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Capability of LCZ Scheme to Differentiate Urban
Thermal Environments in Five Megacities of China:

Implications for Integrating LCZ System Into
Heat-Resilient Planning and Design

Bao-Jie He , Xuecheng Fu , Ziqi Zhao , Pengxin Chen, Ayyoob Sharifi , and Hong Li

Abstract—The local climate zone (LCZ) classification scheme
provides a standardized method to characterize urban morpholog-
ical characteristics and urban thermal environments. However, its
capability to differentiate urban temperatures has not been well
examined. This article investigated the LCZ-based land surface
temperature (LST) in five megacities, including Shenyang, Beijing,
Xi’an, Nanjing, and Nanchang. The results indicate that the LCZ
scheme might conceal areas with the most critical heat risks,
if the maximum LST was not used. The built-dominated zones
often contributed to urban temperature increase, but it was not
always true. The nonbuilt-dominated zones, mostly lowered urban
temperatures, while they could contribute to urban temperature
increase depending on seasonal and urban context. Both hot and
cold nonbuilt-dominated zones varied significantly with city and
season. Some zones were the hottest in one season, but changed to be
the coldest in another season. LCZ scheme showed good capability
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to differentiate the temperatures of built-dominated zones, while
its capability to characterize nonbuilt-dominated zones was weaker.
In Beijing, the LCZ capability to characterize the temperature of
nonbuilt-dominated zones was below 70%, and was only 16.67%
in summer. Therefore, urban planners, designers, and managers
should prudently adopt LCZ scheme to rank the priorities for inte-
grating cooling interventions in both built-dominated and nonbuilt-
dominated zones. It is important to not copy the LCZ-based LST
pattern of other cities or seasons when making decisions. Overall,
this article provides a reference to understand LCZ capability and
make proper decisions for urban heat mitigation, adaptation, and
management.

Index Terms—Heat resilience, hot/cold zones, land surface
temperature (LST), local climate zone (LCZ) capability, local
climate zones (LCZs), seasonal variability.

I. INTRODUCTION

THE world is currently under the mega threats of climate
change at both global and local scales. Among various

climate-related disasters, urban heat which is the individual or
synergistic result of average temperature increase, heat waves,
and heat islands has been evidenced as the most detrimental
one [1], [2]. Addressing urban heat is a crucial mission to avoid
cities being locked into unbearable heat-related challenges [3],
[4]. Heat-resilient urban planning and design, a new paradigm
aiming at increasing urban resilience to extreme heat by inte-
grating heat mitigation, adaptation, and governance solutions
into urban planning and design, has been proposed [5], [6].
The actual implementation of heat-resilient urban planning and
design is highly dependent on the characterization of urban mor-
phological characteristics [7], [8], [9]. For instance, heat-related
threats and risks are a function of urban form and associated
two-dimensional (2-D) and 3-D geometric and functional factors
[10], [11], [12]. The determination of strategies for mitigation
also depends on planning and design variables of roads, build-
ings, and open spaces [13], [14]. The regulation of wind and
shade to enhance urban cool sources and weaken heat sources is
also dependent on urban form and morphological characteristics,
such as building height, building density, street aspect ratio, sky
view factor, and street sinuosity [15], [16], [17], [18], [19].

Many studies have been carried out to characterize urban form
and physiomorphological characteristics and to explore the re-
lationship between urban form and urban thermal environments
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[20], [21]. For instance, the characterization of land use/land
cover has acquired wide acceptance in explaining surface-
based thermal environments [22], [23]. In summer, buildings
and roads are often characterized as hotspots, while water
bodies and vegetated zones are mostly distinguished as cold
spots [24], [25]. Moreover, local climate zone (LCZ) scheme was
developed to standardize local morphological characteristics and
to differentiate urban temperatures and heat vulnerability of
different local areas [26], [27]. Given its advantages in clustering
homogeneous zones and differentiating heterogeneous zones,
urban planners, designers, and managers can easily identify
heat-prone zones and make decisions on heat mitigation, adap-
tation, and governance [28], [29], [30]. The application of LCZ
scheme is conducive to transform heat-related sciences and
technologies into heat-resilient planning and design practices.
However, with in-depth understandings of LCZ-related urban
temperatures, many studies have revealed different results from
the classic temperature patterns, resulting in doubts about the
LCZ scheme’s robustness and capability, as well as the suit-
ability of integrating LCZ scheme into heat-resilient planning
and design. For instance, through the empirical investigation in
Prague, Brno, and Novi Sad, Geletič et al. [31] concluded that
each LCZ class and subclass exhibited seasonal variability, and
many pairwise LCZ types showed no significant temperature
differences. Zhao et al. [32] carried out a holistic assessment
of pairwise difference of monthly temperatures in Shenyang,
China. Their results indicate that the pairwise built-dominated
zones with significant differences accounted for 80.0%–93.3%
across 12 months, where the LCZ capability to differentiate
urban temperature was the strongest in summer, but the lowest in
transition months; in rural areas, the capability ranged between
33.3% (September) and 88.9% (July) for built-dominated zones,
while between 57.1% (September) and 95.2% (July and August)
for nonbuilt-dominated zones [32]. Another study in four inland
and five coastal cities in Croatia verified insignificant tempera-
ture differences among many pairwise LCZ zones [33].

Overall, the LCZ scheme’s capability to differentiate urban
temperatures varies seasonally and temporally. This lays a trap
for urban planners, designers, and managers to apply the LCZ
scheme, mainly in aspect of underestimating or overestimating
urban temperatures of specific zones in different seasons and
areas. To avoid inaccurate information and biased decisions, it
is essential to determine in which season the LCZ capability
is the most robust, and vice versa. However, the understanding
of LCZ scheme’s capability is still limited. Therefore, this ar-
ticle aims to deal with this research gap by investigating the
capability of the LCZ scheme to differentiate urban thermal
environments in five China megacities. These cities include
Shenyang, Beijing, Xi’an, Nanjing, and Shanghai from the
northern to the southern part of China. The seasonal variation of
LCZ-based land surface temperature (LST) and LCZ capability
are investigated. This article is expected to provide an empirical
understanding of LCZ scheme’s capability to differentiate urban
thermal environments and to offer a reference for urban planners,
designers, and managers to accurately characterize hot and cold
zones for performing unbiased heat-resilient urban planning and
design.

II. STUDY AREA AND METHODOLOGY

A. Study Area

This article was carried out in five megacities including
Shenyang (41 °48’N, 123 °23’E), Beijing (39 °55’N, 116 °25’E),
Xi’an (34 °16’N, 108 °57’E), Nanjing (32 °3’N, 118 °47’E), and
Nanchang (28 °41’N, 115 °54’E) in China (Fig. 1). Shenyang,
Xi’an, Nanjing, and Nanchang are the capital cities of Liaoning,
Shaanxi, Jiangsu, and Jiangxi Province, respectively. From the
north to south, these five cities range from 41 °48’ N to 28 °41’N.
They have different distances from the coastal areas, where
Xi’an and Nanchang are inland cities, while Shenyang, Beijing,
and Nanjing can be potentially affected by sea breeze. These
five cities have different altitudes, where the average elevations
of Shenyang, Beijing, Xi’an, Nanjing, and Nanchang are 41.6,
50.0, 396.6, 67.9, and 25.0 m, respectively.

