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Abstract: Urban system is a complex entirety composed of various subsystems, including land,
population, economy, and society. The coordinated development of these subsystems is important
for ensuring the advancement and improvement of the new urbanization process. Quantitatively
evaluating the coordinated development level of a city or urban agglomeration is conducive to
scientific urban planning and decision-making. In this paper, we constructed a multi-index evaluation
system that includes land urbanization, population urbanization, economic urbanization, and social
urbanization indicators to assess the degree of coordinated urbanization development. Experiments
were then conducted in the central area of the Yangtze River Delta (YRD) from 2000 to 2019 using
remote sensing images and statistical yearbook data. The driving factors of the urbanization evolution
were also evaluated by the Geographically and Temporally Weighted Regression (GTWR) model. The
conclusions were drawn as follows: (1) The degree of coordinated urbanization development in the
study area was constantly improving, from an extremely uncoordinated level in 2000 to a high-quality
coordinated level in 2019; (2) During the period 2000-2019, the distribution of the cities with high
coordinated development levels presented a northwest-southeast pattern, and the gravity center of the
region constantly moved to the south; (3) In terms of the impact of various urbanization subsystems
on the coordinated urbanization development in the YRD, economic urbanization had the greatest
impact, while land urbanization had the least impact. (4) In connection with the problems existing in
different dimensions of urbanization, we put forward corresponding development countermeasures
and path suggestions based on the actual situation of the study area.

Keywords: central area of Yangtze River Delta; coordinated urbanization development; spatiotempo-
ral heterogeneity; Geographically and Temporally Weighted Regression (GTWR)

1. Introduction

Urbanization is a multidimensional and complex process. Rapid urbanization often
leads to uncoordinated development among internal subsystems, which frequently leads
to the occurrence of incomplete urbanization, resulting in various problems such as arable
land loss and soaring house prices [1,2]. In 2007, Lu et al. pointed out in a report that
“China’s land urbanization has exceeded the population urbanization”, which attracted
the Chinese government’s attention. At present, the urbanization of China is gradually
entering a mature period, in which the development quality of urbanization is particularly
important [3,4]. The new urbanization plan of China proposes to realize high-quality
urbanization with “people” as its core. This means that the coordinated development
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of population, economy, land, and society is critically important in future urbanization
development [5]. In addition, China has an unevenly distributed large population. Taking
the Hu Huanyong Line as the boundary, 36% of China’s land is inhabited by 96% of the
population. The gathering of the population has also led to the overall development of
the economy and cities, which has promoted the formation of many urban agglomerations
in the eastern region. These urban agglomerations are a powerful driving force in the
development of China’s urbanization, and they are also important choices for accelerating
economic development [6,7]. The Yangtze River Delta (YRD) urban agglomeration is the
most economically developed urban agglomeration in China. Since the establishment of
the Joint Meeting of Directors of 14 Urban Cooperation Organizations of the Yangtze River
Delta in 1992, the YRD urban agglomeration has continued to expand. On 1 December
2019, the State Council of China issued the outline of the Yangtze River Delta regional
integration development plan. In the plan, the YRD is officially designated as the entire area
including the city of Shanghai and the provinces of Jiangsu, Zhejiang, and Anhui. Of these,
27 cities (including their districts) constitute the central area of YRD regional integration,
whose role is to radiate and drive the high-quality development of the whole region. Due
to their unique geographical locations, these 27 cities have continuously developed, and
now occupy a leading position in China in terms of population and economics. This area
represents the most high-quality area of comprehensive development in China, and the
urbanization process is also ahead of other areas. The problems exposed in the urbanization
process of this region are typical and have a good reference significance for the research of
the coordinated urbanization development in other regions.

Since the reform and opening up in China, rapid urbanization has achieved remark-
able results, but many problems have been exposed. Some scholars have found that the
early urbanization stage in China did not handle the coordinated development of various
subsystems, and they dubbed this pathological development a “cervical fracture” [8,9].
Other scholars pointed out that “low urbanization” and “semi-urbanization” have been
common in the process of urbanization in China. These all seriously affect the high-quality
development of China’s urbanization [10,11]. When evaluating the dimension of coordi-
nated urbanization development, early studies mainly used a single indicator, and the most
common method was to use the value of urban household registered population divided
by the total regional population to represent the level of population urbanization, and the
ratio of urban construction land area or built-up area divided by the total area of regional
land to represent the level of land urbanization [12,13]. Since a single indicator cannot
accurately reflect the overall picture of urbanization, later studies have continued to expand
the research dimensions to include two-dimensional and three-dimensional models [14-17].
Recently, Lu proposed that urbanization development should include four subsystems,
namely land, economy, population, and society [18]. Since the revelation of China’s new
urbanization plan in 2014, research has mainly been focused on constructing a compre-
hensive index system to evaluate the coordinated development of urbanization based on
the above four dimensions. The existing research works have mainly used the coupling
coordination model to explore the degree of various factors in the coordinated development
index system for their specific purposes [16,17,19]. Coupling theory can be effectively used
to analyze the urbanization development of various subsystems in urbanization. Thus,
it is an important tool for studying the coordination relationship between two or more
interacting systems. [20]. Based on panel data and a spatial analysis model, some scholars
have studied the spatiotemporal variation of coordinated urbanization development in
different regions [19,21,22]. In addition, the analysis of the driving factors of coordinated
urbanization development has also gradually become a research hotspot [13,23]. Using
these methods, it is difficult to consider time and space dimensions at the same time. How-
ever, the Geographically and Temporally Weighted Regression (GTWR) model solves this
limitation well and has been widely used to analyze the spatiotemporal characteristics of
driving mechanisms in various research fields in recent years, such as poverty, logistics,
environmental protection, foreign trade, and so on [24-27].
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Previous studies have relied heavily on statistical yearbook data for data acquisition,
and the method for driving mechanism studies has been relatively simple. Therefore,
in this paper, taking the central cities of the YRD as the study area, we constructed a
comprehensive evaluation index system for coordinated urbanization development that
contained the four dimensions of population, the economy, land, and society. We made full
use of night light remote sensing data to reflect the dynamic change of land urbanization
and explored the spatiotemporal differences of the coordinated urbanization development
in the region combined with panel data; finally, we used the GTWR model to discuss the
driving factors of the coordinated urbanization development in the central area of the YRD.
The results of this study provide a decision-making basis for the high-quality urbanization
development of other regions.

