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Abstract: Against the background of coordinated development of the Beijing–Tianjin–Hebei region
(BTH), it is of great significance to quantitatively reveal spatiotemporal dynamics of urban expansion
for optimizing the layout of urban land across regions. However, the urban expansion characteristics,
types and trends, and spatial coevolution (including urban land, GDP, and population) have not been
well investigated in the existing research studies. This study presents a new spatial measure that
describes the difference of the main trend direction. In addition, we also introduce a new method to
classify an urban expansion type based on other scholars. The results show the following: (1) The
annual urban expansion area (UEA) in Beijing and Tianjin has been ahead of that in Hebei; the
annual urban expansion rate (UER) gradually shifted from the highest in megacities to the highest
in counties; the high–high clusters of the UEA presented an evolution from a “seesaw” pattern to
a “dumbbell” pattern, while that of the UER moved first from Beijing to Tianjin and eventually
to Hebei. (2) Double high speed for both UEA and UER was the main extension type; most cities
presented a U-shaped trend. (3) Qinhuangdao has the largest difference between the main trend
direction of spatial distribution of urban land, GDP and population; the spatial distribution of GDP is
closer to that of urban land than population. (4) The area and proportion of land occupied by urban
expansion varied greatly across districts/counties. BTH experienced dramatic urban expansion and
has a profound impact on land use. These research results can provide a data basis and empirical
reference for territorial spatial planning.

Keywords: Beijing–Tianjin–Hebei; urbanization; urban land; urban expansion; spatial coevolution;
land use

1. Introduction

Urbanization is an important symbol of the economic development level of a country
or region. It reflects the historical process of a region’s gradual transformation from a
traditional rural society dominated by agriculture to a modern urban society dominated
by non-agricultural industries, such as industry and the service industry. Since the reform
and opening up in 1978, China’s economy has maintained 40 years of rapid growth.
Along with economic development, China’s urbanization process is also advancing at an
unprecedented speed. Joseph Eugene Stiglitz, the winner of the Nobel Prize in Economics
in 2001, pointed out that China’s urbanization and America’s high-tech development are
the two main factors that will change the world in the 21st century [1]. Therefore, it is of
great empirical significance to study the urbanization process in China after 2000, especially
in the Beijing–Tianjin–Hebei Coordinated Development region (BTH), one of China’s three
major urban agglomerations. However, urbanization is a complex engineering system,
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involving the profound changes of the dual social structure of urban and rural division,
and it is difficult to thoroughly analyze its evolution process. Urbanization is mainly
manifested as the agglomeration of population and non-agricultural industries in cities,
and urban land is the place where the economic activities generated by the agglomeration
are carried out. Urban population and GDP growth indirectly lead to the spatial spread
of urban built-up areas, that is, urban expansion [2]. The accurate monitoring of the
magnitude of urban expansion is a prerequisite for evaluating its environmental and social
impact [3]. The motivation of this paper is to explore the urbanization characteristics
of BTH from 2000 to 2015 by studying the spatiotemporal evolution characteristics of
urban expansion, as well as the differences in the spatial distribution of urban land, urban
population, and GDP. In addition, many countries have restricted grain exports since the
novel coronavirus pandemic outbreak. Food security is an important basis for national
security. Strictly protecting cropland and reducing as much as possible the cropland
occupied by urban construction has always been an important way to ensure food security.
Ecological priority and green development have become the guiding principles for China’s
economic development in the new era. Therefore, it is necessary to explore the quantity
and spatial distribution of cropland occupied by urban expansion, as well as ecological
land, such as woodland, grassland, and water body.

Urban expansion is a double-edged sword with both disadvantages and advantages.
How to better avoid disadvantages and enhance advantages is a practical point that urban
planners and city managers need to face. Urban expansion is a process of transforming nat-
ural land into artificial land [4], resulting in the loss of cultivated land and rural settlements
around the city [5], air pollution [6], water pollution [7], heat island effects [8], biodiversity
reduction [9], and other ecological environmental problems. However, the urban expan-
sion also has its advantages. The new construction land produced by urban expansion
and the urban land stock play a very important role in regional economic development.
Although urban land is not directly involved in the production process of commodities, it
can provide sites and space for production activities and transactions. Land is an important
way for local governments to attract capital, labor, and technology, so urban expansion
indirectly promotes economic growth [10]. Reasonable macro-control of urban land is
helpful to promote and improve regional economic development for a long time. The
Chinese Government has made concerted efforts to manage and guide urban expansion
through land-use planning, urban planning, and annual plan of land utilization [11]. Cities
with higher administrative status can obtain a higher quota of construction land, resulting
in more significant urban expansion [12]. Therefore, by dividing BTH into megacities,
prefecture-level cities, county-level cities, and counties, a comparative study on the ex-
pansion characteristics of cities with different administrative positions can better grasp
the effect of urban expansion on the implementation of urban development policies. Un-
derstanding the agglomeration or dispersion characteristics and change trend of adjacent
counties in the process of urban expansion can also provide support for relevant decision-
making. China’s Ministry of Natural Resources launched territorial spatial planning in
2019. Territorial spatial planning is based on a unified spatial reference, realizing the inte-
gration of multiple plans, including national economic and social development planning,
land-use planning, urban planning, and other planning, which will effectively improve the
level of control and governance of the government. This is the first time in Chinese history
that the planning of several different government departments has been unified on the
same planning drawing. The Chinese government has implemented a five-level planning
mechanism in its territorial space planning, including national, provincial, prefecture-level
city, county, and township planning. Nation- and province-level territorial spatial planning
focuses on macroscopic deployment. Prefecture-level cities will allocate construction land
quotas, including urban land, to each county within their jurisdiction, and counties and
townships will implement urban land quotas to specific spatial locations. In other words,
prefecture-level cities and counties/districts play a decisive role in the layout of urban
land. Therefore, it is particularly important to consider the prefecture-level city as the
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spatial unit when analyzing the types and trends of urban expansion, as well as the spatial
evolution relationship between urban land, urban population, and GDP. Different from
China, the corresponding relationship between the planning system and administrative
sequence is not obvious in European and American countries. Due to the differences in the
economic and social development of different countries, the planning systems of different
countries are also different. France’s national plan provides guidance on infrastructure
and public services. Spatial planning at the regional level is a local planning document
prepared by the central government for specific strategic areas. Regional planning aims to
implement the spatial planning objectives and guidelines of the central government for
these areas. The city/town shall draw up and implement the local city plan according to
the actual situation [13]. In England, there are planning guidelines at the national level,
which are used to clarify the basic direction and principles of local planning. Germany
has only ideas, principles, or goals at the national level, with specific plans drawn up
and implemented locally. There is no national level spatial planning in the United States.
The operational system of spatial planning in the United States includes four levels: State
planning, regional planning, local planning, and community planning. The planning posi-
tioning of each level is clear, and the functions are complementary to each other, forming a
local-led operation system. The United States has developed a “diverse” or “free-form”
spatial planning system from the bottom up. Diversity refers to developing plans with
regional characteristics by various states according to development needs [14]. How to
supply the land needed for urban development and minimize the adverse impact caused
by urban expansion is now an important issue to be considered. Ultimately, we will achieve
people-centered urbanization and build a more livable, prosperous, and sustainable urban
development model.

The data of urban land, population, and GDP were detailed to the counties/districts
scale of BTH, while the data of megacities and prefecture-level cities were the sum of the
corresponding data of municipal districts. The study time involved four years, including
2000, 2005, 2010, and 2015, and three periods, including 2000–2005, 2005–2010, and 2010–
2015. This paper has four objectives: (1) To make a comparative study of the differences
and statistical characteristics of urban expansion at different administrative levels, as well
as the agglomeration and dispersion characteristics of urban expansion at the county level,
(2) to investigate the types and trends of urban expansion in prefecture-level cities, (3) to
identify the spatial evolution relationship between urban land, urban population, and
GDP, and (4) to analyze the area and spatial distribution of various land types occupied by
urban expansion.

This paper is organized into six sections: Section 1 presents the introduction and
research objectives; Section 2 presents a literature review; Section 3 introduces the study
area, data sources, and research methods; Section 4 provides an analysis of the empirical
results; Section 5 presents a discussion; Section 6 concludes.