All cities are characterized by different climates. Shenyang
has a monsoon-influenced humid continental climate (Dwa),
with four distinct seasons. Beijing has a monsoon-influenced
humid continental climate (Dwa), but it borders on a cold semi-
arid climate (BSk). Xi’an has a combined climate of semiarid
climate (BSk) and humid subtropical climate (Cwa), with four
distinct seasons. Nanjing has a humid subtropical climate (Cfa),
with four distinct seasons. Nanchang has a monsoon-influenced
humid subtropical climate (Cfa) with four distinct seasons. It
is also on the list of furnace cities of China due to its hot and
humid summers. During its hot season (June 10–September 17),
the average daily high temperatures ranged between 29 °C and
34 °C. Annually, the days of a maximum temperature above
32 °C reach 66 days.

These five cities are highly urbanized. First, these cities
have large populations. As of 2023, Shenyang, Beijing, Xi’an,
Nanjing, and Nanchang were home to 9.20 million, 21.85 mil-
lion, 13.07 million, 9.54 million, and 6.57 million, respectively.
Second, the urbanization levels of these five megacities were
85.12%, 87.80%, 79.88%, 87.20%, and 79.58%, respectively,
much higher than the national urbanization level of China
(66.2%). However, the high urbanization levels, associated with
little attention to cool source preservation and heat source miti-
gation, have brought heat islands to these cities.

Subject to climate change, all cities are undergoing extreme
climates. For instance, Shenyang saw an extreme temperature of
39.3 °C on 2 August 2018. Beijing broke a 23-year record with
27 consecutive days of temperature above 35 °C in July 2023.
Xi’an saw a new temperature record of 40 °C on 28 July 2019.
Nanjing suffered an extreme temperature of 39 °C on 28 July
2019, and the extreme temperature of Nanchang was 40 °C on 28
July 2019. Overall, owning to heat islands and climate change,
the urban heat challenges are increasingly intense, making it
more pressing to implement heat-resilient urban planning and
design.

B. Data Preprocessing and Date Selection

The LST data of the five megacities were retrieved from
Landsat 8 images. In order to reveal the seasonal variability
of LST, SUHI, LCZ-based LST, and LCZ scheme’s capability, a
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Fig. 1. Locations of the five megacities and seasonal land composition in which the black buffer in the year of 2018 is provided by the resource and environmental
science data platform (http://www.resdc.cn).

thermal image in each season was prepared for all the megacities.
A total of 20 remotely sensed thermal-infrared images with
a resolution of 30 m were obtained from the U.S. Geological
Survey (http://earthexplorer.usgs.gov). The cloud coverage was
strictly controlled below 1.0% to avoid errors. The date of
each image adopted to represent each season and the specific
time of thermal information in a day are given in Table I. It
should be noted that it is favorable to control all date in the
same year for comparison, while the cloud condition is often a
prominent constraint. On the basis of thermal images in 2019
and 2020, we searched satisfactory thermal images in a reverse
order from 2018 to achieve effective supplementation. Other
meteorological variables (e.g., air temperature and relative hu-
midity) at 10:28–11:20 (local time) were collected from the local
meteorological departments (Table I). Air temperature data of all
five megacities verified the consistency of seasonal temperature
changes.

C. Landsat Image Processing and LST Retrieval

The LST retrieval followed a common process. After atmo-
spheric correction of reflective and thermal bands, the LST was

retrieved based on the split window algorithm from the only
spectral band of thermal-infrared sensor (TIRS) 10 in Landsat
8 [24], [32]. The digital number was converted to the spectral
radiance Lλ at the top of the atmosphere as

Lλ = ML ·DN +AL (1)

where Lλ is spectral radiance, W/(m2srμm); ML is the
rescaled gain corresponding to a specific band, W/(m2srμm);
and AL is the rescaled bias corresponding to a specific band,
W/(m2srμm).

At-sensor brightness temperature was calculated from TIRS
10, corresponding to the OLI sensor, based on

Tb = k2 / (ln (k1/Lλ) + 1) (2)

where Tb at-sensor brightness temperature, K; k1 is a constant,
W/(m2srμm), with a value of 774.89; and k2 is a constant, W,
with a value of 1321.08.

Next, based on the following equations, the LST was received
after emissivity correction of ground radiance via mono window

http://www.resdc.cn
http://earthexplorer.usgs.gov
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TABLE I
DETAILS OF THE DATE, TIME, AND CORRESPONDING METEOROLOGICAL VARIABLES OF 20 THERMAL-INFRARED IMAGES

algorithm:

B (LST) ={a (1−C−D)+[(−1) (1−C−D)+1]Tb−DTa} /C
(3)

C = ετ (4)

D = (1− ε) [1 + (1− ε) τ ] (5)

LST = B (LST) /(lnε (λ ·B (LST) /ρ+ 1) (6)

where B(LST) is the ground radiance, K; a and b are constants;
and ε and τ are land surface emissivity and atmospheric transmit-
tance of band i, respectively. Ta is effective mean atmospheric
temperature, K. λ is the wavelength of emitted radiance (11.5
μm). ρ is a constant calculated by Planck’s constant, light
velocity, and Boltzmann’s constant, m ·K, with a value of
1.438 × 10−2.

Based on (7), the effective mean atmospheric temperature was
calculated.

For mid-latitude summer

Ta = 16.0110 + 0.92621 T0. (7)

For mid-latitude winter

Ta = 19.2704 + 0.91118 T0

where Ta is the effective mean atmospheric temperature, K; and
T0 is the air temperature at the time when Landsat images are
photographed, K.

A remote sensing image can be divided into three types of
underlaying surfaces, such as water, urban, and natural surfaces.
The land surface emissivity ε of water, urban, and natural sur-
faces were represented by εwater, εbuilding, and εsurface as follows:

εwater = 0.995
εbuilding = 0.9589 + 0.0860× Fv − 0.0671× Fv

2

εsurface = 0.9625 + 0.0614× Fv − 0.0461× Fv
2

(8)

where Fv is the fractional vegetation cover, calculated based on

Fv =
NDVI − NDVIs

NDVIv − NDVIs
(9)

where the NDVI is the normalized difference vegetation index,
as expressed by (10), and NDVIs and NDVIvare the NDVI
indexes for soil and vegetation, respectively [34]. NDVIs and
NDVIv are set as 0.05 and 0.70, while the Fv is set as 1.0 when
the NDVI of a pixel exceeds 0.70, and set as 0 when the NDVI
of a pixel is below 0.05

NDVI =
LNIR − LR

LNIR + LR
(10)

where LNIR is the reflectance in the NIR region and LR refers
to the reflectance in the red region [35].

D. Local Climate Zone (LCZ) Map Generation

The WUDAPT platform (https://www.wudapt.org/) offers a
portal with tools to standardize the generation of LCZs in cities.
The LCZs of many cities are accessible, where we obtained
the LCZ maps of Shenyang, Beijing, Xi’an, and Nanjing [36] in
2019 (Fig. 2), while the LCZ map of Nanchang was not available.

Therefore, we generated the LCZ map of Nanchang follow-
ing the criteria and principles specified by Stewart et al. [26].
Based on the Google Earth image on 15 April 2020 (no cloud),
the visual interpretation was conducted to select training LCZ

https://www.wudapt.org/
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Fig. 2. Local climate zone maps of five megacities. (a) Shenyang. (b) Beijing. (c) Xi’an. (d) Nanjing. (e) Nanchang.
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TABLE II
AREAS OF DIFFERENT LCZ TYPES URBAN BUILT-UP AREAS OF FIVE MEGACITIES

samples. To ensure training efficiency, some criteria were set as
follows.

