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Abstract—In 2014, the Chinese government upgraded the con-
struction of the “Yangtze River Economic Belt” to a national
strategy, and the Urban Agglomeration in the Middle Reaches
of the Yangtze River (UAMRYR) has experienced a rapid ur-
banization process. The study adopts remote sensing ecological
index, compound night light index, extraction of built-up areas,
urbanization and ecological environment quality (EEQ) coordi-
nated development coupling model to assess the EEQ, urbanization
and the relationship between them in the UAMRYR during the
period spanning 2013 to 2021. The results show that: 1) between
2013 and 2021, the EEQ of UAMRYR exhibited a notable decline
in 2015, followed by a gradual but consistent improvement; 2)
the urbanization level within UAMRYR demonstrated a steady
increase throughout the same period from 2013 to 2021; 3) over
the course of 2013 to 2021, a majority of the cities had transi-
tioned from a state of low coordination to medium coordination.
In addition, the urban dynamic development stage of the three
provincial capitals progressed from a state of low coordination to
coordinated development, with the entire coordinated development
system on the verge of entering an advanced stage of extreme
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development. The experimental results were used to classify the
cities in the UAMRYR into five types, and the reasons restricting
the development of the urban agglomerations were analyzed. It also
briefly touches upon the influence of extreme climate events on the
EEQ. These findings hold significant importance in the endeavor
to promote urbanization while simultaneously optimizing the EEQ,
thus contributing to the construction of resilient cities.

Index Terms—Coordinated development, ecological environ-
ment quality, urban agglomeration, urbanization.

I. INTRODUCTION

A S the economy continues to flourish and urbanization
advances unabated, the encroachment of ecological space

due to urban expansion, industrial pollution, and heightened
socio-economic activities has escalated [1]. Simultaneously, the
rapid urban sprawl has transformed once-vital forested areas,
arable land, farmlands, and lakes into commercial and indus-
trial zones. This transformation has considerably diminished
vegetation cover and ecological efficacy, exacerbating issues
like vegetation depletion [2], soil erosion [3], and the urban
heat island [4]. Rapid urbanization inevitably disturbs and even
destroys ecological environment quality (EEQ), at the same
time, the degradation of EEQ can also constrain urbanization and
its sustainable development. Ecosystems across the globe are
facing with unprecedented challenges [5], [6], simultaneously
jeopardizing the sustainable future of cities [7], [8]. Therefore,
a comprehensive analysis and evaluation of the nexus between
EEQ and the urbanization process, maintaining balanced ecosys-
tem development, and ensuring the proper functioning of urban
ecosystem services are crucial for promoting sustainable urban
development in different geographic regions.

Currently, the EEQ monitoring and evaluation approaches
primarily center around two key aspects: 1) Single-indicator
evaluation methods. Examples of such indicators include the
air quality index (AQI) [9] and the water quality index (WQI)
[10]. 2) integrated indicator evaluation method. Examples in-
clude the environmental quality index (EQI) utilized by the
U.S. Environmental Protection Agency [11] and the Ecologi-
cal Index (EI) featured in China’s EEQ Standard [12]. These
comprehensive approaches offer a more thorough assessment of
environmental conditions [13], [14]. The evaluation of urbaniza-
tion is commonly done using comprehensive indicators. Because
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of urban constitutes an intricate system encompassing various
city subsystems, including population, economy, land use, and
societal factors [15], [16]. In the 1970s, Japan introduced the
Urban Growth Force Coefficient method, employing 10 com-
posite indexes to gauge urbanization levels [17]. Subsequently,
in 2002, the United Nations introduced the Urban Development
Index, comprising 12 indicators to evaluate urbanization levels
[18]. Many complex problems are encountered in the process
of evaluating and analyzing EEQ and urbanization. With the
development of remote sensing technology, its advantages—
such as speed, precision, large coverage, and substantial data
volume—provide a robust data source for evaluating EEQ and
urbanization. The powerful spatial data processing and analysis
capabilities of geographic information technology ensure reli-
able subsequent spatial analysis. Consequently, numerous eval-
uation methods based on remotely sensed data have emerged.
These include the remote sensing ecological index (RSEI) [19]
for evaluating EEQ and the compound night light index (CNLI)
[20] for assessing urbanization levels. These methods provide
comprehensive, scientific, and accurate approaches to evaluating
of EEQ and urbanization.

