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Abstract: In the context of rapid urbanization, urban resilience, as a new way of thinking to seek
solutions to urban risk crises, has become an important direction and a new development trend
in the continued acceleration of urbanization. This study takes the Yangtze River Delta (YRD) as
the study object, establishes a comprehensive evaluation index system of urbanization and urban
resilience from a multi-dimensional perspective based on the improved entropy value method, and
uses the coupling coordination degree (CCD) model, the kernel density estimation method, and the
exploratory spatial data analysis (ESDA) method to investigate the spatio-temporal evolution trends
of the CCD level of urbanization and urban resilience. Further, the dynamic response relationship of
the coupling between the two systems is revealed by the PVAR model. The study results are shown
as follows: (1) The urbanization level and the urban resilience level show a box-shaped clustering
of overall urbanization values and urban resilience values, with a widening absolute gap between
extreme value cities. (2) The kernel density estimates of CCD values for urbanization and urban
resilience show an upward trend in the overall level of CCD, with regional integration replacing
multi-level differentiation. (3) The level of CCD shows a continuous upward trend in terms of
the spatial distribution characteristics of CCD, and the high-class area shows regional integration.
(4) The spatial agglomeration trend of CCD continues to develop, reaching a region-wide hot spot
agglomeration. (5) The PVAR model indicates that there is a dynamic response relationship between
the urbanization system and the urban resilience system. Finally, based on the above research results,
this study gives policy recommendations for the coordination and sustainable development of the
urbanization system and the urban resilience system, providing some academic references for the
relevant departments in the YRD to accelerate urbanization, enhance the urban resilience level, and
promote regional integration.

Keywords: urbanization; urban resilience; coupling coordination; spatio-temporal evolution;
dynamic response; the Yangtze River Delta

1. Introduction

With the acceleration of urbanization and globalization, cities have become a place
where people gather. More than half of the population lives in cities, and human beings
are ushering in a veritable “urban era”. As the world’s largest developing country, China’s
urbanization rate has increased rapidly since its reform and opening in 1978. By 2019,
60.60% of the national population lived in cities [1]. The impact of urbanization is multi-
faceted, especially in China, where the accelerated urbanization process has brought many
benefits to cities and residents, but it has triggered a series of negative issues. For example,
urbanization has resulted in the concentration of heavy industries in cities, with many
large chemical bases and oil refineries, seriously threatening the ecological safety of China’s
major cities; meanwhile, urbanization has led to the overcrowding of urban population,
forced the overdevelopment of land, and pushed the intensity to the limit, causing a serious
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security risk for social security, food security, and sustainable development in Chinese
cities. In addition, urbanization has also brought about various urban diseases, resulting in
a series of problems, such as shrinking resources, ecological degradation, environmental
pollution, population expansion, and traffic congestion in Chinese cities [2-4]. These prob-
lems are difficult to solve and make large economic downward pressure and ecological
security pressure on Chinese cities to continue to grow, which will seriously challenge
the sustainable development of cities in the long run. Urban resilience, as a new way
to seek solutions to urban risk crises, can effectively compensate for the limitations of
the traditional risk management model based on defensive means and better promote
sustainable urban development [5].

Building resilient cities has become an important direction and a new trend for further
healthy urbanization in China, and it is also a research hot topic in the field of urban
planning and risk management at present [6]. The Yangtze River Delta (YRD) is one of
the regions with the best urbanization foundation, the most complete industrial system,
and the strongest comprehensive strength in China, and it plays an important role in
China’s regional integration and economic growth. Led by Shanghai, the leading cities
in the YRD, i.e., a group of dynamic, economically developed, open and inclusive, and
innovative cities, have developed in concert and driven the YRD to become a crucial growth
pole that promotes China’s rapid economic growth [7]. The starting hypothesis of this
study is that by introducing urban resilience, exploration of the coupling and coordination
relationship between urbanization and urban resilience in the YRD and promotion of
the coordination and sustainable development of both is conducive to discovering the
differences in urbanization levels in the region and effectively identifying the weak links
in urban risk prevention and control. The objective of this study is to quantify the spatial
and temporal evolutionary trends and the interactive response relationship of coupling
and coordination between the urbanization system and urban resilience system in the YRD
using a rational and scientific research method, thus, forming a new model of sustainable
urban development that can be replicated and scaled up. This will open the research results
to scholars in the fields of urbanization, urban resilience, sustainable development, coupled
coordination, and urban agglomerations and provide important theoretical references for
in-depth explorations of related fields. Further, it is of great practical significance for other
rising regions in China and even urban agglomerations in the world to build high-quality
resilient cities.

Urbanization is a process of socio-economic transformation and acceleration, which
includes a decrease in the agricultural population and an increase in the urban population,
the expansion of urban land to the suburbs, as well as the transformation of urban society,
economy, and technology to the suburbs and rural areas [8]. The term “resilience” origi-
nated from the field of mechanical engineering, and it was introduced into the study of
ecology by the Canadian scholar Holling, and gradually spread to other disciplines [9].
Urban resilience refers to the risk-proof, shock-resistant, and sustainable ability of cities to
deal with the perturbations of various factors in the urban and external environments by
adjusting the internal elements and structures of the system, thus, transforming the system
from low to high levels [10]. It can be seen that both urbanization and urban resilience
should be explored from multiple dimensions, perspectives, and factors to investigate their
integrated development levels. The term “coupling” originated from physics and refers to
a phenomenon in which two or more mutually independent substances and systems are
interconnected, interact, and influence each other [11]. Commonly used research methods
for coupling include the coupling coordination degree (CCD) model, impulse response
function, system dynamics model, and spatial Durbin model [12].

The dynamic coupling between urbanization and urban resilience is reflected by the
fact that both are composed of economic, social, ecological, and other urban subsystems [13].
The two systems complement each other with a strong coupling relationship. When the
two systems are coupled and coordinated, improvements in the urbanization level help to
improve the urban resilience level, while the high resilience level can effectively improve
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the urbanization level, and the two systems jointly promote improvements in comprehen-
sive urban level; however, when the coupling of the two systems is dysfunctional, the rapid
social transformation caused by the rapid urbanization process has many negative impacts
on urban resilience building, thus, restricting further improvements in the urbanization
level. Thus, the two systems together hinder comprehensive urbanization level improve-
ment. To reduce the disadvantages of urban development caused by coupling dysfunction,
better integrate the concept of urban resilience into the accelerated urbanization progress,
and make regional development more coordinated, high quality, and sustainable, this study
combines the urbanization system and the urban resilience system into one by considering
them as two subsystems of urban CCD level. Then, this study selects many indicators,
calculates the values of the urbanization level and urban resilience level, and uses the CCD
model to calculate the CCD level of urbanization and urban resilience. Thus, this study is
more scientific and comprehensive.

