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Analyzing Urban Spatial Connectivity Using Night
Light Observations: A Case Study of Three

Representative Urban Agglomerations in China
Xia Zhao , Xi Li , Yuyu Zhou , and Deren Li

Abstract—Urban connectivity information is important for re-
gional planning of sustainable development goals. However, there
are still challenges in deriving the spatial connectivity relationship
among urban areas. The nighttime light data measure anthro-
pogenic phenomenon remotely and can be seen as a unique source
for monitoring urban spatial expansion and human activities. This
study presents an object-based approach for investigating spatial
connectivity among urban patches by incorporating Suomi Na-
tional Polar-Orbiting Partnership Visible Infrared Imaging Ra-
diometer Suite Day/Night Band and land use data collected in 2015.
A graph-based method is used to construct connectivity networks
and explore spatial patterns considering both quantity and quality
of connections in three vibrant urban agglomerations in China,
namely, Jing-Jin-Ji (JJJ), Yangtze River Delta (YRD), and Pearl
River Delta (PRD) megaregions. Results indicate that networks
follow a power law distribution according to cumulative degree
distributions. A closer connectivity relationship exists among urban
patches in PRD, with a relatively high-intensity connection ratio
and a mean degree of 4.5, compared with YRD and JJJ. Block-like
connections are observed in core areas of all urban agglomerations
(UAs), and single-tree connections are found in peripheral areas.
This article implies a significant inequality in the regional devel-
opment and hub–spoke structures with hubs of provincial capitals
and municipalities. Our proposed framework is transferrable for
the analysis of connectivity relationship in other regions, and the
outcome can contribute to the study of evolution of UAs and bring
insights to policymakers for sustainable development at regional
level.
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I. INTRODUCTION

URBANIZATION is a global and complicated phenomenon
that simultaneously involves the migration of population

from rural to urban, the shift of the economy from agriculture
to manufacturing and service industries, and the transformation
of natural land surfaces into artificial urban landscapes [1]–[3].
The ongoing urbanization process has increased the integration
of urban landscapes and not only the continuously aggregated
metropolitan areas, but also the connections among cities [4].
This process generates urban agglomerations (UAs) worldwide.
The UA is more than a simple collection of cities, and it is also the
inner integration of people, physical structures, economics, and
information; it is shaped by one or two leading cities and several
adjacent cities [5]. The connectivity relationship among cities
plays an important role in acknowledging regional development
and provides knowledge regarding the evolution of UAs [6]–[8].

Previous studies of urban relationship can be divided into
three major categories regarding data types, namely, transporta-
tion data, population, and information flows. The first category
mostly refers to airlines [9], [10], railways [11], and road
networks [12]. The second category includes commuting data
[13], migration flows [14], [15], and trip networks derived from
social media data [16]. The third category typically uses the
Baidu Index that represents the mutual focus of users among
cities [17] and Sina microblog [18]. Nonetheless, identifying
the relationship among urban areas is a challenging problem
from several aspects. First, no single variable can measure the
actual connectivity relationship among cities [4]. For example,
although many cities do not have airports, such as Suzhou in
China, they are still well-connected with other cities. Second,
the basic units of these analyses only focus on the administrative
divisions at the city and provincial scales. Consequently, the
internal connections of urban patches belonging to the same city
are not shown, and the strongest connections of urban aggregated
areas, such as junction urban areas that belong to different
divisions, are neglected. Third, these studies suffer from the
labor-intensive processing of collected data and are prone to
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uncertainties. Thus, new data sources are urgently needed for
urban connectivity relationship.

Remote sensing technology has been demonstrated as an ef-
fective tool for monitoring land surface conditions across various
spatial scales with a continuous spatial coverage and diverse
data reserves [19]–[24]. For example, nighttime light (NTL)
observations record light emissions from the Earth’s surface at
night. Many studies have documented the high correlation of
NTL with economics [25]–[28], population density and carbon
emissions [29]–[32], and freight traffic [33], [34]. Various re-
searchers have reported their success in mapping urban areas
derived from the sole input of NTL data [21], [35]–[39]; how-
ever, only a few studies have explored the relationship among
urban areas using NTL data.