Since the beginning of the last century, scholars have worked
to explore the relationship between the EEQ and urbanization.
Kenneth Boulding is credited with coining the term “ecological
economics” in 1966 [21]. In 1972, scholars in the United States
constructed a dynamic system model, elucidated the impact
of the development of primary and secondary industries on
population, resources, and the environment [22]. Panayotou and
Theodore [23] introduced the Environmental Kuznets Curve,
this curve illustrates an inverted “U” shape, signifying the com-
plex interplay between environmental quality and per capita in-
come. These foundational studies have paved the way for further
exploration and analysis in this critical field of study. With a
deeper understanding of the scientific concept of development,
the coupled evaluation method has emerged as an effective tool
for assessing the mutual influence and overall balanced devel-
opment of two or more systems. This method has been widely
applied across various fields [24], [25], [26]. Qiao and Fang
[27] analyzed the interactive coupling dynamics between natural
and human elements within urban agglomeration systems and
formulated a spatial-temporal coupling dynamics model. Liu
et al. [28] developed a coupling degree model between urban-
ization and the EEQ, building upon the concept of synergy and
elaborating on the meaning of their interdependence. Zhang et al.
[29] used geoprobes to analyze key factors affecting CCD. The
coupled development model provides more specific evaluation
criteria in evaluating the relationship between EEQ and urban
development. It quantifies the coordinated development between
these two aspects, providing clearer and more accurate data and
theoretical support for sustainable urban development.

The Middle Reaches of the Yangtze River (UAMRYR) is an
important part of the Yangtze River Economic Belt (YRB), and
the strategy of building the YRB was formally determined as
a national strategy in 2014 [30], and UAMRYR, as one of the
three major city clusters in the YRB, has also experienced a
rapid urbanization process [31]. Therefore, this study analyzes
the EEQ, urbanization level, and the relationship between EEQ

and urbanization level in the urban agglomeration in the middle
reaches of the Yangtze River from 2013 to 2021 by using remote
sensing image data, nighttime light data, and the model of
coupled development of EEQ and urbanization.

The main contributions of this study are: 1) Utilizing urban ag-
glomeration development policy as a foundation, we employed
two relational analysis methods to examine the relationship be-
tween EEQ, urbanization level, and dynamic development stages
of cities. 2) Based on our analyses, we categorized cities within
urban agglomerations and proposed development directions and
challenges for each category.

The rest of this article is organized as follows: Section II
gives a description of the study area and and the methods
principles used in this article. Section III presents the results of
the experiment and analyzes them. Discussion of experimental
results are given in Section IV. Finally, Section V concludes this
article.

II. MATERIALS AND METHODS

A. Study Area

UAMRYR is located in the central part of the YRB, spanning
from 110°45′-118°21′ E and 26°03′-32°38′ N. Its center city is
Wuhan, with Changsha and Nanchang as its subcenters. These
three provincial capital cities form a triangular geographic com-
plex (see Fig. 1). The elevation within UAMRYR ranges from
20 to 3105 m, and the region is predominantly characterized by
fertile plains. It boasts a rich diversity of species, abundant water
resources, and a complex network of interconnected lakes and
wetlands, playing a vital role as an ecological barrier within
the Yangtze River Basin. Furthermore, UAMRYR forms the
foundation for the development of urban clusters surrounding
Wuhan in Hubei province, the Changsha–Zhuzhou–Xiangtan
city group in Hunan province, and clusters around Poyang Lake
in Jiangxi province.

B. Data Source and Preprocessing

In this study, we used the Google Earth Engine (GEE) plat-
form to obtain Landsat 8 data for June to September of each year
from 2013 to 2021 to calculate the RSEI. Vegetation growth is
more stable during this period, which can reduce the influence of
climatic transitions on the experimental results. The remote sens-
ing data procured from GEE were undergone radiometric cali-
bration and atmospheric correction. Subsequent preprocessing
steps involved regional filtering, de-clouding, water masking,
and median synthesis operations. Cloud removal was performed
by acquiring the quality assessment (QA) band of the surface
reflectance (SR) data and setting the values of both cloudShad-
owBitMask and cloudsBitMask to 0. Water bodies in the study
area were removed using the Modified Normalized Difference
Water Index (MNDWI) [32] for the Landsat8 imagery. Even
after preprocessing, certain time series and regional gaps in the
synthesized remote sensing images were observed. To address
this issue, the GEE platform’s functionality was employed to
interpolate the data’s time series spanning the years 2013–2021,
resulting in improved data completeness.
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Fig. 1. Location of the study area.

