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Abstract: The development of the Yangtze River Economic Belt (YREB) is an important national
regional development strategy and a strategic engineering development system. In this study,
the evolution of urban spatial patterns in the YREB from 1990 to 2010 was mapped using the
nighttime stable light (NSL) data, multi-temporal urban land products, and multiple sources of
geographic data by using the rank-size distribution and the Gini coefficient method. Through
statistical results, we found that urban land takes on the feature of “high in the east and low in the
west”. The study area included cities of different development stages and sizes. The nighttime light
increased in most cities from 1992 to 2010, and the rate assumed an obvious growth tendency in the
three urban agglomerations in the YREB. The results revealed that the urban size distribution of the
YREB is relatively dispersed, the speed of urban development is unequal, and the trend of urban
size structure shows a decentralized distribution pattern that has continuously strengthened from
1990 to 2010. Affected by factors such as geographical conditions, spatial distance, and development
stage, the lower reaches of the Yangtze River have developed rapidly, the upper and middle reaches
have developed large cities, and a contiguous development trend is not obvious. The evolution
of urban agglomerations in the region presents a variety of spatial development characteristics.
Jiangsu, Zhejiang, and Shanghai have entered a phase of urban continuation, forming a more
mature interregional urban agglomeration, while the YREB inland urban agglomerations are in
suburbanization and multi-centered urban areas. At this stage, the conditions for the formation
of transregional urban agglomerations do not yet exist, and there are many uncertainties in the
boundary and spatial structure of each urban agglomeration.

Keywords: urban development; urban spatial clusters; nighttime light; Yangtze River Economic Belt;
rank-size distribution

1. Introduction

The Yangtze River Economic Belt (YREB) is a typical basin economy. From a worldwide
perspective, the study of economic problems in the basin began in the 1940s. In 1933, the United
States established the Tennessee Valley Authority (TVA) and successfully developed and implemented
the Tennessee River Basin Development Plan. The United States’ successful experience led to the
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model being used by many countries. The economic prosperity and development of the river basin
has had a major impact on the economic and social development of the entire basin and even the
entire country [1-5]. The YREB occupies an important position in the spatial development pattern
of China’s national territory. Especially after entering the modern industrial civilization and rapid
urbanization process, the strategic position of the YREB has continuously improved [6-9]. In the early
1980s, academic Lu Dadao, a prominent economic geographer in China, proposed the “T”-shaped
development strategy, that the coastal economic belt and the Yangtze river economic belt meet in
the Yangtze River Delta, and the YREB connects the Chengdu—Chonggqing region, Wuhan region,
and coastal economic belt. This spatial structure accurately reflects the distribution framework of
China’s land and resources, economic strength, and development potential. In the new era, Premier
Li Keqiang proposed the “second quarter of China’s economic miracle” development goal, and a
symposium was held to study the construction of the Yangtze River economic belt on the basis of the
golden waterway, providing important support for China’s sustained economic development [10].
“The Guiding Opinions on Promoting the Development of the Yangtze River Economic Belt on the
Basis of the Golden Waterway” issued by the State Council clearly stated that it is necessary to build
the Yangtze River Economic Belt into an inland river economic belt with global influence [11-14].

In recent years, the economic level of the YREB has developed rapidly. In 2013, the total gross
domestic product (GDP) of the 11 provinces (cities) covered by the YREB was close to 26 trillion,
accounting for 41.2% of the total GDP of the country, but the economic development of each city
is obviously different [15,16]. The level of coordinated development between cities is not high. In
addition, the formation of the YREB and the evolution of its economic spatial structure has experienced
four stages of development: the independent development stage, the regional agglomeration and
linking stage, the administrative economic zone stage, and the space competition and linking
stage. The characteristics of the different stages of spatial structure evolution are manifested by
the comprehensive conditions of the level of economic development, the development of cities and
towns, the passage of “streams”, and social and political factors. However, the regional spatial
structure has structural inertia, and it is an important task for each period of socioeconomic transition
to rationally guide and reorganize the spatial structure of the Yangtze River Economic Belt. As an
important space for economic and social development, whether the scale of the city is reasonable
and whether the distribution structure is perfect are directly related to the functioning of the urban
system and the improvement of competitiveness. The fine spatial pattern of the urban system is also
one of the goals of regional coordinated development. Therefore, an in-depth analysis of the spatial
structure characteristics and evolution laws of urban systems is of great practical significance for the
overall improvement of regional competitiveness and influence of the YREB [17], and the trend of
urbanization and intensive development provides a basis for the scientific and rational planning of the
urban development strategy of the research area.

With the development of a series of urban size distribution theories, such as the law of the primate
city and the city rank-size rule, researchers have conducted research on the scale distribution and
evolution characteristics of urban systems on a national scale, regional scale, and urban agglomeration.
At present, the study of the distribution of urban size in China mainly includes two categories.
One category is the study of urban population size distribution, and the other is the study of urban
land scale distribution. Through examining existing studies, it was found that under the conditions
of selecting different spatial units, countries, or historical development stages, the scale structure of
the urban system obtained by the relevant research institutes is not completely consistent [18-22].
At the same time, we also found that most of the existing research uses statistical data as research data,
including urban resident population data and urban built-up area statistical data, but with the constant
adjustment of administrative divisions in China, the population statistical data and the built-up
urban areas are also constantly changing, which creates certain difficulties for understanding the
long-term serial spatiotemporal dynamics of the distribution of regional cities. As the number of remote
sensing data sources massively increase, the use of remote sensing data to analyze the distribution
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of urban size has also received increasingly more attention [23-28]. These studies mostly explore the
model simulations of nighttime light and human society-related factors such as urbanization, urban
population, energy consumption, and carbon emissions. There are few comprehensive analysis and
research studies on urban systems, urban spatial structures, and pattern evolution [29].

