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Abstract

Purpose of Review Unprecedented urbanization in Asia affects the net radiation and energy flux of urban areas in the form
of urban heat islands (UHI). The application of nature-based solutions (NbS) via urban green and blue infrastructures is
a promising approach to mitigate UHI via urban boundary condition modifications, which affect the energy balance. This
narrative review discusses the application of green and blue infrastructures in the Asian context by highlighting its progress,
challenges, and recommendations. This review is descriptive in nature and includes perspectives on the discussed topics.
Recent Findings Studies on the application of green and blue infrastructures in UHI mitigation are still scant in Asia. Their
cooling performance is greatly influenced by their types, size, geometry, surface roughness, spread (threshold distance),
temporal scales, topography, pollution levels, prevailing climate, and assessment techniques. Distinct urban characteristics,
climatic conditions, environmental risks, lack of awareness and expertise, lack of policy and government incentives, and
limited scientific studies are the major challenges in their implementation of UHI mitigation in Asia.

Summary Although green and blue infrastructures are associated with urban cooling, more in-depth experimental work and
multidisciplinary research collaboration are paramount to exploring its implementation potential in Asia and other countries
that share similar urban and environmental characteristics.

Keywords Built environment - Blue infrastructure - Heat mitigation - Green infrastructure - Nature-based solutions - Urban
heat island

Introduction

Urbanization, catalyzed by the growth of gross domes-
tic product (GDP), is a global megatrend that serves as
a major anthropogenic driver of environmental change.
According to the World Urbanization Prospects 2018
report, the world is experiencing a huge wave of urban
expansion with 55% (4.2 billion) of the population
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concentrated in the major cities, which is projected to
elevate up to 68% (6.7 billion) by 2050 [1]. As a conse-
quence, future growth of the urban population is expected
to occur in Asia bringing huge social, economic, and
environmental transformations. The conversion of rural
areas to urban landscapes results in a substantial decline
of green spaces, elevation of low-albedo artificial surfaces
as well as disruption of energy and water balances (urban
fluxes) that increase the urban temperatures in the form
of urban heat island (UHI) effects [2—4]. In addition, the
loss of forest and green cover during the land conversion
process leads to the emanation of a vast amount of heat-
trapping greenhouse gases into the atmosphere [5]. Con-
tinual haphazard urbanization has the potential to result
in negative consequences on the climate, human health,
ecological well-being, economic stability, and governance
system [6, 7].

Environmentally sensitive urbanization is therefore
essential to mitigate the UHI phenomena, environmen-
tal degradation, climate externalities, and other potential
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health impacts [8—10]. In view of this, the application of
nature-based solutions (NbS) in the planning, designing,
and retrofitting of the cities is a prospective pathway for
mitigating UHI while slowing further calefaction, sup-
porting biodiversity, and securing ecosystem services
[11-14]. Hence, its application in the mitigation of UHI
with concern to the challenges for their implementation
and prospects warrants further discussion, especially in
the context of the Asian region. Furthermore, heterogene-
ous spatial characteristics, diverse vegetation, and various
climate zones affect the heat mitigation services provided
by natural infrastructures [15, 16]. For instance, a stronger
cooling effect of greeneries is recorded in the semi-arid and
semi-humid zones compared to arid, humid, and extremely
humid zones with respect to different vegetation types in
each zone [15]. Due to the varying performance of green
and blue infrastructures on urban heat mitigation, the pre-
sent study reviewed the current progress, challenges, and
prospects associated with the application of NbS in the
UHI mitigation agenda of the fast-growing Asian region
based on available scholarly studies.

Approach

A non-systematic literature review was performed based on
the peer-reviewed articles published from 2003 to 2023 in
the Asian region using the Web of Science. The literature
search was focused on the studies that provided quantita-
tive estimates of the NbS application on UHI mitigation in
terms of urban green and blue infrastructures. A Boolean
search was performed using a combination of keywords such
as “urban heat island,” “heat island,” “urban heat,” “heat

29 <

budget,” “cool island,” “nature-based solutions,” “nature-
based designs,” “blue-green,” “green systems,” “urban
greenery,” “urban vegetation,” “urban forestry,” “urban
park,” “green roof,” “green wall,” “living wall,” “street tree,”

“blue body,” “urban lake,” “urban river,” and “wetland.”
Other keywords such as “health,” “mental,” “psychologi-
cal,” “emotion,” “respiratory,” “cardiovascular,” “mortality,”
“wellbeing,” “heat stress,” “heat cramp,” “thermal comfort,”
and “physical activity” were used in combination with the
aforementioned terms to search for review articles that pro-
vided a summary of potential health benefits of NbS applica-
tion in UHI mitigation agenda. This was done to emphasize
the salutogenic role of green and blue infrastructures that
provide multiple contributions toward the environment,
health enhancement, and economy (healthcare) through its
potential application in the Asian region. Meantime, the
challenges and potential recommendations for its applica-
tion were suggested based on the authors’ perspectives on
the discussed topics.

99 ¢ 99 ¢

Urbanization and UHI Intensity (UHII) in Asia

Asia is one of the fast-urbanizing regions (1.3% annually)
and home to 20 megacities with inhabitants of more than
10 million people [1, 17]. Seven out of the world’s ten
largest urban centers in 2015 are located in Asia, which
hosts approximately 13% of urban populations as shown in
Fig. 1. Haque et al. [18] hypothesized that the majority of
the fragmented or diffused patches of built-up areas would
coalesce and result in more aggregated urban landscapes
in Asia by 2030.