1) Each training sample was required to be larger than 1.0 sq
km and longer/wider than 200 m.

2) Small areas that are highly heterogeneous or irregular in
morphological characteristics are excluded.

3) The distance between two training zones should be wider
than 100 m to avoid fuzzy recognition.

Depending on the availability, 5–28 training samples were
selected for each type. Using the random forest algorithm on
the SAGA GIS platform, the initial LCZ training samples were
classified, after which LCZ map was generated on the Landsat
TM image. Through several rounds of iteration and verification,
the final LCZ map of Nanchang was generated, as shown in
Fig. 2(e). Detailed information of each LCZ type of five megac-
ities is provided (Table II). Note that not all types were available
in each megacity. For instance, LCZ-7 (lightweight low-rise)
and LCZ-9 (sparsely built) were not available in all megacities,
LCZ-10 (heavy industry) was not found in Nanchang. LCZ-B
(scattered trees) was not found in Beijing, LCZ-C (bush and
scrub) was not available in Shenyang, Beijing, and Xi’an, and
LCZ-F (bare soil or sand) was not found in Beijing and Xi’an. In
addition, LCZ-1 (compact high-rise) in Xi’an only had an area
of 0.01 sq km.

E. Data Analysis

The seasonal LST of different LCZs were calculated within
the urban built-up areas (circled by black lines in Fig. 2). The
analysis was carried out in terms of LST range, mean value,
and departure of the average LST of a specific LCZ from the
average LST of all LCZs, in order to test whether a zone has
positive or negative impacts on urban temperature. Afterwards,
the LCZ scheme’s capability to differentiate LST was examined
by examining if there were significant differences between the
LSTs of pairwise LCZs based on the nonparametric analysis of
Kruskal–Wallis H test because the LST dataset did not obey a
normal distribution [2]. The capacity was defined as the ratio
of significantly different pairwise LCZs to all pairwise LCZs,

with a range of 0%−100%, in built-dominated and nonbuilt-
dominated areas, respectively.

III. RESULTS AND DISCUSSION

This section presents the seasonal variability of LCZ-based
LSTs and their departure from the average temperature of each
megacity to examine each zone’s contribution to the urban
thermal environments. Afterwards, the seasonal variability of
hot and cold zones of each megacity was examined in terms of
the hottest and coldest built-dominated and nonbuilt-dominated
zones. The LST difference of pairwise LCZs was analyzed to
reveal whether the LCZ scheme could differentiate LST robustly.

A. Seasonal Variability of LCZ-Based LST in Shenyang

The summertime LST of Shenyang ranged between 12.71 °C
and 45.32 °C (Fig. 3). Moreover, the autumntime, winter-
time, and springtime ones ranged between 5.78 °C–29.46 °C,
−28.50 °C–1.72 °C, and −2.15 °C–30.99 °C, respectively. The
two ends of the range in each season were taken by LCZ-8, show-
ing a large range of 32.61 °C, 23.68 °C, 30.22 °C, and 32.14 °C
in summer, autumn, winter, and spring, respectively. Using the
average LCZ-based LST as an indicator, the summertime LST
ranged between 27.80 °C (LCZ-A) and 34.79 °C (LCZ-2), show-
ing a range of 6.99 °C. The autumntime LST ranged between
18.51 °C (LCZ-G) and 21.77 °C (LCZ-8), showing a range of
3.26 °C. The wintertime LST ranged between−7.76 °C (LCZ-4)
and −4.53 °C (LCZ-D). The springtime LST ranged between
14.18 °C (LCZ-G) and 19.53 °C (LCZ-8), presenting a range of
5.35 °C. Overall, in summer, the dense tree areas were important
cooling sources for the city. Meanwhile, the hot and cold areas
varied with the change of temperature assessment indicator.
The highest and lowest temperatures could be masked and the
temperature gaps were reduced by the use of average LST when
introducing LCZ scheme.

Fig. 4 shows the departure of average LST of each LCZ
zone from the citywide average temperatures. In summer, the
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Fig. 3. Seasonal LST of different LCZs in Shenyang ( °C). Note that the red
dot was the average LST of each zone, and the left and right ends of the blue
lines were the lowest and highest LSTs of each zone, respectively.

citywide average temperature was 31.90 °C. Seven LCZs ex-
hibited higher temperatures, where LCZ-2 showed the largest
positive departure (2.89 °C), followed by LCZ-8 (2.34 °C) and
LCZ-10 (1.86 °C). LCZ-1, LCZ-3, LCZ-5, and LCZ-E also
showed positive departure. Seven LCZs exhibited lower tem-
peratures, where LCZ-4 and LCZ-6 were the built-dominated
zones showing marginally negative departure. All others were
nonbuilt-dominated zones, where LCZ-A and LCZ-G showed
strong negative departure of 4.10 °C and 3.72 °C, respectively.
In autumn, LCZ-1 and LCZ-4 were the built-dominated zones
having lower temperatures than the citywide LST (20.71 °C).
LCZ-A, LCZ-B, and LCZ-G were nonbuilt-dominated zones
showing negative departure, about 1.25 °C, 0.25 °C, and 2.20 °C,
respectively. However, LCZ-D, LCZ-E, and LCZ-F showed
positive departure. In winter, four built-dominated zones showed
negative departure, where the negative departure of LCZ-1 and
LCZ-4 was 1.40 °C and 1.49 °C, respectively. LCZ-A, LCZ-B,
LCZ-D, and LCZ-F were nonbuilt-dominated zones showing
positive departure, where LCZ-D showed the largest departure
of 1.74 °C. Only LCZ-E and LCZ-G showed negative departure.
The springtime average citywide LST was 17.83 °C, and the
springtime departure pattern was similar to the autumntime one.
LCZ-5 showed a different pattern with a marginally negative
departure (−0.02 °C). LCZ-B and LCZ-E showed different pat-
terns with the values of 0.32 °C and 0.16 °C, respectively. Over-
all, LCZ-3, LCZ-8, and LCZ-10 were stable heating sources,
while LCZ-G was a stable cooling source.

B. Seasonal Variability of LCZ-Based LST in Beijing

Fig. 5 exhibits the mimumin, average, and maximum LST
of each LCZ in Beijing. Its summertime LST ranged between
24.09 °C and 53.95 °C, showing a range of 29.86 °C. How-
ever, the autumntime, wintertime, and springtime LST ranged
between 5.23 °C–28.42 °C, −11.20 °C–9.50 °C, and 11.32 °C–
44.12 °C, with a range of 23.19 °C, 20.70 °C, and 32.80 °C,

respectively. The lowest and highest ends varied in different
seasons, where they were LCZ-1 and LCZ-8 in summer, LCZ-8
and LCZ-8 in autumn, LCZ-1 and LCZ-8 in winter, and LCZ-1
and LCZ-8 in winter. However, the average LST ranged between
30.86 °C (LCZ-G) and 42.66 °C (LCZ-2) in summer, showing a
range of 11.80 °C. In autumn, the average LST ranged between
15.99 °C (LCZ-G) and 21.09 °C (LCZ-2), having a range of
5.10 °C. In winter, the average LST ranged between −0.17 °C
(LCZ-G) and 3.08 °C (LCZ-D), with a range of 3.25 °C. In
spring, the average LST ranged between 20.24 °C (LCZ-G) and
31.99 °C (LCZ-3), with a range of 11.75 °C. The results also
verified that different assessment indicators resulted in distinct
zones with the highest and lowest temperatures.

