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Abstract: Sea ice concentration and thickness are key parameters for Arctic shipping routes and
navigable potential. This study focuses on the changes in shipping routes and the estimation of
navigable potential in the Arctic Northern Sea Route and Transpolar Sea Route during 2021–2050
based on the sea ice data predicted by eight CMIP6 models. The Arctic sea ice concentration and
thickness vary among the eight models, but all indicate a declining trend. This study indicates that,
under the two scenarios, the least-cost route will migrate more rapidly from the low-latitude route to
the high-latitude route in the next 30 years, showing that the Transpolar Sea Route will be navigable
for Open Water (OW) and Polar Class 6 (PC6) before 2025, which is advanced by nearly 10 years
compared to previous studies. The sailing time will decrease to 16 and 13 days for OW and PC6 by
2050, which saves 3 days compared to previous studies. For OW, the navigable season is mainly from
August to October, and the Northern Sea Route is still the main route, while for PC6, the navigable
season is mainly from July to January of the following year, and the Transpolar Sea Route will become
one of the important choices.
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1. Introduction

Sea ice is an important factor in the climate system. Climate changes affect the
characteristics of sea ice, and changes in sea ice also have an impact on local or global
climate to some extent, playing a crucial role in global heat balance, atmospheric circulation,
ocean circulation, and temperature and salinity balance. The profound impacts of climate
change are revealed by the Sixth Assessment Report (AR6) of the Intergovernmental Panel
on Climate Change (IPCC) and the 27th session of the Conference of the Parties of the
United Nations Framework Convention on Climate Change (COP 27) [1,2].

The rise in Arctic temperatures has intensified the melting and retreat of sea ice, the
reduction in snow cover, and the thawing of permafrost in the Arctic region [3–6]. The
areas of sea that have been covered by thick ice year-round are gradually transforming
into ice-free or thin-ice regions. The rate of decline in Arctic sea ice extent in September
has a range from 0.015 × 106 km2/year to 0.049 × 106 km2/year during 1979–1998 but
has accelerated to the range from 0.116 × 106 km2/year to 0.192 × 106 km2/year during
1999–2010 [7,8]. During 2013–2019, the mean annual extent of Arctic sea ice decreased from
9.23 × 106 km2 to 8.51 × 106 km2, with an annual decline rate of 1.34% [9]. In addition,
Arctic sea ice thickness is also experiencing rapid changes. According to satellite data,
between 2003 and 2018, the volume of Arctic sea ice decreased by 5130 km3 per decade
during the autumn and by 2870 km3 per decade during the winter. Furthermore, the mean
sea ice thickness in some areas of the Arctic decreased by 2 m over a period of 60 years
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(1958–2018) [10]. The reduction in sea ice thickness and coverage in the Arctic region has
led to a continuous increase in open water areas and an extension of the summer melting
season. Therefore, the Arctic shipping routes have a longer navigational period, greatly
enhancing their navigational potential [11,12]. The development of Arctic shipping routes
has close connections with the Sustainable Development Goals (SDGs), including Climate
Action, Life Below Water, and Affordable and Clean Energy [13].