2. Materials and Methods
2.1. Materials
2.1.1. Study Area

The YRD covers the whole land area of Jiangsu, Zhejiang, and Anhui provinces and
Shanghai city, with an area of 358,000 square kilometers. The center area of YRD contains
27 cities and is located from 28°01’ to 32°34’ N and 115°45’ to 123°25’ E, accounting for
63% of the area of the entire YRD (Figure 1). Due to their unique geographical location,
these 27 cities are in an advantageous position compared to other cities of China in terms
of population and economics. According to statistics in 2019, these 27 cities account for
nearly 20.4% of the GDP of mainland China and 11.6% of the population. Therefore, the
development status of urbanization in this region plays an important role in driving the
high-quality development of the entire YRD region, promoting synergistic development in
the YRD metropolitan area, and helping the YRD region to grow into a world-class urban
agglomeration. Therefore, in this article, we selected this region as the study area to explore
the coordinated urbanization development lever and its driving factors in the past 20 years.
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Figure 1. Location of the central area of the Yangtze River Delta.
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2.1.2. Data Sources

In order to construct the comprehensive evaluation index system, most socioeconomic
data were extracted from the China City Statistical Yearbook, Jiangsu Statistical Yearbook,
Zhejiang Statistical Yearbook, Anhui Statistical Yearbook, Shanghai Statistical Yearbook,
and the Statistical Communique of the People’s Republic of China National Economic and
Social Development from 1999 to 2019.

Due to the lack of built-up area data in the statistical yearbook for some years, and the
strongly subjective nature of built-up area data in some areas, the built-up area data required
in this article were extracted from 20 views of nighttime light (NTL) images provided by
National Oceanic and Atmospheric Administration (NOAA) [28]. Due to the difference
in satellite technology, the images needed in this study include Defense Meteorological
Satellite Program (DMSP), Operational Linescan System (OLS), and National Polar-orbiting
Partnership (NPP) Visible Infrared Imaging Radiometer System (VIRS). These images
range from February to June, with less cloud cover and better image quality. Although
the spatial resolution of NTL images is lower than that of remote sensing images such
as the Landsat series, NTL can be more continuous in time, and from the perspective of
physical characteristics, it is less affected by cloud cover. At the same time, considering
that the urban construction speed in the YRD area is too fast, the NTL image can eliminate
some empty cities, thus more accurately reflecting the real situation of urbanization. The
parameters are shown in Table 1.

Table 1. List of data sources.

Year
Data Resolution 2000- 2004— 2010- 2012- URL
1999 2003 2009 2011 2013 2014-2019
Nighttime light DMSP/OLS 2.7 km F14 F15 F16 F18 https:/ /www.ngdc.noaa.gov/
remote NPP/VIIRS 400 m VCMCFG VCMSLCEG  (accessed on: 28 December 2021)

sensing data

Social and
economic data

Statistical Yearbook Shanghai Statistical Yearbook, Statistical Communique of the

China City Statistical Yearbook, Jiangsu Statistical Yearbook,

Zhejiang Statistical Yearbook, Anhui Statistical Yearbook, htps://data.cnki.net/

People’s Republic of China National Economic and Social (accessed on: 20 December 2021)

Development et al.

2.2. Research Method

In this paper, we constructed a comprehensive index system that obtained the relevant
data from the night light images and statistical yearbooks to evaluate the coordinated
urbanization development level in the central area of the YRD. The experiments were
then conducted by integrating several models, such as the coupling coordination model,
Standard Deviation Ellipse (SDE), and GTWR model. The spatiotemporal variation of the
coordinated urbanization development level in the central area of the YRD during the past
two decades was explored, and the driving factors that affected this area were analyzed.
The overall research framework of this paper is shown in Figure 2.
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Figure 2. Research framework.

2.2.1. Construction of Evaluation Index System

Due to the unique geographical location and superior economic development of the
central area of the YRD, and the fact that the overall urbanization level is much higher
than most areas of China, the coordinated level of urbanization development in this region
presents certain particularities. Therefore, this paper drew on the basic connotation of new
urbanization in China and related research results [8,12,29,30], selected indexes from the
four dimensions of population, economy, land, and society, and used the entropy method
to obtain the weight of each index.

Finally, an index system for evaluating the coordinated urbanization development
in the central area of the YRD was constructed (Table 2). Finally, 17 indicators were deter-
mined as the indicators of this research. Among them, the population urbanization (PU)
subsystem includes 3 indicators including the urbanization rate of permanent population
(X1), and the economic urbanization (EU) subsystem includes 5 indicators including per
capita GDP (X4). The land urbanization (LU) subsystem includes 4 indicators including
built-up area (X8). The social urbanization (SU) subsystem includes 5 indicators including
the number of college students per 10,000 people (X13). Of the four subsystems, population
urbanization is the core factor that reflects the concentration of the non-agricultural popula-
tion in urban areas, land urbanization is the carrier that represents the expansion of urban
areas, economic urbanization is the driving force that denotes the concentration of non-
agricultural economies in urban areas and social urbanization illustrates the completeness
degree of urban infrastructure and public services.
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Table 2. Evaluation index system for coordinated urbanization development in the Yangtze

River Delta.

