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Abstract: Studying urban expansion from a longer-term perspective is of great significance to obtain
an in-depth understanding of the process of urbanization. Remote sensing data are mostly selected
to investigate the long-term expansion of cities. In this study, we selected the world-class urban
agglomeration of Beijing-Tianjin-Hebei (BTH) as the study area, and then discussed how to make full
use of multi-source, multi-category, and multi-temporal spatial data (old maps and remote sensing
images) to study long-term urbanization. Through this study, we addressed three questions: (1) How
much has the urban area in BTH expanded in the past 100 years? (2) How did the urban area expand
in the past century? (3) What factors or important historical events have changed the development
of cities with different functions? By comprehensively using urban spatial data, such as old maps
and remote sensing images, geo-referencing them, and extracting built-up area information, a long-
term series of urban built-up areas in the BTH region can be obtained. Results show the following:
(1) There was clear evidence of dramatic urban expansion in this area, and the total built-up area had
increased by 55.585 times, from 126.181 km2 to 7013.832 km2. (2) Continuous outward expansion has
always been the main trend, while the compactness of the built-up land within the city is constantly
decreasing and the complexity of the city boundary is increasing. (3) Cities in BTH were mostly
formed through the construction of city walls during the Ming and Qing dynasties, and the expansion
process was mostly highly related to important political events, traffic development, and other factors.
In summary, the BTH area, similarly to China and most regions of the world, has experienced rapid
urbanization and the history of such ancient cities should be further preserved with the combined
use of old maps.

Keywords: land use changes; long-term urbanization; urban expansion; historical geography; spatial
pattern; Beijing-Tianjin-Hebei urban agglomeration; capital–port–hinterland

1. Introduction

Together with the increasing importance of cities to national economies, urbanization
has been unfolding rapidly worldwide. Here, China is no exception, having gone through
a stage of rapid urbanization and now constructing several urban agglomerations [1,2].
Land use or cover change includes multiple towns and stakeholders, and inter-urban and
urban–rural differences are significant, so urban agglomerations are also “rich mines” for
the research on spatial and temporal land use changes [3–5]. However, when the time span
is hundreds of years or longer, the process and mechanism of the spatial and temporal land
use change are significantly complex, reflecting the natural changes at different stages, as
well as the era and social background [6,7]. Take Beijing as an example. Beijing once had a
complete wall around the city, which was later continuously demolished, and the current
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Second Ring Road was built on the original site (Figure 1). Therefore, studying the spatial
evolution of urban land use over a long time span is of substantial research significance,
and is practically beneficial in elucidating the urbanization process, thus optimizing the
urban spatial structure and enhancing the cognition of the historical characteristics of
China’s urbanization.

Figure 1. City walls of Beijing in different periods: (a) the complete city wall in the past; (b) the city wall being demolished;
(c) the Second Ring Road built on the original site.

Urban expansion is a dynamic process of urban development, which is spatially mani-
fested by the continuous expansion of urban built-up areas, which in turn triggers changes
in urban morphology. In the specific study of a long time-series, it is first necessary to collect
urban spatial information from different periods to describe the urban space and expansion
process in a long time span, such as old maps, aerial images, remote sensing images, etc. [8].
Then, we will discuss the related work on old maps, aerial/remote sensing images, and
longer time series, respectively. (1) Old maps: Studies that employ old maps and historical
documents are mostly concentrated in history and historical geography fields, whereas
studies that adopt remote sensing are concentrated in GIS and remote sensing fields [9]. For
example, historical researchers have proposed historical city restoration methods based on
the characteristics of historical documents and old maps, and they believe the restoration
methods primarily include the retrograde and flashback methods [10,11]. Accordingly, they
have performed restoration works around metropolises with history, including the “Analy-
sis of Historical Changes in Paris City” (ALPAGE), “Locating London’s past 1660–1800”,
etc. In China, examples of such studies include the work of He et al., who considered the
area of urban land use in the Qing Dynasty in China and its comparison [12]. In addition,
Cheng determined the scale of Qing Dynasty cities based on the perimeter of ancient city
walls and established a database of cities in the Qing Dynasty [13]. Ioannides and Zhang
reported an empirical analysis using hand collected and previously unutilized data on
city walls in the Ming (1368–1644) and Qing (1644–1911) Dynasties [14]. Finally, Wan used
the historical topographic maps and studied the pattern analysis in Zhejiang Province,
China in the 1910s [15]. By analyzing the historical information provided in ancient city
maps, they identified and reconstructed the structural characteristics and evolutionary
process of the historical urban space via systematic analysis methods. In addition, they
formed an historical urban spatial database [16]. These studies preliminarily explored the
basic ideas and steps of the digital transformation of historical maps, but they did not
connect the relevant results to the natural evolutionary process of urban space. (2) Remote
sensing data: Currently, remote sensing technology has become an important method for
monitoring the evolution of urban spatial and temporal patterns, owing to its ability to
periodically obtain surface information on a large scale [17]. Landsat satellite images have
become the most important visible remote sensing data for city expansion studies, owing to
their long time series, global coverage, and open data; using maximum likelihood, support
vector machine, decision trees, neural networks, and other methods to extract the urban
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impervious surface of visible remote sensing images and construct time series from the
1970s to the present [18]. Liu et al. produced a 30 m annual urban area data set (GAUD)
from 1985 to 2015 [19]. Gong et al. produced a global artificial impervious area (GAIA) to
quantify the annual dynamics of urban ISA from 1985 to 2018 [20]. Recently, JRC released
a new version of Global Human Settlement Layer (GHSL), including the 2018 global ISA
probability grid [21]. In addition, remote sensing satellites with nighttime lights have
emerged as the primary monitoring objects, such as DMSP/OLS, NPP/VIIRS, etc. [22].
Owing to the high correlation between nighttime lights and human activities, they have
become more important for urban expansion and monitoring the population, GDP, and
other socio-economic indices [23]. (3) Integration of multi-source data for longer time series:
Regarding long time series, Long et al. reconstructed the historical arable land use patterns
using constrained cellular automata in Jiangsu China [24]. Chen employed year-specific
maps and remote sensing to study the land use or cover changes in Taiwan from 1904 to
2015 [25]. Szombara et al. analyzed the shape of the Prądnik riverbed based on archives
and modern data sets (old maps, LiDAR, DTM, orthophotos and cross-sectional profile
measurements) [9]. Zohar integrated multi-source data to evaluate the development of
routes in the Negev region during the twentieth century [26]. Jin and his team combined
historical documents, old maps, and remote sensing, especially using the large-scale to-
pographic maps of the Republic of China, to carry out urban recovery in the Jiangsu or
Yangtze River Delta for 200 and 600 years [27–29]. Yu et al. reconstructed a continuously
covered cropland distribution dataset in China spanning from 1900 to 2016 by assimilating
multiple data sources [30].