The rapid growth of the Asian cities accelerated the
urban temperatures compared to their rural peripheries in
the form of UHI. In Tokyo, Japan, the seasonal average
UHII for the compact and super high-rise, high-rise, mid-
rise, and low-rise urban areas were 3.1 °C, 4.1 °C, 5.8 °C,
and 8.3 °C, suggesting the relative heat storage capaci-
ties of morphologically diverse urban areas [4]. In Delhi,
India, an increase of 4.8-5.1 °C in land surface tempera-
ture (LST) was recorded over two decades (2000-2020),
which corresponds to a one-fifth decrease in its vegetation
cover and fallow lands [19]. The increasing urbanization
in Shanghai, China, registered nighttime UHIIs which
are 0.4 °C greater than that of daytime [20]. The UHII
recorded the day and night in Dhaka, Bangladesh, was
nearly 7.0 and 5.0 °C, which was increasing at a rate of
0.03 °Cl/year and 0.02 °C/year during 2001-2017 [21].
Despite these high magnitudes, the behavior of UHII was
observed to vary with the spatial heterogeneity of conti-
nents and climate zones [22], which could influence the
efficiency of NbS in UHI mitigations.

NbS and the Applications in UHI Mitigation
in Asian Context

NbS refers to an umbrella concept of ecosystem-based
approaches that work in ally with nature to address mul-
tiple environmental, economic, and societal challenges
[11-14]. The conventional UHI mitigations usually
focused on the minimization of solar radiation absorption
by urban structures, air flow enhancement in urban areas,
and integration of cooling elements into the built envi-
ronment [23]. However, the application of NbS in UHI
mitigation could range from engineered solutions (i.e.,
green walls, hydroponic green roofs) to the use of more
naturally managed ecosystems (i.e., wetlands, lakes, for-
ests). Some mitigation strategies exert a direct impact on
a structure or individual by modifying the urban boundary
conditions via convective and radiative loads. Meantime,
some strategies have an indirect impact by modifying
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Fig. 1 World’s seven largest urban agglomerations in 2015 with pop-
ulation estimates and projections up to 2035. Data source: United
Nations, Department of Economic and Social Affairs, Population

the ambient conditions (i.e., temperature, humidity) sur-
rounding a structure or individual, which, in turn, affects
its energy balance [24]. The energy flux comparison by
land cover types in Yongin-si, South Korea, spotlighted
that the most vital ecosystem cooling service mechanism
was the generation of the latent heat flux from evapora-
tion (water bodies and swamps) and transpiration (forest
and grassland) [25]. Nevertheless, one of the downsides of
incorporating greeneries and blue space in urban areas is
that it can elevate the local attractiveness that invites more
urban development to the area, which, in turn, exacerbates
the UHI [26]. For instance, in Seoul, South Korea, the
proximity of Gyeongui Line Forest Park encouraged the
gentrification process, which elevated new developments
and housing prices in the area [27]. Similarly, the price
of housing units in “Forest City,” a green city concept
built on four man-made islands in Malaysia, increased
due to the incorporation of green elements into the urban
designs [28]. Despite this, the application of NbS in urban
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development can contribute to decreased energy consump-
tion and heat mitigation.

Green Infrastructure

Incorporating vegetation in urban areas is one of the eco-
logically friendly measures to resolve the UHI effects [15,
29, 30]. Green infrastructure can take many forms such as
urban forests, urban parks, gardens, woodlands, green walls
or facades, green roofs, and street trees, which provide vary-
ing ecosystem services to the urban environment such as
microclimate modifications, carbon sequestration, reduced
surface runoff, flood relief, sustainable drainage, aesthetic
values, and salubrious passive recreations [31, 32]. Green
infrastructures modify the microclimate based on three
underpinning mechanisms such as (i) shading which reduces
the solar insolation by building components, (ii) increased
albedo which reduces the long-wave exchanges among the
urban infrastructure, and (iii) increased evapotranspiration
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which influences the sensible and latent heat fluxes [15,
33-35]. In addition, urban vegetation canopies can also
improve surface roughness to generate mechanical turbu-
lence and thereby enhance convective heat loss [36, 37].
From a broader perspective, the benefit of adding more veg-
etation into urban areas is two-fold such as improvement
of building energy balance and occupant thermal comfort
levels as well as improvement of the outdoor environment
and pedestrian thermal comfort levels [13]. Notwithstanding
this, mixed reviews are reported in the literature on the effi-
ciency of cooling by the transpiration process and shading
by vegetation. Huang et al. [38] argued that tree transpira-
tion has a pronounced impact on air temperature compared
to shading, whereas Koch et al. [39] reported vice versa.
Based on these scenarios, it should be noted that the cooling
performance of both of these mechanisms depends on the
tree species, morphology, coverage, and their physiological
responses to heat [38]. In tropical Singapore, the influence
of evapotranspirational cooling on thermal comfort enhance-
ment is reported to be less effective compared to tree shading
due to low humidity gradients [40]. However, this can vary
in other settings depending on environmental variables such
as wind speed, air temperature, vapor pressure, soil mois-
ture, solar radiation reaching the canopy, and carbon dioxide
concentration [38]. Despite these challenges, the integration
of greenery systems in four scales, namely individual build-
ing level, street level, neighborhood level, and microscale
level, is anticipated to further shape the extent of cooling
effects and other corresponding ecosystem services experi-
enced by the urban areas and city dwellers [41].

