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Abstract: In the context of global environmental changes, the frequency of various disasters and
extreme events is increasing, and enhancing urban resilience has become an important guide for
current urban development. Previous studies have mainly focused on changes in urban resilience,
with less consideration for the impact of spatial spillover effects on urban resilience. Therefore,
this paper aims to analyze the temporal and spatial evolution of urban resilience and its spatial
spillover effects in Guangdong from 2012 to 2020 based on the urban resilience assessment model,
the Getis-Ord Gi* model, and the improved Capello model. The results are as follows: Affected by
COVID-19, the urban resilience of Guangdong Province declined from 2019 to 2020, and 42.86% of the
cities demonstrated negative growth in their urban resilience. Urban resilience exhibited significant
spatially non-equilibrium characteristics among different cities. The urban resilience of the cities
in eastern, northern, and western Guangdong, which are the “collapse zone” of urban resilience,
was lower than 0.229 from 2012 to 2020. The intensity of urban resilience spillover in Guangdong
presented a typical three-level circle structure of “core-subcore-periphery”, which decreased from
the core circle to the surrounding circle. COVID-19 caused a 27.21% decrease in the total urban
resilience spillover in Guangdong from 2019 to 2020. Finally, we identified critical driving factors of
urban resilience using the optimal-parameters geographical detector model. This study can provide a
scientific reference for the Chinese government to build resilient cities and improve sustainable urban
development.

Keywords: coronavirus disease 2019 (COVID-19); Guangdong; optimal-parameters geographical
detector (OPGD); spatial spillovers; urban resilience

1. Introduction

During urbanization and industrialization, human beings exploit various ecological
resources and consume significant amounts of energy, contributing to the frequent extreme
weather events and natural disasters around the world. On the other hand, cities are
susceptible to environmental pollution, water shortages, and traffic congestion due to
the rapid increase in population growth. In addition, various accidents, disasters, public
health incidents, and social security incidents threaten the development of cities, greatly
challenging urban management [1]. Therefore, cities urgently need to seek more effective
ideas to guide their sustainable development. Urban resilience refers to the ability of cities
to resist disasters and to deploy resources rationally to recover quickly from them [2,3].
Urban resilience, emphasizing cities’ systemic and adaptive longevity, aligns with this need.

Currently, “urban resilience” is receiving attention from several countries and organi-
zations [1,4]. International projects or initiatives such as the Global 100 Resilient Cities, the
United Nations 2030 Sustainable Development Goals (SDGs), and the New Urban Agenda
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include building resilient cities and improving urban resilience as important goals [2].
Among them, Goal 11 of the Sustainable Development Goals (SDGs) emphasizes the signif-
icance of constructing sustainable cities and communities, focusing on urban resilience and
inclusivity. Enhancing urban resilience constitutes a crucial component of Goal 11 within
the SDGs framework, and it helps ensure that cities can effectively contribute towards the
broader global Sustainable Development Goals [5]. Coronavirus disease 2019 (COVID-19)
has had a severe negative impact on many aspects of the global economy, society, and
healthcare systems. Consequently, the concept of “urban resilience” has received increased
attention from governments [6,7]. In 2020, the Chinese government also proposed the goal
of building resilient cities [8].

Some scholars have also expanded the definition of urban resilience based on different
disciplinary perspectives. For example, Alberti and Pickett considered urban resilience
from a bioscientific perspective as the ability of an urban system to resolve changes when it
undergoes disturbance and reorganization [9,10]. Alliance, from an ecological perspective,
clarified urban resilience as the ability of urban systems to absorb external disturbances
and maintain their original structure and key functions [11]. Hill clarified the concept of
urban resilience from the perspective of economics. Hill described urban resilience as the
capacity for urban economy to resist shocks and reach equilibrium quickly, that is, the
capacity to return to the pre-shock level after experiencing exogenous shocks [12]. From a
management perspective, Wardekker argues that urban resilience refers to the ability of
cities to withstand disturbances, which could help them reduce or offset harm or damage
and recover from and adapt to these disturbances [13,14].

Some studies have employed multiple indicators to construct urban resilience as-
sessment models to assess urban resilience quantitatively. For example, Yang et al. used
the entropy-weighted TOPSIS comprehensive evaluation method to measure the urban
resilience levels of 44 cities in the Chengdu—Chongqing Economic Circle in 2019 from
five dimensions: economic, social, ecological, infrastructural, and cultural [15]. The same
approach was shared by Liu, who also constructed the urban resilience development in-
dex framework from the five dimensions mentioned above and analyzed the resilience
of Chinese cities in 2020 using this framework [8]. Similarly, Zhao built a comprehensive
urban resilience evaluation index system encompassing five dimensions: economic, social,
institutional, ecological, and infrastructural, based on the Baseline Resilience Indicators
for Communities (BRIC) model, to analyze the spatial and temporal evolution of urban
resilience in China [16]. Liu assessed the spatial and temporal evolution of urban resilience
in the Beijing-Tianjin—-Hebei region from three aspects: urban social system, urban engineer-
ing system, and urban ecosystem [17]. Wang analyzed the spatial and temporal evolution
of COVID-19 in China and its impact on urban economic resilience from three dimensions:
economic, social opinion, and population mobility [4].

Studies conducted in this field have increasingly emphasized the comprehensiveness
and diversity of urban resilience assessments. Nevertheless, some studies merely reference
existing studies when selecting indicators, failing to choose indicators characteristic of
the specific study area. Concurrently, there is a tendency to overlook the spatial spillover
effects of urban resilience, as certain scholars emphasize changes in urban resilience within
individual cities [8,15,18].

Guangdong is one of the regions exhibiting robust economic dynamics, rapid popula-
tion growth, and notable urban expansion, and it holds a crucial position in the nation’s
overall development. Guangzhou, Shenzhen, Dongguan, and Foshan in Guangdong
Province are characterized by large total populations, high density, and high mobility,
often making them the hardest hit by accidents, disasters, and public health incidents [8].
Furthermore, Guangdong boasts two national cities: Guangzhou and Shenzhen. This
province must take the lead in advancing the construction of resilient cities to mitigate the
adverse impacts of urban systems in the face of unforeseen crises.

