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A B S T R A C T

The cooling effect of blue-green space has been recognized as a promising approach to mitigate the urban heat
island (UHI), while the quantitative role (threshold-size for cooling) is still uncertain. This paper aims to present
the latest progress and controversies on the studies of the cooling effects of waterbodies, greenspaces, and parks.
In order to do this research, international search engines were employed to systematically search peer-reviewed
articles, including the cooling effect of blue-green space and threshold-size-based UHI mitigation studies. After
that, the inductive analysis is used to analyze the relevant literature. We found that previous studies con-
centrated on the correlations between different landscape types, temperature variations and the quantification of
cooling intensity, etc. However, threshold-size-based research has received less attention, which limits the ability
to make specific recommendations for actionable planning and management – usingthe smallest blue-green
space for the best cooling effect. The review also revealed the controversies over the effects of blue-green space
size, shape, landscape composition and configuration on cooling effect. Besides, we pointed out that the un-
certainties (i.e., the optimal proportion of blue-green space in a park) and the reasons of controversial results of
the cooling effect need to be further investigated. We also suggested that more attention should be paid to
quantify the contributions of local background climate and landscape characteristics to the cooling effect
(threshold-size) of blue-green space. This review would give us a deeper understanding of the field and provide
insights into actionable climate adaption planning.

1. Introduction

World Urbanization Prospects 2018 of the United Nations reported
that 55 % of the world’s population lives in urban areas, and by 2050,
urban areas are projected to house 60 % of people globally. Global
urbanization and urban expansion will continue, especially in Sub-
Saharan Africa and Asia (Nagendra et al., 2018; Song et al., 2018).
Urbanization has led to profound changes in landscape patterns and
processes (including an increase in the coverage of impervious surfaces
and a decrease of blue-green space) (Estoque et al., 2017; Shiflett et al.,
2017; Yu et al., 2019b); it also alters the atmospheric composition in
the near-surface layer in urban areas (Forman, 2014; Lewis and Maslin,
2015; Oke et al., 2017). As a result, a series of urban meteorological

phenomena were observed and identified, and Urban Heat Island (UHI)
becomes one of the most typical climate phenomena. Generally, UHI is
defined as the human-induced urban climate phenomenon character-
ized by higher temperatures in urban areas than in the surrounding
rural areas (Manoli et al., 2019; Oke et al., 2017), and UHI intensity is
defined as the difference between background rural and highest urban
temperatures (Oke, 1973). Recently, this conventional definition has
been facing serious challenges (Stewart, 2011), and Stewart and Oke
(2012) proposed a new schema of the local climate zone (LCZ) to assess
UHI intensity and pattern.It includes 17 standard classes at the local
scale (102 m to 104 m) and each class is unique in its combination of
surface structure, fabric, and metabolism; then the UHI can be defined
as the temperature difference (ΔTLCZ 1 – LCZ D) between the compact
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high-rise class and low plant class. UHI is mainly caused by changes in
land cover, resulting in changes in surface longwave radiation from
surface; changes in urban surface materials, resulting in increased heat
emissions; and anthropogenic heat emissions (Montazeri et al., 2017;
Solcerova et al., 2017; Sun et al., 2018; Voogt and Oke, 2003; Weng
et al., 2011). In addition, global climate change is increasing the fre-
quency and intensity of extreme climate events, which further ag-
gravates the UHI effect (Seneviratne et al., 2006; Ward et al., 2016).
The UHI effect will increase energy and water consumption, carbon
dioxide emissions, heat stress, and air pollution, thereby compromising
the health and comfort of urban residents (Akbari, 2009; Gabriel and
Endlicher, 2011; Sun and Chen, 2012; Wong et al., 2016; Zhou et al.,
2018).

During the past few decades, the UHI effect has been studied from
many perspectives (Akbari and Kolokotsa, 2016; Bowler et al., 2010;
Santamouris, 2014; Santamouris et al., 2018; Taleghani, 2018). For
instance, many studies investigated the distribution patterns of UHI and
the relationships between air temperature (AT)/land surface tempera-
ture (LST) and the types of land cover/use (Peng et al., 2016; Qiu et al.,
2017; Wong and Yu, 2005; Yu et al., 2018a), as well as its correlation
with ecosystem service value (Gao et al., 2019). Studies have also fo-
cused on alleviating the UHI effect from many different perspectives,
such as cooling by green roofs, as well as altering building materials
and color (Akbari and Kolokotsa, 2016; Buyantuyev and Wu, 2010;
Gilbert et al., 2016; Solcerova et al., 2017). However, many studies
claimed that the development of urban blue-green spaces may be a
better solution than cool materials because urban blue-green spaces are
cost-effective, environmentally friendly, and politically acceptable
(Byrne and Jinjun, 2009; Carvalho et al., 2017; Martins et al., 2016).
Hence, the cooling effect of blue-green space has increasingly been
recognized as a promising approach to mitigate the UHI effect (Hamada
and Ohta, 2010; Monteiro et al., 2016; Santamouris et al., 2018; Yu
et al., 2019c).

In urban landscape research, water bodies, remaining farmland,
urban parks, forests, grassland, and other green spaces are collectively
referred to as ecological land for cooling purpose, and all of these land
cover types have significant cooling effects (Fan et al., 2019;
Gunawardena et al., 2017; Oke, 1973; Pickett et al., 2011), which is
also what we defined – urban blue-green space in this study. Peng et al.
(2016) even found that if ecological land coverage exceeded 70 % in a
metropolitan area, it would significantly mitigate the UHI effect. Urban
water bodies are often referred to as the “blue system”, whereas urban
green space is denoted as the “green system”. Urban parks are often a
mix of both water bodies and green space patches, and are often re-
cognized as an independent landscape category, as in this study
(Hayder et al., 2016; Völker and Kistemann, 2015; Žuvela-Aloise et al.,
2016). It should be mentioned that the blue/green effect has not only
positive but also negative effects. A positive effect means that the urban
blue-green space is cooler than the surrounding areas, and vice versa
(Yu et al., 2015). For instance, in the daytime of the summer season,
water bodies are cooler than the surrounding areas, while in the
nighttime, waterbodies are warmer than the surrounding areas. Besides,
most of the studies have shown that urban blue-green space has a more
significant cooling effect in the summer season than during winter
(Hathway and Sharples, 2012; Schatz and Kucharik, 2016; Solcerova
et al., 2017).

