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ARTICLE INFO ABSTRACT

Keywords: The concept of Local Climate Zones (LCZs) are effective tools to quantify the urban heat island
Local climate effect. However, the study of LCZs mainly focuses on the meso-micro scale, and lacks regional
City size perspective. In order to explore the thermal environment laws of different sized cities, we se-

Urban heat island effect
Land surface temperature
Pearl river delta urban agglomeration

lected the Pearl River Delta urban agglomerations as the study area, and used multi-source data
and spatial analysis methods to obtain the thermal environment characteristics of each city based
on LCZs. Our study revealed that the distribution of buildings and the relief slope affects land
surface temperature (LST). Additionally, the proportions of various LCZs are different in cities of
different sizes; each city had a temperature difference in the LCZs. The highest temperature
among the built LCZs was in LCZ 7 (Industry; 21.810 °C), whereas the temperature of LCZ A
(Dense trees) was the lowest (15.670 °C), and larger cities had more high-temperature LCZs. In
cities of different sizes, the temperature of LCZs showed a hierarchy effect, i.e., super cities >
megacities > type I large cities > type II large cities. Therefore, in order to alleviate the urban
heat island effect, it is of great significance to discover the thermal environment characteristics in
cities of different sizes.

1. Introduction

Abnormal climate changes and extreme weather events have increased the harmful effects of environmental pollution and local
climate change and are threatening the habitats of humans and other species (Yang et al. 2015; Zhao et al. 2015; Lutz 2017; Miller
etal. 2018; Albert et al. 2019; Hong et al. 2019). Canadian meteorologist T. R. Oke proposed the idea of the urban climate zone (UCZ)
at the World Meteorological Congress in 2004, from which Stewart and Oke derived the concept of the Local Climate Zones (LCZs)
(Stewart and Oke 2012). The classification of LCZs is similar to the classification of the degree of impact of land surface features on
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the urban heat island effect, which can be used to identify the areas that urgently require heat alleviation.

China has the highest annual carbon dioxide emissions in the world, and its rapid rate of urbanization has significantly altered
land use patterns. This has affected the energy consumption of residential units, and the urban heat island effect is prominent in many
cities (Cui and Shi 2012; Fang et al. 2018; Kang 2013; Qiao et al. 2019; Yang et al., 2017; Yue et al. 2012). The Chinese government
issued the Action Plan for Urban Adaptation to Climate Change in 2016, which incorporates climate change indicators into the urban
and rural planning system and involves the construction of pilot cities that are adaptive to climate change (MOHURD 2016). The
application of the LCZ concept provides a new perspective and method of studying the urban heat island effect and promotes the
combination of climate science research and policy planning (Brousse et al. 2019; Natasha and Alicia 2019; Yang et al., 2019a;
Emmanuel et al. 2020). Therefore, we conducted research using LCZs to quantify the temperature differences among various types of
land surface features.

LCZs can aid the understanding of the distribution of the thermal environment corresponding to different land surface char-
acteristics and can be used to display urban climate conditions spatially (Chen and Tang 2017; Lin and Xu 2017). In this way, our
study using LCZs serves as a tool to quantify the thermal environment of the Pearl River Delta urban agglomeration. Before com-
paring the thermal environment of cities of different sizes, LCZs mapping is required. Some researchers designed parameters when
performing LCZs mapping, and identified and described LCZ types by developing GIS and establishing a database for LCZs identi-
fication (Lelovics et al. 2013, 2014; Bechtel et al. 2015). In our study, we used detailed building data to classify the LCZ regarding
land use type. We found that this method was consistent with the actual situation. However, when the LCZs are classified in different
cities, the classification efficiency tends to be relatively low due to the differences in development status in different cities. Some
researchers have also developed the World City Database Portal Tool (WUDAPT) project which used remote sensing data to set
uniform standards with which to classify a large number of cities in a short space of time (Cai et al. 2016; Danylo et al. 2016;
Kotharkar and Bagade 2017; Shi et al. 2018; Wang et al. 2018). Although the project improved efficiency, it suffered from low
accuracy.