The Yangtze River Economic Belt involves many provinces and large areas, and the economic
and social development between the upper and middle reaches is very uneven. To address the above
existing issues, this study aims to use multi-temporal urban land-use data and Defense Meteorological
Satellite Program /Operational Linescan System (DMSP/OLS) nighttime light time-series data to obtain
urban land-use information and the total nighttime light of cities from 1992 to 2010. A comparative
study on the spatiotemporal dynamic process of urban land distribution in the YREB and the three
major urban agglomerations by using the urban rank-size rule method and the Gini coefficient analysis
method, with the support of multi-source time-series remote sensing data, shows the similarities
and differences between the spatiotemporal dynamic processes of urban land scale distribution in
the YREB, and the urban agglomerations in the region. The aim of this study is to understand the
development stage of the regional urban system, and remote sensing data are used to solve the difficult
problem of large-scale data collection and analysis across provinces and cities. The variation and
evolution of the spatial and temporal dynamic process of the urban land scale distribution in the YERB
and the urban agglomeration will be revealed. It will provide a scientific reference for formulating
reasonable countermeasures for urban system development and promoting the optimization of the
urban system scale structure.

2. Study Areas and Data Sources

2.1. Study Areas

The Yangtze River is the largest river in China, and the third longest river in the world. The total
length of the main stream is 6300 km, and the drainage area is 1,800,000 square kilometers, which is
about one-fifth of China’s total area. It traverses central China from west to east, and its strategic
position is very important (Figure 1). The Yangtze River has a warm climate, plenty of rainfall, and a
large number of tributary lakes. The YREB stretches across three regions—East, Central, and West
China—and covers 11 cities and provinces including Shanghai, Jiangsu, Zhejiang, Anhui, Jiangxi,
Hubei, Hunan, Chongqing, Sichuan, Yunnan, and Guizhou. The river covers an area of approximately
2.05 million square kilometers. The population and production values of the YREB exceed 40% of the
country. The YREB provides important support for China’s steady economic growth. As a new round
of reform and growth in China, it is an inland river economic belt with global influence, a coordinated
development belt of interaction between East and West, and a comprehensive domestic and foreign
open coastal belt along the coast of the river. It is also a leading demonstration belt for the construction
of ecological civilization. As early as the 1980s, the Central Government proposed the “one line and one
axis” strategic concept. “Building Golden Waterways and Building the Yangtze River Economic Belt”
was first proposed in a government report in 2014. The “Yangtze River Economic Zone Development
Plan Outline” was introduced in 2016. The strategic position of the YREB is very important. It has
established a new pattern of development for the “One Axis, Two Wings, Three Poles, and Many
Points” of the YREB. The “One Axis” is based on the golden waterway of the Yangtze River, and plays
a central role in Shanghai, Wuhan, and Chongging. The “Two Wings” refer to the Shanghai-Rui and
Shanghai Hutong Expressways. The “Three Poles” refers to the Yangtze River Delta and the middle
reaches of the Yangtze River, Chengdu Economic Zone. “Multiple Points” refers to the supportive role
of the cities other than the three urban agglomerations.

2.2. Data Sources

The DMSP/OLS (Version 4) nighttime light image dataset was published by the National
Geophysical Data Center (NGDC) of the National Oceanic and Atmospheric Administration (NOAA).
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The major sources of the data include six DMSP satellites: F10 (1992-1994), F12 (1994-1999),
F14 (1997-2003), F15 (2000-2007), F16 (2004-2009), and F18 (2010-2012). All of the images can be
downloaded from the NGDC website (http://ngdc.noaa.gov/eog/dmsp). The DMSP/OLS (Version
4) non-radioactive calibration nighttime light image of each period includes three annual average
images: a no-cloud observation frequency image, an average light image, and a stable light image.
The nighttime stable light data (NSL) include lights from cities, towns, and other sites with persistent
light, and exclude ephemeral events, such as fishing boats and fires. Usually, NSL data are used for
studying urbanization and the scope of human activities. The nighttime light dataset is cloud-free,
further away from flares, auroras, and other accidental events that impact the image, and finally
only night light from urban, rural or other stable sources are retained by the average nighttime
light images [30-32]. Pixel values of the image data range from 0 to 63, where 0 represents
a dark background. Multi-temporal urban land products and reference datasets from 1990 to 2010
(http:/ /www.geosimulation.cn/GlobalUrbanLand.html) are derived from Landsat images pertaining
to the 1990-2010 period with a five-year interval. This mapping results provide much more detailed
information, while also yielding a significantly improved accuracy, as indicated by the Kappa values,
which are 0.4280-0.4953 at the global level, and ~0.3306 (in China) at the country level [25].

Other auxiliary data mainly contain the administrative boundaries at the national, provincial, city,
and county levels, and were provided by the NGCC (National Geomatics Center of China) with a scale
of 1:4,000,000, statistical data of major cities in the YREB were provided by the statistical database
of China’s economic and social development (http://tongji.cnki.net/), land-use/land-cover data of
the YREB (Geographical Information Monitoring Cloud Platform, http:/ /www.dsac.cn/; National
Geomatics Center of China, http://www.globallandcover.com), and the planning area of the YREB
(Yangtze River Delta Science Data Center, http://nnu.geodata.cn:8008/).

3. Methodology

Although the data of multi-temporal urban land products have good accuracy in the world,
data in the YREB need further correction. Consider national land-use data products (1990-2010)
and GlobeLand30 (2010) as a reference, multi-temporal urban land products were checked by visual
interpretation technology and clipped using the vectorized boundaries of the YREB. Thus, urban land
dataset distribution images of the YREB from 1990 to 2010 were obtained (Figure 2). Furthermore,
DMSP/OLS NSL data from 1992 to 2010 were used to obtain the total amount of urban light and reflect
the range of urban human activities. Due to problems such as the supersaturation of nighttime light
data, this study performed supersaturated correction, multi-sensor correction, and time continuity
correction on the NSL data from 1992 to 2010 (Figure 3).
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Figure 3. Nighttime stable light (NSL) data after correction in the YREB.

