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Abstract: Understanding the urban thermal environment is vital for improving urban planning and
strategy development when mitigating urban heat islands. However, urban thermal characteristics
of local climate zones (LCZ) are different within cities and most studies lack regional perspective.
This study explored surface thermal performances of cities in three urban agglomerations (Jing-Jin-Ji,
Yangtze River Delta and Pearl River Delta) in China using MODIS land surface temperature (LST).
Besides that, the diurnal and seasonal LST variations of LCZs are also studied. Moreover, the optimal
LCZs for better urban cooling are also investigated in this study. Although the thermal distributions
of LCZs are different in China, there are still some similar features. Our four key findings were as
follows. (1) LCZs in China are well classified, with average overall accuracy of 82% being higher
than that in some previous studies. (2) The LST of mid-rise (LCZ 2, 5) is higher than that of high-
and low-rise buildings (LCZ 1, 3, 4, 6); and compact buildings are warmer than open buildings
(LCZ 1-3 > LST 4-6) in summer of China. That shows both mid-rise and compact buildings are not
beneficial to cool urban. In addition, LST variations at daytime and in summer are more significant
than nighttime and other seasons. (3) LST differences within LCZs are significant at p < 0.05, and are
most significant in Jing-Jin-Ji (JJJ). The LST difference within built types (LCZ 1-10) is more significant
than within natural types (LCZ A-G), showing that built types alteration will be more effective for
thermal environmental improvement. (4) Under the current population and urban area, increasing
greenness and water area in compact high-rise buildings are the most effective strategies for urban
cooling in all three urban agglomerations, with the largest reduction in LST of 4.11 K in JJ]J. These
findings will provide support for thermal environment mitigation, urban planning and sustainable
urban development.

Keywords: local climate zone; land surface temperature; three urban agglomerations; optimal LCZ
combination; urban cooling

1. Introduction

By 2050, 68% of the world’s population will live in urban areas, with 255 million
living in China (https://www.un.org/development/desa/en/news/population/2018
-revision-of-world-urbanization-prospects.html). Urbanization and population growth
have brought a series of urban ecosystem problems, particularly in the urban thermal
environment where urban heat islands (UHIs) have an important impact on public health
and energy security [1]. This phenomenon is more significant in China, which has a greater
urban population than many other counties and more rapid urban growth [2]. Previous
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studies have shown that the three-dimensional (3D) urban infrastructure affected land
surface temperature (LST) more strongly than the 2D structure [3,4]. The 3D urban surface
decreases surface albedo, storing more energy in the urban canopy, which further boosts
the thermal environment [5]. In addition, the 3D urban surface affects urban ventilation by
increasing surface roughness, which also affects the thermal environment [6]. Moreover,
the impact of the 3D structure on UHIs varies depending on temporal scale, e.g., day and
night [7]. Obtaining regional 3D surface information is usually difficult: for example, the
building height, building density, etc. are mostly derived from digital surface models
(DSMs), these in turn are based on airborne LiDAR data which are often limited [3,4].

The local climate zone (LCZ) scheme provided by Stewart and Oke [8] categorizes
urban surfaces into 10 building types and 7 natural types based on their surface mor-
phology. LCZ enriches the normal 2D land use/land cover classification and provides
more focus on the 3D spatial distribution. Moreover, the LCZ can be mapped using
available satellite remote sensing data. Future 3D urban growth is an inevitable trend,
and the LCZ will help to investigate urban thermal environmental processes and then
to develop mitigation measures. LCZ has been popularly used in studies of urban LST
features [9-12], UHI [13,14], urban ventilation [6], outdoor thermal comfort [15], and urban
energy budgets [16,17]. WUDAPT (the World Urban Database and Access Portal Tools)
provide a standard workflow for LCZ classification from free satellite remote sensing data
(e.g., Landsat), using Google Earth images for sampling selection and SAGA software for
classification [18]. The advantage of this approach is that it does not depend on city DSMs
and can be applied to any city, using satellite images. An LCZ product of not less than
120 cities in different continents, established using the WUDAPT method as a supervised
image classification, is being uploaded to the WUDAPT portal [19]. This method is also
widely used in China [10,11]. LST varies among different LCZs with higher LST over built-
type LCZs and lower LST over natural-type LCZs [9,20,21]. However, the spatiotemporal
variations of LST based on LCZs are different across different cities [22-24]. Du et al. [25]
showed that remote-sensed LST varied with LCZ and seasons in Nanjing, China, with the
largest LST difference in summer. However, LST is negatively correlated with building
height in all seasons, with the highest mean LST for large low-rise buildings (LCZ 8). Chen
et al. [10] showed that the remote-sensed LST distribution was quite different during day
and night in Guangzhou and Hongkong. The highest daytime LST was usually obtained in
high-density and low-rise areas (e.g., LCZ 3 and 8), while the highest night time LST was
observed in high-density and high- or mid-rise urban areas (e.g., LCZ 1 and 2). However,
Yang et al. [6] showed high-density high-rise buildings had higher LSTs than other building
types in Shanghai, China. Yang et al. [9] reported that LCZ 7 (industry) had the highest LST
derived from Landsat 8, in a study of Pearl River Delta cities; they also showed that cities
with larger areas usually had higher LSTs. To enhance outdoor thermal comfort, cool cities
and cool communities should be promoted with increasing water and vegetation area [26].
While, for developing countries with densely population, there should have enough built
area to accommodate population. Therefore, the reasonable configuration of built and
natural surfaces with current urban area and population is essential for mitigating urban
heat island and urban planning [27].