First-Grade

Second-Grade Indexes Unit Weight
Indexes
Populati Urbanization rate of permanent population X; Y% 0.199
opu atl(?n Proportion of the labor force in the secondary o
urbanization . . Yo 0.137
and tertiary industries Xp
Population density X3 Person/km?2 0.663
Per capita GDP Xy Yuan/Person 0.151
Economic Propo(l;ltion of Ctll’;e otptpu.t \(Iialu: .of t)I(w o 0.007
banization secondary and tertiary industries X5
ur Per km?2 fixed asset investment X 10k Yuan/km? 0.251
Per capita urban consumption number X; Yuan/Person 0.144
Fiscal revenue per km?2 Xg 10k Yuan/km?2 0.447
Built-up area Xg km? 0.276
Land Urban land-use rate Xy m? 0.440
urbanization Per capita urban living area Xi; Y% 0.144
Per capita urban road area X, m?2/Person 0.141
Per 10,000 college students X3 Person 0.200
Social Number of health technicians per 10,000 Person 0.072
banization people Xy4
urbaniza Annual total passengers of public .
. 10k person time 0.517
transportation X5
Per capita financial education expenditure X4 Yuan/Person 0.160
Per capita Public green area X;7 m? 0.050

2.2.2. Extraction of Urban Built-Up Area

Due to the differences in the sensors and spatial resolution between the two kinds
of NTL data, the images cannot be directly used before preprocessing [31]. In this paper,
the DMSP/OLS data of each year were preprocessed for relative correction and continuity
correction, and the NPP/VIRS data of each year were preprocessed for fitting, smoothing,
and continuity correction [32]. Since the DN value of NTL data can more sensitively identify
the range of urban built-up areas, the areas of the YRD were extracted by the morphological
filtering method.

The morphological filtering method is a tool for image analysis and processing based
on morphological representation, which is widely used in image denoising, enhancement,
boundary analysis, and other fields [33]. Erosion and dilation are the two most basic
operations in the morphological filtering method. Given the image M and the structural
element N, the dilation D(M) and erosion E(M) operations and the opening operations are
as follows:

E(M) = MON = {(x,y)|Nyy < M} M

This formula indicates that the binary image E(M) is produced by N corrosion M.
D(M) is the set of points (x, y): if the origin of N is shifted to the point (x, y), then N will be
completely contained in M.

D(M) = M&N = {(x,y)[Nyy "M # &} 2)

This formula indicates that the binary image D(M) is produced by the dilation of N to
M. D(M) is the set of points (x, y): if the origin of N is shifted to (x, y), then its intersection
with M is not empty.

Therefore, the open operation of M and N is expressed as the following equation:

MoN = (MGN) &N 3)

The erosion operation can obtain the inner boundary of the image edge. The opening
operation first uses the erosion operation to eliminate the bright details, so that the bright-
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ness of the image is weakened, and the dilation operation filters out the removed noise
when restoring brightness information [34]. Therefore, the built-up areas were extracted
from NTL images; the results passed the accuracy verification, and the reliability was high.
Five-phase built-up area images were selected as the schematic diagram of the built-up
area change (Figure 3).

Built up area
- Unbuilt area

0 875 175 350

km

Figure 3. Changes in the area of built-up areas in the central area of the Yangtze River Delta.

2.2.3. Coupling Coordination Model

To better describe the mutual influence and interaction mechanism among each urban-
ization subsystem and quantitatively analyze the coupling status and evolutionary trends
of each subsystem in the urbanization process, a coupling coordination model borrowing
the coupling concept, which comes from physics, was constructed [16,20,35,36].

The coupling model is as follows:

4 1/4
C:4{@UxEUxLUxSﬂ/@U+EU+LU+SU)} )

where PU, EU, LU, and SU denote population, economy, land, and social urbanization,
respectively, and C denotes the overall coupling degree of each subsystem.

Further, we introduced the coordination degree model to quantitatively evaluate the
coordinated development status of each subsystem which integrates the development
degree T and overall coupling degree C. The formulas for this are as follows:

D=+vCxT (5)
T = 9,PU + 9,EU + 9;LU + 9,SU (6)

where D denotes the degree of coupling coordination; T denotes the comprehensive de-
velopment level of each subsystem in urbanization; and 01, 9, 93,04 are the weights of
each subsystem. In this study, the various subsystems of urbanization are considered to be
equally important, and so the weights are all 0.25.
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According to the D value, the coordination stage is divided, and the coordination
degree level is obtained. The classification results are shown in the Table 3 below.

Table 3. Classification results of coordination stage and coordination degree.

Coordinated D Value Interval Coordination Degree of Coordination
Development Stage Level
(0.0,0.1) 1 Extreme disordered
[0.1,0.2) 2 Serious disordered
Disorder stage [0.2,0.3) 3 Moderate disordered
[0.3,0.4) 4 Mild disordered
[0.4, 0.5) 5 On the verge of disordered
[0.5,0.6) 6 Barely coordinated
[0.6,0.7) 7 Primary coordinated
Coordination stage [0.7,0.8) 8 Intermediately coordinated
[0.8,0.9) 9 Well-coordinated
[0.9, 1.0) 10 High quality coordinated

2.2.4. Standard Deviation Ellipse Model

SDE can accurately reveal the spatial distribution characteristics of each geographic
element and is suitable for comparing spatial distribution changes in time series. The main
parameters of SDE include the spatial center of gravity, major axis, minor axis, and azimuth
angle [37-39]. The center of gravity refers to the point that can maintain the balance of the
spatial distribution pattern of the research object. Generally, different weights are given
according to the difference in the spatial position of the research area. The center of gravity
of the SDE is calculated as follows:

Z?:l wj ’ Zin:1 Wi

where (X,Y) denotes the center of gravity of the coupling coordination degree. n denotes
the number of cities, the central area of the YRD consists of 27 cities, thus in this paper, n =
27. wj represents the coupling coordination degree of the ith city, and x; and y; represent
the abscissa and ordinate of the ith city, respectively.