In the context of globalization and China’s deepening reform and opening up, the
development of cities in Guangdong Province no longer occurs within isolated, closed
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systems, and there is a growing flow of resilience elements between cities. This dynamic
flow not only shapes the evolution of urban resilience but also engenders the phenomenon
of spatial spillover in urban resilience. Frequently, certain central cities within specific
regions assume roles as economic, cultural, and scientific hubs, and they exert profound
spatial spillover effects that significantly influence the regional urban resilience landscape.
Therefore, it was imperative to account for the spatial spillover effect when examining
urban resilience in Guangdong Province.

The Chinese government is concerned about whether COVID-19 will significantly
impact urban resilience and consistently affect cities with varying industrial structures
and serving different urban functions. This paper develops an urban resilience assessment
model in four dimensions—economic, ecological, infrastructural, and social—and exam-
ines the spatiotemporal evolution of urban resilience and its spatial spillover effects in
Guangdong Province from 2012 to 2020 by combining the Getis-Ord Gi* model and the
improved Capello model. Finally, the optimal-parameters geographical detector (OPGD)
model was used to explore the driving factors of urban resilience in Guangdong Province.

The objectives of this study are as follows: (1) To investigate the spatial and temporal
evolution characteristics of urban resilience and its spatial spillover effects in Guangdong
Province, considering two perspectives of urban resilience: internal and external. Moreover,
this paper investigates the critical driving factors of urban resilience and their interactions.
(2) To assess the negative impacts of COVID-19 on cities with varying population sizes and
industrial structures. (3) To compare the evolution characteristics of urban resilience and
its spatial spillover effects in Guangdong Province before and after COVID-19, which will
be expected to provide a decision-making reference for Chinese government to assess the
negative impact of public health emergencies on urban resilience and explore key factors to
improve urban resilience.

2. Study Area and Data Sources
2.1. Study Area

Guangdong Province is one of the areas with the most vigorous economic vitality,
rapid population growth, and significant urban expansion in China, and occupies an
important position in China’s overall national development. The area of Guangdong
accounts for 1.87% of China’s total land area, and its gross domestic product (GDP)
was CNY 11,076.094 billion in 2020 [19]. Over the past 20 years, the permanent resident
population of Guangdong has increased by 39.7397 million, reaching 126.24 million in
2020, accounting for 8.94% of China’s total population during the same period [19]. Guang-
dong Province encompasses 21 prefecture-level cities (Figure 1), categorized into four
distinct regions: the Pearl River Delta, eastern Guangdong, western Guangdong, and
northern Guangdong. The Pearl River Delta (PDR) region commands preeminence as the
most economically advanced, densely inhabited, and extensively urbanized zone within
Guangdong Province.

Based on the city size classification standard established by the State Council of
China [20], Guangzhou and Shenzhen have been classified as super-metropolises, with
a permanent population of more than 17 million in 2020. Dongguan and Foshan are
classified as hyper-megalopolises, with a permanent population of more than 9 million
in 2020. Thirteen cities, including Shantou, Zhongshan, and Huizhou, are classified as
metropolises. Meizhou, Heyuan, and Yunfu are medium-sized cities, while Shanwei is a
small city. Among them, Guangzhou, Shenzhen, Dongguan, and Foshan are characterized
by substantial population sizes, high population density, and pronounced mobility, ren-
dering them particularly susceptible to incidents, disasters, and public health crises [8].
Furthermore, affected by COVID-19, Guangdong experienced a 5.48% decrease in its GDP
growth rate in 2020 compared to the previous year. Foreign investment projects decreased
by 11.55%, social commodity sales decreased by CNY 274.39 billion, and unemployment
increased by 195,900 [19,21].
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Figure 1. Geographical location and administrative boundaries of Guangdong Province.

2.2. Data Sources and Process

(1) The nighttime light data utilized in this study for the period spanning from 2012 to
2020 were sourced from the NPP-VIIRS-like NTL dataset [22], featuring a spatial resolution
of 500 m. (2) The socioeconomic, demographic, and environmental statistics for Guang-
dong Province covering the same period were gleaned from the China Urban Statistical
Yearbook and the Guangdong Statistical Yearbook. (3) The urban traffic distance and traffic
time in Guangdong province from 2012 to 2020 were acquired through Baidu Map (https://
map.baidu.com/, accessed on 1 July 2022) and AutoNavi Map (https://www.amap.com/,
accessed on 1 July 2022). (4) The net vegetation productivity data, digital elevation model
(DEM) data, land-use/land-cover data, and urban slope data were acquired through
processing on the PIE-Engine cloud platform (https://engine.piesat.cn/dataset-list, ac-
cessed on 20 July 2022). Additionally, the source data for urban vegetation net produc-
tivity were derived from NASA’s MODIS dataset, featuring a spatial resolution of 500 m.
(5) Data regarding particulate matter 2.5 (PM2.5) were made available by the Atmospheric
Composition Analysis Group at Dalhousie University, Canada, accessible at the following
link: https://sites.wustl.edu/acag/datasets/surface-pm2-5/, accessed on 20 July 2022.
(6) Population density data, characterized by a spatial resolution of 100 m, were sourced
from WorldPop.

This study employs two key indicators—traffic time and distance—to measure the
evolving intercity distances in Guangdong from 2012 to 2020. Given that traffic time and
traffic distance represent two distinct evaluation criteria, they inherently present diver-
gent time-series quantification challenges. The standardized index can only standardize
indicators of different dimensions simultaneously. To overcome this problem, this paper
introduces an improved standardized index [23]:

Data(l-’t) — Data(Min,2012)

Data (1)

=
nor(i,t) Data pax2012) — Data pin 2012)

where Datanor; ;) is the normalized value of an indicator in city i in year ¢, Data ;) is an
index value of city i in year t, Datay, 2012 is the minimum value of the same indicator in
2012, and Dataay2012) is the maximum value of the same indicator in 2012.
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3. Methodology

This paper uses the urban resilience assessment model, Getis-Ord Gi* model, and
optimal-parameters geographical detector model to analyze the temporal and spatial
evolution characteristics of urban resilience in Guangdong Province and explore the driving
factors of urban resilience. Additionally, the improved Capello model is used to analyze
the spatial spillover effect of urban resilience. The analysis process of this study is shown

in Figure 2.
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Figure 2. The workflow of the paper.

