (CA) is proposed to assess the cooling impact areas, and 
cooling duration (CD) is proposed to examine the extent of cooling 
effects on both spatial and temporal scales. These three indicators 
showed different patterns and can serve different objectives in urban 
planning and sustainability assessment.  

• Regarding the impacts of urban morphology, EW oriented streets 
received higher cooling effects from GI strategies than NS orienta
tion; Additionally, streets with larger SVF benefited more from GI 
strategies, and streets with SVF = 0.7 achieved the highest cooling 
effects. For wider streets (SVF = 0.8), combining urban greenery and 
other measures for urban heat mitigation should be considered. 

This study enhances our understanding of the cooling performance of 
GI strategies at the pedestrian level across different morphological 
conditions. Additionally, this study provides a spatio-temporal lens for 
parametric studies to investigate the cooling effects of different GI 
strategies. Based on this enhanced knowledge and novel approach, re
searchers and urban planners can further optimize GI strategies to 
improve the thermal environment and support urban sustainability. 
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