Urban Forests and Parks

Urban forests are small enclaves of ecosystems in the urban
landscape that buffer ground cooling by providing a diver-
gent outflow of cool air toward the surrounding areas [42].
Tree size, height, crown closure, leave area index, species
composition, etc. are called the three-dimensional spatial
arrangement of the urban forest, which strongly advocates
the exchanges of evapotranspiration and energy between a
forest ecosystem and atmosphere [43]. Urban forest land-
scape elevates the dew deposit and nocturnal relative humid-
ity in the urban areas, which play a significant role in UHI
amelioration [44]. Even though urban areas recorded high
anthropogenic water vapor emissions, the magnitudes of the
water vapor emissions from the urban park in Sakai, Osaka,
Japan, were high and comparable to that from a planted for-
est due to the oasis effect [45]. This indicates that the urban
vegetation, including soils, could play an important role in
water vapor emissions, and dissipation of surface energy as
latent heat, thus reducing the warming effects caused by the
UHI phenomenon [46]. Such characteristics enable most of
the urban forests, as a stand-alone ecosystem, to generate

their own microclimate and impart resilience to climate
change. In the Asian region, a plethora of investigations
dealing with urban forests or parks is focusing on their cool-
ing effects, characterized by the types of forests [47], tree
architecture [34, 43, 48-50], forest or park configurations
[51-56], forest size or amount [57, 58], threshold distances
[6,42,43,47,51-53, 58], geographical attributes [59], and
the energy balance between vegetation and man-made struc-
tures or atmosphere [32, 33].

Selection of urban forest types is crucial to optimize the
extent of the cooling effect that varies according to the dis-
tance from each type of forest, known as a threshold dis-
tance. Tang et al. [47] described that the cooling intensi-
ties of different forests in Changchun city, China, were only
within a certain threshold distance such as landscape forest
(3.2 °C; 125 m), ecological public welfare forest (0.2 °C;
150 m), and attached forest (0.6 °C; 5 m). Tree architecture
such as crown closure, leave area density (LAD), height,
and basal area were also reported to influence the cooling
effect [43]. By changing the characteristics of LAD per plant
from 4% trees to 60% trees, Tamaskani Esfehankalateh et al.
[34] identified an approximate reduction of 3.0-5.2 °C in
air temperature during summertime in Seongnam, South
Korea. LAD has a high correlation with the drag coefficients
(0.5-0.9) of common subtropical trees [50] compared to
trees in temperate areas (0.1 to 0.3) [60], providing better
cooling performances in the Asian region. By manipulating
the tree canopy densities in Bhopal, India, Ali and Patnaik
[48] reported that the air temperature under the dense can-
opy (>70%) was 2.1 °C lower than that of the open canopy
(<40%). They recorded a mean radiant temperature (T,,,)
difference of 4.6 °C between the canopies, suggesting a
10% increase in tree canopy density could lower the T, ,
by 0.6 °C. Multiple layered canopies of woodland in Hong
Kong are able to record a maximum cooling of —4.1 °C
in summer compared to other surfaces [49]. However, the
extent of woodland cooling beyond its perimeter was not
reported in the study.

In terms of the spatial configuration of urban forests,
Wang et al. [56] suggested that UHI attenuation can be maxi-
mized by increasing the urban forest patches. In 0.9 km? of
Olympic Forest Park, Beijing, China, Amani-Beni et al. [51]
reported that LST dropped by 0.4 °C with a 10% increase
in the green space and by 0.15 °C with a 1 km decrease in
distance to the edge of the park. In another study, Amani-
Beni et al. [6] observed lowered air (1.0-3.5 °C) and surface
(1.7-4.8 °C) temperatures in the same park where a 10%
increase in the green space was related to an air tempera-
ture drop by 0.16 °C. The urban green space gradient with
relatively smaller size forest patches produces more cool-
ing effects [54]. Therefore, it is necessary to improve the
spatial arrangement of the existing forest patches instead of
increasing their coverage. On the other hand, Zhou et al. [55]
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reported that the aggregated distribution of forest patches
with increased shape complexity provided a much stronger
cooling effect up to 7.8 °C compared to the fragmented dis-
tribution. In contrast, some studies reported that patched
configuration could induce hot spots within the forest areas
[53]. Besides the patched arrangement, the line arrangement
of the forest also demonstrates a significant cooling per-
formance. Kim et al. [52] reported that the Gyeongui line
forest developed along abandoned railway tracks in Seoul,
South Korea, reduced the surface temperature within a mar-
ginal distance of 300.4 m from the forest, which resulted
in reduced residential and commercial buildings’ energy
consumption.

The cooling performance is also influenced by the size
of the parks. By investigating 33 parks of different sizes in
Changchun, China, Ren et al. [57] revealed that the maxi-
mum summertime cooling intensity (8.9 °C) was recorded
for the largest park (324.6 ha) which decreases with the size
of the park. Similarly, Lee and Park [42] identified that the
cooling effects were highly dependent on the size of the
urban forests in Seoul, South Korea, which can reach up to
300 m threshold distance from the urban forests. By using
a time-series of remotely sensed imagery of Beijing, China,
from 1990 to 2007, Huang and Ye [58] reported that the veg-
etation coverage of more than 60% was effective in decreas-
ing LST within a threshold distance of 90-120 m.

