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Abstract — Global warming makes it possible for vessels to sail through the Northern Sea Route, and emergency rescue response to 
sudden and dangerous events at the Arctic Ocean has caused extensive concern. This paper analyzes the current situation of the 
Arctic marine rescue and uses complex network theory to describe the characteristics of Arctic marine rescue and emergency 
response networked system. A weighted complex network model is established and the empirical study is carried out. Through the 
calculation, the varying rescue response intensities of different countries were obtained. The cooperation of involved countries is 
needed to ensure the safety of navigation in the Arctic routes.  
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I. INTRODUCTION 

Global warning accelerates the melting of ice in the 
Arctic. In recent years, the increases in such business 
activities such as Arctic navigation, resource exploitation and 
cruise tourism gradually manifest the Arctic’s abundant 
value. Researches on the Arctic have just got started, and the 
issue of the Arctic marine rescue and emergency response 
(AMRER) is seldom studied. Due to the harsh navigation 
environment and increasing amounts of vessels, all sorts of 
emergencies will rise thereby, which brings huge pressure on 
offshore rescue agencies. Thus, the premise of the Arctic 
routes exploitation is to explore how to rescue timely and 
effectively to ensure safe navigation and avoid accidents. 
Although Eight Countries around the Arctic have signed the 
Arctic Search and Rescue Agreement, when faced with 
complex and various emergencies occurring in different 
regions, countries with different rescue ability and 
willingness have distinct rescue abilities. Therefore, the 
research on the complex system of Arctic marine emergency 
response has significant theoretical and practical 
significance.  

At present, scholars have conducted deep researches in 
navigation environment, geography, history, laws and 
regulation, economy, and politics of Arctic. Frédéric Lasserr 
builds up an assessment model considering market effect and 
analyzes the profitability container ships on Arctic route [1]. 
Frédéric Lasserre and Sébastien Pelletier summarize ship 
owners’ intentions on Arctic route exploitation through 
empirical investigation and analyzes the difficulty of opening 
new routes in Arctic[2]. Dong, HJ (Dong, Huijie), Zou, XL 
(Zou, Xiaolei) analyze decadal variations of sea ice in the 
AntArctic and Arctic using SSM/I[3]. Ronald E. Doela, 
Urban Wråkbergb, Suzanne Zellerc emphasize the 

significance of researches on Arctic history, geography and 
science, and put forward insightful views on Arctic science 
and environment protection[4]. Assuming that all the ice in 
Arctic will melt, Zheng Zhongyi describes the situation of 
Arctic passage and presents the opportunities and challenges 
China faced with using the Arctic routes [5]. Li Zhenfu 
conducts a research on the complex network characteristics 
of Arctic route geopolitics[6]. In summary, current research 
mostly focused on Arctic’s development and utilization, and 
does not consider rescues and unexpected accidents at the 
Arctic sea. 

In summary, the present researches on Arctic routes 
using complex network theory take relevant countries as 
nodes and build undirected no weight network, and proceed 
to analyze relevant countries’ interests and political 
situations. But that network can’t reflect the real complex 
network comprehensively and objectively. On the basis of 
summarizing types and distribution of emergencies at the 
Arctic, this paper takes accident occurring areas and 
countries with rescue abilities as nodes, forming directed and 
weighted rescue response network to study the complex 
network characteristics of the AMRER, calculate different 
rescue response intensities and find the key nodes of the 
complex networked system. 

II. ARCTIC MARINE EMERGENCY RESCUE AND 

THE FEATURE OF THE RESPONSE NETWORK  

A. The types and distributions of emergencies at the 
arctic sea 

(1) Emergency types. According to current existing 
statistics from 1995 to 2004, this paper finds out the 
regularity and distribution characteristics of Arctic accidents. 
Reference [7] can help summarize types and proportions of 
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emergencies arising in Arctic at 1995-2004 as shown in 
Table 1. 
 

TABLE I THE TYPES AND PROPORTIONS OF EMERGENCIES IN ARCTIC 

Type of events Frequency Proportion 
collision 22 7.51% 
damage 54 18.43% 

Fire/explosion 25 8.53% 
stranding 68 23.21% 

Shipwrecks/submerge 43 14.68% 
Mechanical/manipulation accident 71 24.23% 

Mixed factors 10 3.41% 

 
The proportion of mechanical and manipulation accident 

is the highest, and this is mainly related to the distribution of 
Arctic ice sheet. The more sea ices in the course, the greater 
the likelihood of emergencies. Because many Arctic Sea 
channels are shallow, the proportion of stranding is also very 
high. Therefore, climate and the channel conditions are 
fundamental factors of navigation safety. 