3.1. Urban Size Distribution Model

The regional spatial structure of the YREB was formed and evolved over the course of long-term
economic activities. Taking into account factors such as natural geography, cultural context, the overall
function of the economic zone, and the integrity of the administrative area, it is an economic zone form
based on the basin, with the Yangtze River as a link and the urban economic zone as the basic unit.
To examine and analyze the spatial structure evolution of the YREB, we analyzed the upstream area,
midstream area, and downstream areas separately. Many studies have shown that nighttime light data,
as a measure of regional economic development, can better reflect the long-term trend of economic
development in cities along the YREB. We introduced the scale of urban land and the total amount of
urban nighttime light as indicators, which reflect the status of urban social and economic development,
so as to further combine social and political factors to analyze [23]. Since China has a large floating
population all year round, using the urban statistical population to measure the size of the urban has
certain inaccuracy. Therefore, we use the urban land area to represent the urban size, and at the same
time, the total amount of nighttime lights in the urban is used as a measure of urban size.

For the relationship between the size of a city and the order in which the city is ranked by
population against all of the other cities in the study area, the American sociologist Zipf proposed the
rank-size rule. At the same time, Small [33,34] pointed out that nightlight remote sensing images can
provide a globally uniform brightness threshold to verify Zipf’s rule, and they can be used to analyze
the urban size distribution in the YREB by total nighttime light and rank of the city. The NSL data
and urban land data in the YREB were used to extract the urban size distribution by the rank-size rule
method. From the perspective of the relationship between the size of urban land and rank, the degree
of distribution of land size distribution among the three major urban agglomerations in the YREB
was compared [35-37].

The rank-size rule is a mathematical model that is used to describe the relationship between urban
rank and size distribution, which can be defined as follows:

P;=P -R; 1 1
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It is a special case when, in the Zipf’s law model, q = 1. Take the logarithmic change of Equation (1):
IgP; = 1gPy — qIgR; @)

where P; is the urban land size of the ith area. P; is the urban land size of the largest city. R; is the
rank of the ith urban land size. q is the Zipf index, which is a key parameter used to characterize
the relationship between the size and the rank of the city. 1gP; is the urban land size of the first city.
When the value of |q] is close to 1, it means that the size of the urban land is close to the ideal state.
The size of urban land use is of the first type when |ql is greater than 1, the size of urban land is
relatively concentrated, and large cities develop better than medium and small cities. When | q/ is less
than 1, the size of urban land is of a secondary type, and the size of urban land is relatively scattered,
and medium and small cities are relatively developed. For long-term sequential dynamic analysis of
the study area, if 1 q| increases, it indicates that the strength of the urban land-scale distribution tends
to be more concentrated than that of dispersed power. Conversely, if | q| decreases, it indicates that
the dispersive power of urban land-scale is greater than the power of concentration.

The development of the city is affected by many known and unknown factors. However, the city
is a growing organic organization. Under normal circumstances, self-similarity will occur in urban and
rural settlement systems, which is a manifestation of system health and optimization [38]. The balance
of urban development can be used to indicate the health and optimization of an urban system. Fractal
research is the frontier of contemporary theoretical geography [39]. Studies show that because of the
size-free structure of urban systems, it has fractal features [40]. The constant coefficient D of the Pareto
formula is regarded as a fractal dimension. There are already relevant explanations and derivation
procedures for this [41,42].

D*q = R? (R%: Judgment coefficient) 3)

where R? is the judgment coefficient and q is the Zipf index. Fractal dimensions of urban size
distribution (D) changes can reflect the degree of equilibrium in the urban system. The greater the
equilibrium index, the closer the size between cities, the more balanced the city, and the lower the
urban primacy index. In contrast, the more unbalanced the size of the city, the higher the urban
primacy index.

3.2. Urban Size Difference Analysis Model

Although the index of the urban rank-size rule can reflect the trend of urban-size distribution,
it emphasizes the relationship between the size and its corresponding rank. The Gini coefficient can
reflect the degree of distribution of the size of a country or region and focus on the gap between the sizes
of regional cities. The Gini coefficient was defined by the American economist Albert Hirschmann in
1943 and is an indicator to measure the fairness of income distribution defined by the Lawrence curve.
Professor J.U. Marshall of York University in Canada used the Gini coefficient to study the growth
and development of cities of different sizes. Therefore, the Gini coefficient has become one of the
commonly used indicators that reflect the degree of urban-scale distribution in urban system research.

The Gini coefficient was used to compare and analyze the extent of urban land distribution within
the three major urban agglomerations in the YREB, and it compensated for the weakness of a lack
of return fitting when there were larger gaps in the regional cities [43,44]. The size of the city is
mainly measured by the size of the urban land, population, etc. Due to the difficulty in obtaining data,
many research studies on the distribution of urban size are based on the size of the urban population.
This paper will use urban land and NSL data to calculate and analyze the urban size development and
evolution of the YREB from 1990 to 2010.

Taking urban land data as an example, assume that the study area consists of n cities, S is the
sum of the urban land sizes of the n cities, and T is the sum of the absolute value of the difference



Sustainability 2018, 10, 2733 8 of 21

between the urban land sizes of each city in the study area. The Gini coefficient (G) of the urban size
distribution is defined as:
G=T/2S(n—1) 4)

where the Gini coefficient ranges from 0 to 1. When G is closer to 0, the more dispersed the distribution
of urban land between cities, and the smaller the difference in the size of urban land. When G is closer
to 1, the more concentrated the distribution of urban land between cities, and the greater the difference
in the size of urban land. In general, the urban geography field believes that when the urban Gini
coefficient is above 0.6, the urban size distribution is extremely unbalanced [37]. NSL data also reflect
urban size and economic development, so this model is commonly used.