Previous studies in China mainly focused on a particular city or an urban agglomera-
tion. However, the thermal distribution of LCZs differs with different cities in different
climate zones and also differs temporally, there is a lack of comprehensive understanding
it. This study comprehensively investigated diurnal and seasonal variations in MODIS
LST between LCZ types among cities in three urban agglomerations in China. In addition,
we also discussed the optimal LCZ combination for better urban cooling by altering urban
area and population of each LCZ type. Firstly, we categorize LCZs across 63 major cities
in China, mostly covered with provincial capital cities with superior economy and larger
population, using Landsat 8 data. Secondly, we study the diurnal and seasonal relation-
ships between LCZs and LST in the three most important urban agglomerations in China
(Jing-Jin-Ji, Yangtze River Delta, Pearl River Delta). In addition, MODIS quality control
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(QC) is important for LST temporal aggregation. Lai et al. [28] showed that seasonal surface
urban heat island (SUHI) differences with and without QC accounted for 29.9% of the total
SUHI in China during night time and exceeded 5.0 K in northern cities. Therefore, QC
is employed for seasonal LST calculations in this study. Finally, we explore the optimal
combination of LCZs with minimum LST value for cool urban. This study will help us to
comprehensively understand the urban surface thermal configuration of various LCZs in
Chinese cities. Furthermore, it will be beneficial for planners and policy makers devising
appropriate strategies to mitigate the urban thermal environment.

2. Materials and Methods
2.1. Study Area

The study area includes 63 major cities, covering provincial capital cities and eco-
nomically developed cities in each province. We focus on three main urban agglom-
erations covering 28 cities (Table 1), specifically 5 cities in Jing-Jin-Ji urban agglomer-
ation (JJ]J), 15 cities in the Yangtze River Delta (YRD) and 8 cities in the Pearl River
Delta (PRD) (Figure 1). JJ] has an area of 21.8 x 10* km?, is located in northeast China,
and is the political, cultural and economic center of China. In 2016, JJJ] had popula-
tion of 112 million and is planned to increase to 130 million by 2050. GDP was about
8.5 x 10? billion in 2019. According to a strategic report, JJJ will be developed as one of
three key infrastructure projects aimed at boosting the Chinese economy over the next
100 years, along with the YRD economic region and “One Belt, One Road” program
(http:/ /theory.people.com.cn/n1/2017/0703 /c412914-29377905.html). The climate of JJJ
is humid continental, with hot summers and cold winters.
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Figure 1. Study area with cities in Jing-Jin-Ji (north), Yangtze River Delta (middle) and Pear River
Delta (south) in China.
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The YRD has an area of 11.8 x 10* km? and population of 225 million, and lies
adjacent to the East China Sea. It has a marine monsoon subtropical climate with humid,
hot summers and dry, cold winters. The mean annual air temperature is about 18-23 °C
and the mean annual precipitation is 1500 mm. Heat waves are quite common in this area
because the western Pacific subtropical pressure zone makes it one of the warmest regions
in summer over mainland China [29].

The PRD has an area of 5.5 x 10* km?, and is located in the southeast of Guangdong
Province. GDP was about 8.7 x 103 billion in 2019 and the population is 57 million
(https:/ /baike.baidu.com/). PRD has a subtropical monsoon climate with the highest
rainfall and temperature in summer. PRD is humid and warm throughout the year, with a
mean annual air temperature of 21-23 °C.

Table 1. Cities in three urban agglomerations.

