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Abstract: Arctic shipping activities are increasing in the context of sea ice decline. However, research
gaps persist in studying recent Arctic shipping activities across various vessel types and their
connection with sea ice conditions. Utilizing Automatic Identification System (AIS) data and sea ice
satellite observations between 2015 and 2020, these matters are delved into this study. A discernible
overall growth trend in Arctic traffic occupancy occurs from 2015 to 2020 during summer and autumn.
Excluding passenger ships, the traffic occupancy trend for each ship type closely parallels that for all
ships. Variations in traffic occupancy along the Northeast Passage dominate that in the entire Arctic.
As sea ice diminishes, both Arctic traffic occupancy and its variability noticeably increase. Further
examination of the relationship between shipping activities and ice conditions reveals that increased
traffic occupancy corresponds significantly to diminishing sea ice extent, and the constraint imposed
by sea ice on Arctic traffic occupancy weakens, while the 6-year AIS data could lead to uncertainties.
In summary, as the Arctic sea ice declines continuously, not only sea ice but also additional social,
military, and environmental factors constraining marine activities should be considered in the future
operation of Arctic shipping.
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1. Introduction

Arctic shipping is assumed to play an increasingly crucial role in global maritime
activities [1]. The Arctic waterway provides an efficient transportation route with 40%
shorter sailing distances compared to conventional routes via the Suez Canal [2,3]. Given
the Northern Sea Route acts as a primary conduit for the transportation of Arctic oil
resources [4], amplified demands for Arctic marine transportation are propelled by the vast
undiscovered Arctic resources, which comprise roughly 22% of the global undiscovered oil
and gas reserves [5]. Moreover, in the context of global warming, the Arctic sea ice condition
has continued to retreat [6-8]; consequently, opportunities for trans-Arctic shipping have
emerged [9-12]. Therefore, an escalating number of scholars have embarked on related
research [13].

These studies can be broadly classified into two main categories according to distinct
research objectives. The first category typically explores Arctic navigational opportuni-
ties [14-18]. Utilizing natural and ship factors, the investigation of ships’ feasibility to
navigate through the Arctic waters safely, referred to as the Arctic navigational opportuni-
ties [19], facilitates strategic planning of shorter and less risky routes tailored to different
ships. Copland et al. [19], leveraging sea ice data from the Canadian Ice Service archives,
observed a gradual enhancement in the potential navigational opportunities of all ships in
the Canadian Arctic from 1972 to 2016. By applying sea ice simulations from the Coupled
Model Intercomparison Project Phase 5 (CMIP5) in conjunction with the Arctic Transporta-
tion Accessibility Model (ATAM), Smith and Stephenson [20] reported a notable northward
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shift in optimal routes for both Open-Water (OW) ships and Polar Class 6 (PC6) ships under
both high- and low-emission scenarios by midcentury. Given the improved performance of
CMIP6 models in simulating Arctic sea ice volume and extent compared to CMIP5 [21-23],
Min et al. [15] built upon sea ice projections from the CMIP6 and the ATAM model and
anticipated a consistent expansion of the September navigable area for OW and PC6 ships
through the 2050s and 2040s, respectively. Nevertheless, Arctic navigational opportunities
based on natural factors may deviate from actual shipping activities.

Another commonly explored research category investigates Arctic shipping activities
and their changes, with the help of Automatic Identification System (AIS) data that facili-
tates real-time tracking of ship movements. Gunnarsson [24] focused on shipping activities
along the Northern Sea Route and uncovered a swift upsurge in shipping activities in
2016-2019. Exploring passenger ships in the Arctic, Chen et al. [25] identified concentrated
activities near Svalbard and the Barents Sea in 2012-2017. While recent studies have scruti-
nized Arctic shipping in specific passages or focused on specific ship types, assessments
involving multi-ship activities across the entire Arctic were conducted several years ago.
For instance, Silber and Adams [26] observed an increase in the number of ships sailing
in the entire Arctic in 2015-2017, coupled with a decrease in operational hours. Notably,
the exploration of the current actual shipping activity towards the Arctic only spans up
to 2017. Given the noteworthy changes in the Arctic Polar Code shipping activities, such
as a 25% and 75% increase in ship numbers and sailing distances from 2013 to 2019 [27],
there exists a gap in exploring recent actual shipping activities of various ship types across
the entire Arctic, drawing upon the latest AIS data. Moreover, existing AlS-based investi-
gations often overlook the crucial impacts of natural factors, such as the Arctic sea ice, on
shipping activities.