At present, LCZs are usually applied at mesoscale and microscale. On the one hand, it is used for model prediction studies and has
been combined with various analysis methods to assess the urban thermal environment and predict outdoor temperature changes in
urban spaces (Zhan et al. 2012; Yvonne 2015; Chen et al. 2017; Jan et al. 2018; Pacifici et al. 2019). On the other hand, LCZs are also
used in climate model simulations to evaluate the response of various types of land features to the urban heat island effect (Quan et al.
2016; Marie-Leen et al. 2018; Perera and Emmanuel 2018; Franco et al. 2019). In contrast, our study selected a regional scale
research area and used LCZs to quantify the LST results in order to compare the thermal environment of cities of different sizes. Each
city has its own unique surface structure and land use status. At different times of the day, surface cover plays a different role in the
urban heat island effect and different blocks and landscape types have different temperature change characteristics (Yue et al. 2013;
Coseo and Larsen 2014; Wang et al. 2017; Yang et al., 2019b; Manob and Arijit 2020; Qiao et al. 2020). The density and area of land
cover types affect LST. Some land cover types can reduce urban LST by 1.4-6.1 °C, such as green spaces and water bodies (He et al.,
2019; Park et al. 2019; Wu et al. 2019a; Guo et al. 2020; Jamshid et al. 2020). Under undisturbed weather conditions, the tem-
perature of the artificial LCZ is significantly higher than that of the land cover LCZ (Oke 1982; Beck et al. 2018). Thus, comparing of
the thermal environment in cities of different sizes, it is seen that the temperature of different LCZs has certain common char-
acteristics.

Research on the thermal environment of LCZs mainly considers a single city or street community as the study scale and thus lacks
a regional scale. Our study aims to investigate the LCZs temperature hierarchy effect of different sized cities in urban agglomerations
on the regional scale. LCZ types are divided based on certain parameters, LST is inverted by a mono-window algorithm, and overlay
analysis is used to obtain the temperatures of various LCZs in cities of different sizes. LCZs can spatially exhibit the interaction among
urban climatic conditions, surface structure, and land use (Chen and Tang 2017). Thus, comparing the thermal environmental
differences of various LCZs in cities of different sizes is helpful to identify the thermal environment management needs of different
cities. This could help reduce urban energy consumption, improve local climate, and alleviate the urban heat island effect. We hope
that our research can provide scientific insights for thermal environment management and urban climate improvement in the Pearl
River Delta urban agglomeration.

2. Materials and methods
2.1. Study area

The Pearl River Delta urban agglomeration is located in the southeast of Guangdong Province (111°59-115°28’ E, 21°30’-23°40"
N), in the lower reaches of the Pearl River and is characterized by flat terrain (Fig. 1). The Pearl River Delta, located on and south of
the Tropic of Cancer, has a subtropical monsoon climate, being warm and humid throughout the year, with a mean annual tem-
perature of 21-23 °C. The delta is affected by typhoons from June-October, with concentrated rainfall and the highest temperatures.
In 2015, the Pearl River Delta urban agglomeration became the urban agglomeration with the largest population and area in the
world, where high urbanization resulted in significant local climate change (World Bank Group 2015). Therefore, the present study
selected the eight cities of Guangzhou, Shenzhen, Dongguan, Foshan, Huizhou, Jiangmen, Zhongshan, and Zhuhai in the Pearl River
Delta urban agglomeration as the study area for the examination of temperature differences among LCZs in cities of different sizes.
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Fig. 1. Location of the urban agglomeration of Pearl river delta.
Table 1
Explanation of data used in this study.
Resolution Data time Data source Sample
Landsat8 OLI/TIRS 30 m 2015-01-19;2016-02-07; http://www.usgs.gov

2018-01-18;2018-02-03;
2018-02-12;2018-03-09;

2019-01-23
Land use data 100 m 2015 http://www.resdc.cn
Building data 30 m 2016 https://map.baidu.com
Meteorological data - 2015-01-19;2016-02-07; https://rp5.cu -