4. Results

4.1. The Spatiotemporal Change Characteristics of Urban Land in the YREB

The Yangtze River Economic Belt includes features in three large areas of China, including the
concept of natural geography of the Yangtze River upstream, midstream, and downstream areas. It also
contains the economic significance of the Yangtze River Delta urban agglomeration, the Chengdu
Chongging urban agglomeration, and the triangle of central China. In this study, the YREB was
divided into the Yangtze River upstream, midstream, and downstream areas (a total of 130 provinces
and cities) to analyze the characteristic urban space development patterns during the past 20 years.
Urban land data and NSL data were used to analyze the characteristics and trends of urban change in
the YREB.

In this paper, we used the modified multi-temporal urban land data (1990, 1995, 2000, 2005,
and 2010) and the administrative boundary data of the 1:400 million basic geographic data in the YREB
to obtain urban land statistics for 130 cities in the study area. As a result, the spatial distribution, area,
increment, and other statistical information of different urban lands for five years were also collected.
From the spatial distribution data of urban land data in the YREB from 1990 to 2010 (Figure 4a),
the spatial distribution of urban space generally presented a trend of dense cities in the east, and less
urban land in the central and western cities. The entire YREB includes cities at different stages of
development and different sizes. The location conditions and development basis of each city are
different, and the speed of its size changes with time.

From 1990 to 2010, Chongging, Chengdu, Shanghai, Ningbo, Suzhou, and Wuxi were the cities
with the largest increases in urban land from 1990 to 2010. Cities with large increases in urban land
were mainly located north of Zhejiang Province and south of Jiangsu Province in the Yangtze River
Delta; Chengdu and Chongging in the upper reaches also had greater growth. Figure 4b shows the
top 20 cities with the largest urban land area. It can be seen that the growth of urban land showed
a trend of consistent and balanced growth from 1990 to 2000; however, the growth of urban land had
a significant increase in the cities of Nantong, Changzhou, and other cities in the downstream regions
from 1990 to 2010. It can be seen from the statistical results about urban land growth in the top 20 cities,
the Yangtze River Delta urban agglomerations account for the majority, and the other cities belong to
the middle reaches of the Yangtze River and Chengdu-Chongqing urban agglomerations. It highlights
the urban agglomeration as a regional unit that leads the YREB to participate in global competition
and the “Belt and Road” construction. It will become the strategic core area for the economic growth
of the YREB and the region with the most potential and vitality for future growth. In contrast, in cities
in the upstream and middle reaches of the Yangtze River Delta, the increase in urban land was small,
and the increase was generally lower than 64 km? (Figure 4c,d). In the middle reaches of the Yangtze
River, the overall size of urban land was significantly smaller than that of the downstream areas. In the
last 20 years, driven by the core cities of Wuhan, Changsha, and Nanchang in the middle reaches
of the urban agglomerations, other cities were slowly increasing in urban land. Most cities reached
an increase of more than 64 km?2. In the upper reaches of the Yangtze River, the growth trend of
the city size was less obvious. The size of urban land was increasingly larger and concentrated in



Sustainability 2018, 10, 2733 9 of 21

the Chengdu—Chonggqing urban agglomerations dominated by Chengdu City and Chongqing City.
Compared with cities in the Yangtze River Delta, the size and growth of urban land in the surrounding
cities of the upper reaches of the Yangtze River still lagged far behind. The urban agglomeration is the
key development zone and optimized development zone of the YREB. As an economically developed
region of the YREB, the resource and environment carrying capacity is large, and the development
intensity and future development potential are both high. In the past 20 years, consistent with the
content of the National Main Functional Area Plan, the Yangtze River Delta urban agglomeration has
been used as an optimized development zone. The urban land in Nantong, Changzhou, and Suzhou
has maintained a leading position. The core of the Chengdu-Chonggqing urban agglomeration city of
Sichuan and Chonggqing also has a higher growth rate, which is consistent with the national positioning
of Chengdu-Chonggqing urban agglomeration as a key development zone.

1990-2010
Incroment /kn2

Figure 4. The distribution of urban land increments in the study area between 1990-2010,
with (a) Thematic map of urban land area classification in the YREB (1990 to 2010), (b) Increment of
urban land in the top 20 cities of the YREB (1990 to 2000, 1990 to 2010), (c) Spatial distribution of the
urban land increase in the YREB (1990 to 2000), and (d) Spatial distribution of the urban land increase
in the YREB (1990 to 2010).

4.2. The Spatiotemporal Change Characteristics of Human Activity in the YREB

On the basis of the analysis of urban land, to further analyze the urban area evolution
characteristics of the urban human activity range, this paper selected DMSP/OLS NSL data from
1992 to 2010 to explore the evolution of the human activity spatial pattern in the YREB. Using the
administrative boundary data of the 1:400 million basic geographical data, we obtained the total
nighttime light value of 130 cities. The statistics suggest that each city in the YREB has obvious
spatial non-equilibrium characteristics. Overall, the nighttime light intensity of the YREB shows
a significant upward trend. From 1992 to 2010, the urban spatial distribution of the YREB was generally



Sustainability 2018, 10, 2733 10 of 21

represented by a special strip-shaped core—periphery structure with relatively dense eastern regions
and relatively sparse middle and western regions. According to the unified hierarchical display from
1992 to 2010, the number of cities with high total light increased significantly (Figure 5a). In 1992,
the higher nighttime light value areas were mainly concentrated in the downstream areas represented
by Shanghai, Nanjing, etc. The total nighttime light of the cities in the upper reaches of the Yangtze
River was relatively low other than Kunming, Chengdu, and Guiyang. In 2010, the nighttime light
values of Shanghai and its surrounding cities in the Yangtze River Delta region increased significantly
compared with that in 1992, showing a continuous pattern. The total amount of urban light in
the middle reaches of the Yangtze River and the upper reaches of the Yangtze River has increased
significantly since 2005. The total amount of nighttime light in the surrounding urban areas with
Chongging and Chengdu as the centers has increased to varying degrees.