Fig. 6 analyzes the departure of average LST of each zone
from citywide average temperatures. In summer, the citywide
average LST was 38.71 °C. LCZ-4 and LCZ-6 were the two
built-dominated zones showing negative departure. All others
positively contributed to urban temperature increase. LCZ-2
and LCZ-10 made the strongest contributions by 3.95 °C and
2.79 °C, respectively. Three out of four nonbuilt-dominated
zones showed negative departure, where LCZ-A and LCZ-G
showed large negative departure, 4.25 °C and 7.85 °C, respec-
tively. In autumn, the citywide average LST was 19.83 °C.
LCZ-4 was the only built-dominated zone showed negative
departure (0.92 °C), while LCZ-2, LCZ-3, and LCZ-10 exhibited
positive departure, with a value of 1.26 °C, 1.11 °C, and 1.14 °C,
respectively. LCZ-D showed positive departure (0.38 °C), while
LCZ-A, LCZ-E, and LCZ-G showed negative departure, with a
value of 0.20 °C, 0.76 °C, and 3.84 °C, respectively. In winter,
five built-dominated zones showed positive departure, while
three showed negative departure. The most prominent negative
departure (1.55 °C) was in LCZ-4. Two nonbuilt-dominated
zones, including LCZ-A and LCZ-D, showed positive departure,
where LCZ-D showed the most obvious departure of 1.46 °C.
LCZ-E and LCZ-G showed negative departure. The springtime
departure pattern was similar to the autumntime one, despite
some variations in departure distance. Overall, LCZ-2, LCZ-3,
LCZ-8, and LCZ-10 were the stable warming zone, while LCZ-
G was the stable cool source. However, it is essential to notice
the changing contributions of many other zones.

C. Seasonal Variability of LCZ-Based LST in Xi’an

Fig. 7 shows the minimum, average, and maximum LST of
each zone in Xi’an. Summertime, autumntime, wintertime, and
springtime citywide LST ranged between 22.80 °C–49.05 °C,
1.92 °C–36.12 °C, −1.27 °C–14.25 °C, and 18.91 °C–43.15 °C,
with a range of 26.25 °C, 34.20 °C, 15.52 °C, and 24.24 °C,
respectively. The two ends were LCZ-8 and LCZ-8 in summer,
LCZ-8 and LCZ-8 in autumn, LCZ-8 and LCZ-8 in winter, and
LCZ-G and LCZ-8 in spring. The summertime average LST
ranged from 30.42 °C to 37.61 °C, with the lowest temperature
shifting to LCZ-G. In autumn, the lowest average LST was in
LCZ-G (19.34 °C), while the highest was in LCZ-A (26.04 °C).
In winter, LCZ-4 showed the lowest average LST (3.03 °C),
while LCZ-A was the one exhibiting the highest average LST
(6.95 °C). In spring, the lowest average LST was found in
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Fig. 4. Departure of LCZ-based LST from the average citywide LST in Shenyang. (a) Spring. (b) Summer. (c) Autumn. (d) Winter.

Fig. 5. Seasonal LST of different LCZs in Beijing ( °C). Note that the red dot
was the average LST of each zone, and the left and right ends of the blue lines
were the lowest and highest LSTs of each zone, respectively.

LCZ-G (23.83 °C), but the highest average LST was found
in LCZ-A (29.96 °C). Zones with the lowest/highest LST and
lowest/highest average LST could be different and vary with
season.

Fig. 8 shows the departure of average LST of each zone
from citywide average temperatures. In summer, the citywide
average LST was 34.52 °C. LCZ-4 and LCZ-6 were the two
built-dominated zones having prominent negative departure,
with value of 1.02 °C and 1.29 °C, respectively. LCZ-1 and LCZ-
8 showed obvious positive departure of 2.80 °C and 1.49 °C,
followed by LCZ-2 (0.72 °C), LCZ-5 (0.59 °C), and LCZ-3

(0.47 °C). Three nonbuilt-dominated zones showed negative
departure. They were LCZ-G (4.10 °C), LCZ-A (3.00 °C), and
LCZ-D (0.85 °C). LCZ-E showed positive departure, about
1.16 °C. In autumn, the citywide average LST was 21.95 °C.
LCZ-1, LCZ-2, LCZ-4, and LCZ-5 showed negative departure,
while LCZ-3, LCZ-6, LCZ-8, and LCZ-10 showed positive de-
parture. LCZ-A, LCZ-D, and LCZ-E showed positive departure,
4.45 °C, 1.72 °C, and 0.52 °C, respectively. LCZ-B and LCZ-G
showed negative departure, about 0.49 °C and 2.16 °C in value,
respectively.

The wintertime citywide average LST was 4.42 °C, and the
wintertime departure pattern was similar to the autumntime
one, despite different departure distance. In spring, the city-
wide average LST was 27.45 °C. LCZ-1, LCZ-4, and LCZ-4
showed negative departure with a value of 1.57 °C, 1.35 °C,
and 0. 01 °C, respectively. LCZ-3, LCZ-8, and LCZ-10 showed
obvious positive departure by 0.87 °C, 1.63 °C, and 0.55 °C,
respectively. LCZ-A, LCZ-D, and LCZ-E exhibited positive
departure by 2.51 °C, 0.90 °C, and 1.07 °C, respectively. Overall,
the departure pattern of each zone generally varied with season.
Even though, LCZ-3, LCZ-4, LCZ-8, LCZ-10, LCZ-A, and
LCZ-E showed positive departure stably, and LCZ-B and LCZ-G
showed stable positive and negative departure. Typically, LCZ-A
(dense trees) was a strong warming zone.

D. Seasonal Variability of LCZ-Based LST in Nanjing

Fig. 9 shows the minimum, average, and maximum
LST of each zone in Nanjing. Summertime, autumntime,
wintertime, and springtime citywide LST ranged between
24.54 °C–49.85 °C, 8.38 °C–38.29 °C,−15.14 °C–20.39 °C, and
16.87 °C–39.47 °C, with the range of 25.31 °C, 29.91 °C,
35.53 °C, and 22.60 °C, respectively. The highest and lowest
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Fig. 6. Departure of LCZ-based LST from the average citywide LST in Beijing. (a) Spring. (b) Summer. (c) Autumn. (d) Winter.

Fig. 7. Seasonal LST of different LCZs in Xi’an ( °C). Note that the red dot
was the average LST of each zone, and the left and right ends of the blue lines
were the lowest and highest LSTs of each zone, respectively.

temperatures were found in LCZ-8 and LCZ-G in summer, LCZ-
8 and LCZ-8 in autumn, LCZ-8 and LCZ-8 in winter, and LCZ-8
and LCZ-G in spring, respectively. The average LST ranged
between 28.56 °C and 35.11 °C in summer. LCZ-G showed the
lowest average temperature, while LCZ-3 showed the highest
average temperature. In autumn, LCZ-G and LCZ-3 showed
the lowest and highest average LST, with a value of 20.76 °C
and 25.64 °C, respectively. LCZ-G and LCZ-3 had the lowest
and highest average LST in winter, with a value of 6.06 °C and
8.41 °C, respectively. In spring, the average LST ranged between
21.57 °C and 28.08 °C, where LCZ-G and LCZ-3 covered two
ends. Overall, LCZ-8 had the highest LST, while the zones with
the highest average temperature was LCZ-3. LCZ-8 exhibited
the lowest LST in spring, autumn, and winter, while LCZ-G
showed the lowest average LST in four seasons.