The existing studies using NTL data to explore the spatial
relationship of urban areas can be grouped into three categories.
The first is based on the spatial proximity relationship of urban
patches. For example, Yu et al. [40] distinguished the major
UAs in China by examining the spatial cluster relationship of
urban objects derived from the Defense Meteorological Satellite
Program (DMSP) NTL data. The second involves analogizing
NTL images as the contiguous surface representing the intensity
of human activities. For example, Chen et al. [41] explored
the functions and accessibility of urban areas in Shanghai by
analyzing the concentration levels of human activities using
Visible Infrared Imaging Radiometer Suite (VIIRS) Day/Night
Band (DNB) data. Wu et al. [42] proposed a method for detecting
the hierarchical relationship of urban areas and successfully
experimented in 32 major cities in China. Third, Small et al.
[43], [44] pointed out the great potential of VIIRS DNB data
in detecting the vast spatial network among human settlements
with the capability of resolving lighted road networks.

Investigating the spatial connectivity relationship of urban
areas based on NTL data still faces challenges. First, although
DMSP NTL data can be used to derive urban extents, these
observations exert a blooming effect, which makes the detected
urban areas considerably larger than the real built-up areas [21],
[45], and this issue inevitably influences the spatial proximity of
urban areas. Second, although studies have well detected the
hierarchical relationship of urban areas by analogizing NTL
data as the intensity surface of human activities, these studies
focus only on the interior urban areas of a city. Third, the spatial
connectivity relationship of urban areas in these studies are only
characterized through rank-size distribution by setting various
segmentation thresholds.

In this article, we propose an object-based approach for
detecting spatial connections among urban patches based on
NTL data and explore urban connectivity networks using a
graph-based method. The remainder of this article is organized
as follows. Section II describes the related data set and the
experiment areas. In Section III, we provide an overview of the
study procedure, including the connectivity detection method,
the graph-based analysis method, and the centrality measures
of urban patches. Section IV discusses the visualization results
and the quantitative analysis results of urban connectivity rela-
tionship in the context of UAs. Finally, Section V concludes this
article.

II. STUDY AREA AND DATA

A. Study Area

This study focuses on the three national-level UAs in China,
namely, Jing-Jin-Ji (JJJ, with 13 cities), Yangtze River Delta
(YRD, with 42 cities, including Hefei Province), and Pearl
River Delta (PRD, with 11 cities, including Hong Kong and
Macau) (see Fig. 1) [46], which have experienced the fastest
population growth and rapid urbanization over recent decades.
The JJJ region is located in the Northern China Plain, with
two municipalities (Beijing and Tianjin) as leading cities.
YRD is situated in the alluvial plain of the Yangtze River,
with Shanghai as the center and Nanjing, Hangzhou, and
Hefei as the subcenters. PRD is the confluence of three large
rivers endowed with geographical advantage, with Guangzhou,
Shenzhen, and Hong Kong as leading cities. Their basic infor-
mation is provided in Table I. These regions have continued to
be prosperous and energetic since the reform and opening of
China.

Although three UAs occupy only 5.1% of the national terri-
tory, they account for nearly 30.4% of China’s total population
and generate 42.5% of the total gross domestic product (GDP),
nearly 30.1% of total passenger traffic and 32.9% of total freight
traffic according to 2016 National Statistics Yearbook of China
[48]. These statistics indicate that the most frequent, highly
demanding physical and economic movements occur in these
regions. The NTL images of the three UAs in 2015 are shown
in Fig. 1(b)–(d).

B. Data and Preprocessing

The annual product of the version 1 of nighttime VIIRS
DNB cloud-free composites tile 3 (75°N/60°E to 0°N/18°0E)
from [49] in 2015 is used in this article. VIIRS DNB collects
information across a single wide spectral band that covers the
wavelength range of 0.5–0.9 µm, with a spatial resolution of
15 arc-second. The annual DNB data are filtered to exclude
data impacted by stray light, lightning, lunar illumination, and
cloud cover [50]. In the annual composite, settlements and
their interconnectivity can be clearly observed and, thus, the
connectivity among urban areas can be detected [43]. The image
used for this article is projected to the North Albers Equal Area
Conic Projection referencing World Geodetic System 84 datum
and resampled to a spatial resolution of 500 m using the nearest
sampling method.