The light density of the upper, middle, and lower reaches of the Yangtze River shows a significant
difference. The light sizes for Jiangsu Province, Zhejiang Province, and Shanghai in the lower reaches
of the Yangtze River; Jiangxi Province, Hunan Province, and Hubei Province in the middle reaches of
the Yangtze River; and Chongqing and Chengdu in the upper reaches of the Yangtze River all have
significant advantages regarding the size of their nighttime light. These data correspond to the Yangtze
River Delta urban agglomeration centered on Shanghai-Nanjing—-Hangzhou, the middle reaches of
the Yangtze River centered on Wuhan—-Changsha-Nanchang, the Chengdu-Chonggqing city group
cluster centered on Chongqing—Chengdu, and the center of the central Yunnan urban agglomeration,
which is centered on Kunming. At the same time, four major cities, including Shanghai, Nanjing,
Wuhan, and Chongging along the Yangtze River formed a coastal urban belt along the mainstream of
the Yangtze River, forming four urban dense areas and a major urban belt in the YREB.

Based on the total nighttime light of the cities in the YREB from 1992 to 2010, a statistical analysis
of 10-year intervals and 20-year intervals was carried out (in this case, the first 110 cities in the total
amount of nighttime light were analyzed because there were more cities at the end of the total number
of nighttime lights in 2010, and there were few lights in the city in 1992; thus, its increment will affect the
grading of other cities). Figure 5c¢,d show that after removing some cities with low early-light values,
the growth rate of the lights basically represented the current urban agglomeration development
pattern in the past 10 years, mainly in the Chengdu—Chongqing economic zone, the middle reaches of
the Yangtze River, and the Yangtze River Delta urban agglomeration. The total growth rate of urban
light around the core cities in the urban agglomeration was high. It also shows that, driven by the
core cities of the middle and lower reaches of the urban agglomeration, the development trend of the
secondary cities was more obvious, basically reaching a growth rate that was 1 to 1.5 times. From 1990
to 2010, the total nighttime lights growth of the cities in the YREB was greater, and most of them
exceeded a one-fold increase. Cities in the urban clusters in the region showed a significant increase,
outlining the planning scope of urban development for the three urban agglomerations in the region.
Figure 5b shows the trend of nighttime light growth at 10-year and 20-year intervals. In comparison,
the cities of Shanghai and south of Jiangsu had a larger size of total nighttime light in 1990, but the
cities such as Chongqing and Wenzhou had a relatively low scale of total nighttime light. So, compared
to Shanghai and south of Jiangsu, cities such as Chongqing and Wenzhou showed a large increase.
Through comparative analysis, we can see that the core cities of the Chengdu—Chongqing urban
agglomeration and other important cities of Yangtze River Delta urban agglomeration have obvious
development under the promotion of the new round of planning [45,46]. Meanwhile, in the statistical
analysis chart, we add the incremental curve of urban land use from 1990 to 2010 for comparative
analysis. Compared between the increase in the amount of urban land used for green marking and
the total amount of urban nighttime light in blue can be seen. The obvious difference is that the
total amount of urban nighttime light in Chengdu, Ningbo, Wenzhou, and Shaoxing has increased
significantly, but the growth of urban land is relatively small. These cities are economically developed
areas of various provinces, with superior locations, rapid urban construction and development,
and level of intensive use of urban land is high. The urban land in Nantong, Nanjing, Changzhou,
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and other cities is relatively large, and the increase in nighttime light is relatively small. According to
relevant policies and regional geographical conditions. The problems of extensive land use in Nantong
City, Changzhou City, and Nanjing City can be found, but the central urban areas of these places are
developing rapidly, while the land-use efficiency of the districts and counties is too low, resulting in
a low degree of overall land intensive.

Figure 5. The distribution of total nighttime light in cities of the YREB between 1992 to 2010,
with (a) Thematic map of total nighttime light classification in the YREB (1992 to 2010), (b) Increment of
total nighttime light in the Top 20 cities of the YREB (1992 to 2000, 1992 to 2010), (c) Spatial distribution
of total nighttime light increase in the YREB (1992 to 2000), and (d) Spatial distribution of total nighttime
light increase in the YREB (1992 to 2010).

4.3. Analysis Results of the Urban Rank-Size Rule in the YREB

According to the urban rank-size rule, tail-tailing was performed on the lower tail of the reliability
distribution [34,35]. Finally, the urban size analysis of the city’s nighttime light size was performed for
the first 110 cities. Equation (2) can be used to estimate the fixed intercept; the intercept is not fixed
in two forms, and the intercept fixed model is the actual first city population size as P;, i.e., a = InP;
is known. The model starts with the overall urban system and uses the order-scale model to obtain
the theoretical first city size while the intercept is not fixed. The estimation found that for the urban
system of the YREB, the intercepted unfixed model had a better fitting effect. The urban land data and
its order are fitted by regression, the total nighttime light and its order are also fitted by regression.
Both the F statistic of the equation and the t statistic of the variable pass the saliency test with a level
of 5%. Table 1 only gives model estimation results with an inaccurate intercept model [47]. Figure 6
shows the rank-size curves of the urban land size/total nighttime light in the study area in 1990, 2000,
and 2010. The results show that the coefficients of the fitting of each regional model are above 0.9.
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The goodness of model fitting is good; it can indicate the urban rank-size rule and better describe the
analysis of urban land-use size and nighttime light size in the study area.

1992 10.0 4 1990
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Figure 6. Logarithmic curve of the rank-size distribution in YREB from 1990 to 2010, with (a) Rank-size
plots of total nighttime light and order in the YREB (1992-2010), and (b) Rank-size plots of urban land
and rank in the YREB (1990-2010).