Previous studies have found that the cooling effect of the blue-green
space depends on the size, shape, connectivity, and complexity (com-
position and configuration) of the blue-green space, and the greenness
of the green vegetation measured by the Normalized Difference
Vegetation Index (NDVI) (Estoque et al., 2017; Gunawardena et al.,
2017; Kuang et al., 2015; Ren et al., 2016; Santamouris et al., 2018).
Landscape composition is typically described by the land cover types
and the proportion of each land cover type, while landscape config-
uration focuses on describing the spatial characteristics of individual
areas and the spatial relationships among different areas (Gustafson,

1998). Specifically, Some researchers have proposed that landscape
configuration, rather than composition, is a more important factor in-
fluencing the cooling effect of blue-green space (Peng et al., 2016; Sun
and Chen, 2017; Yu et al., 2018a). For example, Peng et al. (2016)
found that when only considering the cooling effect, the shape char-
acteristics of the blue-green space became more important than spatial
arrangement, although many controversies still exist. Studies by (Yu
et al., 2018b) and Zhou et al. (2017) claimed that the local climate
context (i.e., monsoon climate and Mediterranean climate) can sig-
nificantly influence the effects of landscape component and config-
uration on the cooling effect.

On the other hand, many researchers have realized that quantifying
the threshold-size of different landscape types, including the effect of
landscape composition and configuration, to obtain the maximum
cooling efficiency of blue-green space is essential to decision-makers
and actionable climate adaption planning (Hwang et al., 2015; Liu
et al., 2014; Monteiro et al., 2016; Shih, 2017; Zhang et al., 2017; Zhou
et al., 2017). Moreover, Yu et al. (2017) and Yu et al. (2018b) proposed
the concept of the threshold value of efficiency (TVoE) in order to
connect studies of the cooling effect of blue-green space to actionable
climate adaption planning. TVoE is a change-point of the cooling effi-
ciency of blue-green space, which means that greater than this change-
point (TVoE), the cooling intensity per unit area of blue-green space
will drop significantly (Fan et al., 2019; Le et al., 2019; Yu et al.,
2018b). This change-point (TVoE) is significant for actionable en-
vironmental planning and management. For instance, if a city’s calcu-
lated TVoE value (of green space) is 5 ha, this means that 5 ha of green
space can achieve the optimal cooling efficiency, and the city does not
need to build 10 ha of green space to alleviate UHI. In this context, the
decision-makers can use the smallest blue-green space to achieve the
best cooling effect.

However, despite we have acknowledged that the size of the blue-
green space is one of the most important factors affecting the cooling
effect (Santamouris et al., 2018; Yu et al., 2015; Zhou et al., 2019), we
have not critically outlined this research. Due to a large number of
related studies on the cooling effect of blue-green space, this study
mainly selects threshold-size-related research (TVoE) and related sup-
porting materials. Therefore, this study aims at (1) analyzing the impact
of influencing factors (size, shape, complexity and climate background)
on the cooling effect of urban blue-green space. (2) Highlighting the
significance of threshold-size-based (TVoE) study for actionable climate
adaption planning and related potential influencing factors. (3) Dis-
cussing the framework and prospects of threshold-size-based cooling
effect studies.

2. Data source and analysis

In this review, peer-reviewed scientific literature (and related
books) were retrieved from the international bibliographic databases of
the core collection of Web of Science and Google Scholar (and related
supporting databases – National Knowledge Infrastructure, CNKI) from
1989 to 2019. Most of the study in this field in the database is about the
UHI effect and its mitigation, there is little literature specifically on the
cooling effect of urban blue-green space. Hence, firstly, a series of
phrases, namely "urban heat island mitigation", "urban cool island",
"urban cooling effect", "urban cooling island effect", "cooling effect of
urban green space", "cooling effect of green vegetation","cooling effect
of water body", "cooling effect of park", "urban cooling" were used as
search terms to collect all literature that included one of these phrases
in their title, abstract, and keywords. At the same time, we asked 10
experts in this field to recommend 2–3 articles about the threshold-size
of blue-green space that they thought were important. After that, we
filtered most of the studies that were not threshold-size related studies
and framed the review study based on the concept of the threshold
value of efficiency (TVoE). Finally, we selected and analyzed 116
threshold-size related (TVoE) studies and supporting studies to do the
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review.
We reviewed and analyzed the current sources of data, research

methods, and especially controversies and uncertainties in urban
cooling effect studies, then selectively analyzed the cooling effect of
urban water bodies, green space, and urban parks. Different from the
bibliometric review (big-data-based review) that can capture past re-
search networks and future trends generally (Wu and Ren, 2018),this
study adopted an expert induction analysis method (deep-data-based
review)which can better capture the details of the relevant research and
the controversies, as well as provide prospects for future research
(Santamouris et al., 2018). The inductive analysis logic of this study are
as follows: (1) from the analysis of qualitative research to quantitative
research; (2) from the analysis of the current academic affirmative re-
sults to the analysis of the existing controversy. (3) The relevant re-
search on the threshold-size determination (TVoE) and the existing
challenges (controversies), and reasons will eventually be analyzed.