After years of development, urbanization research has formed the following mainstream
research directions in recent years: research on urbanization-level measurement [14,15], con-
struction of urbanization evaluation index systems [16,17], analysis of urbanization influence
factors [18,19], exploration of urbanization efficiency [20,21], research on urban development
paths [22,23], and research on integration and development of urbanization and other sys-
tems [24,25]. These research works are rich in content and show the development trend of
outreach to other disciplinary research fields. Specifically, the study of urban resilience has
explored the definition of urban resilience [26,27], theoretical framework [28,29], index system
construction [30,31], resilience-level detection [32,33], evaluation method exploration [34,35],
improvement strategy research [36,37], etc. The field has been expanded and refined with the
exploration of numerous studies and has gradually become a new research hot spot. As an
inevitable product of urban development, there is a strong interrelationship between urbaniza-
tion and urban resilience. Therefore, it is necessary and urgent to investigate the relationship
between urbanization and urban resilience to fully understand the current urbanization level
and urban resilience level. Zhang et al. [38] proposed a socio-ecological resilience evaluation
method to explicitly examine the impact of urbanization on resilience and explore how socio-
ecological governance of urban ecosystem resilience can be strengthened. Dixson et al. [39]
illustrated that the resilience of urban communities is weakening in the context of rapid
urbanization and climate change. Rogerson et al. [40] took Newcastle as an example to explore
the relationship regarding urbanization, transformation, and resilience. Botezat et al. [41]
investigated the impact of administrative reforms of urbanization on the resilience of urban
communities. Gao et al. [42] explored the coupling relationship between urban resilience and
urbanization quality by taking Liaoning Province as an example. Rybak-Niedziolka et al. [43]
improved urbanization by establishing an integrated model that considers the resilience of
spatial development of urban riverfront areas. Li et al. [44] pointed out that population
urbanization exacerbates the deterioration of natural ecosystems and the decline in ecosystem
vitality, and urban resilience limits the sustainability of urbanization. Wang et al. [45] devel-
oped a “scale-density-morphology” urban ecological resilience evaluation system and used
the CCD model to measure the CCD level between urbanization and ecological resilience
in the Pearl River Delta from 2000 to 2015; also, they discussed the spatial and temporal
evolution characteristics in depth.

Though the research on urbanization and urban resilience is relatively mature in their
respective fields, the exploration of the relationship between the two is still limited and
has the following problems: (1) In terms of research perspective, there are fewer studies
exploring the spatial and temporal evolution characteristics of urbanization and urban
resilience from a two-dimensional perspective of geographic time and space, by taking
a typical research area (e.g., an urban agglomeration, integration area) as the research
object. (2) In terms of research content, there are fewer studies investigating the relationship
between urbanization and urban resilience, there is a lack of research to empirically prove
the relationship between the two from the perspective of coupling coordination, and the
scientificity of the index system needs to be further verified. (3) In terms of research meth-
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ods, existing studies usually detect the urbanization level and urban resilience through
qualitative description and spatial measurement, whereas the spatial distribution, spatial
differences, and spatial agglomeration of the CCD index of urbanization and urban re-
silience are less explored by using the spatial visualization method of geography. Our study
aims to explore the relationship between urbanization and urban resilience, and it attempts
to answer the following four questions: First, from which dimensions is it more scientific
and reasonable to construct the urbanization and urban resilience index system in the YRD?
Second, what is the level of urbanization and urban resilience? Third, what is the spatial
and temporal evolution trend of the CCD of urbanization and urban resilience? Fourth,
what type of interaction relationship exists between urbanization and urban resilience? To
answer these questions, this study constructs a comprehensive evaluation index system
of urbanization and urban resilience from perspectives of population, economy, ecology,
society, land, infrastructure, etc. Taking the YRD, a typical region, as a case study, and using
interdisciplinary research methods, such as the geography spatial analysis method, the
economics spatial measurement method, and the physics CCD model, this study explores
the level of urbanization and urban resilience, detects the spatial and temporal evolution
trend of the CCD level of urbanization and urban resilience, and reveals the dynamic
response relationship of the coupling between the two systems by combining qualitative
and quantitative research methods. Finally, based on the research results, policy recommen-
dations are given for the coordination and sustainable development of the urbanization
system and the urban resilience system. This study provides certain academic references
for the relevant departments in the YRD to improve urbanization, enhance the level of
urban resilience, and promote regional integration.

The rest of this paper is organized as follows: Section 2 introduces the study area and
constructs a comprehensive evaluation index system for urbanization and urban resilience,
including the research methods and data sources. Section 3 explores the spatial-temporal
evolution trend and dynamic response relationship of the CCD of urbanization and urban
resilience in the YRD by using various disciplinary research methods. Section 4 discusses
and analyzes the possible reasons for the above results and proposes corresponding policy
recommendations to improve the coordinated sustainable development of urbanization
and urban resilience in the YRD. Finally, this paper is concluded, and the contributions and
limitations are described.

2. Materials and Methods
2.1. Study Area

Covering an area of 358,000 km? and accounting for about a quarter of China’s total
economic output, the YRD is a region with the most active economic development, the
highest degree of openness, and the strongest innovation capacity in China. It has a pivotal
strategic position in the overall national modernization and all-round opening pattern.
However, the CCD of urbanization and urban resilience in the region is at different levels,
thus, expanding the absolute gap between the two systems of cities in the YRD. Meanwhile,
the integration level needs to be improved, and it is urgent to assess the resilience of cities
to risks. Therefore, under the new development concept of “integrated development” and
“high-quality development” in the YRD, the focus is to improve the level of CCD between
the urbanization system and urban resilience system and improve regional integration and
high-quality development capacity (Figure 1).
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Figure 1. Location map of the YRD.

2.2. Research Methods
2.2.1. Improved Entropy Method

There are inconsistencies in the units and magnitudes of the indicators of each dimen-
sion of urbanization and urban resilience. To eliminate such inconsistencies, the indicators
need to be dimensionless and normalized to facilitate comprehensive calculations and com-
parative analysis. In this study, the original data are dimensionless by using the extreme
value standardization method [45]. After dimensionless processing, the data are standard-
ized values, and the weights of the indicators can be obtained by the improved entropy
method. The entropy method is an objective weighting method to find the weights, and
the weighting values of different indicators can be determined by the correlation between
the raw data of each indicator. By objectively reflecting the weights of each indicator, this
method has a higher degree of credibility than the artificial subjective weighting method,
so it is widely used in the calculation of indicator weights [13,46]. In contrast, the improved
entropy method determines the unique weights of each indicator based on the entropy of
each indicator and adds the time variable, which has higher credibility than the traditional
entropy method [47]. After using the improved entropy method to obtain the weights
of each indicator, the standardized values of each indicator of urbanization and urban
resilience are multiplied with their corresponding weights and weighted to obtain the
required level values of urbanization and urban resilience.

2.2.2. CCD Model

The computational measurement of the CCD model contains two main components:
the coupling degree model and the CCD model. The coupling degree model mainly
measures the existence of interactions between systems, and it is adopted in this study
as a reference to measure the intensity of interactions between the urbanization system
(U1) and the urban resilience system (U;). The calculation formula of coupling degree is as

follows [48]. ,
1/2
C— {ul x Up/ ((Uy + uz)/z)ﬂ 1)
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where U is the integrated evaluation value of the urbanization system, Uj is the integrated
evaluation value of the urban resilience system, and C is the coupling degree. The value of
the coupling degree is taken between 0 and 1.

The coupling degree model can only indicate the existence of interactions between
systems, but it cannot objectively reflect the level of CCD between systems [49]. To address
this issue, this paper establishes a CCD model to measure the state and level of coordination
development between the two systems with reference to previous literature. The calculation
formula of the CCD is as follows [50].

D=VCxT T=al+pBU, @)

where D is the CCD of the urbanization system and urban resilience system, which takes a
value between 0 and 1; T is the comprehensive evaluation value the of urbanization system
and urban resilience system; « and f are undetermined coefficients, where a + = 1. Since
the acceleration ability of the urbanization system is as important as the protection ability
of the urban resilience system, the value is selected as & = § = 0.5. According to the previous
literature [1], this study classifies the CCD level into five classes: serious disorder (0.0-0.2),
moderate disorder (0.2-0.4), bare coordination (0.4-0.6), moderate coordination (0.6-0.8),
and excellent coordination (0.8-1.0).

2.2.3. Kernel Density Estimation Method

The Kernel density estimation method is a nonparametric test for estimating a smooth
empirical probability density function, and it is a common spatial analysis technique to
describe the spatially distributed intensity of geographic events [51]. In this study, the
three-dimensional kernel density estimation method is adopted to compare and analyze
the distribution characteristics of the CCD values of the urbanization system and urban
resilience system for multiple consecutive years to explore the absolute differences and
change characteristics of the development of CCD of the urbanization system and urban
resilience system in the YRD.