2018-01-18;2018-02-03;
2018-02-12;2018-03-09;
2019-01-23
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Table 2
Classification of city hierarchy.
City size City Permanent residents(million)
Super city (permanent residents =107) Shenzhen 13.03
Guangzhou 12.87
Megacity (5.0*10° < permanent residents < 10”) Dongguan 7.64
Foshan 7.51
Type I large city (3.0*10° < permanent residents < 5.0*10°) Huizhou 3.39
Type 11 large city (10° < Permanent residents < 3.0%10°) Jiangmen 3.06
Zhongshan 2.92
Zhuhai 1.70
2.2. Data

The research data of the present study included Landsat 8 OLI/TIRS, land use, building, and meteorological data (Table 1).
Because the climate of the study area is cloudy and rainy, and the area is large, obtaining remote sensing images that can meet the
cloud cover requirements of LST inversion is difficult. Therefore, Landsat 8 data during seven time periods in the first quarter of
different years were selected. The reasons for selecting data from these periods were as follows: 1) they had more sunny weather with
less cloud cover in the first quarter and 2) an attempt was made to pick a date that was close to the land use data and building data.
The remote sensing data was then processed in ENVI using the FLAASH atmospheric correction module to eliminate the influence of
the atmosphere and sun on the reflection information. Simultaneously, the land-use raster data and building vector data in 2015 were
regarded as the supporting data for the division of LCZs. Although the resolution of land use data was lower than that of building
data, the present study employed ArcGIS resample tools to ensure that the land-use data raster cell size matched the building data.

2.3. Methods

2.3.1. Classification of city size

In our study, cities were classified according to the new city size classification standard issued by China (RPC, 2014), and were
divided into four sizes according to the permanent resident population in the study area: super cities—Guangzhou and Shenzhen;
megacities—Dongguan and Foshan; type I large cities—Huizhou and Jiangmen, and type II large cities—Zhongshan and Zhuhai
(Table 2).

2.3.2. LST retrieval

Remote sensing image of the first quarter was used as inversion data is because ofthe rainfall in our study area; the atmospheric
stability promotes the best accuracy of remote sensing and at the same time aggravates the effect of urban heat islands. The Qin
Zhihao mono-window algorithm was applied to retrieve LSTs (Qin et al. 2001; Wang et al. 2015), from which the surface thermal
radiation transfer equation was derived. Landsat thermal infrared band 10 was used to retrieve the LST through the following
formulas:

Is = [a(l -C- D) + (A = C = D) + C + D) Tyensor — DTa]/C] 1)
C=1e (2
D=1-9[1+1-gr] 3)

where ¢ is the surface emissivity; © is the atmospheric transmittance; Ts,sor is the brightness temperature corresponding to the
onboard radiance; Ts is the retrieved LST; T, is the average atmospheric temperature; a and b are coefficients, whose values were
—67.35535 and 0.45861, respectively, and; C and D were intermediate quantities calculated by formulas (2) and (3).

2.3.3. LCZs classification

The LCZ classification system divides LCZs into two major categories: built LCZ and land cover LCZ (Fig. 2). Therefore, according
to the actual situation of cities in the Pearl River Delta urban agglomeration, we classify built LCZ into seven categories (LCZ 1-7) and
categorize the buildings as low, medium, and high according to three interval values (3-9 m, 9-27 m, and over 27 m). The building
density is divided into open and compact. The land cover LCZ is classified into seven types (LCZ A- G) according to the sparse and
dense types of surface coverage in the Pearl River Delta urban agglomeration. After setting the classification standards, the industrial
building is separated from the non-industrial building according to the building attributes. Using non-industrial building data to
divide LCZ 1-6 requires calculation of average building height and average building density. The average building height is re-
classified into three categories: high, medium and low. The average building density is reclassified into two categories: compact and
open. We cross-calculated the two reclassification results to obtain the non-industrial building LCZ classification results (i.e., LCZ 1-
LCZ 6) and industrial building data are regarded as LCZ 7. Meanwhile, the land cover LCZ combines the classification standards in
order to qualitatively divide the land use data to obtain LCZ A- G. After the LCZ classification results are obtained, they can be
combined with LST, and the temperature of different types of LCZ can be obtained by overlay analysis.