The energy balance between vegetation, man-made
structures, and atmosphere is another factor studied to elu-
cidate the cooling performance of urban forests. Kuang
et al. [33] described that the Olympic Forest Park in China
registered a maximum seasonal average net radiation flux
(238.7 +94.8 W/m?) in summer daytime, which was approx-
imately 59.0 W/m? higher than that on a nearby building
roof due to albedo differences. They also expounded that the
cooling effect of the park was more pronounced when there
was no external horizontal advection by the wind, whose
speed was opposed by aerodynamic impedance. Lee et al.
[32] reported that the Seoul Forest Park in South Korea
reduced the UHI intensity by 0.6 °C in summer compared
to the adjacent high-rise urban areas due to the larger ther-
mal capacity of the vegetation and permeable soils. The
geographical attributes also influence the cooling effect of
urban vegetation. The cooling performance of urban forests
was reported to be different for coastal cities and negatively
correlated with the distance from the coastline [59].

Masutomi et al. [61] forecasted that the amplification
of urban tree coverage to 30 m? per capita could reduce
0.4-0.5 °C of air temperature in Tokyo, Japan. Besides
UHI mitigation, urban forests offer a multitude of health
and social benefits such as thermal comfort, social activi-
ties, leisure, and education [56]. Using six healthy male
university students (aged 22.0 & 1.0 year) with similar body
weights and heights, Ren et al. [62] found that the street with
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the highest tree cover (75%) registered lower physiological
equivalent temperature (PET), systolic blood pressure, dias-
tolic blood pressure, and pulse rate compared to the street
with 3% tree cover, suggesting enhanced thermal comfort
level and physiological parameters. Similar effects were also
reported in Damascus, Syria [63] and Shenyang, China [64].

Green Walls and Facades

Green walls refer to all systems which enable the greening
of a vertical surface of buildings [65] and are categorized
as green facades or living walls based on their systems and
construction characteristics [66, 67]. They barricade or
reduce the thermal energy flowing into the building inte-
rior through shading and evaporative cooling mechanisms,
translating into cooling load reduction and energy savings
[68]. When applied at the street scale, the combined system
of vegetation and soil in green walls or facades can provide
evaporative cooling effects and improve the thermal comfort
of pedestrians in the area [3].

The majority of studies devoted to green walls or fagade
intervention on urban cooling in the Asian region are based
on parametric simulations rather than real-scale, in situ
experimentations. This can be attributed to the difficulty of
finding a large-scale, facade-greening project, and a con-
trol case with similar design characteristics in the Asian
context. The utilization of numerical tools such as energy
balance models (or urban canopy model) and computa-
tional fluid dynamic model (i.e., ENVI-met, Fluent) [3] or
integrated models (often with building energy models) [69,
70] mostly dominated the literature. On an important note,
many studies have widely relied on ENVI-met which simu-
lates atmosphere-building-plant-soil interactions based on
the fundamentals of fluid mechanics and heat transfer [71].
Capturing the cooling performance of a single-green wall or
facade in a large city environment was not feasible, which
further motivated the researchers to investigate the combined
effects of more than one type of urban greening option in
their models. The impact of combined strategies, including
other factors such as albedo reduction of building walls and
sidewalks, on UHI mitigation is anticipated to be higher due
to the synergistic benefits [72]. Since the simulation of a few
scenarios encompassing both green walls and roofs is mostly
used in the same studies, it is quite difficult to discuss studies
focusing on green walls alone in this region.

A plethora of studies explored the cooling performance
of green walls by comparing the buildings enveloped with
and without green walls. By using a coupled hygrothermal
transfer model, He et al. [69] discovered that the green enve-
lope of office buildings in Shanghai, China, decreases sen-
sible heat with a maximum indoor temperature difference
of 0.34 °C between buildings with and without them under
free-floating conditions. Basher [73] recorded 0.94 and
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1.3 °C reductions in the indoor temperature and T, from a
green wall set up on the balcony area of a residential build-
ing in Penang, Malaysia. Similarly, living walls exhibited
improved thermal performance in reducing the temperatures
of external wall surface, internal wall surface, and internal
air temperature by 10.2 °C, 3.3 °C, and 2.1 °C in tropical
Sri Lanka [74].

The green walls are also reported to provide better ther-
mal insulation to the buildings, resulting in a smaller heat
gain throughout the day or heat loss at night. Under heat-
ing conditions, the average heat flux of the room with no
green wall was 3.1 W/m? larger than that of the room with a
green wall, which corresponds to 1.22 times of energy con-
sumption in Hunan, China [75]. Lee and Jim [8] identified
that the green wall accommodated with Lonicera japonica
climbers with 0.24 LAI in Hong Kong, China, can shield
the buildings against insolation up to 497 W/m? behind the
canopy and 356 W/m? in the indoor space, with the average
daily energy saving of 0.226 kWh/m? (USD 75.8). In Iran,
Karimi et al. [76] identified that the thermal transmittance of
the wall is reduced in buildings with living green walls due
to material layers, compared to buildings with direct green
facades. They reiterated that the prior selection of appro-
priate construction methods and plant species is pivotal for
optimizing their performance on UHI reduction.