The Arctic Passage, which connects the North Pacific and the North Atlantic, serves
as a maritime shortcut [14]. It is typically separated into the Northern Sea Route (NSR),
the Northwest Passage (NWP), and the Transpolar Sea Route (TSR) that crosses the North
Pole. The Northern Sea Route is along the offshore waters of northern Russia, connecting
Asia and Europe. It is the least ice-covered and most navigable of the three Arctic routes
and is divided into four routes by latitude: low-latitude, mid-latitude, high-latitude, and
near-polar routes [15–17]. Compared to the traditional Suez Canal route, the Northern
Sea Route can shorten the journey by 15% to 50% [18–22]. The Transpolar Sea Route,
which crosses the North Pole, is the shortest sea route connecting the North Pacific and
North Atlantic [19], but it is often heavily ice-covered, making navigation difficult, and
currently has low feasibility for navigation. The Northwest Passage is along the Arctic
coast of Alaska, the Canadian Arctic Archipelago, and the Davis Strait, connecting Asia and
eastern North America. In 2020, the Protection of the Arctic Marine Environment Working
Group released the Arctic shipping status report, which suggested that Arctic shipping
had increased by 25% from 2013 to 2019 [23,24]. Against the background of global climate
change, the future planning and navigational potential of the Arctic shipping routes will
be of great concern. Compared with the Northern Sea Route, the Northwest Passage has
heavier sea ice conditions and less developed navigation infrastructure, making it more
difficult to navigate [18,19]. In addition, the Canadian Arctic Archipelago has complex
coastlines, narrow waterways, and limited spatiotemporal observed sea ice data in the
region. Furthermore, the Transpolar Sea Route is adjacent to the near-polar route of the
Northern Sea Route. Therefore, this study focuses on the Northern Sea Route, which
currently has the highest navigability, and the Transpolar Sea Route, which has the greatest
potential for future navigation, to conduct research on future route changes and navigation
potential estimation.

Currently, most studies of Arctic sea ice and Arctic shipping prediction rely on mod-
els [18,25–38]. The Coupled Model Intercomparison Project Phase 6 (CMIP6) has gathered
the latest prediction data of climate models. It is better suited to the current global warming
background than the CMIP5 model data due to the incorporation of Shared Socioeconomic
Pathways (SSPs) [37]. The Arctic sea ice prediction data provided by CMIP6 under various
scenarios can reduce the uncertainty of future prediction data and better represent the
changing trend of Arctic sea ice in the future.

Sea ice concentration and thickness are two important parameters for planning Arctic
shipping routes and assessing navigational potential, and their accuracy significantly affects
the reliability of future estimates for Arctic shipping. However, there has been limited
research on the accuracy of CMIP6 sea ice data. Watts et al. conducted an evaluation of the
historical data of sea ice concentration and thickness between 1979 and 2014 from 13 CMIP6
climate models, utilizing ICESat and CryoSat-2 satellite data [35]. Similarly, Shen et al.
compared the sea ice concentration historical data of CMIP6 and CMIP5 with observational
data and evaluated the performance of 36 CMIP6 models during 1979–2014 [38]. Both
studies presented a clear demonstration of the differences between CMIP6 models and
observational data, enabling a comprehensive assessment of their performance.

In addition, the current studies related to Arctic shipping routes based on CMIP6
sea ice data are primarily conducted using the multi-model mean (MMM). Li et al. con-
ducted an assessment of the navigability of Arctic shipping routes from 2015 to 2065 using
16 models [29]. Their findings revealed that three feasible shipping scenarios demonstrated
a significant reduction in navigation risk starting from 2045, but this result was only ap-
plicable to the SSP5-8.5 scenario (very high greenhouse gas emissions: CO2 emissions



J. Mar. Sci. Eng. 2023, 11, 2340 3 of 20

triple by 2075). Chen et al. predicted a significant increase and extension of navigable
areas and navigable windows during 2045–2055, but further navigability assessments were
lacking [27]. Wei et al. conducted an analysis of the navigation probability and route
changes of the Arctic Passage by the end of the 21st century using the Arctic Transport
Accessibility Model (ATAM) [36]. Their study utilized the MMM to predict the future
conditions of the Arctic under the SSP2-4.5 (intermediate GHG emissions: CO2 emissions
around current levels until 2050, then falling but not reaching net zero by 2100) and SSP5-8.5
scenarios. The study predicted that the Arctic will be ice-free in September by 2076 and
2055 under the SSP2-4.5 and SSP5-8.5 scenarios, respectively, enabling navigation through
the Transpolar Sea Route. Min et al. conducted an analysis of the changes in the navigation
potential of Arctic shipping between 2021 and 2100 using the ATAM [31]. The results of
the study, based on the MMM, indicated that the navigable area for Open Water (OW) and
Polar Class 6 (PC6) is expected to continue to increase in September before 2050 under
both the SSP2-4.5 and SSP5-8.5 scenarios. However, similar to the study of Wei et al. [36],
both studies did not conduct further detailed analysis of route planning. Moreover, the
results of the MMM do not clearly depict the route planning and navigation potential
evaluation results of different models, and they are also inadequate for comparing the
similarities and differences between the results of different models. Furthermore, the sea
ice thickness division of ATAM, which has been commonly employed in previous studies,
is relatively coarse.