3. Results

3.1. The current sources of data and methods in cooling effect studies

The approaches currently used in cooling effect studies are similar
to those employed in UHI research, including field measurements, AT
(air temperature) data from meteorological stations, land surface tem-
perature (LST) data retrieved from remote sensing satellite imagery,
and model simulations (Jaganmohan et al., 2016; Katayama et al.,
1993; Kuang et al., 2015; Santamouris et al., 2018). Field measure-
ments usually involve portable infrared thermometers or thermal in-
frared images, which can obtain more information for measuring the
status of the local thermal environment. However, due to the large
workload required for field measurement acquisition, it is not as easy to
capture thermal environment information on a large scale as it is using
meteorological station observations and remote sensing imagery
(Konarska et al., 2015; Owen et al., 1998). Historical data can be re-
trieved from fixed meteorological stations, but the distribution pattern
of meteorological stations leads to biases when urban areas expand. In
addition, due to the limited number of meteorological stations, it is
difficult to capture detailed temperature information for a given city
(Demuzere et al., 2014; Kuang et al., 2015; Oke, 1982). In general, the
difference between the field measurement and weather monitoring is
the first one that uses very specific locations of instrumentsdirected
towards better understandings of the spatiotemporal dimensions of the
cooling problem;but for a limited period of time, while the other pro-
vides long term data but probably for a much coarser spatial resolution.
Recently, with the development of remote sensing, LST data retrieved
from remote sensing satellite imagery is often used to quantify the

spatiotemporal patterns of an urban thermal environment on large
spatial and long-term temporal scales. However, low temporal and
spatial resolution (hard to capture the high temporal and spatial re-
solution images at the same time) and short-time data records also limit
this approach. Moreover, it is difficult to relate to air temperature
conditions and the effects of vertical structures within green spaces. For
example, the remotely sensed images cannot capture the conversion of
shortwave radiation into the latent heat of evaporation (Fan et al.,
2019; Keramitsoglou et al., 2016; Li et al., 2013; Quattrochi and Luvall,
1999). Computer modeling and numerical simulation can involve many
important influencing factors such as wind speed and anthropogenic
heat into consideration, as well as investigate the thermal performance
of urban landscapes from a three-dimensional perspective (Wu and Ren,
2018; Žuvela-Aloise et al., 2016).

Generally, the typical process for cooling effect studies comprises
four major steps: 1) problem definition and the data correction of field
measurements, meteorological monitoring, and the acquisition of re-
motely sensed data. For remote sensing data, such as Landsat and Quick
Bird, satellite data is used to extract the thermal infrared information.
2) Spatial analysis, with software platforms such as ENVI, ArcGIS, and
MATLAB, can be applied to quantify the cooling effect (buffer analysis,
overlay analysis, and neighborhood analysis), as well as to identify
landscape indicators and parameters. 3) Statistical/ modeling analysis
of the results, 4) Correlation determination between the cooling effect
and different types of landscapes, as well as the related threshold value
validation (Fig. 1).

It is obvious that accurate data and optimal methods are critical in
cooling effect studies. Hence, drone remote sensing (DRS) – a new
platform for ecological research and practice – has been employed in
recent years and it could be a leading platform for cooling effect studies.
Drones can carry a variety of sensing instruments, including visible
light, near-infrared (NIR), shortwave infrared (SWIR), thermal infrared
(TIR), radar, and LiDAR sensors (Lisein et al., 2013; Shahbazi et al.,
2014; Tang and Shao, 2015). As a remote sensing platform, drones have
the potential to improve data acquisition. Drones can obtain a high
spatial resolution of the imagery and real-time data (and 3D data),
which is essential for urban cooling studies (Watts et al., 2012). In
addition, drone-based data can compensate for the shortages of field
measurements, weather monitoring, and remote sensing (such as the
effects of cloud conditions) (Wing et al., 2014).

3.2. The cooling effect of urban blue-green space

3.2.1. Urban water bodies: what are the key factors that affect the cooling
effect?

Urban water bodies include rivers, lakes, reservoirs, and they

Fig. 1. General methods and techniques procedure of urban cooling effect studies.
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comprise one of the most important ecological spaces in urban areas
(Forman, 2014; Murakawa et al., 1991; Paul and Meyer, 2001). Water
bodies are usually rich in natural elements and characterized by com-
plex natural processes; as such, urban water bodies are significant
elements of the urban ecosystem (Hathway and Sharples, 2012; Žuvela-
Aloise et al., 2016). It is well known that water has a high heat capacity
and low thermal conductivity, and the evaporation of water is the main
cooling mechanism. These properties of water lead to a significant re-
duction in the sensible heat change capacity and the resulting changes
in the mode of heat transfer – the so-called “thermostatic effect” (Oke,
2002; Weng et al., 2011; Wilson et al., 2003). The thermostatic effect is
expected to contribute to a more constant climate, including decreasing
maximum temperature and increase minimum temperatures
(Murakawa et al., 1991; Oke, 1973; Theeuwes et al., 2013).

It has been widely recognized that water bodies can significantly
reduce the UHI effect due to the above physical properties (Adams and
Dove, 1989; Akbari and Kolokotsa, 2016; Montazeri et al., 2017; Oke,
2002; Sun et al., 2012; Völker and Kistemann, 2015). Studies have also
found that the size and shape indices are positively and negatively
correlated with the cooling effect, respectively (Du et al., 2016; Wu and
Ren, 2018; Yang et al., 2020; Yu et al., 2015). For instance, a study by
Theeuwes et al. (2013) indicated that relatively large waterbodies
presented a higher cooling effect, as compared to equally distributed
small water bodies. Moreover, studies also found that the location, wind
direction, and the specific landscape pattern around waterbody play a
significant role in the cooling effect, but the contributions of such fac-
tors to the cooling effect of waterbody are still unclear (Forman, 2014;
Gunawardena et al., 2017; Sun and Chen, 2012; Žuvela-Aloise et al.,
2016). In order to most effectively alleviate the UHI effect, Yu et al.
(2020) proposed an idealized spatial pattern of blue-green space within
a city – hierarchical hexagonal structure model. In addition, the eva-
poration from water bodies may lower the temperature; however, this
process would increase the humidity around the water bodies, which
reduces the positive effect of waterbodies on thermal comfort (Yu et al.,
2015).