J. Yang, et al.

LCZ 1
Compact high-rise

(over 10 stories); almost no trees

LCZ 5
Open midrise

es); und
number of permeable surfaces

LCZB

Scattered trees

LCZF

A

..... N.'m.n' \

¢ .n\. '
Soil or und; almost no vegetation;

regional function are natural desert
or agricultural land

LCZ 2

Compact midrise

LCZ3

Compact low-rise

Wi did b

"'! y
)J-u
b"nlnll:
J’,ll.l“

buildings
(3-9 stories); almost no trees

 buildings

a -3 stories); almost no trees

LCZ 6

Open low-rise
Yibudul
Ly

covers
permeable surfaces

LCZ7
Industry

LCZ C LCZD

Bush,scrub

" ,." \"-.*

t e f

Urban Climate 34 (2020) 100700

LCZ 4
Open high-rise

)
-ber of permeable surfaces

LCZ A

Dense trees

l'lltlll'll forem. nunery forests,
or city parks

LCZE

Bare rock or paved

A
function are natural desert (rock)
or urban transport arterial

'o 00'/ ."”
o‘* mb-  dwar rccs
functions
shrubbery or lgncultunl land
LCZ G
Water Built LCZ:
LCZ 6,LCZ 7

¢ Landcover LCZ:
tin e nd acee: T srea of
ma;::h as rivers, reservoirs, LCZ F,LCZ G

LCZ 1,LCZ 2,LCZ 3,LCZ 4,LCZ 55,

LCZ A,LCZB,LCZC,LCZD,LCZE,

Fig. 2. Classification of local climate zones and description of their definitions (Referenced: Timothy R Oke).

3. Results

3.1. LST in cities of different sizes

In the Pearl River Delta urban agglomeration, the relief was high in the east and west and low in the center (Fig. 1). The
orientation of the relief affects LST because the shaded side is less exposed to the sun's rays and the LST is thus low. In our study area,
areas with high LST had low relief slopes and many buildings, and areas with low LST were mainly concentrated in the study areas
with high relief slope. Thus, the LST in cities showed a tendency of gathering in one or more centers, which was more obvious in
larger cities (Fig. 3). We defined the area where LST was higher than 20 °C as the high temperature area. Shenzhen has a large
number of buildings with the LST of most areas being higher than 18 °C. The high temperature areas were mainly located in the
northwest, the low LST area was concentrated in the southeast area with high relief slope, and the northwest side of the relief slope
received less sunlight. In Guangzhou, the high temperature areas were mainly located in the southwest where many buildings exist,
and the LST in the northeast region was lower than 16 °C with high relief slope. Like Shenzhen, Dongguan's buildings were widely
distributed, where the LST in most areas was between 18 and 38 °C, and the low temperature areas were mainly located in the
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Fig. 3. Results of land surface temperature inversion for each city.

southeast area with high relief slope. In most areas of Foshan, the LST was higher than 18 °C, and the high temperature areas were
mainly located in the east and south with the amount of buildings. The areas with high LST in Huizhou were concentrated in the
southwest and northwest, whereas the concentration of the high temperature areas in Jiangmen decreased, mainly in the northwest
and northeast. Huizhou and Jiangmen have more areas with LST below 16 °C compared with super cities and megacities, owing to
relatively fewer buildings and the high slope of the relief, and the Landsat 8 satellites acquired land information between ap-
proximately between 10:45 and 11: 00 am China Standard Time. The northwest and northeast side of the relief were less exposed to
sunrays, and thus the LST was low. The high temperature areas in Zhongshan were prevalent in the northwest; however, a small
number of high temperature areas were located in areas with a high slope of the relief. Zhuhai's overall relief slope is relatively low,
and high temperature areas were scattered and the number was less than in larger cities. The locations of high temperature areas
were mainly affected by the distribution of buildings.

