
Citation: Li, J.; Wang, H.; Cai, X.; Liu,

S.; Lai, W.; Chang, Y.; Qi, J.; Zhu, G.;

Zhang, C.; Liu, Y. Quantifying Urban

Spatial Morphology Indicators on the

Green Areas Cooling Effect: The Case

of Changsha, China, a Subtropical

City. Land 2024, 13, 757. https://

doi.org/10.3390/land13060757

Academic Editors: Marco Marchetti

and Thomas Panagopoulos

Received: 17 April 2024

Revised: 13 May 2024

Accepted: 21 May 2024

Published: 28 May 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

land

Article

Quantifying Urban Spatial Morphology Indicators on the
Green Areas Cooling Effect: The Case of Changsha, China,
a Subtropical City
Jiang Li 1,2,3 , Hao Wang 1,2,3, Xiaoxi Cai 4 , Shaobo Liu 1,2,3,*, Wenbo Lai 5,*, Yating Chang 1,2,3, Jialing Qi 1,2,3,
Gexuan Zhu 1,2,3, Chuyu Zhang 1,2,3 and Yudan Liu 1,2,3

1 School of Architecture and Art, Central South University, Changsha 410083, China; lijiang@csu.edu.cn (J.L.);
wanghao-@csu.edu.cn (H.W.); yatingchang@csu.edu.cn (Y.C.); jialingqi@csu.edu.cn (J.Q.);
221311065@csu.edu.cn (G.Z.); 221311061@csu.edu.cn (C.Z.); ydt123@csu.edu.cn (Y.L.)

2 Hunan Provincial Key Laboratory of Low Carbon Healthy Building, Central South University,
Changsha 410083, China

3 Key Laboratory of Ecology and Energy Saving Study of Dense Habitat, Ministry of Education,
Shanghai 200092, China

4 School of Art and Design, Hunan First Normal University, Changsha 410205, China; xiaoxi@hnu.edu.cn
5 School of Architecture, South China University of Technology, Guangzhou 510006, China
* Correspondence: liushaobo@csu.edu.cn (S.L.); laiwb@scut.edu.cn (W.L.)

Abstract: Green city areas are crucial in mitigating the Urban Heat Island Effect (UHI). However,
the cooling effect of green city areas can be influenced by the surrounding complex urban spatial
environment. This study focuses on Changsha, a subtropical city in China, where 40 green city
areas were screened and analyzed. The study aims to quantify the specific impact of urban spatial
morphology on the cooling effect of green city areas. Through statistical correlation and regression
analysis, this study focused on six urban spatial morphology indicators: building density (BD),
building floor area ratio (BFR), building volume density (BVD), building evenness index (BEI),
building average height (BH), and building height standard deviation (BSD). The results indicate that
the cooling effect of green city areas could be influenced by urban spatial morphology. Factors such
as BD, BFR, BH, and BSD were found to be significantly correlated with the cooling effect of green city
areas, with BH showing the strongest influence. BD and BFR were negatively correlated, while BH
and BSD were positively correlated. The range values of BD, BFR, BH, and BSD were determined to
achieve the optimal conditions for the cooling effect of green city areas. Additionally, the relative
position of the green city areas in the neighboring urban areas affects the cooling effect of the green
city areas. The cooling effect is most pronounced in the urban area situated to the south of the green
city areas. These findings provide a solid foundation for urban planning around green city spaces
and offer scientifically sound evidence for mitigating the UHI.

Keywords: remote sensing; green city areas; urban environment; cooling effect; urban heat island;
urban spatial morphology

1. Introduction

Along with the sustained improvement of human society and economy, the process
of urbanisation has been accelerated, the urban population has increased dramatically,
and urban land resources have been reduced year by year, which makes the global warming
phenomenon more serious. Also, the surface temperature has been rising continuously,
which has led to a profound change in the urban thermal environment [1–3], which is
now a common problem in cities worldwide [4–7]. Changes in the city’s thermal environ-
ment decrease the amount of heat dissipated by the city, and also generate, store, absorb,
and retain excess heat, resulting in higher temperatures in urban areas than in suburban
areas, exacerbating the UHI [8,9]. Simultaneously, with the evolution of the city’s thermal
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environment, the health of inhabitants and the quality of their living environment will face
far-reaching impacts [10,11], which will result in a chain of issues such as reduction in the
thermal comfort of urban residents [12], the increases in urban energy consumption, and
the destruction of ecosystem diversity [13,14]. Therefore, the present study of the thermal
environment of the city is very significant to the mitigation of a changing climate. Therefore,
coping with the UHI brought about by municipalisation and climate change has become
a significant challenge for current urban development [15–17], and practical mitigation
measures need to be sought.

