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Abstract: Marine economic cooperation has emerged as a major theme in this era of globalization;
hence, maritime network connectivity and dynamics have attracted more and more attention.
Port construction and maritime route improvements increase maritime trade and thus facilitate
economic viability and resource sustainability. This paper reveals the regional dimension of inter-port
linkage dynamic structure of Chinese maritime ports from a complex multilayer perspective that
is meaningful for strategic forecasting and regional long-term economic development planning.
In this research, Automatic Information System (AIS)-derived traffic flows were used to construct
a maritime network and subnetworks based on the geographical locations of ports. The linkage
intensity between subnetworks, the linkage tightness within subnetworks, the spatial isolation
between high-intensity backbones and tight skeleton networks, and a linkage concentration index for
each port were calculated. The ports, in turn, were analyzed based on these network attributes.
This study analyzed the external competitiveness and internal cohesion of each subnetwork.
The results revealed problems in port management and planning, such as unclear divisions in
port operations. More critically, weak complementary relationships between the backbone and
skeleton networks among the ports reduce connectivity and must be strengthened. This research
contributes to the body of work supporting strategic decision-making for future development.

Keywords: maritime network; network dynamic structure; Automatic Information System; linkage
intensity; linkage tightness; spatial isolation; concentration index

1. Introduction

Maritime transportation is clean, safe, and cheap relative to other transportation modes, and
is the important mode of transportation for domestic and international trade [1]. With the rapid
growth of maritime transportation and sustained increases in direct shipment and transshipment
services, maritime network analysis has attracted much attention. Maritime network analysis is
necessary for policymakers to make wise choices that maintain the equilibrium between exploitation
and use of maritime resources and protection of the maritime environment, for example, optimal
configuration of shipping services, integration and coordination of shipping, and rational planning
layouts for ports [2]. Moreover, maritime network analysis is meaningful for understanding potential
strategic alliances, strategic forecasting, and planning with a focus on long-term regionalization of
economic development [3].
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Most research work on maritime networks has been carried out from one of three perspectives:
maritime network design in theory, spatial structure analysis in practice, and mining dynamic evolution
patterns in application.

Maritime network design research aims to optimize shipping services and route schedules using
hub-and-spoke, multi-port of call, and liner shipping strategies [4]. Many factors must be accounted
for, such as ship size, sailing frequency, shipment types, transit time constraints, economies of scale in
ship deployment, and transshipment costs. Some proposed approaches include a two-objective model
that minimizes shipping and inventory costs [5], mixed-integer programming and its variations [6,7],
operating cost minimization models [8], probability distribution-free linear fleet deployment models [9],
and mixed-integer nonlinear optimization models [10]. However, maritime network design is often
based on assumptions, for example, that a network is a complete graph, or that total shipping demand
is constant [11,12]. These approaches fall short in practice because of the complex and variable
demands found in highly dynamic maritime transportation.

Maritime network spatial structural analysis is also attracting increasing attention in international
economies and the domains of global trade and travel. It is typically investigated by analyzing
network nodes and linkages, transfer among hub ports, traffic concentration, traffic service schedules,
relationships between port and hinterland connections, and the influence of commodity diversity on
maritime traffic distribution [13–16]. Qualitative and quantitative methods to evaluate these networks
have been developed, including modelling [3,17–21], statistical measures [22–25], and empirical
analysis [26,27].

Models of maritime network spatial structure reveal that import, export, and transshipment
flows are often based on an origin-destination interflow matrix [17,18] or a weighted adjacency
matrix [19], for instance, a strategic network choice model [3]. Heuristic models based on combinatorial
optimization and priority rules [20] have also been proposed, such as minimum transportation
time and maximum transportation capacity models [21]. In addition, indices of maritime degree,
centrality, vulnerability, and betweenness and closeness centrality [22–24] are also used to measure
traffic flow efficiency, such as estimates of nodal accessibility and the number of shortest paths from
one node to others [25]. Maritime network spatial structure modelling and statistical measures are
often based on statistical data from Containerization International, Lloyd’s Marine Intelligence Unit,
Lloyd’s Shipping Register, and specialized press and company websites. Because much of the collected
data are largely anecdotal, extensive empirical analyses are undertaken in most current studies, but
rigorous methodology is lacking [26,27]. Furthermore, the vast majority of these contributions have
focused on large international ports; the regional dimension of inter-port linkages and the geographic
locations of regional port groups have rarely been considered, which limits the application scope of the
corresponding research results. For example, the regional dimension of inter-port linkages often need
to assess different spatial structures between different regional subnetworks, including hub-and-spoke,
nonhierarchical structure, hierarchical structure, and so on. These differences may be related to nearby
ports’ transportation strategies, such as strategic alliance and bundling management [28].