Urban Agglomeration City Names
Jing-Jin-Ji (5) Beijing, Tianjin, Shijiazhuang, Baoding, Tangshan
Shanghai, Nanjing, Changzhou, Suzhou, Yangzhou, Wuxi,
Yangtze River Delta (15) Nantong, Hangzhou, Jiaxing, Ningbo, Shaoxing, Jinhua,

Taizhou, Hefei, Wuhu
Guangzhou, Shenzhen, Foshan, Dongguan, Huizhou,

Peal River Delta (8) Zhongshan, Zhuhai, Hongkong

2.2. Data

The MODIS eight-day LST product (MOD11A2 and MYD11A2) in 2018 are used in this
study (Table 2). Landsat 8 OLI data are employed for LCZ classification, in order to better
divide impervious surfaces and vegetations, summer data are selected. However, the revisit
period of Landsat is 16-day and there are more cloudy and rainy days in summer, less clear
images for classification. Therefore, Landsat data in period of summer 2017-2019 are used
for classification. Only those images with cloud cover less then 3% are used. Landsat data
pre-processing includes radiometric calibration, atmospheric correction, seamless mosaic,
projection conversion and resampling. MODIS LST is also pre-processed with seamless
mosaic and projection conversion using the MRT tool. For comparison with MODIS LST,
the LCZ derived from Landsat is resampled to 1 km. In addition, the QC band of the
MODIS LST is used to obtain a weighting for the seasonal LST calculation. Each pixel in
the QC is an 8-bit binary number including four flags as mandatory QA, a data quality flag,
emissivity error flag, and LST error flag. In this study, LST pixels with a corresponding QA
flag of “10” or “11”, emissivity error flag of “11” (>0.04) or LST error flag of “11” (>3.0 K)
are excluded. Daytime LSTs are averages of Terra and Aqua images, as well as nighttime
LSTs.

The gridded China population with 1 km resolution is used for optimal LCZ analysis.
The population data is estimated from land use data, night time light satellite images, and
county populations in census data.

Table 2. Data used in this study.

Data. Resolution Date Sources
MODIS 11A2 LST 1km 2018 http:/ /earthdata.nasa.gov/
Landsat 8 OLI 30m Summer in 2017-2019 http:/ /www.usgs.gov

http:/ /www.resdc.cn/doi/

China population 1km 2015 doi.aspx?doiid=32
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2.3. Methods
(1) LCZ Classification

According to the WUDAPT workflow of the LCZ classification [18] and the classifica-
tion scheme developed by [8], LCZ is classified to 17 types (10 building types and 7 natural
types) using the Landsat 8 data (Figure 2). Firstly, development of training samples is
pivotal to the accuracy of LCZ classification. More than 5 x 10* total samples are selected
from Google Earth by visual interpretation. The average number of samples for each LCZ
type is over 3000 in this study, and WUDAPT requires 5-15 per types. WUDAPT was
originally applied in Europe, but the urban morphology in China is more complicated than
in Europe. Therefore, it is essential to acquire a greater number of samples for China. In
addition to the quantity of samples, quality is also important. It is best to select samples
from the largest areas of the same type, with minimum sample polygon length scales of
more than 200 m. We have tested how sample quantity and quality impacts the accuracy of
classification in Xi’an and Changsha, confirming both quantity and quality are important
for classification. Secondly, the random forest classifier in the SAGA GIS software is used
for China LCZ classification, based on the training samples. Thirdly, 5%. of pixels in each
LCZ type are randomly selected and compared to Google Earth for validation. Indicators
for accuracy assessment including OA (overall accuracy of all types), OAu (overall accuracy
of built types) and OAn (overall accuracy of natural types). Detailed information of LCZ
mapping is provided in our other study [30]. LCZ is re-classified by modifying the training
samples if accuracy is too poor. The three indicators are calculated as follows:

oA=y My M)
= Ni
oAu=Y My, @)
= Ni
_ 17 n
OAn=Y_ ﬁlpl 3)

=11

wherel=1,2,...,17 is LCZ 1-17, respectively. n; and N; are numbers of pixels that are
correctly classified and the total samples for type I, respectively. p; is the ratio of the area of
type [ to the area of all types.

(2) Temporal Aggregation of LST

The monthly and seasonal LST are calculated by the following equations [28,31], and
taking LST QC into account.