As an important portion of the ecological infrastructure for cities, green city areas can
help to lower surface temperatures, significantly mitigate the heat island effect and reduce
air pollution caused by heat waves [18,19]. Green city areas can also become important habi-
tats that support urban biodiversity [20], having an “oasis effect” [21,22], thereby improving
the living environment of citizens and providing important support for sustainable urban
development [23]. Since the natural conditions of different regions vary greatly, the study
of green city areas in different cities is necessary to improve the ecological environment
for cities. Numerous studies have shown that green city areas, whether artificially planted
or naturally formed, can influence the local urban microclimate through the regulation
of shading, transpiration, and photosynthesis of the vegetation canopy, thus effectively
regulating temperatures of the surrounding air and alleviating the UHI [24–26]. According
to extensive field measurements, the temperature of green city areas is generally lower
than that of other surrounding urban land and built-up areas [27–29], and demonstrate
the cooling effect of green city areas on air temperatures [29–31]. Thus, green city areas
have significant advantages in reducing the UHI. Meanwhile, in the study of green city
areas and UHI [32], the effective cooling distance of green city areas is a key indicator for
evaluating the effectiveness of green city areas in mitigating the UHI [33,34]. Therefore,
accurate estimation of the range of green city areas cooling is crucial. With the development
of remote sensing technology, there is a large number of studies on obtaining surface
temperature through satellite remote sensing images [25,35], and at the same time, surface
temperature has a significant advantage in describing the overall thermal environment of
the city, so it is feasible to utilize surface temperature to measure the cooling effect of green
city areas [36,37]. This present study of measuring the range of green city areas cooling,
the advantages of stability, accessibility, and urbanisation of surface temperature considers
it a widely used indicator to evaluate the cooling effect of green city areas by measuring
its changes [38–40]. It is important to note that the cooling distance of green city areas is
affected by the complex environment in which they are located, and the cooling distance of
green city areas varies by city.

Much of the literature demonstrates that the cooling effect of green city areas is af-
fected by several factors, and these factors have two main aspects: internal factors and
external factors. Most of the current research focuses on internal factors, which mainly refer
to the number and spatial properties of the green city areas themselves. The greater the
number of green city areas, the more pronounced the cooling effect on the city, and large
contiguous green city areas can form a favourable cold island effect, thus effectively reduc-
ing the temperature of the surrounding environment [41]. In addition, the patch size and
shape of the green city areas will also affect its favourable cooling effect [42]. Meanwhile,
the vegetation characteristics and landscape structure of the green areas will impact its
cooling effect [43]. In addition to internal factors, the cooling effect of urban green city areas
is affected by external specific considerations such as the morphologic characteristics of
the surrounding city, land cover characteristics, and skyscape factors [4,44–46]. Therefore,
it is valuable to explore the external specific factors affecting the cooling effect of green city
areas. With the continuous improvement of urban built-up areas, green city areas have been
surrounded by urban buildings, and urban buildings have become important influencing
considerations affecting the cooling effect of green city space. The thermal environment
change of green city areas will be affected by the type combination and arrangement layout
of the surrounding buildings [47], and simultaneously, the block ventilation constituted by
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the buildings around the green city areas helps strengthen the urban green space cooling
effect [48]. However, most current studies focus on the passive cooling effect of green city
areas on surrounding buildings in cities [49,50], and the related aspects of building energy
consumption [51,52]. There are fewer studies on the influence of the spatial form of the built
environment around green city areas on the cooling effect, and there is a lack of complete
and specific indicators to quantify the urban spatial form [53].

To summarise, most of the previous studies are based on these characteristics indi-
vidually, and few of them are based on an integrated and comprehensive perspective for
assessment, In contrast, few previous studies have specifically quantified urban spatial
morphology indicators to derive specific strategies that are more applicable. Notably,
the rapidly developing Chinese megacities are facing increasingly serious climate and
environmental problems, and the results and findings of previous studies may not apply
to China’s climate zones. Therefore, this study focuses on quantifying the effect of urban
spatial morphology indicators for the green city area cooling effect to assess the optimal
urban spatial morphology indicator values, analyse the spatial distribution characteristics
of the thermal environment in Changsha, a typical subtropical city, through surface inver-
sion, and analyse the cooling effect and the cooling range existing in the green city area
through the fitting. By fitting and analysing the cooling effect and cooling range of green
city area, we quantified the relationship between the cooling effect and spatial morphology
indicator to obtain the most favourable urban spatial morphology indicator values for the
diffusion of the cooling effect of green city area. The results are very informative for urban
policymakers, which can help them improve the living environment and comfort of urban
residents, as well as mitigate UHI.

2. Materials and Methods
2.1. Study Area

The city chosen for this study is Changsha (Figure 1). Changsha is the capital of Hunan
Province, China. It has a typical subtropical monsoon climate, mountainous and hilly
topography, hot summers, and many high-temperature days. Therefore, it is crucial to study
the distribution particularities of the summer thermal environment spatial morphology
in Changsha and the cooling effect of green city areas on the spatial morphology of the
surrounding cities. Concurrently, this study focuses on exploring the relationship between
green city areas and urban spatial form indicators, and thus selects a central area of well-
constructed cities, the Changsha City Ring Road, as the research boundary to examine the
core built-up areas within the third ring road of Changsha City.
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2.2. Data Processing for Remote Sensing