(2) Emergency distributions. Although the occurrence of 
emergencies is random, the areas where emergencies took 
place usually present certain regularity. The distribution of 
various emergencies at the Arctic Sea from 1995 to 2004 is 
shown in Figure1. 
 

 

Figure 1. The distribution of various emergencies at the Arctic Sea from 
1995 to 2004. 

The emergencies occur primarily on sea coast of northern 
Norway and Aleutian Islands chain. Bering Sea, coast of 
Labrador, Canada Hudson strait, Iceland and the Faroe 
Islands surrounding are also spots of frequent accidents. This 
is consistent with the statistics of ships in this area in 2004 
[7]. The more navigation ships in the sea, the more 
emergencies are likely to happen. In future, the opening of 
the Arctic commercial course may cause the rapid growth of 

navigation ships, resulting in the increase of emergencies 
gradually. 

B. Current rescue situation  

Due to its uncertainty and urgency, emergency response 
must be fast and efficient. It is difficult to ensure safe 
navigation by one country. In May of 2011 the Arctic 
council members signed the first formal agreement: The 
Arctic Rescue Agreement. The agreement divides the search 
and rescue region and responsibility of each member, 
regulating the Arctic sea rescue activities and enhancing the 
mutual cooperation between countries. 

Among eight members of the council, Russia has the 
strongest rescue ability in the Arctic sea. At present, Russia 
has 34 icebreakers, including 8 nuclear-powered heavy ice-
breakers and 2 conventional heavy ice-breakers [9]. The 
United States has two strongest conventional dynamic ice-
breakers: “Polaris” and “the Arctic Sea”. Canada has 2 heavy 
and 4 medium ice-breakers. The Finnish navy resources are 
gathered in the Baltic Sea, only responsible for the interior 
Arctic searches, rescues and deliveries. Sweden's 
responsibility is to transport the Arctic shipping equipment. 
Norway's search and rescue system is relatively advanced, 
but its ice-breaker development is slow. Denmark lacks 
rescue infrastructures. The Icelandic coast guard runs four 
radar stations, but the northern sea area is not completely 
covered by radar, so it needs cooperation with other 
countries to complete the search and rescue work[10]. 

Now with the increase of the Arctic coast activities, the 
eight members’ rescue agencies are facing bigger challenges. 
Construction of the Arctic infrastructures, improvement of 
rescue abilities and strengthening of naval power have 
become their national strategy. 

Apart from the Arctic council members, there are still 
other countries taking part in the salvation of Arctic. From a 
technical point of view, any country with corresponding 
rescue ability can participate in the rescue at the Arctic Sea. 
But due to the Arctic council exclusive limit, there is not a 
non-member country that can participate in the activities of 
Arctic marine rescue up till now. Still there are many 
countries paying close attention to their own rights and 
interests in Arctic. To safeguard their interests and safe 
navigation, non-member countries will fight for their right to 
participate in Arctic marine rescue and that trend is 
irreversible. 

C. Current rescue situation  

The complex network model of AMRER is presented in 
3 aspects: nodes, structure and factors. 

There are various types of nodes in the complex network 
and they change over time. Taking the rescue spot and 
incident spot in the AMRER network for example, these two 
types of nodes would change with the development of 
technology, new navigation route, and different rescue spot. 

The structure in the complex network changes with 
conditions such as emergence edges and deletion. In 
AMRER network, edges change with nodes, policy, strategy, 
and strength in each state. The same node maybe also 
changes. 
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Factors in the complex network would be influenced by 
various elements, and they interact with each other which 
further enlarge the whole network. The AMRER network 
structure is influenced by rescue countries’ willingness, 
strength, rescue distance and the natural environment in 
distressed area, which interact with each other.  

Any change of any element would influence the whole 
system. Therefore, the AMRER system has a strong feature 
of complex network, so we use directed and weighted 
complex networks theory to analyze the situation of 
countries participating in the rescue, including rescue 
coverage and intensity. 