3.2. LCZ classification of different sizes of cities

As shown in Fig. 4 and Tables 3 and 4, among the super cities, built LCZs in Shenzhen were concentrated and large in area, among
which LCZ 5 had the largest proportion, accounting for 35.17%. There were many LCZ E near LCZ 1; however, there were no land
cover LCZs between built LCZs. In land cover LCZs, the number of LCZ E was the largest, accounting for 48.78%, whereas the land
cover type was dominated by LCZ A. Guangzhou had a large urban area; however, its built LCZ were concentrated along the Pearl
River and in the vicinity of estuaries. Among the built LCZs in Guangzhou, the number of LCZ 6 was the largest, accounting for
31.79%. Unlike Shenzhen, Guangzhou had a small proportion of LCZ 1 but a large proportion of LCZ 3; LCZ E accounted for only
19.98%. However, there were many examples of LCZ A and LCZ D. Among megacities, the dense buildings in Dongguan were
clustered and distributed in patches. LCZ 2 accounted for 19.35% of the built LCZ in the city, and the number was almost twice that of
megacities. However, the proportion of LCZ 1 was only 1.34%. The situation in Dongguan was the same as in Shenzhen. The
proportion of LCZ E in land cover LCZ was higher than 40%; however, there were fewer LCZ A. Built LCZ in Foshan were primarily
distributed in the area bordering Guangzhou. Among them, LCZ 6 had the largest number, accounting for 40.40%, and LCZ 3
accounted for 21.94%, both of which outnumbered those in super cities. However, the proportion of LCZ 1 in Foshan was the smallest
in the entire study area. Among land cover LCZ in Foshan, the number of LCZ D was higher than that of LCZ A, accounting for
33.62%, while LCZ E accounted for 31.05%.
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Table 3

Percentage of various types of built LCZ in different size cities.

City size Super city Megacity Type I large city Type II large city

City Shenzhen Guangzhou Dongguan Foshan Huizhou Jiangmen Zhongshan Zhuhai

Built LCZ LCZ 1 3.74% 2.75% 1.34% 1.09% 1.25% 3.76% 1.49% 2.36%
LCZ 2 12.94% 12.13% 19.35% 8.53% 2.64% 3.35% 9.19% 9.67%
LCZ 3 6.74% 10.57% 10.08% 21.94% 14.02% 10.33% 18.67% 7.02%
LCZ 4 11.52% 9.62% 4.21% 3.97% 5.87% 18.26% 4.53% 10.85%
LCZ 5 35.17% 31.11% 37.39% 16.24% 12.82% 16.46% 19.53% 34.92%
LCZ 6 28.61% 31.79% 26.64% 40.40% 63.36% 46.73% 40.32% 27.54%
LCZ 7 1.28% 2.03% 0.99% 7.83% 0.05% 1.11% 6.27% 7.65%

In the type I large cities of Huizhou and Jiangmen, built LCZs were fewer and more scattered, with LCZ 1 amounting to half of
those in megacities. In Huizhou, LCZ 6 accounted for 63.36%, which was the largest. LCZ E contributed only 6.85% of the land cover
LCZ in the city, whereas LCZ A accounted for 53.24%, with the area of land cover greatly outnumbering that in super cities and
megacities. LCZ A and LCZ D were the principal land cover LCZ. In Jiangmen, the proportions of LCZ 4 and LCZ 5 were higher than
those in Huizhou at the same size; however, there were fewer LCZ 3. The numbers of LCZ A, LCZ B, and LCZ D in land cover LCZs
were higher than those in super cities and megacities. In the type II large city of Zhongshan, LCZ 6 was the primary built LCZ,
accounting for 40.32%, combined with the proportion of LCZ E being almost the same as that in megacities, and LCZ D representing
31.72% of the land cover LCZ. Zhuhai was the smallest size city, where the total number of built LCZ was the least among the cities in
the study area. The built LCZ in the city were dominated by LCZ 5 (accounting for 34.92%), and LCZ A, LCZ G, and LCZ E accounted
for higher than 20% of land cover LCZ.
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Table 4
Percentage of various types of land cover LCZ in different size cities.
City scale Super city Megacity Typellarge city Typelllarge city
City Shenzhen Guangzhou Dongguan Foshan Huizhou Jiangmen Zhongshan Zhuhai
Land cover LCZ LCZ A 34.50% 36.10% 13.28% 17.06% 53.24% 38.99% 17.45% 24.08%
LCZ B 3.73% 5.18% 9.07% 4.45% 9.52% 10.01% 2.50% 2.07%
LCZ C 0.74% 1.77% 0.58% 0.58% 1.29% 0.45% - 0.07%
LCZD 9.07% 30.14% 14.91% 33.62% 26.00% 32.88% 31.72% 29.04%
LCZE 48.78% 19.98% 49.98% 31.05% 6.85% 8.78% 30.12% 26.47%
LCZ F - 0.03% 0.01% 0.05% 0.02% 0.01% 0.02% 0.24%
LCZ G 3.17% 6.79% 12.17% 13.19% 3.08% 8.88% 18.20% 18.03%