In this study, the seven models with better performances were selected based on the
sea ice concentration and thickness data evaluation results of various models in CMIP6
from Watts et al. [35] and Shen et al. [38], and the CMCC-ESM2 model with relatively
large differences of sea ice concentration and thickness was also added as a comparison.
Based on the Polar Operational Limit Assessment Risk Indexing System (POLARIS) with
more detailed sea ice thickness classification (IMO, 2016), the navigational risk of each
model was quantified under two scenarios (SSP2-4.5 and SSP5-8.5), represented by two
types of vessels, Open Water (OW) and Polar Class 6 (PC6), and the navigability of each
model was evaluated and analyzed from multiple perspectives to find out the similarities
and differences between the models and to comprehensively predict the changes in Arctic
shipping routes and navigability potential in the next 30 years.

2. Data and Methods
2.1. CMIP6 Sea Ice Data

Based on the evaluation results of sea ice concentration and thickness from Watts
et al. [35] and Shen et al. [38], this study utilizes monthly sea ice concentration and thickness
data with the better performances obtained from seven climate models, including ACCESS-
ESM1-5, CESM2-WACCM, EC-Earth3-CC, MIROC6, MPI-ESM1-2-HR, NorESM2-MM,
and UKESM1-0-LL. The CMCC-ESM2 model with smaller simulation results of sea ice
concentration and thickness was additionally utilized as a comparison (Table 1). CMIP6
data show that there will be completely ice-free months in the Arctic before 2050 [39], and
30 years before 2050 is the period with the largest change in navigation potential [29,33].
Therefore, this study focuses on the period between 2021 and 2050, with a particular
emphasis on the Northern Sea Route and the Transpolar Sea Route (Figure 1). The SSP2-4.5
and SSP5-8.5 scenarios are selected for this research. Due to the difference in grid resolution
in the CMIP6 models, we employed the inverse distance weighting (IDW) interpolation
technique to convert the model data grids into a consistent grid size with a resolution of
12.5 km × 12.5 km.
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Table 1. Basic information about the CMIP6 models used in this study.

Model Name Label Institution
(Country or Organization)

Resolution
(Longitude × Latitude)

ACCESS Earth Systems Model ACCESS-ESM1-5 CSIRO (AUS) 250 km (360 × 300)
CESM2-Whole Atmosphere
Community Climate Model CESM2-WACCM NCAR (USA) 100 km (320 × 384)

CMCC Earth System Model 2 CMCC-ESM2 CMCC (ITA) 100 km (360 × 291)
European Community
Earth-System Model EC-Earth3-CC EC-Earth-Consortium (EU) 100 km (362 × 292)

Model for Interdisciplinary
Research on Climate 6 MIROC6 MIROC (JPN) 100 km (360 × 256)

Max Planck Institute ESM
higher-resolution version MPI-ESM1-2-HR DKRZ (GER) 50 km (802 × 404)

Norwegian Earth System Model
version 2 NorESM2-MM NCC (NOR) 100 km (360 × 384)

United Kingdom ESM version 1 UKESM1-0-LL MOHC (GBR) 100 km (360 × 330)J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 4 of 21 
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2.2. Arctic Shipping Route Calculation

The POLARIS, released by the International Maritime Organization in 2016, is the latest
mechanism for evaluating navigation risks in ice-covered waters. This system integrates
the experience and best practices derived from the Canadian Arctic Ice Regime Shipping
System (AIRSS) and the Russian Ice Certificate concept, with additional input provided by
other coastal administrations with experience regulating marine traffic in ice conditions.
The basis of POLARIS is an evaluation of the risks posed to the ship by ice conditions using
the World Meteorological Organization (WMO) nomenclature and the ship’s assigned
ice class.

