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Abstract
Previous studies have shown that the existing maritime network presents unbalanced characteristics as reported by Mou et al.
(Sustainability, 10(4): 977–989, 2018). The research in this paper shows that the network movement caused by the opening of the
Arctic Northeast Passage will share part of the pressure of the Belt and Road passage, which will play a positive role in the global
maritime transportation network. Based on the 2014 global container Automatic Identification System (AIS) data, this research
constructs a global maritime transportation network and conducts scenario simulations on the opening of the Arctic Northeast
Passage. An evaluation system based on a complex network index is established to evaluate changes in the geometric charac-
teristics of maritime network and community characteristics, and PageRank is used to evaluate the status changes of ports in
communities before and after the opening of the network. Finally, the impact of the opening of the Arctic Northeast Passage on
the global maritime network pattern is analyzed and discussed. Results show that after opening the Arctic Northeast Passage, (1)
the small-world features of the global maritime network are more obvious and the scale-free features are weaker, which indicates
that the transportation efficiency of the global network is promoted; (2) the center of global maritime network moves northward
with a latitude of 1.3° and eastward with a longitude of 4°; and (3) the importance of some ports, such as the Middle East,
Mediterranean, and Southeast Asia communities, has reduced by 0.0073, 0.0078, and 0.0092 respectively. Conversely, the
importance of some ports has increased, such as the Northeast Asia community and West Europe community, with increase
values of 0.0074 and 0.0097 respectively. These findings are expected to provide advice on national strategies and regional port
investments.

Keywords Arctic Northeast Passage . Automatic Identification System . Maritime transportation . Complex network . Scenario
simulation . Network community

Introduction

The Arctic Passage is a shipping way that crosses the Arctic
Circle and connects the three economic centers, North
America, East Asia, and Western Europe. As shown in Fig.
1, three passages are involved: the Northwest Passage, the
Northeast Passage, and the Central Passage. Among them,
the Northeast Passage is made up of the ship route that goes
via the Russian Siberian region and Far East Area and con-
nects the Atlantic Ocean and the Pacific Ocean. It spans five
Arctic Oceans: the Barents Sea, the Kara Sea, the Laptif Sea,
the Eastern Siberia Sea, and the Kage Sea (ChinaMSA 2014).
The opening of the Arctic Passage is an important part of the
“Polar Silk Road” initiative and a useful complement to the
Belt and Road initiative.

The Intergovernmental Panel on Climate Change (IPCC)
fifth assessment report points out that the average annual
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ocean temperature is rising at a rate of 0.11, and the amount of
sea ice in the entire Arctic region is declining at a rate of about
9.4 to 13.6% per decade (Climate Change 2013; https://www.
ipcc.ch/report/ar5/wg1/). With the acceleration of melting ice
and the rise of temperature, coupled with the development of
existing technology and polar marine equipment, ships are
now able to sail in Arctic waters throughout the year (Hong
2012; Nam et al. 2013; Choi et al. 2015). The opening of the
Arctic Passage, especially the Northeast Passage, will greatly
shorten the maritime transport distance, transportation time,
and fuel cost between Western Europe and Northeast Asia.
For example, from St. Petersburg Port in western Russia to
Vladivostok Port in the east, the route through the Arctic
Passage is about 14,280 km, 8920 km less than through the
Suez Canal and 15,120 km less than through the Cape of
Good Hope (Jiang et al. 2012). The Arctic Passage can also
make up for the shortcomings of the current traditional
Passage through the Suez Canal and Malacca Channel. This
way, Somali pirates and Indian Ocean pirates could be
avoided and navigation risks will be reduced (Li and Sun
2011). Compared with the complex glacial topography and
the nearly one-third of the fairway away from the offshore
area in the Northwest Passage, the Northeast Passage is safer.
In addition, United States Geological Survey (USGS) counts
about 90 billion barrels of oil, 1669 trillion cubic feet of nat-
ural gas, and 44 billion barrels of natural gas liquid in the

Arctic. Russia in the Northeast Passage accounts for 52% in
oil storage of the Arctic area and is also the country with the
most abundant natural gas storage. The opening of the
Northeast Passage provides a prerequisite for the export and
utilization of Arctic resources such as natural gas and mineral
products (USGS 2009; Miller and Ruiz 2014; Gautier et al.
2009). However, although the Arctic Passage has the demand
and possibility of passing, it also faces some challenges, such
as harsh polar climate, the demand of ice-breaking equipment
in sea transportation, the extreme night, and the fragile eco-
logical environment. Therefore, better technology and re-
search need to be provided to support the development and
protection of the Arctic region.

In the related research on the opening of the Arctic Passage,
the contents mainly focus on two aspects: the navigation con-
ditions of the Arctic Passage (Liu and Kronbak 2010;
Aksenov et al. 2016; Wang et al. 2016) and the impact anal-
ysis after navigation (Ho 2010; Sun and Zheng 2016; Blunden
2012). According to different indicators, the risk assessment
on the possibility of opening the Arctic passage is carried out.
The impact of the opening is analyzed from the perspectives
of economic interests, political status, and maritime transpor-
tation network. The data adopted in the research process of
Arctic is mainly conducted from two perspectives: OD data
(for a network border, O for origin, D for destination) and non-
OD data, where non-OD data includes statistic data such as