Table 1 shows the results of total nighttime light and urban land by the urban land rank-size rule
from 1992 to 2010, and the |q! of the urban rank size time-series is shown in Figure 7 in the YREB and
the three subzones (the upper reaches of the Yangtze River, the middle reaches of the Yangtze River,
and the lower reaches of the Yangtze River). We can see the following. (1) According to the goodness of
fit R?, the significance test at the level of 0.01 has been passed for the rank-scale rule double logarithmic
regression model of the three regions of the YREB. The value of |q| decreased from 1.030 in 1992 to
0.968 in 2000 in the YREB. The value began to show an upward trend in 2005 and was greater than 1,
while in the urban nighttime light rank-size rule double logarithm in the regression model, the value
of |ql was less than 1, showed a declining trend year by year, and decreased from 0.950 in 1992 to
0.790 in 2010. (2) In the upper reaches of the Yangtze River, the value of | q| was always greater than 1,
with a slight downward trend in the urban land rank-size rule double logarithmic regression model,
while the value of | q | decreased from 1.059 in 1992 to 0.792 in 2010 in the nighttime light rank-size
rule double logarithmic regression model. (3) In the middle reaches of the Yangtze River, the value
of |ql was always less than 1, and remained between 0.60-0.69 in the urban land rank-scale double
logarithmic regression model. In the nighttime light rank-size rule double logarithmic regression
model, the value of | ql was always smaller than 0.63, and the presentation tended to decrease overall;
the |ql value decreased to 0.554 in 2010. (4) In the lower reaches of the Yangtze River, the value
of Iql always fluctuated near 1, most of the years remained at approximately 1 in the urban land
rank-size rule double logarithmic regression model. In the nighttime light rank-size rule double
logarithmic regression model, the value of |q| was always less than 1, and the overall trend was
gradually decreasing from 0.878 in 1992 to 0.728 in 2010.
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Table 1. The regressive results of the rank-size double logarithm among three urban agglomerations in the YREB from 1992 to 2010.

13 of 21

Year Yangtze River Economic Belt The Upper Reaches of the Yangtze River = The Middle Reaches of the Yangtze River = The Lower Reaches of Yangtze River
Total Nighttime 2 2 2 2
Light of the City Iql 1gP; R Iql 1gP; R Iql 1gP; R Iql 1gP; R
1992 0.950 ** 5.678 0.865 1.059 ** 5.059 0.936 0.630 ** 4.805 0.894 0.878 ** 5.478 0.863
1995 0.923 ** 5.831 0.864 0.983 ** 5.187 0.942 0.643 ** 4.987 0.909 0.803 ** 5.600 0.821
2000 0.820 ** 5.794 0.899 0.894 ** 5.261 0.965 0.626 ** 5.064 0.876 0.758 ** 5.620 0.808
2005 0.812 ** 5.890 0.920 0.810 ** 5.323 0.983 0.584 ** 5.138 0.889 0.796 ** 5.766 0.847
2010 0.790 ** 6.148 0.902 0.792 ** 5.598 0.984 0.554 ** 5.384 0.866 0.728 ** 5.987 0.801
Urban Land Size Iql 1gP; R? Iql 1gP; R? Iql 1gP; R? Iql 1gP; R?
1992 1.030 ** 9.780 0.86 1.274 ** 9.298 0.960 0.697 ** 8.903 0.891 1.083 ** 9.622 0.807
1995 0.968 ** 9.779 0.892 1.122** 9.273 0.947 0.642 ** 8.906 0.870 1.000 ** 9.632 0.867
2000 0.968 ** 9.825 0.890 1.115** 9.282 0.970 0.609 ** 8.920 0.866 0.985 ** 9.679 0.874
2005 1.010 ** 9.955 0.906 1.075 ** 9.296 0.958 0.632 ** 8.993 0.825 1.053 ** 9.838 0.857
2010 1.003 ** 10.024 0.909 1.106 ** 9.403 0.976 0.638 ** 9.054 0.881 0.966 ** 9.840 0.845

* Denotes a very significant correlation (confidence coefficient 5%); ** denotes an extremely significant correlation (confidence coefficient 1%).
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Figure 7. | q| and urban size distribution (D) of the rank-size double logarithm in the top 110 areas of
the YREB, with (a) The chart of |q| showing the urban total nighttime light from 1992 to 2010, (b) The
chart of 1ql showing the urban land from 1990 to 2010, (c) The chart of D showing the urban total
nighttime light from 1992 to 2010, and (d) The chart of D showing the urban land from 1990 to 2010.

The above results indicate that the size of urban land in the YREB was relatively close to Zipf’s
ideal, the pattern of urban land was considered as a secondary type except in 1995 and 2000, and the size
of urban land was slightly decentralized and high-level cities did not stand out. The size of urban land
appeared to be the initial urban type after 2000, and the size of urban land was concentrated. The size of
the city reflected by the nighttime lights always showed the size of the urban size. The size of the land
within the area was scattered, and the size of the high-order city was not very prominent. It showed
that the scattered power of the urban land was greater than the concentrated force, indicating that in
the Yangtze River Economic Belt, the distribution of urban land sizes was gradually decentralized,
and the size of small and medium-sized cities gradually increased. The first type of cities in the region
was not prominent.

In contrast, the size of the urban reflected by the nighttime light was always presented as
a secondary type, the size of nighttime light within the area was scattered, the size of the high-order
urban areas was not very prominent, and the power of the scattered size of urban land was greater than
the strength of concentration. Thus, the size of nighttime light in the YREB was gradually decentralized.
The size of small and medium-sized urban areas gradually increased, and the first type of urban area in
the region was not prominent. From the results of the district experiment, the urban size of nighttime
light and urban land have shown the first type of distribution in the upper reaches of the Yangtze
River. Although the trend gradually shifted to subtype, the overall development still shows that large
cities were relatively developed, and that small and medium-sized cities developed slowly. In the
middle reaches of the Yangtze River, there was a clear secondary development trend, indicating that
the monopoly of the first city in the region was not prominent enough, and that the size of small
and medium cities was large. In the lower reaches of the Yangtze River, although the size of the
urban land shows the first type of features, the index of urban nighttime light shows a secondary
type, which reflects the rapid development of urban areas in the lower reaches of the Yangtze River.
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The monopoly of the first city was not prominent, and the size of the small and medium-sized cities
was not the same. The problem of urban intensive land use remains to be explored. Judging from
the trend of the time-series, the lower reaches of the Yangtze River present a trend of greater use of
land-scale decentralized forces than concentrated forces, and the size of small and medium cities are
also gradually developing.