3.3. LCZ temperature in different sizes of cities

Differences were observed in the mean temperatures of various LCZ types. Among built LCZ, the mean temperature of LCZ 7 was
the highest (21.810 °C), followed by that of LCZ 3 (20.953 °C), LCZ 2 (20.367 °C), LCZ 6 (20.292 °C), LCZ 5 (19.948 °C), and LCZ 4
(the lowest at 19.136 °C). The mean temperatures of built LCZ in the cities in the study area from high to low were: LCZ 7 > LCZ
3 >1LCZ2 > LCZ6 > LCZ5 > LCZ1 > LCZ 4 (Fig. 5). In land cover LCZ, the mean temperature of LCZ E was the highest
(19.262 °C), followed by that of LCZ D (17.757 °C), LCZ F (17.442 °C), LCZ B (17.336 °C), LCZ C (17.027 °C), LCZ G (16.518 °C), and
LCZ A (the lowest at 15.670 °C). The overall trend in the mean temperatures of land cover LCZ from high to low was: LCZE > LCZ
D > LCZF > LCZB > LCZC > LCZG > LCZA.

As shown in Tables 3 and 4, land cover LCZ with a temperature that was higher than 20 °C were scarce, and low-temperature land
cover LCZ accounted for a large proportion of the urban land surface. In the super city of Shenzhen, a built LCZ was observed, among
which midrise and low-rise buildings of LCZ 2, LCZ 5, LCZ 6 with high temperature accounted for a significant proportion. In terms of
land cover LCZ, the proportion of LCZ E with a mean temperature of 20.505 °C reached 48.78%; that of LCZ A with a mean
temperature of 17.432 °C reached 34.50%, and that of other land cover types with low temperatures contributed less than 10%. In
Guangzhou, although the proportion of LCZ 5 and LCZ 6 exceeded 30%, the proportion of LCZ A with a mean temperature of
13.089 °C reached 36.10%, that of LCZ E with high mean temperature was only 19.98%, and that of LCZ G with a mean temperature
of 16.528 °C was 6.79%. The temperatures of all LCZ types in Guangzhou were significantly lower than those in Shenzhen (Fig. 5 a
and b). In megacities, LCZ 5 with a mean temperature of 20.449 °C in Dongguan accounted for 37.39%, and LCZ 6 with a mean
temperature of 20.682 °C in Foshan accounted for 40.40%. Although the proportion of LCZ A with low mean temperatures in the two
cities was small, there were several of LCZ E. Moreover, LCZ G accounted for 12.17% of natural areas in Dongguan and 13.19% in
Foshan, and the proportion of LCZ B was also higher than that in Shenzhen. In the type I large city Huizhou, the proportion of all built
LCZ except LCZ 6 (mean temperature: 18.585 °C) was lower than 15%. LCZ A with a mean temperature of 15.756 °C, accounted for
53.24% of land cover LCZ, whereas LCZ E with a mean temperature of 19.124 °C, accounted for only 6.85%. The mean temperature of
the built LCZ in Jiangmen was higher than that in Huizhou. In Jiangmen, LCZ 6 (mean temperature: 21.488 °C) accounted for 46.73%
of built LCZ, LCZ D (mean temperature: 17.703 °C) accounted for 32.88%, and LCZ E (mean temperature: 19.024 °C) accounted for
8.78%, which was higher than that in Huizhou. In the type II large cities of Zhongshan and Zhuhai, the total number of buildings was
much lower than those in super cities and megacities. The proportions of LCZ D and LCZ E with higher temperatures were higher than
25%. However, LCZ A in Zhongshan (mean temperature: 15.851 °C) accounted for 17.45%, in Zhuhai (mean temperature: 16.358 °C)
it accounted for 24.08%, and this proportion was higher than 18% of LCZ G with low mean temperatures in both cities.

