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In the process of rapid urbanization, urban heat island (UHI) effect has been showing more and more significant impacts on
human well-being. Therefore, a more detailed understanding of the impact of three-dimensional (3D) building morphology on
UHI effect across a continuum of spatial scales will be necessary to guide and improve the human settlement.This study selected 31
provincial capital cities of mainland China to analyze the impacts of the 3D building morphology, including the number, area,
height, volume, and the surface area of the buildings, on the land surface temperature (LST). By exploring how the influence of 3D
building morphology on LST changes with the increase of spatial scale (between 0 and 600 m radii), this study finally recognized
which 3D building morphology index is the most significant index affecting LST in different cities, and which spatial scale these 3D
building morphology indexes have the most significant impact on LST. The results showed that the building area is the most
important 3D building morphology parameter affecting the LST, while the building height has the slightest influence on the LST.
These effects are more significant in the spatial scale of 150 m-540 m, and the spatial scale increases with the increase of building
areas in developed cities. These results highlight the necessity of considering fine-grained management in the governance and
alleviating of the urban thermal environment through urban planning and urban renewal strategies.

1. Introduction

Urbanization is a popular trend in the development of all
countries in the world and a symbol of human civilization and
progress [1]. The urban heat island (UHI) effect, as the most
representative urban climate problem accompanied by the
urbanization, is the phenomenon that the land surface
temperature (LST) in urban areas is higher than that in

surrounding suburbs areas [2-6]. The UHI effect could have
serious consequences for urban ecological environment, such
as vegetation phenology, water, and air quality [7, 8]. These
anomalies will significantly affect human health and sus-
tainable development, which is reflected in increased mor-
bidity and mortality [9], energy consumption [10], and even
violent crimes [11]. Especially in the context of global
warming and rapid urbanization, the superposition effect of
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UHI and extreme heat wave will be even more dangerous [6].
Therefore, how to alleviate the UHI effect is of great signif-
icance to improve the human settlement environment.

The UHI effect has been widely observed in the world
[3, 4, 6, 12]. In the framework of energy balance theory, that
is, the UHI effect is caused by the changes of land surface
energy balance after the artificial land surface replaces the
natural surface [13]. The scholars explored the spatial (from
local scale to global scale) and temporal (daily, seasonal, and
interannual) changes and the driving mechanism of the UHI
effect from three aspects (land use/cover change (LUCC),
urban site characteristics (USCs), and landscape composi-
tion and configuration) [14-18]. In the previous stage, more
studies focused on the influence of the urban two-dimen-
sional (2D) landscape pattern on the UHI effect, while less
attention on the influence of the three-dimensional (3D)
building morphology [19, 20]. Although the relative im-
portance of 2D landscape pattern and 3D building mor-
phology on the LST is still inconclusive, some studies have
shown that the 3D building morphology may have a more
complicated impact on urban micrometeorology and cli-
mate [19, 20]. In the future, due to the contradiction between
the rapid increase of urban population and the shortage of
the urban construction land, while the urban construction
land will expand rapidly in the horizontal direction, the
urban buildings will continue to extend in the vertical di-
rection. Therefore, it is important to reveal the spatiotem-
poral process and the mechanism of the urban thermal
environment affected by the 3D building morphology.

The expansion of urban buildings and transportation in the
vertical direction affects the local energy balance and further
changes the urban internal thermal environment [21].
Therefore, the quantification of the 3D building morphology is
the basis and the premise of exploring the urban thermal
environment effects. In addition to the height and volume of
the building, many scholars have developed numerous 3D
building morphology parameters, including the frontal area
index (FAI), floor area ratio (FAR), sky view factor (SVF), and
height-to-width ratio (H/W), to reveal the influence of 3D
building morphology parameters on the UHI effect
[15, 22-26]. Statistical analysis methods, including correlation
analysis and multiple regression analysis, were usually used to
analyze the influence of 3D building morphology on LST.
Obviously, the strong interaction and collinearity between the
selected 3D building morphology parameters would directly
affect the accuracy of the analysis results [6]. In addition, it is
difficult to compare and analyze the results of cities or regions
on the different climate background conditions and devel-
opment levels, and there may even be contrary conclusions.
The classification method that is to classify the study area
according to the building height and other parameters was
used to compare the LST of different building types or analyze
the correlations between the 3D building morphology pa-
rameters and LST in various areas, which can reduce the
uncertainty of statistical analysis method. The most repre-
sentative scheme, local climate zone (LCZ), is to divide the
urban underlying surface into 17 basic types (10 building types
and 7 natural types) based on the refined land classifications,
land surface structures, building surface materials, and human