Concerning the types of green walls, Wong et al. [68]
discovered that the modular panel with the vertical interface
and inorganic substrate can reduce the ambient temperature
up to 3.3 °C at a distance of 0.15 m in Singapore. Their
study emphasized that the physical structure of the green
walls, substrate type, composition, depth, and moisture con-
tent have a dominant impact on the performance of differ-
ent types of green walls in the tropical region. The building
characteristics were also reported to influence the perfor-
mance of green walls. Peng et al. [3] found that low-rise,
high-density urban blocks in Nanjing City, China, experi-
ence the maximum cooling benefit due to the highest ground
and canopy cooling intensity per unit greening area, suggest-
ing its potential in pedestrian-level microclimate enhance-
ment. Likewise, in English Bazar Municipality, India, the
compact low-rise and open mid-rise buildings covered fully
(100%) with green walls were reported to reduce the peak-
hour air temperature by 1.33 °C and 2.6 °C, respectively
[71]. Even though the green walls reduce the temperature by
0.39-0.75 °C in the summer and 0.39-1.26 °C in winter in
Tehran, Iran, the cooling effect was only observed at a dis-
tance of 0-0.5 m from the building, suggesting the influence
of a threshold cooling distance from the green walls [77].

A number of studies also reported contradictory findings
on the cooling performance and UHI reduction potential of
green walls in the Asian context. Li and Zheng [70] evalu-
ated the performance of vertical greening on a building
according to the actual window-to-wall ratio (rather than a

fictitious model without windows) and reported 0.56 °C of
cooling effect in summer, which is far less than the values
reported in most of the studies. Their findings cautioned that
the role of vertical greening in indoor temperatures could be
not as strong as suggested in the previous studies. Contradic-
tory findings are reported in other subtropical regions where
green fagcades seem to reflect more radiation toward urban
canyons and exacerbate the outdoor thermal comfort levels,
which draws attention to the sensitive plantation of building
walls that might trap heat [78].

Green Roofs

Green roofs are the roofs of buildings partially or completely
covered with different kinds of vegetation over a waterproof-
ing membrane. Since roofs make up 20-25% of the overall
urban surface areas [29], converting the unused, impervi-
ous parts of building rooftops for vegetation is a practica-
ble solution to re-establish the vanishing urban green cover
[79]. Green roofs are classified into three main types such
as extensive, semi-intensive, and intensive green roofs with
respect to their level of complexity in terms of weight, sys-
tem build-up height, substrate layer, maintenance, cost, plant
types, and irrigation [29, 80, 81]. Installation of green roofs
into a rooftop brings three changes such as amplifying the
thermal mass, adding porous substances with moisture hold-
ing capacity that increases the specific heat capacity as well
as increasing the thermal conductivity when the green roof
substrate is moist. Nonetheless, these changes are highly
dependent on green roof types defined by plant communities,
biomass structure, foliage cover, transpiration rate, substrate
composition, thickness, and moisture content [82].

The studies on green roofs in the Asian region are mostly
based on observations conducted by installing test speci-
mens on the roof surface. Deng et al. [83] reported that the
LST of tree-accommodated roofs in Guangzhou and Fos-
han cities in China is approximately 10—-15 °C lower than
other artificial roof types. The average air temperature of
the hydroponic green roofs (30.3 °C) in Osaka and Kyoto
was 2.5 °C lower than the air temperature recorded in the
bare roofs (32.8 °C), with a 15% reduction in heat influx
during daytime and a 16% reduction in heat outflux dur-
ing nighttime [84]. In another similar study, greater air
and surface temperature reductions were reported by the
hydroponic green roofs with respect to net radiation and
latent heat fluxes compared to conventional roofs [85]. In
the tropical city of Singapore, Yang et al. [86] compared
the performance of cool roofs (accommodated with materi-
als that reflect sunlight and absorb less solar energy) and
green roofs (use soil and vegetation as insulation) on UHI
reduction. They identified that cool and green roofs reduce
heat gain by 15.5 KWh/m? (37%) and 13.1 (31%) KWh/m?,
respectively for the whole of a summer day. Despite their
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cooling performance, sufficient exposure to sunlight and the
longevity of the rooftop structures were critical for a suc-
cessful green-roof retrofit in the tropical region [87].

Similar to green walls, a number of studies used model-
ling techniques to simulate different scenarios with varying
degrees of vegetation on roofs to identify the maximum cool-
ing potential. Morkinyo et al. [88] reported the outdoor and
indoor cooling effects of green roofs range between 0.05 and
0.6 °C and 0.4-1.4 °C, which varies according to the type
of green roof, urban density, time of the day, and climate.
They revealed that 5.2% of cooling demand reduction was
observed in hot-dry climates with full-intensive green roofs.
Herath et al. [30] observed a maximum reduction of 1.9 °C
temperature for the 100% green roofing combined with 50%
green wall retrofit in the Colombo Metropolitan Region, Sri
Lanka. By using the Konkuk University in Seoul, Korea, as
the simulation area, Park et al. [89] revealed that the combi-
nation of different degrees and types of vegetation in green
roofs was effective in different urban areas, under which the
sky view factors should be 0.5-0.7. In Japan, Hirano et al.
[90] observed a maximum temperature reduction of 0.13 °C
for a 100% rooftop greening scenario, which corresponds
to a CO, reduction of 2.93 kg-CO,/d compared to the 50%
rooftop greening case (1.47 kg-CO,/d). By using three case
studies in Hong Kong, Tam et al. [91] demonstrated that
other parameters such as moisture retention of deeper soil
and shadow effects of high foliage density influence the
cooling performance of the green roofs.