Nighttime light data, as a form of remote sensing information,
are intuitive, comprehensive, and efficient, and are widely used
in evaluating urbanization levels [33], [34], [35]. For this study,
we selected the NPP/VIIRS annual dataset provided by the Earth
Observation Group. This dataset offers notable enhancements
in light capture sensitivity, the range of light values, and spatial
resolution [36], [37]. However, prior to use, background noise
was meticulously removed. Drawing from prior experience, all
pixel values were sorted in ascending order, with the value at
the 99.9th percentile serving as the maximum threshold. Pixels
exceeding this threshold were capped at the maximum value.
The average value of water body pixels was calculated as the
minimum threshold. Pixels corresponding to water bodies and
those falling below the minimum threshold were assigned a value
of 0 [38]. This method can effectively eliminate the effects of
transient light sources and background noise, and correct the
light radiation and pixel distribution.

Vector data utilized in this study were sourced from the Center
for Resource and Environmental Science and Data. Additional
statistical information, such as the green area ratio of built-up
areas, was derived from officially published statistical almanacs
(see Table I).

C. Methods

1) Remote Sensing Ecological Index: Remote Sensing Eco-
logical Index is an ecological index rooted in remote sensing
data, was introduced in accordance with the Technical Specifica-
tion for the Evaluation of Ecologocal Environment Conditions.
This approach has been successfully applied in various regions
[39], [40], [41], [42]. The RSEI was constructed using principal
component analysis (PCA), taking four key indicators closely

TABLE I
DATA USED IN THIS STUDY

related to the quality of the natural environment: greenness,
humidity, heat, and dryness. The RSEI was obtained by standard-
izing the first principal component after principal component
analysis, and the calculation method is shown in (1).

RSEI = PCA (Greenness,Wetness,Heat,Dryness) . (1)

The greenness factor is replaced by NDVI, as shown in (2),
which is the most widely used vegetation index.

NDVI = (ρ5 − ρ4) / (ρ5 + ρ4) . (2)

The wetness factor is represented by the humidity component
of the tassel-cap transform, which is expressed by (3), and is
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closely related to the EEQ.

WET = 0.1511ρ2 + 0.1973ρ3 + 0.3283ρ4 + 0.3407ρ5

− 0.7117ρ6 − 0.4599ρ7. (3)

The dryness factor is expressed using the normalized differ-
ence building index (NDBSI), which is a combination of the
bare soil index (SI) (4), and the building index (IBI) (5). The
calculation of RSEI is shown in (6)

SI =
[(ρ6 + ρ4)− (ρ5 + ρ2)]

[(ρ6 + ρ4) + (ρ5 + ρ2)]
(4)

IBI =

2ρ6

ρ6+ρ5
−
[

ρ5

ρ5+ρ4
+ ρ3

ρ3+ρ6

]

2ρ6

ρ6+ρ5
+
[

ρ5

ρ5+ρ4
+ ρ3

ρ3+ρ6

] (5)

NDBSI = (SI + IBI) /2. (6)

The heat factor is expressed using the land surface temperature
(LST), which is calculated using the atmospheric correction
method (7)

LST = t/ [1 + λ ∗ t/lnε] (7)

L = gain ∗ DN + bias (8)

t = K2/ln (K1/Li + 1) (9)

where ρi(i = 1,2,3 … …)is the reflectance of each band of
Landsat 8 OIL. ε is the surface specific emissivity, L is the
radiance value of the pixel at the sensor for the thermal infrared
band, t is the value of luminance temperature, DN is the value of
gray scale of the pixel, gain, bias are the value of gain and bias for
the thermal infrared band. K1, K2 are calibration parameters.

2) Compound Night Light Index: The compound night light
index is a lighting metric derived from nighttime light data,
which involves the calculation of two key parameters: the mean
light intensity (MLI) and the light area percentage (LAP). The
calculation process is outlined as follows:

CNLI = MLI ∗ LAP (10)

MLI =
n∑

i=1

Ci∗DNi/
n∑

i=1

Ci∗n (11)

LAP = Arealight/Area . (12)

where the value of I is obtained by removing outliers and noise
from the VIIRS nighttime light data, resulting in a value of n =
92. DNi represents the pixel value, Ci signifies the number of
pixels with the value of DNi, Arealight denotes the lighted area,
and area denotes the total area of the study area.