Complexity

activities [27], and it is recommended to define the UHI in-
tensity by the LST difference among the different types of LCZ,
so as to determine the theoretical basis for accurate comparison
in the UHI intensity at the regional or even global scale
[28-30]. However, due to the strong spatial dependence be-
tween the 3D building morphology and the LST, the spatial
scale effect of the analysis variables would further reduce the
accuracy of the results. The uncertainty of spatial scale effects is
also reflected in spatial autocorrelation and proximity effects.
This also explains the differences of UHI in the same type of
LCZ. Understanding of the magnitude and scale at which
urban building affects the LST in cities is hampered by the
paucity of data along continuous gradients and for combi-
nations of high spatial resolution building data and LST data
[31]. Therefore, studies that quantify the effects of urban 3D
building morphology on the LST across the range of spatial
scales (regional, national, and even global scales) that incor-
porate this heterogeneity can provide a strong foundation for
developing urban climate adaptation strategies. This study
compares the correlations between multiple 3D building
morphology parameters and the UHI intensity at the con-
tinuous spatial scale of 30-meter interval in 31 provincial
capital cities of mainland China. This study will explore (1) how
does variability in the multiple 3D building morphology pa-
rameters affect the UHI intensity? (2) How do these effects vary
with the spatial scale at which high spatial resolution building
data and LST data are analyzed? The conclusions may be of
great practical significance for regulating the urban thermal
environment through urban planning and urban renewal [32].

2. Data and Methodology

2.1. Study Area. In this study, 31 provincial capital cities in
mainland China were taken as the research area (Figure 1).
As the most important political city in each provincial
administrative region, these provincial capital cities are
representative in the economic level and city scale. In ad-
dition, these selected cities are widely distributed in different
climate zones, which is convenient for the analysis of re-
gional differences.

2.2. Data Source. In this paper, Landsat-8 data, developed by
the National Aeronautics and Space Administration (NASA)
and United States Geological Survey (USGS), were collected
for the LST inversion. In order to be consistent with the
collection time of urban building data, the selection prin-
ciple of Landsat data is the summer image covering each
provincial capital city with no (or less) cloud cover and ideal
atmospheric visibility. Since some cities have always been
affected by clouds, the time span of the collected remote
sensing images was extended from 2014 to 2018 (Supple-
mentary Materials Table 1).

The building vector data were obtained from the Re-
source and Environment Data Center, Chinese Academy of
Sciences (http://www.resdc.cn/Default.aspx). The dataset
contains the attributes of urban building area and height,
which are used to calculate the urban 3D building mor-
phology parameters.
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FiGure 1: The locations of 31 provincial capital cities in mainland China. Note: Beijing (BJ), Changchun (CC), Changsha (CS), Chengdu
(CD), Chonggqing (CQ), Fuzhou (FZ), Guangzhou (GZ), Guiyang (GY), Haikou (HK), Hangzhou (HZ), Harbin (HB), Hefei (HF), Hohhot
(HT), Jinan (JN), Kunming (KM), Lanzhou (LZ), Lhasa (LS), Nanchang (NC), Nanjing (NJ), Nanning (NN), Shanghai (SH), Shenyang (SY),
Shijiazhuang (SJZ), Taiyuan (TY), Tianjin (T7]), Urumgqi (UQ), Wuhan (WH), Xi’an (XA) and Xining (XN), Yinchuan (YC), and Zhengzhou

(2Z).

3. Methods

3.1. The LST Inversion. In this study, the LST of Landsat-8
was retrieved via a single-channel method. The calculation
was divided into the following three procedures.