Presently, high spatial resolution remote sensing (RS) has been widely used in urban
thermal environment research. Therefore, this study acquired research remote sensing data
based on Landsat 8 series satellites (the longest-running Earth observation satellites), with a
resolution of 30 m, captured in the summer when the UHI was significant, on 17 August
2019. Next, the remote sensing images were pre-processed using ENVI5. Three software
packages for geometric correction, radiometric calibration, atmospheric correction, crop-
ping, and other pre-processing were used to invert the surface temperature, then combined
with the single-window inversion method for obtaining the surface temperature readings
of downtown Changsha. Additionally, they were used to analyse the characteristics of
the geographic distribution of the environmental temperature spatial morphology in the
subtropical city of Changsha from the perspective of the spatial morphology at the surface.
Figure 2 illustrates Changsha’s surface temperature inversion data on 17 August 2019.
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Figure 2. Surface temperature distribution of Changsha City is based on a single window algorithm.

2.3. Green City Areas Sample Selection

The cooling effect of green city areas is affected by the diversity and complexity of
the environment in which they are located; therefore, when selecting the green areas in
Changsha city center as a sample, we aimed to select the patches with significant differences
in the shape of the green city areas as much as possible, to better study the role of green
city areas in reducing temperature and analyse the influencing factors. Therefore, the
normalised vegetation index (NDVI) was used to extract urban green patches; it is the most
accurate indicator of plant development status and vegetation cover. It is frequently used to
detect plant development status and cover and remove localised radiation errors [33,54,55].
Meanwhile, to eliminate cooling impact relationships between green areas or between green
areas and water bodies and to increase the analysis’s trustworthiness, we referred to the
screening conditions for green city areas in related papers [56,57], with the establishment of
the following rules for the selection of urban green area examples based on high-resolution
Google Earth imagery, as Figure 3 illustrates: (1) green area samples were chosen to vary in
size from their current state; (2) the vegetation cover of the sample of green areas chosen
should be greater than 80%; and (3) the samples of green areas chosen have no water
bodies within them and should be over two hundred meters distant from additional green
areas or water bodies. Finally, because this study focused on urban spatial morphology
indicators, greenspace samples far from the built-up areas of urban centres were excluded
based on a visual explanation of the corresponding high-resolution Google Earth satellite
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images and field surveys of subsurface characteristics. Based on these principles, a total of
40 green areas in city samples satisfying the requirements of this study were screened, and
the geographic distribution maps of the green area samples in Changsha were created by
superimposing the green city areas sample boundary maps with the surface temperature
inversion maps (Figure 4).
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2.4. Urban Spatial Morphology Indicators

This study focuses on quantifying urban spatial morphology indicators on the green
areas’ cooling effect, due to the correlation between many spatial morphology indicators to
comprehensively and thoroughly reflect the characteristics of urban spatial morphology
and to reduce redundant information. Referring to previous studies and relevant con-
cepts based on urban form indicators [58–60], six urban spatial morphology indicators
were selected to express the urban spatial morphology around the green city areas in
Changsha (Table 1). They include building density (BD), building floor area ratio (BFR),
building volume density (BVD), building evenness index (BEI), building average height
(BH), and building height standard deviation (BSD). In addition, the relative positions
of the buildings were considered. These indicators can comprehensively reflect the spa-
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tial morphological characteristics of the city and can be used as adjustment objects for
mitigating urban heat islands. Simultaneously, the three-dimensional spatial information
of Changsha City Centre was obtained through the Baidu map and combined with field
measurements and the city street map, including city streets, building heights, BD, BFR
and other urban spatial data, and the distribution of urban spatial morphology Indicators
in Changsha City Centre was mapped in ArcGIS (Figure 5); ESRI, Redlands, CA, USA.

Table 1. Summary table of urban spatial morphology indicators.

Spatial Morphology Indicators Definition Thermal Environmental Significance

Building Density (BD) The ratio of building base area to surface
area per unit in a spatial unit Ratio

Affects surface radiation Heat gain, local airflow,
and heat dissipation

Building Floor Area Ratio (BFR) The ratio of gross floor area to building
land area in a spatial unit

Affects surface radiation Heat gain, local airflow,
and heat dissipation

Building Volume Density (BVD) The ratio of building volume to the total
volume within a space unit

Affects surface radiation surface radiation, localized
Convective heat dissipation in localized areas

Building Evenness Index (BEI)
The ratio of standard deviation of
building volume to site area within a
space unit

Affects surface radiation surface radiation, localized
Convective heat dissipation in localized areas

Building Average Height (BH) The average height of a building within a
space unit

Affects localized Convective heat dissipation in
localized areas

Building Height Standard
Deviation (BSD)

Height of all buildings in the space unit
Standard deviation

Affects localized Convective heat dissipation in
localized areas
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Figure 5. Distribution of Changsha’s urban spatial morphology (BD, BFR, BVD, BEI, BH, and BSD).