In this study, the Beijing-Tianjin-Hebei region is selected as the study area because, on
the one hand, it is the political and cultural center of China, as well as a national or world-
class city agglomeration, which has important research significance. On the other hand, the
BTH integration has a long history, with a large number of historical documents and old
maps, providing substantial materials for the study [31]. The BTH urban agglomeration
includes the two municipalities of Beijing and Tianjin, as well as 11 prefecture-level cities
and two provincial municipalities in Hebei Province, which fulfill “capital–port–hinterland”
functions [32]. Beijing, the capital of China, has been the political center of the country since
the Yuan Dynasty, Tianjin, a typical port city, plays an important role in China’s modern
urbanization process, while Hebei is an important hinterland of urban agglomeration.
Therefore, an overview of the process and mechanism of urban expansion in the BTH
region in the past century will provide important historical experience for contemporary
times, a reference path for the development of other urban agglomerations, and a basis for
exploring the historical background, including the historical and cultural protection of this
region [33,34].

Section 2 outlines the study area, data, and methods. Section 3 presents and analyzes
the results of reconstructing the urban built-up areas using old maps and remote sensing
images. Finally, Section 4 concludes the study.

2. Materials and Methods
2.1. Study Area

The Beijing-Tianjin-Hebei region is a political and cultural center of China, an im-
portant economic region of northern China, and a national urban agglomeration [2], as
shown in Figure 2. The region accounts for 2.3% of the country’s area and 7.81% of its
population [18]. Its overall positioning is as “a world-class urban agglomeration with the
capital at its core, a leading area for reforming the overall coordinated development of
the region, a new engine for innovation-driven economic growth in the country, and a
demonstration area for ecological restoration and environmental improvement.”
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Figure 2. The spatial location of the Beijing-Tianjin-Hebei (BTH) region (1911 in late Qing Dynasty and 2020 for today).

The BTH region has a long history and unique natural conditions. From a historical
perspective, as early as the Western Han Dynasty, the BTH region around the Bohai Sea
belonged to the Youzhou Cishi Department. The Hebei counties established during the
Sui Dynasty also provided an outline for the resulting BTH region [31]. During the Yuan,
Ming, and Qing Dynasties, Beijing became the political center of the country, Hebei was
directly subordinated by the central government as a hinterland, and Tianjin developed
into an important port that was used to open up modern China to the outside world, after
the opening of the port in 1860 (Qing Dynasty). Hence, it preliminarily formed the “capital
–port–hinterland” functional zoning and spatial pattern [32]. Regarding the overall natural
pattern, the BTH region is surrounded by mountains on two sides, and the sea on the other
side: the Taihang Mountains to the west, Yanshan Mountains to the north, and Bohai Sea
to the east. From the perspective of spatial location, the area is complete and independent.
From the natural geomorphic evolution perspective, the plain area of BTH is formed by
the combined alluvial force of the ancient Yellow and Hai Rivers. Based on the analysis of
the river system, the geographical scope of the BTH region and Haihe River system are
basically the same, with the same independence and integrity.

2.2. Urban Land Use Data

This study primarily adopts objective spatial data to describe the distribution of
urban space and built-up areas in different periods, such as old maps and remote sensing
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data (Table 1). Old maps are mainly obtained from the large-scale surveying maps of
the Republic of China in Zhili, Chahar, and Jehol provinces (including the 1:50,000 scale
map, which covers the Zhili province, and the other two provinces complemented by the
1:100,000 map), as well as the actual measured city maps in the late Qing Dynasty and
Republic of China. The remote sensing data, which cover the entire Hebei area, were
downloaded from the USGS center, of which Landsat was adopted for the remote sensing
data, with a spatial resolution of 30 m. The topographic maps of 13 cities are shown as
Figure 3.

Table 1. Data source overview.

Data Data Type Source Original Resolution
or Scale

Military topographic
maps surveyed in the

Republic of China
Old maps

Surveying and
mapping agency of
local government

1:50,000, 1:100,000

Landsat Remote sensing
images

USGS (United States
Geological Survey) 30 m

Administrative
border Vector data (.shp) 1:250,000

Figure 3. Systematic illustration of the BTH military topographic maps (1: 50,000 or 1: 100,000) in the Republic of China.
(a) Beijing; (b) Tianjin; (c) Zhangjiakou; (d) Baoding; (e) Cangzhou; (f) Chengde; (g) Handan; (h) Hengshui; (i) Langfang;
(j) Qinhuangdao; (k) Shijiazhuang; (l) Tangshan; (m) Xingtai.

2.3. Extract and Analyze Built-Up Areas from Multi-Source Data

Studies on the boundaries of urban built-up areas usually require a uniform data
source and the same boundary extraction method. In addition, the definition of urban
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boundaries must be consistent to ensure extraction accuracy. When the study period
spans decades or even centuries, the extraction methods of built-up boundaries need to be
differentiated according to data sources. Considering the fact our data sources include old
maps and RS images, we will then discuss how to extract urban built-up areas from the
spatial information of different periods and categories from both sources, separately. The
flowchart of our study is shown in Figure 4.

Figure 4. The flowchart of this research.

2.3.1. Extract Built-Up Area Information from Old Maps

The government of the Republic of China has organized several provinces to survey
and map large-scale maps, as well as formulated unified cartographic specifications, which
have provided basic data conditions for regional or larger scale studies [15]. In the BTH
region, the former Zhili Province area was mapped with a 1:50,000 topographic map, with a
15′ × 10′ map area and latitude and longitude corner points, which can be directly aligned.
For the Chahar and Jehol regions, the topographic map was set at a scale of 1:100,000, with
a map area of 30′ × 20′ and latitude and longitude corner points, which can be directly
aligned. After the maps were aligned, according to the national unified cartographic norms,
urban areas were drawn with city walls or color blocks, which can be easily identified and
used for urban land reconstruction. Considering the technical limitations of surveying
and mapping in historical periods, as well as the errors in mapping processes and map
information, the current location of city walls, city gates, and typical buildings (bell and
drum towers, temples) can be analyzed and determined according to the records obtained
from historical documents (e.g., local chronicles, Unification Chronicles of the Qing Dynasty,
etc.), including references to today’s digital maps and remote sensing images. In Google
Earth, based on the determined locations of the city gates, the city boundaries are mapped
and imported into ArcGIS to calculate the perimeter and area, which are verified against
the city perimeter data recorded in historical documents.

Notably, during the feudal dynasty, Chinese cities were mostly identified by city walls,
and the mapping of city walls was relatively clear and precise [13]. However, there are
also built-up areas outside the city walls (“outer cities”). Therefore, to identify the built-up
areas more objectively and comprehensively, this study does not simply adopt city walls as
city boundaries but considers the definition of built-up areas (boundaries of built-up areas
contiguous with the central city), combined with the actual drawings in the map (Table 2).



Remote Sens. 2021, 13, 3264 7 of 21

Table 2. Map recognition of urban built-up areas.

Urban Built-Up Areas City Inside the Walls Outer City

Spatial distribution
characteristics

Located at the center of the city, surrounded by
city walls

Mainly located on the outer edge of the city, or
along the traffic line

Interpretation examples of
old maps

In this example, Area A is the city inside the wall, while areas B, C, and D are the outer cities.