2. Literature Review

The rapid and large magnitude expansion of China’s cities has attracted extensive
attention from scholars. Many studies have examined the characteristics of the urban ex-
pansion from the following aspects. (1) Many scholars have investigated the spatiotemporal
characteristics of urban expansion at the individual city level (e.g., Beijing [15], Shang-
hai [16], Wuhan [17], Nanjing [18], Xi’an [19], and Guangzhou [20]), the regional level
(e.g., Yangtze River Delta [21], Pearl River Delta [22], Beijing–Tianjin–Hebei [23], Northeast
China [24], and the Middle Reaches of the Yangtze River [25]), and the national level [26].
However, few studies fit into the actual policy of allocating urban land quota according
to the administrative status of cities in China and comparatively study the differences of
urban expansion characteristics among megalopolises, prefecture-level cities, county-level
cities, and counties. In addition, a concentric circular buffer [15], azimuth analysis [18], and
a radar map [27] were used to characterize the spatial characteristics of urban expansion in
the existing literature. The spatial autocorrelation between spatial units is rarely considered
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in the study of urban expansion characteristics. However, the urban expansion is not
carried out by one city alone. There is an interaction between neighboring cities, and
urban expansion is more or less affected by neighboring cities. For example, Zhang al. [28]
compared the urban expansion characteristics of Beijing, Tianjin, and Tangshan from the
1970s to 2013 and found that neighboring cities had a significant impact on the expansion
direction of local cities. From a spatial perspective, the spatial structure of a metropolitan
area can be described as a series of cities “physically independent but functionally net-
worked, clustered around one or more larger cities” [29]. In the post-industrial period,
the spatial pattern of the metropolitan area is a typical urban polycentric system [30]. The
London and Paris metropolitan areas are the oldest metropolitan areas in the world and
have formed a polycentric urban spatial structure. Jiao compared the spatiotemporal
differences of the growth of construction land in different stages in New York, Tokyo, and
Shanghai metropolis from multiple perspectives [31]. Kantakumar et al. used remote
sensing data to analyze patterns and processes of urban growth in the Pune metropolis [32].
(2) Many scholars have used one or more indexes of annual expansion area [24,33–35], ex-
pansion rate [24,33,36–38], growth rate [34,35], and expansion intensity [19,25,39] to study
the speed of urban expansion, but few studies have combined the two indexes for analysis.
Shi et al. [40] introduced a composite index combining the two parameters of growth rate
and form and defined the urban expansion type by this composite index. Based on the
idea of Shi et al., this paper selected the absolute and relative speed of urban expansion
to construct a comprehensive index of urban expansion speed. The comprehensive index
was used to classify the types of urban expansion in prefecture-level cities, and the spatial
distribution difference of urban expansion types in each city was analyzed. (3) Although
many scholars have used linear regression [41], ridge regression [42], a geographic detec-
tor [43], a spatial econometric model [44], and other methods to quantitatively study the
influence of multiple factors on urban land, the existing research pays little attention to
the temporal coevolution of urban land area with urban population and GDP. Using the
power scaling law, Fei and Zhao [45] calculated the scaling coefficient of urban population
and urban land area, as well as that of urban GDP and urban land area. It was found that
the population growth of Shenzhen and Beijing exceeded the urban land area growth, and
the population growth of the other four cities lagged behind the urban land area growth.
In all six cities, the growth of GDP greatly exceeded the growth of urban land area. Yu
et al. [46] found that there was an obvious log–linear relationship between urban land and
population, as well as between urban land and GDP. Moreover, the slope of the former was
higher than that of the latter, indicating that, although both population and GDP had a
positive impact on urban land, the increase in population had a more significant impact on
urban land than GDP. However, the two scholars did not consider the spatial evolution
relationship between urban land, population, and GDP. (4) In the existing literature, the
spatiotemporal characteristics and driving force of urban expansion are still the core of
the research [47]. The amount of cropland is very important to food security. Woodland,
grassland, and bodies of water are closely related to the ecological environment. However,
few studies have used a combination of proportional and absolute quantities to trace the
sources of newly increased urban land in the process of urban expansion at the county
level. This research aims to fill this gap.

3. Materials and Methods
3.1. The Study Area

BTH is China’s “capital economic circle,” including Beijing, Tianjin, and 11 prefecture-
level cities in the province of Hebei (Figure 1). In 2015, the Chinese government issued
the Outline of the Beijing–Tianjin–Hebei Coordinated Development Plan, highlighting
the role of the region in China’s development pattern. Coordinated development is an
important measure to build a new modern capital circle. It is one of China’s three national
strategies. The core of coordinated development is to break through administrative barriers,
consider Beijing, Tianjin, and Hebei as a whole, promote a regional development system



Sustainability 2021, 13, 1579 5 of 23

and mechanism innovation, and form a new pattern of coordinated development with
integrated measures. The approval and construction of Xiongan New Area is an important
decision and deployment for coordinated development. It will foster new regional growth
poles in Hebei, optimize the urban layout, and adjust the urban system of Beijing, Tianjin,
and Hebei.
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Figure 1. (a) The location of the Beijing–Tianjin–Hebei coordinated development region (BTH) in China; (b) spatial
distribution of urban expansion for BTH from 2000 to 2015; (c–e) examples showing the dramatic urban expansion of BTH.

At the end of 2015, the population of BTH was 111 million, accounting for 8.1% of
the total population of China. The GDP was 6.94 trillion yuan, accounting for 10.1% of
China’s total GDP. The urbanization rate of Beijing, Tianjin, and Hebei was 86.5%, 82.6%,
and 51.3%, respectively. BTH is located at the juncture of coastal and inland areas. The
terrain is high in the northwest and low in the southeast. The altitude drops in a semicircle
from northwest to southeast. The northern part of the study area is the Bashang Plateau
and the Yanshan Mountain Range, while the western part is the Taihang Mountain Range.
The Hebei Plain, which lies to the east of the Taihang Mountain Range and to the south of
the Yanshan Mountain Range, is part of the North China Plain. Hebei, which surrounds
Beijing and Tianjin, is the only province in China that combines plateaus, mountains, hills,
plains, lakes, and coasts. The study area is a typical temperate continental monsoon climate,
which is characterized by high temperature and rain in summer and cold and dry in winter.

3.2. The Data Source

The data of urban land in this paper are from China’s 1:100,000 scale remote sensing
monitoring database of land use. The database was constructed by Zengxiang Zhang
and his team from the land resources remote sensing research department, Aerospace
Information Research Institute, Chinese Academy of Sciences [48].

Based on remote sensing images, the vector boundary of urban built-up area was
extracted using visual interpretation, human–computer interaction, and field verification.
The remote sensing image was mainly Landsat images. If the quality of the Landsat images
was poor or data was missing, a CBERS CCD image or HJ-1 CCD image is supplemented.
Landsat images involve Landsat TM, ETM, ETM+, and OLI, with a spatial resolution of
30 m. To minimize the influence of mixed pixels, we selected images with lush vegetation
in summer, with less than 10% cloud cover and a clear texture. To retain the most original
spectral information and visual interpretation of ground objects, no atmospheric correction,
color balance, or image enhancement was performed. Geometric precision correction was
the key point of image preprocessing. Standard false-color was used to synthesize images
of different bands. The space reference adopted a double standard parallel, equal area, and
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cut conic projection. The double parallel was 25◦ N and 47◦ N, the central meridian was
105◦ E, and the ellipsoid was Krasovsky [2]. The minimum standard for drawing graphics
was 6 × 6 pixels. A remote sensing image with a spatial resolution of 30 m is equivalent to
an actual area of 200 × 200 m2. The three remote sensing monitoring periods of urban land
were 2000–2005, 2005–2010, and 2010–2015.

Population and GDP data were collected from the Hebei Economic Yearbook, the
Beijing Regional Statistical Yearbook, the Beijing Statistical Yearbook, and the Tianjin
Statistical Yearbook in 2001, 2006, 2011, and 2016.

3.3. Research Methods
3.3.1. Urban Expansion Index

The urban expansion index describes the speed of urban land growth during a given
monitoring period. This index is divided into an absolute index (UEA) and a relative index
(UER) [38]. UEA represents the annual urban expansion area, and UER represents the
annual urban expansion rate. The definitions of UEA and UER are as follows:

UEA =
ULend −ULstart

T
(1)

UER =
ULend −ULstart

ULstart
× 1

T
× 100% (2)

where UEA is the absolute urban expansion index (km2), UER is the relative urban expan-
sion index (%); ULstart and ULend represent the urban land area at the beginning and end of
the monitoring period (km2), respectively; T is the time interval (years).