3.1.1. Calculating the Brightness Temperatures. The bright-
ness temperature was calculated based on the Landsat-8 data
user’s handbook as follows [33]:

L, = gains x DN + biases,

. K, (1
CIn((K,/Ly) +1)

where L, is the radiation intensity received by the Thematic
Mapper (TM). Gains is the gain factor (unit:
(W-m’z-srfllum’l)/DN)) and DN is the digital number.
Biases is the offset coefficient (unit: W-m %sr ! ,umfl). Tis
the brightness temperatures (unit: K) and K, and K, are
constants. L) is the luminance value of the unit spectral
range (unit: mW-cm %sr™ um™"). The values of K, and K,
of band 10 of Landsat-8 TIRS are 774.89 W-m *sr' ym™"
and 1321.08 K.

3.1.2. Calculating the Specific Emissivity (¢). The specific
emissivity is one of the most important parameters for re-
trieving the LST, which represents the ability of the object to
emit electromagnetic radiation. In this study, the classical
empirical formula proposed by Van de Griend in 1993 was
used to calculate the specific emissivity [34]:

€ =1.009 + 0.047 In (NDVI), (2)

where NDVI is the normalized vegetation index [35], NDVI
>0 or € = 0.

3.1.3. Retrieving the LST. The single-window algorithm
model is as follows [36]:

Ty=A0+ AT, y- AT, (3)

where T, is the LST (unit: K), T',, and T, are the brightness
temperatures, and A;, A, and A, are coefficients deter-
mined by the atmospheric transmittance and land surface
emissivity in both TIRS bands. The specific calculation
process is as follows:
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E _Dll(l_CIO_DIO)
1~ E >
0 (4)
E _Dlo(l_cll_Dll)
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Ey = Dy,Cyo = D1oChy>
where C,, C,;, Dy, and D, are calculated as follows [37]:

Ci = 8iTi (6),

5

D;=[1-1,(0)][1+(1-¢)7:(0)], ©)
where ¢; is the land surface emissivity of band 7 and 7; (6) is
the atmospheric transmittance for a given zenith view angle
01in band i. The regression coefficients a; and b; for Landsat-8
TIRS bands 10 and 11 at different ranges of temperatures are
shown in Table 1. The atmospheric transmittance, 7;, is
shown in Table 2. These parameters can be obtained from
[36, 38].

3.1.4. The Relative UHI Intensity. Because the selected
provincial capital cities are located in different terrain, cli-
mate region, and development stage, the relative UHI in-
tensity index is used to represent the LST to ensure the
relative consistency of the LST among different provincial
capital cities.

The relative UHI intensity index is as follows [39]:

(1,-T,)
T,=-"1 _~a 6
R T, (6)
where T, is defined as the relative UHI intensity of a certain
point i in the study area, which is a dimensionless ratio. T is
the LST at this point i and T/, is the average LST in the study
area.

3.1.5. Urban 3D Building Morphology Parameters. In this
study, five building parameters, including the number (N),
the area (A), the height (H), the surface area (S), and the
volume (V) of the buildings, were selected to represent the
3D building morphology of these provincial capital cities.
Firstly, the 30 m x 30 m fishnets were drawn corresponding
to Landsat-8 LST data, and then, the 3D building mor-
phology parameters in each fishnet were counted. Among
them, the number, the height, the area, and the perimeter (L)
of the building could be directly calculated. Finally, the
surface area and volume of buildings in each fishnet could be
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further calculated according to these basic building
parameters:

S=LxH+A,
V =HXxA.

(7)

3.1.6. The Analysis Method of Spatial Scale Effect. The kernel
density function was used to characterize the 3D building
morphology parameters and the LST characteristics. The
kernel density analysis method is suitable for the spatial
model in which the point elements have a significant impact
on the peripheral environment, and these effects show a
decreasing buffer effect.