_ J2Ti(E) - wj(t)at

Ti(t1,t2) = 4)
(i, ta) S wibydt

w=¢q"2, LST error <3K 5)
w=0, LST error >3K

where Tj(t, t) is the temporally averaged LST in pixel i between time t; and t,, and is the
monthly average in this study. T; (f) and w; (t) are the LST and its associated weight in
pixel i at time t. Weight w depends on QC: w = g~ for pixels with LST error < 3 K and
w =0 when LST error >3 K. =1, 2, 3 for LST errors <1 K, <2 K, <3 K, respectively. The
pixels with LST error > 3 K are excluded from this study.

MODIS LST outlier values of each LCZ type are removed before seasonal and diurnal
aggregation, using the quartile method [32]. Only LST data within 1.5 times the interquar-
tile range (Q3-Q1) are used in this study. Here, Q1 and Q3 are the first and third quartiles,
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Built types

and IQR = Q3 — Q1; LST values between Q1 — 1.5 * IQR and Q3 + 1.5 * IQR are retained as

valid data.

Definition

Land cover types

Definition

I. Compact high-rise

2. Compact midrise

3. Compact low-rise

4. Open high-rise

1

5. Open midrise

4

6. Open low-rise

8. Large low-rise

——

9. Sparsely built

B
e

10. Heavy industry

>

L Y

Dense mix of tall buildings to tens of
stories. Few or no trees. Land cover
mostly paved. Concrete, steel, stone,
and glass construction materials.

Dense mix of midrise buildings (3-9
stories). Few or no trees. Land cover
mostly paved. Stone, brick, dle, and
concrete construction materials.

Dense mix of low-rise buildings (1-3
stories). Few or no trees. Land cover
mostly paved. Stone, brick, tile, and
concrete construction materials.

Open arrangement of tall buildings to
tens of stories. Abundance of pervious
land cover (low plants, scattered
trees). Concrete, steel, stone, and
glass construction materials.

Open arrangement of midrise buildings
(3-9 stories). Abundance of pervious
land cover (low plants, scattered
trees). Concrete, steel, stone, and
glass construction materials.

Open arrangement of low-rise buildings
(1-3 stories). Abundance of pervious
land cover (low plants, scattered trees).
Wood, brick, stone, tile, and concrete
construction materials.

Dense mix of single-story buildings.
Few or no trees. Land cover mostly
hard-packed. Lightweight construction
materials (e.g.. woed, thatch,
corrugated metal).

Open arrangement of large low-rise
buildings (1-3 stories). Few or no
trees. Land cover mostly paved.
Steel, concrete, metal, and stone
construction materials.

Sparse arrangement of small or

medium-sized buildings in a natural
setting. Abundance of pervious land
cover (low plants, scattered trees).

Low-rise and midrise industrial struc-
tures (towers, tanks, stacks). Few or
no trees. Land cover mostly paved

or hard-packed. Metal, steel, and
concrete construction materials.

A. Dense trees

B. Scattered trees

"k

{
"

C. Bush, scrub

D. Low plants

y

E. Bare rock or paved

F. Bare soil or sand

Heavily wooded landscape of
deciduous and/or evergreen trees.
Land cover mostly pervious (low
plants). Zone function is natural
forest, tree cultivation, or urban park.

Lightly woeded landscape of
deciduous and/or evergreen trees.
Land cover mostly pervious (low
plants). Zone function is natural
forest, tree cultivation, or urban park.

Open arrangement of bushes, shrubs,
and short, woody trees. Land cover
mostly pervious (bare soil or sand).
Zone function is natural scrubland or
agriculture.

Featureless landscape of grass or
herbaceous plants/crops. Few or
no trees. Zone function is natural
grassland, agriculture, or urban park.

Featureless landscape of rock or
paved cover. Few or no trees or
plants. Zone function is natural desert
(rock) or urban transportation.

Featureless landscape of soil or sand
cover. Few or no trees or plants.
Zone function is natural desert or
agriculture.

Large, open water bodies such as seas
and lakes, or small bodies such as

s ' rivers, reservoirs, and lagoons.

—”

VARIABLE LAND COVER PROPERTIES

Variable or ephemeral land cover properties that change
significantly with synoptic weather patterns, agricultural practices,

and/or seasonal cycles.

b. bare trees

§. snow cover

d. dry ground

w. wet ground

Leafless deciduous trees (e.g., winter).
Increased sky view factor. Reduced
albedo.

Snow cover >10 cm in depth. Low
admittance. High albedo.

Parched soil. Low admittance. Large
Bowen ratio. Increased albedo.

Waterlogged soil. High admittance.
Small Bowen ratio. Reduced albedo.