3.3.2. Spatial Autocorrelation

In this paper, Moran’s I is used to measure the global spatial autocorrelation of urban
expansion in the study area. The formula is as follows [49]:

I =
n ∑n

i=1 ∑n
j=1 Wij

(
Xi − X

)(
Xj − X

)
∑n

i=1 ∑n
j=1 Wij ∑n

i=1
(
Xi − X

)2 (3)

where I is the Moran Index; Xi and Xj represent the attribute values of space units i and
j, respectively; (X) is the average value of the attributes of the n-many spatial units; Wij
is a spatial weight matrix. The range of Moran’s I is [−1, 1]. If Moran’s I is significantly
positive, there is a significant positive correlation between urban land, and the variable
presents a clustering distribution pattern. If Moran’s I is significantly negative, there is a
significant negative correlation between urban land, and the variable presents a dispersed
distribution pattern. If Moran’s I is close to 0, there is no spatial autocorrelation, and the
variables are randomly distributed in space. We used the first order rook spatial weight for
characterizing neighbors. Z-score tests whether the spatial position pattern is significant.

The Moran’s I uses a single value to reflect the “global” spatial autocorrelation of
values over the whole dataset [50]. Hence, we used the local indicators of spatial association
(LISA) statistic to identify the spatial agglomeration of the urban land variables [51]. LISA
checks whether similar or dissimilar values are clustered in a local area [52]. LISA includes
four types: High–high (HH), low–low (LL), high–low (HL), and low–high (LH) [53].
Moran’s I and LISA statistics were calculated using GeoDa (version 1.12) software [54].
LISA values were visualized using ArcGIS (Version 10.2) software.

3.3.3. Classifying Urban Expansion Types

Based on the approach proposed by Shi et al. [40], we introduce a new method to
classify urban expansion type by the following steps:

Step 1. The UEA and UER in 2000, 2005, 2010, and 2015 are calculated for each city.
Step 2. All UEA and UER values are standardized using standard deviation standardization.
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Step 3. The normalized UEA and UER are divided into four classes according to the
quartile. The four classes are Grade 1 (minimum, lower quartile), Grade 2 (lower
quartile, median), Grade 3 (median, upper quartile), and Grade 4 (upper quartile,
maximum), respectively.

Step 4. A chunked matrix (4 by 4) is created to list the combinations of UEA and UER
(Figure 2). The first and second numbers represent the grade of the UEA and UER,
respectively. Some combinations are crossed out because they do not exist in the
13 cities.

Step 5. The combination of UEA and UER is divided into four urban expansion types.
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Type A represents a double high speed for both UEA and UER. Type B defines UEA at
low speed and UER at high speed. Type C describes UEA at high speed and UER at low
speed. Type D stands for double low speed for both UEA and UER.

3.3.4. Standard Deviation Ellipse

The Standard Deviational Ellipse (SDE) is a classical method that reveals directional
features of spatial distribution [55]. The spatial pattern and dominant direction of spatial
elements can be measured well by the SDE. The center of the SDE represents the center
of gravity of the urban land layout and its changes. The standard deviations of the long
and short axes represent the concentration density of urban land, GDP, or population. The
azimuth angle of the SDE reflects the main trend direction of their distribution [56]. It is the
angle of rotation clockwise from north to the long axis of the SDE (Figure 3a). In this paper,
we used the acute angle formed by the long axis of the two SDEs to represent the difference
of its main trend direction (DMTD) (Figure 3b). The DMTD is a new method proposed
by us to represent the difference of the main trend direction of the spatial distribution of
geographical objects. The definition of DMTD is as follows:

DMTD =

{
θ2 − θ1 i f result < 90
180− (θ2 − θ1) i f result > 90

(4)

where θ2 and θ1 are azimuth angles of the SDE A and the SDE B, respectively; the word
“result” in the formula refers to the value of θ2 minus θ1. Zhao et al. introduced the
calculation method of azimuth angle in detail [57].
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The spatial difference index (SDI) describes quantitatively the degree of spatial differ-
ence between different distributions (Figure 3c) [57]. The value of SDI is between 0 and 1.
The greater the value of SDI, the greater the spatial difference is. The definition of SDI is
as follows:

SDI = 1−
Area(SDEC ∩ SDED)

Area(SDEC ∪ SDED)
(5)

where SDEC and SDED are the SDE of C and D, respectively (Figure 3c). Area(SDEC ∩ SDED)
and Area(SDEC ∪ SDED) refer to the area of the intersection or union of two ellipses, respectively.

4. Results
4.1. Temporal and Spatial Characteristics of Urban Expansion
4.1.1. The Expanding Characteristics of Cities with Different Administrative Position

In 2000, the total urban land area of BTH was about 3574 km2, and the cities with a
built-up area of more than 200 km2 only included Beijing and Tianjin. In 2015, the total
urban land area was about 6829 km2, and the cities with a built-up area greater than
200 km2 included Beijing, Tianjin, Shijiazhuang, Tangshan, and Baoding. Tianjin had
the most significant urban expansion during 2000–2015. Its expansion area was 904 km2,
accounting for nearly 40% of the total expansion area of BTH.

In Table 1, the annual expansion area of BTH first decreased slightly and then in-
creased dramatically during 2000–2015. In the three monitoring intervals from 2000–2005,
2005–2010, and 2010–2015, the annual expansion area of counties, county-level cities, and
prefecture-level cities decreased first and then increased, while the annual expansion area
of megacities increased first and then decreased. Within the three monitoring intervals, the
types with the largest annual expansion area and the largest contribution to urban land
expansion are megacities. This indicates that, in BTH, the urban expansion speed of Beijing
and Tianjin is always ahead of that of Hebei, and the polarization characteristics of urban
expansion are prominent.

The annual expansion rate of BTH first decreased and then increased, and the de-
creased value was greater than the increased value. The annual expansion rate of counties,
county-level cities, and prefecture-level cities decreased first and then increased, while that
of megacities decreased the entire time. The annual expansion rate of megacities was higher
than that of counties, county-level cities, and prefecture-level cities during 2000–2005 and
2005–2010. The annual expansion rate of counties was higher than that of county-level
cities, prefecture-level cities, and megacities during 2010–2015.

The skewness coefficients of the annual expansion area and annual expansion rate
are all greater than 0, and the mean value is greater than the median, indicating that the
frequency distribution is all right-skewed (Table 2). In the distribution, the number of
districts/counties below the mean is higher, and the number of districts/counties above
the mean is lower. The heavy tail of the distribution is on the right, meaning that there is a
large value at the right end. The degree of right deviation of the annual expansion area
during 2000–2015 is greater than the annual expansion rate, indicating that the maximum
value of the annual expansion area is far from the mean value.
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Table 1. Annual urban expansion area (UEA) and annual urban expansion rate (UER) for different
administrative positions.

City Level 2000–2005 2005–2010 2010–2015

UEA UER UEA UER UEA UER

Counties 35.36 5.00 34.11 3.86 68.76 6.52
County-level cities 16.08 4.85 12.03 2.92 27.73 5.87

Prefecture-level cities 37.52 4.06 29.33 2.64 53.46 4.25
Megacities 110.86 6.88 116.61 5.39 109.20 3.97

BTH 199.82 5.59 192.07 4.20 259.15 4.68

Note: The units of UEA and UER are km2 and %, respectively.

Table 2. Statistical characteristics of annual expansion area and annual expansion rate.

Statistic
2000–2005 2005–2010 2010–2015

UEA UER UEA UER UEA UER

Average 0.99 5.74 0.95 3.92 1.28 6.10
Median 0.30 3.03 0.33 2.39 0.62 4.28

Skewness coefficient 5.31 2.84 9.02 3.76 3.55 2.93
Kurtosis coefficient 34.70 10.74 98.90 24.09 16.24 14.89

The kurtosis coefficients of the annual expansion area and annual expansion rate are
all greater than 3 in the three monitoring periods, indicating that the frequency distribution
curves are all steeple-tailed compared with the normal distribution, and the data are
concentrated in the peak center. The kurtosis coefficient of the annual expansion area
during 2000–2015 is much higher than the annual expansion rate, and the annual expansion
area distribution curve has a more obvious peak. The kurtosis coefficient of the annual
expansion area during 2005–2010 reaches 98.9, because the annual expansion area of the
Daxing district is much larger than that of other districts and counties. The kurtosis
coefficients of the annual expansion area and annual expansion rate during 2010–2015 were
close to each other.