 

III. FOUNDATION OF AMRER COMPLEX 

NETWORK MODEL  

A. Overview of amrer complex network model  

Complex network theory can effectively simulate and 
describe the overall behaviors of accident spots and rescue 
countries and dynamic changes of the system. The model is 
proposed as follow. 

We set rescue spot and accident spot as two subjects, in 
which rescue spot is Vi=(V1,V2,...,Vn) and accident spot is 
Aj=(A1,A2,...,An). Specific topology simplification 
principles are as follows. 

(1)The emergency response complex network is mainly 
referred to the network that responsible for property and 
environment dangers. 

(2)Rescue spots include 2 categories: the Arctic council 
member countries and the countries with strong economic 
and ocean rescue ability. Vi=(V1,V2,...,V21)=(the United 
States, Canada, Britain, Ireland, France, Spain, Portugal, 
Italy, Greece, Netherlands, Belgium, Germany, Denmark, 
Finland, Norway, Sweden, Iceland, Russia, Japan, China, 
South Korea). 

(3)Accident spots are different in the North West 
Passage(NWP) and Northern Sea Route(NSR) of the Arctic. 
Accident-prone areas are chosen as accident spots for NWP, 
and central areas of different waters are chosen as accident 
spots for NSR. Then, Aj=(A1,A2,...,A11)=(the Barents sea, 
Kara, Laptev Sea, the East Siberian Sea, the Bering strait, 
Norway sea, Svalbard, Iceland, ,Hudson Strait, Baffin Bay, 
the Beaufort Sea). Among them, Svalbard and Iceland 
respectively represents the Barents Sea, and the confluence 
of the Norwegian Sea and the waters around Iceland. 

(4) Channels between rescue spots and accident spots are 
considered as the edge of the network. And we take the 
closest route from the accident spot to the coastal area of that 
country as edge. As a reference, the average speed of 
professional rescue ship is 20 knots nowadays and the 
maximum speed of rescue icebreaker ships is about 15 knots 
sailing on the open sea. In the icing area, it depends on the 
thickness of ice. However, most floating ice could be 
avoided by ships. Therefore, we assume a rescue ship sails at 
the speed of 15 knots incessantly and thus speculate the 
distance between Aj and Vi. 

(5)At present, the cruising ability of rescue ships is about 
30 days in China. Accident vessels waiting for rescue will be 

influenced by the absorption force from underwater. We 
assume that a rescue ship sail to an accident ship with no 
supply and the above conditions, if its sailing time is more 
than 14 days, that rescue is considered invalid and we will 
abandon that edge. If there is a connecting line between the 
rescue spot and accident spot, that rescue is valid. 

(6)Although there are volunteer rescue forces from the 
United States and other countries, accounting for their 
unprofessional rescue equipment, they are eliminated from 
the rescue forces. 

According to the above topology simplifications, the 
adjacent matrix formed by Vi and Aj can be developed. As 
Figure 2 shows, the un-weighted network is composed of 32 
nodes and 198 edges.  
 

 

Figure 2. The AMRER complex network. 

 

B. Analysis of indicators  

Due to the urgency of marine emergencies, rescue time 
length becomes the dominant factor of measuring emergency 
response strength. Different rescue ability of countries leads 
to varied effect, so the rescue ability is another important 
element of rescue results. Another major influencing factor is 
the climate and water conditions, which to some extent affect 
the rescue process.  

(1)Rescue Time Length. When emergencies occur at sea, 
rescues are contributing only with a period. Time and effect 
move in perfect opposition. This article will measure the 
time length from the departure to its arrival. Because rescue 
forces are distributed along the coasts of countries and some 
countries are guarded by continued patrols, we set the edge 
as the closest distance between the accident spot and the 
emergency spot according to the connectivity of the route. 
The distance between the country and its territorial waters 
will be regarded as zero. By the calculation of Google Earth, 
the sailing time from different countries to the emergency 
spots was got.  
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(2)Rescue ability. Rescue ability can be reflected on the 
rescue equipment and rescuers strength, which is mainly 
determined the economic development, technology level of 
the country. For most countries, navy is the main rescue 
force. So we use naval power and economy development 
level to assess rescue ability. National naval strength is 
mainly determined by the type and number of naval combat 
equipment, and it can be used to describe the level of the 
Navy. The best characterization of the economic strength is 
the GDP. Table 2 indicates GDP and navy power level of 
different countries in 2013. According to the Navy levels 

issued by the International Institute [11], we divide rescue 
countries into 9 levels.  