The formula of the kernel density analysis method is as
follows:

1 n
D(xpy;) = Y k(d,r), (8)
j=1

where D (x;, y;) is the kernel density value of any location
(x;, ¥;) in the study area and r is the farthest radius that this
location can affect. n is the number of point features with the
range r around the location. The k function represents the
spatial weight function. Notice that this function requires
that all the point features conform to a normal distribution.
d represents the Euclidean distance between the current
feature point j and location (x;, ;).

According to the spatial resolution of LST, the minimum
bandwidth (spatial scale) of kernel density function was set
as 30 meters, which was increased by 30 meters to 600 meters
[40]. Under the condition of different spatial scale, five
correlation matrixes between the kernel densities of the 3D
building morphology parameters and the relative UHI in-
tensity were constructed. By comparing the correlation
coefficients and significance levels of these correlation
matrixes under different spatial scales, the most significant
3D morphology parameters that affect the LST and the most
significant spatial scale effect of the 3D building morphology
on the LST were identified.

Before constructing the correlation matrixes between the
kernel densities of the 3D building morphology parameters
and the relative UHI intensity, we noticed that these kernel
densities do not fully conform to the normal distribution, so
we need to logarithmically process the kernel density results
of the 3D building morphology parameters and the relative
UHI intensity:

DD = lg(D), 9)

where DD is the logarithm of the kernel density value D at
any point (x;, ;) in the study area.

In this study, the ArcGIS 10.2 band collection statistics
tool was used to construct the correlation matrixes between
the kernel densities of the 3D building morphology pa-
rameters and the relative UHI intensity in order to obtain the
covariances and correlation coeflicients between the 3D
building morphology parameters and the relative UHI
intensity:
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TasLE 1: Inversion regression coefficients of TIRS in different temperature ranges (r3, and 2, are the determinants of the fit).
Temperature range (°C) ano bio i an by i
0-30 —59.1391 0.4213 0.9991 —63.3921 0.4565 0.9991
0-40 —-60.9196 0.4276 0.9985 —65.2240 0.4629 0.9985
10-40 —62.8065 0.4338 0.9992 —67.1728 0.4694 0.9992
10-50 —64.6081 0.4399 0.9986 —69.0215 0.4756 0.9986

TaBLE 2: Relationships between atmospheric transmittance (7) and water vapor (w) content when the water vapor content is from 0.5 to

3g/em’.
Profile Atmospheric transmittance estimation equation 7 Standard error of estimate
T10=-0.1146w + 1.0286 0.9882 0.0094
1976 US standard atmosphere model 11 = —01568 + 1.0083 0.9947 0.0086
e T10=-0.1134w + 1.0335 0.986 0.0101
Midlatitude summer 711 =~0.15460 + 1.0078 0.996 0.0073

Y, (DD, - DD) (UHII, — UHII)
Covppunn = N-1 >
(10)

Cov
_ DDUHII
Corrppym = v

b
8DD 8UHII

where Covppyyp represents the covariance between the
kernel densities of the 3D building morphology parameters
and the kernel density of the relative UHI intensity, DD,
represents the logarithmic value of the kernel density of the
3D building morphology parameters in a certain pixel, and
UHII, is the kernel density of the relative UHI intensity of
the pixel. N is the total number of pixels in the study area;
Corrppupyry is the correlation coefficient between the kernel
densities of the 3D building morphology parameters and the
kernel density of the relative UHI intensity, and pp and
Supn represent the standard deviation of the logarithm of
the kernel densities of the 3D building morphology pa-
rameters and the kernel density of the relative UHI intensity,
respectively.

4. Results

4.1. The Spatial Pattern of Urban Buildings. This study fo-
cused on the areas within the outer ring road of each
provincial capital city because most of the urban buildings
are concentrated in these areas (Figure 2). Urban buildings
were divided into three levels according to height, namely,
low-rise buildings, middle-rise buildings, and high-rise
buildings [27].

The height and density of urban buildings changed
significantly from the periphery to the center of the city. The
buildings in the peripheral area of the city were mainly low-
rise buildings, which had large single area and sparse spatial
distribution. With the decrease of the distance to the center
of the city, the height of buildings increased significantly and
the number of middle-rise buildings increased, but the areas
decreased slightly, and the spatial distribution was gradually
more compact; in the center of the city, high-rise buildings
did not show obvious aggregation effect, usually single high-

rise building was mainly inlaid in the middle-rise building
cluster area.