3. Results
3.1. Explanation of the Scope for Green City Area Cooling

In the present study, the cooling distance of green city areas is the maximum distance
that the green areas can mitigate the UHI. In contrast, the cooling magnitude of green city
areas is the difference in temperature within the cooling distance of the green areas, and
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these two data are important indicators for assessing the cooling effect of green city space.
It would depend on the resolution of the remote sensing satellite images used in the study
and the magnitude of the green city areas; firstly, 10–30 buffer zones were established at
30-metre intervals starting from the edges of selected green city area patches. Next, the
change rule of the temperature within 300–900 m of the green city areas was summarised by
overlaying the above surface inversion temperature dispersion map with the buffer zones.
Finally, we calculated the average surface temperature of each annular buffer to fit a cubic
function to the cooling distance versus the average temperature. As Figure 6a illustrates, in
terms of cooling distance and average temperature, the cubic function law is demonstrated
by the fitted results. With the increase in cooling distance, the cubic polynomial curve
shows a tendency of rising, then falling, and then rising, which rises and falls obviously in
the first 480 m cooling distance. At the same time, it shows irregular changes in the last
480 m cooling distance, and its overall fitted R2 value is 0.72539.
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Figure 6. (a) Schematic illustration of the cooling impact morphology of green areas within a 1000-m
radius; (b) schematic illustration of the cooling impact morphology of green areas within a 480-m radius.

Additionally, the fitted curves had a weak match with the data scatter, and related
studies proved that the green areas’ cooling range was generally 100–200 m [40,61]. Refer-
ring to several references, it was found that most of the buffer zones established in previous
studies were 300–500 m [55,62–64]. Therefore, the fit results could be further optimised.
In summary, in this study, the cooling distance of 480 m was selected as the final study
range. By fitting the cubic function of the cooling distance to the average temperature, the
fitted results were obtained, as shown in Figure 6b. The fitted R2 value was 0.79094, which
is a significantly better fit.

Next, by further analysing the fitted cubic polynomial, the first turning point in the
fitted curve was taken as the maximum cooling effect distance of the green areas samples
in this study and expressed by Dmax, and then by calculating the cubic polynomial,
the temperature of the maximum cooling effect distance of the green areas samples was
obtained and expressed by Tmax. At the same time, the 40 greenfield samples were fit
separately to obtain the maximum cooling distance and the corresponding temperature
for each greenfield sample. Finally, the cooling magnitude was obtained by calculating the
difference between Tmax and the temperature at the maximum cooling distance of each
green area sample, denoted by ∆t. The average Dmax of the 40 green city areas samples
was 180.8018 m, the average Tmax was 40.5820 ◦C, and the average ∆t was 0.6702 ◦C.
The cooling impact distance of the area around the Star City green areas on Huangxing
Avenue was the largest, 509.3994 m, while the cooling impact distance of the area around
the Changsha University of Science and Technology’s Jinbengling Campus green areas was
the smallest, 62.0420 m; the cooling amplitude of the surrounding area was the largest in
the Star City green areas on Huangxing Avenue, 2.3260 ◦C, while the temperature drops
around the green area of the Central South University’s Tiedao Campus was 0.0355 ◦C.
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3.2. Analysis of the Influencing Factors of Urban Spatial Morphology on the Cooling Effect of
Green City Areas

This study primarily quantified the effect of urban spatial morphology indicators on
the green city space cooling effect, so Pearson correlation analyses were conducted between
the six urban spatial form indicators and the cooling magnitude within each green area’s
cooling range (Table 2). The structure shows that BD, BFR, BH, and BSD were significantly
correlated with the green city areas cooling effect, BD and BFR show negative correlation,
BH and BSD show positive correlation, and the correlation between BVD and BEI and the
cooling impact of green areas in cities was not significant. Therefore, it is necessary to carry
out a more in-depth study on the urban spatial morphology indicators BD, BFR, BH, and
BSD, based on the correlation, fitting, and quantitative analyses of the grouping, to explore
what kind of relationship exists between the urban spatial morphology and the magnitude
of the cooling of the green areas, as well as to determine the range of values of the four
urban spatial morphology indicators that are favorable to the cooling impacts of the green
areas and try to explain these results.

Table 2. Correlation between urban spatial morphology indicators around green areas and tempera-
ture decrease range.

BD BFR BVD BEI BH BSD

Temperature drop range
Pearson correlation −0.458 ** −0.327 * −0.225 −0.145 0.426 ** 0.341 *

Significance (2 tailed) 0.003 0.039 0.163 0.373 0.006 0.031
Number of cases 40 40 40 40 40 40

** Correlation is significant at the 0.01 level (2-tailed). * Correlation is significant at the 0.05 level (2-tailed).

3.2.1. The Effect of the Building Density on the Cooling Impact of Green Areas

BD is a parameter that quantifies the ratio between the area occupied by the base
of a building and the surface area of a unit of space, thus reflecting the coverage of the
building on the ground, and is an essential indicator of the level layout characteristics of
a built-up area. As different building types are distributed within the same area and have
different heights and densities, it is impossible to visualise the overall effect of building
density on the cooling effect of green city space. At the same time, green city areas are
surrounded by rapidly urbanising buildings, which leads to the cold air from the green
areas being blocked by the buildings, which will change the trajectory of the cold air flow,
affect the diffusion efficiency of the cold air, and ultimately attenuate the green city space
cooling effect. Therefore, this study examines the urban spatial morphology indicator BD,
and by studying and analysing the data on the BD values and the magnitude of cooling
around the greenfield samples, we can conclude that there is a quantitative correlation
between them.