(3)Climate and water conditions. Temperature and sea 
ice are the main factors affecting the Arctic rescue activities 
which cannot be ignored. We measure climate and water 
conditions based on the indicators of climate, navigable 
period, ice conditions and average depth of waters. The 
climate and water conditions of various seas are shown in 
Table 3. 
 

TABLE Ⅱ NAVY LEVEL OF RESCUE COUNTRIES AND GDP 

Countries America Canada Britain Ireland France Spain Portuguese Italy Grace Netherlands Belgium 

Naval level 1 4 3 8 3 4 5 4 5 4 4 

GDP($10 
billion) 

16768.10 1826.77 2678.45 232.07 2806.43 1393.04 227.32 2149.48 242.23 853.54 524.81 

Countries Germany Denmark Finland Norway Sweden Iceland Russia Japan China South Korea  

Naval level 4 6 7 6 6 8 2 4 4 5  

GDP($10 
billion) 

3730.26 335.88 267.33 512.58 579.68 15.33 2096.78 4919.56 9240.27 1304.55 
 

Source: World Bank Group. World Development Indicators GDP. http://data.worldbank.org.cn/ indicator/NY. GDP.MKTP.CD/countries/all, 2014-12-24. 

 

TABLE Ⅲ METEOROLOGICAL AND HYDROLOGICAL CONDITIONS OF THE VARIOUS WATERS 

       Factors 
 

Waters 
Navigable period Ice conditions 

Average 
depths(m)

Climate 

Barents Sea 
Navigable throughout the year in the south, 

except December navigable in the north 
Good 229 

The warmest sea in the Arctic, flat 
waters 

Kara Sea Early August-November Good during navigable period 90 
Polar night, foggy, unusually cold, 

stormy 

Laptev Sea August-September 
Good, floating ice in the 

northeast 
578 Foggy in summer 

East Siberian Sea July-September Good, milder than Laptev Sea 45 
affected Polar easterlies over a long 

period of time, stormy, cold 

Bering strait July-early October Floating ice in summer 42 Cold, foggy, stormy in winter 

Norwegian Sea Navigable throughout the year Excellent 1742 Atlantic Stream 

Svalbard 
Navigable throughout the year in the south, 

except December navigable in the north 
Good 229 

The warmest sea in the Arctic, flat 
waters 

Iceland Navigable throughout the year Excellent 1742 Atlantic Stream 

Hudson Strait August-September Floating ice throughout the year 257 Stormy, foggy 

Baffin Bay Late August-September Good 861 Reefs, mud 

Beaufort Sea Mid-August—late September 
Ice throughout the year; narrow 

ice-free sea in August and 
September 

1004 Severe cold 

 

C. Index weights  

After making standardized processing of the above 
factors, we use efficiency coefficient method standardizing 
the above factors within [1, 10]. The standard formula is: 

*
min max min[( ) / ( )] 9 1i ix x x x x    

   (1) 
Because of the adverse relationship between rescue time 

length and effect, rescue time is pre-treated before 
calculation to change its properties of inverse index: 

ti ix M                                 (2) 

M represents the upper limit of sailing time, which 
adopts 15. ti represents the sailing time and xi represents the 
sailing spare time of the rescue spots. As for climate and 
water conditions, we adopts expert evaluating method due to 
the difficulties of acquiring accurate data, and grades them 
from 1 to 5 which represents very poor, poor, fair, good, 
excellent. It represents the value of each sea. After expert 
consultation, the weights of naval power and economic 
strength in rescue ability are 0.7 and 0.3 respectively. To 
reveal the intensity differences of the interaction between 
nodes, we adopted paired comparisons method. Each 
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boundary is endowed with different weights according to 
sailing distance, rescue ability and climate and water 
conditions. The positive reciprocal matrix is shown in table 
4. 

Based on table 4, that the eigenvalue is 3 and eigenvector 
x equals to (0.912, 0.403, 0.076) can be got. After 
normalization processing, vector w equals to (0.66, 0.29, 
0.05) and the various components of w are weight 
distribution value of corresponding factors. 