Fig. 1 Arctic Passage map
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navigation time (Liu and Kronbak 2010; Aksenov et al. 2016;
Wang et al. 2016), navigation distance (Hong 2012; Sahin and
Kum 2015), and navigation cost (Lindstad et al. 2015; Suárez
de la Fuente et al. 2018) and natural geographic data such as
meteorology (Smith and Stephenson 2013; Mao and Rychlik
2018), hydrology (Stephenson et al. 2014; Lei et al. 2015;
Afenyo et al. 2017), as well as economic and trade statistic
data (Ho 2010; Sun and Zheng 2016; Blunden 2012). For
example, Bye and Aalberg (2018) make statistical analysis
based on maritime accident data and finally determine the
indicators that could be used as risk assessment of maritime
accidents that were ship type, weather conditions, and flag
state. Aksenov et al. (2016) use the RCP8.5 IPCC emission
scenario to check the navigation of the Arctic route, arguing
that the summer route in the Arctic route in the mid-twenty-
first century would be as fast as the North Sea route. At pres-
ent, based on OD data research, global maritime network re-
search focusing on the global scale and the Belt and Road
region is to be widely carried out. For example, Peng et al.
(2018) analyze and compare the robustness of three global
freight networks, oil tankers, container tanks, and bulk
carriers, based on complex network methods and find that
hub ports played a key role in the connectivity of marine
transportation networks. Mou et al. (2018) use the complex
network method to conclude that the maritime network of
Maritime Silk Road had characteristics of uneven distribution.
However, there is relatively little research in the Arctic area.
The main research on the Arctic around OD data includes that
of Li et al. (2015) and Li et al. (2017); they made a static
analysis of the trade structure network of the Arctic route by
using the structural hole theory and discussed the evolution
process of the complex network structure of the sea after the
navigation of the Arctic Passage. They think the opening will
make the Arctic economic circle more closely linked. Based
on ship route data and freight data, Lin and Chang (2018) use
the spatio-temporal network method to conclude that naviga-
tion skills and fuel prices are the main factors affecting the
commercial utility of NSR. Wang et al. (2017), based on the
container shipping network study, find the average transpor-
tation cost of the Arctic channel is lower than that of the
traditional passage.

In the existing research on the opening of the Arctic
Passage, compared with the non-OD data such as statisti-
cal data, the network constructed on the basis of OD data
extracted from ship’s Automatic Identification System
(AIS) trajectory can better reflect the characteristics of
the maritime transportation network. But the research
based on OD data is much less than that based on non-
OD. Besides, most of the research based on OD data is
static analysis of the maritime transportation network,
such as network connectivity analysis and transportation
efficiency analysis. The research lacks dynamic analysis
based on network indicators to explore the maritime

transportation network, such as spatial and temporal
changes of network structure, and transfer of ports be-
tween communities. In addition, most of these studies
are directed at the analysis of the status quo, short of
predictions for the future, or limited to the study of the
Arctic Passage itself. In this paper, not only is Arctic
Passage itself studied but also the whole of the global
transportation network is put into consideration. The
transportation network after the opening of the Arctic
Northeast Passage is simulated on the basis of AIS data.
The maritime routes from China, Japan, and Korea to
Northwest Europe are shared by the Northeast Passage.
The changes of the global maritime transportation net-
work structure during the whole opening process, the
changes of maritime transportation network community,
and the changes of the status of its ports within the com-
munity are analyzed from the perspectives of qualitative
assessment and quantitative analysis. The impact of the
Arctic Northeast Passage on the global maritime transpor-
tation network is analyzed by using a complex network
method that combines static structure features and the dy-
namic structure features of the maritime transportation
network.

Research area and data

The opening of the Arctic Northeast Passage will greatly pro-
mote the connection between Northeast Asia and Northwest
Europe. East Asia is the world’s largest manufacturing center
and the European Union’s (European Union, EU) largest im-
port market, and Europe is in turn East Asia’s largest trading
partner and import market. As the largest importer in East
Asia, China is an important stakeholder in Arctic affairs.
Geographically, it is a “Near-Arctic State” (Jian 2018). Since
the establishment of the National Ocean Forecasting Center in
2010, it has provided ice forecasting for ice navigation and
scientific investigation in the Arctic region many times (Li
et al. 2018). Since 2013, COSCO SHIPPING Specialized
Carriers Co., Ltd., has organized 22 sub-ships to carry out
voyage missions on the Arctic Northeast Passage. China,
Japan, and Korea are the top countries in Northeast Asia’s
economic development and coastal countries. Therefore, in
this paper, the maritime trade transportation between the three
Northeast Asian countries of China, Japan, and Korea, and
Northwest Europe, is shared to simulate the situation after
the opening of the Northeast Passage.

The Northwest Europe area includes 7 countries, i.e.,
Sweden, Norway, Finland, Denmark, Iceland, the
Netherlands, and Belgium, with a total of 386 ports. China,
Japan, and Korea cover a total of 247 ports. The distribution of
research areas and ports is shown in Fig. 2. Combined with the
information, such as the World Port Index published by NGA
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(National Geospatial-Intelligence Agency) and the world port
navigation guides, the whole year’s container AIS data from
January 1 to December 31, 2014, is used to match spatial
location for trajectory data and extract OD data of ships trav-
eling between ports. The processed AIS data includes ship ID,
OD port index, and docking time. There are 2,930,28 pieces of
OD data, including 4531 ships and covering 1346 ports world-
wide. Among them, 2570 ships sail out of China, Japan, and
Korea and 402 ships sail to the Northwest Europe region with
a total of 1020 voyages.