4.1.2. Characteristics of Urban Expansion Based on Spatial Autocorrelation

The global Moran’s I and Local Moran’s I of the annual expansion area and annual
expansion rate in the three monitoring periods (2000–2005, 2005–2010, and 2010–2015) were
calculated by using 202 districts/counties in BTH as spatial units. First, global Moran’s
I was used to measure the overall spatial autocorrelation of urban expansion at the BTH
level (Table 3). Local Moran’s I was then used to identify the spatial autocorrelation of
urban expansion at the district/county level. We used a LISA map to show the spatial
clustering characteristics of the annual urban expansion area (Figure 4) and the annual
urban expansion rate (Figure 5).

Table 3. Global Moran’s I of the annual urban expansion area and annual urban expansion rate.

Statistic
2000–2005 2005–2010 2010–2015

UEA UER UEA UER UEA UER

Global
Moran’s I 0.3199 0.1945 0.2674 0.2245 0.3141 0.1217

Z-score 7.5965 4.6294 8.4125 5.5967 7.1094 2.8465



Sustainability 2021, 13, 1579 10 of 23

Sustainability 2021, 13, x FOR PEER REVIEW 10 of 24 
 

UEA UER UEA UER UEA UER 
Global Moran’s I 0.3199 0.1945 0.2674 0.2245 0.3141 0.1217 

Z-score 7.5965 4.6294 8.4125 5.5967 7.1094 2.8465 

(1) Annual Urban Expansion Area. 

 
Figure 4. Local indicators of spatial association (LISA) cluster maps for annual urban expansion area at the dis-trict/county 
level during (a) 2000–2005, (b) 2005–2010 and (c) 2010–2015. 

The global Moran’s I of the annual urban expansion area for the three monitoring 
periods are 0.3199, 0.2674, and 0.3141, respectively (Table 3), which all passed the signifi-
cance test under a 99% confidence degree. The distribution of the annual urban expansion 
area shows an obvious clustering characteristic, and the clustering characteristic first de-
creased and then increased. The spatial autocorrelation between districts/counties and ad-
jacent districts/counties can be determined according to local Moran’s I. The characteris-
tics are as follows: (1) The high–high clusters decreased from 23 to 15 and then increased 
to 17 in the three monitoring periods. The high–high clusters were mainly distributed in 
Beijing during 2000–2005, moved from Beijing to Tianjin during 2005–2010, and then 
moved back from Tianjin to Beijing during 2010–2015. The high–high clusters of Beijing 
and Tianjin showed a seesaw distribution pattern during 2000–2010 and formed a dumb-
bell distribution pattern during 2010–2015. The high–high clusters of Hebei were only sig-
nificant in the municipal district of Baoding and the Shanhaiguan district of Qinhuangdao 
during 2000–2005 and in the Fengnan district of Tangshan from 2000 to 2010. The high–
high clusters of Hebei were no longer significant during 2010–2015. (2) The low–low clus-
ters were distributed in the south and west of Beijing and Tianjin. The low–low clusters 
significantly moved north to the 23 counties of the jurisdiction of Zhangjiakou and 
Chengde. In the south, there are only four counties in Cangzhou, Zanhuang in Shijia-
zhuang, and five counties in Handan. (3) The low–high outliers were distributed around 
the high–high clusters in Tianjin from 2000 to 2010, and it was mainly distributed in four 
districts/counties in the northwest of high–high clusters in Beijing from 2010 to 2015. The 
high–low outliers were only significant in Renqiu from 2010 to 2015. 

(2) Annual Urban Expansion Rate 

The global Moran’s I of the annual urban expansion rate in the three monitoring pe-
riods were 0.1945, 0.2245, and 0.1217, respectively (Table 3), which all passed the signifi-
cance test under a 99% confidence degree. The distribution of the annual urban expansion 

Figure 4. Local indicators of spatial association (LISA) cluster maps for annual urban expansion area at the dis-trict/county
level during (a) 2000–2005, (b) 2005–2010 and (c) 2010–2015.

Sustainability 2021, 13, x FOR PEER REVIEW 11 of 24 
 

rate shows an obvious clustering characteristic, and the clustering characteristic first in-
creased and then decreased. The spatial correlation between districts/counties and adja-
cent districts/counties can be determined according to local Moran’s I. The characteristics 
are as follows: (1) The high–high clusters increased from 16 to 18 and then to 20 in the 
three monitoring periods. The high–high clusters were distributed in 13 districts/counties 
between Beijing, Tianjin, and Langfang and in 3 counties in the southeast of Hebei. The 
high–high clusters have a significant movement in the southeast direction during 2005–
2010. Beijing is no longer significant. The Ninghe district was added to Tianjin, and the 
high–high clusters of Southeastern Hebei increased from 3 to 10 counties. From 2010 to 
2015, Tianjin was no longer significant. The high–high clusters of Hebei moved to the 
northwest, and the number increased from 10 to 20 districts/counties, which were located 
in the surrounding districts/counties of provincial road 234 and the Qingyin expressway. 
(2) The low–low clusters gradually moved from central and southern Hebei to the six 
counties in the north of Chengde during the three monitoring periods, and the second 
monitoring period was more dispersed. (3) The low–high outliers scattered in the periph-
ery of high–high clusters. The distribution of high–low outliers was relatively scattered, 
and the common feature was that the annual urban expansion rate of a certain dis-
trict/county was significantly higher than the weighted average of the surrounding dis-
tricts/counties. 

 
Figure 5. LISA cluster maps for the annual urban expansion rate at the district/county level during (a) 2000–2005, (b) 2005–
2010 and (c) 2010–2015. 

4.2. Types and Trends of Urban Expansion 
The annual urban expansion area was classified into 1, 2, 3, and 4 levels. We refer to 

Levels 1 and 2 of the annual expansion area as “low speed” levels and to Levels 3 and 4 
as “high speed” levels. Similarly, Levels 1 and 2 of the annual urban expansion rate are 
called “low speed” levels, and Levels 3 and 4 are called “high speed” levels. The combi-
nation of the annual urban expansion area and the annual urban expansion rate form 
Types A, B, C, and D (Figure 2). The combination types of Type A are 33, 34, 43, and 44. 
The level of the annual urban expansion area and the annual urban expansion rate are 
either 3 or 4. In this paper, Type A is called the “double high speed” of urban expansion. 
The combination types of B are 13 and 23, and the combination types of Type C are 32, 41, 
and 42. One of the two single indicators of the annual urban expansion area and the an-
nual urban expansion rate is the “low speed” level, and the other is the “high speed” level. 
In this paper, Types B and C are called the “single high speed” of urban expansion. The 

Figure 5. LISA cluster maps for the annual urban expansion rate at the district/county level during (a) 2000–2005, (b) 2005–
2010 and (c) 2010–2015.

(1) Annual Urban Expansion Area.

The global Moran’s I of the annual urban expansion area for the three monitoring pe-
riods are 0.3199, 0.2674, and 0.3141, respectively (Table 3), which all passed the significance
test under a 99% confidence degree. The distribution of the annual urban expansion area
shows an obvious clustering characteristic, and the clustering characteristic first decreased
and then increased. The spatial autocorrelation between districts/counties and adjacent
districts/counties can be determined according to local Moran’s I. The characteristics are as
follows: (1) The high–high clusters decreased from 23 to 15 and then increased to 17 in the
three monitoring periods. The high–high clusters were mainly distributed in Beijing during
2000–2005, moved from Beijing to Tianjin during 2005–2010, and then moved back from
Tianjin to Beijing during 2010–2015. The high–high clusters of Beijing and Tianjin showed a
seesaw distribution pattern during 2000–2010 and formed a dumbbell distribution pattern
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during 2010–2015. The high–high clusters of Hebei were only significant in the municipal
district of Baoding and the Shanhaiguan district of Qinhuangdao during 2000–2005 and
in the Fengnan district of Tangshan from 2000 to 2010. The high–high clusters of Hebei
were no longer significant during 2010–2015. (2) The low–low clusters were distributed in
the south and west of Beijing and Tianjin. The low–low clusters significantly moved north
to the 23 counties of the jurisdiction of Zhangjiakou and Chengde. In the south, there are
only four counties in Cangzhou, Zanhuang in Shijiazhuang, and five counties in Handan.
(3) The low–high outliers were distributed around the high–high clusters in Tianjin from
2000 to 2010, and it was mainly distributed in four districts/counties in the northwest of
high–high clusters in Beijing from 2010 to 2015. The high–low outliers were only significant
in Renqiu from 2010 to 2015.