3.1. Urban Resilience Measurement Model
3.1.1. Indicator Selection

This study will analyze the spatiotemporal evolution of urban resilience in Guangdong
Province in four dimensions: economic, ecological, infrastructural, and social. Economic
resilience refers to the ability of the urban economic system to respond to risk shocks and
reduce losses flexibly, and it is closely related to factors such as the city’s economic base and
industrial structure. Ecological resilience is concerned with the ecological carrying capacity
and resilience of cities in the process of urban development and population agglomeration,
emphasizing the need for minimizing ecological and environmental costs in exchange for
urban development.

Guangdong Province faces challenges such as hazy weather, poorer air quality, and
limited urban water supply [24-27]. In response to the specific conditions prevailing
within the study area, we curated a set of nine indicators for quantifying urban ecological
resilience. The nine indicators encompass the greening rate of built-up areas, sewage
treatment efficiency, proportion of water body area, urban flood vulnerability, industrial
wastewater discharge, sulfur dioxide emissions, etc. (Table 1). Moreover, urban flood
vulnerability, as indicated in reference [28], was assessed by delineating flood-prone areas
within Guangdong Province and calculating urban flood vulnerability based on parameters
such as total population and total nighttime light within these flood-affected regions.
Infrastructure resilience refers to cities with well-developed transportation and medical
systems that can help overcome the adverse cascading effects of extreme events between



Land 2023, 12, 1800

6 of 19

urban systems and guarantee residents’ basic needs. Social resilience emphasizes the city’s
ability to respond to external pressures brought about by changes in the social environment
and reflects the vitality of urban development [8]. This paper presents 32 urban resilience

indicators in Table 1.

Table 1. Indicators selected for urban resilience assessment.

Domains Criterion Level Indicators Unit Direction Variable Weight
Economic Nighttime light density DN/km? Positive al 0.0450
Economic foundation and Government expenditure CNY 10,000 Positive a2 0.0527
resilience capabilities (a) Number of urban large enterprises Piece Positive a3 0.0433
P Total amount of urban social retail CNY 10,000 Positive a4 0.0575
Foreign investment as a percentage of o .
Economic structure  urban GDP o Negative b1 0.0097
and stability (b) Proportion of domestic enterprises % Positive b2 0.0151
Second industrial output CNY 10,000 Positive b3 0.0461
Proportion of green area to built-up area % Positive cl 0.0078
Ecological PM 2.5 concentration um Negative 2 0.0143
108 Regional vegetation net productivity gc/m? Positive c3 0.0225
environment ° s
Ecolosical quality (c) Slope Positive c4 0.0271
T 5 Proportion of water body area % Positive c5 0.0448
restiience Urban flood vulnerability % Negative c6 0.0209
Urban purification Urban sewage treatment rate % Positive di1 0.0108
ca I;cit ) Total industrial wastewater discharge 10,000 t Negative d2 0.0153
pactty Total urban sulfur dioxide emissions 10,000 t Negative d3 0.0539
Number of buses per 10,000 people per 10,000 people Positive el 0.0670
Infrastructure Municipal Er};fgf:?iaarg;’gﬁt of urban 10,000 ¢ Positive 2 0.0496
resilience facilities () Road area per capita m? /person Positive e3 0.0396
Per capita power supply kw-h/person Positive ed 0.0186
Density of urban drainage pipes km/km? Positive eb 0.0647
Labor force unemployment rate % Negative f1 0.0050
a1 Number of college students .
Social vitality (f) per 10,000 people per 10,000 people Positive f2 0.0572
Population growth rate % Positive f3 0.0200
Urbanization level % Positive f4 0.0243
Number of medical technical personnel .
Public healthcare (g)  per 10,000 people per 10,000 people Positive 8l 0.0167
Social resilience Ii‘;‘;‘g%gg; };‘(’);Fl’;tal beds per 10,000 people Positive g2 0.0186
PI‘Op'OI'tlf)l’l of urban emPloyee basic % Positive hi 0.0167
pension insurance contributors
Social security (h) f;r:é’r‘:gznc ;’fl t‘;‘i;‘;t’frlsyment % Positive h2 0.0337
Propprtlon of employees basic medical % Positive h3 0.0123
care insurance contributors
Proportion of work injury % Positive h4 0.0322
insurance contributors
Proportion of maternity o, Positive h5 0.0371

insurance contributors

3.1.2. Indicator Weight Calculation

The CRITIC weight method is an objective weighting method based on data volatility
proposed by Diakoulaki [29]. Compared with other methods, the CRITIC weight method
can better consider the contrast intensity and conflict between evaluation indicators. How-
ever, the traditional CRITIC weight method does not account for the dispersion degree of
the indicators and only uses the standard deviation to consider the comparative intensity
of the indicators. This paper utilized the improved CRITIC weight method to calculate the
weight of urban resilience indicators. When quantifying information fluctuations within
urban resilience indicators, we used correlation coefficients in the calculations, consider-
ing the interrelationships among the indicators. In addressing conflicts that might have
arisen among various urban resilience indicators, this study takes the absolute value of
the correlation coefficient, which neutralizes distinctions between positive and negative
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correlations, rendering the resolution of conflicts among indicators more consistent and
streamlined. The improved CRITIC weight method is as follows:

n

Ci=si) (1 |ry) @

i=1

w; = — (3)

where C; is the degree of influence of the i-th evaluation index on the urban resilience
evaluation system. When C; is larger, the i-th evaluation index plays a greater role in the
whole evaluation index system and should be assigned more weight. s; is the standard
deviation of the index i. r;; is the correlation coefficient between the evaluation indicators i
and j. The correlation coefficient of the improved CRITIC weight method is calculated by
using Pearson’s correlation coefficient, and the absolute value of the correlation coefficient
is taken, where w; is the weight value of the ith evaluation index [29].