Dynamic evolution patterns in maritime networks can be systematized and classified from
three perspectives. Diffusion processes can be modelled to simulate traditional spatial port
expansion [29]. Port system evolutionary models can be based on hinterland accessibility and
port regionalization [30–33], and maritime flow evolution models on graph theory and complex
networks, for example, using random walk procedures and analysis of topological structural
evolution [34–36]. The common problem, however, in these existing systems is that researchers
rarely have access to full datasets on spatiotemporal maritime flows to verify the models against
observed phenomena or to check for the effects of seasonal changes or of well-known events in world
news and history.

For these reasons, maritime network analysis is a very active research field, and many challenges
remain to be tackled, including validity, practicality, and applicability of approaches, definitions, and
methodologies. In particular, the lack of detailed information on the regional dimension of inter-port
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relations prevents the application of graph and complex network theories to maritime networks,
including increasing maritime trade and answering strategic policy questions. Recently, after the
successful implementation of Automatic Information Systems (AIS), AIS data become an important
data source of much finer density than heretofore for maritime network analysis. The research
presented in this paper fully considers geographical location, development scale and nature, and the
range of economic hinterlands to reveal the regional dimension of inter-port linkage structures of
Chinese maritime ports using AIS data for all types of ships. The main research contributions are
as follows:

(1) AIS—The network structure automatic processing algorithm developed in this research that uses
a novel method to construct a maritime network, taking full consideration of the complexity
and the typical peculiarities in the regional dimension of inter-port linkages. It is meaningful
to construct complex spatial networks consisting of multiple layers, including the regional
dimensions of inter-port linkages, detailed information on all types of shipping, and differences
in shipping between nations.

(2) Considering the linkage intensity between subnetworks, this paper reports on a comparative
analysis of the competitiveness of the Yangtze River Delta, the Southeast Coast, the Bohai Bay,
the Southwest Coast, and the Pearl River Delta. This research revealed the current pattern of
competition and the advantages and disadvantages of each subnetwork and provided suggestions
for improving competitiveness.

(3) Examination of port linkage tightness inside each subnetwork showed that each subnetwork has
a different type of internal cohesion, which some ports experience as intense competition and
an unclear division of port operations. Hence, their development strategy must be adjusted.

(4) The linkages of tributary and central ports were analyzed through a spatial isolation index,
which provides insight into the complementarity of backbone and skeleton networks and
contributes to reasonable positioning of non-dominant and dominant ports.

(5) Port interaction preferences in the study area were revealed using the port concentration index,
which is very useful in providing an effective decision-making basis for regional coordination
and differential development of internal ports.

There are some limitations in our works. On one hand, we did not consider ship size and type.
Therefore, it only reflected the spatial characteristics of maritime network in transportation, but it
could not reflect the trade information. On the other hand, port competitiveness are affected by some
factors, such as the unitization of port facilities, network linkage structures, cargo handling charges,
market share of logistics integrators, the development of inland transport network, and so on [37].
We only focus on maritime network structure dynamics, which reflect the transportation network
organization, to give some suggestions about the port competitiveness. Finally, affecting factors for
dynamic characteristics of Chinese maritime network are very complex, including regional economies,
port’s service characteristic, and official management strategy and so on. We just focus on revealing
dynamics characteristic of maritime network trough AIS data, which is meaningful for ports’ strategic
forecasting and regional long-term economic development planning. The following sections of this
paper describe the methodology used for a multi-layer analysis of Chinese maritime network structure
(Section 2), the data used in this research and the study area (Section 3), and results and applications in
supporting strategic decision-making for future development (Section 4). Finally, Section 5 concludes
the paper with a brief summary of the results and recommendations for further research.

2. Methods

2.1. Overview of Methodology

Figure 1 shows an overview of the methodology for the proposed research. Through ships’
trajectories and the locations of Chinese maritime ports, the maritime linkage network was constructed,
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including the overall network and subnetworks. The ports where a particular ship docked in
order can be extracted from its trajectories, an operation that is necessary to construct the maritime
linkage network. Furthermore, linkage intensity between subnetworks, internal linkage tightness in
subnetworks, spatial isolation between backbone and skeleton networks, and linkage concentration
between each port and others were analyzed based on the linkage intensity, linkage tightness, linkage
concentration index, and other factors.
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2.2. AIS->Automatic Network Structure Processing Algorithm

Step 1: Inaccurate data (accounting for about 2.63%), such as abnormal latitude and longitude
and negative speed are encountered and are related to the complex environment on the sea. Cleaning
of the original AIS data is necessary in the first step to eliminate anomalous data.

Step 2: AIS data are recorded chronologically and must be converted to ships’ trajectories
according to the unique ID of a vessel (MMSI) and the ID registered with the International Maritime
Organization (IMO), which are necessary to analyze the docking ports of ships in order.