2.3.2. Extract Built-Up Area Information Remote Sensing Images

In this study, Landsat optical images from 1990, 2000, 2010, and 2020 were downloaded.
Firstly, we combined the bands of Landsat data into a multi-band image to facilitate the
extraction of the NDBI of the study area. Then, the data were geometrically corrected, so
that the position of the feature on the image corresponded to its actual position, which
provided a position reference for the analysis of the data. In the process of correction, the
neighboring element method was used to perform geometric precision correction on the
image. Finally, the corrected data were clipped with the boundary of BTH region.

After data preprocessing, we started the extraction of land use, and impervious sur-
faces were extracted to obtain information on urban built-up areas. Here, the impervious
surface was adopted to prevent the infiltration of water down the soil. Natural impervious
and artificial impervious surfaces were adopted. The spatial and temporal distribution
of impervious surfaces directly reflects the trend of urban expansion. This study primar-
ily calculates NDBI (normalized difference built-up index) to obtain impervious surface
data [35].

NDBI =
SWIR− NIR
SWIR + NIR

(1)

In Equation (1), SWIR, and NIR represent the infrared band reflectance and near-
infrared band reflectance, respectively, and NDBI is calculated in the range of −1~1.
Regarding the accurate extraction of impervious surface, the boundaries of the built-up
area are extracted according to the principles of “continuous built-up area, non-agricultural
landscape, and closed contour,” based on the characteristics of the built-up area on the
remote sensing map. Because the research and technology for urban built-up area extrac-
tion and analysis, based on remote sensing, are relatively mature, we will not elaborate
them here.

Then, we selected the high-resolution built-up area product set as an independent
verification sample to evaluate the accuracy of the built-up area extraction [36]. Specifically,
we require the selected verification sample points to have a built-up area ratio of more than
85% within the range of 30 × 30 m, and the distance between the verification sample points
should be kept to at least 100 m to ensure their spatial independence. In each city in the
BTH agglomeration, the number of samples collected is proportional to the product area of
the built-up area, and the correctness is judged by visual judgment. The final extraction
accuracy is 87.39%, which meets the accuracy requirements of our study.

2.3.3. Analysis of Built-Up Areas in Different Periods

After extracting the built-up area, the analysis of the built-up area started with a
suitable segmentation of the study time frame, owing to the long time span involved in
this study and the complexity of the urban land change processes and mechanisms. After
segmentation, further analysis of urban built-up area expansion was carried out. Specif-
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ically, this analysis includes the quantitative urban expansion rate, expansion intensity,
compactness of urban form, fractal dimension, and mean center shift distance.

Rate of urban expansion: The rate of urban expansion is the change in urban land area
per unit time [27], which is expressed as:

CUE =
4s
4t
× 100% (2)

where CUE, ∆S, and ∆t represent the change in the urban built-up area of the study area,
area of the built-up area’s expansion during the given time period, and study time interval,
respectively.

Urban expansion intensity: The urban expansion intensity is the growth magnitude of
the urban land area per unit time, which can reflect the rapidity of a city’s development
and level of urbanization [28], specifically calculated by:

VUE =
4s

Sa ×4t
× 100% (3)

where VUE, Sa, ∆S, and ∆t represent the intensity of urban expansion in the study area,
built-up area at the beginning of the urban study, area of built-up area expansion during
the given time period, and study time interval, respectively.

Compactness of urban form: Compactness is used to reflect the relationship between
urban spatial form and functional layout, as well as the density and fullness of the built-up
area of the city [29]. Generally, the larger the compactness value, the denser the urban form.
The specific calculation formula is expressed as:

c =
2
√

πS
L

(4)

where c, S, and L represent the compactness of the urban built-up area, area of the urban
built-up area, and perimeter of the urban built-up area, respectively.

Fractal dimension: The fractal dimension is a measure of the irregularity of complex
shapes and can reflect the complexity of the shape of urban boundaries. The fractal
dimension is 1 for straight lines and 2 for rectangles, and the calculated value should be in
the theoretical range between 1 and 2. Accordingly, the larger the value, the more complex
the shape of the city [27].

The specific calculation formula is given by:

FD = 2
ln(L/4)

ln(S)
(5)

where FD, S, and L represent the fractal dimension, area, and perimeter of the built-up area
of the city, respectively.

City mean center shift: By comparing and analyzing the distribution of the location of
the city’s mean center, we obtain the direction of the mean center shift and the distance
of this shift in different periods. It is important to elucidate the process of urban spatial
dynamic change and the pattern of urban expansion. The formula for calculating the mean
center is:

Xt =
n
∑

i=1
(Cti × Xi)/

n
∑

i=1
Cti

Yt =
n
∑

i=1
(Cti ×Yi)/

n
∑

i=1
Cti

(6)

where Xt and Yt are the coordinates of the mean center of the city at time t, Xi, and Yi are
the coordinates of the mean center of the ith spot, and Cti is the area of the ith spot at time t.
Next, the actual distance between the two points was calculated from their coordinates.

After that, the mechanisms behind the urban built-up area expansion process are
analyzed based on the evolution of the urban built-up area expansion process, considering
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the influencing factors in different periods. The driving factors, which include natural,
political, economic, population, and transportation factors, are particularly complicated
when the study period is long. Political factors, for example, have long been a dominant
factor in urban expansion. During the feudal dynasty, urban functions such as capital,
accompanying capital, and border defense functions, directly influenced regional urban
populations and city sizes. However, the opening of Tianjin as a port city to the outside
world from 1860 onwards significantly facilitated the modern urbanization of Tianjin and
influenced its urban agglomeration patterns. Afterwards, the location of the provincial
capital was changed several times since the establishment of Hebei Province was approved
by government of the Republic of China in 1928. Later, the founding of the People’s
Republic of China, reform, opening up, implementation of BTH integration, and the
establishment of the Xiong’an New Area, were all important driving political factors that
directly influenced the city scale and urban hierarchy. In general, the main driving factors
vary from period to period. This study will conduct an in-depth analysis insofar as possible
to reconstruct the expansion process of the BTH urban agglomeration and its mechanism.

3. Results

Without understanding the history of cities, it is impossible to understand their present
realities, and it is significantly less possible to predict their future. Via the comprehensive
integration of long time series and multi-source spatial data over a century in the BTH
region, and the extraction of information on urban built-up areas, we obtained reconstruc-
tion results of urban built-up areas in the BTH region from the 1920s to 2020 (Figure 5).
The results will help us to elucidate how urban built-up areas expand from a century
scale, and thus to understand the urbanization process comprehensively. In general, the
expansion of cities was mostly based on the continuous outward development of the
original walled city area, after which there were trends of faster or slower expansion along
with the introduction of Western forces, such as the opening up of Tianjin, upgrading
or downgrading of the cities’ own administrative levels, development of transportation
routes, etc. However, on a century scale, the proportion of urban built-up area land still
increased significantly, and the functional land use of the urban agglomeration evolved
rapidly. The following discussion considers the numerical changes in urban built-up area,
its expansion rate, and intensity, as well as the spatial and temporal evolution of urban
form in terms of compactness, fractal dimension, and mean center shift.