3.1.3. Urban Resilience Calculation
The constructed evaluation model formula of urban resilience is as follows:

n

UR; = Z(wixnor(i,t)> 4)

i=1

where UR; is the resilience of the city in year ¢, and n is the number of variables. A total of
32 variables are used in the urban resilience assessment in this paper, so n is 32. W; is the
weight of the ith factor. X, s is the normalized value of the ith factor in year ¢, which is
calculated using the improved standardized index (Formula (1)). The larger the UR value,
the higher the urban resilience.

3.2. Getis-Ord Gi* Model

The Getis-Ord Gi* model can measure the statistics of whether there is a spatial
correlation between each observation value and adjacent environmental elements, and it
can accurately discover the spatial clustering of high-value or low-value elements [30,31].
This study uses the Getis-Ord Gi* model to identify high-value clusters of urban resilience
in Guangdong from 2012 to 2020. The Getis-Ord Gi* model is as follows:

n n

L W5 Xj— X ) W)
G* = j=1 j=1 (5)
1 - n n 2
Iy (L wgp) )
i=1 (i) =
S\/ j=1 n_]11
n
Y X
=1 ©)
n
S = (%)? @)

where x; is the urban resilience value of city j, W(; ) is the spatial weight between city i
and city j, and 7 is the total number of cities. The Z score is the statistical value of urban
resilience returned for each city. When the Z score is positive and higher, the clustering of
high values of urban resilience (hot spots) is tighter. Furthermore, the lower the Z score,
the tighter the clustering of low values of urban resilience (cold spots) [30,31].
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3.3. Improved Capello Model

Regional interconnection and interaction lead to spatial spillover effects between
regions, and revealing the regional spillover effects is of great significance for clarifying
the laws of regional development. Capello classifies spatial spillovers such as economic
spillovers, industrial spillovers, and knowledge spillovers, and explains the inherent prop-
erties and spatial scale differences of these spatial spillovers [32]. Based on the cognition
of spatial spillover, Capello proposed the Capello model to analyze the spatial spillover
effect of the regional economy quantitatively. However, some scholars who have applied
the Capello model to the study of regional economic spillover effects have only considered
economic growth factors, ignoring the quality of the regional economy. This paper uses
the gravity model [23] to improve the Capello model and considers the impact of urban
resilience growth rate and urban resilience quality on spillover effects. Furthermore, to
obtain a more accurate quantification of the distance between cities, this study uses a
combination of traffic distance (sd) and traffic time (td) to quantify the distance between
cities. The improved Capello model is as follows:

L URGnor(i T) + uRPnor(i T)
TURS i T) = (w i T : ’ (8)
@T) 1:21 T Sdnor(i,j,T) + tdnor(i,j,T)
Wiy + Wi
wry = 20 i) o

where TURS; 1y is the total urban resilience spillover of city i, n is the number of cities in
the study area, w(; 5 is the proportion of city i in the total urban resilience of the study
area in year 2, and T is the study period, which is [t1,t2]. The research periods of this
paper are 2012-2014, 2014-2015, 2015-2018, 2018-2019, and 2019-2020. sd(i,j/T) refers to
the optimal traffic distance (unit: km) between city i and city j in period T. td,,q,(; ;) is the
optimal traffic distance time between city i and city j in period T (unit: min). Among them,
$Anor(i,j,T)r tdnor(i j, 1), URGnor(i, ), URPyoy(i, ) are the use of the improved standardized index
(Equation (1)) on sd(;; 1), td(; 1), URG;, 1) (Equation (10)), and URP; 1) (Equation (11)) after
calculation, respectively.

The Urban Resilience Growth Index (URG) is the average annual urban resilience
growth rate. The Urban Resilience Quality Index (URP) refers to the improved standardized
index, uses the period from 2012 to 2014 as the benchmark for quantifying the quality of
urban resilience, and quantifies the changes in the quality of urban resilience in time series.
The formulae for URG and URP are as follows:

US (i) — US (i)
US i)

URG; ) = /(t2 —11) (10)

US i)+ US(i )

URP; 1) = (11)

n

‘21 (us(i,ZOlZ) + Us(i,zom)) /n
1=

where URG(; ) is the average annual urban resilience growth value of city i during the
research period T. US(; 1) and US; ;) are the urban resilience of city i in years t1 and £2,
respectively. URP; 1) is the urban resilience quality of city i. US; »012) and US; 5014 are the
urban resilience values of city 7 in 2012 and 2014, respectively, and # is the number of cities.

3.4. Optimal-Parameters Geographical Detector (OPGD)

Geographic detectors are a statistical method that can detect the spatial heterogeneity
of natural, economic, and social phenomena and reveal the driving force(s) behind them [33].
However, when traditional geographic detectors discretize the driving factors, they are
based on professional experience rather than data-driven methods, which may lead to
a lack of objectivity in research. The optimal-parameters geographical detector (OPGD)
model uses equal breaks, natural breaks, quantile breaks, geometric breaks, and standard
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deviation breaks to discretize driving factors, and the discretization effect of factors can
be evaluated using q statistics. The OPGD model can overcome the excessive subjectivity
present in the data discretization processing of conventional geographic detectors [34]. This
paper selects 14 driving factors (Table 2) and combines with the OPGD model to identify
the critical driving factors of urban resilience in Guangdong Province from 2012 to 2020.
The optimal discretization method and the number of optimal division levels for driving
factor values are shown in Table 3.

Table 2. The driving factors of spatial spillover of urban resilience.