In this study, we leverage the recent AIS data and satellite observations of sea ice
concentration from 2015 to 2020 to address the above-mentioned research gaps.

2. Methods
2.1. Data

AIS enables the electronic exchange of navigation data between ships, with onboard
transceivers, terrestrial, and/or satellite bases [28]. Mandatorily equipped for all ships with
a gross tonnage >300 tons engaged in international voyages [29], AIS provides both static
information (ship’s callsign, International Maritime Organization (IMO) number, Maritime
Mobile Service Identity (MMSI) number, ship type, etc.) and dynamic information (time
steps, speed over ground, course over ground, positions, etc.). AIS transmits signals at
intervals ranging from every three seconds to a few minutes, furnishing detailed informa-
tion regarding the ship’s speed and position. These high-precision data ensure accuracy
in navigation and emission estimation. The satellite-derived sea ice concentration (SIC)
data employed in this study were obtained from the National Snow and Ice Data Center
(NSIDC) [30], featuring monthly resolution SIC data and generated using the NASA Team
algorithm developed by the Cryospheric Sciences Laboratory at the NASA Goddard Space
Flight Center (GSFC). SIC data are presented in the polar stereographic projection with
a grid cell size of 25 x 25 km. This dataset offers a consistent time series depicting the
fraction of the ocean area covered by sea ice, ranging from 0% to 100% [30].

2.2. Data Processing

To ensure accuracy and reliability, the preprocessing steps filter out unqualified ships
and abnormal navigation by eliminating those with invalid MMSI numbers, incomplete
time and location records, and fewer than five AIS records or three sailing hours in a
month. After preprocessing, the data are interpolated onto polar stereographic grid cells
with 0.25° of longitude and latitude. Following Eguiluz et al. [29] and according to the
ship type provided by AIS, ships in this study were categorized as cargo ships, fishing
boats, passenger ships, tankers, and other types of ships, encompassing any other ships not
included in the aforementioned categories. Following March et al. [31], traffic occupancy is
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adopted as a metric to explore Arctic shipping activities. In this context, traffic occupancy
is defined as the cumulative area traversed by each ship type, representing the total area
covered by that particular type of ship. The annual growth rate for a specific year is
determined by subtracting the value of the previous year from the value of this specific
year and then dividing the resulting difference by the value of this specific year. Sea ice
extent (SIE) in this study is defined as the cumulative area of all grid cells with SIC values
exceeding 15%.

2.3. Study Area

This study aims to investigate shipping activities north of the Arctic Circle (66.4°N)
between 2015 and 2020. The region within the Arctic Circle is partitioned into 11 bodies
of water (Figure 1) based on the NSIDC Marine Regions division [32]. The Central Arctic,
characterized by notably low ship traffic occupancy averaging 0.8% of the overall traffic
and peaking at 1.65% in August 2018, is excluded from consideration when ship traffic
occupancy is estimated. The area north of 66.4°N, excluding the Central Arctic, is then
partitioned into two passages: the Northeast Passage (NEP) and the Northwest Passage
(NWP), with spatial extents shown in Figure 1. The NEP passes across the Greenland Sea,
Barents Sea, Kara Sea, Laptev Sea, East Siberian Sea, and the eastern part of Chukchi Sea.
The NWP traverses the Baffin Bay, Hudson Bay, Canadian Arctic Archipelago, Beaufort
Sea, and the western part of Chukchi Sea.