3) Urbanization and EEQ Coordinated Development Cou-
pling Model:

a) Quantitative analysis model: The coupled coordination
degree model is used to analyze the level of coordinated devel-
opment between systems, and the calculation formula is shown
as follows:

C =
2(U∗E)

1
2

(U + E)
(13)

T = a∗U + b∗E (14)

D = (C∗T )1/2 (15)

where C is the degree of coupling, U, E correspond to the com-
pound night light index and remote sensing ecological index,
respectively. D is the degree of coupling coordination. T denotes
the composite index for urbanization and EEQ coordination. a,
b are parameters to be determined, and they must satisfy the
condition that a+ b= 1. In this study, both the ecological quality
and the urbanization process are considered equally important.
Hence, for this study, a, b are both set to 0.5 to reflect their equal
importance.

Based on the previous division methods [43], [44] and the
specifics of this study, we chose the current division method. The
intervals are divided as follows: When 0 ≤ D ≤ 0.4, it indicates
a low level of coordinated coupling, When 0.4 ≤ D ≤ 0.5, it
reflects a medium level of coordinated coupling. When 0.5 ≤ D
≤ 0.8, it signifies a high level of coordinated coupling. When 0.8
≤ D ≤ 1, it represents an extremely high level of coordinated
coupling.

b) Model of dynamic development over time: The urban-
ization process can be seen as a developmental journey marked
by comprehensive coordination and interactive influence across
various levels of urbanization and the EEQ. Accordingly, draw-
ing on the idea of system evolution in system theory, a dynamic
coupling model between these two elements is developed. It aims
to analyze the dynamic evolution and coupling state within the
composite system formed by urbanization and the EEQ.

Both urbanization and ecological change are characterized by
nonlinear processes, and their respective evolutionary equations
can be formulated as follows:

dx (t) /dt = f (x1, x2, . . . xn) . (16)

This establishes a general function describing the process of
urbanization and ecological change

f (U) =
n∑

i=1

ai ∗ xi , i = 1, 2, . . . , n (17)

f (E) =

n∑
j=1

bj ∗ yj , j = 1, 2, . . . , n (18)

where x, y are the elements in the system and a, b are the weights
of the elements.

The evolutionary rates of the two subsystems are obtained as
follows, separately:

A = df (E) /dt, VA = dA/dt (19)

B = df (U) /dt, VB = dB/dt. (20)

The combined rates of evolution of these two subsystems
collectively determine the overall evolutionary state of the entire
system

α = arctg (VA/VB) . (21)

When −90° < α ≤ 0° (fourth quadrant), the system is in
the stage of low-level coordination; when 0° < α ≤ 90° (first
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Fig. 2. Evolutionary state.

quadrant), the system is in the stage of coordinated development;
when 90° < α ≤ 180° (second quadrant), the system is in
the stage of limiting development; when −180° < α ≤ −90°
(third quadrant), the system is in the stage of degradation and
reorganization, as shown in Fig. 2.

D. Study Framework

In this study, the remote sensing ecological index was firstly
calculated in GEE platform using Landsat 8 data to evaluate
the EEQ. The compound night light index was calculated from
VIIRS/NPP data to evaluate the urbanization process, and also
the built-up area was extracted using the nighttime light data
to reflect the urban expansion, and the change of the RSEI
in the built-up area was counted to reflect the changes in the
EEQ in urban construction. Finally, the coupling coordination
model and dynamic coupling model are used to calculate the
coupling coordination degree and dynamic coupling stage of
the city cluster, reflecting the interaction between urbanization
and EEQ. According to the results, we analyze the pattern of
city development within the city cluster and the direction of city
cluster development. The detailed flowchart is shown in Fig. 3.

III. RESULTS AND ANALYSIS

A. Trends in Ecological Environment Quality

The results of PCA reveal that greenness and wetness have a
positive impact on RSEI, while dryness and heat exert a negative
influence on RSEI. Over the period 2013–2021, the contribution
of the first principal component is essentially 70%–80%. This
indicates that the first principal component effectively captures
most of the information and that the RSEI can more accurately
reflect the EEQ in the study area. As depicted in Fig. 4, the
RSEI for UAMRYR undergoes a fluctuating pattern over the
nine-year period, characterized by an initial decrease, followed
by an increase, and then a slow decline. Notably, there is a
substantial drop in RSEI values in 2015. This decline may be
attributed to two main factors. First, 2015 recorded the highest

average annual temperature since meteorological records began
in 1951, resulting in exceptionally high LST values. Second,
the rapid construction following the designation of the YRB
as a national strategy in 2014 led to a significant increase in
the NDBSI. However, during this period, the WET and the
NDVI had not fully recovered from the rapid urbanization.
These factors combined led to a significant decrease in RSEI
in 2015. After which the concept of coordinated development
was emphasized and the EEQ gradually improved.