Driving Factors Variable Unit

GDP per capita x1 CNY 10,000
Urban GDP x2 CNY 10,000
Number of permanent urban residents x3 CNY 10,000
Proportion of primary industry x4 %
Proportion of second industry x5 %
Proportion of tertiary industry X6 Y%

Number of higher education institutions X7 Piece

Profit of all urban businesses x8 CNY 10,000
Total urban passenger traffic x9 10,000 people
Proportion of employed population in primary industry x10 %
Proportion of employed population in secondary industry ~ x11 %
Proportion of employed population in tertiary industry x12 Y%

Total balance of urban household deposits x13 CNY 10,000
Per capita deposit balance x14 CNY 10,000

Table 3. The optimal discretization method and the optimal number of division levels for driving
factor values.

2012 2014 2015 2018 2019 2020
Factors Methods Cn Methods Cn Methods Cn Methods Cn Methods Cn Methods Cn
x1 Equal 5 Natural 5 Geometric 5 Geometric 5 Natural 6 Geometric 4
x2 Natural 6 Natural 6 Natural 6 Natural 5 Natural 5 Natural 5
X3 SD 6 Natural 6 Geometric 6 Geometric 5 Natural 6 Natural 6
x4 Geometric 3 Geometric 3 Geometric 3 Geometric 5 Geometric 5 Geometric 5
x5 SD 6 SD 6 Quantile 6 Geometric 3 Quantile 6 Equal 6
X6 Quantile 6 Equal 4 Natural 5 SD 4 Natural 5 Natural 5
X7 Quantile 4 Quantile 4 Quantile 5 Quantile 5 Quantile 6 Quantile 6
X8 Geometric 6 Geometric 5 Geometric 4 Geometric 5 Geometric 5 Geometric 4
x9 Geometric 3 Quantile 6 Quantile 6 Geometric 3 Quantile 6 Quantile 6
x10 Quantile 6 Quantile 5 Quantile 5 Quantile 10 Quantile 5 Quantile 5
x11 Quantile 5 Natural 6 Quantile 6 SD 4 Geometric 5 Geometric 5
x12 Geometric 6 Natural 5 Natural 5 Geometric 4 Natural 6 Geometric 4
x13 Natural 4 Natural 4 Natural 5 Natural 6 Natural 6 Natural 6
x14 Geometric 6 Geometric 6 Natural 6 Quantile 6 Quantile 6 Quantile 6

Methods: the method of discretizing data. Cn: the number of optimal data division levels. Quantile: the
quantile classification method; Natural: the natural breakpoint classification method; Geometric: the geometric
discontinuity classification method; SD: the standard deviation classification method. Equal: the equal interval
classification method.

4. Results and Analysis
4.1. Spatiotemporal Evolution of Urban Resilience
4.1.1. Temporal Evolution of Urban Resilience

The urban resilience measurement model (Equation (5)) was used to analyze the urban
resilience’s spatial and temporal evolution. The results showed that the urban resilience of
Guangdong Province increased from 2012 to 2019, followed by a subsequent decline from
2019 to 2020 (Figure 3). From 2012 to 2019, Guangdong’s urban resilience rose from 3.976
to 5.975, with an average annual growth rate of 7.18%. Affected by the adverse impact of
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COVID-19, the urban resilience in Guangdong Province decreased from 5.975 to 5.874 in
2020. Additionally, 42.86% of cities showed negative growth in urban resilience. Although
COVID-19 has had a significant negative impact on cities with tertiary-led industries and
regional centers, it has also contributed to narrowing the gap in regional urban resilience.

a) 2012

d) 2018

€) 2019

0 120

[ T
Urban resilience(UR)
BN 0.074-0.159 BW0.191-0235 | 0.272-0.347 0.395-0.481 M 0.547 - 0.652
B 0.159-0.191 0.235-0.272 [ 0347-0395 W 0.481-0547 EH0.652-0.857

Figure 3. Spatiotemporal evolution of urban resilience in Guangdong Province, 2012-2020.

Since COVID-19 reduced mobility for both people and goods, Guangzhou and Shen-
zhen, where the output value of the service sector accounts for the highest proportion of
GDP in the region, exhibited negative urban resilience growth [19]. Moreover, Guangzhou
and Shenzhen’s urban functions and positioning were the main reasons for their declin-
ing urban resilience. In 2020, 1394 cumulative new coronavirus cases were confirmed in
Guangzhou and Shenzhen, representing 68.13% of confirmed cases throughout Guangdong
Province [35]. Since Guangzhou and Shenzhen are important regional transportation hub
cities and economic, cultural, and technological centers, they had larger mobile populations,
leading to a higher frequency, with long outbreak prevention and control times, negatively
impacting their urban resilience. In contrast, some small and medium-sized cities still
maintained positive growth in their urban resilience in 2020, as they were less affected by
COVID-19. The standard deviation of urban resilience in Guangdong Province decreased
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to 0.176 from 0.180 in 2019, indicating that COVID-19 improved the coordination of urban

resilience in Guangdong Province.

4.1.2. Spatial Evolution of Urban Resilience

We used the Getis-Ord Gi* model to identify high-value urban resilience agglomeration
areas. Significant imbalances in the spatial distribution of urban resilience in Guangdong
Province were characterized by “faults” in urban resilience. Guangzhou, Dongguan, Shen-
zhen, Foshan, Zhongshan, Huizhou, and Zhuhai in the Pearl River Delta (PDR) showed
high-value agglomerations of urban resilience, while the eastern, northern, and western
regions of Guangdong were the “collapse zones” of urban resilience (Figure 4). Guangzhou,
Dongguan, Shenzhen, Foshan, and Zhongshan exhibited hot-spot 95% confidence, indi-
cating high-value urban resilience from 2012 to 2020. Huizhou and Zhuhai were the next
highest-value agglomerations of urban resilience. Zhuhai was identified as a hot spot
of 95% confidence, while Huizhou'’s hot-spot type varied between 90% confidence and

95% confidence.
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Figure 4. Analysis of urban resilience hotspots in Guangdong Province from 2012 to 2020.
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The urban resilience of high-value agglomerations accounts for 55.07% to 59.92% of
Guangdong Province. Additionally, the urban resilience of cities in eastern, northern, and
western Guangdong has consistently remained below 0.229, which denotes the “collapse
zone” for urban resilience (Figure 3). This situation can be attributed to the lower level of
economic development in these regions, along with the negative impact of the “collapse
zones” in the PDR. As a result, a portion of the labor force and production factors has
migrated to cities in the Pearl River Estuary, leading to lower economic, infrastructure and
social resilience levels in these areas.