The calculation principle is to estimate the random variable density function
f(x) =f(x1, x2, x3), where x1, xp, and x,, are independently distributed samples. The formula
for estimating the probability density of the random variable at point x is as follows [52].

7= ok (55 ©)

where N is the total number of samples, and there are 41 geographical units in the YRD; K
is the random kernel function; / is the bandwidth of density estimation, and the larger the
bandwidth, the smoother the density estimation and the larger the bias.

2.2.4. ESDA Method

The exploratory spatial data analysis (ESDA) method can be employed to explore
the spatial distribution, aggregation, and association of research objects. In this study, the
ESDA method is used to analyze the overall spatial correlation and spatial agglomeration
of the CCD of urbanization and urban resilience.

The ESDA method includes global spatial autocorrelation analysis and local spatial
autocorrelation analysis. In this study, global spatial autocorrelation is exploited to describe
the spatial characteristics of CCD across the study area, and Moran’s I value is taken as a
computational metric to measure the global spatial autocorrelation. The calculation formula
is shown below [53].

--(x,- — Y) (x] — f)

Trg=
It
=

(4)

(x; — %)

It
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where 7 is the geographical unit number in the study area, x; (x;) is the value of x of
geographical unit i(j); X is the average value of the attribute values; Wj; is the binary
adjacency matrix, and according to the common boundary rule, if region 7 is adjacent
to region j then Wj; = 1, otherwise W;; = 0. The calculated Moran’s I value has three
possibilities: (1) positive correlation for Moran’s I > 0, and the larger the value, the more
significant the spatial correlation; (2) negative correlation for Moran’s I < 0, and the smaller
the value, the greater the spatial variability; (3) random distribution for Moran’s I = 0.

Local spatial autocorrelation is used to characterize the spatial agglomeration of the
CCD in the study area, and Getis—-Ord G* is taken as a computational measure of local
spatial autocorrelation. The calculation formulas are presented below [54].

n n
L Wijxj = xj 1, Wij

Jj=1
n—1

2
L Wi~ <.Z ij)

(6)

where x; is the observed indicator D; S is the stand value of j. Getis-Ord G* reflects
the spatial agglomeration characteristics of the observations by hot spots and cold spots
on the map, and if there are more hot spots, the spatial agglomeration of the region is
significantly increased.

2.2.5. PVAR Model

The PVAR model is a panel vector autoregressive model whose modeling ability is
usually not limited by economic theory, and it can exclude the constraints of endogeneity
and homogeneity of variables. In the PVAR model, the interaction effects between systems,
the degree of shocks, and the degree of contribution are explained mainly through impulse
response functions and variance decomposition [55]. The model is used in this study to
explain the dynamic response relationship between the urbanization system and the urban
resilience system. The PVAR model developed in this study is expressed as follows [56].

p
Vie =0+ Y aiYisp+ 1 + Pt + €3t )
=

where i and f represent region and time, ag denotes the intercept term, 4; is the parameter
matrix, p is the number of lags; y; ;p is the p-order lag term of y;;, 17; denotes the individual
effect vector, y; denotes the time effect vector, and ¢;; is the random perturbation term.

2.3. Construction of Evaluation Indicator System

Through the previous conceptual analysis and the literature review of urbanization
and urban resilience, it is clear that the dynamic coupling between urbanization and urban
resilience is reflected by the fact that both systems are composed of economic, social,
ecological, and other urban subsystems and the number of indicator dimensions of both
systems should be approximately equal. According to the index systems constructed in the
existing literature, the urbanization system index is constructed mainly from the population,
economic, social, and land (spatial) dimensions [6,52,57-60], and the urban resilience
system index is constructed mainly from the economic, social, ecological, and infrastructure
(engineering) dimensions [1,6,42,46,58,59,61,62]. Therefore, to collect and screen indicators,
this study follows the principles of scientificity, comparability, and accessibility of indicator
collection and combined them with previous work on the dimensions of urbanization and
urban resilience indicator system construction. Finally, 12 urbanization indicators and
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16 urban resilience indicators are selected, which constitute a comprehensive evaluation
indicator system of urbanization and urban resilience (Table 1).

Table 1. The comprehensive evaluation index system of urbanization and urban resilience.

Criterion

Index

Literature

Layer Layer Units Indicator Meaning Sources Weight
o Urban economic
GDP growth rate (%) development level Wan et al. [57] 0.0144
Economic . . (yuan/ Urban government Zeng, Wei and
urbanization Fiscal revenue per capita person) economic strength Duan. [52] 0.1771
Social fixed asset investment per capita (yuan/ Urban infrastructure Wan et al. [57] 0.0921
person) capacity building
Urbanization rate (%) Degree of urbanization Xiong et al. [6] 0.0384
Population Percentage of employment in the (%) Healthy level of urban Chan and Lee. 0.0112
urbanization secondary and tertiary sector ° employment structure [58] ’
Urbanization Population density of a built-up area (people/km?) Urban population pressure Z%ﬁ,aye[gg?d 0.0145
Total retail sales of consumer goods (yuan/ Urban spending power Wang et al. [59] 0.1396
per capita person)
Social Per capita disposable income of uan/ Income level of urban -
urbanization P urbanpresidents }Seron) residents Wang etal. [5] 0.0778
Average salary level of (yuan/ Urban employee income Wan et al. [57] 0.0770
on-post employees person) levels
The proportion of built-up area in a %) Land area avalla}ble for use Zhou et al. [60] 0.1698
total urban area in the city
Land (1’1’12/
urbanization Urban housing area per capita people) Risk of urban land conflicts Xiong et al. [6] 0.1326
2
Urban road area per capita pf(er(?pl/e ) Urban traffic convenience Zhou et al. [60] 0.0555
GDP per capita (yuan) Urban total economic level Hong, Wang 0.0672
and Li. [61] ’
The share of second and third o Urban advanced level of -
industries in GDP (%) industrial structure Wang etal. [5] 0.0310
Economic
resilience Year-end balance of urban resident (yuan/ Urban residents’ saving Ma et al. [46] 0.0982
savings per capita person) capacity ' '
The proportion of science and A
technology expenditure in financial (%) Urbe'm scientific research Luo etal. [1] 0.0772
. investment level
expenditure
Green coverage rate in built-up areas (%) Degreec(c;;:trrl:irtli g;eemng Ma et al. [46] 0.0067
2 - -
Park green area per capita (m?/ Urban capacity to maintain Chan and Lee. 0.0346
Ecological people) the ecological environment [58]
resilience . - ;
The comprehensive utilization rate of (%) Urban solid waste ;
industrial solid waste disposal capacity Luoetal. [1] 0.0052
Uﬂ)an Urban sewage treatment rate (%) Urban wastewafer Luoetal. [1] 0.0129
resilience treatment capacity
The number of doctors per 10,000 (person/ Urban medical treatment Gao and Chen. 0.0488
people in the municipal area 10,000 people) capacity [42] ’
Urban registered unemployment rate (%) Urban social security risks Chan[sg]d Lee. 0.0010
Social c
resilience The number of college students per (person/ . . . Gao and Chen.
10,000 people in the municipal area 10,000 people) Urban innovation capacity [42] 0-1483
N . Urban postal and
Post and telecommumcatlpns business (yuan/ telecommunications Xiong et al. [6] 01342
volume per capita person) A -
communication capacity
Drainage pipeline density in the (km/ Urban capacity to cope .
municipal district km?) with flooding Lietal. [62] 0.0355
(vehicle/ Intra-city traffic operation Hong, Wang
Infrastructure Bus number per 10,000 people 10,000 people) capacity and Li. [61] 0.0468
resilience i i
The number of hospital beds per (beds/ Level of urban medical y
10,000 people 10,000 people) infrastructure Maetal. [46] 0-1202
The number of mobile phone users per (households/ Urban instant messaging .
10,000 people 10,000 people) level Lietal. [62] 0-1320
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2.4. Data Sources and Processing