The latitude of the city also affects the cooling intensity of the water
body, and the cooling intensity is generally stronger in lower latitude
cities than in high-latitude cities. In the city of Hiroshima (34 °N), the
cooling effect reached up to 5 °C, and the cooling distance extended
nearly 100 m from a riverbank (Murakawa et al., 1991). In Sheffield (53
°N), Hathway and Sharples (2012) showed that the cooling distance of
urban rivers does not exceed 30 m from the riverbank. In the sub-
tropical city of Shanghai (31 °N), Du et al. (2016) pointed out that the
average effective cooling distance around water bodies is 740 m, with a
temperature difference around 3.3 °C, and that the wider the river, the
farther the cooling distance extends. Previous studies paid much at-
tention to the cooling effects of the width of a river, while we still lack
knowledge of the water dynamic of a river on the cooling effect. The
cooling effect of water bodies depends not only on latitude but also on
seasonal and diurnal variations (Ellison et al., 2017). For instance,
Hathway and Sharples (2012) found in Sheffield that the cooling effect
of water bodies only occurred during the daytime, and ranged from
0.25 to 1.82 °C. The cooling effect was greater in May (1.01–1.82 °C)
than in June (0.25–0.98 °C), which is because of the higher water
temperatures during summer.

In addition, many studies have shown that by increasing the size of
water bodies, the cooling intensity increases, while the cooling effi-
ciency decreases (Lin et al., 2015; Sun et al., 2012; Theeuwes et al.,
2013; Yu et al., 2015). In the case of Beijing, Sun and Chen (2012)
found that 91 % of the water cooling effect occurred within a range of
600 m, and the mean cooling intensity and efficiency values were 0.54
°C/hm and 1.76 °C/hm/ha, and the cooling efficiency of small-sized
water bodies varies greatly. These results all indicate that the cooling
efficiency of water bodies has a certain threshold value and there exist
other influencing factors (Paul and Meyer, 2001; Völker and Kistemann,
2015). Moreover, Yu et al. (2017) and Yang et al. (2020) proposed that

the studies of the cooling effect of blue (and green) space need to
change from the analysis of water cooling intensity and the relationship
between water body and the cooling effect to the quantification of the
so-called threshold value of efficiency (TVoE). Yu et al. (2018b) and
Fan et al. (2019) also pointed out that the TVoE value can maximize the
cooling effect of blue (green) space with as less use of blue (green) land
as possible, and this is exactly what we want to emphasize in this study.
Yang et al. (2020) even found that the TVoE of the water body in Co-
penhagen is 1.12 ha. Urbanization and urban development cannot in-
crease urban blue-green space limitlessly, but on the other hand,
completely neglecting urban blue-green space during the urban plan-
ning and management will lead to imbalances within the urban eco-
system (Armson et al., 2012; Forman, 2014; Sun and Chen, 2017; Yu
et al., 2019a). Therefore, the concept of TVoE can be a valuable index
for decision-makers and urban planners.

Nonetheless, due to different city background contexts, research
methods (i.e., LST inversion and resolution of satellite images), seasonal
and diurnal differences, there are still many controversies in the study
of the cooling effect of water bodies that needs to be elucidated (i.e., the
cooling effect of small-sized water body) (Jaganmohan et al., 2016;
Keramitsoglou et al., 2016; Oliveira et al., 2011; Sun and Chen, 2012).

3.2.2. Urban green spaces: composition and configuration, which matters
more?

In this study, urban green space includes forests, grasslands, and
shrublands, which are important land cover types for maintaining the
health and balance of urban ecological systems (Akbari et al., 2001;
Forman, 2014; Monteiro et al., 2016; Solcerova et al., 2017). Through
transpiration and shadowing effects (tree), urban vegetation influences
the physical environment of cities by the selective absorption and re-
flection of incident radiation and the regulation of latent and sensible
heat exchange. These mechanisms constitute the principal basis of the
cooling effect of green space (Bowler et al., 2010; Wilson et al., 2003;
Wong and Yu, 2005).