3.1. Numerical Changes in Built-Up Area
3.1.1. Area of Urban Built-Ups Areas

Each city was experiencing outward expansion during the study period, and the sizes
of these cities have been increasing (Figure 6). The total size increased from 126.181 km2

to 7013.832 km2 from 1920s to 2020, which is an expansion of 55.585 times. Because the
original city wall area of Beijing experienced the largest expansion, relatively, its expansion
intensity is the smallest, with its built-up area increasing from 61.721 km2 to 3895.114 km2,
a 63.108-fold expansion. The city with the largest expansion intensity is Langfang, with its
built-up area increasing from 1.86 km2 to 1420.027 km2, a 763.455-fold expansion. Although
the expansion intensity of each city at different stages differs, a general trend of continuous
acceleration exists between them. This basically indicates a strong correlation between
expansion area and urban hierarchy. We further compared the obtained results with
those of Jiang et al., who conducted a centennial-scale analysis of the urban built-up area
expansion in the Jiangsu and Shanghai regions of China (typical urban agglomeration
in China as well) and concluded that the built-up area size increased from 127.1 km2 to
7736.4 km2, a 59.9-fold expansion. Considering the possible data and cartographic errors
in the century-scale study, the results of this study can be considered close to our obtained
urbanization results.



Remote Sens. 2021, 13, 3264 10 of 21

 

2 

Figure 5. The reconstruction result of urban built-up area: (a) BTH region (yellow for Beijing and blue for Tianjin); (b) Beijing;
(c) Tianjin.

3.1.2. Expansion Rate

The average annual expansion area in a certain period is used to characterize the
expansion rate of urban built-up areas (Figure 7a). According to the calculation results, the
average expansion rate of cities during the study period is approximately 16.247 km2 /year.
Further analysis of the difference in the expansion rate of built-up areas among different
cities indicates that Beijing tops the list with a rate of 38.334 km2/year, whereas Tianjin is
in second place with a rate of 30.061 km2 /year, which is also consistent with the status
of the two mega municipalities in the BTH region. After them, the cities with the largest
expansion rates in Hebei are, respectively, Tangshan, Baoding, and Shijiazhuang, among
others. These cities have played important roles in the industry and politics of the region in
the past and continue to do so. For example, Tangshan was once the “Beijing-Tianjin-Tang”
industrial base (one of the four major industrial bases in China), together with Beijing and
Tianjin, whereas Baoding and Shijiazhuang have been successively adopted as the capital
of the Hebei Province (including its predecessor, Zhili Province), which are also relatively
well developed in terms of their transportation and economic sectors. Chengde, which is
at the end of the list, is located at a higher altitude, with a cooler climate, and has been the
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second political center since the Qing Dynasty, owing to its summer resort. However, it
is now a national model tourism area. Owing to topography, functional positioning, and
other factors, the expansion of its urban built-up area is relatively slow.

 

2 

Figure 6. Change in the area of urban built-up areas of major cities in the BTH region.

1 
 

 

  
(a) (b) 

 
  

Figure 7. Expansion rate and intensity of different cities: (a) expansion rate; (b) expansion intensity.

3.1.3. Expansion Intensity

The average annual expansion ratio over a certain period of time is used to characterize
the expansion intensity of urban built-up areas (Figure 7b). According to the calculation
results, in general, the expansion intensity is not strongly correlated with the city hierarchy
and scale, unlike the expansion rate. In the BTH region, Tangshan is the city with the largest
expansion intensity, with 58.728%/a, and Shijiazhuang is the second largest with 45.335%/a.
Beijing is surprisingly the lowest, with an expansion intensity of only 6.211%/a. Taking
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Beijing as an example, although Beijing has the largest expansion area and expansion rate,
it has been the largest city in China, since the early Ming and Qing dynasties, and it has a
significantly larger city area than the other cities. Hence, its expansion intensity is relatively
lower than that of the other cities.

3.2. Spatio-Temporal Evolution of Urban Form

Urban expansion is not only expressed as the expansion of built-up areas, but also as
the change in urban spatial form. Compactness can effectively demonstrate the relationship
between the urban spatial form and functional layout, as well as the compactness and
fullness state of the land in the built-up area of the city. Fractal dimension is a measure of the
irregularity of complex forms, which can reflect the effectiveness of the space occupation of
complex forms. However, mean center shift can identify the direction of urban expansion
to a certain extent.

3.2.1. Compactness of Urban Form

First, compactness was analyzed, and the values of compactness were varied consid-
erably in the last hundred years as outward expansion was the dominant form of urban
development (Figure 8a). From the 1920s to 1930s, the cities with higher compactness
were Cangzhou, Baoding, and Beijing, whereas in 2020, the cities with higher compactness
were Qinhuangdao, Baoding, and Xingtai. During this century of compactness changes,
the city with the most significant change is Beijing, followed by Tianjin, and then Shiji-
azhuang. The mean compactness decreases from 0.916 in the 1920s to 0.492 in 2020, thus
indicating a decreasing trend, as the compactness of the construction land within the city
keeps decreasing. The more significant the expansion and irregular expansion pattern in
the same time period, such as the continuous expansion of the transportation network
and establishment of satellite cities, the lower the compactness of the city. Therefore, ur-
ban planners should focus on the internal space of the city in the future and increase its
compactness appropriately.

3.2.2. Fractal Dimension of Urban Form

Regarding the specific measurement of the fractal dimension, the fractal dimension
of every city in the historical period was lower than those in the modern period, because
the cities in the historical period were more regular and mostly enclosed by walls. The
fractal dimension of every city has increased in the last hundred years, and although it
has decreased in some cities in individual periods, it has generally exhibited an increasing
trend (from 1.225 in the 1930s to 1.466 in 2020, shown in (Figure 8b). City boundaries have
developed in the direction of complexity. Regarding specific cities, in the 1920s–1930s, the
cities with higher fractal dimensions were Handan, Xingtai, and Tianjin. In 2020, the cities
with higher fractal dimensions were Beijing, Tianjin, and Shijiazhuang. Accordingly, the
city with the most significant change was Beijing, followed by Tianjin, Shijiazhuang, and
Baoding. These measurements also indicate the increasing complexity of urban morphology
and agree well with the administrative hierarchy of cities. Hence, cities with high fractal
dimensions generally have high administrative rank.
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 Figure 8. Changes in urban form: (a) urban compactness; (b) fractal dimension; (c) distance of the city mean center.

3.2.3. Shift of the Mean Center

The direction of urban expansion is significantly influenced by the geographical
location and transportation conditions of the city. In areas with flat topography, cities
mostly expand outward more evenly along the ancient cities. Regarding the change in
the mean center of cities, in the past hundred years, there are three cities whose mean
center shifted by more than 5 km. These cities include Beijing, Tianjin, and Qinhuangdao.
In addition, there are four cities whose mean center shifted between 3 and 5 km, which
include Zhangjiakou, Chengde, Hengshui, and Shijiazhuang. Furthermore, there are two
cities whose mean center shifted by less than 1 km, which include Baoding and Langfang.
Table 3 and Figure 8c presents the migration distance and direction of the mean center of
each city.