The maximum dispersion direction of the research object distribution is defined as
the major axis Y, which is the main trend direction. The minimum dispersion direction of
the data distribution is defined as the minor axis X, which is the secondary trend direction.
The azimuth angle 6 of the SDE is defined as the clockwise angle between the long axis
Y direction and the north direction, which is used to characterize the main distribution
direction of the research object. The calculation formula of each parameter is as follows:

2
n 252 n 252 n 252 n 52 n. 25252
i=1 WiXi® — Li=1 Wi +\/( i—1 WiXi® — i:1Yi) T4 WXy,

tan0 = —= (8)
2T WIS,
Y (wixj cos © — wiy; sin 9)2
Ox = n .2 O
Xi Wi
Y i (wiXi sin © — wiy; cos 6)2
oy = > (10)
YW

where 0 is the azimuth angle of the ellipse, X; and y;, respectively, represent the deviation
from the research object to the coordinate of the average center, and oy and 6y represent the
standard deviation of the x-axis and the y-axis, and they are the minor and major axes of
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the SDE, respectively. The larger the difference between &« and 0y, the more significant the
directional characteristics of the research object.

2.2.5. Geographically and Temporally Weighted Regression Model

This study uses the above methods to explore the coordinated urbanization devel-
opment status and spatiotemporal distribution in the central area of the YRD. However,
the driving factors of the research objects are different in different spatial locations. There-
fore, the GTWR model was introduced to analyze the factors affecting the coordinated
urbanization development in the central area of the YRD. GTWR improves upon the Geo-
graphically Weighted Regression (GWR) model by introducing time feature parameters
into the model. It reveals the spatial stability of cross-sectional data while taking into
account the temporal stability, which can effectively reduce model errors and parameter
estimation errors [24,26,40,41]. The GTWR model expression is as follows:

p
Vi = Bo (Ui, vi ti) + Y Bi(ui, vi, t)Xix + & (11)
k=1

where (u;, v, t;) represents the spatiotemporal coordinates of the ith city, B, (u;, vi, t;) repre-
sents the spatiotemporal intercept term of the ith city, y; is the dependent variable of the ith
city, and x;i represents the kth explanatory variable of the ith city; By (uj, v, t;) represents
the regression coefficient of xj, and ¢; is the error term. The higher the absolute value
of the regression coefficient, the greater the influence of the explanatory variable on the
dependent variable.

3. Results
3.1. Spatiotemporal Characteristics of Coordinated Urbanization Development
3.1.1. Temporal Characteristics Analysis

Using the above methods, the urbanization indexes of population, the economy, land,
and society in the central area of the YRD in the past 20 years, as well as the coupling degree
C, development degree T, coordination degree D, coordination level, and coordination
degree were calculated, the results are shown in Table 4.

Table 4. Coordination degree results of urbanization development in the central area of the Yangtze

River Delta.
Year PU EU LU SU C T D Degree of Coordination
2000 0.010 0.001 0.001 0.004 0.686 0.002 0.033 Extremely disordered
2001 0.060 0.014 0.054 0.041 0.878 0.042 0.193 Seriously disordered
2002 0.105 0.033 0.324 0.093 0.727 0.139 0.317 Mildly disordered
2003 0.165 0.059 0.164 0.119 0.927 0.127 0.343 Mildly disordered
2004 0.246 0.094 0.215 0.203 0.94 0.189 0.422 On the verge of disordered
2005 0.302 0.129 0.280 0.258 0.951 0.242 0.48 On the verge of disordered
2006 0.379 0.167 0.319 0.297 0.958 0.29 0.527 Barely coordinated
2007 0.462 0.217 0.382 0.359 0.965 0.355 0.585 Barely coordinated
2008 0.527 0.268 0.447 0.434 0.971 0.419 0.638 Primary coordinated
2009 0.549 0.316 0.523 0.499 0.978 0.472 0.679 Primary coordinated
2010 0.732 0.391 0.588 0.569 0.976 0.57 0.746 Intermediately coordinated
2011 0.695 0.471 0.644 0.619 0.99 0.607 0.775 Intermediately coordinated
2012 0.693 0.543 0.684 0.677 0.995 0.649 0.804 Well-coordinated
2013 0.839 0.609 0.751 0.724 0.994 0.731 0.852 Well-coordinated
2014 0.786 0.685 0.796 0.774 0.998 0.76 0.871 Well-coordinated
2015 0.871 0.757 0.835 0.810 0.999 0.818 0.904 High-quality coordinated
2016 0.858 0.815 0.831 0.829 1 0.833 0.913 High-quality coordinated
2017 0.902 0.884 0.867 0.857 1 0.877 0.937 High-quality coordinated
2018 0.946 0.939 0.931 0.931 1 0.937 0.968 High-quality coordinated
2019 0.999 0.999 0.999 0.988 1 0.996 0.998 High-quality coordinated
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During the entire study period, the coordinated degree T and coupling coordination
degree D of urbanization in the central area of the YRD increased steadily; the D value
increased from 0.033 in 2000 to 0.998 in 2019, the coordination degree changed from
the extremely disordered level to high-quality coordinated level, and the coordinated
development process was dramatic (Figure 4).
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Figure 4. Coordinated urbanization development trend in the central area of the YRD.

3.1.2. Spatial Characteristics Analysis

(1) Grade analysis of coordination degree

To intuitively illustrate the spatial change of coordination development of 27 cities, taking
2000, 2005, 2010, 2015, and 2019 as the research years, the coordination degrees were calculated
respectively, and the spatiotemporal distribution result for the coordination level was determined
according to the above coordination degree classification standard (Figure 5).
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Figure 5. Spatiotemporal distribution of urbanization coordination level in the central area of the YRD.
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As shown in Figure 5, in 2000, all the cities were in a state of disorder, and the
distributions of extremely disordered areas were mainly in the western part of Anhui
Province, the central part of Jiangsu Province, and the central and southern parts of
Zhejiang Province. Considering that these areas were advanced in development in their
respective provinces and had better economic conditions, at the initial stage of development,
they made a great deal of effort to expand their population and land area, resulting in a
lack of coordination between subsystems.