4.2. Analysis of the Spillover Effect of Urban Resilience
4.2.1. Spatial Spillover Structure of Urban Resilience

The improved Capello model (Equation (9)) was used to analyze the spillover effect
of urban resilience in Guangdong from 2012 to 2020. The results revealed a significant
three-level circle structure of “core-subcore-periphery” in terms of the intensity of the effect
of spatial spillover on urban resilience. The core circle (Figure 5 (1)) encompassed six cities
around the Pearl River Estuary, namely, Guangzhou, Foshan, Dongguan, Shenzhen, Zhong-
shan, and Zhuhai. The subcore circle consisted of the central subcore circle (Figure 5 (2))
and the Chaoshan subcore circle (Figure 5 (3)). The central subcore circle (Figure 5 (2)) com-
prised Huizhou, Qingyuan, Zhaoqing, and Jiangmen, while the Chaoshan subcore circle
included Chaozhou, Jieyang, and Shantou. The peripheral circle encompassed Meizhou,
Yunfu, Shanwei, Heyuan, Shaoguan, Maoming, Zhanjiang, and Yangjiang. Among these,
the core circle exhibited the highest density and intensity of spatial spillover of urban
resilience, with its total spatial spillover of urban resilience (TURS) accounting for 68.44%
to 86.82% of Guangdong Province.

The spatial spillover intensity of urban resilience in Guangdong Province exhibits
a gradient decay from the core circle to the peripheral circle. Although the core circle
(Figure 5 (1)) has a radiation effect on the Chaoshan subcore circle (Figure 5 (3)) and the
peripheral circle, the intensity of urban resilience spillover (URS) is limited, mostly ranging
from 0.078 to 0.253. This restriction is due to the existence of mountainous terrain in the
northern, western, and eastern regions of the Pearl River Delta (PRD), including the Jiu
Lian Mountains, Tian Lu Mountain Range, Yun Wu Mountain Range, and Lotus Mountain
Range, which impede the flow of resilience from the core circle into the peripheral and
Chaoshan subcore circles.

The core circle is geographically adjacent to the central subcore circle (Figure 5 (2)),
and these two circles are closely linked, with the URS mostly ranging from 0.181 to 0.527.
The cities in the central subcore circle have certain advantages, including lower land rent
and cheaper labor, which facilitate the transfer of industries from the core circle. They also
exhibit a well-established industrial division of labor and cooperation with the core circle.
Additionally, both circles have well-developed transportation systems, facilitating the swift
transportation of resilience factors. On the other hand, the presence of the Pearl River
Estuary impedes the flow of urban resilience factors within the core circle, which is situated
on the east and west banks of the river. However, this hindrance indirectly facilitates the
flow of urban resilience factors from the core circle to the central subcore circle.

4.2.2. Spatial Distribution Characteristics of Urban Resilience Spillover Intensity

COVID-19 has had a significant adverse impact on the spillover effect of urban re-
silience in Guangdong Province. The total urban resilience spillover (TURS) in Guangdong
Province decreased by 27.21% to 32.919 from 2019 to 2020. The TURS of the core circle
also dropped by 11.296, accounting for 91.80% of the total TURS decline in Guangdong
Province. The COVID-19 pandemic has also narrowed the TURS gap between the core
and central subcore circles. The core circle region recorded 1781 newly confirmed coron-
avirus cases in 2020, comprising 87.05% of all confirmed cases in Guangdong Province [35].
COVID-19 has led to restrictions on economic exchange, logistics, transportation, and the
movement of people in their cities, negatively impacting their urban resilience spillover.
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The TURS of the core circle decreased by 40.39% from 2018-2019 to 2019-2020, measuring
at 27.968. Moreover, the TURS of the central subcore circle increased from 2.066 to 3.479.
Consequently, the gap between the TURS of the core circle and the central subcore circle
reduced from 19.00 times to 8.04 times from 2019 to 2020.
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Figure 5. Spatiotemporal evolution of the spillover effect of urban resilience in Guangdong Province
from 2012 to 2020. (1) Core circle, (2) Central subcore circle, (3) Chaoshan subcore circle.

4.3. Driving Factors of Urban Resilience

This study identified the driving factors influencing urban resilience in Guangdong
Province from 2012 to 2020 using the OPGD model. The GDP per capita (x1), GDP
(x2), number of permanent urban residents (x3), proportion of primary industry (x4),
proportion of tertiary industry (x6), number of higher education institutions (x7), profit
of all urban businesses (x8), total balance of urban household deposits (x13), and per
capita deposit balance (x14) all passed the significance level test, and their explanatory
power (q) was 0.692 to 0.941 (Table 4). The results indicate that x1, X2, x3, x4, x6, X7, X8,
x13, and x14 were the critical driving factors of urban resilience in Guangdong Province
from 2012 to 2020. Economic development played a leading role in increasing urban
resilience. Guangdong Province has experienced significant economic growth, attracting
foreign investment and labor, contributing to urban infrastructure and social security
from 2012 to 2019. However, due to the negative impact of COVID-19, the GDP growth
rate of Guangdong Province in 2020 decreased by 5.48% and the urban unemployment
rate increased by 0.30% compared with 2019, and both the amount of regional foreign
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investment and the total resident population exhibited a decreasing trend, resulting in a

decline in the growth rate of urban resilience [19,21].

Table 4. Analysis of factors affecting urban resilience in Guangdong Province from 2012 to 2020.