Network simulation

The harbor size information comes from the HARBORSIZE
field in World Port Index (2017 version). Considering that the
Arctic Passage is mainly used for transporting heavy cargo,
such as natural gas, coal, and other natural resources (Gao
et al. 2018), three types of ports L (large)/M(medium)/
S(small) are selected in this paper, temporarily not considering
the opening of V (very small) port.

TCI (Trade Complementarity Index) is used to measure the
closeness of trade relations between two countries. Global
import and export trade data in 2014 (data from the World
Bank: http://www.worldbank.org/) are used to calculate the
average of the Trade Complementarity Index (Yu 2009)
among Arctic countries, according to the three trading items
of food, fuel, and finished products. The computational for-
mula is shown in Eq. (1):

Eijk ¼ RCAxik � RCAmjk � RCAxik ¼ X ik=X i

X wk=Xw
;RCAmjk

¼ Mjk=M j

Mvk=Mv
ð1Þ

In Eq. (1), Eijk is the Trade Complementarity Index be-
tween country i and country j. RCAxik is comparative advan-
tages of export commodity k in country i. RCAmjk is compar-
ative disadvantages of import commodity k in country j. Xwk is
world exports of product k and Xik country i is exports of
productk. Xw and Xi are world and country i exports of all
the products respectively. Mvk and Mjk are world and country
jimports of product k. Mv and Mj are world and country j
imports of all the products. The greater the value of Eijk is,

Fig. 2 The study areas and ports
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Scenario simulation

Scenario simulation refers to the process of designing a
scenario according to actual conditions and research pur-
poses to predict and analyze the impact of the opening of
the Arctic Northeast Passage. Broek and Den (2014) use
the GSIM (global simulation model) method to infer the
undeveloped port locations in the Arctic and calculate
future traffic and trade volumes. This paper assumes that
the Northeast Passage in the Arctic area is fully opened.
Combining geo-indicators, such as terrain data, sea ice
data, harbor size, and national Trade Complementarity
Index (Kuang and Wang 2011; Sang and Yang 2015),
appropriate Arctic port nodes are selected to form a new
network connectivity border, and then traditional contain-
er maritime transportation from China, Japan, and Korea
to Northwest Europe is shared into the simulated route.
The scenario simulation process is shown in Fig. 3,
mainly including two processes: network simulation and
network sharing.
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the more frequent trade between the two countries and the
greater the possibility of navigation between ports it has.
Generally speaking, when Eijk > 1, the complementarity be-
tween the two countries is higher than the average of other
markets, and the trade relationship between the two countries
is relatively close. The countries that meet the conditions are
shown in Table 1.

Among the countries with high national Trade
Complementarity Index, three types of ports (L/M/S) with
simple terrain and good ice conditions are selected. Finally,
179 ports are determined, including 27 ports in Russia, 37
ports in Sweden, 31 ports in Norway, 22 ports in Finland,
30 ports in Denmark, 21 ports in Iceland, 10 ports in
Greenland, and 1 port in the USA. Thus, a total of 1090 net-
work borders are added.

Network sharing

Existing literature studies show that in the Arctic Northeastern
Passage, the area with the longest navigational time is the
Chukchi Sea. The navigation period is from early July to

mid-to-late November (Zhang et al. 2019; Niederdrenk and
Notz 2018; Rodrigues 2008). It is estimated that in the route
from Shanghai Port and Dalian Port to Russia’s Murmansk
Port, the Arctic Passage will share 35% freight volume of the
traditional passage (Gunnarsson 2012; Ragner 2000; Wu and
Lang 2017). On the basis of existing Arctic port freight vol-
ume, taking Arctic strategies (Bechselica 2018; http://www.
arctic-lio.com/NSR) of Russia into consideration and
assuming that temperatures, glaciers, and other navigation
conditions are ideal, the sharing rate in this study is selected
as 35%, and the opening time is selected from July to
November of each year. In the network sharing process,
only 35% of the marine transportation in traditional passage
during this period is shared.

When the ships pass through traditional passage, the routes
from China, Japan, and Korea to Northwestern Europe can be
represented as:

[Port 1(China, Japan, Korea), Port 2, Port 3, ..., Port N
(Northwest Europe)]

where N is the total number of ports in each traditional
route, and Port 2, 3 … stand for intermediate ports of tradi-
tional passage in between the shipping routes which start from
China, Japan, and Korea. After being shared, the route passing
through the Arctic Northeast Passage should satisfy:

[Port 1(China, Japan, Korea), Port 2', Port 3', ..., Port M
(Northwest Europe)]

where M is the total number of ports in each northeast
route, and Port 2', 3'… stand for intermediate ports of the
Northeast Passage in between the shipping routes which start
from China, Japan, and Korea.

In addition, the northeast route that shares the traffic vol-
ume should be the optimal route between the starting port and
ending point. In order to better measure the difference in the
merits of each path, the maximum value of each path in the

Table 1 Trade Complementarity Index of Northeast waterway
countries

Country Country Eijk (TCI) Country Country Eijk (TCI)

Russia Norway 19.525 Norway Sweden 2.269

Russia Greenland 11.147 Denmark Russia 1.971

Iceland Norway 10.401 Denmark Norway 1.839

Russia Finland 3.241 Finland Greenland 1.727

Finland Norway 3.024 Greenland Sweden 1.295

Russia Sweden 2.432 Denmark Greenland 1.050
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Fig. 4 Comparison of simulated
routes and original routes
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Arctic is processed by maximum-minimum normalization to
consider the impact bought by both existing maritime trans-
portation and port berthing. First of all, the average weight
value in the network path is calculated, as is shown in Eq. (2):

wi ¼
∑
k

j¼1
wj

k
ð2Þ

where wj is the node weight in the calculated path, and k is
the number of nodes in the path, and also number of berthing
ports. Then, the path is standardized in Eq. (3):

Wi ¼
wi−wmin

j

wmax
j −wmin

j
ð3Þ

where wmin
j and wmax

j are the minimum and maximum

values of the node weights in the path, respectively, and Wi

is the standardized value of the ith route. The larger the value
of Wi is, the more obvious the advantage of the route is.