4.2. 'The Spatial Pattern of Relative UHI Intensity.
Compared with the UHI intensity, most of the pixels in each
city were defined as the moderate temperature region, but
there were obvious UHI centers and urban cold island (UCI)
centers (Figure 3). For example, Changsha, Hangzhou,
Nanchang, and Wuhan city had the obvious UCIs because of
the large area of water bodies distributed in the center of the
cities. There were three types of spatial distribution char-
acteristics of UHI. (1) The single UHI center, such as Haikou
city. This was because the central area carries most of the
urban functions, which made the central area produce a
strong aggregation effect. (2) The central radiant, such as
Tianjin and Zhengzhou city. These high-intensity UHI
patches were distributed along the (ring) roads and railway,
forming UHI network and expanding to the urban periphery
with urban construction land. (3) The multiple UHI centers,
that is, there were many high-temperature centers in the
study area. The most typical representative was Shijiazhuang
city. The functions of these cities might be scattered, and
different regions carried different urban functions, resulting
in the distributions of urban buildings, and populations were
not centralized, so it was easier to form multiple UHI
centers.

4.3. Impacts of 3D Building Morphology Parameters on the
Relative UHI Intensity. Obviously, the correlation coefficient
between the building area and the relative UHI intensity was
the largest, and the correlation coefficient between building
height and the relative UHI intensity is the smallest (Fig-
ure 4). In contrast, the strong-to-weak sequence of 3D
building morphology parameters attributed on the relative
UHI intensity is as follows: building area > building num-
ber > building surface area>building volume > building
height. Although the significances of these effects of the 3D
building morphology parameters on the relative UHI in-
tensity in different cities were different, the fluctuation
trends are basically similar.
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FIGURE 2: The spatial distribution of urban buildings in provincial cities of mainland China.

When the spatial scale was less than 60 m, the low
correlation coefficients between the 3D building mor-
phology parameters and the relative UHI intensity showed
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that the influence of 3D building morphology on the UHI
effect was extremely slight. With the increase of spatial
scale from 60m to 150m, the correlation coefficients
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FIGURE 3: The spatial distribution of the relative UHI intensity in provincial cities of mainland China.

between 3D building morphology parameters and the  indicated that the influence of 3D building morphology
relative UHI intensity in each provincial capital city ba-  parameters on the UHI effect increased significantly
sically increased linearly within this range, which  within this range.
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FIGURE 4: Pearson correlation coefficients between 3D building morphology parameters and the relative UHI intensity at different spatial
scales.
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FiGgure 5: Continued.
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F1Gure 5: The threshold of spatial scale under the maximum correlation coeflicient between the 3D building morphology parameters and the
relative UHI intensity. (a) Area; (b) quantity; (c) surface area; (d) volume; (e) height.

When the spatial scale exceeded 150 m, there were
three cases in the correlation coefficient between the 3D
building morphology parameters and the relative UHI
intensity. (1) The correlation coefficients between all 3D
building morphology parameters and the UHI intensity
continued to increase, but the increase rate became
slower, and finally showed a slight decline or remained
unchanged. The increasing trend of these correlations
could reach up to 540 m, such as Beijing and Shanghai. (2)
When the correlation coefficients between all 3D building
morphology parameters and the UHI intensity reached
the maximum value, the correlation coefficients de-
creased with the increase of spatial scale. This situation
was represented by Guiyang city, Hefei city, Lanzhou city,
Lhasa city, Nanning city, Urumgqi city, and Xining city. In
these cities, when the correlation coefficient reached the
maximum, the spatial scale was between 150m and
300 m. (3) The influences of different 3D building mor-
phology parameters on the UHI intensity varied with the
increase of spatial scale. Shijiazhuang and Zhengzhou city
were the most typical cities. In Shijiazhuang city, when
the spatial scale reached 150 meters, the influences of the
surface area, volume, and height of the building on the
UHI intensity continued to decrease. When the spatial
scale reached 180 meters, these building parameters even
had negative impacts on the relative UHI intensity.
Similarly, the negative influences of the surface area,
volume, and height of the building on the UHI intensity
increased in Zhengzhou city, while the influences of the

area and quantity on the relative UHI intensity remained
stable. The influence of building area, quantity, and the
surface area on the relative UHI intensity in Xi’an city was
opposite to that of the volume and the height of the
building.