There was a significant temperature hierarchy effect among LCZs in cities of different sizes (Fig. 6). In relatively larger cities, the
temperatures of all LCZs were high (Fig. 5). The highest LCZs temperature was 20.841 °C in super cities (i.e., 0.328 °C higher than that
in megacities), 20.513 °C in megacities (0.323 °C higher than that in type I large cities), and 20.190 °C in type I large cities (0.546 °C
higher than that in type II large cities at 19.622 °C). The temperature difference between LCZs in megacities and type I large cities was
the smallest, whereas that between LCZs in type II large cities and super cities was the largest. Consequently, in the Pearl River Delta
urban agglomeration, there was a hierarchy effect of LCZs temperature in cities of different sizes, in the following order: super
cities > megacities > type I large cities > type II large cities.

4. Discussion

From the results of our study (Fig. 5), it can be concluded that large cities have large numbers of compact buildings: compact
midrise (LCZ 2) and high-rise buildings (LCZ 1) are widely distributed, with less land cover LCZ and small water areas (LCZ G). In
contrast, buildings in smaller cities mainly comprise low-rise and medium-rise buildings. However, the number of built LCZs is less
than that of larger size cities, with more land cover LCZs and wide water areas (LCZ G). Vegetation and water bodies are critical
factors in regulating local climate (Feyisa et al., 2014; Du et al. 2019; Wang et al. 2019). Under normal temperature conditions, for
every 10% increase in canopy percentage, the LST decreases by 0.2 °C, whereas for every 10% increase in impervious surface area,
the LST in the urban area increases by 0.7 °C (Klok et al. 2012; Wu et al., 2019a, b). The Pearl River Delta region has a developed
economy, dense population, and a high degree of urbanization. All cities in the study area are at least large-sized cities, the proportion
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of bare rock or paved areas (LCZ E) in each city is large, and the vegetation in urban greening is dominated by dense trees (LCZ A) and
low plants (LCZ D). In our study area, super cities and megacities have large populations, heavy traffic, and busy living trends, which
readily generate large amounts of waste heat. Furthermore, as is typical in large-sized cities, there are many dense mid-rise and low-
rise buildings (LCZ 2 and LCZ 3), and there exists extensive coverage of impervious pavements (LCZ E, especially in Shenzhen and
Dongguan), and low coverage of vegetation and water conducive to cooling the urban area. Thus, megacities have the highest
temperatures and are subject to significant urban heat island effects (Fig. 6).

In Chapter 1, we mention that the current research on LCZs is mainly focused on the perspective of the meso-microscale. In
contrast, our study examined the temperature hierarchy effect of LCZs in cities of different sizes in urban agglomerations on the
regional scale. This differs from the approach taken in previous LCZs studies, and more reliable conclusions can be drawn by
comparing multiple samples as is done in our study. Furthermore, although LCZ mapping methods have gradually improved, the
accuracy of final algorithmic identification results of LCZs are yet to be verified by field investigations or remote sensing experts to
allow for visual interpretation. However, we used high-resolution vector data combined with raster data to classify LCZs in our study.
The addition of vector data could improve the classification accuracy of LCZs and enhance the accuracy of the classification results
(Huang et al. 2007; Lelovics et al. 2013; Huang et al. 2014).
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Fig. 6. The hierarchy effect of LCZs land surface temperature in different size cities. Super city: Shenzhen, Guangzhou; Megacity: Dongguan, Foshan;
Typellarge city: Huizhou, Jiangmen; Type II large city: Zhongshan, Zhuhai.