Figure 2. Schematic of local climate zones, cited from Stewart and Oke [8].
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(3) Optimal LCZ Combination

Identifying the optimal LCZ combination can help mitigate UHIs. With the current
population and urban area, the LCZ can be regrouped with a variable area of each LCZ
type for reducing urban LST. The optimal LCZs with minimum LST can be calculated by
solving the optimal solution of Equation (11) with varied area of each LCZ type. This
study supposes that the urban area and population of each city are fixed, but that of each
LCZ type are varied. This method would obtain area of each LCZ type after optimization,
meanwhile, the optimal LCZs should accommodate the total population. It also assumes
that the population per unit area before and after optimization are same, the population of
each LCZ type is equal to population per unit area multiplies area of each LCZ type.

The constraint conditions are:

S1+sy+s3+...+s17=A (6)
st fp1+52 fo+... 459 fo = POP @)
A=A1+Ar+...+ Ay (8)
foi= B (i=1,2,...,9) )

9
Y pop; = POP (10)

i=1

where A is total urban area, equal to the sum of areas of each LCZ type; 51, s, ... , 517 and
A1, Ay, ..., A1y are each LCZ area after and before optimization. s; needs to be solved,
while A; can be derived from the LCZ map. POP is the total population in urban areas, and
is assumed to distributed in LCZ 1-9 in this study. f,; is the ratio of population and urban
area for each LCZ type (i=1,2,...,9) and is kept fixed before and after optimization. Thus,
fpi is derived from population (pop;) and urban area (A;) before optimization (Equation (9)).
The objective function is:
s

S S
1+T2—2+...+T17% (11)

min(Tyean) = T1 " "

where T; is the mean LST at LCZ type i. Tiean is the mean LST for all LCZ types (total
urban area).

(4) Statistical Analysis

LST differences between any two LCZ types are analyzed using the one-way analysis
of variance (ANOVA). The test of homogeneous of LST variance between different LCZs,
and the normality test, are carried out using SPSS software prior to ANOVA. The Tukey
and Sidak tests are used to test whether LSTs are homogeneous, and are adopted for
pairwise comparisons of average LSTs between any two LCZs, to identify which LCZs are
significantly different. Tamhane’s T2 test is adopted when LSTs are not homogeneous.

3. Results and Discussion
3.1. LCZ Mapping

Across the 63 cities, OA is 71-93% with an average of 82%, OAu is 57-83% with
average of 72% and OAn is 70-99% with average of 90%. Details of the classification
accuracies in three urban agglomerations are listed in Table 3. Urban layouts are diverse
among cities in China; some have a block distribution (e.g., Beijing, Tianjin) and some have
a zonal distribution along river valleys (e.g., Lanzhou, Taiyuan). Furthermore, the same
LCZ type may have multiple urban forms. This diversity increases the difficulty of LCZ
classification in China. Nonetheless, OAu in this study is higher than that in some other
studies of Chinese city classification [19,33], owing to the comprehensive set of training
samples for all urban forms in the present study.
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Table 3. The classification accuracies in three urban agglomerations.

Regions OA OAu OAn
i 78.5% 72.2% 88.2%
YRD 81.3% 72.4% 89.8%
PRD 81.7% 73.5% 88.0%

Taking Beijing and Shanghai as examples, LCZ results can closely reflect the actual
land cover configuration (Figure 3). LCZ maps with pixel sizes of 1 km are shown here;
some minor LCZ types are eliminated, e.g.,, LCZ 9, 10 in Beijing. Three typical areas
are labelled in Beijing: Area “a” with LCZ 4 is Tiantongyuan community with a high
population density and high-rise buildings, known as the largest community in Asia, that
is a residential area, occupied mostly by commuters. Area “b” within the 2nd ring road
is mostly comprised of compact low-rise buildings (LCZ 3), which are representative of
ancient architectures called Courtyard Houses. Area “c” contains commercial offices with
compact high-rise buildings (LCZ 1), e.g., Beijing CBD (Central Business District). The
labelled area in Shanghai (yellow circle) with compact high-rise buildings (LCZ 1) covers
some business centers, e.g., Nanjing Road CBD, Huaihai Road CBD and People’s Square
CBD.

Lezs 1-1 LCzs
- I -

= =:
[ K]

i 5‘1 -
s —
- —
s el
. A e
s . 0
D B
IE [ED]
G [IE
— [IF
six ring road .G

Figure 3. LCZ maps of Beijing (left) and Shanghai (right) with pixel sizes of 1 km, in 2018.