Step 3: Based on the electronic chart display and information system, the geographical location of
each Chinese coastal port is determined, including the vessel traffic service reporting lines, channels,
berths, anchorages, and other facilities. In this way, the locations of each node (port) in the maritime
network can be determined.

Step 4: If the docking time of one ship at a particular port exceeds the pre-set time thresholds,
it will be judged to have stopped at the port to do business. The order of docking ports for a particular
ship is determined from its trajectories, which make up a time series and that can be used to reveal
linkages between one port and another. The maritime network can be established using the nodes and
linkages derived from the traffic flow.
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2.3. Network Structure Analysis Index

2.3.1. Linkage Intensity

Linkage intensity reflects how important each port is in the maritime network. The higher the
linkage intensity, the larger the corresponding market share will be, and vice versa. The total number of
ships traveling between port A and other ports is used to measure port A’s importance in the maritime
network, which is defined as:

STotal
A =

N

∑
i 6=A

(SA→i + Si→A) (1)

where STotal
A is the total number of ships traveling between port A and other ports and N is the number

of ports that have shipping links with port A. SA→i, Si→A are the total number of ships traveling from
port A to port i and from port i to port A, respectively, and SA→i + Si→A represents the linkage intensity
between port A and port i.

2.3.2. Linkage Tightness

The higher the internal linkage tightness, the stronger will be the cohesion and competitiveness
of a subnetwork. When considering a ship sailing to a port directly or indirectly, linkage tightness is
defined as follows [38]:

WAC =
σAC(direct)

STotal
A

+ 1
nAC
× σAC(indirect)

STotal
A

+
σCA(direct)

STotal
A

+ 1
nCA
× σCA(indirect)

STotal
A

+
σAC(direct)

STotal
C

+ 1
nAC
× σAC(indirect)

STotal
C

+
σCA(direct)

STotal
C

+ 1
nCA
× σCA(indirect)

STotal
C

(2)

where σAC(direct) is the number of ships sailing from port A to port C directly and σAC(indirect) is the
number of ships that begin at port A, stop in other ports, and then finish the trip at port C. nAC is
the number of ship trajectory segments from port A to port C. The total number of ships traveling
between port C and other ports is represented by STotal

C , and STotal
A is the total number of ships traveling

between port A and other ports. σCA(direct) is the number of ships sailing from port C to port A directly,
and σCA(indirect) is the number of ships that begin at port C, stop in other ports, and then finish the trip
at port A. nCA is the number of ship trajectory segments from port C to port A.

2.3.3. Spatial Isolation

Spatial isolation is used to analyze the spatial structure characteristics between backbone and
skeleton networks. The term backbone network refers to a high-intensity linkage between subnetworks,
and the term skeleton network refers to the linkage tightness inside of the subnetwork. These can
be defined as the top ten percent of linkage intensity and the top ten percent of linkage tightness,
respectively [38]. In this study, a backbone network is defined as one with linkage intensity greater
than 300, and a skeleton network is defined as one with linkage tightness greater than 0.21:

Ibackbone−>skeleton =

{
skeleton|linkage tightness > 0.21

Linkage→ backbone|linkage intensity > 300
}

(3)

2.3.4. Linkage Concentration Index

The Herfindahl–Hirschman index can be used to describe the degree of concentration in the
transportation industry and of social interactions in cyberspace [39]. The Herfindahl–Hirschman
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index was introduced here to analyze the degree of business concentration in each port in a maritime
network. The linkage concentration index (LCI) of port A can be calculated as:

LCIA =
N

∑
C 6= (port_Group

within A)

(
σAC

Stotal
A

)2 (4)

where σAC is the number of ships traveling between port A and port C and STotal
A represents the number

of ships traveling between port A and other ports. According to the standards set by the United
States (U.S.) Department of Justice, LCI < 0.1 is taken to mean not concentrated, 0.1 ≤ LCI < 0.18 to
represent medium concentration, and LCI ≥ 0.18 to represent high concentration. The larger the LCI,
the greater is the business preference for a particular port. A high LCI shows that a port has a stronger
business interaction preference.

3. Study Data and Area

3.1. Port Group Division Data

A port group, consisting of two or more ports having the same range of terrestrial transportation
networks and a common economic hinterland, is an important concept for future port planning
and management. Ports inside one port group have adjacent geographic locations, as well as
similar geographical advantages and similar market areas both in China and worldwide. In terms
of development, these ports are mutually dependent and constrained. According to official port
groupings, the Chinese maritime network can be divided into five subnetworks: the Yangtze River
Delta, the Southeast Coast, Bohai Bay, the Southwest Coast, and the Pearl River Delta, as listed in
Table 1.

Table 1. Port subnetwork in China.