Remote Sens. 2021, 13, 3264 14 of 21

Table 3. Shift of the mean center of the built-up area.

City Mean Center (1920s) Mean Center (2020) Offset
Distance

Offset
Direction

Beijing 116.390◦ E 39.907◦ N 116.413◦ E 39.969◦ N 7.175 km Northeast
Tianjin 117.185◦ E 39.138◦ N 117.301◦ E 39.088◦ N 11.461 km Southeast

Baoding 115.491◦ E 38.858◦ N 115.484◦ E 38.853◦ N 0.823 km Southwest
Cangzhou 116.856◦ E 38.308◦ N 116.868◦ E 38.312◦ N 1.139 km Northeast
Chengde 117.932◦ E 40.975◦ N 117.891◦ E 40.971◦ N 3.475 km Southwest
Handan 114.481◦ E 36.606◦ N 114.483◦ E 36.589◦ N 1.901 km Southeast

Hengshui 115.704◦ E 37.727◦ N 115.722◦ E 37.752◦ N 3.202 km Northeast
Langfang 116.693◦ E 39.515◦ N 116.718◦ E 39.530◦ N 0.738 km Northeast

Qinhuangdao 119.598◦ E 39.924◦ N 119.539◦ E 39.928◦ N 5.056 km Northwest
Shijiazhuang 114.478◦ E 38.009◦ N 114.515◦ E 38.038◦ N 4.577 km Northeast

Tangshan 118.199◦ E 39.621◦ N 118.175◦ E 39.629◦ N 2.242 km Northwest
Xingtai 117.501◦ E 37.065◦ N 117.497◦ E 37.052◦ N 1.490 km Southwest

Zhangjiakou 114.878◦ E 40.819◦ N 114.896◦ E 40.789◦ N 3.668 km Southeast

3.3. Major Driving Factors and Urbanization

The Beijing-Tianjin-Hebei region contains distinct political centers, port cities, and
regional hinterlands, constituting a “capital–port–hinterland” urban system with different
sizes, functions, labor divisions, and interdependencies. In general, most modern cities
and towns are formed due to a continued and gradual development of historical cities and
towns. The results of our study on the expansion of cities and towns also demonstrate that
cities have mostly grown outward from their original city walls, with expansions varying
from period to period according to their corresponding driving forces. The analysis of
the various drivers behind their expansion includes natural, political, and socio-economic
factors. In the span of a century or more, natural factors may determine the initial location,
expansion direction, and general size of the city. At the same time, important national and
local historical events, population build-up, and economic development may influence the
long-term expansion of cities.

3.3.1. Natural Factors

Natural factors largely determine the location and scale of cities, providing an objective
basis for the evolution of urban spaces, which affects the density and spatial distribution
of the population and economy. The BTH region is located in China’s North China Plain,
surrounded by mountains on two sides and a sea. It is bordered by the Taihang Mountains
to the west, the Yan Mountains to the north, and the Bohai Sea to the east, and is strategically
defensible due to its relative isolation. It also largely overlaps with the Haihe River basin
and Bohai Sea Gulf and is far from the Yellow River floodplain. The region features
prerequisite natural conditions for developing historical settlements and urban systems and
rich mineral resources such as coal, iron, and oil. Specifically, Zhangjiakou and Chengde,
located in the northern part of the BTH region, are a part of the Yan Mountains, featuring
terrain dominated by mountains, limited available land for construction, poor urban
development conditions, smaller cities, and relatively homogeneous urban functions. For
example, in historical periods, Zhangjiakou and Chengde were mainly used for government
functions, accommodating military fortresses and imperial palaces. In contrast, the terrain
of the southeastern area of the BTH region falls under the North China Plain, where there
is more land available for construction and low construction costs, making it possible
to form integrated regional cities. This, in turn, leads to relatively large cities compared
to other cities on the same political level. For example, the population of the historical
city of Daming Prefecture (which is now part of Handan city) used to be more than a
million. Tianjin, Qinhuangdao, and Tangshan are important port cities with well-developed
shipping and prominent transportation functions. Tianjin has now become the largest port
in North China since its opening. Due to rapid economic development and population
growth, its urban built-up area is second only to Beijing in terms of size. The Beijing-Tianjin-
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Tangshan area is one of China’s four major industrial bases, and Tangshan contains iron
and steel, petrochemical, and other industries. Tangshan has iron and steel, petrochemical,
and other industries. Its urban built-up area is smaller than Beijing and Tianjin, ranking the
third in BTH. Qinhuangdao, originating from Shanhaiguan, is located at the intersection of
Northeast China with North China. It later became a tourist destination as it is a scenic
seaside city.

3.3.2. Political Factors

From a political perspective, the urban development from as early as the Ming and
Qing dynasties, particularly the nationwide culmination of fortifications built during the
Ming dynasty, established the basic structure of present-day Chinese cities. Historically,
cities were essentially political centers at different levels, gaining the ability to gather
resources due to their political status and thus exhibiting prosperous consumption charac-
teristics, as is most evident in the development of the capital as the country’s political center.
As can be seen from built-up areas, the size of the country’s capital was much larger than
other cities in the Beijing-Tianjin-Hebei region, fully reflecting its political rank as a regional
political center or even a national political center. By the late Qing dynasty and early
Republican Era, many cities along China’s coasts and rivers were forced to open their ports
under the influence of modern Western civilization, with Tianjin as the first city to become
a large port city in North China and the country. The nation’s industry and commerce rose
with the influx of outside forces, which likewise increased the inflow of population. The
preexisting law of preferential growth in political centers was gradually phased out, and
the urban structural system evolved rapidly. By the late Republican Era, China’s economy
was in trouble and many cities were severely damaged due to the Second Sino-Japanese
War and the Chinese Communist Revolution. After establishing the People’s Republic of
China in 1949, a hundred cities were waiting to be rebuilt. The economy began to take
off on all fronts especially after the reform and opening up of China in 1978. The regional
economy continued to achieve breakthroughs and constantly drove the expansion of urban
built-up areas. With new policies driven by the integration of Beijing, Tianjin, and Hebei,
the construction of the Beijing-Tianjin-Hebei world-class city cluster, and the establishment
of the Xiong’an New Area, the region was more able to develop synergistically. It also
helped the region to optimize the urban layout and labor division structure and promoted
inter-city labor division and collaboration, thereby enhancing the integration of the city
cluster. One of the more interesting and complicated changes at the political level is the
administrative divisions of the BTH region, which has undergone many adjustments. The
provincial capital of Hebei province has been constantly moved back and forth between
several cities, such as Tianjin, Baoding, Beijing, and Shijiazhuang, which is rare in China
(Table 4). The location of the provincial capital also directly impacts the political hierarchy
and size of the cities.

Table 4. Migration of the capital of Hebei Province since late Qing Dynasty.