CA: 0.8% 0° except CA: 99.2%
(b) e~ “"“~"" "~ -

Figure 1. (a) The spatial range of two Arctic shipping passages and corresponding marine regions.
The polygons surrounded by red and blue solid lines are defined as the Northeast Passage (NEP)
and Northwest Passage (NWP), respectively. Marine regions inside the Arctic Circle (66.4°N) include
the Central Arctic (CA), Baffin Bay (BB), Barents Sea (BAS), Beaufort Sea (BS), Chukchi Sea (CS),
East Siberian Sea (ESS), Greenland Sea (GS), Laptev Sea (LS), Kara Sea (KS), Hudson Bay (HB), and
Canadian Arctic Archipelago (CAA). (b) The proportion of traffic occupancy for the Central Arctic
and the rest of the Arctic.

3. Results

Figure 2a illustrates the proportion of traffic occupancy in summer (June-August) and
autumn (September—November) relative to the entire year in 2015-2020. Over six years, the
average traffic occupancy in these seasons remained relatively stable, consistently exceeding
57.36% and constituting an average of 62.89% of the annual total. This underscores that
summer and autumn are the primary timeframes for Arctic shipping, and as a result,
shipping activities in these two seasons are the main focus of this study. Figure 2b illustrates
the Arctic traffic occupancy of various types of ships in summer and autumn from 2015
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to 2020. Over the six years, the average annual growth rate of traffic occupancy was
44.37%. In general, the traffic occupancy of all ships exhibited fluctuating growth, with
both the amplitude and frequency of increases (averaging a growth rate of 75.91% over
the three years in 2016, 2018, and 2019) surpassing those of decreases (averaging a growth
rate of —2.94% over the two years in 2017 and 2020). Fishing boats comprise the largest
average proportion at approximately 30.90% within the overall traffic occupancy, possibly
owing to productive fisheries in the Arctic [33]. Other types of ships, cargo ships, tankers,
and passenger ships, follow with average proportions of approximately 28.39%, 26.02%,
10.73%, and 3.95%, respectively. Differences in average proportions among various ship
types within the overall traffic occupancy may be attributed to variations in their purposes
and functionalities [34]. From 2015 to 2020, cargo ships, tankers, passenger ships, fishing
boats, and other types all exhibit an overall increasing trend in traffic occupancy, with
average traffic occupancy growth rates of 61.51%, 92.38%, 35.11%, 48.66%, and 36.56%,
respectively. Throughout this period, except for passenger ships, annual traffic occupancy
trends for each ship type show a strong correlation with that for all ships. This has been
validated by all correlation coefficients being greater than 0.92 and the correlations passing
the 99% significance test. This implies that the trend in traffic occupancy for each ship type
excluding passenger ships closely aligns with that for all ships.

(a) Proportion of Traffic Occupancy (b) Traffic Occupancy (10" km?)

2015 Fishing
64.47% 4
2016 Cargo
66.04% 3| 1anker
Passenger
57.36% 2
2017
1+t
66.29%
2018

2015 2016 2017 2018 2019 2020

Figure 2. (a) Proportion of Arctic traffic occupancy in summer and autumn relative to the whole year
in 2015-2020. (b) Average Arctic traffic occupancy in summer and autumn by ship types from 2015
to 2020.

Given Arctic environmental factors, particularly sea ice conditions, could affect Arc-
tic shipping [20] and the significant variations in sea ice conditions occurring between
seasons [35,36], it can be speculated that shipping activities exhibit notable variations in
different seasons. Figure 3 illustrates traffic occupancy and its variations among the Arctic
and different passages in three periods, which are grouped based on similarities in the
Arctic sea ice conditions in specific months (Figure Al). Summer and autumn seasons are
grouped into three periods (hereinafter): Period 1 (June and November), Period 2 (July and
October), and Period 3 (August and September).