The land use data used in this study are from the Resources
and Environment Data Center of the Chinese Academy of Sci-
ences [51]. This product has been widely used and evaluated in
previous studies [21], [52], [53]. It was derived from the visual
interpretation of Landsat Enhanced Thematic Mapper Plus re-
motely sensed images with a spatial resolution of 1 km. Pixels
are categorized into a small set of nominal values to delineate
how land appears or is being used. With regard to built-up land
use, the classification system includes three types—urban, rural,
and other built-up areas. In this article, only urban built-up
areas are selected to depict urban spatial extents. The image
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Fig. 1. Study areas of three UAs (a) and NTL maps of JJJ (b), YRD (c), and PRD (d) in 2015.

TABLE I
INFORMATION OF THREE UAs (JJJ, YRD, AND PRD)

aJS = Jiangsu province; ZJ = Zhejiang province. The definition of “core city” is based on [47].

is preprocessed to be consistent with VIIRS DNB data with a
spatial resolution of 500 m.

III. METHODOLOGY

In this article, our proposed workflow of urban connectivity
analysis consists of the following three steps (see Fig. 2).

Step 1: Detection of spatial connectivity among urban patches
based on VIIRS data and the urban built-up areas (see Sec-
tion III-A).

Step 2: Construction of the weighted spatial network based on
the graph theory (see Section III-B).

Step 3: Calculation of network metrics to characterize the net-
work properties (see Section III-C).

A. Detection of Spatial Connectivity Among Urban Patches

1) Identifying Urban Patches: Urban areas extracted from
the land use data are delineated as urban patches. Each urban
patch consists of spatially contiguous urban pixels. Different
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Fig. 2. Flowchart of the objected-based urban connectivity analysis using VIIRS NTL.

from previous urban network studies using transportation data
and constrained within administrative units, the basic analysis
units of urban patches in this study are more reasonable. The
distribution of these urban patches is not entirely consistent with
administrative divisions. Small urban patches may correspond
to a county or a separated urban district of a city, and large urban
patches may cover an entire city or multiple adjacent cities in
metropolitan areas. Patches may also span several counties or
urban districts. Thereafter, two types of morphological opera-
tions, namely, filling and closing, are utilized to fill small holes
and smooth urban patch boundaries. The filling operation fills
all holes in the binary images (urban built-up areas are denoted
as 1, nonbuilt-up are 0). For the closing operation, we use a flat
and disk-shaped window with a search radius 3 [40]. Then, we
use a recursive connected-region labeling algorithm to definitely
mark urban patches on the basis of the spatial four-connectivity
of foreground urban pixels [40]. Urban built-up areas tend to
have small and even single-pixel patches, and these small urban
patches have a small impact on the connectivity analysis of
a network while they can significantly increase the computa-
tion. Therefore, we define and mask out small urban patches
on the basis of urban patches’ rank-size distribution [54] [see
Supplementary Fig. S1(a)]. The distributions of scatter points
show obvious breaks along the value of 2. We selected urban
patches greater than the value 2, and the finally selected urban
patches accounted for more than 90% of total areas in each
UA, including all administrative located areas and main human
activities crowed areas [see Supplementary Fig. S1(b) and (c)].
This approach can keep a good balance in the representativeness
of urban patches and ensuring the reliability of network analysis.

Totally, 128 (58.5% of the total number) urban patches are se-
lected in JJJ, accounting for 95.7% of urban areas; 239 (21.3% of
the total number) urban patches are selected in YRD, accounting
for 90.2%; and 28 (45.9% of the total number) urban patches
are selected in PRD, accounting for 99.0%. For the spatial
distribution information of urban patches, see Supplementary
Figs. S2–S4. These urban patches are indexed with unique
IDs using the labeling method. The urban spatial extents of

Guangzhou, Shenzhen, Dongguan, and Foshan are connected
and represented by their capital letters “GSDF” in the subse-
quent content. These urban patches are referred to as the basic
components in the following urban connectivity analysis.

2) Representing Spatial Connectivity Using VIIRS: We use
the inverted NTL intensity to represent a continuous cost sur-
face that simulates the accessibility of human activities; that
is, places with smaller cost distance (higher light intensity)
values are more accessible areas to human activities. The ab-
sence of light pixels (i.e., completely dark pixels) indicates no
human activities and is denoted as an infinity that represents
no connectivity. Urban patches are connected to one another
primarily along low “terrain” pixels with low cost distances, sim-
ilar to water flows downhill. Previously, an eight-connectivity
spatial filter is applied to mitigate abnormal observations with
interrupted completely dark pixels on contiguous lighted linear
connections.