Based on the reverse river bifurcation principle (Yu 2014),
the ports of Northwest Europe at the ending branch converge
into the ports of China, Japan, and Korea at the source; there-
fore, the weights to be shared by each Arctic route are calcu-
lated and corresponding weights are subtracted from the tra-
ditional paths to be shared. The final opening maritime trans-
portation network is shown in Fig. 4.

Functions

Based on the indicators of the maritime transportation com-
plex network, the basic geometric characteristics and

connectivity changes of the network are analyzed, and the
Modularity Index is used to obtain the community division
status of the global maritime network. Combining the
PageRank’s method, the changes of port status in community
are studied. The specific process is shown in Fig. 5.

Complex network indicators

With the global ports as the nodes and the transportation
routes between the ports as borders, a global maritime com-
plex network is built. The overall geometric characteristics
and connectivity of the network are represented by calculating
the average path length, average clustering coefficient, and
degree of the network.

The average path length is the average of the distance be-
tween any pair of nodes in the network, i.e., the average num-
ber of borders to go through from one node to another (Wang
et al. 2006). The calculation method of this indicator is shown
in Eq. (4), where dij refers to the distance between node i and
node j, i.e., the number of borders on the shortest path
connecting the two nodes, and n refers to the number of net-
work nodes. In the maritime transportation network, the aver-
age path length L indicates the average number of ports where
ships need to berth during transportation. The smaller the val-
ue is, the higher the transportation efficiency of the network is.

L ¼ 1
1

2
n nþ 1ð Þ

∑
i≥ j

dij ð4Þ

The clustering coefficient indicates the degree of closeness
of interconnection between nodes in the network, and the
computational formula is shown in Eq. (5). The average



clustering coefficient is the average of the clustering coeffi-
cients of all nodes in the network. The formula is shown in Eq.
(6), which characterizes the tightness of the overall maritime
transportation network (Newman 2003).

C ¼ 1

n
∑

i∈ V
Ci ð5Þ

Ci ¼ 2Ei

ki ki−1ð Þð Þ ð6Þ

where Ci is the clustering coefficient of node i, n is the
number of network nodes, V is the node collection, ki is the
adjacent node of node i, and Ei is the number of borders
actually existing between nodes ki.

Degree indicates the number of other ports with direct routes
to the port. It is a basic index to measure the importance of a port
(http://www.arctic-lio.com/NSR) and is often used to measure
the scale-free features of the network. The computational formu-
la of this indicator is shown in Eq. (7) (Zhong et al. 2012):

Di ¼ ∑n
j¼1; j≠iLij ð7Þ

Di is the degree value of node i. Lij is the number of borders
between node i and node j. n is the number of network nodes.

Defining port status

In this paper, the PageRank indicator is used to define the im-
portance of the port so as to reflect the status of the port in the
global network. As a classic web page–sorting algorithm in the
Google engine, PageRank is used tomeasure the importance of a
particular web page comparedwith other web pages in the search
index. The PR value is calculated through links between nodes

(Lawrence et al. 1998; Kamvar et al. 2003; Wang and Ren
2016). Since network sharing in the paper is a process based
on direction and weight, the study is based on a directed-
weighted network model and uses a function that evaluates the
node importance in the directed-weighted complex network
based on PageRank proposed by Zhang et al. (2013) and
Barrat et al. (2004). Through making weighted analysis for di-
rected borders and ranking the importance of ports in each com-
munity, hub ports in the community are selected. The directed-

weighted network model is represented by S, S = (V,H). V ¼
v

1
; v

2
; … ; v n

n o
is the collection of network nodes and

H ¼ h
1
; h

2
; … ; h m

n o
⊆ V � V is the collection

of borders. The number of nodes in the network is n = |V|, i.e., the
number of ports. The number of borders ism = |H|. vi ∈V (i=1, 2,
…, n) indicates a node in network, i.e., a port. (vi,vj)∈H, (vi, vj)
indicates vi→ vj, i.e., a directional border from node vi to node vj.
For example, (Shanghai Port, Hong Kong Port) means the route
setting out from Shanghai Port to Hong Kong Port.

The formula to calculate the importance of port nodes
based on the PageRank method is shown in Eq. (8):

PR vð Þ ¼ α ∑
vi∈ Vv

w vi; vð Þ
∑

vi∈ Vvi

w vi; z j
� � PR við Þ þ 1−α

n
ð8Þ

In this formula, Vv indicates the node collection connecting
with the original node v; Vvi indicates the node collection
connecting with node vi; w(vi v) is the weight between node
vi and original node v; ∑

vi∈ Vvi

w vi; z j
� �

is the strength of node vi,

i.e., the sum of the weights of other nodes that vi points to
directly;PR(vi) is the importance of node vi; α (0 < α < 1) is
the damping coefficient which indicates the probability that a
ship will stop at a port and continue to go to the next port at
any time. In general, the larger the damping coefficient is, the
better the relative importance of the nodes can be distin-
guished. However, at the same time, the larger the damping
coefficient is, the slower the speed of algorithm convergence
is. Therefore, considering the above factors, the damping co-
efficient is set to 0.85.