The distribution of RSEI across each administrative region
within the UAMRYR is illustrated in Fig. 5. There is a clear
spatial clustering pattern evident in the distribution. This de-
piction reveals that regions characterized by a higher level of
urbanization, such as Wuhan and Nanchang, consistently exhibit
significantly lower mean RSEI values than areas with lower lev-
els of urbanization. Notably, Changsha, serving as a provincial
capital, consistently maintains a higher RSEI value compared
to the other two provincial capitals. In Hubei Province, RSEI
values within its administrative districts are generally lower than
those in the other two provinces, although Xianning and Yichang
in Hubei Province consistently exhibit notably higher RSEI
values compared to other regions within the province. Hunan
Province, on the other hand, demonstrates a relatively even dis-
tribution of RSEI values across its administrative districts, with
minimal variation between them. Meanwhile, the southwestern
administrative districts of Jiangxi Province consistently feature
higher RSEI values than their counterparts in other regions of
the province. Overall, regions with higher mean RSEI values
tend to be situated on the peripheries of urban agglomerations,
and as urbanization progresses, the differences in RSEI between
regions are gradually diminishing.

B. Trends in Urbanization Processes

1) Extraction of Nighttime Lights on the Built-Up Area of the
City: In this study, the optimal threshold for extracting built-up
areas is determined using the statistical data method [45]. The
built-up area extents for the three provincial capital cities of
Wuhan, Changsha, and Nanchang are extracted for the years
2013 to 2021. The change of built-up area region can reflect
the construction process within the city. As can be seen from the
Fig. 6, it is evident that the built-up area boundaries of these three
provincial capital cities are progressively expanding outward
over the study period, and their built-up areas have generally
increased in size, with most development occurring along rivers
and streams.

There is a clear consistency by comparing with remote sensing
images of the same period. This also confirms the reliability of
using nighttime light data to assess the urbanization process.

2) CNLI Changes of UAMRYR From 2013 to 2021: In Fig. 7,
there is a clear trend of the CNLI for the UAMRYR exhibits a
predominantly upward trajectory, indicating a consistent trend
of rapid increase. Notably, there is a dip in the CNLI values in
2014, which is likely attributable to a transitional phase resulting
from ongoing urban construction activities.

Fig. 8 illustrates that the urbanization levels of Wuhan,
Changsha, and Nanchang, the three capital cities within the
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Fig. 3. Flowchart of the proposed framework.

Fig. 4. RSEI changes of UAMRYR from 2013 to 2021.

UAMRYR, consistently surpass those of other regions. More-
over, as urbanization progresses, the mean CNLI values of the
surrounding administrative districts, expanding outward from
the three capital cities, exhibit a gradual increase. Over time, the
CNLI of the central city(wuhan) gradually exceeds that of the
two subcenters city. Cities located in proximity to the provincial
capitals have experienced more rapid development compared
to other urban areas. Examples include Ezhou, situated near
Wuhan, and Xiangtan, in close proximity to Changsha. Although
Xiangyang and Jingdezhen are located in the periphery of the
urban agglomeration, they have a higher level of urban devel-
opment than the neighboring areas due to the advantages of
transportation and cultural tourism.

C. Coupling Coordination Degree Results

1) Coupling Coordination Degree Analysis: It becomes ev-
ident that the coupling coordination degree began to decline

from 2014, began to rebound in 2016, and stabilized in 2019
from Fig. 9. This pattern is consistent across the three provincial
capital cities. Moreover, the coupling coordination degree of the
three provincial capital cities consistently exceeds the average
value of the entire study area. Notably, Wuhan consistently
maintains a higher coupling coordination degree than the other
two provincial capital cities.

The urban development of the three provincial capital cities
has always maintained a highly coordinated coupling state is
shown in Fig. 10.

As the urbanization process advances, the degree of coordi-
nation of other cities surrounding the provincial capital cities
has been gradually increasing. Furthermore, the range of cities
experiencing this increase in coordination extends outward from
the three provincial capital cities, indicating a radiating develop-
ment pattern. By 2021, the majority of cities have transitioned
from a low degree of coordination in the coupling state to
a medium degree of coordination, underscoring the trend of
development radiating from the central cities to the periphery.
It is worth noting that compared to Wuhan and Changsha, the
cities surrounding Nanchang have exhibited a slower rate of
development. In summary, the cities within the UAMRYR can
be categorized into five types (see Fig. 11).