According to Table 2, the Pearson correlation coefficient between the mean BD and
cooling range of the 40 greenfield samples was −0.458 (P = 0.003 < 0.01), which indicated
that they showed a significant negative correlation. To explore the specific morphology of
change, next, the average BD value within the maximum cooling distance of each greenfield
sample was calculated and combined with the cooling range of each greenfield sample
as mentioned above, and the fitting analysis was performed, with the average BD value
as the dependent variable and the temperature drop range as the independent variable.
The results prove that, as shown in Figure 7a, the higher the building density, the lower the
cooling range, and the relationship between them can be described by fitting the curves
with a quadratic polynomial. This phenomenon suggests that the increase in building
density causes the reduction in the magnitude of temperature drop, while the next step is
to quantitatively analyse the specific range of values.

To ascertain the precise range of building density (BD) in the vicinity of green areas that
promotes a cooling effect, we employed BD as the basis for classification. We partitioned
all samples into seven groups based on intervals of 0.05 and then counted the average
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temperature drop range of the buffer zone around each group of green areas and derived
the statistical findings presented in Figure 7b. According to the results, temperatures in the
buffer area surrounding the green areas are the lowest, exceeding 1.0 ◦C, when the BD falls
within the range of 0.00 to 0.05. Therefore, this study proves that the smaller the building
density, the better the cooling effect created by its green areas.
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3.2.2. The Effect of the Building Floor Area Ratio on the Cooling Impact of Green Areas

BFR is a parameter that quantifies the ratio between the total area of above-ground
buildings per unit of space and the surface area per unit of space and is an important
indicator of the characteristics of the vertical layout of built-up areas. Meanwhile, the nu-
merical size of BFR reflects the intensity of land use and its utilisation efficiency, which is
crucial for measuring the intensity of urban construction land use. Due to the distribution
of different types of buildings within the same area, their heights and densities vary, and
it is not possible to visualise the overall impact of BFR on the green areas’ cooling effect.
Concurrently, when the cold air in the green city areas spreads in all directions, it will
be affected by the buildings in the perpendicular, which will change the trajectory of the
cold air flow and affect the efficiency of the cold air diffusion, and ultimately lead to the
attenuation of the cooling effect of the green areas. Therefore, this study examines the urban
spatial morphology indicator BFR, and by studying and analysing the data on the BFR
values and the magnitude of cooling around the greenfield samples, we can conclude that
there is a quantitative correlation between them.

According to Table 2, the Pearson correlation coefficient between the mean BFR and
cooling range of the 40 greenfield samples was −0.327 (P = 0.039 < 0.05), which indicates
that they show a significant negative correlation. To explore the specific morphology
of change, next, the average BFR value within the maximum cooling distance of each
greenfield sample was calculated and combined with the cooling range of each greenfield
sample as mentioned above, and the fitting analysis was performed, with the average
BFR value as the dependent variable and the temperature drop range as the independent
variable. The results prove that, as shown in Figure 8a, the higher the building floor area
ratio, the lower the cooling range, and the relationship between them could be described by
the curves fitting to a quadratic polynomial. This phenomenon suggests that the reduction
in the magnitude of the temperature drop is attributed to the increase in the building floor
area ratio, while the next step is to quantitatively analyse the specific range of values.

To ascertain the precise range of building floor area ratio (BFR) in the vicinity of green
areas that promotes a cooling effect, we employed BFR as the basis for classification. We par-
titioned all samples into five groups based on intervals of 0.5 and then counted the average
temperature drop range of the buffer zone around each group of green areas and derived
the statistical findings presented in Figure 8b. According to the results, temperatures in the
buffer area surrounding the green areas are the lowest, exceeding 1.0 ◦C, when the BD falls
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within the range of 0.0 to 0.5. Therefore, this study proves that the smaller the building
floor area ratio, the better the cooling effect brought by its green areas.
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3.2.3. The Effect of The Average Height of Buildings on the Cooling Impact of Green Areas

BH is a parameter that refers to the average value of the height of the ground portion
of a building in a certain unit of space and is an important indicator of a city’s level of
economic development and urbanisation. Due to the distribution of different types of
buildings within the same area, their heights and densities vary, and it is not possible to
visualise the overall effect of BH on the cooling effect of green areas. At the same time,
when the cold air in the green city areas spreads in all directions, it will be affected by the
building height, which affects the convection cooling effect of the local built-up area region,
and the higher the average height of the buildings means that the shaded area produced
by the building is larger, which has a stronger cooling effect on the outer surface of the
urban outdoor. Therefore, this study examines the urban spatial morphology indicator BH,
and by studying and analysing the data on the BH values and the magnitude of cooling
around the greenfield samples, we can conclude that there is a quantitative correlation
between them.