3) Generation of Spatial Connectivity Among Urban
Patches: We develop an object-based least-cost model to find
optimal routes with the minimum cost value through the cost
surface derived from VIIRS. In this method, each patch is
regarded as a polygonal object, and connectivity among urban
patches should be calculated starting from their boundaries
rather than the point feature as patch centroids. The links among
urban patches comprise a set of spatial contiguous pixels. The
intensity of each spatial connectivity is quantified by averaging
the corresponding path’s NTL values. Details about each step
are presented in the following (see Fig. 3).

First, for an urban patch label set with N patches denoted
as UN , the corresponding boundary point sets are denoted as
BN . The specific detection process for each patch object is as
follows. For an urban patch Un(n ∈ N), the location of one of
its boundary points bp(x, y) is masked as the search start Ls. As
Tobler enunciated, nearby things are more related than distant
things [55]. We observe from the VIIRS NTL images that the
connection paths of two cities are always based on the boundary
that is closest to each other. Therefore, we first determine the
search direction by removing internal and other boundary points.
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Fig. 3. Schematic of generating spatial connectivity among urban patches.

Then, we identify the link pixel-by-pixel and select the point
where cost distance is the smallest in each step until the point
value set in the next step contains other urban patch labeling ID
values. The weights of paths among urban patches are measured
by averaging NTL values located in paths. Duplicated paths are
eliminated, and only the path with the highest NTL intensity is
reserved to connect each patch pair.

B. Construction of Urban Spatial Connectivity Network

In this section, we construct a weighted and nondirectional
spatial network in which the nodes (vertices) denote urban
patches at the centroid of the patches, and the links (edges)
represent the connectivity intensities of the links. Two nodes
joined by a link are referred to as adjacent or neighboring. The
number of links reflects the “connectedness” of the network.
For a given number of nodes, more links indicate more close
connectivity relationship among patches. Then, the network
is abstracted as a mathematical representation, G = (V, E),
where V = {vi, i = 1, 2, 3, . . . , N}, N = |V | is the number
of nodes, and E = {ei, i = 1, 2, 3, . . . ,M}, M = |E| is
the number of links. A binary N ×N square adjacency (or
connectivity) matrix, Adj(G), is created. It is a symmetric
matrix to represent the network with entries aij = 1 (i �= j)
when a link exists between urban patch nodes i and j, and zero
otherwise. The diagonal of the adjacency matrix contains zeros.
The weighted network is generated by appending a weight to
the corresponding link, and it can be described as WAdj =
{aij × wij}. The weight wij of an edge linking node i and
node j represents the connectivity intensity between these two
nodes, which is calculated by averaging NTL values located in
paths.

C. Quantitative Analysis of Urban Spatial
Connectivity Network

1) Structural Properties and Node Centrality Analyses: A
set of properties are calculated to characterize the connectivity

Fig. 4. Quadrant map of degree and average accessibility.

network based on the graph theory (see Table II). Five indices,
namely, cumulative degree distribution (P c(k)), mean degree
(D̄), average shortest path length (L), diameter (d), and clus-
tering coefficient (CC), are selected to quantify the overall
structure of network.P c(k) is the fraction of nodes with degrees
greater than or equal to k and is calculated to delineate how
the connectivity is distributed in UAs. The CC characterizes
the local cohesiveness of the current node (corresponds to the
local CCi of node i), and the extent to which the nodes in the
network are clustered together (corresponds to the global CC
of the network). A large value of CC(i) indicates that the node
forms a compact system with its neighbors. Four indices are
defined to measure each node centrality, including degree (CD),
closeness (CC), betweenness (CB), and node strength (CS).
These measures, respectively, represent a node’s advantage of
being directly connected to others, being accessible to others,
being the intermediary between others, and being a powerful
influence on others. More detailed definitions are also available
in the [56]–[60].

2) Accessibility Analysis: We define an index, average acces-
sibility index (AAt) to compare the accessibility of core urban
nodes [11] using the following equation:

AAt (i) =
CS (i)

CD (i)
(1)

where i = 1, 2, . . . , N . N indicates the number of urban nodes
in a UA, CS(i) represents the weighted connectivity of node i
in the network, and CD(i) denotes the degree of node i.