However, there were some limitations in our study. Due to the large study area and cloudy and rainy weather, Landsat 8 images in
the first quarter of different years were selected as temperature retrieval data to ensure that remote sensing images were not affected
by cloud cover, which influenced LST retrieval results to a certain extent. Although our results proved that there were differences in
the LCZs' temperature among cities of different sizes, there are many uncontrollable factors in regional-scale research and further
research is required to evaluate their impact. Moreover, some buildings, such as temporary buildings, were not included in our study.

5. Conclusion

We used building vector data and satellite raster images to perform LCZs classification, conduct overlay analysis of the classi-
fication results and the LST results, quantify the LCZs' temperature of cities of different sizes, and determine the LCZs temperatures of
cities of different sizes in rank order. We obtained the following conclusions:

1) The distribution of buildings and the relief slope affects LST. In the Pearl River Delta urban agglomeration, there are few to no
buildings in areas with LST lower than 14 °C, but areas with a large number of buildings are usually accompanied by high LST, and
areas with high relief slope usually have low LST. Larger cities have more buildings, and thus there were more areas with LST over
18 °C than the smaller size cities.

2) The density, quantity, and properties of LCZs are different, and hence their temperature is different. The overall temperature
variation trend of land cover LCZ was: LCZE > LCZD > LCZF > LCZB > LCZC > LCZG > LCZA. Among them, the mean
temperature of LCZ A (dense trees) was the lowest (15.670 °C), whereas that of LCZ E (bare rock or pavement) was the highest
(19.262 °C). LCZ E will increase LST, but LCZ A and LCZ G can cool LST. The overall temperature variation trend of built LCZ was:
LCZ7 > LCZ3 > LCZ2 > LCZ6 > LCZ5 > LCZ1 > LCZ 4. The mean temperature of LCZ 7 (industry) was the highest
(21.810 °C) whereas that of LCZ 4 (open high-rise) was the lowest (19.136 °C).

3) Compared with smaller sized cities, larger cities had more built LCZs, which exhibited higher temperatures. LCZ 2, LCZ 3, LCZ 5,
and LCZ 6 temperature results show that the larger the city, the higher the LCZs temperature, i.e., super cities > megacities >
type I large cities > type II large cities. Therefore, the temperature of LCZs among cities of different sizes has a hierarchy effect.

4) The mean temperature of mid-rise and low-rise buildings (such as LCZ 2, LCZ 3, LCZ 5, and LCZ 6) were higher than that of high-
rise buildings such as LCZ 1, indicating that the building height has little effect on the LST of a built LCZ.

In conclusion, by exploring the differences in LCZs temperature among cities of different sizes, the present study determined the
differences between the thermal environments of different land features. Cities of different sizes have different environmental re-
quirements, and thus an effective basis for the cities to implement thermal environment management, according to the local con-
ditions, is provided. In the Pearl River Delta urban agglomeration, for super cities and megacities with high LCZ temperatures,
promoting the organization of LCZ A and LCZ G during urban planning, and reducing the number of LCZ E while reducing building
density, to enhance the urban ventilation capacity is necessary. For type I and type II large cities, it is essential to reduce the number
of mid-rise and low-rise buildings, increase the number of high-rise buildings, and improve the rationality of building distribution.
Furthermore, the impact of industrial heat on urban life should be minimized, modification of industrial structure should be
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promoted, and factories should be transformed for environmental protection purposes. The LCZs should be reasonably organized
according to the actual environment needs of cities. For cities with many dense buildings, setting proper building density is required.
LCZs which are conducive to lowering the temperature of urban spaces should be increased, and the location and size of LCZs
appropriately adjusted to regulate local climate. This could effectively reduce the urban heat island effect and also provide a re-
ference for urban agglomerations in other areas.
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