Port Subnetwork Economic Hinterland Member Ports

Yangtze River Delta

Relying on Shanghai as an international shipping
center, giving priority to Shanghai Port, Ningbo Port,
and Lianyungang Port, and supporting the economic
and social development of the Yangtze River Delta
economic region.

Ningbo (nb), Zhoushan (zs),
Yangshan (ys), Lianyungang (lyg),
Taizhou (tz), Wenzhou (wz),
Wusong (ws), Jiaxing (jx)

Southeast Coast

Giving priority to Xiamen Port and Fuzhou Port,
supporting the economic and social development of
Fujian Province, Jiangxi Province, etc., and the need
for “three links” to Taiwan

Xiamen (xm), Fuzhou (fz),
Quanzhou (quz)

Bohai Bay

Giving priority to Tianjin Port, Dalian Port, Yantai
Port, Qingdao Port, etc., supporting the economic
and social development of Beijing and Tianjin,
northern China and its western extension, the three
northeastern provinces and Eastern Mongolia,
Shandong Province and its western extension, etc.

Tianjin (tj), Qinhuangdao (qhd),
Tangshan (ts), Huanghua (hh),
Caofeidian (cfd), Dalian (dl),
Yingkou (yk), Jinzhou (jz),
Qingdao (qd), Yantai (yt), Rizhao
(rz), Chengshantou (cst), Weihai
(wh), Changshan (cs)

Southwest Coast

Giving priority to Zhanjiang Port, Fangchenggang
Port, etc., supporting the economic and social
development of China's western region, providing
transportation security for Hainan Province to
expand exchange of goods with other places.

Zhanjiang (zj), Fangchenggang
(fcg), Beihai (bh), Qinzhou (qz),
Qiongzhou (qioz)

Pearl River Delta

Giving priority to Guangzhou Port, Shenzhen Port,
Zhuhai Port, etc., providing service for southwestern
and southern China, strengthening communication
between Guangdong Province and the Hong Kong
and Macao regions.

Guangzhou (gz), Shenzhen (sz),
Zhuhai (zh)
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3.2. AIS Data

This study used an AIS dataset of 124,947 vessels in Chinese coastal areas from 1 May 2014 to
31 May 2014. Table 2 shows the basic items in the AIS dataset. The limitation of our data is that
we cannot analyze the seasonal effect because of shortage in sample data of other months, such as
December or any other month.

Table 2. Automatic Information System (AIS) data description.

Item Its Meaning

MMSI Unique ID of a vessel
IMO ID registered with International Maritime Organization (IMO)
Time Second-level timestamp (e.g., 10 June 2015, 01:16:58)
Location Longitude and latitude of the location
Vessel_name Name of the vessel
Flag_normalized Country to which the vessel belongs
Speed Speed of the vessel
Course Heading of the vessel

3.3. Study Area

All of the Chinese coastal ports were selected as part of the study area in this research, including
14 ports in Bohai Bay, eight ports in the Yangtze River Delta, three ports on the Southeast Coast,
three ports in the Pearl River Delta, and five ports on the Southwest Coast. Figure 2 shows a chart
of Chinese coastal ports, which presents the geographical distribution of subnetworks and ports
inside subnetworks.
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4. Results

4.1. Intensity of Chinese Maritime Network Linkages

A maritime network consists of nodes (maritime ports) and linkages (sea lanes). A port with
higher linkage intensity with other ports is more important in the whole network because of its
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diversified linkages and greater weight. If the operation system of this port broke down, it will affect
more other ports as well as the whole network. The linkage intensity of Chinese coastal ports has
been analyzed using both quantitative and qualitative methods to illustrate the importance of each
port, as shown in Figure 3. Most ports have a linkage intensity of grade one (1–50 ships) or two
(50–100 ships) with other ports. Grades one to eight represent numbers of ships between 1–50, 50–100,
100–150, 150–200, 200–300, 300–500, 500–1000, and more than 1000, respectively. The proportions of
grades one to eight respectively were 59.23%, 15.42%, 5.68%, 5.68%, 5.07%, 4.46%, 2.43%, and 2.02%.
Different subnetworks had different distribution characteristics. For example, on the Southwest Coast,
only fcg had a linkage intensity higher than grade 6 with sz in the Pearl River Delta. However, ys, nb,
zs in Yangtze River Delta had linkage intensities greater than 6 between each other, wz and jx in Pearl
River Delta , tj and qd in the Bohai Bay, xm, fz in Southeast Coast, and sz , gz in the Pearl River Delta.
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The linkage intensity of each subnetwork reflects its standing in the Chinese maritime network.
The higher the linkage intensity, the stronger will be the competitiveness of the subnetwork, and
the more important it will be. The Yangtze River Delta (14,776) is the most important area in the
Chinese coastal maritime network, followed by the southeast coast (12,481), Bohai Bay (11,257),
and the Pearl River Delta (6974), with the southwest coast (3176) placing last. The Pearl River
Delta does not have high linkage intensity because its hinterland gives priority to Guangdong
Province, where industrial activity is mainly light industry. Guangdong has also developed rail
and air transportation, and therefore it has less demand for maritime traffic. The southwest
coastal region lagged mainly because of its lack of industrial development and its low level of
industrial structure. Even though the Southwest Coast has the advantages of adjacent seas, adjacent
rivers, and adjacent other countries, agriculture still accounts for a large proportion of economic
activity. Weak infrastructure and services along the coast restricts its maritime trade with other
subnetworks. The Southwest Coast should take some measures to realize “Sea-River linkage”
coordinated development, such as making full use of its locational advantages and increasing the
potential power of development.