This study quantifies the navigation risk using POLARIS. The risk value (RV) of two
types of vessels, OW and PC6, are obtained based on the monthly sea ice thickness (SIT)
and the vessel’s ice-breaking capability. The RV is then combined with sea ice concentration
data to calculate the risk index outcome (RIO) of navigation. The RIO is used to plan the
least-cost path [40], which is referred to as the least-cost route in this study. The starting
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and ending points of the route are, respectively, the Bering Strait and the Rotterdam Port in
Europe (Figure 1), which is similar to Melia et al. [30], Min et al. [31], and Wei et al. [36].

RVOW =



3, SIT = 0 cm
1, 0 cm < SIT ≤ 10 cm
0, 10 cm < SIT ≤ 15 cm
−1, 15 cm < SIT ≤ 30 cm
−2, 30 cm < SIT ≤ 50 cm
−3, 50 cm < SIT ≤ 120 cm
−4, 120 < SIT ≤ 200 cm
−5, 200 < SIT ≤ 250 cm
−6, SIT > 250 cm

(1)

RVPC6 =



3, SIT = 0 cm
2, 0 cm < SIT ≤ 50 cm
1, 50 cm < SIT ≤ 95 cm
0, 95 cm < SIT ≤ 120 cm
−1, 120 cm < SIT ≤ 200 cm
−2, 200 cm < SIT ≤ 250 cm
−3, SIT > 250 cm

(2)

The RIO can be calculated based on the RV values and sea ice concentration data.
If RIO is greater than or equal to 0, the area is considered navigable, and a higher RIO
indicates safer navigational conditions. Conversely, if RIO is less than 0, the area is risky
and considered as no transit. The equation is as follows:

RIOv = ∑ CT × RVV,T (3)

The subscript V denotes vessel type, the subscript T denotes sea ice thickness, the
subscript V denotes vessel type, CT indicates sea ice concentration corresponding to sea ice
thickness T, and RVV,T indicates the RV of V-type vessels navigating in the area covered by
sea ice thickness T. Note that in the POLARIS, there are two types of sea ice with different
RV in the 120–200 cm thickness range, and there is a lack of RV for the 200–250 cm thickness
range. Therefore, the RV for the 120–200 cm range and 200–250 cm range are determined
based on the RV of one-year ice and second-year ice, respectively.

2.3. Sailing Time of Arctic Shipping Route

Based on the AIRSS released by the Canadian Department of Transportation in 1998,
the safe speed can be obtained according to the ice numeral (IN) of each point along the
route, and then the sailing time for each route is calculated [25]. The time it takes to
pass through the shortest Transpolar Sea Route at the fastest safe speed is approximately
12.77 days, which is referred to as the shortest sailing time in this study.

Safe speed =



0, IN < 0, (unnavigable)
4, 0 ≤ IN ≤ 8
5, 9 ≤ IN ≤ 13
6, 14 ≤ IN ≤ 15
7, IN = 16
8, IN = 17
9, IN = 18
10, IN = 19
11, IN = 20, (n mile/h)

(4)
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The IN value is calculated based on the sea ice concentration and the ice multipliers
(IM) determined by sea ice thickness and vessel type:

INV = ∑ CT × IMV,T (5)

The IM values are set by the following conditions, where TYPE E corresponds to OW,
and TYPE A corresponds to PC6 [32,41].