In 2005, the urbanization coordination status in most regions had improved, and cities
such as Shanghai, Suzhou, Ma’anshan, and Wenzhou initially reached a barely coordinated
level. It is worth noting that the development of Ma’anshan City was relatively slow, so the
development of each urbanization subsystem was balanced, and the coordination status in
each period was relatively good.

In 2010, all the cities reached a coordinated level, with 15 cities reaching the intermedi-
ately coordinated level. Nanjing, Hefei, Huzhou, and other cities with a level of extreme
imbalance in 2000 reversed this trend in this period, which proves that these cities paid
attention to the coordinated development of various urbanization subsystems during their
rapid economic development period and finally achieved a good coordination level.

In 2015, the coordinated development of each city continued to improve: 16 cities
achieved a well-coordinated level, 4 cities improved and achieved a high-quality coordi-
nated level, and only Yancheng City was still at a barely coordinated level.

In 2019, the number of high-quality coordinated cities had increased to 18, and the
whole of Zhejiang Province was at this level. The cities with a well-coordinated level were
mainly concentrated in the middle of Anhui Province and the northeast of Jiangsu Province,
and only Tongling City of Anhui Province was at the intermediately coordinated level.

(2) Analysis of dynamic change of center of gravity

In order to explore the dynamic evolution of the coordinated urbanization develop-
ment degree in the central area of the YRD, this paper used the SDE method to describe the
dynamic change of the center of gravity of coordinated urbanization development over the
past 2 decades.

To ensure that the ellipse was clear, the results of five years were selected for display
(Figure 6). It can be seen that, except for 2015, the standard deviation elliptical azimuths of
the other years are similar; that is, the long axis of the ellipse presents a northwest-southeast
direction, indicating the expansion direction of the coordinated development of 27 cities
during the study period.

Comparing the ellipses” short axis for each year, it was found that after 2000, the
short axis was shortened, and the difference rate between the long axis and the short axis
increased, indicating that the coordinated urbanization development strengthened, and
gradually concentrated on the cities in the direction of the long axis. It is worth noting
that the direction of the long axis in 2015 was different from that in other years, showing a
northeast-southwest direction. However, the long axis of the ellipse in 2015 was similar to
the short axis in the direction and length of other years. After comparing this with Figure 6,
it was found that the cities on the long axis of the ellipse reached a high-quality coordinated
state earlier than other cities in 2015, and the coordinated development situation was
slightly better than other cities. Due to the leading economic development of Nanjing and
Zhenjiang, the coordinated state of urbanization in these cities has been the best since 2010.
Although the economic development of most areas of Anhui Province was relatively slow,
after 2010, Anhui Province obtained a large number of policy inclinations with the help of
the “Pan Yangtze River Delta” concept. Meanwhile, by learning from a large number of
coordinated urbanization development cases in other areas of the Yangtze River Delta, the
degree of coordinated urbanization development in some areas of Anhui Province was at
the forefront of the region, thus forming the state of the SDE in 2015. Besides, during the
study period, the movement direction of the center of gravity demonstrated a southward
trend, which indicates that the coordinated urbanization development in the south of the
YRD was better.
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Figure 6. Standard Deviation Ellipse (SDE) of the coordinated urbanization development degree in
the central area of the YRD.

3.2. Analysis of Driving Factors and Their Spatiotemporal Distribution of Coordinated
Urbanization Development

3.2.1. Calculation Results with GTWR

From the results mentioned above, there is an obvious spatial heterogeneity in terms
of the coordinated urbanization development status. Therefore, based on the panel data
from 2000 to 2019, with the coordination degree D value as the dependent variable, and the
indicators in the evaluation index system as the explanatory variables, the GTWR model
was used to further discuss the driving factors of urbanization development as well as the
spatiotemporal distribution of each factor. Through the multicollinearity test, the variance
inflation factor (VIF) of each index was within 10, which could be further used for the
GTWR analysis. From the GTWR calculation results (Table 5), all parameters were found
to be within a reasonable range, and the R? and the adjusted R? values were close to 1,
proving that the influence of explanatory variables on dependent variables could be better
measured.

Table 5. Related parameters calculated by GTWR.

Parameter Name Value
Residual Squares 0.063482
Sigma 0.021685

AlCc 30.1291
R? 0.994946
Adjusted R? 0.994211
Spatiotemporal Distance Ratio 1.70756

The driving factors of the coordinated urbanization status in different periods were
calculated by the GTWR model, which were shown in Table 6. The regression coefficients
of the driving factors such as Xg fiscal revenue per km?, X14 per capita financial education
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expenditure, X4 per capita GDP, X3 population density, and Xy built-up area varied greatly,
which indicated that the coordinated urbanization development levels of cities in the central
area of YRD were quite different, which needs to be discussed in detail. Therefore, this
paper selected four factors, X3 population density, Xg fiscal revenue per km?, Xy built-
up area and Xj¢ per capita financial education expenditure to depict the spatiotemporal
pattern of the influence of population, the economy, land, and society on coordinated
urbanization development.

Table 6. Comparison of regression coefficients of various factors over 20 years.