3.2. Diurnal and Seasonal Thermal Performance of LCZs

The LST of LCZs varies evidently with season, reaching the highest LST in summer,
moderate in spring and autumn, and lowest in winter (Figure 4a,c,e). Although LST
distributions of inter-LCZ are similar in each urban agglomeration, with similar fluctuations
in summer, spring and autumn and stable LSTs in winter, the magnitudes of the fluctuations
are different. However, the largest magnitudes are all in summer for JJJ, YRD and PRD
(Figure 4b,d,f). At this time the evapotranspiration is high, which lowers the LST of
natural surfaces and enhances the LST contrast between impervious surfaces and natural
surfaces. For example, the LST difference in summer in JJJ is 5.85 °C, with the highest LST
in compact mid-rise buildings (LCZ 2) and lowest LST in dense trees (LCZ A) (Figure 4b).
In addition, the building height and density also affect LST. During summer in the three
urban agglomerations, the LST of mid-rise buildings is generally higher than that of high
and low-rise (LCZ2 > LCZ1, 3; LCZ 5 > LCZ 4, 6), and compact building LST is higher
than that of open building (LCZ 1-3 > LCZ 4-6). The highest average LST is in the compact
building area. The surface albedo of compact building areas is usually lower than that of
open areas, leading to greater urban energy storage.
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Figure 4. Seasonal mean LST of each LCZ type in JJJ, YRD and PRD (a,c,e), and the seasonal LST difference between
maximum and minimum LSTs in the three urban agglomerations (b,d,f).

The LCZ thermal performance varies diurnally. The standard deviation (SD) of
seasonal mean LST for LCZ 1-17, as well as that of LCZ 1-10 (built surface) and LCZ A-G
(natural surface), is calculated for the three urban agglomerations (Figure 5). The extent of
seasonal LST difference for LCZ 1-17 in the daytime is larger than that of the night time,
as shown by the larger SD, except for winter in JJJ. For natural surfaces (LCZ A-G), mean
LST difference in daytime is larger (higher SD) than in night time in all four seasons. The
largest difference is in summer, because dense vegetation with a lower LST enhances the
LST difference between vegetation and bare soil surfaces.
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For built surfaces (LCZ 1-10), mean LST difference in daytime is larger than that in
the night time for all seasons in YRZ and PRD (Figure 5b,c). However, in the JJ] area, the
difference is lower in daytime than at night during autumn and winter (Figure 5a). This is
because of the use of heating in winter in northern China, whereas heating is used less in
YRZ and PRD.

The LSTs of compact low-rise (LCZ 3) and lightweight low-rise (LCZ 7) in J]JJ are
lower than those in other built types at night during winter and autumn. Because the
government’s unified heating scheme providing continuous heating day and night, does
not cover these low-rise buildings in this area. The heating in these low-rise building is
intermittent. Convective heat transfer from the land surface to lower atmosphere may
increase further at lower air temperatures in areas of low-rise buildings than in other urban
areas. Therefore, the LST of low-rise built areas would decrease.

3.3. LST Differences within LCZs

According to the results discussed above, LST varies most widely in summer. There-
fore, the summer data are analyzed in more detail here. The Kolmogorov-Smirnov test
of normality is applied to the mean LST of each LCZ type. The Levene statistic in the
one-way ANOVA is used for the homogeneous of variance test. The mean LSTs of each
LCZ type follow a normal distribution and are homogeneities in JJJ, YRD and PRD, thus
meeting the requirements of ANOVA. Therefore, Tukey and Sidak tests are utilized for
pairwise comparisons of the mean LSTs between LCZs, as shown in Figure 6. In this figure,
red indicates significant differences in LST at the 95% confidence level (p < 0.05). White
indicates there is no statistically significant difference between mean LSTs.
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Figure 6. The pairwise comparison of mean LST differences within LCZ types in JJJ (a), YRD (b) and
PRD (c) in summer, 2018. Red indicates that the LST difference is significant (p < 0.05), while, white
is not significant. Black squares show LST differences within LCZ 1-10, green squares show LST
differences between natural surfaces (LCZ A-G) and built surfaces (LCZ 1-10), and blue squares
show differences within LCZ A-G.