This study selects panel data on a total of 28 indicators of the urbanization system and
urban resilience system for 41 cities in the YRD during 2010-2019. Specifically, the data
of GDP growth rate, urbanization rate, total retail sales of consumer goods per capita, the
share of second and third industries in GDP, the comprehensive utilization rate of industrial
solid waste, urban sewage treatment rate, the number of doctors per 10,000 people in the
municipal area, bus number per 10,000 people, and many other indicators are obtained from
the China City Statistical Yearbook (2011-2020) and the statistical yearbooks and statistical
bulletins of provinces and cities in the YRD. Meanwhile, the data of the proportion of
built-up area in a total urban area, urban housing area per capita, urban road area per
capita, green coverage rate in built-up areas, park green area per capita and drainage
pipeline density in the municipal district are obtained from the China City Construction
Statistical Yearbook (2011-2020). The treatment of missing data in this study is as follows:
for some indicators with data from 2010-2017 and missing data for 2018 and 2019, the
average annual growth rate is used to interpolate the missing data; for some indicators
with data for 2017 and 2019 and missing data for 2018, the weighted average of the data in
2017 and 2019 is used to fill in the missing data for 2018.

3. Results Analysis
3.1. The Level of Urbanization and Urban Resilience

This study calculates the level of urbanization and urban resilience via the improved
entropy method and draws box plots to analyze the time-series evolution of the combined
level of urbanization and urban resilience in 41 cities in the YRD (Figure 2). It can be seen
from the box plot that urbanization level and urban resilience level of 41 cities are generally
clustered in a box shape, with low dispersion and few outliers, and the urbanization level
and urban resilience level of most cities are close, while those of only some cities are
dispersed. These cities with both high urbanization levels and urban resilience levels, such
as Shanghai, Nanjing, Suzhou, Hangzhou, Hefei, etc., and cities with low urbanization
levels and urban resilience levels, such as Sugian, Fuyang, Suzhou, Lu’an, Bozhou, etc,,
indicate that the regional integration phenomenon in the YRD is increasingly obvious, and
the urbanization level and urban resilience level of provincial capitals and economically
developed cities are higher and enhance faster, which is consistent with the result obtained
in the study of Zeng et al. [52] on urban agglomerations in China. Meanwhile, the box
position shifts upward over time, which indicates that the level of urbanization and urban
resilience is increasing. Then, the maximum and minimum values of each year are selected
for comparison, and it is found that the absolute gap expands, indicating that the overall
level of urbanization and urban resilience in the YRD is increasing, but the differences
within the region also show an expansion trend. Since the degree of integration in the
YRD is increasing over time, the “Matthew effect” becomes more and more obvious, and
cities with a high urbanization level and high urban resilience level gradually increase their
oppressiveness to those with a low urbanization level and low urban resilience level, thus,
gradually enlarging the development gap between the extreme value cities in the region.
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Figure 2. Changes in the comprehensive urbanization level and urban resilience level of all cities in
the YRD. (a) Box plot of urbanization level of all cities in the YRD; (b) Box plot of urban resilience
level of all cities in the YRD.

3.2. The CCD of Two Systems
3.2.1. The Dynamic Evolutionary Characteristics

After exploring the time-series evolution characteristics of urbanization and urban
resilience levels, this study employs the kernel density estimation method to further explore
the absolute differences and change characteristics of the CCD of urbanization and urban
resilience in the YRD, as illustrated in Figure 3.

Kernel density

Coupling coordination degree

Figure 3. The kernel density estimation results of CCD for all cities in the YRD.

First, it can be seen from Figure 3 that the kernel density curve of the CCD values
in the YRD in each year shows an obvious right-shifting trend, which indicates that the
overall level of CCD of urbanization and urban resilience in the YRD during the study
period shows a continuous climbing trend toward good development.

Meanwhile, the kernel density curve of the CCD values in the YRD in each year shows
a distribution trend that the width becomes larger year by year, indicating that the absolute
gap between the CCD level of urbanization and urban resilience in the YRD expands
significantly, and the difference between the extreme value cities is increasingly significant.
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In addition, the distribution extension of the kernel density curve tends to be weak-
ened, indicating that the low and medium CCD values tend to be closer to the average
level of the overall CCD values in the region. This proves that the overall level of CCD
between urbanization and urban resilience in the YRD is more consistent and gradually
progresses in the direction of dynamic equilibrium.

Moreover, the kernel density curve of the CCD values in the YRD in the early years
shows a gentle mountain range class distribution, and as the height of the wave crest in-
creases over time, the kernel density curve shows a steeper pyramid class distribution. This
indicates that the CCD level of urbanization and urban resilience in the YRD shows a trend
of gradual concentration in the study period, and the sustainable development capacity
is further improved. Additionally, the kernel density curve in the right tail transforms
from multiple side peaks to a converging and smoothing flat curve distribution, indicating
that the trend of multi-level differentiation of the CCD values gradually disappears, the
overall CCD level of urbanization and urban resilience improves significantly, and the
phenomenon of regional integration replaces multi-level differentiation.

3.2.2. Spatial Distribution Characteristics

By using ArcGIS 10.3 software, this study selects data with the same interval of
years, 2010, 2013, 2016, and 2019. Then, the calculated values of the CCD of urbanization
and urban resilience for 41 cities in the YRD are spatially visualized to analyze the spatial
distribution pattern of the development of the CCD level in the region, as shown in Figure 4.
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Figure 4. The spatial pattern of CCD level for all cities in the YRD.

From the temporal perspective, the CCD level of each city in the YRD shows an
upward trend: in 2010, the number of cities in the excellent coordination class is 0, which
in the moderate coordination class is 2, in the bare coordination class is 18, and in the
moderate disorder class is 21. In 2013, the number of cities in the moderate coordination



Sustainability 2023, 15, 2702

12 of 25

class was 4, with an increase of 2; the number of cities in the bare coordination class was
19, with an increase of 1; and the number of cities in the moderate disorder class was 18,
with a decrease of 3. In 2016, the number of cities in the excellent coordination class was 1,
with an increase of 1; the number of cities in the moderate coordination class was 7, with
an increase of 3; the number of cities in the bare coordination class was 26, with an increase
of 7; and the number of cities in the moderate disorder class was 7, with a decrease of 11. In
2019, the number of cities in the excellent coordination class was 1; the number of cities in
the moderate coordination class was 9, with an increase of 2; the number of cities in the
bare coordination class was 28, with an increase of 2; the number of cities in the moderate
disorder class was 3, with a decrease of 4. From the above results, it can be seen that the
cities in the bare coordination class and above gradually increase from less than 50% at the
beginning to more than 90%, indicating that the vast majority of cities in the YRD have
reached the preliminary coordination level after development during the study period.
Meanwhile, the CCD levels of urbanization and urban resilience in the overall region and
individual cities have increased, while medium and low CCD values are getting closer to
the average value of the overall regional CCD.