Figure 4 illustrates that the higher the linkage intensity grade, the lower is the proportion of
ports having that grade. The proportion descends fastest from grade one to grade two, then more
slowly from grade two to grade three, followed by flattening out. This means that the linkage intensity



Sustainability 2017, 9, 1913 9 of 17

between ports is mostly grade one (1–50 ships), followed by grade two (50–100 ships); ports with
a grade equal to or greater than three (more than 100 ships) are few. Table 3 shows the frequencies
of different linkage-intensity grades in each subnetwork. The higher the linkage intensity, the lower
is the frequency. For example, the frequencies of linkage intensities greater than two are the sum
of frequencies from grade 3 to 8. The Yangtze River Delta, the southeast coast, the Bohai Bay, the
southwest coast, and the Pearl River Delta respectively 34 (7 + 10 + 9 + 4 + 3 + 1), 31 (10 + 8 + 7 + 2
+ 2 + 2), 31 (14 + 6 + 8 + 2 + 1 + 0), 6 (1 + 3 + 1 + 1 + 0 + 0), and 18 (4 + 3 + 7 + 3 + 0 + 1). Similarly,
the frequencies of grades greater than five in order were 8, 6, 3, 1, and 4. It is apparent that Bohai
Bay needs to strengthen its standing in the backbone network of linkage intensities greater than 300
because it has 31 ports of grade higher than 3, but only three of grade higher than 6.Sustainability 2017, 9, 1913  9 of 17 
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Table 3. Frequency of linkage intensity grades for each maritime subnetwork.

Grade CJ DN HB XN ZJ

1 124 39 167 108 50
2 29 20 41 8 16
3 7 10 14 1 4
4 10 8 6 3 3
5 9 7 8 1 7
6 4 2 2 1 3
7 3 2 1 0 0
8 1 2 0 0 1

Figure 5 shows that each subnetwork has different linkage intensity characteristics from the
others. The Yangtze River Delta has close business relationships mainly with the Southeast Coast
(43%) and Bohai Bay (42%), but has relatively weak business relationships with the Pearl River Delta
(12.5%) and the Southwest Coast (2.5%). Both the Southeast Coast and Bohai Bay have their main
market in the Yangtze River Delta, which accounts for 51.1% and 54.8% of their respective total
business. Furthermore, the linkages between Southeast Coast and Yangtze River Delta, Bohai Bay,
Pearl River Delta, and Southwest Coast are 6380, 3160, 2132, 809, respectively. The linkages between
Bohai Bay and Yangtze River Delta, Southeast Coast, Pearl River Delta, and Southwest Coast are
6170, 3160, 1453, 474, respectively. The correlation of these two series is 99.44%. The Southeast
Coast is in intense competition with Bohai Bay because of their similar linkage intensity distributions.
In addition, there was no obvious difference in linkage intensity between the Pearl River Delta and
other subnetworks, including 1861 ships (26.7%) to the Yangtze River Delta, 2132 ships (30.6%) to
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the Southeast Coast, 1453 ships (20.8%) to Bohai Bay, and 1528 ships (21.9%) to the Southwest Coast.
The Pearl River Delta should focus first on defining a key development direction. Finally, the Southwest
Coast has the weakest linkage intensity and needs to strengthen its linkages with the Yangtze River
Delta (365 ships, 11.5%) and Bohai Bay (474 ships, 14.9%). The Southwest Coast should improve its
maritime infrastructure, further enhance industrialization, and translate its locational advantage into
traffic and economic advantages to boost its competitiveness in the maritime network.Sustainability 2017, 9, 1913  10 of 17 
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The conclusions can be summarized as follows:

(1) The Yangtze River Delta, the Southeast Coast, and the Bohai Bay account for most of the business
in the maritime network. Among them, the Yangtze River Delta presents a dominant status in
servicing maritime transportation, which is maybe driven by the bigger economies in these areas
than other areas. The Southeast Coast and Bohai Bay have similar linkage intensities with other
subnetworks and engage in fierce competition. This result indicates that these areas perform
a similar transportation performance while serving the economies in other areas.