The nighttime light of urban fractal dimension D shows that the degree of equilibrium in the
middle reaches of the Yangtze River was relatively high, and the sizes of the cities were relatively close.
The degree of equilibrium in the upstream and downstream areas was lower than that in the middle
reaches, which indicates that the size of cities in the region was relatively uneven, and that the first
degree of city was higher. The urban land size description showed a similar trend. The uniformity of
the middle reaches of the Yangtze River was relatively high, reflecting the current low urban primacy
index in the middle reaches of the Yangtze River. The degree of equilibrium in the YREB and the
upper reaches was relatively small, and the urban primacy index was higher, the advantage of cities
was more obvious, and the city sizes were quite different. Regardless of urban land data or total
nighttime light data, the overall balance of the land size distribution in the YREB reflects a growing
trend. The size of urban land has continued to increase, indicating that the YREB is a system with
a clearly enhanced balance.

4.4. Analysis Results of the Gini Coefficient in the YREB

To better reflect the regional differences in the distribution of cities in the YREB, this paper
estimates the Gini coefficient by urban land data and nighttime light data. The level of the urban
Gini coefficient in the YERB is divided into five levels [48]; namely, high dispersion (0~0.45),
scattered (0.45~0.50), equilibrium (0.50~0.55), agglomeration (0.55~0.60), and high aggregation (0.60~1).
The calculation results are shown in Table 2.

The distribution of Gini coefficients in different years for the region is shown in Figure 8.
The analysis of the results of Lorentz curve fitting and the Gini coefficient parameter estimation
is as follows:

(1)  Within the scope of the YREB, the Gini coefficient of urban nighttime light estimate is 0.47,
and the average Gini coefficient for urban land use is 0.53. From 1992 to 2010, urban land in the
region showed a balanced development model, but it is also at a critical value of equilibrium and
aggregation. It also reflects that the development of the YREB’s economy requires a large amount
of investment in construction land to drive expansion. In comparison, the expansion speed of
big cities is faster than that of small cities, and the scale of urban nighttime light has grown from
a uniform in 1992 to a high dispersion in 2010, which reflects the difference in the development
of large cities and small and medium-sized cities in the region. There is also a difference between
the efficiency of urban land use and the efficiency of urban land utilization, and there is a certain
degree of conflict between the sizes of urban land and nighttime light.

(2) From a regional perspective, the average Gini coefficient of urban nighttime light estimate
is 0.46 in the upper reaches of the Yangtze River, and the average Gini coefficient of urban
land is 0.58; the urban nighttime light size in the upper reaches of the Yangtze River has been
uniformly dispersed and highly distributed since 1992. The size of urban land has remained
clustered and developed, indicating that a large amount of construction land has been invested
to stimulate economic development in the upper reaches of the Yangtze River. However, the size
of nighttime light shows a high degree of dispersion; combined with geographical conditions
and land management policies, we believe that the problem of inefficient use of urban land
and the extensive growth of cities in the region exists. The average Gini coefficient of urban
nighttime light estimate is 0.31 in the middle reaches of the Yangtze River, and the average
Gini coefficient of urban land is 0.32. The urban nighttime light size and urban land size have
been highly fragmented since 1992. To a certain extent, it conforms to the characteristics of
the development of the planning document named “Outline of Development Planning for the
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®)

Yangtze River Economic Belt”. The average Gini coefficient of urban nighttime light estimate
is 0.38 in the lower reaches of Yangtze River, and the average Gini coefficient of urban land is
0.48. The urban nighttime light size has been highly dispersed in the lower reaches of the Yangtze
River since 1992, and the size of urban land has been decentralized. The overall Gini coefficient is
higher than that in the middle reaches of the Yangtze River, reflecting that the expansion rate of
big cities is faster than that of small cities.

In contrast, the size of urban land among the cities varies the most in the upper reaches of the
Yangtze River, and the size of urban land is most concentrated and less balanced. The size of
land is relatively small in the middle reaches of the Yangtze River, and the size distribution
of cities is relatively divergent and balanced. The lower reaches of the Yangtze River are in
a decentralized state; some cities are concentrated, and the overall situation shows an imbalance,
although overall economic development is higher than in other regions. The size of urban land in
the YREB presents a critical state of decentralization to equilibrium, indicating that the overall
size of urban land is well developed, but the size of urban land is continuously narrowing in the
middle and lower reaches of the Yangtze River, and the distribution of urban land size tends to
be dispersed. Among them, the distribution of urban land in the middle reaches of the Yangtze
River tends to be the most dispersed. However, the trend reflected by the nighttime light size is
that the difference in the size of urban areas between cities is continuously shrinking, and the
distribution of urban land sizes tends to be dispersed, which shows that there is a difference
between urban expansion and actual human activities. Although the distribution characteristics
of the urban land size and their level of economic development do not have a completely positive
linear relationship, this can, to a certain extent, reflect the significant impact of differences in
economic development levels on the Gini coefficient of urban size distribution.
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Figure 8. The Gini coefficient of the YREB, with (a) The chart of the Gini coefficient showing urban
total nighttime light from 1992 to 2010, and (b) The chart of the Gini coefficient showing urban land
from 1990 to 2010.
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Table 2. Gini coefficient in the YREB from 1990 to 2010.