2012 2014 2015 2018 2019 2020
Factors
q P q P q 14 q P q P q P
x1 0.923 *** 0.000 0.856 *** 0.001 0.933 *** 0.000 0.911 *** 0.000 0.870 *** 0.000 0.927 *** 0.000
X2 0.810 *** 0.008 0.808 ** 0.010 0.825 *** 0.006 0.889 *** 0.000 0.882 *** 0.000 0.907 *** 0.000
x3 0.786 ** 0.014 0.785 ** 0.016 0.775 ** 0.013 0.883 *** 0.000 0.843 *** 0.003 0.870 *** 0.001
x4 0.898 *** 0.000 0.893 *** 0.000 0.908 *** 0.000 0.930 *** 0.000 0.941 *** 0.000 0.941 *** 0.000
x5 0.212 0.846 0.349 0.724 0.238 0.794 0.386 ** 0.008 0.226 0.662 0.293 0.694
X6 0.692 ** 0.014 0.843 *** 0.001 0.774 ** 0.013 0.763 ** 0.010 0.778 ** 0.010 0.760 ** 0.011
X7 0.699 *** 0.005 0.693 *** 0.007 0.748 ** 0.010 0.732 *** 0.005 0.832 *** 0.002 0.837 *** 0.002
x8 0.833 *** 0.002 0.867 *** 0.000 0.819 *** 0.000 0.853 *** 0.000 0.891 *** 0.000 0.874 *** 0.000
x9 0.803 *** 0.000 0.297 0.473 0.377 0.330 0.275 0.079 0.327 0.410 0.352 0.365
%10 0.605 ** 0.048 0.435 0.089 0.551 ** 0.035 0.434 0.058 0.634 ** 0.012 0.627 ** 0.013
x11 0.286 0.376 0.669 0.084 0.390 0.348 0.305 0413 0.493 0.051 0.427 0.067
x12 0.292 0.492 0.233 0.492 0.250 0.480 0.539 ** 0.025 0.390 0.454 0.560 ** 0.016
x13 0.799 *** 0.004 0.805 *** 0.004 0.799 *** 0.005 0.887 *** 0.000 0.877 *** 0.001 0.898 *** 0.000
x14 0.762 *** 0.003 0.734 *** 0.007 0.682 ** 0.026 0.763 *** 0.003 0.762 *** 0.002 0.747 *** 0.005

1 <0.05,**p <001,

The primary factor interaction type of the 14 driving factors from 2012 to 2020 was bi-
enhance. Moreover, the q values of each factor interaction were higher than the individual
effects of the individual factors, but lower than the sum of the explanatory power of each
factor individually. These results suggested that 43.33% of the factor interactions had
q values equal to or greater than 0.85 (Figure 6). The GDP (x1), per capita GDP (x2),
proportion of tertiary industry (x6), total balance of urban household deposits (x13), and
per capita deposit balance (x14) showed a significant increase in interaction with other
factors, and the q values were relatively high, illustrating that the industrial and financial
factors had an increasing impact on urban resilience.
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Figure 6. Interactive detection of driving factors of urban resilience in Guangdong Province from

2012 to 2020.
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5. Discussion
5.1. Comparative Analysis of Regional Urban Resilience Characteristics

Since some urban resilience studies vary in dimensions, indicators, and indicator
weights, there could be differences in quantifying the urban resilience of the study regions.
However, scholars have explored urban resilience in various regions of China, such as
Chengdu-Chongqing, the Middle Yangtze River, the Guanzhong Plain, the Yangtze River
Delta, and the Pearl River Delta, and found that the overall low level of urban resilience and
the uneven distribution of cities with high urban resilience are significant characteristics
of regional urban resilience [14,15,36]. Similarly, this study revealed a significant spatial
imbalance in the distribution of urban resilience in Guangdong Province from 2012 to
2020. Guangzhou, Dongguan, Shenzhen, Foshan, Zhongshan, Huizhou, and Zhuhai were
the areas with high values of urban resilience, while the eastern, northern, and western
regions of Guangdong experienced a “collapse” in urban resilience. These regions are
disadvantaged in economic and infrastructural resilience due to their weak economic
infrastructure and dependency on a single industrial structure. Additionally, small and
medium-sized cities’ resilience continues to decrease due to the negative impact of the
“siphon effect” of large cities [23].

Scholars [37] have argued that the cities with the highest resilience values in the
Beijing-Tianjin-Hebei, Yangtze River Delta, and Pearl River Delta regions have toughness
values nearly eight times higher than the lowest cities. This study found that the ratio of
the urban resilience for cities with the highest and least values in Guangdong Province
decreased from 8.31 in 2012 to 5.88 in 2020, and the gap between them tended to narrow
(Table 5). It has been shown that the cities in central Guangdong Province, particularly
in the Pearl River Delta (PRD) region, exhibit higher levels of resilience, but there is a
significant variation in resilience among the nine cities within the PRD [14,37]. The average
urban resilience (US 4¢) in the PRD region for 2012-2020 was 119.03% to 157.37% higher
than the US 4y¢ in the non-PRD region for the same period. The standard deviation of urban
resilience (USsp) in the PRD region increased from 0.163 to 0.202 from 2012 to 2020, which
was considerably higher than USsp of urban resilience in non-PRD regions during the
same period (Table 5). Thus, there was a significant regional disparity in urban resilience,
and the regional urban resilience gap was significant. Therefore, improving the level of
regional urban resilience and narrowing the urban resilience gap are important topics for
future research.

Table 5. Statistics of urban resilience indicators in Guangdong Province from 2012 to 2020.

PRD Non-PRD
Year

USmax  USpin USawg  USsp  USmax  USpin  USapg USsp USmax USmpin USawg  USsp
2012 0.651 0.078 0.189 0.139 0.651 0.100 0.291 0.163 0.144 0.078 0.113 0.021
2014 0.667 0.112 0.215 0.133 0.667 0.128 0.309 0.159 0.184 0.112 0.144 0.018
2015 0.809 0.131 0.250 0.158 0.809 0.143 0.358 0.192 0.209 0.131 0.169 0.020
2018 0.805 0.156 0.272 0.164 0.805 0.179 0.394 0.191 0.227 0.156 0.180 0.021
2019 0.856 0.149 0.285 0.180 0.856 0.177 0.419 0.208 0.241 0.149 0.183 0.026
2020 0.851 0.145 0.280 0.176 0.851 0.190 0.412 0.202 0.222 0.145 0.180 0.023

GD, PRD, and non-PRD represent Guangdong Province, the PRD region, and the non-Pearl-River-Delta region,
respectively. USptax, USpin, USang, and USsp are the maximum, minimum, mean, and standard deviation of urban
resilience, respectively.