Even though a few studies explored the appropriate veg-
etation types in green roofs, no firm conclusion has been
made on the best type to provide an optimum cooling effect
in the Asian context. Jim [92] reported that the transpira-
tion of C3 (Peanut) vegetation delivers more cooling effect
compared to the CAM (Sedum) vegetation in the humid-
tropical climate, characterized by their density, LAI, and
surface of foliage elevated above the soil. In another city
with a subtropical climate, the bottom temperature of the
perennial herb, shrub, vine, and groundcover green roofs
is reported to be lower than the bare rooftop temperature
by 17.8 °C, 12.6 °C, 11.6 °C, and 9.3 °C, respectively [93].
Nonetheless, more investigations are needed on the selection
of suitable vegetation types for a maximum cooling effect
in the Asian region.

Blue Infrastructure

The physical properties of urban water bodies such as high
heat capacity, low water surface reflectivity, and high evapo-
rative latent heat enable them to adjust the air and land tem-
peratures by means of heat and water vapor exchange in the
horizontal direction [94]. During the evaporation process,
the thermal energy is absorbed from the surroundings as
the water turns from liquid to gas, which provides a cooling
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effect to the surroundings. Lake breeze circulation that
occurs at urban waterfront provides natural cooling for urban
open-air performance in summer [95]. Nevertheless, unlike
the widely explored performance of green infrastructure on
UHI mitigation, studies pertaining to blue infrastructure
cooling effects are still nascent. Furthermore, the distance
between water bodies and urban areas, the amplitude of tem-
perature drops, and potential modulating factors that influ-
ence the performance of water bodies still warrant further
investigation, especially in the Asian context.

The field observations of Murakawa et al. [96] revealed
that the Ota River flowing through Hiroshima City, Japan,
provided cooling effects up to 5 °C for at least a few hun-
dred meters horizontally and more than 80 m vertically.
Other than the river breeze of the Ganges, Barat et al. [97]
discovered that the surface UHI intensity of Kanpur and
Patna in India was influenced by complex land cover and
wind speed and direction. Similarly, Saaroni and Ziv [98]
reported a temperature drop of 1.6 °C due to the maximum
wind speed effect from the lake at the Mediterranean urban
park in Tel Aviv, Israel, at midday within the range of 40 m.
However, they reported increased heat stress during the late
afternoon and evening due to latent heat cooling from the
evaporation causing the water to became warmer than the
surrounding surfaces. Based on satellite datasets of lakes
and rivers in Shanghai, China, Du et al. [94] identified that
the water-cooling island (WCI) effect was prominent at
0.74 km from the water body with a temperature drop of
3.3 °C and temperature gradient of 5.2 °C/km. Of note, the
WCI effects were positively correlated with the proportion
of vegetation around them. Wang et al. [99] found that the
distance of 0.01-0.02 km from the Yangtze River Delta,
China, exerts a relative influence on surface UHI, which
then decreases when the distance is less than 0.025 km. Lin
et al. [100] observed an 11.3% depression of surface UHI
intensity in the Pearl River Delta Metropolitan Region with
a 10% increase in water-body coverage due to ex situ cool-
ing spillover within an envelope of 100 m effective cooling
distance. Zhang et al. [101] studied the inter-relationship
between the restored Xixi wetlands in Hangzhou, China, and
the summertime UHI effect and demonstrated a maximum
temperature reduction by 1.5 °C with the recovery of 50
km? of wetland.

Despite the size and distance from waterbodies, the cool-
ing performance also depends on a number of other factors.
Sun et al. [102] reported that the cooling performance of
wetlands in Beijing, China, correlated with the landscape
shape index (LSI) of the wetlands and wetland location in
relation to the downtown. Similar to urban forests [55], the
aggregated wetland patches of larger sizes exhibit lower
and more stable LST compared to the fragmented wet-
land patches of small sizes in Fuzhou city, China [103].
The rapid urban expansion at the expense of wetlands is
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reported to reduce the wetlands’ ability to modify the local
microclimate, thus resulting in poor cooling performances.
By applying the concentric zone model to Hangzhou city,
China, Xue et al. [104] reported that the cooling efficiency
increased with blue-green landscape density and therefore
recommended 40-70% of their coverage in urban planning.
By investigating the relationship between urban morphology
and water bodies’ microclimatic regulation, Zhou et al. [95]
reported that the floor area ratio can suppress the water’s
cooling ability in the downtown and main windway areas
by 28.7% and 20.6%. By employing the growth regression
tree model, Jiang et al. [105] studied the blue-green syner-
gistic cooling of the riparian buffer along 18 river channels
in Shanghai. They identified that river widths larger than
30 m have a notable role in decreasing the surface tempera-
ture within the distance of 260 m from the riverbank. By
means of a mobile measurement near the Yangtze River in
Wuhan during a hot and humid summer day, Wang et al.
[106] observed the cooling effect of the river up to 3.55 °C
within 1741 m from the riverbank.

The Health Benefits of Urban Green and Blue
Infrastructures

Benefits to humans are one of the key considerations in every
application of NbS [107]. Green and blue infrastructures are
regarded as therapeutic landscapes which provide space for
physical activity and social interactions that enhance urban
health. A systematic review of 61 studies encompassing
cross-sectional, prospective, experimental, ecological, and
birth cohort studies reported that the ecosystem services of
green and blue infrastructures can enhance the physical and
psychological health of urban dwellers by decreasing heat
exposure, air pollution, and noise [108]. In a comparative
review of 25 UHI mitigation studies, the impact of urban
vegetation on thermal comfort enhancement is reported to
be even more significant compared to high-albedo materials,
which increase the re-radiation of sun to pedestrians [109].
Essentially, Hami et al. [110] reviewed that the vegetation
selection, their arrangement and distribution as well as con-
nectivity as a network are crucial to maximize their effect
on thermal comfort improvement.