Many studies have shown that urban green space has a significant
cooling effect, and this effect is also called the green island effect
(Asgarian et al., 2015; Ren et al., 2016; Santamouris, 2014; Taleghani,
2018). The cooling effect of green space differs according to, for ex-
ample, the size and type of green space (tree-covered and grass-cov-
ered), the structural features of plants, and the spatial patterns of the
green space (Asgarian et al., 2015; Demuzere et al., 2014; Gilbert et al.,
2016; Giridharan et al., 2008; Kolokotsa et al., 2013). In general, the
size of green space is positively correlated with the cooling intensity,
but this relationship is not linear (Bowler et al., 2010; Chang et al.,
2007; Monteiro et al., 2016; Yang et al., 2020). The shape of the green
space also affects the cooling effect. An Israeli study revealed that the
shape index of a green space has almost no influence on the cooling
effect, but many other studies demonstrated that the shape index has a
significant role in the cooling effect (Derkzen et al., 2017; Monteiro
et al., 2016; Shashua-Bar and Hoffman, 2000; Yu et al., 2017). Re-
garding the effect of the type of green space, a London case study
showed that the cooling distance was strongly correlated to the tree
canopy, whereas the cooling intensity was strongly correlated to the
grass coverage (Monteiro et al., 2016). Specific characteristics of ve-
getation could also affect the cooling effect. For instance, Tiangco et al.
(2008) and Kuang et al. (2015) indicated that land surface temperatures
(LST) decrease with an increasing normalized difference vegetation
index (NDVI) of green space. The leaf area index (LAI), to a certain
extent, can quantify levels of transpiration and shade from vegetation
and it has been argued that the LAI and temperature have a negative
correlation. Hardin and Jensen (2007) quantified the point at which the
value of the LAI doubles, and the temperature drops by 1.2 °C. Linear
relationships between the sky view factor (SVF) and cooling intensity
were also found during summer and winter, with the linearity tending
to be stronger at sites with SVF values of less than 0.65 (Cheung et al.,
2016).
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Related studies on the threshold-size of green space for cooling ef-
fect have also been reported. However, many different results of
threshold-size of green space were found inspecific cases due to the
differences in the definition of cooling effect (see Appendix A) (Yu et al.,
2017), local background climate (Santamouris et al., 2018), and rain-
heat pattern (i.e., Monsoon climate and Mediterranean climate) (Yu
et al., 2018b), etc. For instance, Chang et al. (2007); Lu et al. (2012)
and Jaganmohan et al. (2016) used statistical analysis to analyze a large
number of greenspace samples to quantify the threshold-size area, and
the threshold-size areas in these cases are 3 ha (Taipei), 14 ha
(Chongqing), and 5.6 ha (Leipzig), respectively. These results can be
explained by the different latitude, urban context (Plain city and
mountain city), and greenspace sample selection difference (the
number of samples and the actual size of samples in specific cities).
Jaganmohan et al. (2016) even found that small-sized green spaces with
complex shapes have a negative impact on the cooling effect. However,
if the green space patch is greater than 5.6 ha, it will have a positive
effect. This result can be explained that a smaller green space with ir-
regularity shape provides a longer interface between green space and its
surroundings. It means that more cool air can be transported away from
the smaller green space, thus reducing the maximum temperature dif-
ference. However, for larger green spaces, it can form a relatively stable
microclimate, so it will have a positive effect (Kong et al., 2014). Re-
garding the threshold value of efficiency (TVoE), Le et al. (2019) found
the TVoE of green space in a tropics city (Hanoi) is 1 ha. Yang et al.
(2020) found the TVoE of green space in a high-latitude city (Co-
penhagen) is 0.69 ha, and the TVoE is highly correlated with the local
background temperature. Fan et al. (2019) investigated seven low-la-
titude Asian cities and indicated that the TVoE of study cities are 0.6 ha
to 0.95 ha, and it is highly associated with the average normalized
difference vegetation index (NDVI) and average background tempera-
ture. While Yu et al. (2018b) found that the TVoE in Temperate Mon-
soon climate and Mediterranean climate cities are generally around 0.5
ha. Further, the threshold-size of the cooling effect also changes at
different times (Santamouris et al., 2018). Hamada and Ohta (2010)
indicated that during the daytime the cooling extent of green space can
extend horizontally 300 m; whileduring the nighttime, the cooling ef-
fect only extends horizontally 200–300 m. Taha (2015) found larger
cooling at night in winter but larger cooling during the day in summer.
Yan and Dong (2015) also revealed that, as the percent of tree cover
increased by 10 %, the air temperature decreased by 0.26 °C during the
daytime, but that the air temperature dropped by 0.56 °C during the
nighttime. In addition, due to the different horizontal and vertical
structures of urban green space, their intensity and efficiency are
strongly different (Bao et al., 2016; Demuzere et al., 2014; Taleghani,
2018). For instance, Giridharan et al. (2008) in a Hong Kong case de-
monstrated that, when the tree coverage reached 40 %, the temperature
would drop by 0.5 °C. At the same time, compared with a single-layer
structure, a multi-layer green space structure will produce a stronger
cooling effect that also influences the threshold-size of green space
(Huang et al., 2008; Jonsson, 2004; Völker and Kistemann, 2015).

Studies have also shown that the landscape composition and con-
figuration play critical roles in the mitigation of the UHI effect and the
achievement of the maximum efficiency of the cooling effect, but there
is no clear conclusion. These controversial results can be explained by
the background climate contexts of specific case cities (i.e., climate
condition, wind direction, and speed), resolution of the data used (scale
effect), and spatial pattern of the case city (Derkzen et al., 2017;
Morrison et al., 2018; Peng et al., 2018; Sun et al., 2019; Yu et al.,
2018b; Zhou et al., 2011). For example, Zhou et al. (2017) compara-
tively investigated the differences and reasons for the effects of spatial
configuration in very different climate conditions and stressed the ne-
cessity for controlling the effects of the percent cover of green trees
when quantifying the effects of spatial configuration. A study by Peng
et al. (2016) argued that the urban form (high-density buildings) could
mask the cooling effect of urban green space, hence the consideration of

urban form and context should be undertaken in future research. In
general, studies of urban green space focus more on the relationship
between the characteristics of green space and the cooling effect, as
well as the cooling intensity and extent. However, urban green space is
one of the critical and scarcer types of land cover in urban areas. Hence,
the threshold-size-based cooling effect and determination of the
threshold value of efficiency (TVoE) are crucial for actionable urban
planning and management (Fan et al., 2019; Yu et al., 2019a). In ad-
dition, the cooling effect of small green spaces should be paid more
attention, because itplays an important role in reducing UHI and energy
saving (Park et al., 2018, 2017; Wang et al., 2016).

3.2.3. Urban parks: how to balance the proportion of blue and green space?
The urban park is a widespread component of the urban green in-

frastructure and is a critical part of cooling effect studies. The urban
park typically includes grassland, woodland, shrubland, watercourses,
and lakes, as well as other types of land cover, and it is also called park
cool islands (Cao et al., 2010; Sherer, 2003). Regarding the cooling
effect of urban parks, the factors of location, size, shape index, and the
proportion and spatial configuration of different types of land cover
have been emphasized and recognized by many scholars (Akbari and
Kolokotsa, 2016; Hwang et al., 2015; Mikami and Sekita, 2009;
Spronken-Smith and Oke, 1998; Taleghani, 2018). In general, the size
of urban parks is positively related to the cooling effect, however, the
relationship is not linear and may even be exponential (Chang et al.,
2007; Hathway and Sharples, 2012; Hayder et al., 2016). Nevertheless,
some studies pointed out that, in a dense urban area, the cooling effect
of parks may be low or insignificant because of high anthropogenic heat
(Saito et al., 1990; Zoulia et al., 2008). Some studies even indicates that
small parks may behave as heat island due to the evolution of micro-
climatic conditions in such parks is much more unstable than in larger
parks, and that they may act as heat islands under specific conditions
(Chang et al., 2007; Santamouris et al., 2018; Xiao et al., 2018).