To discover the connectivity patterns of urban patches, we in-
vestigate the relationship between average accessibility indexes
(AAt) and degrees of urban patches using the quadrant map
method, which has been used in studies [60], [61] to delineate the
relationship between urbanization and economic development.
In this article, AAt is adopted to indicate the average intensity
level for a core city, and degree represents the connection number
level. Normalization method is implemented, and it generates
Z-AAt and Z-Degree. In Fig. 4, the x-axis represents the direct
connection number (z-score), and the y-axis represents the av-
erage connectivity intensity (z-score).
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TABLE II
DEFINITIONS OF PROPERTIES TO CHARACTERIZE THE URBAN CONNECTIVITY NETWORK

IV. RESULTS AND DISCUSSION

A. Spatial Patterns of Urban Spatial Connectivity Networks

The proposed framework successfully detects the spatial con-
nectivity relationship between urban areas. First, the use of land
use data for extracting urban built-up areas can avoid the problem
of overestimated built-up areas from NTL imagery because of its
booming effect in urban areas. The detected built-up areas well
delineate urban boundaries. Second, the proposed method can
effectively detect the connection within a city and between cities.
Third, the network analysis method based on the graph theory
can well express the spatial differences of urban connectivity
relationship and the roles of cities that play in UAs, whereas
the previous rank-size method can only describe the overall size
distribution of urban areas in UAs. The proposed framework
can effectively mitigate the issues in previous studies and can
be easily transferred to other regions.

1) Analysis of Spatial Distribution Characteristics: The spa-
tial distribution of connectivity relationship exhibits evident
spatial variability inside UAs and some similarities across UAs
(see Fig. 5). First, the close and complex connection structures
are in the core areas, whereas single-tree connection structures
are found across the vast hinterland of the UAs. The urban
patches in the core areas of each UA connect together directly or
indirectly, and like a “block” visually compared with the isolated
patches without connections with others. Both of connection
numbers for the 4 core city regions in JJJ and 16 core city

regions in YRD account for more than half and even up to
66.7% in YRD. Isolated patches are located in the northern
part of Hebei Province [see Fig. 5(a)] in JJJ and also in the
western and southern regions of Anhui Province in YRD [see
Fig. 5(b)]. Both of these two areas are acknowledged to have a
relatively backward development [62], [63]. The link intensity is
classified into five levels using the Jenks Natural Breaks method
to represent the spatial connectivity characteristics.

Second, high-intensity connections are mostly aggregated in
the core areas of the UAs, such as Beijing and Tianjin JJJ [see
Fig. 5(a)], Shanghai, Nanjing, Suzhou, Wuxi, Changzhou, Zhen-
jiang, Yangzhou, Nantong, Hangzhou, Huzhou, Shaoxing, and
Jiaxing in YRD [see Fig. 5(b)], and Guangzhou, Shenzhen, Fos-
han, Dongguan, Hong Kong, and Macau in PRD [see Fig. 5(c)].
The average link intensities in both Beijing and Tianjin regions
range from 8 to 12 nW/cm2/sr, which are higher than the overall
average of JJJ (see Table III). Third, an evident hub–spoke
structure exists in these networks, such as Beijing, Tianjin, and
Tangshan as hubs in JJJ; Shanghai, Nanjing, and Hangzhou in
YRD; and Guangzhou and Shenzhen in PRD. Notably, only one
provincial capital, Hefei (capital of Anhui Province), has fewer
connections than other provincial capitals and municipalities
[see Fig. 5(b)]. Summarily, the results show the strong influ-
encing power of core cities in each UA. However, the findings
about the spatial variability of connectivity also imply the severe
inequality of development at the regional level, because core
cities may have absolute advantages in economy, manpower, and
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Fig. 5. Urban spatial connectivity networks: visualization of urban connectivity relationship (a)–(c), statistical distributions of connectivity levels (d), and
cumulative distributions of node degrees (e)–(g). In the upper row, the size of a circle represents degree of this urban patch, and the thickness of lines denotes
connectivity intensity. In panels (e)–(g), each scatter point represents the fraction of nodes with degrees greater than or equal to k (k is ranging from 1 to the
maximum degree in an UA).