2000-2019 Minimum 1/4 Quantile Median 3/4 Quantile Maximum Mean Value
X1 —0.682 —0.229 —0.031 0.195 0.486 —0.028
PU Xz —0.321 —0.031 0.018 0.075 1.262 0.039
X3 —1.894 —0.443 —0.142 0.088 0.632 —0.193
Xy —2.364 —0.087 —0.012 0.159 1.204 —0.030
X5 —0.444 —0.116 —0.054 0.198 0.381 0.006
EU Xs —1.512 —0.285 0.027 0.124 1.482 —0.004
Xy —1.232 0.094 0.371 0.514 2.066 0.337
Xg —6.550 —0.773 —0.106 0.120 1.169 —0.595
Xo —0.287 —0.036 0.178 0.290 0.934 0.148
X10 —0.162 0.034 0.202 0.496 1.050 0.254
LU X1 —0.187 ~0.022 0.093 0.153 0.327 0.078
X1 —0.014 0.151 0.219 0.371 0.817 0.295
X3 —0.107 0.014 0.155 0.247 0.398 0.136
X4 —1.320 —0.361 —0.133 0.005 0.293 —0.205
sU Xi5 —1.024 —0.810 —0.231 0.228 0.497 —0.287
Xi6 —0.507 —0.047 0.687 2.877 4.250 1.298
Xq7 —0.061 0.088 0.129 0.206 0.316 0.137

3.2.2. Analysis of Spatiotemporal Variation of Driving Factors

(1) Population density

The average influence coefficient of population density on the coordinated urbaniza-
tion development in the central area of the YRD has increased first and then decreased over
the past 20 years (Figure 7). The negative high influence areas of population density are
mainly distributed in the west of Anhui Province and the south of Zhejiang Province, which
shows that a large number of people are gathered in these areas, but other supporting
infrastructure cannot fully afford the burden of population, which makes the development
of population urbanization faster than other subsystems.

The positive influence area of population density is distributed in the north of Jiangsu
province year-round. Yancheng and Nantong have a large area and few people. The
permanent population of Yancheng City has even experienced a rapid decrease in recent
years. Therefore, the positive impact of population density on these areas is more obvious.
It is worth noting that the positive influence areas of population density in 2010 are
significantly different. The main reason for this is that the “Pan-Yangtze River Delta”
concept was proposed in 2008, and six cities in Anhui Province were officially expanded
to the YRD in 2010. The investment enthusiasm of the region has been improved, the
momentum of economic development was high, the demand for the population was large,
and the positive effect of population density was obvious.
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Figure 7. Spatiotemporal distribution of regression coefficient of population density.

(2) Fiscal revenue per km?

Due to the wide sources of fiscal revenue, the influence on coordinated urbanization
development cannot be generalized. On the one hand, the government regulates and
distributes fiscal revenue so that the funds are used in the most needed areas, which is
beneficial to the coordinated development of the region. On the other hand, if the govern-
ment pursues high finance, it will inevitably lead to the increase of tax revenue and reduce
the enthusiasm for social production, which will damage the coordinated development of
the region. The average influence coefficient of fiscal revenue per km? on the coordinated
urbanization development in the central area of the YRD gradually increased and basically
reached a stable level after 2005 (Figure 8). By 2019, the number of positive and negative
influence areas was the same. During the period, the positive influence was mainly focused
on the south of Zhejiang Province. The economic development of these areas is relatively
slow, the scale of fiscal revenue is relatively high and the government’s macro distribu-
tion tends to be good for the coordinated urbanization development in these areas. The
overall economic development of the negative influence region is relatively good and the
fiscal revenue base is large, but the scale is relatively small, and the market autonomy is
strong. Therefore, the fiscal revenue per km? has a negative influence on the coordinated
urbanization development in these areas.
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Figure 8. Spatiotemporal distribution of regression coefficient of fiscal revenue per km?.

(3) Built-up area

Early in the study period, the influence of the built-up area on the coordinated ur-
banization development in the central area of the YRD had a large spatial difference. The
increase of the built-up area had a negative impact on the coordinated urbanization de-
velopment of the northwest cities and a positive influence on the cities in the southeast
(Figure 9). By 2015, the influence of the built-up area was stable in a weak positive state. It
is worth noting that in 2010, except Jinhua City, the built-up area had a negative influence
on the whole central area, which is similar to the influence of population density. Due
to the “Pan Yangtze River Delta” concept and the continuous expansion of the YRD, the
investment enthusiasm of the region continued to rise and the built-up area expanded
rapidly in this period, resulting in the uncoordinated development of land urbanization
and other subsystems and a negative influence.
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Figure 9. Spatiotemporal distribution of the regression coefficient of built-up area.

(4) Per capita financial education expenditure

During the study period, the influence of per capita financial education expenditure on
coordinated urbanization development developed from an overall strong positive influence
in the early stage to an overall negative influence in the later stage (Figure 10). From 2000
to 2005 and then to 2010, the influence capability of per capita financial expenditure on ed-
ucation gradually decreased, but it was always a positive influence. Education investment
can improve the overall quality of the population, optimize the population structure, and
improve labor efficiency and optimize coordinated urbanization development. However,
the short-term effect of education investment is not obvious, and the high proportion of
financial funds used for education expenditure will also cause the poor coordination of
regional development.
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Figure 10. Spatiotemporal distribution of regression coefficient of per capita financial education expen-
diture.

At the initial development stage of the central area of the YRD, there was a large
professional talent gap. The implementation of education investment can directly promote
the progress of science and technology, thus promoting full development. However, with
the rapid development of the YRD, its location advantages gradually became obvious,
attracting a large number of advanced scientific and technological workers and profes-
sionals from various fields. The talent gap gradually narrowed, and education investment
was more focused on basic education. The influence of the continuous increase of per
capita financial education expenditure was gradually weakened, and some regions even
experienced a negative influence.

4. Discussions
4.1. Spatiotemporal Variation of Coordinated Urbanization Development
4.1.1. Time Characteristics

According to the comprehensive research results, the urbanization process in the
central area of the YRD can be summarized into three stages:

(1) Disorder stage (2000-2005).

In this stage, the coordination degree increased from 0.033 to 0.48, and the coordination
degree developed from an extremely disordered level to being on the verge of disordered,
indicating that the development among various subsystems in the study area tended to
be orderly but the whole area still remained at a disordered level. Compared with the
urbanization index of each subsystem, it is found that the land and population urbanization
developed rapidly, the social and economic urbanization developed relatively slowly, the



Sustainability 2022, 14, 5105

18 of 23

overall development level of each subsystem was low, and the interdependence degree
was low, which led to a disordered level of coordination.