TABLE Ⅳ POSITIVE RECIPROCAL MATRIX 

 Rescue aging Rescue ability MH conditions 

Rescue aging 1  3  9  

Rescue ability  1/3 1  7  

MH conditions  1/9  1/7 1  

 
The edge-weights are calculated by weighted average 

method are shown as table 5.

TABLE Ⅴ THE EDGE-WEIGHTS 

    Aj 
Vi 

A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 A11 

V1 7.24  5.72  3.43  1.76  0.00  8.63  9.78  7.16  4.98  3.83  0.00  

V2 8.96  7.15  4.73  3.19  2.31  6.64  7.54  4.79  0.00  0.00  0.00  

V3 4.01  6.04  8.37  10.22  11.97  1.99  3.43  1.27  5.08  6.77  10.00  

V4 5.07  7.09  9.42  11.27  13.02  3.04  4.49  1.84  5.02  6.93  10.22  

V5 5.84  7.87  10.19  12.04  13.79  3.81  5.26  3.10  5.92  7.55  9.14  

V6 6.80  8.72  11.12  12.97   4.83  6.27  3.58  6.23  7.99  11.21  

V7 7.05  8.96  11.36  13.22   5.08  6.51  3.83  6.41  8.21  11.53  

V8 10.85 12.76    8.88 10.31 7.63 9.99 11.69  

V9 12.26     10.29 11.73 9.04 11.40 13.11  

V10 4.81  6.81  9.11  10.94  12.72  2.85  4.31  2.54  6.74  8.61  11.93  

V11 5.18  7.17  9.48 11.31 13.09  3.22  4.67  2.91  7.11  8.98  12.30  

V12 4.76  6.69  9.06  10.87  12.64  2.74  4.21  2.65  6.74  8.35  11.68  

V13 2.93  4.84  7.13  8.98  10.79  1.69  0.88  0.50  0.00  0.00  11.56  

V14 6.78  8.81  11.15  12.96   4.76  6.11  4.54  8.78  10.40  13.84  

V15 0.00  3.04  5.53  7.26  9.08  0.00  1.13  1.46  5.99  7.85  11.26  

V16 5.07  7.11  9.44  11.25  13.08  3.05  4.41  2.83  7.08  8.70  12.14  

V17 3.51  5.47  7.88  9.71  11.41  0.00  2.78  0.00  3.85  5.72  9.04  

V18 0.00  0.00  0.00  0.00  0.00  1.83  1.52  3.37  8.34  9.88  13.21  

V19 13.79  11.86  9.61  7.81  5.46     13.47  11.04  7.71  

V20   13.16  11.39  9.56       11.72  

V21   12.71  10.90  8.56       10.80  

 
Weights Wij in table 5 are similarity weights, which 

equals to the weight of edge ij.  
Heavy weights mean less distance from marine accident 

spots to salvage spots. It also indicates a close relationship 
between the two spots .Thus we turn all weights into a 
weighted graph as shown in Figure 3. 

 

Figure 3. Weighted complex network of AMRER. 
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The size of each node in Figure 3 is related to its weight, 
the greater the weight, the bigger the node, which can reflect 
the rescue country’s significant role in the weighted complex 
network of AMRER. From Figure 3, it is noted that the 
smaller weights of South Korea, China, Greece and Italy 
demonstrate their less important roles in the network, while 
smaller weights in areas such as Kara Sea, Norwegian Sea, 
Coast of Iceland and Bering Strait can indicates worse 
marine rescue conditions and ineffective rescue abilities, 
which need urgent improvements. 

IV. SIMULATION AND RESULTS  

Due to the directional characteristic of the complex 
rescue network, in-degree and out-degree distribution of the 
network should be discussed. The direction of the network is 
always from each rescue spot Vi to the corresponding 
emergency spot Aj. Therefore, our following research target 
is mainly about rescue point Vi and all degrees described in 

the paper refer to out-degrees. So does the analysis of other 
characteristics. 

A. Building a complex network system  

(1)Point strength and differences among weights 
distribution.Point Strength(Si) equals to the sum of related 
edge weights: 

i

j

ij
j A

S w


 
                            (3) 

The differences among weights distribution(Yi) indicates 
the discrete degree of edge weight distribution connected 
with node Vi. Its formula is: 

2( / )
j

i ij i
j N

Y w S


 
                   (4) 

The results are shown in Table 6. 