Community detection

Community structure is a common feature in complex networks.
Complex networks are composed of many different communi-
ties. The nodes in the community are closely connected, and the
nodes between communities are relatively loose. In community
detection, modularity is an indicator used tomeasure the strength
of community structures in a network (Wang et al. 2006;
Newman 2006), also known as modular metrics. The closer
the modularity Q is to 1, the better the community partition

3
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3 3
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2
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Fig. 5 The research framework map
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quality of the network is and the more obvious the community
characteristics are. Therefore, the optimal network community
partition can be obtained by maximizing the value Q. The for-
mula to calculate the modularity is shown in Eq. (9):

Q ¼ 1

2m
∑
i; j

Wij−
kik j

2m

� �
δ cic j
� � ð9Þ

In this formula, m indicates the number of borders in the
network; Wij is the weight of borders between adjacent ma-
trixes representing node i and node j; ki is the weight of all the
borders that connect with node i; and ci represents the com-
munity number where the node is located. If node i and node j
are in the same community, returned value δ = 1; if not, δ = 0.

In this paper, the greedy algorithm which can maximize the
modularity is used to obtain the approximate optimal community
partition (Newman 2004). The algorithm continuously traverses
the nodes in the network, regards each node as an independent
small community, and then calculates the modularity increment
brought by the combination of the two connected communities.
We select the two communities with the maximum increase or
minimum decrease of modularity and merge them into one. We
repeat the procedure until all nodes are merged into one commu-
nity. The maximum value Q corresponding to network commu-
nity partition in this process is the approximate optimal commu-
nity partition. The specific steps of the algorithm are as follows:

1. Remove all network borders and use each node in the
network as a separate community.

2. Make each connected part of the network a community, and
then add the borders that are not joined to the network back
to the network. Each time a border is added, if the borders
added into network connect two different communities, the
two communities should bemerged. And calculate themod-
ularity increment that forms the new community partition.
Select the two communities with maximum increase ormin-
imum decrease of modularity and merge them into one.

3. If the number of communities in the network is greater
than 1, return to step 2 to continue the iteration, otherwise
go to step 4.

4. Traverse the values Q corresponding to each community
partition, and select the community with the largest value
as the optimal partition of the network.

Results and discussion

Geometric feature analysis of maritime network

A topological structure chart of maritime network is construct-
ed according to the connection matrix formed by port nodes
and the connection frequency matrix composed of

transportation frequency between ports. The basic statistical
indicators of complex networks before and after the opening
of the Arctic Northeast Passage are calculated using Eqs. 4, 5,
6, and 7. The results are shown in Table 2.

It can be seen fromTable 2 that the average value of port node
degree after opening decreases from 21.051 to 18.876, indicating
that the number of direct routes in any port in the network de-
creases from 21 to 19. It can be seen from Fig. 6 that the degrees
of nodes in the maritime transportation network are mostly 2, 3,
4, and 5. Before opening, the port nodes with values of 2, 3, 4,
and 5 account for 32.6%, and the proportion after opening is
increased to 39.8.%, which means that the number of ports with
low values increases. Only a few nodes have large values. For
example, Singapore Port has been no. 1 with a high value of 245
after opening, occupying the central position of the global mar-
itime transportation network.

Curve fitting is performed on the node degree distribution
in the maritime transportation network. It is found that degree
distribution is in accordance with the distribution regularities
of power exponent; the fitting effect is very good; and both
have scale-free properties which are weakened after the sim-
ulation (Tovar et al. 2015). All indicates that the uneven dis-
tribution characteristics of global maritime transportation net-
work are improved. The Arctic ports that opened in the
Northeast Passage can reduce the pressure that maritime trans-
portation concentrates toomuch on traditional passage such as
the Maritime Silk Road, add new selection opportunities, and
reduce waste of maritime resources.

It can be seen from Table 2 and Fig. 7 that the average path
length of the maritime transportation network drops from
3.027 to 2.521, indicating that the routes where a ship needs
to arrive at other ports from any port decrease from 3 to 2.5. It
shows that during the transportation process, the number of
transits between the global ports decreases; the global trans-
mission efficiency of the shipping network increases; and the
opening of the Northeast Passage reduces the topological dis-
tance between the ports to a certain extent and promotes the
connectivity between the networks.

It can be seen from Table 2 and Fig. 8 that the average clus-
tering coefficient of the maritime transportation network in-
creases from 0.545 to 0.616. It indicates that the aggregation
features of themaritime transportation network aremore obvious
after the opening of the Northeast Passage, the local transporta-
tion efficiency of the maritime transportation network improves,

Table 2 Network indicators before and after opening

Network
indicator

Node Border Average
path
length

Average clustering
coefficient

Average
degree

Before 1346 293028 3.027 0.545 21.051

After 1525 296868 2.521 0.616 18.876

419 Page 8 of 16 Arab J Geosci (2020) 13: 419



and the links between the ports become closer. There are a few
ports with a small clustering coefficient, because these ports have
a small flow of goods and there are few direct routes. Therefore,
sea cargo is mostly transited from a hub port with a large value.

Through the above analysis of geometrical parameters, it is
found that the global container maritime transportation network
has both a small average path length and a large network clus-
tering coefficient, indicating that the network has a small-world
experiment. After opening, small-world features are more ob-
vious than the original network. The connectivity between the
networks is stronger, and the connection between ports is more
efficient. The degree distribution and distribution regularities of
power exponent reflect that the marine transportation network
has scale-free features, the features after opening are slightly
weakened, and the network distribution becomes balanced.