(2) Running-in stage (2006-2011).

In this stage, the coordination degree continued to increase from 0.53 to 0.78. The
development of each subsystem was more orderly, developing from a barely coordinated
level to an intermediately coordinated level. Benefitting from the “Pan Yangtze River
Delta” concept, the area of the YRD constantly expanded; at the same time, the superior
development prospects attracted a large amount of floating population. Therefore, the
population urbanization in this stage exhibited high-speed development, but the develop-
ment of economic urbanization in the same period did not yet match it, and the regional
economy had not yet shown the trend of rapid development.

(3) Coordination stage (2012-2019).

In this stage, the coordination degree finally reached the high-quality coordinated
level, and its value increased from 0.804 to 0.998. With the proposal of the Development
Planning of Yangtze River Delta Urban Agglomeration in 2016, this region had become
one of the regions with the highest degree of economic development and the strongest
innovation ability in China. The favorable location further attracted the influx of a large
amount of talent and capital. At the same time, the plan proposed in its outline that the
YRD should closely follow the two development keys of “integration” and being “high
quality”. Therefore, land urbanization and social urbanization in the same period were
also developing in a stable and orderly manner, and the coordination degree constantly
improved.

4.1.2. Spatial Characteristics

From the perspective of the distribution of the coordination degree level, the overall
coordinated development state of 27 cities has been shown to have improved, and the
coordination level has continuously improved. As the core city of the YRD, Shanghai was
far more powerful than other cities in all aspects, and its coordinated development level
was always in the leading position. Some cities with relatively slow economic development,
such as those in south-central Anhui and north-eastern Jiangsu, showed better coordina-
tion degree in the early stage than other cities in the same period, mainly because each
subsystem of urbanization in these areas developed at a relatively slow speed, so the coor-
dination degree in the early stage was relatively good. The remaining regions with rapid
economic development had gradually transformed from the stage of rapid development
and expansion to the later stage of high-quality development, indicating that the state of
coordinated development was significantly improved. However, the above-mentioned
regions with sluggish economic development entered the period of rapid expansion in the
same period, so they gradually fell behind in terms of their coordination degree.

Considering the change of the center of gravity of the SDE in the development of
the coordination degree, the spatial expansion direction of the coordinated urbanization
development was mainly concentrated in the long axis direction and showed a concen-
tration trend towards the long axis. The main reason for this was that the cities in this
direction were advanced in terms of the development in the central area of the YRD, with
high comprehensive strength, early coordinated urbanization development, and a good
coordination status. Besides, the focus of coordinated development shifted southward,
mainly because the southern cities in the central area are mainly in Zhejiang Province. In
contrast to the development pattern of northern Jiangsu, central Jiangsu, and southern
Jiangsu, the overall development of Zhejiang Province was relatively balanced and there
was no obvious regional difference. At the same time, in recent years, the GDP growth rate
of Zhejiang Province has been higher than that of the other two provinces. The industrial
structure is reasonable, and the development momentum is good. Finally, the coordinated
development center of urbanization has shifted to the south.
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4.2. Characteristics of Driving Factors

According to the results of the GTWR model, this paper selected four factors to describe
the subsystems of coordinated urbanization development. According to the results, we find
that there are obvious differences in time and space between different subsystems in terms
of coordinated urbanization development. In general, the influence on the coordinated
urbanization development follows the order of economic urbanization > social urbanization
> population urbanization > land urbanization. The rapid economic development in the
YRD area has promoted the improvement of regional infrastructure and social services,
thus attracting more high-quality talents. At the same time, the overall development pace
of the YRD has been fast. Although it had experienced multiple instances of expansion
through regional adjustments, including more cities, the overall land area was relatively
scarce; thus, it should pay more attention to the efficient use of land resources to prevent
the blind expansion of the urban area. Overall, a virtuous circle had been formed among
the subsystems in the central area of the YRD, which leads to the continuous improvement
of coordinated urbanization development.

4.3. Development Suggestions

Several suggestions can be made for the future development of the central area of
the YRD:

(1) Optimizing countermeasures for economic urbanization

Economic development can promote the optimization of the industrial structure and
attract the population by providing employment opportunities, thereby improving the
urbanization level. However, the rapid economic growth, to a certain extent, will also limit
the development of urbanization. From the regression coefficient of the per capita fiscal
revenue, it can be seen that the overall impact of economic urbanization in the study area
has gradually increased, but some local areas are still negatively affected. Therefore, all
cities in the central region of the YRD should not blindly pursue rapid growth of economy
and technology but should pay attention to the development quality of urbanization. At
the same time, according to the different characteristics and environments of each region,
they should continuously optimize the industrial structure and further strengthen the
economic advantages.

The central cities of the YRD, such as Shanghai, Nanjing, and Wuxi, have strong com-
prehensive strength, better-coordinated urbanization development, and a more balanced
influence from each subsystem. Therefore, in future development, the agglomeration effect
of these core cities should be brought into play, and the radiation driving function should
be expanded, promoting the high-quality improvement of new urbanization in the whole
region. For example, by way of industrial transfer, part of the manufacturing industry or
producer services can be transferred to the surrounding small cities, which can reduce labor
costs and promote the development of the surrounding small cities, improving the overall
coordination of regional urbanization.

For Huaibei, Western Anhui, and other cities, coordinated urbanization development is
generally more complex, and the role of population and economic factors is more important.
In the future development, these small cities should be more active in terms of docking
with large cities such as Shanghai, Hefei, Nanjing, and Hangzhou, strengthening their
cooperation in government, industry, science and technology, education, culture, health,
sports, etc., constantly improving the city’s popularity and attracting excellent talent and
capital to realize the benign situation of mutual benefit, win-win situation and common
development between cities. At the same time, these cities need to constantly improve
the coordination degree of their urbanization and promote high-quality urbanization
development in the YRD area.