According to Table 2, the Pearson correlation coefficient between the mean BH and
cooling range of the 40 greenfield samples was 0.426 (P = 0.006 <0.01), which indicates
that they show a significant positive correlation. To explore the specific morphology of
change, next, the average BH value within the maximum cooling distance of each greenfield
sample was calculated and combined with the cooling range of each greenfield sample
as mentioned above, and the fitting analysis was performed, with the average BH value
as the dependent variable and the temperature drop range as the independent variable.
The results prove that, as shown in Figure 9a, the higher the average height of buildings,
the stronger the cooling range and the relationship between them could be described by
the curves fitting to a quadratic polynomial. This phenomenon suggests that the increase
in the magnitude of temperature drop is attributed to the increase in the average height of
buildings, while the next step is to quantitatively analyse the specific range of values.

To ascertain the precise range of the average height of buildings (BH) in the vicinity of
green areas that promote a cooling effect, we employed BH as the basis for classification.
We partitioned all samples into six groups based on intervals of 10, and then counted the
average temperature drop range of the buffer zone around each group of green areas and
derived the statistical findings presented in Figure 9b. According to the results, tempera-
tures in the buffer area surrounding the green areas are the lowest, exceeding 1.3 ◦C, when
the BH falls within the range of 50 to 60. Therefore, this study proves that the bigger the
average height of buildings, the better the cooling effect brought by their green areas.
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3.2.4. The Effect of The Building Height Standard Deviation on the Cooling Impact of
Green Areas

BSD is a parameter that refers to the height of all buildings in the space unit standard
deviation and is an important indicator of the complexity of the spatial form of a city’s
building stock. Due to the distribution of different types of buildings within the same area,
their heights and densities vary, and it is not possible to visualise the overall effect of BSD on
the cooling effect of green areas. At the same time, when the cold air in the green city areas
spreads in all directions, it will be affected by the building height standard deviation, which
in turn affects the convection cooling effect of the local built-up area region. Moreover,
the bigger the building height standard deviation, the more contrast and complexity of
the building in the vertical direction, which is more conducive to heat dissipation from
the UHI. Therefore, this study examines the urban spatial morphology indicator BSD,
and by studying and analysing the data on the BSD values and the magnitude of cooling
around the greenfield samples, we can conclude that there is a quantitative correlation
between them.

According to Table 2, the Pearson correlation coefficient between the mean BSD and
cooling range of the 40 greenfield samples was 0.341 (P = 0.031 < 0.05), which indicates that
they show a significant positive correlation. To explore the specific morphology of change,
next, the average BSD value within the maximum cooling distance of each greenfield
sample was calculated and combined with the cooling range of each greenfield sample
as mentioned above, and the fitting analysis was performed, with the average BSD value
as the dependent variable and the temperature drop range as the independent variable.
The results prove that, as shown in Figure 10a, the bigger the building height standard
deviation, the stronger the cooling range, and the relationship between them could be
described by the curves fitting to a quadratic polynomial. This phenomenon suggests
that the increase in the magnitude of temperature drop is attributed to the increase in the
building height standard deviation, while the next step is to quantitatively analyse the
specific range of values.

To ascertain the precise range of the building height standard deviation (BSD) in the
vicinity of green areas that promotes a cooling effect, we employed BSD as the basis for
classification. We partitioned all samples into five groups based on intervals of 10, and
then counted the average temperature drop range of the buffer zone around each group
of green areas and derived the statistical findings presented in Figure 10b. According to
the results, temperatures in the buffer area surrounding the green areas are the lowest,
exceeding 1.7 ◦C, when the BSD falls within the range of 40 to 50. Therefore, this study
proves that the bigger the building height standard deviation, the better the cooling effect
brought by its green areas.
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3.3. Analysis of the Influencing Magnitude of Urban Spatial Morphology on the Cooling Effect of
Green City Areas

After the quantitative analysis of the four urban spatial morphology indicators
(BD, BFR, BH, BSD), the size of the influence of different independent variables on the
dependent variable was further analysed through standardised regression coefficients to
explore the size of the influence of BD, BFR, BH, and BSD on the cooling effect of green city
areas, and the larger the absolute value of standardised regression coefficients, the greater
the influence of this independent variable on the dependent variable. According to the
results of the absolute value (Table 3), it can be found that 0.696 > 0.665 > 0.155 > 0.053,
so the results show that in these four urban spatial indicators, the average height of the
building has the most significant influence. In contrast, the difference in building height
has the least influence. Therefore, the average building height should be maximised in the
urban planning and design around the green city areas to better utilise the cooling effect of
the green city areas and improve the urban heat island effect.

Table 3. The magnitude of the effect of BD, BFR, BH, and BSD on the cooling effect.

Model
Unstandardized Coefficients Standardized Coefficients

t Significance
B Std. Error Beta

1 (Constant) 0.031 0.595 0.053 0.958
BD 1.084 3.885 0.155 0.279 0.782
BFR −0.730 0.498 −0.665 −1.464 0.153
BH 0.035 0.022 0.696 1.602 0.119
BSD −0.003 0.019 −0.053 −0.171 0.865

Dependent Variable: The cooling magnitude.