TABLE Ⅵ RESULTS OF THE POINT STRENGTH AND DIFFERENCES AMONG WEIGHTS DISTRIBUTION 

Vi V1 V2 V3 V4 V5 V6 V7 V8 V9 V10 V11 

Si 93.10 91.61 78.06 70.65 70.42 68.00 64.00 62.47 59.71 59.13 58.04 

Yi 0.09 0.09 0.09 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.12 

Vi V12 V13 V14 V15 V16 V17 V18 V19 V20 V21  

Si 53.39 51.45 50.69 47.24 42.36 32.24 29.18 22.15 15.32 14.62  

Yi 0.11 0.12 0.11 0.12 0.12 0.15 0.17 0.18 0.26 0.26  

 
Because of similarity weights, higher point strength 

indicates higher the rescue emergency response intensity, 
greater effect in one rescue point and its significant role in 
the network. 

(2)Weighted average distance. Un-weighted network 
average distance refers to the average number of connection. 
While weighted network should be added each edge’s 
weight, which is the weight of node pairs, describing the 
average separate level of nodes in the network. The weight 
refers to similarity weight in this paper. So the weighted 
distance (the length of an edge) is  

1ij ijd w
                                   (5) 

The average weighted distance is 
1 / [ ( 1)] ij

i j

L N N d


  
            (6) 

According to the data in tableⅤ, the average distance is 
calculated as 0.04. It shows every node is closely related 
with another. Almost each rescue country is directly related 
with another, appearing a typically small world feature. 
Figure 4 shows the distribution of weighted distance 
probability p(L). 

 

Figure 4. The distribution of weighted distance probability. 

As shown in Figure 4, p(L) is approximately complied 
with Poisson distribution: p(L) ~π(0.192), which conforms to 
the network features of small world. 

(3)Weighted clustering coefficient. Weighted clustering 
coefficient reflects the connecting degree of adjacent points. 
The larger the clustering coefficient is, the greater the 
connection degree between adjacent points will be. For the 
weighted network, the definition given by Home in 2007 is 
adopted. The computational formula is: 

, ,

/ [max( ) ]i ij jk ki ij ij ki
j

j k j k

C w w w w w w  
          (7) 

Using UCINET software to transfer the data in TableⅤ  
from 2 – module into 1 - modulus according to line mode, 
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which is known as the “actor - actor” matrix of relation. 
After calculation, we can obtain that the clustering 
coefficient is 0.964, with a larger clustering coefficient 
which satisfies the small world feature. The connection 
between each rescue country is very tight. 

B. Results  

We can see from the rank in Table Ⅴ, Russia has the 
largest rescue response strength in AMRER complex 
network, which is 93.10. In addition to heavily investment in 
Arctic, superior geographical position and the study on the 
Arctic pole, the material delivery experience and the 
exploration of the former Soviet Union during World War II 
all make Russia taking a leader position in the world. 
America intensity response is 91.61, which has slight 
difference with Russia. Those calculation results indicate that 
America and Russia are the center nodes of the rescue 
network. The average distance of whole rescue network is 
0.04, while the clustering coefficient is 0.964. This satisfies 
the typical characteristics of small average distance with high 
clustering coefficient in the small world network, and the 
probability distribution of the weighted distance is similar to 
Poisson distribution, which has obvious characteristics of 
small world. At present, the rescue facilities in Arctic sea are 
not perfect, which need mutual cooperation between 
countries to better guarantee the navigation safety of Arctic 
route. 

V. CONCLUSION 

Under the background that Arctic melting is speeding up, 
the value of the Arctic has been gradually highlighted. With 
the annual increase of navigation ships, the probability of 
marine incidents will also continue to go up. The rescue 
agencies of the relevant countries still have a long way to go.  

We discover that taking rescue countries and the 
emergency areas as nodes, the AMRER complex network 
has an obvious small world characteristic. All the rescue 
countries are closely related, which create an ideal 
cooperation space. Russia and the United States occupy the 

core positions in the network, followed by Canada, 
Denmark, Britain, etc. The response intensity of China is a 
little higher than that of South Korea. 
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