The Upper Reaches of the Yangtze River The Middle Reaches of the Yangtze River
Y Scale of Nighttime Light Scale of Urban Land Scale of Nighttime Light Scale of Urban Land
ear
Gini Coefficient  Equilibrium Level  Gini Coefficient Equilibrium Level = Gini Coefficient  Equilibrium Level = Gini Coefficient = Equilibrium Level
1992 0.5105 Equilibrium 0.6124 Agglomeration 0.3276 High dispersion 0.3524 High dispersion
1995 0.4852 Scattered 0.5769 Equilibrium 0.3278 High dispersion 0.3228 High dispersion
2000 0.4584 Scattered 0.5696 Agglomeration 0.316 High dispersion 0.3056 High dispersion
2005 0.4292 High dispersion 0.568 Agglomeration 0.2962 High dispersion 0.3127 High dispersion
2010 0.4234 High dispersion 0.5897 Agglomeration 0.2793 High dispersion 0.3232 High dispersion
The Lower Reaches of the Yangtze River Yangtze River Economic Zone
Y Scale of Nighttime Light Scale of Urban Land Scale of Nighttime Light Scale of Urban Land
ear
Gini Coefficient ~ Equilibrium Level  Gini Coefficient = Equilibrium Level Gini Coefficient ~ Equilibrium Level Gini Coefficient = Equilibrium Level
1992 0.4318 High dispersion 0.4915 Scattered 0.5044 Equilibrium 0.5341 Equilibrium
1995 0.3935 High dispersion 0.4754 Scattered 0.49 Scattered 0.5224 Equilibrium
2000 0.3731 High dispersion 0.4729 Scattered 0.4551 Scattered 0.5205 Equilibrium
2005 0.3937 High dispersion 0.4934 Scattered 0.4515 Scattered 0.5448 Equilibrium

2010 0.3563 High dispersion 0.4583 Scattered 0.4363 High dispersion 0.5401 Equilibrium
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5. Conclusions

The city is an open and complex giant system. Its development is not an isolated and single
process. Many cities under a certain regional environment form an organic overall network, namely,
an urban system. The regional urban system, as an advanced model of urban geographic space and
network organization expansion, is the result of the combined effect of urban regionalization and
regional urbanization. It is precisely because of the regional characteristics of the administrative
divisions and the scope of influence of the urban areas that the spatial autocorrelation characteristics of
the cities are exhibited due to the existence of spatial dependence. In this paper, we use multi-source
remote sensing data, combined with the urban rank-size rule, fractal theory, and the Gini coefficient
to explore the spatial evolution of urban land in the YREB from 1990 to 2010. We have reached the
following conclusions:

(1) The size of urban land is represented by the urban land and urban nighttime light data extracted
by remote sensing data sources. The size of urban land in the YREB conforms to the urban
rank-size rule, and the size of urban land continues to increase, but the size of urban land is
less balanced. Compared with the traditional analysis of the use of statistical yearbook data to
measure the size of urban land, the remote sensing data source used in this paper has obvious
advantages, and it can solve problems such as the inability to measure the indicators caused by
changes in administrative divisions. Through the analysis of remote sensing urban land data and
total nighttime light data, it can be seen that the level of urban development in the YREB showed
a spatial unbalanced trend between 1990-2010, which basically presented high and low levels in
the east, and gradually decreased. The pattern and the development trend and intensity were
more obvious in the downstream areas, and the region showed a slow development trend driven
by the core cities in the middle and lower reaches.

(2) The Yangtze River Economic Belt, as a leading demonstration zone, innovation driving zone,
and coordinated development zone for the construction of national ecological civilization,
has important theoretical and practical research value. Due to differences in historical
basis, geographical location conditions, economic development level, population, resources,
the environment, and regional development policies, the distribution of urban land in the upper
reaches, middle reaches, and lower reaches of the Yangtze River in the YREB also showed some
differences. The size of major urban land systems tends to be coordinated in the upper reaches
of the region, and large, medium and small cities develop simultaneously. The distribution of
urban land tends to be dispersed in the middle reaches, the size of land use in medium-sized
cities is relatively stable, and the size of urban land expansion in high-order cities is not obvious.
Therefore, we should increase the construction of the first city in the middle reaches of the Yangtze
River, and at the same time give priority to the development of small and medium-sized cities and
key small towns. The upper reaches show that the growth of high-order urban land is significantly
faster than that of middle and low-ranking urban areas. In recent years, relevant studies have
been conducted on regional differences in China’s economic and urbanization development.
From the perspective of GDP and other economic indicators, the differences between the three
regions in the YREB are gradually expanding. However, from the perspective of the scale and
spatial distribution of urban land in this study, under the constraints of basic geographical
conditions and land management policies, the overall difference has not been further widened.

(3) Although there is no general best urban land size at present, the study generally shows that the
concentration of urban size distribution cannot be too large, urban land is excessively concentrated
in mega-urban areas and big urban areas, the resources of the urban system are expensive, and the
environmental pressure is heavy. The degree of concentration of the city size distribution should
not be too small, which means that there is a small difference in the size of land use among
the cities in the urban system. As a result, the economic efficiency of the urban system is poor,
and the land is wasted. Therefore, when the government departments carry out the development
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planning, layout, and control of the urban system, they must properly grasp the current status and
characteristics of the urban land size distribution in different regions, and carry out reasonable
and differential policy adjustments to optimize the distribution of the urban system size and
enhance the overall competitiveness. At the same time, the urban land area and nighttime
light quantity obtained by remote sensing data are used as indicators to measure the urban size.
The rank-size rule can well describe the distribution characteristics of the city size in the study
area. As a useful attempt, this study can quickly and conveniently measure the scale of urban
land use in large-scale areas, and compare the efficiency of urban land use by nighttime light
data. This will provide support and assistance for the timely understanding and mastering of
regional and even urban land use and expansion in the long-term sequence, as well as adjusting
and optimizing the spatial pattern of land urbanization, and preventing the loss of control of
land urbanization.
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