The LST departure showed two key patterns (Fig. 10). In
spring and summer, the citywide average LST were 33.02 °C
and 26.36 °C, respectively. In spring, LCZ-1 and LCZ-4 showed
negative departure of 0.40 °C and 0.74 °C, respectively. LCZ-
A, LCZ-B, and LCZ-G showed negative departure of 0.87 °C,
0.40 °C, and 4.79 °C, respectively. However, in summer, all built-
dominated zones were heating sources, where the LCZ-3 showed
the strongest warming effect of 2.09 °C. LCZ-E and LCZ-F also
exhibited warming effects by 0.21 °C and 0.75 °C, respectively.

The autumntime and wintertime citywide average LST were
24.08 °C and 7.41 °C, respectively. Their departure patterns were
similar overall; the only difference was found in LCZ-E and
LCZ-F. They exhibited warming effects in autumn with positive
departure distance of 1.19 °C and 0.45 °C, respectively, whereas
they were cooling zones in winter, with negative departure
distance of 0.01 °C and 0.15 °C, respectively. Among built-
dominated zones, LCZ-3, LCZ-8, and LCZ-10 exhibited warm-
ing effects, and their positive departure was 1.56 °C, 1.12 °C, and
0.95 °C in autumn, while it was 1.00 °C, 0.41 °C, and 0.95 °C,
respectively. LCZ-1, LCZ-2, LCZ-4, LCZ-5, and LCZ-6 were
cooling sources, with the LCZ-4 showed the strongest intensity
in both autumn and winter. Among nonbuilt-dominated zones,
LCZ-C showed prominent warming effects with the positive
departure of 1.20 °C and 0.90 °C, in autumn and winter, respec-
tively. LCZ-G was the most prominent cooling source with the
negative departure of 3.32 °C and 1.35 °C in autumn and winter,
respectively.

E. Seasonal Variability of LCZ-Based LST in Nanchang

Fig. 11 shows the mimimum, average, and maximum LST
of Nanchang. The summertime, autumntime, wintertime, and
springtime LST ranged from 21.80 °C–40.83 °C, 15.74 °C–
39.93 °C, −6.42 °C–19.60 °C, and 5.01 °C–38.61 °C, resulting
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Fig. 8. Departure of LCZ-based LST from the average citywide LST in Xi’an. (a) Spring. (b) Summer. (c) Autumn. (d) Winter.

Fig. 9. Seasonal LST of different LCZs in Nanjing ( °C). Note that the red dot
was the average LST of each zone, and the left and right ends of the blue lines
were the lowest and highest LSTs of each zone, respectively.

in a range of 19.03 °C, 24.19 °C, 26.02 °C, and 33.50 °C, re-
spectively. The lowest and highest temperatures were found
in LCZ-G and LCZ-8 in summer, LCZ-G and LCZ-8 in au-
tumn, LCZ-A and LCZ-8 in winter, and LCZ-F and LCZ-8 in
spring, respectively. In terms of average LST, LCZ-G and LCZ-8
showed the lowest and highest values in all four seasons, despite
the differences in value.

Fig. 12 presents the seasonal temperature departure of Nan-
chang. Springtime, summertime, autumntime, and wintertime
citywide average LSTs were 26.21 °C, 31.77 °C, 29.16 °C, and
9.84 °C, respectively. The temperature departure in spring,

summer, and autumn showed a similar pattern, where only
LCZ-A showed a different departure pattern among 14 zones.
LCZ-A exhibited negative departure with a value of 0.02 °C and
0.09 °C in spring and winter, respectively, whereas it exhibited
positive departure with a value of 0.13 °C in autumn.

Among built-dominated zones, LCZ-4 was the only one gen-
erating cooling effects in spring, summer, and autumn, with
negative departure values of of 0.47 °C, 0.23 °C, and 0.39 °C,
respectively. LCZ-8 exhibited the obvious positive departure,
with values of 2.19 °C, 1.61 °C, and 1.46 °C in spring, summer,
and autumn, respectively. In addition, LCZ-3 and LCZ-6 were
built-dominated zones with prominent warming effects. Among
nonbuilt-dominated zones, LCZ-E was the only one exerting a
warming effect, with positive departure of 1.47 °C, 1.44 °C, and
0.97 °C in spring, summer, and autumn, respectively. LCZ-G
was the most prominent cooling zone with the negative departure
of 4.93 °C, 3.34 °C, and 3.69 °C in spring, summer, and autumn,
respectively. In winter, LCZ-3, LCZ-6, and LCZ-8 showed posi-
tive departure, while LCZ-1, LCZ-2, LCZ-4, and LCZ-5 showed
negative departure. LCZ-B, LCZ-C, and LCZ-E showed positive
departure among seven nonbuilt-dominated zones, while LCZ-G
showed obvious negative departure of 1.82 °C.

F. Seasonal Variability of Hot and Cold Zones of Five
Megacities

Based on the analysis in subsections A–E, this subsection
extracted the built-dominated and nonbuilt-dominated zones
with high and low temperatures (e.g., type and occurrence time)
in five megacities (Table III). This is crucial for urban planners,
designers, and managers to identify the heat-prone and heat-safe
zones in warm seasons and pinpoint the cold-prone and cold-safe
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Fig. 10. Departure of LCZ-based LST from the average citywide LST in Nanjing. (a) Spring. (b) Summer. (c) Autumn. (d) Winter.

Fig. 11. Seasonal LST of different LCZs in Nanchang ( °C). Note that the red
dot was the average LST of each zone, and the left and right ends of the blue
lines were the lowest and highest LSTs of each zone, respectively.

zones in cold seasons, for mitigation, adaptation, and gover-
nance interventions. Although the background temperatures in
different years (e.g., 2016, 2017, 2018, 2019, and 2020) may
cause some uncertainties in the seasonal variability of hot and
cold zones, the results remained robust and reliable given the
representative air temperatures of different seasons (Table I).

For the built-dominated zones in Shenyang, four zones were
hot zones (i.e., including the hottest and hotter zones corre-
sponding to the highest and second highest temperatures, re-
spectively) in four seasons: LCZ-8, LCZ-2, LCZ-9, and LCZ-10
were the hottest zones of spring, summer, autumn, and winter,

respectively. LCZ-8 was the hotter zone in summer and winter,
and LCZ-10 was the hotter zone in spring and autumn. Four
zones were identified as the cold zones (i.e., including the coldest
and colder zones corresponding to the lowest and second lowest
temperatures, respectively), where LCZ-4 and LCZ-1 were the
coldest and colder zones in spring, autumn, and winter. LCZ-8
and LCZ-6 were identified as the coldest and colder zones of
spring, respectively.