Type 1: Central Cities, this category includes Wuhan, Chang-
sha, and Nanchang, the three provincial capitals. They possess
more comprehensive city functions, have undergone a more ad-
vanced urbanization process compared to other cities, and serve
as the core cities within their respective city circles. The central
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Fig. 5. RSEI distribution in UAMRYR from 2013 to 2021.

cities are expected to play a leading role for the surrounding
cities.

Type 2: Peripheral Cities with Rapid Urbanization, these cities
are closely linked to the central city and have experienced a faster
urbanization process. They enter a higher stage of coordinated
development earlier. Examples include Huangshi, known as the
“deputy center of Wuhan City Circle” around Wuhan, Xiaogan,
considered part of the “Wuhan New City,” Ezhou, known as a
“Satellite City,” and Xiangtan and Zhuzhou in the vicinity of
Changsha. These cities are expected to maintain their links with
the central citis and keep up with its pace of development.

Type 3: Marginal Cities with Slow Urbanization, these cities
are situated far away from the central cities and have undergone
a slower urbanization process. Examples include Jingmen in
Hubei Province, Hengyang in Hunan Province, and Ji’an in
Jiangxi Province. They are located on the periphery of the urban
agglomeration and face relatively limited resource allocation,
leading to slower urban development. These cities need to
strengthen their links with neighboring cities and develop their
own special industries.

Type 4: Cities with Mismatched Development and Location,
this category includes cities like Xiangyang and Jingdezhen, lo-
cated on the fringe of the city cluster but having entered a higher
level of coordinated development earlier. Xiangyang benefits
from its advantageous geographical location, well-developed
transportation, rich history, and deep cultural heritage. It serves

as a vice-center city of Hubei Province. Jingdezhen, known
as the “Porcelain Capital,” holds distinctions as China’s first
“National Strategic Emerging Industries Regional Agglomer-
ation Development Pilot” and “National Innovative Industry
Cluster Pilot.” In addition, it boasts a thriving tourism industry.
These cities need to continue to maintain the development of
their distinctive industries and strengthen their ties with central
cities.

Type 5: Cities Adjacent to Central Cities with Poor Coordi-
nation, this group includes Shangrao, neighboring Nanchang,
and Yiyang, adjacent to Changsha. These cities, situated on the
fringes of urban agglomerations, face challenges in achieving
coordination. They require strengthening efforts to accelerate
regional integration and facilitate the free flow of resources,
human capital, and technology.

2) Dynamic Coupling Coordination Degree Analysis: To
more accurately depict the level of urban development within
the UAMRYR, this study employs a dynamic coupling model
to illustrate the evolving dynamics of the EEQ and urbanization
in the city cluster. Table II shows the dynamic coupling coor-
dination degree of the three provincial capitals from 2013 to
2021.

The evolution of the three provincial capitals can be broadly
categorized into two stages: 1) 2013–2014: Low-Level Coordi-
nation (Fourth Quadrant)–During this period, the coordinated
coupling of urbanization and the EEQ was situated in the fourth
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Fig. 6. Built-up area boundaries of the provincial capital city each year from
2013 to 2021. (a) Wuhan. (b) Nanchang. (c) Changsha.

Fig. 7. CNLI changes of UAMRYR from 2013 to 2021.

TABLE II
DYNAMIC COUPLING COORDINATION DEGREE OF THREE PROVINCIAL CAPITAL

CITIES FROM 2013 TO 2021

quadrant, indicating a state of low-level coordination. Urban-
ization was in a phase of rapid expansion, accompanied by a
decline in EEQ. The coordinated coupling between these two
factors deteriorated during this phase. 2) 2015–2021: Coordi-
nated Development (First Quadrant)—From 2015 onward, the
coordinated coupling of urbanization and ecology shifted to the

first quadrant, signifying a stage of coordinated development.
The year 2015 served as a transitional period characterized by
ecological degradation resulting from rapid city construction.
However, in 2016, with the official issuance of the outline of
the development plan, ecological investments were made, lead-
ing to an improvement in EEQ. Simultaneously, urbanization
continued to advance rapidly, with a substantial increase in the
coordinated coupling of the city, nearing the 90° mark. This
indicates an impending period of rapid development, where
the overall coordinated development system is on the verge of
entering an extreme development stage. During this phase, the
resource and EEQ crisis enters a latent period. This analysis
underscores that in the early stages of urbanization, a certain
degree of ecological damage is often incurred as a necessary
cost. However, as urbanization progresses, the EEQ is expected
to ameliorate in tandem with urban development.