Analysis of port status in community

Community partition

The greedy algorithm is used to detect the communities of
global maritime transportation network before and after the
opening. After opening, Q in Eq. (9) is calculated as 0.551,

greater than the value of 0.537 before opening, which indi-
cates that the port connection within the community is closer
after the opening of the Arctic Northeast Passage and the
division between communities in the maritime transportation
network is more obvious. Besides, the center of the global
maritime transportation network moves to the northeast, the
north with latitude of about 1.3°and the east with longitude of
4°.

The final detection results are shown in Figs. 9 and 10. Due
to the opening of the Arctic Northeast Passage, a link between
Northwest Europe and Northeast Asia through the Arctic
Ocean is established. Some ports in the north of West
Europe, some ports in the north of Northeast Asia, and the
ports in the Arctic Northeast Passage form a new Arctic com-
munity. The community originally based on the entire east
coast of Atlantic is divided into two communities, West
Europe community and West Africa community, due to the
decline of traditional long-haul routes from the Cape of Good
Hope and the Suez Canal to West Europe, as well as the
increase of routes withinWest Europe. TheWest Europe com-
munity expands to the north. For example, Kirkenes Port in
Norway has been categorized as part of the West Europe
community.

Fig. 6 Degree distribution
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Passage, the center of the Southeast Asia Community moves
eastward with longitude of about 4.5°and northward with lat-
itude of about 2°. And the boundary between the Southeast
Asia community and the Middle East community has become
clearer than before the passage was opened. After the network
is shared, the routes from the coast of the Indian Ocean and
passing the Suez Canal to the Mediterranean region also de-
crease, which leads to the ports of the Mediterranean region
belonging to the Middle East community to be merged into
the Mediterranean community, such as the Ain Sukhna Port in
Egypt. Then, the Mediterranean community has a tendency to
move towards the Atlantic Ocean, and the distance to the west
is about 0.5° in longitude. After the opening of the Northeast
Passage, the area of the Middle East community shrinks sig-
nificantly. Many ports begin to move to other communities. In
addition to the ports in the Mediterranean region and the

Fig. 8 Clustering coefficient distribution

Fig. 9 Community probing map before opening
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The route migration caused by the opening of the Arctic
Northeast Passage has led to a clearer border between the
Northeast Asia community and Southeast Asia community.
The geographical area of the Northeast Asia community ex-
pands, compared with the past. Some ports in northern China
and some ports in Japan move from the Southeast Asia com-
munity to Northeast Asia community, such as the Yangzhou
Port in China and Yokkaichi Port in Japan, and the commu-
nity center moves northward with latitude of more than 1°.
Because of the reduction of long-distance transportation to
Africa and Europe through the Straits of Malacca, some ports
near the Straits of Malacca which were originally parts of the
Middle East community have less connection with ports along
the Indian Ocean. Therefore, these ports are merged into the
Southeast Asia community, such as the Phuket Port of
Thailand. In addition, after the opening of the Northeast



Straits of Malacca, those on the west coast of the Bay of
Bengal, such as the Male Port in the Maldives, also move to
the Southeast Asia community. The community clearly moves
to the northwest. It moves westward with longitude of nearly
4° and northward with latitude of nearly 3°. In addition, the
Australian community also moves to the northwest. It moves
westward with longitude of more than 6° and moves north-
ward with latitude of about 2.5°. Some ports located near the
Straits of Malacca move away from the Southeast Asia com-
munity to the Australian community, such as the Semarang
Port in Indonesia. However, contrary to other communities,
the Australian community is in a tendency of dispersion and
the connectivity of ports within the communities also declines.

Besides Asia, Africa, and Europe, the opening of the Arctic
Northeast Passage has other impacts on the traditional pas-
sage. For example, it will bring some competition to the tra-
ditional passage passing the Panama Canal, which will lead to
reduction in network transportation between Southeast Asia
and North America. Some ports on the west coast of North
America will move from the Southeast Asia community to
America community, such as the Ensenada Port in Mexico.

Changes of port status

The PR value of each port is calculated through Eq. (8), and
the change of the port status in each community is evaluated.
The results are shown in Figs. 11 and 12. The Natural Breaks
Algorithm (The Natural Breaks Algorithm is to set the bound-
ary at a position where the data value difference is relatively
large in the original data and divide the element into multiple
categories (Dong andWu 2016; Xu 2015) is used to divide the
ports into five grades according to the PR value. The first

grade is small-sized ports, 0–0.0248. The second grade is
medium-small-sized ports, 0.0249–0.0884. The third grade
is medium-sized ports, 0.0885–0.1987. The fourth grade is
medium-large-sized ports, 0.1988–0.3798 and the fifth grade
is large-sized ports, 0.3799–0.7357. The higher the grade is,
the greater the importance of the port is and the higher the port
status is.

From the perspective of globe, although the opening of the
Arctic Northeast Passage changes the community structure
and the status of the ports within the community, the global
maritime transportation center is not changed. Singapore Port
and Hong Kong Port in Southeast Asia have significant status.
Due to the large degree, most cargo transportation chooses to
be transferred in these ports, which makes them important
central hub ports in the world. It can be seen from Figs. 11
and 12 that the importance of ports in Asia, Africa, and Europe
still shows a trend of “high-low-high” from east to west, and
the average importance of ports in theMiddle East community
is significantly lower than that of the Southeast Asia commu-
nity and Mediterranean community. The average importance
of ports in the Middle East community decreases from 0.0666
to 0.0593, from 0.0736 to 0.0658 in the Mediterranean com-
munity, and from 0.0847 to 0.0755 in the Southeast Asia
community. Therefore, after the opening of the Northeast
Passage, the overall status of ports in the three communities
declines. In addition, the opening of the passage has increased
the port status of the Northeast Asia and West Europe com-
munities. The average importance of ports increases from
0.0657 to 0.0754 in the West Europe community, from
0.0840 to 0.0766 in the Mediterranean community.