From the spatial perspective, in 2010, only two cities, Shanghai and Nanjing, were of
the CCD class in moderate coordination, and with these two cities as the core, the CCD
level decreased toward the surrounding areas, showing an obvious “island effect”. This
is closely related to the fact that Shanghai opened up to the outside world earlier and
Nanjing, and the establishment of the metropolitan area, improved the CCD level of the
two cities rapidly; in 2013, Suzhou and Hangzhou also joined in the moderate coordination
class, indicating that Shanghai and Nanjing with high CCD levels gradually produce a
“trickle-down effect”, promoting the rapid development of the CCD level of Suzhou and
Hangzhou, attributed to a closer geographic location, better economic strength and more
policy inclination; in 2016, Shanghai was promoted to the excellent coordination class, and
Hefei, Ningbo, Wuxi, and Changzhou stepped into the moderate coordination class, and
the spatial distribution of the CCD class has gradually changed from an isolated core to
multiple decentralized cores. This phenomenon indicates that, led by Shanghai, Zhejiang
Province, Jiangsu Province, and Anhui Province have formed their core cities, and they
take the core cities as the central area to develop the surrounding areas, which better drives
improvements in the overall regional CCD level; in 2019, the promotion of the CCD class
of 41 cities in the YRD began to slow down, and the phenomenon of regional integration
replaced the phenomenon of multi-level differentiation and gradually developed toward
dynamic equilibrium. However, the absolute disparity between cities with extreme values
in the region becomes increasingly significant, and the CCD level of three cities in Anhui
Province, namely, Su’zhou, Bozhou, and Lu’an still fails to be promoted to the preliminary
CCD class. The above results indicate that because the urbanization and urban resilience
CCD class of core cities have reached a very high level, the role of regional assimilation is
close to the limit, so the development rate of the CCD class of neighboring cities slows down
and becomes stable; also, due to the “Matthew effect”, cities with high urbanization level
and high urban resilience level gradually increase their oppressiveness to those with a low
urbanization level and low urban resilience level, thus, gradual widening the development
gap between cities with extreme values in the region.

3.2.3. Spatial Agglomeration Characteristics

By adopting ArcGIS 10.3 software, this study selects data with the same interval of
years, 2010, 2013, 2016, and 2019. Then, the global autocorrelation analysis module is
established, and the results are presented in Table 2.

As shown in Table 2, the Z-variance is greater than 1.96 and the p-value is less than
0.01, indicating that the results of each year can pass the significance level test of more than
99%. Thus, it can be determined that there is a significant positive spatial autocorrelation
and spatial agglomeration effect for the CCD of each year in the YRD. The value of Moran’s
I'is less volatile, greater than 0, and falls between 0.4207 and 0.4433, and the data show a
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spatially positive correlation distribution. This indicates that the coupling coordination
development level of urbanization and urban resilience in the YRD has continued to
improve and is stable. Meanwhile, the development rate of the later period is faster than
that of the earlier period, which proves that the spatial agglomeration effect of the region
shows a trend of continuous and accelerated diffusion.

Table 2. Global autocorrelation analysis of the CCD for all cities in the YRD.

Year
2010 2013 2016 2019
Index

Moran’s [ 0.4207 0.4261 0.4346 0.4433
Z-Variance 3.7271 3.7637 3.8204 3.8983
p-Value 0.0002 0.0002 0.0001 0.0001

After proving the existence of significant positive spatial autocorrelation between the
CCD of each city in the YRD, this study uses the Getis—Ord G* index in the local autocorre-
lation analysis to further explore the evolution characteristics of spatial agglomeration of
hot spots and cold spots in each city. Referring to Jenks’s natural break method, this study
divides the region into five categories: hot spot area, secondary hot spot area, transition
area, secondary cold spot area, and cold spot area, and the spatial agglomeration evolution
characteristics are illustrated in Figure 5.
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Figure 5. The spatial pattern evolution of CCD for all cities in YRD.

It can be seen from Figure 5 that the overall CCD level shows a spatial agglomeration
trend of high in the east and low in the west, high on the coast and low in the interior, and
the distribution of hot spots in the study area gradually expands, from point to surface
and from east to west. Until 2019, the cold spot area converged and only existed in
northern Anhui.
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Specifically, in 2010, northern Anhui was in the center of the cold spot of CCD, and the
secondary cold spot area spreads and agglomerates outward around this area; Shanghai,
Suzhou, Wuxi, Hangzhou, Ningbo, Nanjing, and Hefei are the hot spot areas of CCD, and
the secondary hot spot areas agglomerate outward around this area in a semi-encircling
manner, as the cold spot and hot spot areas are distinct and do not intersect with each
other. This shows that the “trickle-down effect” of the cities in the hot spot areas is not very
obvious, which causes the CCD of the two systems of urbanization and urban resilience in
the overall region to increase slowly. In 2013, the cold spot area began to converge; only
Su’zhou, Bozhou, and Lu’an are still cold spot areas, while northern Jiangsu, southern
Anhui, and southern Zhejiang have been transformed from the cold spot and secondary
cold spot areas into transition areas, and the hot spot areas around Shanghai, i.e., southern
Jiangsu and northern Zhejiang regions, show a clear trend of outward diffusion. The sec-
ondary cold spot area is gradually transformed into a transition area, which shows that the
spatial agglomeration of cold spots and hot spots is broken, demonstrating a new spatial
agglomeration characteristic of mutual penetration and intermingling. The reason for this
phenomenon is that Shanghai, southern Jiangsu, and northern Zhejiang are geopolitically
close to each other and have become the first experimental areas of regional integrated
development. Through the unified development of the link in several years, the regional
economic level has been improved, the infrastructure construction has been accelerated,
and the urbanization level has been enhanced; also, special treatment actions for the urban
habitat environment have been conducted in depth, problems have been strengthened and
rectified, and the level of urban resilience has been improved. Due to this, the CCD level of
urbanization and urban resilience in the region has been greatly improved; in 2016, the cold
spot area completely disappeared, and only Su’zhou, Bozhou, and Lu’an are still secondary
cold spot areas in the whole region. In this year, Shanghai, southern Jiangsu, and northern
Zhejiang regions show the spatial trend of hot spot agglomeration in the whole region,
and northern Jiangsu, southern Anhui, and southern Zhejiang regions have transformed
into secondary hot spot areas. After this period, the overall cold spot area in the YRD
further converged, and the spatial agglomeration feature of the whole region for good
development has become increasingly obvious. The reason is mainly because some cities
in Anhui province join the YRD Urban Agglomeration, and Anhui takes Hefei as the axis
city to radiate and drive the surrounding areas to develop coordinately, which improves
the coupling coordination level of the whole Anhui region, so the southern Anhui region
also gradually eliminates the cold spot area under the drive of Hefei; meanwhile, through
the orderly implementation of the action plan “North-South Counterpart Support”, the
mutual placement of resources and sharing of advantages between cities have been pro-
moted, further improving the “blood-making” ability and endogenous power of northern
Jiangsu and southern Zhejiang regions. Thus, these two regions have gradually become
secondary hot spot cities under the lead of the core cities; in 2019, in addition to Su’zhou,
Bozhou, and Lu’an, the overall region shows the spatial agglomeration characteristics of
hot spots and secondary hot spots. After the “Outline of the Integrated Regional Devel-
opment of Yangtze River Delta “ was officially introduced, all four provinces and cities of
Jiangsu, Zhejiang, Anhui, and Shanghai were included in the YRD, regional integration
gradually became a reality from the slogan, and the YRD became the region with the best
urbanization foundation, the most complete industrial system, and the strongest urban
resilience capacity in China. With an obvious development trend of system integration
and symbiosis, the overall CCD between the urbanization system and urban resilience
system has reached a preliminary coordination level and demonstrated strong sustainable
development capability.

3.3. Analysis of Dynamic Response Relationship among Two Systems
3.3.1. Unit Root Test

The above theoretical mechanism investigates the dynamic response relationship
between the urbanization system and the urban resilience system from the perspective of
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qualitative analysis. To make this study more scientific, the PVAR model of Formula (5) is
applied, and the values of urbanization level and urban resilience level from 2010 to 2019
are substituted into the model to explore the dynamic response relationship between the
urbanization system and urban resilience system in the YRD.

To eliminate the effects caused by heteroskedasticity, the values of urbanization level
and urban resilience level are first taken as logarithms; also, data non-stationarity can lead
to pseudo-regression phenomena, so after taking the logarithm, a unit root test is performed
on the panel time-series data to ensure the stationarity of the data [63]. In this study, the
LLC test is chosen for data stationarity testing. Specifically, urbanization is taken as the
logarithm and called Inx, and urban resilience is taken as the logarithm and called Iny.
From Table 3, it can be observed that both unit root test values corresponding to p-values
are smaller than 0.01, which pass the test at a 1% significance level and reject the original
hypothesis of the existence of a unit root, indicating that the variables are stable and can
proceed with the analysis.