The effect of the park’s shape on the cooling effect is still con-
troversial. Studies have suggested that the cooling intensity of the park
is positively correlated with the complexity of the geometry, while
other studies argue that the shape index and the cooling intensity of
park showed a negative correlation (Monteiro et al., 2016; Peng et al.,
2016). In the city of Xi’an, Feng and Shi (2012) revealed that the
strongest cooling distance in urban parks occurred when the length-
width ratio is close to 1. In addition, the contribution of blue and green
spaces to the cooling effect of the park remains uncertain. Urban parks
often contain blue and green patches, and the cooling intensity of water
bodies is stronger than that of green space (Bowler et al., 2010; Lin
et al., 2015; Yu, 2018), but they also have the opposite result
(Gunawardena et al., 2017). Feng and Shi (2012) indicated that when
the proportion of water in a park exceeds 30 %, the cooling intensity
and extent are higher. While in the case of Nagoya, Cao et al. (2010)
found that the percentage of green vegetation and the shape index
maybe two important indicators for evaluating and predicting the
cooling effect of the park. Besides, the influence of vertical and hor-
izontal structures inside a park on the cooling effect is also uncertain
(Akbari and Kolokotsa, 2016; Santamouris, 2014), which need more
investigation.

The impact of urban parks is not only limited to the internal mi-
croclimate of the park but also affected by the surrounding environment
(Santamouris et al., 2018). In the city of Göteborg, Sweden found the
maximum difference in summer temperature between the park and the
surrounding built-up area was 5.9 °C, and the cooling distance reached
more than 1.1 km from the park border. In a case in Mexico, it was
shown that the cooing distance reached more than 2 km; while in the
tropic city of Singapore, a 1.3 °C difference in the average temperature
was observed around the parks (Jauregui, 1991; Konarska et al., 2015;
Lin et al., 2015; Upmanis et al., 1998; Yu and Hien, 2006). All of these
studies indicate that the latitude and local background climate condi-
tions are significant factors in the cooling effect, but so far there is no

Z. Yu, et al. Urban Forestry & Urban Greening 49 (2020) 126630

5



clear pattern and conclusion to distinguish the contributions of these
factors to the cooling effect of parks (Yu et al., 2018b).

Besides, the threshold-size of urban parks to gain maximum cooling
efficiency has been reported. For instance, A study by Cheng et al.
(2015) reported that large parks do not have many advantages over
small ones in the efficiency of cooling the surrounding temperature,
which is also supported by other studies reporting that the size of the
park has a threshold value in terms of its cooling efficiency (Mikami
and Sekita, 2009; Yu, 2018). The cooling efficiency of urban parks will
drop significantly after exceeding this threshold, which has implica-
tions for urban park planning and management (Cheng et al., 2015).
Generally, at present, there are still many uncertainties in the research
of the cooling effect of urban parks, particularly in the threshold-size
identification and the optimal proportion of blue and green space.

3.3. The most influencing factors to controversial results

As we all know, city is a human-oriented complex ecosystem, and
the UHI effect and the cooling effect of the urban blue-green space are
affected by many factors (Forman, 2014; Manoli et al., 2019; Yu et al.,
2019c). On the other hand, most of the current researches on the
cooling effect of blue-green space and threshold-size-based studies are
specific-case-based as we analyzed above; and it could lead to con-
troversial results due to different backgrounds contexts (natural and
socio-economic conditions) in different cities. This is one of the most
challenging factors that we cannot avoid.

In addition to that, there are other significant influencing factors to
the controversial results as follows. Many previous studies have shown
that different definitions of UHI lead to different results on the UHI
(intensity) effect, which is one of the most serious challenges in asses-
sing the UHI effect (Oke et al., 2017; Stewart and Oke, 2012). (1) Si-
milarly, the definition of the cooling effect (and threshold-size) of the
urban blue-green space leads to different controversial results (detailed
information please see Appendix A). For instance, Cao et al. (2010) used
the fixed buffer of 500 m to evaluate the cooling effect of a city park.
Lin et al. (2015) proposed that the calculation of the cooling extent of
green spaces as the calculation of the basin of a lake, and the cooling
extent of the green space is similar to the catchment area of the lake.
Chang et al. (2007) defined the cooling extent as the distance of one
park width (equal to the square root of the park’s area) away from the
park. Yu et al. (2018b) proposed and defined the cooling effect (cooling
intensity, extent, efficiency, and TVoE) of blue-green space from the
concept of the Law of Diminishing Marginal Utility. Therefore, the defi-
nitional differences must be reviewed very carefully when we are doing
the analysis. (2) The use of different temperature data (i.e., air tem-
perature and land surface temperature) can lead to controversial re-
sults. For instance, unlike the air temperature measured by the weather
station, LST is retrieved by RS image and it can simulate the sensible
heat flux (RS is not available to capture latent heat flux). Furthermore,
through literature analysis, we found that research based on air tem-
perature generally believes that the cooling effect of the tree is better
than that of water (O’Malley et al., 2015; Qiu et al., 2017). However,
LST-based studies found the opposite results (Du et al., 2016; Yang
et al., 2020; Yu et al., 2015). Hence, it is necessary to consider the data
source used and the difference between air temperature, surface tem-
perature, land surface temperature, sensible and latent heat to distin-
guish the controversial results when we discuss and compare these re-
sults. (3) The resolution of the data used (scale effect) can also lead to
controversial results (this influencing factor will be discussed in section
4.3) (Luan et al., 2020). (4) Background climate is increasingly re-
cognized as an important factor leading to different results (Manoli
et al., 2019; Zhao et al., 2014). Most of the relevant research in the past
were based on different cities in different climate zones. Due to the
differences in specific conditions of different cities, for example, the
effects of landscape pattern (composition and configuration) on cooling
effect are different; and this can be explained from the climate zone

scale (Oliveira et al., 2011; Yu et al., 2018b; Zhou et al., 2018).
In short, through inductive analysis of the literature, the study re-

vealed that the above-four-cases are the most influencing factors
leading to controversial results, which requires us to consider further
when conducting such research.