(2) The Pearl River Delta and the Southwest Coast have lower competitiveness than the other
subnetworks and need to foster growth and prosperity by advancing economic cooperation,
expanding trade and investment, and opening markets throughout the region. These results
indicate the potential increasing space in connecting with other areas. The potential increasing
spaces need some effective subnetwork development strategies while competing with other
subnetwork area, such as differential transportation markets including ship types, goods, service,
and others.

4.2. Linkage Tightness in Maritime Subnetworks

High linkage tightness represents strong cohesion and high competitiveness in a subnetwork.
Figure 6 shows that the linkage tightness distribution of each subnetwork, as determined by ship
trajectories, has many different characteristics. On the one hand, the linkage tightnesses of ports
in the Yangtze River Delta, the Southeast Coast, Bohai Bay, and the Southwest Coast are mainly
distributed between 0 and 0.2, 0.2 and 0.4, 0 and 0.1, and 0 and 0.3, respectively. The tightness
distribution of ports in the Pearl River delta is the most scattered. Table 4 reveals the corresponding
statistical analysis results for each subnetwork. The mean and median provide information that helps
in understanding the central tendency of each linkage tightness data set. The variance or standard
deviation (SD) measures the extent to which a set of linkage tightness values is spread out from its mean.
The coefficient of variation (CV = SD/Mean× 100%) describes the dispersion of linkage tightness in
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a way that does not depend on the measurement units. The Pearl River Delta (WZJ = 0.441) has the
highest mean linkage tightness, followed by the Southeast Coast (WDN = 0.258) and the Southwest
Coast (WXN = 0.141), and in last place by the Yangtze River Delta (WCJ = 0.088) and Bohai Bay
(WHB = 0.052). The Southeast Coast has the minimum SD, with linkage tightness values mostly close
to 0.258. This analysis also revealed that the linkage tightnesses in the Yangtze River Delta, Bohai Bay,
and the southwest coast are mainly clustered around 0.088, 0.052, and 0.141. Their SD values are all
relatively small, SDCJ = 0.091, SDHB = 0.070, and SDXN = 0.092, respectively. The Pearl River Delta
has the greatest spread between internal linkage tightness values and their mean due to its largest
standard deviation, SDZJ = 0.353. The Southeast Coast, the Southwest Coast, and the Yangtze River
Delta have CVDN = 21.455, CVXN = 65.421, and CVZJ = 80.125 respectively. These show that their
mean values can represent the average internal linkage tightness relatively well due to their relatively
small CV. The Yangtze River Delta (CVCJ = 103.419) and Bohai Bay (CVHB = 134.387) have higher
CVs, and the dispersion in their linkage tightnesses is greater. Therefore, their mean values can reflect
their internal linkage tightness only to a certain extent.
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Table 4. Statistical analysis of linkage tightness.

Port_Group Min Q1 Median Mean Q3 Max Var SD CV (%)

CJ 0.010 0.017 0.061 0.088 0.117 0.345 0.008 0.091 103.419
DN 0.217 0.226 0.236 0.258 0.278 0.321 0.003 0.055 21.455
HB 0.000 0.010 0.024 0.052 0.070 0.410 0.005 0.070 134.387
XN 0.021 0.069 0.117 0.141 0.202 0.280 0.009 0.092 65.421
ZJ 0.073 0.272 0.471 0.441 0.625 0.778 0.125 0.353 80.158

Note: Min for minimum value; Q1 for the first quartile; Q3 for the third quartile; Max for maximum value; Var for
variance; SD for standard deviation; and CV for the coefficient of variation.
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The aforementioned analysis leads to the following conclusions:

(1) Bohai Bay and the Yangtze River Delta have low mean linkage tightness and relatively small SD.
This means that internal adjustment and cooperation is useful to enhance competitiveness for
these two subnetworks. The direction of future planning should focus on internal coordination
rather than developing new ports. Therefore, cooperation and coordination for internal ports in
this subnetwork is necessary to use assets more efficiently and prevent wasting scarce resources
on inter-port competition. The cooperation and coordination takes various forms, such as strategic
alliance, bundling management, and merging their data system.

(2) The Pearl River Delta has the highest mean value, but the largest SD, mainly due to intense
competition between zh and sz with a linkage tightness of only 0.07. The Pearl River Delta’s
expansion focus needs to shift to seek differentiated development strategies and achieve
a reasonable division, for example, strategic alliance between zh and sz is suggested to promote
the competitiveness of subnetwork and increase maritime transportation service.