The relative effect of greeneries on the deposition, dis-
persion, and modification of particulate matter (PM,, and
PM, 5) in the atmosphere results in their lowered mass
concentrations, which eventually reduce the exacerba-
tion of respiratory or cardiovascular risks [111]. A health
impact assessment of 93 European cities revealed that about
1.84% of all-cause mortality for adults aged 20 years and
above could be prevented by increasing city tree coverage
to 30% [112]. Regardless, Gascon et al. [113] described
that evidence on the association between urban greenery

and all-cause mortality is limited in their systematic review
despite a potential association of reduction in the risk of car-
diovascular disease-caused mortality. The urban green space
used for physical and social activities is indispensable to
promote mental health, especially among vulnerable popula-
tions such as older adults [114]. The experiences acquired
by humans from their interaction with green roofs [115] and
walls [116] including their access, use, and aesthetic values
reported to have notable roles in promoting psychological
well-being among city dwellers. Nonetheless, other reviews
provided inconclusive evidence on the causal relationship
between urban greeneries and mental health due to a limited
number of studies and the heterogeneity in exposure assess-
ments [117]. The aesthetic values of blue infrastructures are
also reported to be associated with emotional benefits [118].
A meta-analysis of 8 randomized controlled trials demon-
strated improved physical and mental health among younger
adults due to green and blue physical activity interventions
regardless of the intervention intensity or their sociodemo-
graphic characteristics [119]. While the existing evidence
affirms the beneficial impacts of green and blue infrastruc-
tures on health, more landscape approach-based investiga-
tions are needed to explore their potential in addressing both
UHI and urban health issues.

Challenges and Recommendations

for Implementing NbS via Urban Green
and Blue Infrastructures to Mitigate UHI
in Asia

There are six unique challenges identified for the applica-
tion of green and blue infrastructures to mitigate UHI in
Asia (Fig. 2).

Firstly, the direct adoption of NbS from a western con-
text may not always fit the unique urban attributes of Asia
[87], characterized by limited urban space and dense infra-
structure [49, 120, 121]. In this case, utilizing small-scale
green infrastructure such as street trees, pocket gardens,
green walls, and green roofs could be viable options to
resolve UHI issues [25]. However, green wall or roof retro-
fits could not substitute for ground-level green spaces that
can generate spillover cooling effects to the surrounding
built-up areas. The random arrangement of low- to high-
rise buildings and street orientations in Asian cities inhibit
the solar insolation and natural ventilation that could affect
the growth and longevity of the plants incorporated into
the green infrastructures [87]. Since most of the rooftops
are not designed to accommodate vegetation during the
construction process, green roof retrofit is highly depend-
ent on the availability of adequate roof space, structural
suitability, and its loading capacity [87, 91]. Besides, con-
structing ideal-sized water bodies that deliver maximum
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Urban characteristics
Limited urban space and dense infrastructure
Random arrangement of buildings and street orientations
Rooftops are not designed to accommodate vegetation
Ideal-sized urban water bodies for maximum cooling effects

Climatic conditions
Characterized by prolonged sunlight exposure

Building heat-sink effect due to different photosynthetic and
water use strategies of plants that increase cooling demand in

summer

Environmental pollution and health impacts

Urban vegetation can amplify risks associated with garbage

generation, pest and accidents

Hygiene issues and water seepage from green roofs and walls

can create breeding grounds for the vectors

Lack of awareness and understanding
Reduce the stakeholders’ willingness to pay for retrofitting
their premises with green and blue infrastructures

Inadequate promotion and support from the government

Stakeholders reluctance to invest due to limited governmental

support
Lacking a policy emphasis in many Asian countries

Limited scientific studies
Many existing studies are from the temperate climates

Local studies are mostly simulation-based rather than real-

scale implementations

Recommendations:

Utilize small-scale green infrastructure such as street
trees, pocket gardens, green walls and green roofs
Introduce small-scale water bodies such as ponds and
rain gardens

Select appropriate heat- and drought-tolerant plants for
green infrastructures

Proper and regular maintenance is required to reduce
garbage generation, accidents and breeding grounds for
vectors while optimizing their performance in UHI
mitigation

Local governments can organize seminars, workshops
or field visits to the exemplar project sites to create
awareness

Emphasis in government policies and financial
incentives to promote green infrastructures.
Public financial support for those interested in

retrofitting their buildings

More studies on species selection as per climate zones
and latitudinal diversity gradient
More studies to understand the thermal dynamics and
cooling efficiency of waterbodies

Fig.2 Challenges and recommendations for implementing urban green and blue infrastructures to mitigate UHI in Asia

cooling effects could be a challenge in Asian cities. Intro-
ducing small-scale water bodies such as ponds and rain
gardens may resolve this issue [25].