IV. DISCUSSION

A. Changes in the Ecological Quality of the Expanded
Built-Up Area

To investigate the factors contributing to the increasing coor-
dination between ecological quality and economic development
in cities undergoing accelerated urbanization, this study ana-
lyzed the distribution of RSEI within the built-up areas of the
three provincial capitals. Fig. 12 illustrates the distribution of
RSEI within these areas, revealing similar patterns. As cities
expanded, the distribution of EEQ within the built-up areas
underwent the following evolution: 1) Early Stage of Rapid
Urbanization (2013–2015). During this phase, the ecological
quality within the built-up areas primarily experienced dete-
rioration. 2) Post-2016 Sustainable Development. After 2016,
when urban development increasingly emphasized sustainabil-
ity, the ecological quality within the built-up areas began to
improve. The distribution of RSEIs gradually shifted toward
higher grades.

These changes in the EEQ within the built-up areas mirror the
complex interplay between urbanization and the EEQ. Rapid city
construction initially resulted in short-term ecological damage.
However, as urbanization advanced, investments in EEQ pro-
tection increased. Numerous urban greening projects, including
pocket parks, riverside parks, lake parks, community greening,
and road greening, were implemented. These initiatives not only
enhanced the aesthetics of the city, but also effectively addressed
the demand for green space in densely populated urban areas.
In addition, they mitigated the urban heat island effect and
relieved ecological pressures to some extent. The analysis also
considered the green space ratio within the built-up areas of the
three provincial capital cities, as sourced from annual statistical
yearbooks (see Table III). Wuhan and Changsha exhibited a con-
sistent upward trend in their green space ratios within built-up
areas. In contrast, Nanchang’s green space ratio fluctuated but
remained relatively stable. The rising green space ratios suggest
a more positive relationship between urban development and the
EEQ.

However, it is important to note that the overall trend in RSEI
for the entire region and the distribution of RSEI within the
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Fig. 8. CNLI distribution in UAMRYR from 2013 to 2021.

Fig. 9. Coupling coordination degree changes from 2013 to 2021.

built-up areas also indicate a deterioration in ecological con-
ditions from 2020 onward. Upon examining the contributions
of individual factors, it becomes apparent that LST has played
an increasingly negative role from 2020, with its contribution
worsening from −0.13 in 2019 to −0.24 in 2021. Furthermore,
the expansion of the built-up area has continued to grow each
year, contributing to a gradual decline in RSEI values from
2020 onward. Upon reviewing climate bulletins and related
information, it was discovered that 2021 marked the highest
national average temperature recorded since 1951, accompanied

TABLE III
GREEN SPACE RATIO IN BUILT-UP AREAS OF THREE PROVINCIAL CAPITAL

CITIES FROM 2013 TO 2021 (%)

by frequent extreme weather and climate events, including heavy
precipitation. In response to the threats posed by such extreme
weather events, it is imperative to establish a strategic, targeted,
and instructive planning system for resilient cities. This should
involve the enhancement of urban infrastructure and facilities
to promote the development of resilient cities capable of effec-
tively addressing and mitigating the impacts of extreme weather
disasters.
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Fig. 10. Coupling coordination degree distribution in UAMRYR from 2013 to 2021.

B. Challenges Encountered in the Development of UAMRYR

Based on the results of the coupling analysis, two main
challenges in the development of UAMRYR are evident

1) Uneven Development: The analysis reveals a significant
disparity in development within the region. The urbanization
process and degree of coupling coordination of the three cen-
tral cities (Wuhan, Changsha, and Nanchang) are substantially
higher than those of most other cities in the cluster. Notably, the
development of urban clusters around Wuhan in Hubei Province
displays a pattern of “one strong and many weak.” To address
this, the Wuhan metropolitan area should establish strong con-
nections with adjacent areas to foster a more balanced and
healthy development of the entire city cluster. In the Changsha–
Zhuzhou–Xiangtan city group in Hunan Province, while Chang-
sha stands as a prominent city with a developed central business
district and high-tech industrial parks, Zhuzhou serves as a vital
railway hub with a strong heavy industrial base, and Xiangtan
boasts historical significance and resources in mining and iron
and steel industries. However, the overall development of these
cities is not as robust as the central cities in other clusters. To
enhance development, the Changsha–Zhuzhou–Xiangtan city
group should maintain Changsha as the primary core, with
Zhuzhou and Xiangtan as sub-cores, leading the development

of other cities within the cluster. The development level of clus-
ters around Poyang Lake in Jiangxi Province is relatively low,
with the core city Nanchang experiencing slower growth. The
cities in this cluster exhibit similarities in resource endowments
and transportation conditions, but their development strength
remains weak. In the long term, these clusters should engage
in comprehensive planning, focusing on the integration of urban
and rural economies, with an emphasis on creating an ecological
city cluster. This approach positions the cluster to become a
crucial pivot point for connecting with the Pearl River Delta and
Yangtze River Delta regions.