5.2. Implications of Spatial Spillover of Urban Resilience for Metropolitan Area Planning

From 2012 to 2020, the urban resilience spillover in Guangdong Province was in a
three-level resilience spillover circle structure of “core-subcore-periphery”. In 2022, the Chi-
nese government issued the document “Guangdong Metropolitan Area Territorial Spatial
Planning Coordination Guidelines” [38], which divides Guangdong into five metropolitan
areas (Figure 7). Among them, The Guangzhou metropolitan area (Figure 7A), Shen-
zhen metropolitan area (Figure 7B), and Pearl River Estuary West Coast metropolitan
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area (Figure 7C) are predominantly located in the core or central subcore circles, and they
exhibit stronger urban resilience spatial spillover intensity. In contrast, the Chaoshan
metropolitan area (Figure 7D) and Zhanmao metropolitan area (Figure 7E) show lower
levels of urban resilience, due to their own lower levels of urban resilience because of their
geographical distance from the core circle. Therefore, these areas’ inflow and spillover of
urban resilience elements are diminished.
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Figure 7. Spatial distribution of five major metropolitan areas in Guangdong Province.
(A). Guangzhou Metropolitan Area, (B). Shenzhen Metropolitan Area, (C). Pear River Estuary West
Coast Metropolitan Area, (D). Chaoshan Metropolitan Area, (E). Zhanmao Metropolitan Area.

This study suggests that the government should concentrate on the following: (1) Culti-
vating Shantou within the Chaoshan metropolitan area and Zhanjiang within the Zhanmao
metropolitan area as the regional core cities to stimulate and encourage the development
of cities in the eastern and western regions of Guangdong Province. (2) Enhancing the
transportation networks to improve connectivity among the Chaoshan metropolitan area,
the Zhanjiang-Maoming metropolitan area, and the Pearl River Delta. The focus should
be on strengthening the infrastructure, which involves constructing highways, railways,
and light rail systems to increase transportation efficiency and convenience. Improving
transportation conditions can promote industrial division and cooperation among different
metropolitan areas, thereby enhancing the cities” economic resilience and infrastructural
resilience. (3) It is essential to strategically plan urban functions and positioning, promoting
economic diversification and avoiding excessive reliance on a single industry. By adopt-
ing a diversified economic structure, cities can mitigate vulnerabilities and become more
adaptable to economic uncertainties.

5.3. Impact of COVID-19 on Urban Resilience

Large cities have advantages in economic resilience, infrastructural resilience, and
social resilience, and they are more resilient to disaster shocks than small and medium-
sized cities [14,15,18]. However, this study found that this conclusion does not hold true
when examining the changes in urban resilience in Guangdong Province during COVID-19.
COVID-19 has significantly impacted densely populated large cities that heavily rely on
tertiary industry. On the other hand, smaller cities like Meizhou, Heyuan, and Qingyuan
have been less affected by COVID-19 due to their smaller populations. Although COVID-19
has negatively affected urban resilience in Guangdong Province, it has also narrowed the
resilience gap between different regions in the province.
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There is a pertinent issue to discuss: the urban industry in Guangdong Province is
dominated by light industry, and the cities have fewer air pollution problems. Conversely,
heavy industries such as steel metallurgy, coal, and the chemical industry dominate some
of China’s northern cities, leading to long-term smog issues. COVID-19 has caused a
decline in industrial production activities in northern Chinese cities, improving urban
environmental quality. Can the enhanced ecological resilience of cities in northern China
compensate for the decrease in their economic resilience?

COVID-19 has not significantly altered the spatiotemporal pattern of urban resilience
spillover in Guangdong Province, and it has had a limited impact on the region’s urban
resilience spillover. The Chinese government diligently refined and optimized epidemic
control policies during COVLD-19, stabilizing urban economic development and restoring
population mobility. The urban resilience spillover in Guangdong Province exhibited a
three-level circle structure of “core-subcore-periphery”, with the core circle maintaining
its predominant position in urban resilience spillover. The impact of COVID-19 on urban
resilience and its spatial spillover in Guangdong Province are quantified in this paper,
which could provide a reference for subsequent studies on assessing the impact of public
health emergencies on urban resilience.

6. Conclusions

This study developed an urban resilience model based on four dimensions and,
in conjunction with the Getis-Ord Gi* model, analyzed the spatiotemporal evolution
characteristics of urban resilience in Guangdong from 2012 to 2020. Moreover, driving
factors of urban resilience were detected based on the OPGD model. Additionally, the
improved Capello model was used to analyze the spatial spillover effects of urban resilience.
The conclusions can be summarized as follows:

(1) The urban resilience of Guangdong Province increased from 2012 to 2019. Subse-
quently, a decline was observed from 2019 to 2020 due to the impact of COVID-19. The
urban resilience exhibited a significant spatially unbalanced distribution, with Guangdong’s
eastern, northern, and western regions being the “collapse zones” of urban resilience.

(2) The intensity of urban resilience spillover in Guangdong Province exhibited a
significant three-level circle structure of “core-subcore-periphery”, with the core circle
being the area of highest density and intensity of urban resilience spillover. COVID-19
significantly weakened the spatial spillover intensity of cities in the core circle and narrowed
the TURS gap between the core and central subcore circles.

(3) The critical driving factors affecting urban resilience in Guangdong Province
from 2012 to 2020 were GDP per capita, GDP, number of permanent urban residents,
proportion of primary industry, proportion of tertiary industry, number of higher education
institutions, profit of all urban businesses, total balance of urban household deposits, and
per capita deposit balance.
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