Secondly, the effectiveness of the green and blue infra-
structures is highly dependent on the Asian climatic con-
ditions [88, 122, 123]. Most of the Asian region is char-
acterized by prolonged sunlight exposure, and therefore
selecting appropriate heat-tolerant plants is crucial for
green infrastructures [67, 123]. For instance, even though
drought-resistant Sedum was widely used in extensive
green roofs in cold climates [124], its application in hot
climates warrants further consideration owing to its low
thermal resistance value [125, 126]. The selection of C3,
C4, or CAM vegetation with different photosynthetic and
water-use strategies in green walls and roofs was reported
to generate various heating and cooling effects according
to the diurnal scales [121, 127]. This generates a building
heat-sink effect that warms indoor air and heightens the
electricity consumption for cooling purposes in summer
[92]. To resolve this issue, vegetation that has the abil-
ity to withstand long radiation and drought can be incor-
porated into the green infrastructures [73, 77]. Tropical
forest trees with diverse trunk and branching structures,
scale of leaves, and high heat-tolerant properties can be
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incorporated into urban parks for maximum cooling effects
[128-130].

Thirdly, environmental pollution and the associated
health impacts could be another challenge for the success-
ful implementation of green and blue infrastructures in UHI
mitigation. Urban trees with frequent leave shedding and the
huge root system can amplify risks associated with garbage
generation, pest, and accidents [131]. The hygiene issues
and water seepage due to poor maintenance of green roofs
and walls can create breeding grounds for the vectors that
heighten the incidence of infectious diseases in the cities.
Therefore, proper and regular maintenance of these infra-
structures is deemed essential to optimize its performance
in UHI mitigation.

Fourthly, the lack of awareness and understanding about
NbS as a holistic concept to tackle multiple environmental
issues, including UHI, is another prohibiting factor for its
wide-scale implementation in Asia [132, 133]. The cost
associated with the construction and maintenance of green
and blue infrastructures makes the developers and build-
ing owners pay less attention to incorporating them into
their premises. Increased awareness is essential to increase
the stakeholders’ willingness to pay for retrofitting their
premises with green and blue infrastructures [134]. The
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local governments can organize seminars, workshops, or
field visits to the exemplar project sites to create awareness
on the benefits of these infrastructures in UHI mitigation.

Fifthly, inadequate promotion and support from the
government is another limiting factor for the incorporation
of green and blue infrastructures in Asian cities. Stake-
holders are reluctant to invest in green and blue infrastruc-
tures due to large capital and maintenance costs, which
could be incentivized by the governments through policy
emphasis [91]. Many Asian countries have promulgated
the concept of NbS in their policies to combat UHI such
as the “Urban Forest” projects (in Malaysia and Singa-
pore) [3], Gross Floor Incentive Scheme (in Singapore)
[135], and the 2030 urban master plan strategy (in Seoul,
South Korea) [52]. However, such policy emphasis is still
lacking in many other Asian countries. To overcome this,
government policies and financial incentives should have
become an essential consideration to promote green infra-
structures. Public financial support can be provided for
the public who are interested in retrofitting their buildings
with green walls or roofs.

Lastly, there are limited scientific studies to support
their implementation from policy, technical, economic,
and social perspectives. Many existing studies are from
the cold, temperate climates, whereas the local studies
are mostly simulation-based rather than real-scale imple-
mentations. Despite the well-known efficiency of urban
greenery in heat mitigation, the cooling magnitude is
highly dependent on the vegetation type, size, and quan-
tity. Due to the varying distribution of vegetation as per
the climate zones and latitudinal diversity gradient, more
studies need to be devoted to the species selection in green
retrofits for effective heat mitigation in the Asian context.
Besides, more studies are needed to comprehend the ther-
mal dynamics and cooling efficiency of waterbodies with
respect to the topography, land use patterns, urban con-
figurations, and meteorological variables.

Limitations

This review has several limitations in terms of literature
search and interpretation of findings. This review is qualita-
tive in nature, and the reviewed articles are summarized to
narrate and inform the readers regarding the progress of the
NbS application for UHI mitigation in Asia by highlighting
the areas that warrant further improvements. Since a sys-
tematic review approach was not applied and only one major
publication database was used, it lacks the inclusion of all
the published studies for an exhaustive discussion. In addi-
tion, no assessments of the quality, validity, or risk of bias in
the context of selected studies were presented in this review.

Concluding Remarks

This narrative review investigated the application of NbS
in UHI mitigation via urban green and blue infrastructures
in the Asian context by highlighting the challenges and
recommendations for its implementation. The findings sug-
gested that the NbS-based UHI mitigation studies are still
limited in the Asian region. The cooling effects of both
green and blue infrastructures are anticipated to be influ-
enced by their types, size, geometry, surface roughness,
spread (threshold distance), temporal scales (diurnal and
seasonal), topography, pollution levels, prevailing climate,
and the assessment techniques used in the studies. These
attributes largely affect the horizontal and vertical thermal
exchange between these infrastructures and the buildings
or atmosphere. The findings also suggest that the environ-
mental capital and cooling efficiency of urban green and
blue infrastructures could be maximized by employing
them in combination rather than in isolation. When applied
together, the urban green and blue infrastructures could
provide synergistic cooling and other ecosystem services
to the urban areas. The urban and building characteris-
tics, climatic conditions, environmental pollution, lack of
awareness and expertise, lack of policy and government
incentives as well as limited scientific studies are the major
challenges associated with the implementation of urban
green and blue infrastructures in Asia. Nevertheless, these
challenges provide opportunities for more in-depth real-
scale experimental work and multidisciplinary research
collaboration to explore its implementation in Asia.
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