2) Poor Regional Connectivity: The analysis highlights a
challenge related to poor regional connectivity. Peripheral cities
of the three major metropolitan areas consistently displayed
lower levels of coordinated development compared to cities
closer to the central urban areas. It wasn’t until 2020 that
the degree of coordinated development among these peripheral
cities caught up with that of their counterparts. To address this
issue, future development efforts in the three major city clusters
should prioritize preventing marginalization of peripheral cities.
They should seek to drive integration among adjacent cities,
reducing disparities in city scale and strengthening connectivity
between cities.



890 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 17, 2024

Fig. 11. Classification of city types.

Fig. 12. Distribution of RSEI in built-up areas from 2013 to 2021 in three
provincial capitals.

C. Limitations and Future Works

1) Data Source: In the process of calculating the RSEI using
the GEE platform, obtaining a complete Landsat 8 image for the
expansive study area posed challenges. To address this, we opted
to select the median values from June to September during the
vegetation growing season and applied temporal interpolation
techniques to generate a more comprehensive image of the study

area. However, it is worth noting that there are still areas with
missing data. As part of future research, we may explore the
use of multisource data fusion methods to further enhance the
completeness of our study area images.

2) Nighttime Light Data Processing: During the data prepro-
cessing of NPP/VIIRS remote sensing images, we employed a
method of selecting the value at the 99.9th percentile as the max-
imum threshold for noise removal. Subsequent calculations re-
vealed that all lighting index values were relatively small. While
these values have minimal impact on our subsequent analyses,
we will consider exploring normalization of the lighting index
or alternative threshold selection methods in future research.

3) Scope of the Study: The YRB encompasses three major
urban agglomerations: the Yangtze River Delta urban agglom-
eration, the urban agglomeration in the middle reaches of the
Yangtze River, and the Chengdu–Chongqing urban agglomer-
ation. This study primarily focuses on analyzing the relation-
ship between ecological quality and the urbanization process
within the urban agglomeration in the middle reaches of the
Yangtze River. In future studies, we plan to expand our analysis
to encompass all three urban agglomerations, allowing for a
comprehensive comparative analysis. This broader perspective
will provide insights into the coordinated development status of
the entire YRB.
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V. CONCLUSION

In this study, we first utilized the RSEI and the CNLI to assess
the EEQ and urbanization process in UAMRYR from 2013 to
2021. Afterward, we analyzed the degree of coordination of the
coupled development of UAMRYR based on these two indices
and studied the stages of urban dynamic development of the cen-
tral city. And based on the results, we classified the types of cities
in UAMRYR and analyzed the challenges to the development
of this urban agglomeration. These analyses are of significant
importance for urbanization decision-making and optimizing the
EEQ. The key findings of this study are as follows:

1) From 2013 to 2021, the overall ecological quality in UAM-
RYR exhibited a pattern of initial decline followed by
fluctuations. Notably, the EEQ of central cities is generally
lower than that of other cities.

2) Over the same period, the average level of urbanization in
UAMRYR steadily increased. The urbanization level of
provincial capital cities is significantly higher than that
of other cities, and the urbanization process gradually
radiates from provincial capital cities to peripheral cities.

3) The coupling coordination degree in UAMRYR experi-
enced a brief decline followed by continuous growth to
stability from 2013 to 2021. The three provincial cap-
ital cities consistently maintained a highly coordinated
coupling state. By 2021, most cities had transitioned
from a low level of coordinated coupling to a moderately
coordinated coupling state. During the same period, the
urban dynamic development stage of the three provincial
capital cities entered the coordinated development stage
from the low-level coordination stage in 2015. This shift
signified the onset of a rapid development phase, and the
entire coordinated development system was on the cusp
of entering an extreme development stage.

4) Cities in UAMRYR can be categorized into five types
based on coupled development. And the main challenges
faced by URMRYR are uneven development and poor
regional connectivity.
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