(3) The Southwest Coast has the third highest mean linkage tightness, but the linkage tightness
values of zj with bh, fcg, and qz are very low, 0.02, 0.05, and 0.006, respectively. The competition
between zj and the North Gulf International Port Group Co., Ltd. (NGIPG, Guangxi, China) is
growing rapidly. NGIPG includes bh, fcg, and qz and takes advantage of long-distance logistics
because of bundled management. The Southwest Coast can take some measures to enhance
competitiveness, such as coordinated development and scientific division of activities between zj
and other ports. The result also indicates effective bundling management is efficient and activates
intermodal linkages, which maybe increase hinterland penetration, strengthen service frequency,
and make full use of infrastructure.

(4) The Southeast Coast has the second-highest mean linkage tightness and the minimum SD and
CV; all of the ports constitute an organic whole and present large internal cohesion. xm focuses
mainly on developing container transport processes and has become the logistics center of the
west coast of the Taiwan Strait. fz specializes in offshore and bulk cargo transport, and quz focuses
on petrochemical transportation. The result illustrates a clear division of operations that can
adapt to more flexible maritime transportation, and counterbalance the carrier power of each
port inside the subnetwork.

4.3. Spatial Isolation between Linkage Intensity and Linkage Tightness

Figure 7 illustrates the spatial isolation characteristics of the Chinese maritime network.
High linkage intensity (more than 300 ships) between subnetworks defines the backbone network.
The Chinese maritime backbone network is composed of tj and dl in Bohai Bay, ws, zs, and nb in the
Yangtze River Delta, fz and xm on the Southeast Coast, gz and sz in the Pearl River Delta, and qioz
on the Southwest Coast. The ports in the backbone network have different standings; for example,
ws, zs, nb, fz, gz, and sz are stronger than dl, tj, and qioz because of their higher linkage intensity.
On the other hand, high linkage tightness (greater than 0.21) between internal and central ports in
each subnetwork represents a skeleton network. Bohai Bay and the Yangtze River Delta have a small
number of ports with strong linkages to central ports. They can further improve their competitiveness
through cooperation among internal ports. 16.7% of linkage tightness values in Bohai Bay are greater
than 0.21, including cfd-tj (0.41), hh-tj (0.28), yt-dl (0.25), and qhd-tj (0.22). Most internal ports have
weaker tightness with tj and dl. Only ys-zs (0.34) and jx-nb (0.21) have high linkage tightness in the
Yangtze River Delta. Other ports have low linkage tightnesses with ws, zs, and nb. All of the ports
on the Southeast Coast maintain high linkage tightness with their center ports, including xm and fz.
66.7% of linkage tightness in the Pearl River Delta are greater than 0.21, such as sz-gz (0.78) and zh-gz
(0.47). 75% of ports on the Southwest Coast have high linkage tightness with their center port, such as
qz-qioz (0.28), bh-qioz (0.27), and zj-qioz (0.27).

In conclusion, skeleton networks in Bohai Bay, the Yangtze River Delta, the Southeast Coast,
the Southwest Coast, and the Pearl River Delta can be linked with their backbone networks. There is no



Sustainability 2017, 9, 1913 13 of 17

spatial separation. However, the linkages between the skeleton networks of Bohai Bay and the Yangtze
River Delta and their center ports are not very tight and need to be further strengthened to establish
substantial complementarity between backbone and skeleton networks. These results indicate the
co-governance in these areas still has a big improvement space in strengthening the inter-relation
between internal ports with center ports. For example, the ports in skeleton network can share the
places for storing a variety of commodities in case of some ports with no vacant places in backbone
network. This would be a meaningful contribution to improving the competitiveness of these regions
in the Chinese maritime network.Sustainability 2017, 9, 1913  13 of 17 
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4.4. Linkage Concentration Index of Chinese Maritime Ports

Figure 8 presents the linkage concentration indices of Chinese coastal ports, including
10 non-centralized, 17 moderately centralized, and 6 highly centralized ports. Highly centralized ports
include zs, lyg, tz, and wz in the Yangtze River Delta and cs and cst in Bohai Bay. The preferred port of
zs, tz, wz, cs, and cst is fz, and lyg tends to interact with qd. fz is the preferred port of multiple ports with
high concentration index, focusing on developing offshore transport, container transport for internal
feeder industries, and bulk cargo transport.

(1) The Yangtze River Delta and Bohai Bay have hierarchical structures of internal ports’
concentration indices. The non-centralized, moderately centralized, and highly centralized
ports in the Yangtze River Delta account for 25%, 25%, and 50% of ports, respectively; in Bohai
Bay, they account for 21.4%, 64.3%, and 14.3%, respectively. The Southeast Coast includes xm and
qua with low concentration indices and fz with a moderate concentration index. gz, wz, nb, and zs
have more frequent business with fz. These results indicate that Yangtze River Delta, Bohai Bay,
and Southeast Coast have the hub-and-spoke linkage structure characteristic, which can enhance
the allocation of linkages (sea-lanes) and contribute to widespread routes of subnetwork.