TABLE III
STATISTICS OF URBAN CONNECTIVITY NETWORKS

politics. The results demonstrate that this framework is effective
for representing connectivity relationship of urbans in these
three UAs.

2) Analysis of Statistics Characteristics: The cumulative dis-
tributions of degrees follow a power law distribution with an
exponential relationship [see Fig. 5(e)–(g)]. It demonstrates the
scale-free properties of the derived networks for these UAs
that are similar as most networks in reality [56], [64]–[67]
and indicates the presence of highly inhomogeneous distri-
butions inside these networks. Actually, the distribution lead
to the simultaneous presence of a few urban patches linking
to many others as hubs and many poorly connected urban
patches [57]. The findings are consistent with the visualized
results (hub–spoke structures and isolated nodes) presented in
Fig. 5(a)–(c).

Although there are many similar characteristics of connectiv-
ity networks as above among UAs, the levels of UA develop-
ment still differ. The basic statistics results illustrate that YRD
has the largest number of urban plates, whereas PRD has the
most closely connected relationship among urban plates [see
Fig. 5(d) and Table III]. Compared with each other, PRD is a
well-connected network and accounts for more high-intensity
connection ratios with the highest connectivity intensity in
terms of overall network. Both JJJ and YRD have disconnected
components and more low-intensity connection ratios. The aver-
age path lengths and diameters of the networks are proportional
to the size (N ) of the UAs. The clustering coefficients are
approximately 0.3. It should be noted that there is a scale effect
when comparing three UAs directly, especially considering their
differences in spatial extents and numbers of urban patches,
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TABLE IV
SPATIAL DISTRIBUTIONS OF HIGH-INTENSITY CONNECTIONS

#District or county is subordinate to the city. GSDF is the acronym for Guangzhou,
Shenzhen, Dongguan, and Foshan, which comprise the largest contiguous urban area in
PRD. The division of these two high-intensity connections is following the classification
presented in Fig. 5.

which can affect the overall analysis to a certain extent. For
example, the smaller area of PRD and the spatially integrated
development of many cities in PRD can lead to a higher aver-
age connectivity relationship of urban patches compared with
JJJ and YRD. However, our results can still effectively reveal
the high-level development of PRD from both of the high-
connectivity characteristics and the fully connected network
property according to the overall statistics [see Fig. 5(d) and
Table III] and the local visualization details [see Fig. 5(a)–(c)],
respectively, which is consistent with previous studies [68], [69].

3) Spatial Distributions of High-Intensity Connections: The
spatial patterns of high-intensity connections at the top two
levels show that high-intensity connections are concentrated in
linking the core urban area of a city and its remote suburbs
(see Table IV). For example, the core urban patch of Beijing
has the highest intensity connection with its Shunyi District.
Besides, the average intensity of the core urban patch with other
urban patches in Beijing region is as high as 37.1 nW/cm2/sr,
followed by Shunyi of 29.9 nW/cm2/sr, and both of those are far
above the average intensity in JJJ of 5.4 nW/cm2/sr. The core
urban area is acknowledged as the center of economy, politics,
culture, and education with the strongest radiation and attraction
abilities, whereas the high influence of Shunyi District may be
caused by the seat of Beijing Capital International Airport. In the
second class, the connections between the center area of a city
and its subordinate regions occupy 11 out of 17, such as Beijing
and Huairou, Shanghai and its districts (Pudong New District,
Qingpu, Songjiang), Hangzhou and its districts (Xiaoshan and
Yuhang), GSDF and Panyu. In a word, the satellite urban patches
are the first to be affected by the development of the core urban
patch, especially in the context of rapidly expanding for the first-
and second-tier cities in China.

In addition, high-intensity connections exist in linking the
neighboring urban patches, such as Shanghai and Kunshan,
Nantong and Changshu. Results also reflect the radiation drive of
Shanghai for these areas. For example, Kunshan is the northern
gateway that connects Shanghai and other areas in YRD. Cixi is
the northwest gateway of Ningbo that connects to Shanghai,

TABLE V
TOP TEN URBAN PATCHES BY NODE CENTRALITY MEASURES IN JJJ

Note: “D” and “C” in the upper right represent district and county, respectively.