4. Discussion and prospect

In order to alleviate the UHI effect, many cooling techniques have
been studied, such as the application of alternative surface materials
and colors in buildings (e.g., cool/green roof, cool walls, and cool
coating/pavement) (Akbari and Kolokotsa, 2016; Gilbert et al., 2016;
Hoag, 2015; Rosenfeld et al., 1998; Santamouris, 2014; Solcerova et al.,
2017). However, many recent studies claimed that urban blue-green
space constitutes a better solution than the use of cooling materials
because they are more cost-effective, environmentally benign and po-
litically acceptable (Byrne and Jinjun, 2009; Martins et al., 2016;
Taleghani, 2018). Furthermore, Wu (2014) and Grimm et al. (2013)
argued that global sustainability depends critically on cities and that
urban ecology can – and needs to – play a fundamental role in the
transition toward sustainability. At the same time, landscape is the most
appropriate scale for studying sustainability science and can serve as a
junction to achieve urban sustainable development (Wu, 2013).
Therefore, in this paper, we systematically explored the previous urban
cooling effect studies of waterbodies, greenspace, and urban park, and
we suggested that more attention should be paid to quantify the
threshold-size (TVoE) that can use the smallest blue-green space to
achieve the optimal cooling effect. In order to further understand the
threshold-sized related cooling effect studies, some challenges and
prospects are discussed in the following section.

4.1. The basic framework proposed for cooling effect (TVoE) study

Generally, it is suggested that urban cooling effect studies at the
landscape scale follow the general principles of landscape ecology
(Forman, 2014). Combined with this, a basic framework for urban
cooling effect study and to find controversies and uncertainties has
been established, as Fig. 2 shows. The first step of the urban cooling
effect study is to find the threshold-size of urban blue-green space (how
to calculate threshold-size (TVoE), please see (Le et al., 2019; Yu et al.,
2017, 2018b), as well as to determine the potential influence factors
that affect the threshold-size of urban blue-green space (Fan et al.,
2019). The pattern-process-scale diagram is one of the basic principles
of landscape ecology, which needs to be considered. This also needs to
be highlighted in the second step. The outer dotted circle indicates
other (potential) influencing factors on the cooling effect, which are
reported to affect the cooling effect significantly, as stated previously.
E.g., latitude and longitude, urban form and building density, zonal and
temporal variation, landscape components, and configuration (Akbari
and Kolokotsa, 2016; Hathway and Sharples, 2012; Konarska et al.,
2015; Zhao et al., 2014). For example, Murakawa et al. (1991) and
Shashua-Bar et al. (2000) found that wind speed could significantly
influences the cooling effect of green space and that the altitude of
green space is a huge influencing factor on the cooling effect at night
time (Kuang et al., 2015). Zhou et al. (2017) and Peng et al. (2016)
investigated the difference in the cooling effect between landscape
composition and configuration. However, there is still quite a lot un-
certainties regarding the above-mentioned potential factors; therefore,
further understanding the cooling effect requires analysis of this system
in a holistic manner. Moreover, external drivers – climate change, ur-
banization, and urban planning – which are represented by the outer
circle, are the three main driving factors that affect the urban thermal
environment.

To summarize, in the framework of cooling effect studies (that can
guide a new study), we suppose that determining the threshold-size of
blue-green space is the most important (basic) step (step 1). Seeking out
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and quantifying the influencing factors (such as mentioned above) of
blue-green space is a critical and difficult step (step 2). A comparative
study is the next necessary step to detect the differences and the general
pattern of the cooling effect of urban blue-green space (step 3).
Afterward, interdisciplinary analysis is needed to promote and
strengthen the urban cooling effect study. This framework is an open
system, the research logic of this process is from a single factor to
multiple factors, and from certainty to uncertainty. Meanwhile, the
pattern-process-scale diagram, as well as the three key drivers, should
always be considered.

4.2. The implication and uncertainties of cooling effect (threshold-size)
studies

There are many studies addressing the cooling distance and in-
tensity of urban blue and green space patches. Chang et al. (2007); Cao
et al. (2010), Sun and Chen et al. (2012), Lin et al. (2015); Du et al.
(2016), all proposed methods and indicators to express the degree of
temperature reduction, and the distance of the cooling effect from the
cooling patches. However, the cooling efficiency and so-called
threshold value of efficiency (TVoE) of urban blue-green space has re-
ceived little attention and is still in its infancy, although Yu et al.
(2017); Yu (2018), and Fan et al. (2019) defined and expressed the
urban cooling effect, which includes the cooling extent, intensity, effi-
ciency, and TVoE. With the rapid urbanization and urban development,
urban blue-green space is decreasing dramatically, but urban built-up
land is rapidly increasing. However, urban blue and green land cover

types must have an appropriate share of the land cover to maintain the
health and balance of the urban ecosystem (Bernales et al., 2016; Foley
et al., 2005; Hwang et al., 2015; Jaganmohan et al., 2016). Based on the
above analysis, we suggest that TVoE-based research could be a new
pathway and approach to this issue.

In addition, many uncertainties and conflicting results regarding the
cooling effect of blue-green space have been considered due to the
specific contexts of the case cities (Akbari and Kolokotsa, 2016;
Taleghani, 2018; Yang et al., 2017; Zhou et al., 2017). To further un-
derstand the cooling effect and TVoE of blue-green space, studies from
cities are needed on a global scale to identify uncertain factors. For
instance, Oliveira et al. (2011) and Zhao et al. (2014) found that the
high cooling effect of green space is most likely associated with low
humidity levels and high values of evapotranspiration. Yu et al. (2018b)
also revealed that the local background climate strongly contributions
to the cooling effect of urban green vegetation. Therefore, climate-zone-
based studies are critical to further understand the cooling effect and
uncertainties. However, it must be pointed out that quantifying the
components of the cooling effect (e.g., cooling extent, intensity, gra-
dient, maximum cooling area, and TVoE) is a prerequisite for com-
parative studies.