The number of LST differences vary between urban agglomerations and LCZ types.
The percentage of significant LST differences (the proportion of red-colored numbers) in
J]) is 54.4%, and is thus larger than that in YRD and PRD (44.9% and 12.5%, respectively)
(Table 4). Although the mean LST is different between any two given LCZ types, the
greatest difference is that between built surfaces (LCZ 1-10) and natural surfaces (LCZ
A-G) (green square in Figure 6). The LST differences within LCZ 1-10 (black square in
Figure 6) are more significant than those within LCZ A-G (blue square), with a larger
number of red colors, in JJJ and YRD (Table 4). The opposite pattern is observed in
PRD. This illustrates that changing the proportions of built surface types will play a more
important role in the LST distribution than changing natural surfaces in JJJ and YRD.
Therefore, urban planning managers should pay more attention to built surface types when
mitigating urban cooling. The LST differences amongst LCZ 1-10 and amongst LCZ A-G
are significant, and decrease as JJJ] > YRD > PRD (Table 4); this shows that LST changes
achieved through changing built area types or natural surface types will be greatest in J]JJ
and smallest in PRD.

Table 4. Percentage of significant differences between different land covers.

Natural & Built Inter-Natural Inter-Built
Region Types (Green Types (Blue Types (Black Total
Square) Square) Square)
7] 34.6% 6.6% 13.2% 54.4%
YRD 34.6% 3.7% 6.6% 44.9%

PRD 10.3% 2.2% 0% 12.5%
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3.4. Dominant LCZ Types for Urban Heating and Cooling

The dominant LCZ types in summer daytime are analyzed here, to help improve
our understanding of the main drivers of land cover LSTs in the warm season and to in
implementing measures for urban cooling. The mean LST of each LCZ type is denoted as
LST_lczi, the mean LST for all LCZ types id denoted as LST_lcz, and finally the deviation
LST_lczi minus LST_lcz is used to judge the importance of the LCZs for LST. The higher
the deviation, the greater the attribution of LCZs for LST. Generally, the built types increase
LST while the natural types cool LST. Due to the different LCZ configurations and different
climate zones in the three urban agglomerations, the influences of the LCZs on LST are
different (Figure 7). The dominant LCZs for heating urban surfaces are LCZ 2 in JJJ and
LCZ 8 in YRD and PRD (Table 5). The dominant LCZs for cooling urban surfaces are LCZ
A and LCZ G. This result is reasonable when considering the real urban environment:
industry is well developed in YRD and PRD, and is associated with many large, low-rise
buildings. Urban transportation is also well developed in YRD, and here the paved land
surfaces and vehicle exhausts will further increase LST; consequently, LCZ E is important
for LST in YRD. There are many factors affecting LST, but if only considering land cover
changes then we propose planting more trees amongst compact mid-rise, large low-rise
buildings and also besides roads.

Lcz1 (a)JdJ Lcz1 () YRD
LCZ2 LCZ2
(CZ3 LCZ3
» LCZ4 » LCZa
& Lczs & Lczs
S LCz6 S LCz6
S Loz7 S LCz7
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Figure 7. Departure of each LCZ type from the region’s mean LST in summer daytime in JJJ (a), YRD
(b) and PRD (c).

Table 5. The dominant LCZ types in summer daytime, 2018.

Region Heating Cooling
1] LCZ2 LCZ A
YRD LCZ8,LCZE LCZA,LCZG
PRD LCZ38 LCZA

3.5. Optimal LCZ Combination for Urban Cooling

The optimal LCZ combination for reducing LST comprises compact high-rise buildings
and dense trees or water (Table 6). Because the total population and urban area are fixed



Remote Sens. 2021, 13, 1468

13 of 16

in this study, the choice of higher, compact buildings with lower temperatures is based
on accommodating the present population. The dominant cooling surface types play a
vital role in urban cooling. In JJJ and PRD, more trees planted amongst compact high-rise
buildings and an increased area of urban parks will be beneficial for reducing LST. In YRD,
increasing the water area amongst compact high-rise buildings and in other urban areas
is recommended. Cities in PRD are mostly adjacent to the ocean, while cities in YRD are
more dispersed in areas further from water than those in PRD. Therefore, the urban cooling
effect of water is more evident in YRD than in PRD. The water area in JJJ is small; thus, the
urban cooling effect of trees is significant. The greatest reduction in LST is 4.11 K'in JJJ,
followed by 3.49 K and 3.91 K in YRD and PRD, respectively.

Table 6. The optimal LCZ combinations and LST variations in three urban agglomerations, for
summer daytime in 2018.