(2) Annual Urban Expansion Rate

The global Moran’s I of the annual urban expansion rate in the three monitoring peri-
ods were 0.1945, 0.2245, and 0.1217, respectively (Table 3), which all passed the significance
test under a 99% confidence degree. The distribution of the annual urban expansion rate
shows an obvious clustering characteristic, and the clustering characteristic first increased
and then decreased. The spatial correlation between districts/counties and adjacent dis-
tricts/counties can be determined according to local Moran’s I. The characteristics are as
follows: (1) The high–high clusters increased from 16 to 18 and then to 20 in the three mon-
itoring periods. The high–high clusters were distributed in 13 districts/counties between
Beijing, Tianjin, and Langfang and in 3 counties in the southeast of Hebei. The high–high
clusters have a significant movement in the southeast direction during 2005–2010. Beijing is
no longer significant. The Ninghe district was added to Tianjin, and the high–high clusters
of Southeastern Hebei increased from 3 to 10 counties. From 2010 to 2015, Tianjin was
no longer significant. The high–high clusters of Hebei moved to the northwest, and the
number increased from 10 to 20 districts/counties, which were located in the surrounding
districts/counties of provincial road 234 and the Qingyin expressway. (2) The low–low
clusters gradually moved from central and southern Hebei to the six counties in the north
of Chengde during the three monitoring periods, and the second monitoring period was
more dispersed. (3) The low–high outliers scattered in the periphery of high–high clusters.
The distribution of high–low outliers was relatively scattered, and the common feature was
that the annual urban expansion rate of a certain district/county was significantly higher
than the weighted average of the surrounding districts/counties.

4.2. Types and Trends of Urban Expansion

The annual urban expansion area was classified into 1, 2, 3, and 4 levels. We refer to
Levels 1 and 2 of the annual expansion area as “low speed” levels and to Levels 3 and 4 as
“high speed” levels. Similarly, Levels 1 and 2 of the annual urban expansion rate are called
“low speed” levels, and Levels 3 and 4 are called “high speed” levels. The combination of
the annual urban expansion area and the annual urban expansion rate form Types A, B,
C, and D (Figure 2). The combination types of Type A are 33, 34, 43, and 44. The level of
the annual urban expansion area and the annual urban expansion rate are either 3 or 4. In
this paper, Type A is called the “double high speed” of urban expansion. The combination
types of B are 13 and 23, and the combination types of Type C are 32, 41, and 42. One of the
two single indicators of the annual urban expansion area and the annual urban expansion
rate is the “low speed” level, and the other is the “high speed” level. In this paper, Types
B and C are called the “single high speed” of urban expansion. The combination types
of Type D are 11, 12, 21, and 22, and the levels of both single indicators are 1 or 2. In this
paper, Type D is called the “double low speed” of urban expansion.

The expansion types of Baoding and Langfang were Type A, Type D, and Type A
during 2000–2005, 2005–2010, and 2010–2015, respectively (Figure 6). Their expansion
processes were “double high speed,” “double low speed,” and “double high speed” and
presented an obvious U-shaped trend. The expansion types of Beijing and Tangshan were
Type A, Type C, and Type A during the three monitoring periods, respectively. Their
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expansion processes were “double high speed,” “single high speed,” and “double high
speed” and presented a U-shaped trend. The expansion types of Handan were Type B,
Type D, and Type A during the three monitoring periods, respectively. Their expansion
processes were “single high speed,” “double low speed,” and “double high speed” and
presented a U-shaped trend.
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The expansion types of Shijiazhuang, Cangzhou, and Hengshui were Type D, Type D,
and Type A, respectively, during the three monitoring periods. Their expansion processes
were “double low speed,” “double low speed,” and “double high speed” and presented
an obvious upward trend. The expansion types of Xingtai were Type B, Type A, and
Type A during the three monitoring periods, respectively. Its expansion processes were
“single high speed,” “double high speed,” and “double high speed” and presented an
upward trend.

The expansion types of Tianjin were Type A, Type A, and Type C, respectively, during
the three monitoring periods. Its expansion processes were “double high speed,” “double
high speed,” and “single high speed”. The expansion types of Qinhuangdao were Type
A, Type D, and Type D during the three monitoring periods, respectively. Its expansion
processes were “double high speed,” “double low speed,” and “double low speed.” The
expansion processes of Tianjin and Qinhuangdao presented a downward trend.

The expansion types of Zhangjiakou were Type D, Type D, and Type D during the
three monitoring periods, respectively. Its expansion processes were “double low speed,”
“double low speed,” and “double low speed” and presented a steady low speed trend. The
expansion types of Chengde were Type D, Type B, and Type D during the three monitoring
periods, respectively. Its expansion processes were “double low speed,” “single high
speed,” and “double low speed” and presented an inverted U-shaped trend.

The distribution of the four expansion types was uneven in 13 cities during 2000–2015
(Table 4). Type A was the most important expansion type. Its area is 2264.26 km2, account-
ing for 69.56% of the total expansion area. Type A was distributed in 11 cities. Only Zhangji-
akou and Chengde did not contain Type A. Type A includes Tianjin (675.93 km2), Beijing
(585.80 km2), Baoding (181.56 km2), Langfang (151.03 km2), Tangshan (149.34 km2), Shiji-
azhuang (146.12 km2), Xingtai (138.54 km2), Handan (70.89 km2), Cangzhou (69.28 km2),
Hengshui (48.62 km2), and Qinhuangdao (47.15 km2), according to the expansion area. The
total area of Type A in Tianjin and Beijing accounted for up to 55.72% of the total area of
Type A. Baoding, Langfang, and Tangshan, with a larger area of Type A, were distributed
around Beijing and Tianjin. The Type A area of Shijiazhuang was in the middle of 11 cities.
The total area of Type B was 318.44 km2, accounting for 9.78% of the total expansion area.
It was distributed in Tianjin, Handan, Xingtai, and Chengde. Type C was the smallest
expansion type. Its total area was 293.42 km2, accounting for 9.01% of the total area. Type
C was only distributed in Beijing, Tangshan, and Handan. Type D was the expansion type
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second only to Type A, whose total area was 379.09 km2, accounting for 11.65% of the total
expanded area. The area of Type D was only less than that of Type A. Its total area was
379.09 km2, accounting for 11.65% of the total expansion area. Type D was distributed in
eight cities, and the distribution in these cities was relatively even.

Table 4. Distribution of four urban expansion types in 13 cities.

City Type A Type B Type C Type D

Baoding 181.56 38.08
Beijing 585.80 193.51

Cangzhou 69.28 45.44
Chengde 14.95 24.56
Handan 70.89 46.00 44.12

Hengshui 48.62 44.47
Langfang 151.03 39.04

Qinhuangdao 47.15 53.14
Shijiazhuang 146.12 69.15

Tangshan 149.34 55.80
Tianjin 675.93 228.09
Xingtai 138.54 29.39

Zhangjiakou 65.20
Total 2264.26 318.44 293.42 379.09

Note: The unit of area is square kilometers.