3.4. The Effect of Relative Position of Buildings on Cooling Impacts around Green Areas

The relative position of buildings is also an important index in the study of urban
spatial morphology, which is an important parameter that cannot be ignored in urban
construction and urban planning. Due to the construction planning of the city in different
periods, it is impossible to visualise the overall effect of the relative position of buildings
on the cooling effect of green areas. When the cold air in the green city areas spreads in all
directions, it will be affected by the wind direction and other factors in the urban built-up
area, which affects the convective cooling effect in the urban built-up area. Therefore, the
study investigates the relative positions of buildings around green city spaces. Additionally,
green city areas can lose their cooling effect when complex urban environments are present,
such as the urban spatial morphology indicators described in the previous section. It is
necessary to screen the green area samples to avoid, as much as possible, the negative
impact of complex factors on the study and to reduce the differences in the spatial morphol-
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ogy of buildings in the built-up area around the green areas. The selection of green area
samples should therefore meet the following two criteria: (1) the type of land in the range
of the maximum cooling effect of green area samples should be residential land, excluding
large-area industrial land (this is because the urban spatial morphology of residential land
are more varied and representative than those of industrial land, while industrial land
is often remote and has a single building function, and the heat generated by industrial
production will affect the accuracy of the study); (2) the type of land in the range of the
maximum green area samples should be multi-story buildings, and indicators of urban
spatial morphology should be similar as well (this is to further control for differences in the
study subjects, and multi-story buildings require avoiding the negative impact of extreme
situations, such as vacant lots and squares, on the study). According to the distribution
map of six urban spatial morphology indicators in Changsha, eight samples of eligible
green city spaces were selected and their average temperatures in four directions were
calculated (Table 4).

Table 4. The temperature of the surface of the green area sample varies in different directions.

Name
Average Temperature (◦C)

East West South North

Lujing Road green areas 40.81 41.97 39.79 40.93
Hunan Industrial Vocational Technical College green areas 39.03 41.64 40.99 38.97
Shahuqiao Road green areas 41.54 40.75 40.75 41.08
Gongyuanli community green areas 41.59 40.19 39.45 40.33
Changsha Furong District people’s government green areas 40.87 40.26 40.87 42.19
Hunan Province Water Resources Department green areas 40.37 40.67 39.77 40.62
Bolinjingu community green areas 40.07 40.65 39.88 40.51
Wuling Road green areas 39.03 39.37 38.99 39.33
Average of 8 samples 40.4136 40.6872 40.0637 40.4962
Temperature difference with green areas 1.7577 2.0313 1.4078 1.8402

After the study, it was found that the temperature was highest in the dense building
area of Changsha Changsha City’s west side of the green areas and gradually decreased in
the north, east, and south, as shown in Table 3. In this case, the location of buildings affects
the cooling effect of green areas. For a subtropical city like Changsha, a building located
on the south side of the green area will likely experience better cooling. In contrast, a
building located on the west side will encounter the least cooling effect from the green area.
The results of this study explain the difference in temperature between the green city areas
and the surrounding area. Changsha is in the south of China, close to the Pacific Ocean,
and is strongly influenced by the Pacific summer south-eastern monsoon. Buildings on
the south side are mainly in shadow. Hence, the south side of the green area experiences a
lower average temperature than the other three. Conversely, buildings on the west side are
more exposed to the sun and are not shaded, so the temperature of buildings on the west
side is usually higher than that of buildings on the east side. In conclusion, under the same
conditions, in subtropical urban cities, the built-up areas distributed in the southern part of
the greenbelt obtained the most effective cooling impact from the greenbelt, followed by
the east, north, and west.

4. Discussion

This study, based on Landsat images of the subtropical city of Changsha, proves that
green city areas do have a certain cooling effect and can play a certain role in mitigating the
UHI, which has also been confirmed in different urban studies. There are 180.8018 m in
the average maximum cooling distance of green city areas, while 0.6702 ◦C is the average
cooling range in green city areas. There is some disagreement between the conclusions
of this study and those found in previous studies. Yan et al. found 316 green areas in
cities with a cooling range of 100.0 ± 74.4 m and a cooling intensity of 1.7 ± 1.1 ◦C [65].
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However, Du et al. noted that urban green has a substantial cooling island effect, with 68
green areas having a mean cooling range and cooling magnitude of 570 m and 2.63 ◦C [66],
respectively. There are many reasons for the differences in the study, as different cities have
different urban environments. For example, the climatic differences of the study cities,
the level of urbanisation, and other factors will impact the results. In addition, factors such
as the date of the Landsat images of the study cities and the differences between the remote
sensing satellite sensors may be included. Therefore, the influence of the above factors can
be further reduced in subsequent studies.

This study focuses on quantifying the influence of urban spatial morphology indicators
on the cooling effect of green areas. The study proves that the urban spatial morphology
around green areas can indeed influence the cooling effect of green areas, including build-
ing density, building floor area ratio, building average height, building height standard
deviation, and relative position of buildings, and that the building average height has the
most significant influence among these four urban spatial morphology indicators. This is
consistent with the findings of many studies. A study in Singapore using field measure-
ments and numerical simulations showed that building volume ratio and average building
height affected the cooling effect of green areas [67]. A study in Nanjing, China, using
spatial regression modeling, showed that sparse high-rise buildings are more conducive to
the spread of cooling effects in urban parks than compact high-rise buildings [68].