(2) Optimizing countermeasures for social urbanization

Overall, social urbanization in the study area has played a positive role in promoting
the coordinated development of urbanization, and the effect is significant. However, as time
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goes by, the influence of social urbanization factors has gradually decreased. Except for a
small part of central and northern Anhui, most other areas have even had a negative impact.

The main reason is that the investment return period in social urbanization is long,
and the impact on the development of urbanization is difficult to see results in a short
period. The central area of the YRD, as the pioneer area of economic development in
China, has accumulated a lot of wealth in the past decades and has been widely used in
the construction of social infrastructure, medical care, education, transportation, and other
aspects. However, some cities did not take into account their actual situation and made
blind investments without making reasonable plans. Intensive investment in the short
term will lead to the waste of social resources and even negative impacts, thus affecting the
coordinated development of the overall urbanization.

Therefore, all cities should focus their actual conditions in the future development,
and rationally plan the proportion of social urbanization investment, to maximize the
benefits of social resources. The social urbanization factors in Shanghai city, Zhejiang,
Jiangsu, and southern Anhui province are already in a negative impact, so these areas
should comprehensively consider all factors, formulate a reasonable social urbanization
resource investment plan, and build. Additionally, the focus of development in the fields
of medical, health care, education, technology, and construction of social infrastructure
should be implemented on quality, and the benefits of investment are guaranteed to be
implemented in the lives of the residents.

(3) Optimizing countermeasures for population urbanization

Except for Yancheng city, the population urbanization of other cities in the study area
has a negative impact on the coordinated development of urbanization. At present, the
resident population of cities has reached 162 million, accounting for 11.6% of China’s total
population. As the population continues to increase, the social resources and land occupied
per capita will decrease accordingly, and the resulting resource pressure will ultimately
affect the development of urbanization. Therefore, in view of the current population status,
it is necessary to further control the rapid expansion of the population.

In recent years, there has been a serious population loss in the northern part of Jiangsu
province, and a large number of people have poured into Shanghai city, central and south-
ern Jiangsu province to seek job chances. These regions should actively seek opportunities
for industrial transfer, create more employment positions, and at the same time introduce
corresponding preferential policies to improve the city’s reputation, retain local talents
while attracting the inflow of foreign population, so as to realize the coordinated develop-
ment of urbanization.

In the western cities of Anhui, the population has a negative impact on the coordinated
development of urbanization. The main reason is that a large number of rural labor forces
are concentrated in cities, and the cities cannot bear the load in the short term. These regions
should actively seek institutional innovation, increase the degree of industrial concentration
by establishing industrial parks, and at the same time continuously improve the industrial
level, create enough job opportunities and social resources to carry the population gathering
and turn the disadvantages of population concentration into population advantages. In
addition, it is necessary to actively seek in-depth cooperation with developed regions in
government affairs, education, industry, culture, science, technology, etc., continuously
improve the city’s popularity, and attract outstanding talents and capital, so as to achieve a
benign situation of mutual benefit and win-win between cities.

(4) Optimizing countermeasures for land urbanization

The impact of land urbanization has gradually stabilized from the initial “positive
in the south and negative in the north” to a weak positive degree in the whole region,
indicating that the region has paid attention to the quality of urbanization development in
recent years, and the quality of land urbanization development is relatively high. The key
to the healthy development of land urbanization is to continuously improve the intensive
utilization degree of land resources and make deep use of the stock land. The urbanization
development cannot simply pursue the expansion of land-use area but should take the
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actual development status of the region as the standard, aiming to provide high-quality
production and living places for the urban residents in the region.

In future development, it is necessary to continue to strictly control the disorderly
expansion of land, improve the intensive utilization of land stock, and plan and allocate
land scientifically and rationally. Secondly, for cities with a certain urbanization foundation
and rapid population agglomeration, it is necessary to appropriately increase the urban
construction land quota, to balance the development of various factors in the process
of urbanization.

To sum up, the process of urbanization is a manifestation of the dynamic changes and
interactions of factors such as population, economy, society, and land. In the context of new
urbanization, the urbanization development in the central area of the YRD cannot only
consider the improvement of the urbanization level in a certain dimension, but must adhere
to the concepts of innovation, coordination, and openness, explore scientific and effective
economic development methods, and formulate healthy reasonable land resource manage-
ment measures, improve the city’s supporting service system, create a green, healthy, and
suitable new urban form, and further promote the healthy development of urbanization. In
addition, different administrative regions have different historical backgrounds, geograph-
ical environments, and economic development conditions, so relevant factors should be
fully considered when formulating urbanization development strategies.

5. Conclusions

The YRD area has gained a strategically important status in recent developments, not
only for itself but the whole economic belt of Yangtze River. Coordinated urbanization
development in the central area of the Yangtze River Delta is therefore of great significance.
In this study, we used the coupling coordination model and Standard Deviation Ellipse
method to explore the spatiotemporal variation of coordinated urbanization development
in the central area of the YRD from 2000 to 2019. The GTWR model was used to study
the driving factors of the coordinated urbanization development in this area because of
the many factors involved in the coordinated development process. The results indicate
that coordinated urbanization development in the central area of the YRD has experienced
a change in status from disorder to coordination, and the cities with well-coordinated
development have been mainly distributed along the northwest-southeast direction. In
addition, economic urbanization had the greatest influence on the coordinated urbanization
development in this region, and land urbanization had the least influence.

The present study is limited to the four dimensions of population, the economy, land,
and society to evaluate the coordinated development of urbanization. However, as the
influencing factors of the development become more complex and diversified, additional
dimensions such as the environment and ecology should be added in further studies. At
the same time, the emergence of some new social sensing data forms, such as floating
vehicle trajectory and mobile positioning data, may provide more accurate information,
which should be the focus of future research.
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