Table 3. The unit root test results of the panel data.

Detection Method Variables Detection Value p-Value
LLC Inx —11.448 0.0000
Iny —7.9994 0.0000

3.3.2. Optimal Lag Order and Cointegration Test

By determining the optimal lag order, it can be ensured that the accuracy of the results
will not be reduced because the lag order is too small, and the sample size of the study will
not be missing because it is too large. Thus, determining the optimal lag order is the key to
constructing the PVAR model. In this study, AIC, BIC, and HQIC are adopted to determine
the optimal lag order of the model, and all three information criteria are used to select the
order corresponding to the minimum information value as the optimal lag order. Table 4
shows that all three information criteria choose lag order 1 as the optimal lag order. Then,
the cointegration test is performed to determine whether there is a cointegration relationship
between the two variables, and this study adopts the Pedroni test for cointegration test
analysis. Table 5 below shows the results of the cointegration test, all the statistics of the test
terms correspond to a p-value of less than 0.01, and they pass the test at a significance level
of 1%. Thus, the original hypothesis that there is no cointegration relationship is rejected,
indicating that there is a long-term equilibrium relationship between the two systems of
urbanization and urban resilience. Meanwhile, since the optimal lag order is 1, a long-term
equilibrium relationship exists between the two systems and is unique.

Table 4. The selection of optimal lag order of the PVAR model.

Lag AIC BIC HOQIC
1 —12.3404 * —11.3038 * —11.9016 *
2 —12.2984 —11.1928 —11.8804
3 —11.9935 —10.6541 —11.4542
4 —11.7225 —10.1339 —11.0799

Note: * indicate significant at 10% level.

Table 5. The results of the cointegration test.

Test Items Detection Value p-Value
Modified Philips-Perron t 4.6097 0.0000
Phillips-Perron t —5.7722 0.0000

Augmented Dickey-Fuller t —8.2366 0.0000
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3.3.3. Granger Causality Test

The Granger causality test is further performed to determine whether there is a causal
relationship between the two systems of urbanization and urban resilience and the direction
of causality. By constructing a panel error correction model for the Granger causality test,
the test results in Table 6 indicate that when the original hypothesis is that Inx is not the
Granger cause of Iny, the Chi? statistic is 3.0626, and the corresponding p-value is 0.000.
Since the p-value is less than 0.05, the original hypothesis is rejected, and it means that, at a
significance level of 5%, Inx is the Granger cause of Iny; similarly, it can be inferred that at a
significance level of 5%, Iny is the Granger cause of Inx. Therefore, Inx and Iny are mutually
causal, indicating that urbanization plays a pulling and “trickle-down effect” on urban
resilience; also, urban resilience can protect and enhance the urbanization level, and they
are mutually Granger causal.

Table 6. The results of the granger causality test.

Original Assumptions Chi? Statistic p-Value Conclusions
Lnx cannot Granger cause Lny 3.0626 0.0000 Reject
Lny cannot Granger cause Lnx 0.0918 0.0290 Reject

3.3.4. Impulse Response Analysis

The impulse response function reflects the effect of a shock with one standard deviation
applied to the perturbation term on the current and future values of the endogenous
variables [64]. This study explores the dynamic shock effects between the two systems
by performing impulse response simulations of urbanization and urban resilience. The
impulse response results are presented in Figure 6.
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Figure 6. The impulse response diagram of urbanization and urban resilience in the YRD. The red
line is the impulse response estimates for a horizon of 10-period time, and the green and blue lines
are the one-standard error confidence bands.
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As shown in Figure 6, the shock of urbanization is weakening, and each period is in the
positive response phase. In the long run, the impact effect is more obvious at the beginning
and gradually stabilizes in the middle and later periods. The shock of urbanization on urban
resilience shows a weak development trend, where the first to the third periods is a slow
increase phase, and from the fourth period onwards, the response effect decreases steadily
and reaches the minimum in the tenth period. Thus, the stability of the urbanization system
mainly depends on its influence, and it is less affected by urban resilience.

The overall shock of urban resilience on urbanization shows an upward and then
downward trend, with each period in the positive response phase; the response effect
reaches the maximum in the second period and gradually declines in the third period, with
a more obvious impact effect in the earlier and middle periods, and it gradually stabilizes
in the middle and later periods. The shock of urban resilience on itself is weakening, and
each period is in the positive response phase. From the beginning, the shock has been
in a downward trend, and the downward trend is significant in the earlier and middle
periods and gradually becomes stable in the later period. Thus, the stability of the urban
resilience system is highly dependent on the influence of both itself and urbanization, and
the influence of urbanization on urban resilience continues.

3.3.5. Variance Decomposition Analysis

To explain the contribution of shocks between variables to the results, the mean
squared deviation of urbanization and urban resilience over the next 10 periods is analyzed
through variance decomposition. The results are presented in Table 7.

Table 7. The decomposition table of variance between urbanization and urban resilience.

Inx Iny
Period
Inx Iny Inx Iny
1 1.000 0.000 0.050 0.095
2 1.000 0.000 0.079 0.921
3 0.999 0.001 0.079 0.894
4 0.999 0.001 0.079 0.871
5 0.999 0.001 0.148 0.852
6 0.998 0.002 0.161 0.839
7 0.998 0.002 0.171 0.829
8 0.998 0.002 0.179 0.821
9 0.998 0.002 0.183 0.817
10 0.998 0.002 0.187 0.813

In terms of the variance decomposition of urbanization, the YRD is affected by its
shock up to 100% in the first period, and the overall trend is continuously declining, but the
decline is small; meanwhile, the shock of urbanization on itself still reaches 99.8% until the
tenth period. The variance decomposition of urban resilience is different, and the impact of
its shock declines from 95% to 81.3%. Although its shock is still the main influencing factor,
the influence of urbanization on urban resilience cannot be ignored, which is consistent
with the conclusion drawn from the impulse response function above and again validates
the scientificity of the study. However, it can also be seen that by the fifth period, the
influence of urbanization on urban resilience has reached 14.8%, while the influence of
the increase in urbanization on urban resilience in the following five periods decreases to
only 3.9%. This phenomenon has two implications: (1) the promotion of urbanization on
urban resilience is greater than the promotion of urban resilience on urbanization; (2) the
promotion of urbanization on urban resilience is decreasing. The reason lies in two aspects.
On the one hand, with the rapid rise of the regional economy, the level of urbanization has
increased, with core cities such as Shanghai as the central region spreading development
to the surrounding areas, thus, improving the overall regional CCD level. The cities have
sufficient funds and resource reserves to support the construction and operation of urban



Sustainability 2023, 15, 2702

18 of 25

development planning, infrastructure construction, industrial innovation, and other related
systems, which improves the quality of comprehensive disaster prevention and mitigation
of the urban system and enhances the level of urban resilience. On the other hand, with
the gradual formation of regional integration in the YRD, the improvement in urban CCD
level gradually slows down, the urbanization level of each city has gradually reached
the upper limit, and its influence on urban resilience continues, but the improvement
has gradually slowed down, so the improvement in the urban CCD level needs to find a
breakthrough point.

4. Discussion

Urbanization is an inevitable process of urban development, which is usually reflected
by the increase or decrease in population, economic, social, and spatial levels [45]. In the
urbanization process, urban problems are bound to arise, and how to solve these problems
is a concern of many urban researchers. Previous studies indicate that urban resilience
systems are closely related to other urban systems [1], and Gao’s study [42] confirmed
that the dynamic coupling between urban resilience and urbanization is reflected by the
fact that both are composed of economic, social, ecological, and other urban subsystems.
Therefore, investigating the relationship between urbanization and urban resilience can
better promote sustainable urban development and solve or prevent some problems in
urban development [61].