Meanwhile, a study in Hangzhou, China, using field measurements and numerical
simulations, showed that building height, building spacing, and study building orientation
all affect cooling in urban parks, while building height has the most significant effect on
cooling intensity, which can reach 1.2 ◦C [69]. Therefore, in the perimeter of green areas,
the reduction of building density and building floor area ratio means that the urban space
is more open, which is more convenient for the diffusion of the cooling effect of green areas.
The increase in building average height and building height standard deviation means more
effective shading is provided, reducing or delaying the effect of direct sunlight on near-
surface temperatures, thus making the cooling effect of the green areas more significant.
This phenomenon has also been observed in previous studies [70–72]. This study builds
on this by quantifying data specific to urban spatial morphology to maximise the cooling
effect of green areas.

Nevertheless, there are some limitations of the current study that deserve further
reflection. First of all, the research area of this study is Changsha, China, which has a
typical subtropical monsoon climate, so the results of this study have a reference value
for cities under subtropical monsoon climate but do not apply to the research under other
climates, so the research can be carried out for cities under different climatic characteristics
in the follow-up study to explore the commonality and individuality of the cooling effect
of the urban green under different climatic characteristics. Secondly, green areas in cities
were not considered from an internal perspective, such as density, height, type, and the
percentage of different forms of green areas. Also, this study did not consider the external
considerations of green city areas, such as the wind speed and direction of the city and
the layout morphology of urban buildings. Finally, the research object of this study is
urban spatial morphology indicators, which are closely related to the spatial layout of
urban buildings and other elements. Combined with relevant references [11,73,74], in the
subsequent research, we can take advantage of the ENVI-met software simulation and
analysis to explore the relationship between urban spatial morphology and the cooling
effect of the green city areas in a more in-depth manner.

5. Conclusions

In this study, the cooling effect of green city spaces was examined in urban spatial
morphology indicators. The study samples included 40 green areas in Changsha, a sub-
tropical city, and six urban spatial indicators, namely, BD, BFR, BVD, BEI, BH, and BSD,
were quantitatively analysed to determine the influence of the cooling effect of the green
areas. Therefore, the main findings include: (1) The study revealed that the building den-
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sity (BD) of the developed region surrounding the green areas significantly influences its
cooling effect. Moreover, a quadratic polynomial relationship was observed between BD
and the magnitude of cooling provided by the green areas. Notably, the optimal cooling
effect is achieved when the BD of the surrounding area falls within the range of 0.00 to
0.05. (2) The study revealed that the building floor area ratio (BFR) of the developed region
surrounding the green areas significantly influences its cooling effect. Moreover, a quadratic
polynomial relationship was observed between BFR and the magnitude of cooling pro-
vided by the green areas. Notably, the optimal cooling effect is achieved when the BFR of
the surrounding area falls within the range of 0.0 to 0.5. (3) The study revealed that the
average BH of the developed region surrounding the green areas significantly influences
its cooling effect. Moreover, a quadratic polynomial relationship was observed between BH
and the magnitude of cooling provided by the green areas. Notably, the optimal cooling
effect is achieved when the BH of the surrounding area falls within the range of 50 to 60.
(4) The study revealed that the BSD of the developed region surrounding the green areas
significantly influences its cooling effect. Moreover, a quadratic polynomial relationship
was observed between BSD and the magnitude of cooling provided by the green areas.
Notably, the optimal cooling effect is achieved when the BSD of the surrounding area
falls within the range of 40 to 50. (5) Buildings in subtropical cities are situated on the
south side of the greenbelt, where they receive perfect cooling from the greenbelt under
similar conditions.

According to the research results of this study, in order to mitigate the urban heat island
effect, the planning and design of the green city areas perimeter can take the following
specific measures: (1) Encourage and support low-density and low-volume-rate urban
construction, and reduce the density and volume rate of the buildings around the green
city areas as much as possible, so as to maximise the cooling effect of the green city
areas; (2) implement urban renewal and renovation, and for the old residential areas
with excessive density and volume rate around the green city areas, the buildings can be
adjusted through urban renewal and renovation; (3) urban architectural design should
increase the height and height difference of buildings, and the buildings around the green
city areas should adopt the vertical form of high and low undulation, in order to promote
the convection and heat dissipation in the vertical direction of the neighborhood, and at
the same time take into account the shading effect of the buildings; (4) urban architectural
design should reduce the floor area, increase the height of the buildings, and design to
reserve more ground space for the layout of the green areas, and at the same time provide
more public open space for the nearby residents; (5) among the four urban spatial indicators,
namely, BD, BFR, BH, and BSD, the BH has the most significant influence, so the average
building height should be maximised in urban planning and design to give full play to
the cooling effect that green city areas has as much as possible; (6) at the same time, the
guidelines of this study can be used as part of a development strategy for subtropical cities
with similar climatic conditions to Changsha City.
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