In Beijing, four zones were among the hottest and hotter
built-dominated zones as well. LCZ-2 was the hottest zone
in summer and autumn, while LCZ-3 and LCZ-10 were the
hotter zones in spring and winter, respectively. LCZ-8 was the
hotter zone in spring, LCZ-10 was the hotter zone in summer
and autumn, and LCZ-3 was the hotter zone in winter. LCZ-2
was the hottest zone in summer and the hotter zone in autumn.
LCZ-3 was the hottest one in spring. Four built-dominated zones
were characterized by the coldest and colder zones in four
seasons. LCZ-4 was the coldest in spring, autumn, and winter,
and the colder one in summer. LCZ-1 was the colder zone in
spring, LCZ-6 was the one in autumn, and LCZ-5 was the one
in winter.

In Xi’an, there were four zones among the hottest and hotter
zones. LCZ-8 was the hottest one in spring, and it was the hotter
zone in summer, autumn, and winter. LCZ-7 was the hottest
in summer, and LCZ-10 was the hottest in autumn and winter.
LCZ-3 was the hotter zone in spring. LCZ-1 was the coldest
zone in spring and autumn, LCZ-6 was the coldest zone in only
summer, and LCZ-4 was the coldest zone in winter. However,
LCZ-4 was the colder zone in spring, summer, and autumn, and
LCZ-1 was the colder zone in winter. Typically, the pattern in
autumn and winter was highly similar.

In Nanjing, LCZ-3 and LCZ-8 were the hottest and hotter
zones in spring, summer, and autumn, while LCZ-3 and LCZ-10
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Fig. 12. Departure of LCZ-based LST from the average citywide LST in Nanchang. (a) Spring. (b) Summer. (c) Autumn. (d) Winter.

were the hottest and hotter zones in winter. LCZ-4 was always
the coldest zone in all seasons. LCZ-1 was the colder in spring
and autumn. LCZ-6 and LCZ-2 were colder in summer and
winter, respectively.

In Nanchang, LCZ-8 was the hottest zone in four seasons.
LCZ-3 was the hotter zone in spring and summer, while LCZ-6
was the hotter zone in autumn and winter. LCZ-4 was the coldest
zone in all seasons, and LCZ-1 was the colder zone in spring
and autumn. LCZ-2 and LCZ-5 were the colder zones in summer
and winter, respectively.

The comparison indicates that the temperature pattern was
not always the same in different seasons. As shown in Figs. 13
and 15 out of the 40 times, LCZ-8 (large low-rise) was the
hottest/hotter zone, followed by LCZ-3 (nine times), LCZ-10
(six times), and LCZ-2 (three times). The respective values for
LCZ-6 and LCZ-9 were only two and three times. In 19 out
of 40 times, LCZ-4 (open high-rise), was the coldest/colder
built-dominated zone, followed by LCZ-1 (11 times) and LCZ-6
(five times). The respective values for LCZ-2, LCZ-5, and
LCZ-8 were only two, two, and one time. The seasonal tem-
perature pattern was also different. For instance, there were
three types of hot built-dominated zones in spring, while there
were five in summer. In autumn and winter, there were six
and four hot built-dominated zones, respectively. Moreover,
the occurrence of different zones varied in four seasons. For
instance, LCZ-8 occurred five, four, three, and three times in
spring, summer, autumn, and winter, respectively. The cold
built-dominated zones were also different in terms of type and
associated occurrence time. For instance, LCZ-6 occurred four
times in summer, while it was not a cold zone in both spring and
winter.

Table III also presents the seasonal variability of hot and cold
nonbuilt-dominated zones of different megacities. In Shenyang,

LCZ-D, LCZ-E, and LCZ-F were the three hot nonbuilt-
dominated zones. LCZ-F was the hottest zone in spring, and
it was the hotter zone in summer, autumn, and winter. LCZ-E
was the hottest in summer and autumn. LCZ-D was the coldest
in winter, and the colder one in spring. LCZ-A and LCZ-G,
representing dense trees and water, were the cold zones. LCZ-A
was the coldest in summer, and the colder one in spring and
autumn. LCZ-G was the coldest in spring and autumn and the
colder one in summer and winter. In addition, LCZ-E was the
coldest one in winter.

In Beijing, LCZ-A, LCZ-D, and LCZ-E were the three hot
zones. LCZ-D was the hottest zone in spring, autumn, and winter,
while it was the hotter one in summer. LCZ-E was the hottest
zone in summer and the hotter zone in spring. LCZ-A, LCZ-E,
and LCZ-G were the three cold zones. LCZ-G was the coldest
one in the four seasons, and LCZ-A was the colder one in spring
and summer. LCZ-E was the colder one in autumn and winter.

In Xi’an, there were three zones (e.g., LCZ-A, LCZ-D, and
LCZ-E) characterized by hot zones. LCZ-A was the hottest in
four seasons, LCZ-E was the hotter zone in spring and summer,
and LCZ-D was the hotter zone in autumn and winter. LCZ-G
and LCZ-B were the coldest and colder zones in the four seasons.
Overall, spring and summer had the same pattern in terms of
the hot and cold zones, while autumn and winter had the same
pattern.

In Nanjing, there were four hot nonbuilt-dominated zones
including LCZ-C, LCZ-D, LCZ-E, and LCZ-F. LCZ-F was the
hottest zone in spring and summer, and LCZ-C was the hottest
zone in autumn and winter. LCZ-E was the hotter one in spring,
summer, and winter, while LCZ-D was the hotter one in winter.
However, LCZ-G was the coldest zone in four seasons, and
LCZ-A was the colder hotter one in four seasons except for
winter. LCZ-F was the colder zone in winter. Overall, spring
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TABLE III
SEASONAL VARIABILITY OF THE HOT AND COLD ZONES OF BUILT-DOMINATED AND NONBUILT-DOMINATED AREAS IN FIVE MEGACITIES ( °C)

and summer had the same pattern in terms of the hot and cold
zones.

In Nanchang, LCZ-A, LCZ-B, LCZ-C, LCZ-E, and LCZ-F
were the hot nonbuilt-dominated zones. LCZ-E was the hottest
in spring, summer, and autumn, while LCZ-B was the hottest in
winter. LCZ-A was the hotter one in spring and summer, LCZ-F
was the hotter one in autumn, and LCZ-C was the hotter one
in winter. Regarding the cold zones, LCZ-G, representing low
plants and water, was the coldest one in all seasons. LCZ-C was
the colder zone in spring, summer, and autumn, while LCZ-D
was the colder zone in winter. Overall, the analysis indicates that
both hot and cold nonbuilt-dominated zones varied significantly
with city and season. Some zones were the hottest in one season,
but changed to be the coldest in another season. For instance, in
Shenyang, LCZ-8 was the hottest one in spring, while it was the
coldest one in summer; LCZ-E was the hottest one in summer
and autumn, while it was the coldest one in winter. Some sharp

changes were also found in specific zones in terms of being
hotter and colder zones in different seasons.