4.3. Spatial Coevolution of Urban Land, GDP, and Population
4.3.1. The Difference of the Main Trend Direction of the Spatial Distribution

The difference of the main trend direction of urban land and GDP (UG) and that of
urban land and population (UP) in the 13 cities of BTH are shown in Table 5. The UG
and UP of Qinhuangdao were the largest among the 13 cities during 2000–2015 (UG was
slightly smaller than Tianjin and Xingtai in 2000). This showed that Qinhuangdao has
the biggest difference in the main trend direction of the spatial distribution of urban land,
GDP, and population among the 13 cities (Figure 7b). The urban land in Qinhuangdao
was mainly distributed in three coastal municipal districts, and the spatial distribution
mainly presented an east (slightly north)–west (slightly south) pattern. The population of
Qinhuangdao was relatively evenly distributed in all districts/counties, and the spatial
distribution mainly presented a northwest–southeast pattern. Thus, the distribution of
population in Qinhuangdao was close to that of administrative regions. The GDP distri-
bution of Qinhuangdao was close to the population distribution. The difference was that
the center of gravity of the GDP standard deviation ellipse was slightly southeast. This
indicates that the main body of the GDP distribution was slightly southeast relative to
population distribution. In 2000 and 2005, UG in Tianjin was larger, but its value was
significantly smaller in 2010 and 2015 (Figure 7a). This indicates that, although there was a
large difference between the main direction of the urban land distribution and the GDP
distribution in 2000 and 2005, the two distributions were consistent in 2010 and 2015 in
Tianjin. In 2000, 2005, 2010, and 2015, the UP value in Tianjin was 20.45, 35.55, 49.4, and
52.58, respectively. The UP in Tianjin increased during 2000–2015. This shows that the
spatial distribution of urban land and population in Tianjin shows an increasing trend of
difference in the main direction. The reasons are as follows. The spatial distribution of
population in Tianjin maintained a north–south pattern during 2000–2015. In 2000, the
spatial distribution of urban land in Tianjin mainly showed a pattern of north (slightly
west)–south (slightly east). From 2000 to 2015, the long axis of the standard deviation
ellipse of the urban land in Tianjin rotated counterclockwise and showed a northwest–
southeast pattern in 2015. In other words, the spatial distribution direction of urban land
in Tianjin in 2015 was consistent with the direction of the main traffic lines between Beijing
and Tianjin. UG in Beijing increased from 2000 to 2015, indicating that the difference in
the main direction of urban land and GDP spatial distribution was gradually increasing.
The trend of UP in Beijing was similar to that of UG. Among all cities, Zhangjiakou’s UG
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and UP were always small, indicating that, from 2000 to 2015, the differences in the main
direction of the spatial distribution of urban land, GDP, and population were always small
in Zhangjiakou (Figure 7c). UG and UP in other cities fluctuated during 2000–2015.

Table 5. The difference of the main trend direction of urban land and GDP (UG) and that of urban
land and population (UP).

City 2000 2005 2010 2015

UG UP UG UP UG UP UG UP

Baoding 1.58 7.14 2.97 7.52 2.17 6.33 0.54 4.49
Beijing 5.67 6.34 8.21 11.92 11.78 13.74 12.94 14.35

Cangzhou 15.7 15.7 3.71 13.78 7.82 13.67 4.94 9.62
Chengde 0.92 8.93 0.56 16.95 1.56 17.06 1.15 14.66
Handan 0.67 6.41 1.35 5.73 0.14 6.5 4.34 2.2

Hengshui 0.02 1.78 2.73 3.24 4.99 2.94 3.68 1.66
Langfang 1.8 5.45 3.79 7.19 3.22 7.62 4.42 9.77

Qinhuangdao 21.79 64.23 43.14 67.25 52.31 63.26 35.78 58.06
Shijiazhuang 1.28 4.11 1.58 4.04 1.25 4.94 1.35 4.59

Tangshan 3.74 7.27 1.22 7.08 4.26 9.74 3.46 7.57
Tianjin 22.39 20.45 34.03 35.55 2.06 49.4 4.6 52.58
Xingtai 21.97 19.27 5.86 13 6.44 13.96 0.07 20.27

Zhangjiakou 0.81 2.82 0.24 0.36 1.91 1.15 2.93 0.81
Note: The units of UG and UP are degree.
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4.3.2. The Inconsistency Degree of the Spatial Distribution

The spatial difference index was often used to measure the inconsistency degree of
the spatial distribution of geographical objects. The spatial difference index of urban land
and GDP (SDUG) and the spatial difference index of urban land and population (SDUP)
in the 13 cities of BTH are shown in Table 6. From the changing trend of SDUG, only
Beijing showed a continuous increase, Shijiazhuang and Xingtai showed a continuous
decrease, and other cities showed a fluctuating change. In 2000, 2005, 2010, and 2015, the
area of the standard deviation ellipse of Beijing’s GDP was 2318, 1083, 1048, and 1046 (km2),
respectively. The ellipse area of GDP gradually decreased. The area of the standard
deviation ellipse of urban land in Beijing gradually increased. The discrepancy between
urban land and GDP has been increasing, so Beijing’s SDUG showed a continuous increase.
In other words, the GDP standard deviation ellipse showed a significant contraction trend,
because the GDP growth rate inside the ellipse was higher than that outside the ellipse.
The concentration degree of Beijing’s GDP was higher than that of urban land. The row
average value reflects the average characteristics of each city’s SDUG in 2000, 2005, 2010,
and 2015. The bigger the row average value of SDUG, the more inconsistent the standard
deviation ellipse of urban land is with that of GDP. The cities with a row average value
of SDUG between 0 and 0.25 included Baoding, Cangzhou, Chengde, Handan, Hengshui,
Shijiazhuang, and Zhangjiakou; cities between 0.25 and 0.5 included Beijing, Langfang,
Tangshan, Tianjin, and Xingtai; only Qinhuangdao had a row average value of SDUG
between 0.5 and 0.75. From the changing trend of SDUP, Beijing, Cangzhou, Handan,
Shijiazhuang, Tangshan, and Xingtai showed a continuous decrease, while other cities
showed fluctuations. The cities with a row average value of SDUP between 0 and 0.25
included Baoding, Beijing, Cangzhou, Chengde, Handan, Hengshui, and Shijiazhuang;
cities between 0.25 and 0.5 included Langfang, Tangshan, Tianjin, Xingtai, and Zhangjiakou;
only Qinhuangdao had a row average value of SDUP between 0.5 and 0.75.

Table 6. The spatial difference index of urban land and GDP (SDUG) and that of urban land and population (SDUP).

City 2000 2005 2010 2015 Row Average

SDUG SDUP SDUG SDUP SDUG SDUP SDUG SDUP SDUG SDUP

Baoding 0.0602 0.2235 0.1348 0.2700 0.0707 0.2416 0.1037 0.2187 0.0923 0.2385
Beijing 0.3612 0.3195 0.3839 0.2087 0.4277 0.1752 0.4657 0.1405 0.4096 0.2110

Cangzhou 0.1770 0.2227 0.2091 0.1849 0.1938 0.1544 0.1314 0.1167 0.1778 0.1697
Chengde 0.1319 0.2336 0.1174 0.2210 0.2006 0.2335 0.1137 0.2343 0.1409 0.2306
Handan 0.1826 0.3298 0.2063 0.2683 0.2476 0.2451 0.2470 0.1447 0.2209 0.2470

Hengshui 0.1179 0.1810 0.1387 0.2019 0.1207 0.1901 0.1137 0.1613 0.1228 0.1836
Langfang 0.3571 0.3571 0.3903 0.5612 0.3245 0.5652 0.2744 0.5073 0.3366 0.4977

Qinhuangdao 0.7077 0.7774 0.7440 0.7944 0.7049 0.7683 0.6283 0.7302 0.6962 0.7676
Shijiazhuang 0.2730 0.2898 0.2413 0.2359 0.1600 0.2179 0.1443 0.2020 0.2046 0.2364

Tangshan 0.4335 0.3899 0.4413 0.3496 0.4453 0.3484 0.3986 0.3407 0.4297 0.3571
Tianjin 0.4259 0.4203 0.3894 0.4493 0.1752 0.5383 0.2152 0.5200 0.3014 0.4820
Xingtai 0.3978 0.3719 0.2447 0.2835 0.2044 0.2126 0.1594 0.1753 0.2516 0.2608

Zhangjiakou 0.2611 0.3572 0.1636 0.2472 0.1191 0.2586 0.1371 0.2110 0.1702 0.2685
Co_average 0.2990 0.3441 0.2927 0.3289 0.2611 0.3192 0.2410 0.2848 -

Note: Co_average refers to the column average, that is, the average of all cities in a given year. Row average refers to the average of a city
over four years.

The average column value of SDUG in 2000 was 0.2990, and that of SDUP was
0.3441. The average value of SDUG was lower than that of SDUP. In 2005, 2010, and 2015,
the average value of SDUG was lower than that of SDUP. In the same year, the spatial
distribution of GDP was closer to the distribution of urban land than the distribution of
the population. From 2000 to 2015, the column mean values of SDUP and SDUP gradually
decreased from 0.2990 and 0.3441 in 2000 to 0.2410 and 0.2848 in 2015, respectively. It
showed that the spatial distribution characteristics of GDP and population tended to be
close to the spatial distribution of urban land. This trend can also be verified by the year in
which the SDUG or SDUP peak value of a single city appears. Most of the peaks in both
indices occurred in 2000 or 2005, while fewer cities saw peaks in 2010 and 2015. The peak
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value of SDUG was 4 in 2000, 5 in 2005, 3 in 2010, and 1 in 2015. The peak value of SDUP
was 8 in 2000, 3 in 2005, and 2 in 2010. No cities saw a peak in 2015.