Region Optimal LST before LST after Reduced LST
8 Combination Optimization (K) Optimization (K) (K)
i LCZ1+LCZA 309.07 304.96 411
YRD LCZ1+LCZG 309.31 305.82 3.49
PRD LCZ1+LCZA 309.90 305.99 391

4. Discussion

The surface thermal characteristics of the LCZs between different cities are affected
not only by urban climate zones, but also by temporal scale. Compared to previous studies
focusing on a single city [25], or a single urban agglomeration [9,34], or daytime and
nighttime [10], or seasonal variations [25], this study comprehensively researched three
urban agglomerations in China covering 28 cities and both day/night and seasons. In
addition, most studies only focused on LST variations based on LCZs, besides it, this study
also investigated the main LCZ types associated with surface heating and cooling, as well as
appropriate mitigation measures for urban cooling with optimal LCZ combinations. Some
research showed LCZ 3 had highest LST during daytime within LCZ 1-6 in Guangzhou and
Hongkong [10], yet, this study showed LCZ 2 was the warmest area in Pearl River Delta
which is consist with Wang et al. [11]. Wang et al. [11] presented that LCZ 2, 8 and 10 had
the highest LST at both daytime and nighttime, however, our study showed LST variations
of LCZs at daytime were not always consistent with that at nighttime, which depend on
cities and seasons. This study also showed LST varied significantly in summer, that is
consist with Du et al. [25]. Nonetheless, there are still some limitations of the present study
which should be improved in future. (1) Only the spectral properties of land cover are used
for LCZ mapping, which may introduce classification errors if different land covers have
the same spectral signature or if the same land cover has a range of signatures. The urban
3D structural information should also be taken into account for better LCZ classification,
e.g., building height, building density, SVF (Sky View Factor), etc.; this information can
be derived from an urban digital surface model (DSM) established by airborne LiDAR
and stereo imaging, etc. (2) The optimal LCZ combination for urban cooling is derived
from linear optimization, which is simple and effective. Nonlinear optimization will be
employed in the next study.

5. Conclusions

LCZ mapping of 63 major cities in China was firstly achieved using Landsat 8 and
Google Earth data, based on the WUDAPT method. The average overall accuracy was 82%
for all LCZs types and 72% for urban types, when using in-situ data from Google Earth;
this accuracy is higher than that of some previous studies. Then, thermal characteristics of
LCZs were studied, based on MODIS LST in three main urban agglomerations (JJ]J, YRD
and PRD) covering different climate zones.
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Although the thermal properties of LCZs varied considerably among the three agglom-
erations at the seasonal and diurnal scale, there still exist some common characteristics.
The MODIS LST changes within LCZs in spring, autumn and summer were similar, with
the average LST of natural surfaces lower than that of built surfaces, and the lowest LST
was in LCZ A. LSTs were steady in winter. The range of LSTs between the maximum
and minimum LCZs is largest in summer, when strong evapotranspiration enhances the
LST difference between natural and impervious surfaces. In summer, mid-rise buildings
have higher LSTs than high- and low-rise buildings (LCZ2 > LCZ 1, 3; LCZ 5 > LCZ 4, 6),
and compact buildings have higher LSTs than open buildings (LCZ 1-3 > LCZ 4-6). In
addition, LST differences within LCZs during the day and night also vary considerably.
The daytime LST differences within all LCZs, or within built types (LCZ 1-10) or natural
surfaces (LCZ A-G), are all larger than those at night, according to their SD values. Thus,
the impact of the 3D structure of built surfaces and natural surfaces on LST during daytime
is higher than that at night. The number of significant LST differences within LCZs (the
number with p < 0.05) varies amongst climate zones and LCZ types. Generally, the most
frequent significant differences are found in JJJ and between natural and built types in all
three agglomerations. LST differences within built surfaces (LCZ 1-10) are more significant
than those within natural surfaces (LCZ A-G), which shows that LST changes caused by
changing the built surface types are greater and more beneficial for improving thermal
performance than changing the natural surface types.

The strongest LCZs for urban heating in summer daytime are LCZ 2 in J]] and LCZ 8
in YRD and PRD. For urban cooling, the best LCZs are LCZ A and LCZ G in all three urban
agglomerations. With the current urban area and population, the best LCZ combinations
for urban cooling in summer daytime are LCZ 1 + LCZ A in J]] and PRD, with reduced LSTs
of 411 Kand 391 K, and LCZ 1 + LCZ G in YRD, with a reduced LST of 3.49 K. Increasing
tree cover and water area in compact high-rise building communities can evidently mitigate
surface thermal heating.

This study comprehensively analyzed diurnal and seasonal thermal characteristic of
different LCZs among different climate zones in China. The findings will facilitate develop-
ment of spatio-temporal urban planning for improving the urban thermal environment.
Further studies might take advantage of the higher spatial resolution of satellite data (e.g.,
Landsat, ASTER) to investigate the spatial scale effect of LCZ thermal characteristics, which
will help in finding the best LCZ combinations for urban cooling at different scales.
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