Year Provincial Capital Year Provincial Capital

1860 Baoding 1945 Beiping (Beijing)
1870 Baoding & Tianjin 1946 Baoding
1902 Tianjin 1947 Beiping (Beijing)
1928 Beiping (Beijing) 1949 Baoding
1930 Tianjin 1958 Tianjin
1935 Baoding 1966 Baoding
1937 Tianjin 1968 to present Shijiazhuang
1939 Baoding

3.3.3. Socio-Economic Factors

The continuous accumulation of urban population is one of the important signs of
urbanization and a very crucial figure in measuring urbanization level. According to
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the statistics on the urban population (populations over 50,000) by Ruisheng Shen, a
geographer and research member of the Sun Yat-sen Industrial Planning Research Associa-
tion during the Republican Era, in the 1930s, Beijing had a population of approximately
1,564,877,000 people, Tianjin 1,067,900, Baoding 312,000, Tangshan 85,000, Shanhaiguan
(now Qinhuangdao) 70,000, and Shijiazhuang 60,000. There were six cities with a popula-
tion of more than 50,000. On a national level, the only cities with more than one million
people were Shanghai, Beiping, Guangzhou, Tianjin, and Nanjing, which showcases the
large population size of the Beijing-Tianjin-Hebei region. Afterward, following a series of
urbanization processes, such as reforms and opening up, and the integration of Beijing,
Tianjin, and Hebei, the proportion of the national urban population increased from less
than 20% to 63.89% (according to the latest Seventh Census results) and the population
of the Beijing-Tianjin-Hebei region accounted for 7.81% of the country’s total population.
Beijing had a population of 21,893,100 people. The problem of urban diseases had become
increasingly prominent, so the government carried out corresponding industrial adjust-
ments and household population control. Hebei took over some of the population and
urban functions.

In terms of transportation and economy, railway construction, economic development,
and regional urbanization have brought about changes in the functions of cities. As a result
of railway construction, some industrial and mining cities along the railway lines began
to grow, and with transportation network improvements, transportation hub cities also
began to rise (Figure 9). Shijiazhuang was originally a sparsely populated village, but in
modern times, with the construction and opening of the Beijing-Hankou and Zhengtai
railways, it took advantage of the railways and rapidly developed into a transportation
hub. Similarly, Zhangjiakou became a transit and trade hub due to the construction of
the Beijing-Zhangjiakou Railway, which facilitated transportation from Zhangjiakou to
Tianjin. Langfang, on the other hand, gradually developed itself and its surrounding
areas from a railway station into the built-up area it is today as a direct result of the
Beijing-Shanhaiguan railway, which has a station in Langfang. After several years of basic
transportation construction, the Beijing-Tianjin-Hebei region achieved interoperability
between regular and high-speed railway, making inter-regional exchanges more convenient.
Transportation development directly promoted the development of the economy and trade.
Later on, with the influx of population and foreign capital and the development of the
transportation network, the economic functions of the city were continuously strengthened.
The monolithic structure of traditional cities dominated by political functions changed
into a diversified structure with equal emphasis on political, economic, and educational
functions of modern cities. The urban system also changed gradually from the traditional
monocentric structure to a multi-functional multi-core urban system with Beijing and
Tianjin as the center, forming the functional structure of the BTH region. In consideration
of the high population and industrial density of the Beijing-Tianjin region and given the
integration of Beijing, Tianjin, and Hebei lies in the carrying capacity of Hebei, relevant
mature industry chains should be further diffused and sub-transferred to the surrounding
cities in the future to better utilize the city outskirt capacity of Beijing and Tianjin. The
redundant labor force of the two cities should also be absorbed to achieve a balanced
regional industrialization and urbanization development.
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Figure 9. Railways in BTH: (a) 1934; (b) 2018.

4. Discussions
4.1. Data Availability of Historical Data

The availability of historical data and data quality represent an important and difficult
challenge in the analysis of land use, land cover change, and urban built-up area, especially
when using historical information dating back to the period before remote sensing data
became available. Historical data, especially old maps, often introduce higher levels
of positional error and uncertainty owing to the use of different sources and lack of
georeferenced coordinates. These “inaccuracies” and “uncertainties” can affect the results
of land use change, including landscape indicator calculations. It is challenging to adopt
a standardized approach to process all the old maps, owing to the unique styles and
cartographic habits of different institutions and different time periods. The drawing style
and precision are also different in cities and rural areas (Figure 10). Because the focus of
this study is on urban built-up area change at the scale of urban agglomerations, maps
from historical periods should be selected to ensure that the mapping time and mapping
specifications are consistent or as close as possible. The large-scale topographic maps
surveyed and mapped by the Republic of China, which were based on swift survey plans
and outlines, are more significantly comparable horizontally than the urban maps produced
by different agencies in different cities. First, the remote sensing and historical data were
also geo-corrected using remote sensing data based on unaltered important landmarks
such as the Forbidden City, buildings in concessions, and ancient city ruins. Despite the
errors in the historical data, they are in most cases meaningful in terms of the urbanization
process and the historical trajectory of the city.
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Figure 10. Cities and rural areas on the map: (a) City; (b) Rural area.

Owing to data limitations, it is more difficult for us to study internal changes in
urban development. For example, significant internal changes have also occurred within
urban agglomerations via urban renewal and housing demolition. Internal changes and
increases in building heights are important parts of urbanization research and will be
further emphasized in our future studies via data collection and examination. Notably,
the uncertainties in the processing of multi-source data when extracting urban boundary
information may trigger errors in the area and perimeter of the urban boundaries. For
example, early surveys and maps are mostly hand-drawn. The boundaries are not strictly
natural boundaries, and there may be cases where non-urban land is included in urban
areas, thus shortening the boundary perimeter. However, although remote sensing images
in recent years present the extent of urban built-up areas with natural boundaries, and
extraction results are practical, the perimeter may be increased, owing to more curvatures in
the boundaries. In addition, different data sources may influence the data calculation results
to a certain extent, owing to coordinate alignment and mapping errors. However, because
this research is a regional study, the same batch of surveys and maps are comparable, and
these effects have been controlled within acceptable limits for macro trend analysis.

4.2. Why Do We Need Longer Time Series Studies?

The comprehensive integration of multi-source, multi-category, and multi-temporal
spatial data, and longer-term research, will help to understand the relationship between
man and land, better understand the history of the city, and use historical experience to
better help future decision making.