We further showed the thresholds of the spatial scale
when 3D building morphology parameters are most re-
lated to the relative UHI intensity (Figure 5). When the
correlations between 3D building morphology parameters
and the relative UHI intensity were most significant, the
thresholds of spatial scale for various 3D building mor-
phology parameters were generally consistent in these
provincial capital cities. Building area, as the most rele-
vant factor of the UHI intensity, had positive effects in all
cities. In 80.65% of cities, the thresholds of spatial scale
were between 300 m and 540 m. Obviously, in the inter-
national metropolitan areas such as Beijing, Shanghai,
Wuhan, Chongqing, Hangzhou, Tianjin, Guangzhou, and
Nanjing city, these spatial scale thresholds were larger and
the correlation coefficients were greater than 0.5. How-
ever, in these cities, including Kunming, Guiyang, Xining,
Urumgqi, and Lhasa, with a superior ecological environ-
ment, the thresholds of the spatial scale were less than
210m when the building area had the most significant
impact on the relative UHI intensity. For other 3D
building morphology parameters, when the correlations
between these parameters and the relative UHI intensity
reached the maximum values, the thresholds of spatial
scale among cities were basically similar.
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5. Discussion

Because the influences of urban buildings on LST are
constantly changing within a certain buffer zone, this study
used the kernel density analysis method to analyze the
effects of five 3D building morphology parameters on the
relative UHI intensity under the continuous spatial scale of
30-meter interval by setting different bandwidths. When
the spatial scale (bandwidth) is small, the spatial distri-
butions of kernel density focus more on the microclimate
relationship between individual buildings and adjacent
buildings. These urban microclimate processes may be
more complex, resulting in no obvious regularity, so the
correlations between building morphology parameters and
the relative UHI intensity are weak. When the spatial scale
increases, the spatial distributions of kernel density
gradually present the overall characteristics of the archi-
tectural groups or urban functional areas on urban thermal
environment. It is of great significance to explore the most
suitable threshold for adapting to and mitigating urban
climate change through urban renewal and wurban
planning.

However, the underlying surface of the city is more
complex; in addition to the buildings, there are open spaces
(such as squares, roads, water bodies, and green spaces). In
this study, only the influence of the buildings on LST was
considered, so the results of kernel density analysis would be
overestimated or underestimated. When the spatial scale
(bandwidth) is set too small or too large, the climate effects
caused by these neglected open spaces will affect the ac-
curacy of the results and reduce the correlation between 3D
building morphology parameters and the relative UHI in-
tensity. In practice, how to optimize the spatial allocation of
the warming effect of the buildings and the cooling effect of
these open spaces, in order to jointly deal with the climate
problems in the process of urbanization, is worth more in-
depth exploration. For instance, the results of this study can
be used to identify areas in which planting new trees and
planning new buildings may most effectively mitigate UHI.

6. Conclusion

This study investigated the scale effect of 3D building mor-
phology parameters (the number, area, height, volume, and
the surface area of the buildings) in 31 provincial capitals of
China city on the UHI effect. The results showed that the
building area had the greatest influence on the relative UHI
intensity in summer daytime, and the building height had the
slightest influence on the relative UHI intensity. These effects
were more significant in the spatial scale of 150 m-540 m, and
the impacts of the buildings on urban thermal environment
showed a larger spatial scale in developed cities.

The research results are of great significance to improve
the urban thermal environment through urban planning and
urban renewal. Especially, it provides the theoretical basis
and technical support for the planning decision-makers to
control the total amount and the height of urban buildings
within the appropriate spatial scale and to configure spatially
the urban cold island infrastructure.
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