First, according to the time-series evolution characteristics of urbanization and urban
resilience, the levels of the two systems in the YRD are clustered in a box shape, with
only some cities having a large dispersion, indicating that the overall levels of the two
systems have a positive development trend. Second, according to the dynamic evolution
characteristics of the CCD of urbanization and urban resilience, the kernel density curve in
the YRD shows a continuous rightward shift, the height of the main peak is decreasing,
and the distribution extension is slowing down, indicating that the overall CCD level of
urbanization and urban resilience has improved significantly, and regional integration has
replaced multi-level differentiation. This is correlated with the implementation of a series
of policies, including “the New Urbanization Strategy”, “the Yangtze River Delta City Clus-
ter Development Plan”, and “the Outline of the Yangtze River Delta Regional Integrated
Development Plan”. After the implementation of these policies, regional integration has
gradually become a reality from a slogan, and the YRD has become the region with the best
urbanization foundation, the most complete industrial system, and the strongest compre-
hensive strength in China. Meanwhile, the system integration and symbiotic development
is increasingly obvious, which promotes the coordinated sustainable development of ur-
banization and urban resilience system in the region and makes its comprehensive level
show a continuous upward trend. This is consistent with the findings of Zhao et al. [56].

In addition, according to the spatial distribution and spatial agglomeration charac-
teristics of the CCD of urbanization and urban resilience, after development during the
study period, most of the cities in the YRD reached the initial coordination level and the
core cities in the region, namely, Shanghai, Nanjing, Suzhou, Hangzhou, Hefei, Ningbo,
Wuxi, and Changzhou, reached a high class in the CCD level, while Su’zhou, Bozhou,
and Lu’an are still in a state of coupling disorder. At the same time, there are regional
differences in the CCD, showing a spatial agglomeration trend of high in the east and low
in the west, high on the coast and low in the interior; the distribution of hot spots in the
study expands gradually, from point to surface and from east to west in a covering devel-
opment characteristic, which is consistent with the spatial distribution; Su’zhou, Bozhou,
and Lu’an are the only three cities in the area that have not yet jumped to the hot spots.
On the one hand, the vast majority of cities in the region have been upgraded faster and
have gradually reached the class of coupling coordination. These cities have strengthened
regional cooperation and linkage, thus, promoting the integrated development of the YRD,
accelerating the establishment of Shanghai, Nanjing, Hangzhou, Suzhou-Wuxi-Changzhou,
Hefei, and Ningbo metropolitan areas, promoting the mutual placement of resources, scien-
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tific and technological flows, economic development, and information sharing, and initially
forming a coordinated sustainable development trend of regional integration; on the other
hand, by providing policy tilting subsidies to the developing regions, the Jiangsu, Zhejiang,
and Shanghai regions realize “blood transfusion” to help Anhui cities to build high-tech
industrial parks, thus, attracting high-level talents, optimizing economic and industrial
structures, increasing financial investment in science and technology, promoting the integra-
tion of domestic and foreign trade, coordinating the spatial layout of commodity circulation,
and forming multi-network integration of rail transportation and other measures. These
measures contribute to a positive spatial agglomeration effect in the region so that almost
the whole area of the YRD (except for Su’zhou, Bozhou, and Lu’an) has realized the hotspot
spatial agglomeration posture. However, Su’zhou, Bozhou, and Lu’an are far behind other
cities in economic development in the region, with a relatively underdeveloped level of
urbanization and weak urban resilience building capacity, and the three cities are located
in the peripheral zone of the YRD, with weak radiation trickle-down effects from major
core cities and insufficient locational advantages, so they are still in the primary stage of
coupling coordination development. This is consistent with the findings of Lu et al. [65].
Moreover, this study verified through the PVAR model that there is a causal relation-
ship between urbanization and urban resilience, and they are mutually influential. This
implies that it is scientific to measure the relationship between the two systems with a CCD
model. To deepen the credibility of the study, why a coupling coordination relationship
exists between the two systems is investigated from a qualitative perspective for the follow-
ing reasons. On one hand, when the two are coupled and coordinated, the urbanization
process can bring great economic benefits and development opportunities to cities and
promote urban resilience development [66]. For example, cities have sufficient capital
and resource reserves to support the construction and operation of urban development
planning, infrastructure construction, industrial innovation, and other related systems,
which helps to improve the quality of comprehensive disaster prevention and mitigation of
the urban system and enhances the level of urban resilience; meanwhile, the high level of
resilience can effectively promote improvements in urbanization. The superiority of urban
resilience lies in its ability to create a safe and healthy operating environment, consolidate
the ability of cities to resist risky disasters, provide hardware and software strength operat-
ing urban mega-systems, maintain a normal and orderly exchange of materials, energy, and
information within the city and the external environment, and keep the city stable by not
being disturbed by internal and external factors, thus, achieving orderly promotion of the
urbanization process [61]. On the other hand, when the coupling between urbanization and
urban resilience is dysfunctional, the rapid social transformation caused by the rapid ad-
vancement of the urbanization process also brings about many negative impacts on urban
resilience construction [67]. Factors, such as large population concentration, a disorderly
proliferation of building land, an increase in people’s consumption level, an increase in
resource consumption intensity, and other uncertainties, will lead to intensive, mobile, re-
gional, and concurrent urban risks. Further, excessive population density and an excessive
consumption level lead to increased urban demand for various resources, and unreasonable
allocation of urban construction land and ecology will cause space urban ecological safety
capacity to decline seriously, thus, damaging or reducing the protection capacity of urban
resilience; similarly, a low resilience level restricts the improvement in urbanization level.
Cities with low levels of resilience tend to have a high probability of risk occurrence, and
there are many “pain points” and “shortcomings” in urban risk prevention and scientific
control. For example, a decline in economic resilience leads to an imbalance in the ability of
coordinated urban economic development, a decline in social resilience results in social
disorder, a decline in ecological resilience leads to an increase in urban environmental
pollution, and a decline in infrastructure resilience leads to an increase in urban public
safety risks, which together seriously restrict the urbanization process [42]. Therefore, it is
reasonable and scientific to explore the existence of a coupling relationship between the
urbanization system and urban resilience system and explore its spatio-temporal evolution



Sustainability 2023, 15, 2702

20 of 25

trend by the method of the CCD model. Meanwhile, insights can be obtained by looking
at the impulse response and variance decomposition of the PVAR model: when the CCD
level between urbanization and urban resilience is low, the acceleration of urbanization
can drive the development of urban resilience more significantly, thus, promoting a rapid
improvement in the urban CCD level; after the urbanization level reaches the bottleneck,
only raising the priority level of urban resilience and the level of urban resilience can better
promote the urban CCD level. This indicates that our development strategy needs to be
adjusted according to the different CCD levels of each city: whether to give priority to
promoting higher levels of urbanization or to vigorously develop urban resilience.

Therefore, by investigating the coupling coordination relationship between urban-
ization and urban resilience, this paper recognizes the spatial and temporal evolutionary
trends and dynamic response relationships between urbanization and urban resilience.
Further, this paper gives policy recommendations for the coordinated sustainable devel-
opment of the two systems based on the research results to provide valuable academic
references for healthy and sustainable urban development.

Based on the above findings, the following policy recommendations are given.

(1) Adhere to the regional integration strategy of the YRD and narrow the absolute
gap between cities in terms of the CCD level between urbanization and urban resilience.
On the one hand, strengthening inter-city twinning and supporting efforts will enable
cities in the CCD high-class area to help cities in the CCD low-class area, stimulate the
endogenous development momentum in the coupling dysfunctional areas of Su’zhou,
Bozhou, and Lu’an, and raise the coupling coordination class to a coordinated state as
soon as possible, thus, making the cites become secondary hot-spot regions and narrowing
the absolute gap between cities; on the other hand, accelerating the construction of the
core-edge multi-level spatial structure of cities in the YRD will enable Shanghai, as the
leader of the metropolitan area, to give full play to its radiation trickle effect, and the
five major metropolitan areas (including Hangzhou, Nanjing, Ningbo, Suzhou-Wuxi-
Changzhou, and Hefei) should actively take a staggered competition and cooperation
to achieve resource sharing, complementary advantages, and positive spillover, thus,
comprehensively improving the urbanization and urban resilience CCD level.