4.4. The Impact of Urban Expansion on Land Use

The area and proportion of land occupied by urban expansion during 2000–2015
are shown in Figure 8. Most of the districts/counties with large cropland area occupied
by urban expansion were located in Beijing and Tianjin, as well as the surrounding dis-
tricts/counties of Baoding, Shijiazhuang, Cangzhou, and Handan, and Qinghe county,
Nangong city, and Weixian county in the east of Xingtai. The first five districts/counties
with the largest cropland area occupied by urban expansion were the Binhai new district,
Changping district, Xiqing district, Jinnan district, and Daxing district. The larger propor-
tion of occupied cropland was concentrated in most counties in Zhangjiakou and some
counties in Chengde. This shows that, although the expansion area of Zhangjiakou and
Chengde counties was relatively small, the proportion of cropland occupied by expansion
was relatively large. The urban expansion was mostly the occupation of cropland around
the city. The districts/counties that occupy a large area of woodland included Beijing’s
Mentougou, Changping, Qinhuangdao’s Haigang district, Zhangjiakou’s Xiahuayuan
district, and Chengde’s Shuangluan district. The districts/counties that occupy a larger
proportion of woodland were mostly located in Beijing, Chengde, and Qinhuangdao, and
the largest proportion was Shijingshan district, Xiahuayuan district, and Mentougou dis-
trict, respectively. The districts/counties that occupy more grassland were distributed in
the north of BTH. These included the Mentougou district and Fangshan district in Beijing,
the Qiaodong district and Qiaoxi district in Zhangjiakou; the Binhai new district in Tianjin;
the Haigang district in Qinhuangdao; and Luanping and Kuancheng in Chengde. Most of
the districts/counties that occupy a large proportion of grassland were located in Chengde
and Zhangjiakou, such as Weichang county and Luanping county in Chengde and the
Zhangbei county, the Qiaodong district, and the Qiaoxi district in Zhangjiakou. Most of
the districts/counties occupying a large body of water area were located in Tianjin and
Beijing, including the Binhai new district, Xiqing district, Fengtai district, and Daxing dis-
trict. Most of the districts/counties that occupy a large proportion of bodies of water area
were located in Tianjin, as well as Fengning and Chengde counties of Chengde City, and
Huairou district of Beijing. The first five districts/counties with the largest proportion of
bodies of water were the Hebei district, Hedong district, Hexi district, Binhai new district,
and Xiqing district in Tianjin. Most of the districts/counties that occupy a large area of
rural settlements and industrial traffic land (REIT) were located in Beijing, Tianjin, and
Tangshan. Most of the districts/counties except Zhangjiakou and Chengde occupied a
larger proportion of REIT. The districts/counties with a high proportion were concentrated
in the 18 districts/counties around Tangshan and Beijing, the districts/counties around
Shijiazhuang, the districts/counties around Xingtai, and Cangzhou’s municipal districts.
The area and proportion of unused land were distributed in the Binhai new district, Yu
county, and Xiahuayuan district. The sea area occupied by urban expansion of the Binhai
new district reached 61.95 km2 during 2000–2015.

The proportion of different land occupied by urban expansion in BTH during the three
periods (2000–2005, 2005–2010, and 2010–2015) is shown in Figure 9. Cropland was the first
land source of urban expansion in each period. The proportion of cropland occupied by
the expansion in the three periods from 2000 to 2015 was above 55%. The proportion of
cropland occupied in the three periods decreased first and then increased, with the highest
value occurring from 2010 to 2015 (64.08%). The proportion of woodland and grassland
occupied was small, about 1.32% and 0.38%, respectively. Water bodies were the third land
source of urban expansion, which comprised 5.48%, 7.01%, and 2.62% in the three periods,
respectively. Rural settlements and industrial traffic land were the second land source of
urban expansion in each period, with a proportion close to 1/3 and a small increasing
trend. The proportion of unused land occupied was small and fluctuated. The proportion
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of occupied sea areas was similar from 2000 to 2005 and from 2010 to 2015, with 0.45% and
0.48%, respectively, reaching the peak value from 2005 to 2010 (5.33%).
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5. Discussion

Since 2000, BTH, one of the three largest urban agglomerations in China, has expe-
rienced rapid urban expansion. The existing research [28,58] has mostly focused on the
detailed dynamics of urban expansion in typical cities in BTH. Different from the former,
this paper studied the urban expansion characteristics of the whole BTH at the regional,
prefecture, and county levels. The UEA was most significant in the most economically
developed cities in the region, which is consistent with the result of urban expansion in the
Yangtze River Delta urban agglomeration [59]. The UEA and UER showed a right-skewed
peak distribution, which also confirmed that Beijing and Tianjin were located at the top of
the pyramid of urban expansion. From 2000 to 2015, the UEA of the megacities of BTH
increased first and then decreased, which is consistent with the trend of Chongqing and
Guangzhou, as well as Shanghai, Nanjing, and Hangzhou in the Yangtze River Delta [34,45].
China, which formally joined the World Trade Organization (WTO) in 2001, relied on pub-
lic financing based on land finance for its economic development and accelerated urban
expansion between 2000 and 2010. After 2010, to give full play to the leading role of large
cities, the Chinese government carried out the policy of “strictly controlling large cities,
developing small and medium-sized cities rationally, actively developing small towns,
and promoting the coordinated development of large, medium and small cities and small
towns” [60]. Under this macro policy, the UEA of the megacities of BTH slowed down
from 2010 to 2015, while that of counties, county-level cities, and prefecture-level cities all
increased. The urban land area of each administrative unit was more balanced, which is con-
sistent with previous studies [61]. The UER was the annual urban expansion area divided
by the initial urban land area, which reflected the change of urban expansion relative to its
own scale. The urban land area of megacities had a large base, and the absolute expansion
area shrunk after 2010. Therefore, the UER of the megacities of BTH gradually decreased
from 2000 to 2015. This result was consistent with previous conclusions [45]. However,
the urban land area of counties, county-level cities, and prefecture-level cities had a small
initial scale, and the absolute expansion area became larger after 2005. Therefore, their
annual urban expansion rate gradually increased. The UER of BTH gradually transitioned
from the highest of megacities in 2000–2005 to the highest of counties in 2010–2015. Due to
the differences in research objects (e.g., the research object of Meng et al. was urban land
and rural residential land), research area and research period, and administrative division
adjustment (e.g., the Binhai new district), the result of LISA clustering in this paper is partly
consistent with the existing research. The high–high clusters of the UEA in Beijing from
2000 to 2005 in this paper are consistent with the research results of Meng et al. [62], but the
distribution of low–low, high–low, and low–high is inconsistent. The high–high clusters
of the UER in BTH during 2000–2005 and 2005–2010 in this paper are inconsistent with
the research results of Wu et al. [63]. The possible reason is that Wu et al. did not divide
Beijing and Tianjin into municipal districts, but treated them as a whole.

Different from the previous studies that usually use edge-expansion, infilling, and
leapfrogging to define urban extension types, this paper provided a new method that
combined absolute and relative speed to define urban extension types. When grading
the single index after standardization, both Shi et al. and Yu et al. used −1, 0, and 1 as
breakpoints for grading [40,46]. However, different data sets can have different distribution
characteristics. In this paper, a quartile was used as the breakpoint value of classification.
That is, the four grades were classified as Grade 1 (minimum, lower quartile), Grade 2
(lower quartile, median), Grade 3 (median, upper quartile), and Grade 4 (upper quartile,
maximum). During 2000–2005, 2005–2010, and 2010–2015, the number of cities of Type A
was 6, 2, and 9, and that of Type D was 5, 8, and 3 (Figure 6). Type A had a large number of
cities in 2000–2005 and 2010–2015, while the number of cities in 2005–2010 was the lowest.
Type D had the largest number of cities from 2005 to 2010. This indicates that the urban
expansion was slow from 2005 to 2010, which may be related to the financial crisis that
broke out during this period. From 2010 to 2015, the number of Type A was 9, indicating
that, after 2010, most cities in BTH entered the high-speed period of urban expansion. In
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the three periods, the number of cities of Type B was 2, 1, and 0, and the number of cities
of Type C was 0, 2, and 1. The urban area in the former period had a smaller initial size
compared with that in the latter period. Therefore, Type B was distributed in the first two
periods, while Type C was distributed in the second two periods.