Throughout all three periods, the median of the overall Arctic traffic occupancy
consistently lies lower than the average condition, signifying that the majority of ships in
the Arctic sailed with relatively limited traffic occupancy. From Periods 1 to 3, the median
of the entire Arctic traffic occupancy gradually rises (from 1.66 x 107 to 2.94 x 107 km?)
and so does the box length (from 2.22 x 107 to 3.80 x 10”7 km?). This implies that, with a
decrease in sea ice conditions, ships are progressively broadening their traffic occupancy
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throughout the Arctic, accompanied by a growing level of variability. From Periods 1 to
3, the median progressively shifts towards the center of the box, which is also reflected
by a decreasing skewness. This indicates that, with the reduction in sea ice, the traffic
occupancy of the majority of ships is approaching its average condition. Whether it is the
median, box length, or skewness, ship traffic occupancy performance on NEP resembles
that in the entire Arctic. This emphasizes that the performance and variations of ship traffic
occupancy on the NEP determine that in the entire Arctic.
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Figure 3. Sailing conditions in the Arctic and different passages in Periods 1 (June and November),
2 (July and October), and 3 (August and September). The central markers of each box denote their
median and the scatters indicate their average, with the bottom and top edges indicating the 25th
and 75th percentiles. The box length indicates the interquartile range.

To further investigate the relationship between the Arctic sea ice conditions and
shipping activities, the relationship between SIE and traffic occupancy in 2015-2020 is
illustrated in Figure 4. A reduction in SIE correlates with a gradual increase in traffic
occupancy with a correlation coefficient of —0.38. Specifically, a decrease of 10° km? in SIE
corresponds to a significant traffic occupancy increase of 0.27 x 107 km? throughout the
entire period, validated at the 95% confidence level. As SIE decreases, the dispersion of
scatter plots increases, as evidenced by the variability (standard deviations) of scatters for
traffic occupancy, which are 1.22 x 107 km?, 1.71 x 107 km?2, and 1.92 x 10”7 km? from Period
1 to Period 3, respectively. While most scatters fall within the 99.9% confidence interval of
the linear regression model for SIE and traffic occupancy when SIE is relatively large, the
majority fall outside the 99.9% confidence interval as SIE decreases. This suggests a gradual
weakening of the SIE constraint on traffic occupancy. It should be noted that despite the
notable variability in Arctic traffic occupancy across different periods (Figures 3 and 4), a
consistent negative correlation between SIE and traffic occupancy was observed throughout
these three periods, similar to that of the entire period.
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Figure 4. The relationship between SIE and traffic occupancy from 2015 to 2020 during Periods 1, 2,
and 3, which span summer and autumn. From right to left, Period 1 (June and November), Period 2
(July and October), and Period 3 (August and September) are represented by triangles, squares, and
circles, respectively.

4. Discussion

The substantial decline in the Arctic sea ice observed over the past
decades [6-8,37] is anticipated to persist [38], creating increasingly favorable conditions for
Arctic maritime navigation [11,15]. As Arctic SIE diminishes, the constraining effect of sea
ice on traffic occupancy gradually decreases (Figure 4), suggesting that other factors may
assume increasingly important roles in constraining Arctic shipping activities. With ap-
proximately 20-30% of Arctic routes experiencing frequent sea fog, the travel time increases
23-27% and 4-11% along the NWP and Northern Sea Route. Furthermore, the safety of
navigation encounters heightened challenges near ice margins, with an expected escalation
of sea fog under the backdrop of global warming [18]. During Arctic winters, intensified
winds and waves, combined with subzero temperatures, can increase the risk of ship su-
perstructures icing, potentially resulting in numerous accidents and shipwrecks [39]. This
presents significant challenges for offshore exploration, maritime insurance sectors [12], ves-
sels, and coastal shipping infrastructures [40]. Moreover, alterations in the Arctic Ocean’s
surface and subsurface currents will influence maritime operation planning [12]. Storms
in the Arctic have become stronger and more intense [41], potentially posing threats to
Arctic shipping.