Fig. 13 also presents the characteristic hot and cold zones
in five megacities. LCZ-E (bare rock or paved) was a typi-
cal hot nonbuilt-dominated zone with 12 times of occurrence,
followed by LCZ-D (nine times), LCZ-A (eight times), and
LCZ-F (seven times). LCZ-B and LCZ-C occurred one and three
times, respectively. LCZ-G (water) was the most typical cold
nonbuilt-dominated zone with 20 times of occurrence, followed
by LCZ-A (dense trees) with eight times. LCZ-B, LCZ-C, LCZ-
D, LCZ-E, and LCZ-F occurred four, three, one, three, and one
time, respectively. The hot and cold nonbuilt-dominated zones
varied significantly in different seasons as well. For instance,
four, four, five, and five zones were hot zones in spring, summer,
autumn, and winter, respectively. Four, four, five, and five zones
were cold zones in spring, summer, autumn, and winter. Overall,
there were no fixed hot and cold zones in different seasons.
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Fig. 13. Characteristic hot and cold zones in built-dominated and nonbuilt-dominated zones. Note the hottest and hotter zones were the zones with the highest
(Max-1) and the second highest temperatures (Max-2) in Table III, and the coldest and colder zones were those with the lowest (Min-1) and the second lowest
temperatures (Min-2). (a) Hot built-dominated zones. (b) Hot non-built-dominated zones. (c) Cold built-dominated zones. (d) Cold non-built-dominated zones. (e)
Hot built-dominated zones. (f) Hot non-built-dominated zones. (g) Cold built-dominated zones. (h) Cold non-built-dominated zones.

G. Land Surface Temperature Difference Among Different
Local Climate Zones

Fig. 14 compares whether there was a significant difference
between the temperatures of pairwise LCZs. The results indicate
that the temperatures of most pairwise built-dominated and
nonbuilt-dominated zones showed significant differences. How-
ever, many pairwise zones did not show significant differences.
Among the built-dominated zone of Shenyang, for instance,
the temperature of LCZ-2 did not have a significant difference
from that of LCZ-6, and there was no significant difference
between the temperatures of LCZ-3 and LCZ-10 in spring.
In summer, LCZ-3 did not significantly differ from those of
LCZ-5 and LCZ-10 in temperature. In autumn, the temperature
of LCZ-2 was not significantly different from those of LCZ-3
and LCZ-10. In winter, the temperature of LCZ-3 was not
significantly different from those of LCZ-6 and LCZ-10. Among
nonbuilt-dominanted zones in Shenyang, only temperatures of a
few pairwise zones showed significant differences. The number
of significantly different pairwise LCZs was 10, 11, 11, and 11 in
spring, summer, autumn, and winter, respectively. Overall, the
LCZ scheme’s capability to differentiate LST was not always
robust.

Among the built-dominated zones in Beijing, many pairwise
LCZs showed significant differences in LST in spring, summer,
autumn, winter, showing a more robust LCZ scheme capability
than that in Shenyang. However, compared with Shenyang,

fewer pairwise nonbuilt-dominated zones showed significant
differences. There were three, one, two, and four pairs in spring,
summer, autumn, and winter, respectively. In Xi’an, LCZ-2
showed no significant differences from LCZ-5 and LCZ-6 in
spring. The LCZ scheme’s capability to differentiate the LST
of nonbuilt-dominated zones was not very robust, especially in
spring, summer, and winter. In Nanjing, LCZ scheme’s capa-
bility to characterize the LST of built-dominated zones was
overall good, and its capability to characterize the LST of
nonbuilt-dominated zones was better than those in Shenyang,
Beijing, and Xi’an. In Nanchang, the LCZ scheme’s capability
to differentiate the LST of built-dominated zones was overall
good, and it was much better in spring, autumn, and winter than
that in summer. Overall, the capability to differentiate the LST
of nonbuilt-dominated zones was weaker.

Fig. 15 shows the LCZ scheme’s capability to differentiate
LST of builtdominated and nonbuilt-dominated zones in terms
of difference level, which is the ratio of pairwise LCZs with
significantly different temperatures to all pairwise LCZs. In
Shenyang, the LCZ scheme’s capability to differentiate the
temperatures of built-dominated zones overall exceeded 80%.
The best capability among built-dominated zones was found in
spring, about 92.86%, and it was only 82.14% in both summer
and winter. The capability among nonbuilt-dominated zones
ranged only between 66.67% and 73.33%. In Beijing, the LCZ
scheme’s capability among built-dominated zones was high,
ranging between 89.29% and 96.43%, while it was only between
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Fig. 14. Difference of land surface temperatures of different LCZ types (blue dots denote significant difference at p < 0.05 level, grey dots denote no comparison,
and blank dots denote no significant difference).
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Fig. 15. Assessment of LCZ scheme’s capability to differentiate land surface temperatures.

16.67% and 66.67% among nonbuilt-dominated zones. In Xi’an,
LCZ scheme’s capability ranged between 86.71% and 100%
among built-dominated zones, and it was between 70% and 80%
among nonbuilt-dominated zones. In Nanjing, LCZ scheme’s
capability among built-dominated zones exceeded 85% in four
seasons, with the highest level being 100% in spring. The capa-
bility among nonbuilt-dominated zones ranged between 85.71%
and 90.48%.

In Nanchang, among built-domianted zones, the capability
was 95.24% in spring, autumn, and winter, followed by 85.71%
in summer. Among nonbuilt-dominated zones, the capability
level varied, and it was 71.43% in summer. Overall, this arti-
cle proved the seasonal variations of LCZ scheme’s capacity.
However, there might be some uncertainties caused by the
mismatched years of LCZ and LST data. It is essential to further
control the same year for original data production for better
verification.

IV. IMPLICATIONS FOR HEAT-RESILIENT PLANNING AND

DESIGN

Cities are affected by increasingly frequent, severe, and in-
tense urban heat challenges. Integrating heat resilience into
cities and communities through mitigation, adaptation, and man-
agement solutions is important to protect urban dwellers [37],
[38]. This, to a large extent, depends on the understanding of
urban morphological characteristics. LCZ scheme shows its
advantage in standardizing urban morphological characteristics
by respecting morphological homogeneity and heterogeneity.
The LCZ scheme demonstrates its potential to be integrated
into heat-resilient planning and design. However, the reliability
and robustness of integrating LCZ scheme into heat-resilient
planning and design has not been well documented. This article
investigated LCZ scheme’s capability to differentiate the LST
of five megacities in China and generated some implications for
heat-resilient planning and design.

Assessment of heat risks is critical to identify hot and cold
spots, as well as heat risky areas. First, at the city scale, the LST
showed a large temperature range across four seasons in all five
megacities. However, when using LCZ scheme to characterize
the LST, the LCZ scheme only exhibited average LSTs of each
zone with a smaller range at the local scale. As a result, the riski-
est areas were ignored. Moreover, the LCZs with the most critical
heat risks were also different from the zones with the highest
average temperatures. This means the application of LCZ covers
up the riskiest zones. Second, for heat mitigation, highlighting
the principle of urban scale by implementing “city–local” heat
identification method, is conducive to avoiding the average–
induced errors, for accurately identifying the hottest patches
for interventions. Nevertheless, the LCZ scheme is applicable
for recognizing large zones for mitigation campaigns. Third,
cold spots generally exhibit cold island effects so that they are
conducive to better adaptive capacity in summer. For example,
the low average temperatures of some zones overall represent
the cold areas for adaptation, but the coldest spots might be
overlooked when using the LCZ scheme. Moreover, there is a
need to recognize the large temperature range of specific zones,
which, to some extent, means the inclusion of extreme heat
patches. This is particularly important for zones with cold island
effects, when making adaptation and management decisions.
Overall, the adoption of LCZ scheme is associated with the use
of heat assessment indicators (e.g., minimum LST, maximum
LST, average LST, and magnitude), urban scale (e.g., city and
local), and spatial resolution for transformation.