Yu et al. quantitatively analyzed the relationship between urban land, GDP, and
population of the six megacities (Beijing, etc.) through linear logarithm [46]. By comparing
the difference of the standard deviation ellipse of urban land, GDP, and population, this
paper explored the spatial evolution relationship of urban land, GDP, and population in the
urbanization process of 13 cities in BTH. The SDUG in Beijing presented a monotonically
increasing trend. The reason was that the area of the GDP’s standard deviation ellipse
gradually decreased, while the area of the urban land’s standard deviation ellipse gradually
increased. Therefore, the degree of inconsistency between the two ellipses increased. The
GDP growth rate of the municipal districts in the central area (e.g., the Dongcheng district)
was higher than that of the peripheral districts (e.g., the Huairou district). That is to say,
the growth rate inside the ellipse was higher than the external growth rate. Therefore, the
area of the GDP’s standard deviation ellipse gradually decreased. The central areas (e.g.,
the Dongcheng district and Xicheng district) were all built-up, and urban expansion was
mostly distributed in the peripheral municipal districts. The increasing speed of urban
land outside the ellipse was greater than that inside the ellipse, so the area of the urban
land’s standard deviation ellipse gradually increased. The SDUG in other cities presented
a monotonically decreasing trend or fluctuation.

From 2000 to 2015, BTH experienced large-scale urban expansion, and the land re-
sources suitable for urban development gradually decreased [64]. In the expansion process,
more than 55% of the new urban land came from cropland. The districts/counties that
occupied more cropland were distributed in the south of Yanshan Mountain and the east of
Taihang Mountain. The cropland in this area was the main producing area of winter wheat
and corn in China. The relentless encroachment on cropland put enormous pressure on
food security [65]. The woodland and grassland occupied by the expansion were mostly
distributed in the west and north of Beijing, as well as Zhangjiakou and Chengde. Zhangji-
akou and Chengde were the supporting areas for the ecological security of BTH, whose
main ecological functions were water conservation, wind prevention, sand fixation, and
biodiversity maintenance. Therefore, it was also an objective of land use management to
strengthen the monitoring of the occupation of woodland, grassland, and water area in
urban expansion.

In terms of the polycentric metropolis, London formed fringe cities on the main
radiating axis, Paris formed corridor cities on the parallel axis of the Seine River [66], and
Tokyo presented a “multi-center and multi-core” structure [67]. In the Tokyo metropolis,
satellite cities at night are formed for residents who work in Tokyo during the day and
commute in from neighboring cities. Beijing combined the characteristics of these three
cities. Fringe cities include peripheral municipal districts (e.g., Pinggu district). The BTH
develops along two axes—one is the direction of Beijing–Baoding–Shijiazhuang, the other
is the direction of Beijing–Langfang–Tianjin. Many residents live in Zhuozhou, Yanjiao,
and work in Beijing, commuting to and from their places of residence and work every day.
In terms of urban expansion of metropolis, Tokyo is in the stage of sub-center and new
city construction. New York is at the stage of developing a dense and stable polycentric
structure. Shanghai is in the transition period from the expansion stage of the core area to
the sub-center and new city construction stage [31]. The BTH is in the stage of core area
expansion. In terms of the impact of urban expansion on land use, the BTH is similar to
Pune. In the Pune metropolis, areas under the jurisdiction of municipal corporations are
the largest contributors to urban expansion, as compared to semi-urban and suburban
areas under the jurisdiction of village councils [32]. The difference is that the land source
of urban expansion in BTH is mainly cropland, while that in Pune metropolis is mainly
grassland, barren and agricultural land.
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6. Conclusions

The adjustment and optimization of the urban land layout is an important part of the
coordinated development of BTH. Understanding the detailed process of urban expansion
is essential for natural resource managers to develop territorial spatial planning. This paper
explored the spatiotemporal dynamics, types, and trends of urban expansion, the spatial
coevolution of urban land, GDP, and population, and the impact of urban expansion on land
use. Four conclusions were drawn: (1) From 2000 to 2015, the annual urban expansion area
in Beijing and Tianjin has been ahead of that in Hebei, and the polarization characteristic of
urban expansion was prominent. The annual urban expansion rate gradually shifted from
the highest in megacities to the highest in counties. The high–high clusters of the annual
urban expansion area presented an evolution from a “seesaw” pattern to a “dumbbell”
pattern. The high–high clusters of the annual urban expansion rate moved first from Beijing
to Tianjin and eventually to Hebei. (2) Type A was the main extension type. Between 2000
and 2005, nearly half of the cities were Type A. From 2005 to 2010, the urban expansion
was slow (only two cities were Type A, and eight were Type D). From 2010 to 2015, the vast
majority of cities entered the high-speed period of urban expansion (nine cities were Type
A). The above is the conclusion based on the new method of defining urban expansion type
proposed in this paper. From 2000 to 2015, the number of cities with “U-shaped,” “upward,”
“downward,” “stable low speed,” and “inverted U-shaped” expansion trends was 5, 4, 2, 1,
and 1, respectively. (3) In terms of the main trend direction of spatial distribution of urban
land, GDP, and population, Qinhuangdao had the largest difference, followed by Tianjin,
and Zhangjiakou had the smallest difference. The above is the conclusion based on the
DTMD method proposed in this paper. In terms of spatial differentiation of the urban land
and GDP, only Beijing showed a continuous increase, while other cities showed a decreasing
trend or fluctuation change. In terms of the spatial differentiation of the urban land and
population, nearly half of the cities showed a continuous decrease. In the same year, the
spatial distribution of GDP was closer to the distribution of urban land than population.
(4) From 2000 to 2015, cropland was the first source of urban expansion, accounting for
61.50% of the total urban expansion area. The districts/counties with large, occupied
cropland area were mostly distributed in Beijing and Tianjin. Although the absolute area
of cropland occupied in Zhangjiakou and Chengde was small, the proportion of cropland
occupied by expansion was large, which indicates that the expansion of mountainous
districts/counties mostly occupied the cropland around the city. Rural settlements and
industrial traffic land were the second land source. The districts/counties that occupied
more woodland and grassland were mostly distributed in Zhangjiakou and Chengde. The
districts/counties that had more bodies of water were mainly distributed in Tianjin. The
Binhai new district occupied more sea area. The research results can provide a data basis
and empirical reference for territorial spatial planning.

The theoretical significance of the research results of this paper is to provide a theo-
retical basis for the optimization of the urban land layout in BTH urban agglomeration.
The practical significance of this paper lies in that the government can guide its spatial
distribution through urban land quota. According to the current layout characteristics of
urban land and the objective needs of economic and social development, a newly added
urban land quota can be put into urgently needed space from the perspective of the co-
ordinated development of BTH. At the same time, policies can encourage each city to
excavate the stock urban land and gradually make the environmental background of eco-
nomic development become green. However, this paper also has some limitations. The
time interval of urban land monitoring in this paper was five years, and the total urban
expansion area in five years was not evenly distributed in each year. The urban expansion
in this paper did not capture urban expansion in a given year or period (e.g., 2002–2004).
High frequency monitoring, even once a year, can provide more detailed information about
urban expansion. In addition, the last year of urban land in this paper was 2015, and
this information has not been updated to 2020 at present. In future studies, the data of
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urban land use in 2020 will be added, and high-frequency monitoring will be carried out in
key areas.

There are two ways of urban development—one is urban expansion, the other is
“land redevelopment” or “brownfield development”. The former is to urbanize new areas,
that is, to convert other types of land into urban land. The latter is the redevelopment of
already developed urban land or brownfield. From the perspective of cropland protection,
urban development should first focus on the land that has been changed by human beings,
that is, the developed urban land. The definition of urban land in this paper comes from
the Chinese Academy of Sciences [48]. The urban land data does not subdivide the land
within the urban built-up areas. Future research can subdivide urban interior land into
housing, retail, public facilities, industry, and other land types, and use a framework for
path-dependent industrial land transition to study the process of urban land redevelop-
ment [68]. In addition, evidence-informed strategies should be used to promote equitability
in brownfields redevelopment [69]. That is to pay attention to residents and stakeholders
to participate in the whole process of land redevelopment.
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