Beyond geographical and environmental factors, societal considerations may also
exert constraints on Arctic transits. For instance, policies enacted by certain nations amid
the COVID-19 outbreak, restricting or outright prohibiting passenger ships from entering
their territorial waters [42,43], might lead to noticeable reductions in the traffic occupancy
of passenger ships in 2020 compared to other types of vessels (Figure 2). Additional societal
factors, such as the global mandate by IMO member countries to utilize low-sulfur fuels
for mitigating sulfur emissions in shipping, thereby substantially elevating fuel expenses,
may also contribute to a downturn in maritime activities [44]. The Arctic region, subject
to various geopolitical interpretations, is undergoing modernization and expansion of
military installations and forces [45]. Military presence in the Arctic is poised to influence
Arctic shipping and the development of shipping passages [46,47]. In summary, amidst
diminishing sea ice conditions, it is imperative to consider not only the impact of ice
conditions but also the constraining influence of geographical, societal, and military factors
on Arctic shipping, enhancing overall Arctic navigation safeguards.

Current and projected increases in Arctic shipping activities harbor the potential to
exert broad-ranging impacts on water bodies, air emissions, and animal survival [48],
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thereby posing environmental, climate, and ecological risks to both the Arctic and the
global sphere [49]. These activities contribute to the accumulation of microplastics from
ship anti-fouling coatings in Arctic waters [50] and heighten the risk of oil spills [51], posing
longstanding threats to the Arctic marine environment. The climate implications of Arctic
shipping emissions are intricate, contingent upon emission timing and location [52]. For
example, shipping along the Northern Sea Route is anticipated to exacerbate Arctic and
global warming, with nitrogen oxides and black carbon emissions exerting notable impacts
on global and Arctic climates, respectively [53]. Hence, when utilizing Arctic shipping
routes, it is essential to prioritize the protection of the ecological environment.

5. Conclusions

Melting Arctic sea ice has unlocked trans-Arctic shipping routes. Simultaneously, the
value of Arctic shipping has been greatly enhanced by the higher traffic efficiency compared
to traditional routes. While exploring Arctic navigation capabilities helps formulate efficient
and low-risk routes, inferred potential navigational capabilities may not precisely represent
actual shipping activities. In addition, while some studies have utilized real-time navigation
data to track and analyze actual changes in Arctic shipping activity, there remains a
lack of analysis for various ship types across the entire Arctic Ocean in recent years.
Furthermore, insufficient attention has been given to potential impacts from natural factors.
Leveraging AIS data and satellite-derived SIC observations, this study investigates actual
shipping activities within the Arctic Circle from 2015 to 2020 and their relationship with
sea ice conditions.

In analyzing actual Arctic shipping activities, it is observed that ships exhibit a rela-
tively small traffic occupancy in the Central Arctic, with summer and autumn being the
primary periods. Therefore, this study specifically focuses on Arctic shipping activities
during these two seasons and within 66.4°N, excluding the Central Arctic. The findings
indicate that the Arctic traffic occupancy of all ships exhibited fluctuating growth, charac-
terized by higher rates and frequencies of increase compared to those of decrease, leading
to an average growth rate of 44.26% over the six-year period. While different ship types
contributed varied proportions to the overall traffic occupancy, their annual evolution
closely aligned with the overall pattern. In summer and autumn, the traffic occupancy
mainly concentrates on NEP and exerts a dominating influence on the overall Arctic traffic
occupancy changes. As the Arctic sea ice retreats, both the traffic occupancy and its variabil-
ity undergo noticeable changes. The intricate relationship between traffic occupancy and
sea ice conditions is further explored in this study. With decreasing SIE, there is a gradual
increase in traffic occupancy, showing a statistically significant correlation in summer and
autumn, where a reduction of 10® km? in SIE corresponds to a 0.27 x 107 km? increase
in traffic occupancy at a 95% confidence level. As the Arctic SIE decreases, the constraint
imposed by ice conditions on ships’ traffic occupancy weakens.

We note that the limited timeframe of AIS data may introduce uncertainties in the
statistics. Nevertheless, there is a clear negative relationship between SIE and traffic
occupancy in the Arctic. As AIS data continue to evolve, we anticipate obtaining more
reliable and robust results.
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