TABLE VI
TOP TEN URBAN PATCHES BY NODE CENTRALITY MEASURES IN YRD

Note: “D” and “C” in the upper right represent district and county, respectively

and both the two cities belong to the Hangzhou Bay New
Area of Ningbo, which has been the state-level economic and
technological development zone since 2014 [70]. Taicang is the
gateway area of Nantong connecting to Shanghai. The urban
areas of Bengbu and Huaiyuan County are nearly developing into
one based on the visual judgment from daytime remote sensing
images at the same period. The highest-intensity connection in
PRD is between GSDF and Hong Kong, both of which are the
most developed regions in PRD.

B. Node Centralities of Urban Patches

Core cities show higher centrality characteristics com-
pared with other cities and play different roles in UAs (see
Tables V–VII). For example, in JJJ, Beijing and Tianjin play
two different roles, respectively (see Table V). Beijing as the
leading city in JJJ is a highly attractive and inclusive city and
holds powerful influence for other urban areas, ranking first both
in degree and node strength; whereas Tianjin plays a bridging
role between urbans and is closer to other patches, ranking first in
both betweenness and closeness. Shanghai ranks first in strength
as the leading city in YRD, Hangzhou ranks first in degree,
whereas Zhenjiang ranks first in both betweenness and closeness
(see Table VI). Differently, the largest contiguous urban plaque
GSDF is ranked at the top in all indices, indicating its distinctive
advantages in PRD (see Table VII). Results show core cities in
JJJ and YRD play only part of roles, whereas the integrated area
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TABLE VII
TOP TEN URBAN PATCHES BY NODE CENTRALITY MEASURES IN PRD

Note: “D” and “C” in the upper right represent district and county, respectively. GSDF
is the acronym for Guangzhou, Shenzhen, Dongguan, and Foshan, which comprise the
largest contiguous urban area in PRD. FJZ is the junction area of Foshan, Jiangmen,
and Zhongshan, which comprise the second largest contiguous urban area in PRD. ZM
is the acronym for Zhuhai and Macau.

of Guangzhou and Shenzhen regions is the definite dominance
of all in PRD.

In terms of the measure of degree (CD), Beijing is followed by
Shijiazhuang, Tianjin, Baoding, and Renqiu, which are located
in the central Hebei Province. Only Tianjin makes the top five in
all the indices. Shijiazhuang, as the capital of Hebei Province,
ranks only 49th in closeness and 11th in betweenness. Cangzhou
ranks third in closeness and betweenness, and it may serve as an
important transfer hub that connects Tianjin and cities in central
Hebei Province. Notably, five districts of Tianjin appear in the
top ten for closeness, namely, Binhai New District, Wuqing,
Jinghai, Jinnan, and Wuyi. Shunyi ranks third in strength
because of its advantage as an excellent air transportation
center.

For YRD, the top ten of all indices in the list are the core
areas of the YRD, except for Bengbu and Chuzhou. Bengbu
and Chuzhou rank ninth and tenth, respectively, in between-
ness. The former is a transportation hub in northern Anhui
Province, and the latter is the gateway from Nanjing to northern
Anhui. Furthermore, Nanjing as a gateway from core areas
to peripheral regions, such as Anhui Province, ranks second
in betweenness, only fifth in closeness, sixth in strength, and
eighth in degree. Zhenjiang ranks first in closeness and be-
tweenness. It also appears in the top ten in terms of degree
and strength. Kunshan follows Shanghai in degree and strength
given that it is the gateway of Shanghai to the north. Summarily,
cites in Jiangsu province play more intensive relationship with
each other than those of them in Zhejiang Province and Anhui
Province.

In PRD, the urban hierarchical relationship is more discern-
able than the former two. Apart from the absolute influence
of GSDF, the urban areas of FJZ and Zhongshan rank at the
following top two regarding all indices (see Table VII). When
sorted by the index of degree, Doumen District in Zhuhai, the
urban plaque of Zhuhai and Macau, and Foshan rank at the
fourth, fifth, and sixth, respectively. Doumen District ranks fifth
in betweenness and strength. Several urban patches in peripheral
regions, such as Sihui and Guangning County, also appear in the
top ten list for betweenness. Panyu and Zengcheng Districts in
Guangzhou are ranked in the top ten in terms of degree.