According to the temperature departure pattern, it is found that
whether a built-dominated zone contributed to urban tempera-
ture increase depended. The nonbuilt-dominated zones’ contri-
bution to urban temperature decrease also depended. Compact
high-rise, compact midrise, and many others were not always
the hottest zones [26]. Large low-rise and compact low-rise
could also be hot zones. The nonbuilt-dominated could also
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significantly contribute to an increase in urban temperature. For
instance, bare rock or paved and bare soil or sand could also
be hot zones and their temperatures could be higher than some
built-dominated zones. In winter, compact high-rise and open
high-rise could have the lowest temperatures in many cities
[32]. Therefore, in heat-resilient urban planning and design,
it is essential to accurately identify the most critical zones for
implementing mitigation measures in specific city contexts.

Seasonal variation suggests that it is essential to control source
data time seriously to avoid errors during heat risk assessment.
The replacement of source data for summertime heat risk assess-
ment with autumn data can result in significant biases. Some
open spaces, such as bare rock, soil, and sand areas are not
suggested for heat adaptation. Dense trees and water zones are
mostly the cold zones, but this is not always true, according
to the analysis. Open high-rise areas were cooler than many
other built-dominated zones for heat adaptation. Apart from
heat-related issues in summer, cold-related problems in winter
are also temperature-related issues. Therefore, improving urban
thermal quality by elevating the temperature of wintertime cold
zones is also critical. During the process, there is a need to
coordinate the mitigation of high temperatures of summertime
hot zones and the mitigation of low temperatures of wintertime
cold zones, especially for cities like Shenyang, Beijing, and
Xi’an.

One of the advantages of LCZ is to differentiate urban temper-
atures. The results, however, indicate that not all LCZs showed
significant differences in temperature from others. In Shenyang,
LCZ scehme’s capability among built-dominated zones was
around 90% in four seasons, while the LCZ scheme’s capabil-
ity in Beijing was lower than 70% among nonbuilt-dominated
zones. In heat–resilient urban planning and design, urban plan-
ners, designers, and managers should prudently adopt LCZ
scheme to rank the priorities for integrating cooling interventions
in both built-dominated and nonbuilt-dominated zones. It is
important to not copy the LCZ-based LST pattern of other cities
or seasons when making decisions.

V. CONCLUSION

LCZ classification scheme is a classic model to standardize
urban surface cover and structure, making important contribu-
tions to understanding urban climate and variability. However,
limited studies have examined its capability to differentiate ur-
ban temperatures and its reliability to inform heat-resilient urban
planning and design. Through the analysis of five megacities in
China, this article indicated that averaged surface temperatures
of LCZs might result in overlooking the hot spots that exhibit
critical heat-related risks. Meanwhile, the zones with hot spots
could be covered up. The occurrence of hot and cold zones varied
with urban and seasonal contexts. LCZ-8 was the typical hot
zone in five megacities, but it was not stable, where LCZ-2,
LCZ-3, LCZ-6, LCZ-7, and LCZ-10 could be hot zones as
well. Nonbuilt-dominated zones were not always cold zones and
they could have higher temperatures than built-dominated zones.
Likewise, built-dominated zones were not always hot zones.
Indeed, some built-dominated zones could contribute to urban

temperature decrease in summer, and some nonbuilt-dominated
zones made contributions to urban temperature increase. LCZ-E
was a typical hot zone among nonbuilt-dominated zones, while
LCZ-A, LCZ-B, LCZ-C, LCZ-D, and LCZ-F could be hot zones
as well. LCZ-A and LCZ-G were typical cold zones, while some
other LCZs could be cold zones as well. The LCZ scheme’s
ability to characterize urban temperatures of built-dominated
zone was not always reliable, especially in Shenyang, Beijing,
and Xi’an. The LCZ scheme had a higher capability to differ-
entiate the temperatures of built-dominated zones, compared
with nonbuilt-dominated zones. In summary, the integration of
LCZ scheme into heat-resilient urban planning and design, in
alignment with the city and seasonal variability of LCZ-based
LST, should be tailored to city and seasonal contexts.
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shading effect considered,” Sādhanā, vol. 49, no. 2, pp. 1–16, 2024.

[19] B.-J. He, L. Ding, and D. Prasad, “Enhancing urban ventilation perfor-
mance through the development of precinct ventilation zones: A case study
based on the Greater Sydney, Australia,” Sustain. Cities Soc., vol. 47, 2019,
Art. no. 101472.

[20] Y. Chen, J. Yang, W. Yu, J. Ren, X. Xiao, and J. Xia, “Relationship between
urban spatial form and seasonal land surface temperature under different
grid scales,” Sustain. Cities Soc., vol. 89, 2023, Art. no. 104374.

[21] Y. Chen, J. Yang, R. Yang, X. Xiao, and J. Xia, “Contribution of urban
functional zones to the spatial distribution of urban thermal environment,”
Building Environ., vol. 216, 2022, Art. no. 109000.

[22] A. Kafy et al., “Remote sensing-based approach to identify the influence
of land use/land cover change on the urban thermal environment: A case
study in Chattogram City, Bangladesh,” in Re-Envisioning Remote Sensing
Applications. Boca Raton, FL, USA: CRC Press, 2021, pp. 217–240.

[23] J. Ren, J. Yang, F. Wu, W. Sun, X. Xiao, and J. Xia, “Regional thermal
environment changes: Integration of satellite data and land use/land cover,”
Iscience, vol. 26, no. 2, 2023, Art. no. 105820.

[24] Z.-Q. Zhao, B.-J. He, L.-G. Li, H.-B. Wang, and A. Darko, “Profile and
concentric zonal analysis of relationships between land use/land cover
and land surface temperature: Case study of Shenyang, China,” Energy
Buildings, vol. 155, pp. 282–295, 2017.

[25] B.-J. He, Z.-Q. Zhao, L.-D. Shen, H.-B. Wang, and L.-G. Li, “An approach
to examining performances of cool/hot sources in mitigating/enhancing
land surface temperature under different temperature backgrounds based
on landsat 8 image,” Sustain. Cities Soc., vol. 44, pp. 416–427, 2019.

[26] I. D. Stewart, D. Ian, and T. R. Oke, “Local climate zones for urban
temperature studies,” Bull. Amer. Meteorological Soc., vol. 93, no. 12,
pp. 1879–1900, 2012.

[27] B. Bechtel and C. Daneke, “Classification of local climate zones based on
multiple Earth observation data,” IEEE J. Sel. Topics Appl. Earth Observ.
Remote Sens., vol. 5, no. 4, pp. 1191–1202, Aug. 2012.

[28] B. Rousse, S. Lobry, G. Duthé, V. Golaz, and L. Wendling, “Domain
adaptation for mapping LCZs in Sub-Saharan Africa with remote sensing:
A comprehensive approach to health data analysis,” IEEE J. Sel. Topics
Appl. Earth Observ. Remote Sens., vol. 17, pp. 13016–13029, 2024.

[29] J. Yang, Y. Wang, C. Xiu, X. Xiao, J. Xia, and C. Jin, “Optimizing local
climate zones to mitigate urban heat island effect in human settlements,”
J. Cleaner Prod., vol. 275, 2020, Art. no. 123767.

[30] H. Zhang et al., “Application and future of local climate zone system in ur-
ban climate assessment and planning—Bibliometrics and meta-analysis,”
Cities, vol. 150, 2024, Art. no. 104999.
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