Firstly, long-term research on land use and cover change (LUCC) changes helps to
understand the relationship between human and land. In the past 100 years, humans have
carried out high-intensity and large-scale urban construction, which has greatly changed
the natural landscape of the land. It has become a consensus that human activities on land
and the resulting changes have increased the vulnerability of the Earth’s surface ecosystems.
Comprehensive use of multi-source, multi-category, and multi-temporal spatial data to
restore the detailed process of land use and land cover changes in historical periods
can provide an in-depth understanding of the impact of human activities on landmark
landscape changes in the past hundreds of years. It also provides historical knowledge and
basic data for research on simulating past climate change processes, diagnosing climate
formation mechanisms, and carbon emissions due to LUCC. It meets the requirements
for the construction of earth observation spatio-temporal data sets in the 2030 Sustainable
Development Goals (SDGs) proposed by the United Nations Development Summit.
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Then, focusing on urban areas, only by understanding the history of the city can
the history itself be better protected. In the process of rapid urbanization, urban histor-
ical landscapes have suffered the most serious threats in history, and many historical
landscapes have been destroyed. The UNESCO and the international cultural heritage pro-
tection community therefore pay particular attention to the protection of urban historical
landscapes and have promoted the implementation of new methods of urban protection
(Recommendation on the Historic Urban Landscape). The integration of multi-source,
multi-category, and multi-temporal spatial data in the past hundred years can be directly
used for the census of historical and cultural resources to help delineate the red line of
historical and cultural protection, and even establish a historical and cultural heritage
information platform. At the same time, in addition to the ancient buildings, there are a
large number of old place names in the old maps, which can further reveal the memory of
the city and contribute towards a collective sense of belonging.

Finally, combining effective historical experience in historical trends can inform better
decisions about the future. Understanding the historical trend and the influencing factors
of urban growth can support predictions pertaining to the future growth of the city. These
studies can provide historical reference for the government to formulate land policies and
adjust land use methods and summarize experience and lessons. For example, historical
and cultural protection decisions can be added to the geographical process decision-making,
and the resource carrying capacity that considers historical topography and landforms
can also be increased. We believe that, comprehensively considering historical trends and
historical references, the policies formulated must be more scientific and effective.

5. Conclusions

Nowadays, China is actively promoting the integration of Beijing-Tianjin-Hebei, an
important national development strategy. It is of practical significance to understand the
urban development process and characteristic influencing factors of the region since mod-
ern times, to formulate a more scientific and effective spatial optimization adjustment plan.
By comprehensively using urban spatial data, such as old maps and remote sensing images,
geo-referencing them, and extracting built-up area information, a long-term sequence of
urban built-up areas in the BTH region can be obtained. We analyzed the changes in
the area value and spatial pattern at different stages, and then combined historical and
statistical data to discuss the natural, political, and socio-economic factors of urban ag-
glomeration expansion. After years of development, there was clear evidence of dramatic
urban expansion in this area, and the total built-up area increased 55.585 times. Cities in
BTH were mostly formed through the construction of city walls during the Ming and Qing
dynasties. Looking at the urban expansion process that has affected the BTH region in the
past hundred years, the level of urban development and the size of the regional popula-
tion are the most important and fundamental factors that have always affected the urban
built-up area. Transportation construction is an important factor in attracting economy
and population. The cities of the Ming and Qing dynasties and the transportation modes
developed by the Republic of China laid the foundation for the initial urban system. Later,
the opening of Tianjin, the reform and opening up of China, and the creation of new urban
areas continued to promote the development of cities. Through scientific and effective
urban planning, actively guiding the rational layout of industries and the population and
guiding the population flow economy to optimize the concept of urban development, it
has exemplary significance for solving the urbanization problems caused by advanced and
disorderly urbanization.

Our study has proven that the historical topographic map of the Republic of China can
help expand the research period and promote longer-term research. We use remote sensing
and GIS methods to integrate multi-source, multi-category, and multi-temporal spatial data
to carry out long-term urbanization research, which is a very good attempt. Up till now,
we have geo-referenced all old topographic maps in two sets of publicly published atlases.
This series of maps has a scale of 1:50,000 and a total of 6033 maps, covering 21 provinces
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in China, and can be directly used for land use research in China before the advent of
remote sensing. In terms of the extraction of built-up areas, we have extracted historical
towns in the Beijing-Tianjin-Hebei region. We will further extract the Yangtze River Delta
region and the Pearl River Delta region, and systematically study the centennial-scale
urban spatial expansion of China’s three largest urban agglomerations. We hope that, in
the future, there will be more research on the spatial expansion of multi-source integration.
However, there are some limitations to this study. First, currently, other accurate old map
data cannot be used to confirm the veracity of the research. Further, the selected historical
event cross-sections are inconsistent, resulting in a rough division of the urban expansion
stage. Second, old maps may have map and boundary errors, while remote sensing images
are more detailed, providing a longer perimeter of the built-up area. However, because this
was a regional study, the same batch of mapping was still comparable, and these effects
were controlled within an acceptable range for macro-trend analysis. In follow-up studies,
mining historical data should further broaden the research horizon and strengthen the
analysis method to obtain a new understanding.
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contemporary data sets—old maps, LiDAR, DTMs, orthophotomaps and cross-sectional profile measurements. Remote Sens. 2020,
12, 2208. [CrossRef]

10. Conzen, M.R.G. Alnwick, Northumberland: A Study in Town Plan Analysis; George Philip: London, UK, 1960.
11. Whitehand, J.W.R. The Urban Landscape: Historical Development and Management; Institute of British Geographers Special Publication

13; Academic Press: London, UK, 1981.
12. He, F.; Ge, Q.; Zheng, J. Reckoning the areas of urban land use and their comparison in the Qing Dynasty in China. Acta Geogr.

Sin. 2002, 57, 709–716.

http://doi.org/10.1016/j.landusepol.2015.07.025
http://doi.org/10.1016/j.landurbplan.2014.10.023
http://doi.org/10.1016/j.scitotenv.2019.04.080
http://doi.org/10.3390/land10070715
http://doi.org/10.1016/j.compenvurbsys.2013.12.001
http://doi.org/10.1016/j.habitatint.2019.04.006
http://doi.org/10.1007/s10661-017-5938-y
http://doi.org/10.1016/j.ecoleng.2019.08.010
http://doi.org/10.3390/rs12142208


Remote Sens. 2021, 13, 3264 21 of 21

13. Cheng, Y. The urban size and administrative scales in the Qing dynasty. J. Yangzhou Univ. 2013, 11, 124–128.
14. Ioannides, Y.M.; Zhang, J.F. Walled cities in late imperial China. J. Urban Econ. 2017, 97, 71–88. [CrossRef]
15. Wan, Z.; Chen, X.; Ju, M.; Ling, C.; Liu, G.; Liao, F.; Jia, Y.; Jiang, M. Reconstruction and pattern analysis of historical urbanization

of Pre-Modern China in the 1910s using topographic maps and the GIS-ESDA model: A case study in Zhejiang Province, China.
Sustainability 2020, 12, 537. [CrossRef]

16. Tortora, A.; Statuto, D.; Picuno, P. Rural landscape planning through spatial modelling and image processing of historical maps.
Land Use Policy 2015, 42, 71–82. [CrossRef]

17. Chen, S.; Zeng, S.; Xle, C. Remote sensing and GIS for urban growth analysis in China. Photogramm. Eng. Rem. Sens. 2020, 66,
593–598.