Fig. 6. Scatterplot of Z-degree and Z-AAt for core cities in the UAs. Circle
sizes represent areas of urban patches. Taizhou (ZJ) represents the city belongs to
Zhejiang Province, whereas Taizhou (JS) represents the city belongs to Jiangsu
Province.

C. Node Accessibility of Urban Patches

The core cities show different connectivity patterns by map-
ping into a quadrant panel (see Fig. 6), and the result shows that
the leading cities in each UA, namely, Shanghai, Beijing, and
GSDF, have double-high levels of connection and connectivity
intensity (Quadrant I). This finding indicates their absolute
controlling role and radiative influence. Furthermore, Nantong
and Suzhou in Jiangsu Province also exhibit double-high levels,
followed by provincial capitals Hangzhou and Nanjing.

Approximately seven-eighths of the core cities in YRD have
high levels of connections or connectivity intensity or both.
Several cities are less connected but served as high-accessibility
hubs. These cities include Ningbo, Taizhou, Wuxi, Zhoushan,
and Shaoxing (Quadrant II). In contrast, fewer core cities (one-
eighth) are located in the double-low level quadrant III. All cities
in JJJ, excluding Beijing, are scattered in Quadrant IV, which are
highly connected but have low connectivity intensity levels. For
PRD, however, half of the cities are in the third quadrant with
double-low levels. In addition, Ningbo in YRD has the highest
connectivity intensity. GSDF and Jiangmen in PRD have the
most connections.

V. CONCLUSION AND FUTURE WORK

In this article, we develop an object-based framework to in-
vestigate the connectivity relationship of urban areas using NTL
observations and urban land use data. Urban areas are clustered,
and the NTL data are represented as a continuous cost surface
for human activities. The connections of urban patches occur
along the low-cost distances, similar to water flow. Thereafter,
the urban connectivity relationship is expressed as networks,
and a graph-based method is used to analyze network structural
properties and centralities of individual urban patches. We apply
the proposed framework in three representative UAs in China.
This article confirms the potential usage of NTL data, which can
well capture urban connectivity relationship, as depicted by the
spatial pattern and network analysis. The proposed approach can



1106 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 13, 2020

detect the relationship of urban patches and has great potential
to be applied at national and continental scales.

Conclusions are summarized from several aspects.
1) These networks exhibit the scale-free properties from

the structural analysis, indicating the definite hub–spoke
structures with core cities as hubs in each UA, and single-
tree connection structures are observed across the vast
hinterland of UAs.

2) Concentrated distribution of high connections is in the
core areas of UAs. Connections at the top levels mainly
link the urban areas of core cities and their remote suburbs
in each UA.

3) The role of leading cities in each UA is different.
Beijing holds both the highest degree and strength,
whereas Tianjin has the highest closeness and between-
ness in JJJ. In YRD, Hangzhou has the highest degree,
whereas Shanghai has the highest strength, and Zhenjiang
has the highest closeness and betweeness. GSDF ranks
first in all centrality indices in PRD.

4) The quadrant map analysis discloses various connectivity
patterns for core cities; Shanghai, Beijing, and GSDF
have absolute advantages compared with other cities of
UAs, with double-high levels of connections and average
intensities.

5) The findings in this work indicate the mature development
phase of PRD, followed by YRD, and finally JJJ.

The resulting urban connectivity networks derived from NTL
observations can serve as essential information for analyzing
the development of UAs. Especially in the context that the
development of UA has become the trend of global urbaniza-
tion. On November 18, 2018, the Chinese government issued a
new statement that re-emphasized regional development strategy
from two aspects: driving UA developments with leading cities,
and driving regional development with UAs [70]. The results
complement our knowledge of urban systems from statistical
dataset and provide an effective understanding of spatial con-
figurations of UAs. Findings also reveal the severe regional
inequality, which can be useful for urban studies in line with
sustainable development goals. Although NTL data provide an
effective way to represent the spatial connectivity relationship
of urban areas [43], the relationship of cities is complicated. The
combination of NTL data and other multisource data, such as
transportation, population, and social media data, is the trend
of future research to explore the relationship of cities from a
comprehensive perspective. In addition, with the increasingly
archived NTL observations, the evaluation of urban connectivity
dynamics is possible, which will be helpful in recognizing
the evolution of intercity relations and UA development in
future.
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