From the perspective of community, in the maritime trans-
portation network before opening, compared with other

Fig. 10 Community probing map after opening
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communities, the Southeast Asia community mainly has large
ports; most ports in the Mediterranean community, Northeast
Asia community, and West Europe community are medium-
sized and medium-large-sized; the American community
mainly has medium-sized ports; the distribution of medium-
large-sized, medium-sized, and medium small-sized ports in
the Middle East community is balanced; and the Australian
community mainly has small-sized and medium-small-sized
ports. After opening the Arctic Northeast Passage, the port
status of each community is affected to some extent, as is
shown in Table 3. The status of some ports in northern

China, Japan, and South Korea of the Northeast Asia commu-
nity rises. Some medium-small-sized ports turn into medium-
sized and even medium-large-sized ports, such as China’s
Zhenhai Port. The status of most ports in the Southeast Asia
community declines, such as the Shekou Port in southern
China ans Singapore Port in Singapore. Some medium-sized
and medium-small-sized ports near the South China Sea turn
into small-sized ports, such as China’s Shuidong Port. The
status of ports near the Straits of Malacca significantly de-
clines. Many medium-sized ports turn into medium-small-
sized ports, such as the Davao Port in the Philippines. In the

Fig. 12 Port status map within the community after opening

Fig. 11 Port status map within the community before opening
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Middle East community, the Colombo Port in Sri Lanka has
the most obvious change which turns from a medium-large-
sized port into a medium-sized port. The status and impor-
tance of other ports, such as the ports in the West India and
the Gulf of Aden, also decline, such as the Mumbai Port in
India and Berbera Port in Somalia. The status of ports in the
Mediterranean community has decreased, such as the port of
Algeciras Port in Spain, and some medium-large-sized ports
along the European coast began to switch to medium-sized
ports, such as the Cagliari Port in Italy. After the community
in east coast of Atlantic splits into two communities, West
Europe and West Africa, the status of ports near the Cape of
Good Hope and Strathro Straits declines. For example, the
Cape Town Port of South Africa switches from a medium-
large-sized port to a medium-sized port. In the West Europe
community, the status of some ports rises, such as the
Rotterdam Port in the Netherlands and Hamburg Port in
Germany. Some ports in the north turn from small-sized ports
into medium-small-sized ports and medium-sized ports, such
as the Skelleftehamn Port in Sweden.

Discussion

Through the study on the static and dynamic trends of the
global maritime transportation network, it is found that the
global maritime transportation network shows a trend of mov-
ing northward. Previous studies have shown that the existing
maritime transportation network presents unbalanced charac-
teristics, such as congestion, long route, and long time in the
Belt and Road area (Mou et al. 2018; Yang et al. 2018). The
movement of network caused by the opening of the Arctic
Northeast Passage will share some pressure for the Belt and
Road, and this situation will also be improved.

After opening the Arctic Northeast Passage, resources in
East Asia and South Asia begin to move to Russia and the EU
through the Arctic Northeast Passage. During this period, a
large number of cargoes need to be transferred to other ports.
Some large ports in north China such as the Dalian Port and
Qingdao Port and Yokohama port in Japan can easily become
transfer ports and berthing ports, leading to a rise in the status
of some ports in the northern part of the Northeast Asia com-
munity. In the case that the Arctic Northeast Passage competes
with the traditional passage, the long-distance routes to the
West Europe via coastal ports in the Belt and Road decrease,
especially the routes passing the Cape of Good Hope.
Therefore, the connection between the ports near the Bay of
Bengal, Straits of Malacca, and the ports in Northeast Asia
decreases, and the ports near the Cape of Good Hope contact
less with the Middle East community and West Europe com-
munity, thus reducing their own status. In addition, the trans-
portation of Maritime Silk Road will be partly transferred
from sea to land in countries with convenient land transporta-
tion, such as Myanmar and India. After the routes are shared,
because of the decrease in cargo handling capacity, the status
of such ports declines, such as the Mumbai Port in India and
Laem Chabang Port in Thailand.

This research can be used to detect maritime transportation
communities, promote port planning, and provide services for
container transportation worldwide. In addition, after the
opening of the passage, in order to improve the operational
efficiency of maritime cargo and reduce waste of resources,
the following suggestions are proposed:

1. To open new Arctic ports. East Asia and West Europe, as
the world’s major maritime trading bases, have a large
supply and demand of goods (Liu and Hu 2017). The
northward movement of the community will inevitably
bring unprecedented pressure to the ports in the polar
regions. The number of existing ports in the Arctic is
fewer, and construction of infrastructure is incomplete.
There are no ports with deep water conditions suitable
for large ship unloading. Therefore, it is recommended
to open some new ports, especially in coastal areas of
the Eastern Siberian Sea.