(2) All of the ports in the Pearl River Delta have low LCI and similar linkages with other subnetworks.
This shows all of ports in the Pearl River Delta maybe develop equally and have no obvious
hierarchical characteristic in transportation structure. Some measures are necessary to improve
the Pearl River Delta’s competitiveness, including clear divisions in port operations and
differentiation in development directions.
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(3) All of the ports of the Southwest Coast have moderate LCI and prefer to interact with fz, gz, and
sz. The result indicates that all of the ports in the Southwest Coast have a similar concentration
characteristic in transportation structure with the ports in other subnetworks. This situation will
lead to over-competition between internal ports and weaker competitiveness overall, which can
be relieved by clarifying the hierarchical structure of southwest coastal ports.
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5. Conclusions

The Chinese maritime subnetworks have complex relationships among their internal ports,
full of both competition and cooperation. Subnetwork structures are an important way to describe
the competitiveness of subnetworks, such as internal cohesion from reasonable positioning of center
ports and non-dominant ports and their clear hierarchies and strong cooperative ability. In this paper,
the dynamic characteristics of Chinese maritime network linkages have been studied based on AIS
data. The ports were represented as network nodes connected by shipping lines that are defined
from existing ship trajectories. Linkage intensity between different subnetworks, linkage tightness in
subnetworks, spatial isolation of backbone from skeleton networks, and a linkage concentration index
were analyzed. The conclusions can be summarized as follows:

(1) As for linkage intensity between subnetworks, the Yangtze River Delta has the highest position
in China's maritime network, followed by the Southeast Coast and Bohai Bay, with the Pearl
River Delta and the Southwest Coast lagging behind. The Pearl River Delta and the Southwest
Coast should take measures to improve their competitiveness, such as expanding their business
markets. The Southeast Coast and Bohai Bay both have close business relationships with the
Yangtze River Delta, but they face intense competition. The Yangtze River Delta, the southeast
coast, and Bohai Bay control most of the business in the Chinese maritime network.

(2) As for linkage tightness in subnetworks, the Pearl River Delta has the largest mean linkage
tightness, but its distribution is the most dispersed. For example, the linkage tightness between
sz and zh is only 0.07. The Southeast Coast has the second-highest mean linkage tightness, and
its distribution is the most concentrated. The Yangtze River Delta and Bohai Bay both have
relatively low linkage tightness between internal ports. The Southwest Coast also has low linkage
tightness between zj and bh, fcg, and qz respectively. Therefore, these subnetworks need to take
measures for each subnetwork to improve its operating efficiency by coordinating competition
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among internal ports, such as clear-cut assignments of port operations, making full use of limited
resources, and differentiated development directions and models.

(3) As for spatial isolation between backbone and skeleton networks, all of the skeleton networks in
Bohai Bay, the Yangtze River Delta, the Southeast Coast, the Southwest Coast, and the Pearl River
Delta, can be connected with their backbone network. However, linkages between the skeleton
networks and their center ports in Bohai Bay and the Yangtze River Delta are not very close and
need to be further strengthened to provide substantial complementarity.

(4) The concentration index distributions of internal ports are different from one subnetwork to
another. In the Yangtze River Delta and Bohai Bay, the concentration index distribution of internal
ports has an obvious hierarchical structure. All of the ports on the Southwest Coast tend to
interact with certain ports, including fz, gz, and sz, but none of the ports in the Pearl River Delta
is preferred in linking with others.

In terms of future research, regional diversity in intensive linkage can be identified as an important
topic. According to information, such as ship types and types of goods from Lloyd’s Shipping Register
data, differentiations in the trade aspect of these subnetworks can be further analyzed. This would be
conducive to a reasonably clear-cut assignment of port operations. On the other hand, the regional
accessibility of each port could be analyzed in combination with the land network (e.g., road networks,
rail network, etc.) a total transportation network consisting of the maritime network and the land
transportation network could also be constructed using a traffic flow dataset. This would be needed
to analyze the characteristics of the transportation network and the urban spatial system, including
spatial correlation, functional differentiation, and regional diversity. Thirdly, sophisticated analysis
about port competitiveness can be carried out. For example, some other factors, such as unitization
of port facilities, cargo-handling charges, market share of logistics integrators, the development of
inland transport network, etc., can be combined with our analysis result about transportation network
organization to enhance the guidance about port competitiveness. Finally, potential affecting factors for
dynamic of Chinese maritime network can be analyzed through multi-source data, including statistical
data in economy, port’s service characteristic, and official management strategic, and so on.
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