4.3. The scale, size, and time sequence need to be addressed in threshold-
size determination studies

Studying landscape structures and functions require information at
several scale levels. This means that the scale and size are important

Fig. 2. The basic framework of urban cooling effect (threshold-size) study.
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subjects in landscape ecology (Bernales et al., 2016; Kuang et al., 2015;
Wu, 2004). The space and regularity of the cooling effect at different
spatial and temporal scales are not the same, which is often ignored in
relevant studies (Ma et al., 2016). The pattern of the cooling effect at
the same scale may not be applicable at another scale, and the pattern
may require validation (Luan et al., 2020; Yu et al., 2015). For instance,
many of the current urban cooling effect studies are satellite imagery-
based data acquisition, and the resolution of the images is different. As
a consequence, the results obtained at different spatial resolutions are
not the same, and the resolutions of images can have a significant im-
pact on the results. Therefore, attention should be paid to the scale
issues in cooling effect studies (Schatz and Kucharik, 2016). The time
sequence should also be considered. For example, in cooling effect
studies of water bodies, we can use time sequences to obtain more
precise sampling at sites with the same physical conditions. If 10 years’
worth of waterbody data in a specific city is sampled, the time sequence
adds up to 500 samples, if this city has 50 waterbody samples. After-
ward, more accurate TVoE would be obtained. If we use drone remote
sensing (DRS) technology, time sequences would especially help to
diminish bias and further understanding of the laws and patterns of the
cooling effect of blue-green space.

4.4. DRS technology and the PWE method need to be employed to
distinguish the difference of cooling effect (TVoE) studies

As discussed above (section 2), there are a lot of approaches and
means of data acquisitiontools in urban thermal environment studies.
Data acquisition instruments, such as field measurements, weather
monitoring, remote sensing, and model simulations all have their ad-
vantages and limitations (Shahbazi et al., 2014; Tang and Shao, 2015).
One of the most significant differences between the studies of the urban
cooling effect and UHI effect based on a landscape scale is that the
cooling effect related study aims to quantify the threshold-size (TVoE)
of water bodies, green spaces, and parks to guide sustainable climate
adaption planning and management. This means that accurate and
timely data is essential; yet, almost no studies report the use of DRS
techniques. Therefore, we suggest that the new approach of DRS could
be the leading platform for urban cooling effect studies in the future,
and that this technique could enable a further understanding of the
controversies and uncertainties in urban cooling effect studies. In ad-
dition, in order to better understand and explain the differences in
different cities and to discover the key factors, internal mechanisms,
and the general laws of the cooling effect, the idea of the paired wa-
tershed experiment (PWE) would be introduced to acquire a deeper
understanding of the cooling effect and TVoE. The PWE is an efficient
method for quantifying the hydrologic effects of land use and man-
agement practices by concurrently monitoring two neighboring wa-
tersheds (a control and a treatment) during the calibration (pre-treat-
ment) and post-treatment periods (Ssegane et al., 2015). According to
PWE, for instance, cities with the same natural conditions and devel-
opment patterns (e.g., longitude and latitude, temperature, rainfall, the
sunshine, wind direction, etc.) can be selected for comparative studies.
Afterward, the relevant factors (i.e., the size, shape, and TVoE of blue-
green space) can be chosen for a comparison of the similarities and
differences in order to identify the critical factors and patterns of the
cooling effect.

4.5. Coupling analysis is needed to further urban cooling effect (threshold-
size) studies

The city is an open complex giant system with a nonlinear and high
degree of uncertainty, which also follows the same system-inherent
laws (Allen, 1997; Qian et al., 1993). The study of urban cooling effect
should combine natural sciences and social sciences as well as synthe-
size interdisciplinary research. For instance, the relationships between
the perceived air temperature, air humidity, cooling effect, and public

health are still unclear (Klinenberg, 2015; McDonald et al., 2016; Paul
and Meyer, 2001), as well as the contributions between the natural
surface and anthropogenic heat emission (Sun et al., 2018). The be-
havior of urban residents still needs to be further investigated. For in-
stance, the increasing use of air conditioning may increase the edge
effect between built areas and green space (Huang and Cadenasso,
2016). The use of irrigation relieves the heat stress in private and public
gardens under dry or arid climate conditions, but this effective cooling
effect puts tremendous pressure on water resources, which requires
further investigation (Barradas et al., 1999; Spronken-Smith and Oke,
1998).

The coupling analysis between the cooling effect of blue-green space
and the socioeconomic consequence is essential. Coupling analysis may
be used to identify the causal relationship between energy consumption
and air quality improvement. For instance, related studies have shown
that urban blue-green space can imply a reduction in energy con-
sumption, especially during the summer, and hence reduce emissions of
pollutants, ultimately improving the air quality (Lin et al., 2011). A
simulation experiment showed that planting a tree next to a house
could reduce the annual energy consumption of air conditioners by 53
%, although it depends on the size of the tree (Akbari et al., 2001;
Demuzere et al., 2014; Rosenfeld et al., 1998). The psychological and
social significance of thermal comfort has been studied extensively as a
response to the increasing number of extreme heatwave events
(Santamouris et al., 2018). For example, a study by Sherer (2003)
pointed out that more city parks and open spaces would be conducive to
the physical and mental health of urban residents (Nicholls and
Alexander, 2007). All in all, more attention should be paid to coupling
analysis with multiple factors to promote and strengthen urban cooling
effect related studies.

5. Concluding remarks

Due to the rapid process of urbanization and climate change, the
UHI effect has become one of the most significant climatic phenomena
of urban areas worldwide, and the urban blue-green space has been
increasingly recognized as a promising option for alleviating the ad-
verse effects of climate change in urban areas. Based on the concepts of
the cooling effect and TVoE, this paper reviewed and analyzed the
current studies on the cooling effect of urban blue-green space. We
emphasize the controversies and the potentially influential factors that
still need to be addressed, We also found that blue-green space’s cooling
effect regarding the size, shape, connectivity, complexity (composition
and configuration), seasonal and diurnal difference, latitude and cli-
mate difference, etc., and highlighting the implication of TVoE-related
study. Specifically, for urban water bodies, the key factors that affect
the cooling effect need to be paid more attention; the structure of urban
green space, including the component and configuration, should also be
considered; and, for the urban park, the optimal proportion of blue-
green space needs to be addressed. Blue-green space is limited in urban
areas, hence quantifying the threshold-size (TVoE) and optimal spatial
pattern of blue-green space is critical for decision makers and action-
able climate adaption planning and management. Besides, to seek out
the uncertainties and controversies, new technology (drone remote
sensing) and methodology (paired watershed experiment), as well as
climate-zone-based study, are suggested.
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