18. Reba, M.; Seto, K. A systematic review and assessment of algorithms to detect, characterize, and monitor urban land change.
Remote Sens. Environ. 2020, 242, 111739. [CrossRef]

19. Liu, X.; Huang, Y.; Xu, X.; Li, X.; Li, X.; Ciais, P.; Lin, P.; Gong, K.; Ziegler, A.; Chen, A.; et al. High-spatiotemporal-resolution
mapping of global urban change from 1985 to 2015. Nat. Sustain. 2020, 3, 564–570. [CrossRef]

20. Gong, P.; Li, X.; Wang, J.; Bai, Y.; Chen, B.; Hu, T.; Liu, X.; Xu, B.; Yang, J.; Zhang, W.; et al. Annual maps of global artificial
impervious area (GAIA) between 1985 and 2018. Remote Sens. Environ. 2020, 236, 111510. [CrossRef]

21. Global Human Settlement Layer. Available online: https://ghslsys.jrc.ec.europa.eu/index.php (accessed on 18 August 2021).
22. Jiang, J.; Zhang, J.; Zhang, Y.; Zhang, C.; Tian, G. Estimating nitrogen oxides emissions at city scale in China with a nightlight

remote sensing model. Sci. Total Environ. 2016, 544, 1119–1127. [CrossRef] [PubMed]
23. Li, X.; Li, D.; Xu, H.; Wu, C. Intercalibration between DMSP/OLS and VIIRS night-time light images to evaluate city light

dynamics of Syria’s major human settlement during Syrian Civil War. Int. J. Remote Sens. 2017, 38, 5934–5951. [CrossRef]
24. Long, Y.; Jin, X.; Yang, X.; Zhou, Y. Reconstruction of historical arable land use patterns using constrained cellular automata: A

case study of Jiangsu, China. Appl. Geogr. 2014, 52, 67–77. [CrossRef]
25. Chen, Y.; Huang, W.; Wang, W.; Juang, J.; Hong, J.; Kato, T.; Luyssaert, S. Reconstructing Taiwan’s land cover changes between

1904 and 2015 from historical maps and satellite images. Sci. Rep. 2019, 9, 3643. [CrossRef] [PubMed]
26. Zohar, M. Follow the road: Historical GIS for evaluating the development of routes in the Negev region during the twentieth

century. Cartogr. Geogr. Inf. Sci. 2019, 46, 532–546. [CrossRef]
27. Jin, X.; Pan, Q.; Yang, X.; Bai, Q.; Zhou, Y. Reconstructing the historical spatial land use pattern for Jiangsu Province in mid-Qing

Dynasty. J. Geogr. Sci. 2016, 26, 1689–1706. [CrossRef]
28. Xie, J.; Jin, X.; Lin, Y.; Cheng, Y.; Yang, X.; Bai, Q.; Zhou, Y. Quantitative estimation and spatial reconstruction of urban and rural

construction land in Jiangsu Province, 1820–1985. J. Geogr. Sci. 2017, 27, 1185–1208. [CrossRef]
29. Xue, Q.; Jin, X.; Cheng, Y.; Yang, X.; Jia, X.; Zhou, Y. The historical process of the masonry city walls construction in China during

1 to 17 centuries AD. PLoS ONE 2019, 14, e0214119. [CrossRef] [PubMed]
30. Yu, Z.; Jin, X.; Miao, L.; Yang, X. A historical reconstruction of cropland in China from 1900 to 2016. Earth Syst. Sci. Data 2021, 13,

3203–3218. [CrossRef]
31. Sun, T.; Sun, R.; Khan, M.S.; Chen, L. Urbanization increased annual precipitation in temperate climate zone: A case in

Beijing-Tianjin-Hebei region of North China. Ecol. Indic. 2021, 126, 107621. [CrossRef]
32. Xu, M.; Zhang, Z. Spatial differentiation characteristics and driving mechanism of rural-industrial Land transition: A case study

of Beijing-Tianjin-Hebei region, China. Land Use Policy 2021, 102, 105239. [CrossRef]
33. Liu, Z.; Wang, S.; Wang, F. Isolated or integrated? Planning and management of urban renewal for historic areas in old Beijing

city, based on the association network system. Habitat Int. 2019, 93, 102049. [CrossRef]
34. He, X.; Zhou, C.; Zhang, J.; Yuan, X. Using wavelet transforms to fuse nighttime light data and POI big data to extract urban

built-up areas. Remote Sens. 2020, 12, 3887. [CrossRef]
35. Varshney, A. Improved NDBI differencing algorithm for built-up regions change detection from remote-sensing data: An

automated approach. Remote Sens. Lett. 2013, 4, 504–512. [CrossRef]
36. Liu, C.; Huang, X.; Zhu, Z.; Chen, H.; Tang, X.; Gong, J. Automatic extraction of built-up area from ZY3 multi-view satellite

imagery: Analysis of 45 global cities. Remote Sens. Environ. 2019, 226, 51–73. [CrossRef]

http://doi.org/10.1016/j.jue.2016.10.004
http://doi.org/10.3390/su12020537
http://doi.org/10.1016/j.landusepol.2014.06.027
http://doi.org/10.1016/j.rse.2020.111739
http://doi.org/10.1038/s41893-020-0521-x
http://doi.org/10.1016/j.rse.2019.111510
https://ghslsys.jrc.ec.europa.eu/index.php
http://doi.org/10.1016/j.scitotenv.2015.11.113
http://www.ncbi.nlm.nih.gov/pubmed/26779958
http://doi.org/10.1080/01431161.2017.1331476
http://doi.org/10.1016/j.apgeog.2014.05.001
http://doi.org/10.1038/s41598-019-40063-1
http://www.ncbi.nlm.nih.gov/pubmed/30842476
http://doi.org/10.1080/15230406.2019.1577176
http://doi.org/10.1007/s11442-016-1353-5
http://doi.org/10.1007/s11442-017-1430-4
http://doi.org/10.1371/journal.pone.0214119
http://www.ncbi.nlm.nih.gov/pubmed/30901369
http://doi.org/10.5194/essd-13-3203-2021
http://doi.org/10.1016/j.ecolind.2021.107621
http://doi.org/10.1016/j.landusepol.2020.105239
http://doi.org/10.1016/j.habitatint.2019.102049
http://doi.org/10.3390/rs12233887
http://doi.org/10.1080/2150704X.2013.763297
http://doi.org/10.1016/j.rse.2019.03.033

	Introduction 
	Materials and Methods 
	Study Area 
	Urban Land Use Data 
	Extract and Analyze Built-Up Areas from Multi-Source Data 
	Extract Built-Up Area Information from Old Maps 
	Extract Built-Up Area Information Remote Sensing Images 
	Analysis of Built-Up Areas in Different Periods 


	Results 
	Numerical Changes in Built-Up Area 
	Area of Urban Built-Ups Areas 
	Expansion Rate 
	Expansion Intensity 

	Spatio-Temporal Evolution of Urban Form 
	Compactness of Urban Form 
	Fractal Dimension of Urban Form 
	Shift of the Mean Center 

	Major Driving Factors and Urbanization 
	Natural Factors 
	Political Factors 
	Socio-Economic Factors 


	Discussions 
	Data Availability of Historical Data 
	Why Do We Need Longer Time Series Studies? 

	Conclusions 
	References