(2) When the CCD level of the urbanization system and urban resilience system is low,
the enhancement of the urbanization system can more significantly promote the rapid im-
provement in the urban CCD level. Cities with a low CCD level should actively undertake
the industrial transfer from more developed regions, adjust the existing industrial structure,
improve the resource utilization efficiency, disperse the population density in urban areas,
improve the income level of urban residents, and ensure the reasonable distribution of
land types, thus, accelerating the construction of new dynamics of economic, demographic,
social, and land urbanization and improving the urbanization level well and fast. The
improvement in urbanization level enables cities to have sufficient capital and resource
reserves to support the construction and operation of urban resilience-related systems, such
as economic restructuring, infrastructure construction, and social mobilization capacity,
which helps to improve the comprehensive disaster prevention and mitigation quality of
the urban system and enhances the urban resilience level, thus, promoting the coordination
and sustainable development of the urbanization system and urban resilience system.

(3) After the urbanization level reaches the bottleneck, only raising the importance of
urban resilience and vigorously developing the urban resilience system can better promote
the comprehensive improvement in the urban CCD level. The next development stage of
cities in high-value CCD areas focuses on the urban resilience system, which should fully
integrate the urban resilience concept into urban construction, improve urban infrastructure
construction, promote urban economic diversification, maintain social security and stability,
increase ecological environmental protection, enhance urban risk prevention ability, and
comprehensively promote the development of urban resilience ability. The improvement in
urban resilience capacity helps to maintain a normal and orderly exchange of materials,
energy, and information within the city and the external environment and keep the city
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stable by not being disturbed by internal and external factors, thus, feeding and supporting
the steady urbanization progress, making the two systems integrated, and jointly promoting
the coordination and sustainable development of the urbanization system and urban
resilience system.

The theoretical innovations and contributions of this study are as follows: First, the
previous studies on urbanization mainly explored the relationships between the urbaniza-
tion system and ecological environmental system, the urbanization system and regional
economic system, and the internal relationships of urbanization systems. This study
introduces urban resilience into urbanization research, and innovatively constructs a com-
prehensive evaluation index system for both the urbanization system and urban resilience
system, which helps to fully investigate the coupling coordination relationship of urban
multi-dimensional index systems. Secondly, previous studies seldom took typical research
regions (e.g., urban agglomerations and integrated regions) as research objects and only
conducted empirical studies from a geospatial-temporal perspective. This study takes the
YRD, a typical region, as the research object, and explores, in detail, the temporal evolu-
tion and spatial characteristics of the CCD between urbanization and urban resilience in
41 geographical units of the YRD from 2010 to 2019 from the geospatial-temporal perspec-
tive. This will open up the research results to scholars in the fields of urbanization, urban
resilience, sustainable development, and coupled coordination and urban agglomerations,
and will provide important theoretical references for the in-depth exploration of related
field cases. In addition, previous studies on coupling coordination relationships only
focused on calculating and analyzing the time-series variation characteristics of the CCD
in the subsystem but failed to show whether there is a significant coupling coordination
relationship between the systems, which makes the scientificity of the study insufficient.
This study explores the dynamic response relationship of the coupling between the two
systems in depth using the PVAR model and, based on this, with reference to previous
studies, the discussion provides an in-depth explanation of the existence of a strong cou-
pling coordination relationship between the urbanization system and the urban resilience
system, which provides a new scientific and reasonable approach for exploring the coupling
coordination relationship between the systems in the future.

Of course, this study inevitably has some limitations and needs further research. First,
due to the technical limitations of the research team, the data source of this study is the
statistics data on the Internet, which is relatively singular. In the future, we will add
multiple sources of data (such as atmospheric data, remote sensing data, and crawler data)
to enrich the index data of the urbanization system and the urban resilience system. Second,
due to the difficulty in data collection, this study fails to conduct research at the unit of
the county in the YRD. When the relevant data and indicators are fully disclosed in the
future, we will investigate the relationship between urbanization and urban resilience in
the YRD from a more microscopic scale to provide further theoretical contributions and
academic references for constructing high-quality resilient cities in other rising regions in
China and even in urban agglomerations in the world. Third, based on this paper, scholars
can further explore the influencing factors of urbanization and urban resilience, which will
help to enrich and expand the research in this field.

5. Conclusions

Based on the improved entropy value method, this study uses the CCD model, the
kernel density estimation method, and the ESDA method to explore the spatio-temporal
evolution trends of the CCD of the urbanization and urban resilience systems in 41 geo-
graphical units of the YRD from 2010 to 2019, and the dynamic response relationship of the
coupling between the two systems is revealed. The main findings are as follows.

(1) According to the box plot analysis of the urbanization level and urban resilience
level, the urbanization values and urban resilience values of 41 cities are generally clustered
in a box shape, but the absolute gap is enlarged to some extent. Comparing the box plots
of urbanization and urban resilience, it can be found that the absolute difference between
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urbanization values is smaller than that of urban resilience values, and the average value is
higher.

(2) According to the analysis of the numerical kernel density estimation of the CCD
between urbanization and urban resilience, the curve shows an obvious right-shifting
development trend, the gap becomes wider year by year, and the distribution extension
tends to slow down. In addition, the curve in the right tail transforms from multiple side
peaks to a convergence-smoothing curve.

(3) The analysis based on the spatial distribution characteristics of the YRD indicates
that the CCD class of each city in the YRD shows a continuous upward development trend;
in 2010, the areas of northern Anhui, northern Jiangsu, and southern Zhejiang are in the
low-class CCD area, while the high-class CCD areas around Shanghai and Nanjing show an
obvious “island effect”; in 2013, the high-class CCD areas gradually spread to the southern
Jiangsu and northern Zhejiang regions represented by Suzhou and Hangzhou, and the
core-edge structure trend is obvious; in 2016, the spatial distribution of the CCD class
gradually changes to the spatial pattern of multi-level decentralized distribution, with
Hefei, Ningbo, Wuxi, and Changzhou becoming second high-class CCD areas; in 2019,
the increase in the CCD class of 41 cities in the YRD slows down, regional integration
replaces multi-level differentiation, and the CCD of the overall region shows a preliminary
coordinated spatial distribution, but the CCD classes of Su’zhou, Bozhou, and Lu’an are
still not promoted to the preliminary CCD class.

(4) According to the analysis of the spatial agglomeration characteristics of the YRD,
the spatial agglomeration is high in the east and low in the west, high on the coast and low
in the interior, and the distribution of hot spots in the study area gradually expands. In
2010, the cold spot and hot spot areas are distinct and do not intersect with each other; in
2013, the spatial agglomeration of cold spots and hot spots was broken, showing a new
spatial agglomeration characteristic of mutual penetration and intermingling; in 2016, the
overall cold spot area in the YRD further converged, and the spatial agglomeration of the
whole region for good development became more and more obvious; in 2019, in addition
to Su’zhou, Bozhou, and Lu’an, the overall region showed the spatial agglomeration
characteristics of hot spots and secondary hot spots.

(5) According to the analysis based on the PVAR model, the Granger causality test
shows that urbanization and urban resilience are causally related to each other. Meanwhile,
the impulse response function plots show that the change in the stability of the urbanization
system mainly depends on its influence; the change in the stability of the urban resilience
system is highly dependent on both its influence and urbanization. In addition, the
contribution of variables in the variance decomposition table shows that urbanization
promotes urban resilience to a greater extent than urban resilience promoting urbanization.
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