2. To increase investment in equipment and services of
ports. As the routes move northward, as transitional ports,
the ports in Northeast Asia and Northwest Europe are
facing certain pressure because of sharp increase in trans-
portation. The reduction of operation efficiency, crowded
routes, and insufficient berths appear in ports due to the
excessive burden (Hu and Zhu 2008). Also, most coun-
tries in Northeast Asia and Northwest Europe have many
ports, such as Sweden with 93 ports. Therefore, it is rec-
ommended to increase the investment in medium-small-
sized and small-sized ports with potential in Northeast
Asia and Northwest Europe, such as China’s Dandong

Table 3 Changes in status of some ports

Port Community Before After

Zhenhai Northeast Asia 0.0345 0.1997

Shekou Southeast Asia 0.4666 0.4185

Singapore Southeast Asia 0.7357 0.6584

Shuidong Southeast Asia 0.0864 0.0219

Davao Southeast Asia 0.0953 0.0852

Colombo Middle East 0.2204 0.1985

Mumbai Middle East 0.0901 0.0807

Berbera Middle East 0.0305 0.0242

Algeciras Mediterranean 0.5658 0.5153

Cagliari Mediterranean 0.2204 0.1983

Cape Town West Africa 0.2035 0.1829

Rotterdam West Europe 0.0458 0.0492

Hamburger West Europe 0.5121 0.5298

Skelleftehamn West Europe 0.0172 0.0533
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Port, Penglai Port, Sweden’s Skelleftehamn Port, so as to
share pressure for some important hub ports such as the
Pusan Port, Yokohama Port, Dalian Port, and Antwerpen
Port; provide the transit for ships; improve transportation
efficiency; and reduce waste of resources.

3. To appropriately adjust the number of delivered ships. For
coastal ports in traditional passage, such as the ports in
Mediterranean and Middle East, the increase in medium-
and short-distance transportation and the reduction of
long-distance transportation mean that the number of
routes as berthing ports decreases, which can increase
the input of medium- and small-sized ships, avoid imbal-
ance between bearing capacity and cargoes of ships, and
reduce resource waste.

4. To adopt multi-moding logistics. The Arctic area that be-
longs to Russia which is rich in natural resources.
Countries with few such resources, such as China, need
to import a lot of resources, especially oil and natural gas.
However, the existing Arctic ports in Russia are fewer and
the equipment is incomplete. Therefore, it is recommend-
ed to increase land transportation between Asia and
Russia to reduce the pressure of Arctic maritime
transportation.

5. To make new economic and trading policies. During the
opening of the passage, the connection between many
ports becomes frequent. For example, China, Japan,
Korea, and Russia will import and export a large number
of natural resources. Therefore, it is recommended that
relevant countries make corresponding trade policies to
promote cooperation and development between countries.

Conclusion

Based on the AIS trajectory data of global containers, 35%
routes of traditional passage from China, Japan, and South
Korea to northwest Europe are shared to the Northeast
Passage. The changes of the global maritime transportation
pattern after the opening of the Arctic Northeast Passage are
explored. Related conclusions are as follows:

First, after the opening of the Arctic Northeast Passage, the
average topological distance between ports decreases by
0.506 and the average clustering coefficient increases by
0.071. The small world features of the global maritime trans-
portation network are more obvious. The scale-free features of
the network decrease with an average from 21.051 to 18.876.
The ports with low node values of 2, 3, 4, and 5 account for
39.8% from 32.6%. All these show that the opening of the
passage will greatly increase the connectivity of the global
maritime transportation network, play an important role in
promoting the transportation efficiency of the global network,
and improve the uneven distribution of the original network.

Second, after the route is shared, the network community
partition will be more obvious, the internal communication
within the community will become tight, and the global mar-
itime transportation network will move to the northeast: the
north with a latitude of 1.3°and the east with longitude of
about 4°. With the migration of marine transportation to the
Northeast Passage, new communities will emerge in the
Arctic area. Community on the east coast of the Atlantic will
begin to split into two communities: West Europe and West
Africa. Community features of Northeast Asia, Southeast
Asia, Middle East, and Mediterranean will be more obvious.
The borders between communities are clearer. The
Mediterranean community has a tendency of moving west-
ward and the other three communities moving northward.
The Australian community will expand and tend to spread
northwestward.

Third, from the global perspective, the importance of ports
in Asia, Africa, and Europe still show a trend of “high-low-
high” from east to west. The maritime transportation status of
some ports in the Southeast Asia community such as the
Singapore Port and Hong Kong Port is significantly higher
than that in other communities. The average importance of
ports decreases by 0.0073 in the Middle East community,
0.0078 in the Mediterranean community, and 0.0092 in the
Southeast Asia community. From the perspective of commu-
nity, the status of ports in the Northeast Asia community and
the northern part of the West Europe community rises and
declines in the Malacca Strait of the Southeast Asia commu-
nity, the west Mediterranean community, the junction be-
tween the West Europe community and West Africa commu-
nity, as well as the most of the Middle East community. Some
small ports in the northern part of theWest Europe community
turn into medium-sized and medium-small-sized ports. Some
large-sized and medium-large-sized ports in the European
coast of the Mediterranean community convert into medium-
sized ports.

In this paper, on the basis of AIS data, a simulation of the
real situation for the opening of the Arctic Northeast Passage
is conducted, and the maritime transportation network is con-
structed and compared. In the future, the transportation vol-
ume of trade and the pollution of the ship in the Arctic Passage
will be estimated based on AIS data. This study provides a
research method for how to construct a maritime transporta-
tion network and a hub port on the Arctic Passage, and pro-
vides a scientific basis for exploring the impact of opening the
Arctic passage on traditional passage even on global networks
based on maritime trajectory data. It also plays a significant
role in promoting the Belt and Road initiative of the twenty-
first century and the Polar Silk Road initiative.
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