IMTYPE A =


2, 0 cm ≤ SIT ≤ 70 cm
1, 70 cm < SIT ≤ 120 cm
−1, 120 cm < SIT ≤ 200 cm
−3, 200 cm < SIT ≤ 250 cm
−4, SIT > 250 cm

(6)

IMTYPE E =



2, 0 cm ≤ SIT ≤ 10 cm
1, 10 cm < SIT ≤ 15 cm
−1, 15 cm < SIT ≤ 70 cm
−2, 70 cm < SIT ≤ 120 cm
−3, 120 cm < SIT ≤ 200 cm
−4, SIT > 200 cm

(7)

3. Results
3.1. Analysis of Key Parameters for Sea Ice along Shipping Routes
3.1.1. Sea Ice Concentration

In terms of the spatial distribution of multi-year mean sea ice concentration from
2021 to 2050, under the SSP2-4.5 scenario (Figure 2a), most models show that high sea
ice concentration is located in the northern Canadian Arctic Archipelago and the north
of Greenland, while only the MIROC6 and MPI-ESM1-2-HR models display high sea ice
concentration in the Central Arctic Ocean. The sea ice concentration in the Arctic coastal
regions of Alaska, Canada, and Eurasia is relatively low. Within the study area (with
a minimum latitude of 66.57◦ N), multi-year mean sea ice concentration data from the
different models suggest that the maximum mean value is 71.5% for NorESM2-MM, while
the minimum is only 30.2% for CMCC-ESM2. The mean sea ice concentration values for
other models are between 50% and 60%. Along the Russian coast of the Northern Sea
Route, the CESM2-WACCM and MIROC6 models show higher sea ice concentration in the
Sannikov Strait, about 20% higher than those in the Long Strait and Vilkitsky Strait.

In each model, the spatial distribution of multi-year mean sea ice concentration un-
der the SSP5-8.5 scenario is generally consistent with that under the SSP2-4.5 scenario
(Figure 2b). The maximum multi-year mean sea ice concentration is 70% for NorESM2-
MM, while the minimum is 30.8% for CMCC-ESM2. The mean values for other models
have a range from 49% to 60%. Note that the sea ice concentration spatial mean values
for CESM2-WACCM, CMCC-ESM2, EC-Earth3-CC, and MPI-ESM1-2-HR have slightly
increased compared to SSP2-4.5, with increases of 0.48%, 0.59%, 1.76%, and 0.21%, respec-
tively. Overall, the two scenarios do not have significant impacts on the reduction in sea
ice concentration.

Further calculations based on sea ice concentration reveal an overall decreasing trend
in sea ice extent for all models under the SSP2-4.5 scenario from 2021 to 2050 (Figure 3a).
Based on the mean sea ice extent predicted by each model for 30 years, CMCC-ESM2 has the
smallest prediction result, with a mean sea ice extent of 4.15 × 106 km2. On the other hand,
NorESM2-MM has the largest predicted mean result of 9.06 × 106 km2, while the predicted
results of other models have a range from 6.8 × 106 km2 to 7.7 × 106 km2. In terms of the
trend in reducing sea ice extent (Table 2), the other models vary from 0.51 × 106 km2/10a
to 0.77 × 106 km2/10a, while MPI-ESM1-2-HR only has a decreasing trend in sea ice extent
of 0.035 × 106 km2/10a over 30 years, primarily due to an abnormal increase in sea ice
extent between 2036 and 2040.
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Table 2. The declining trend of sea ice extent under SSP2-4.5 and SSP5-8.5 scenarios.

Declining Trend
(×106 km2/10a)

Declining Trend
(×106 km2/10a)

SSP2-4.5 SSP5-8.5 SSP2-4.5 SSP5-8.5

ACCESS-ESM1-5 0.615 0.608 MIROC6 0.516 0.338
CESM2-WACCM 0.546 0.683 MPI-ESM1-2-HR 0.035 0.770

CMCC-ESM2 0.773 0.634 NorESM2-MM 0.351 0.210
EC-Earth3-CC 0.520 0.378 UKESM1-0-LL 0.761 1.034

There are no significant differences in the declining trend and mean sea ice extent
between the SSP5-8.5 and SSP2-4.5 scenarios for each model (Figure 3b). The two models
with the minimum and maximum mean sea ice extent are still CMCC-ESM2 and NorESM2-
MM, with mean values of 4.23 × 106 km2 and 8.92 × 106 km2, respectively. CESM2-
WACCM is the only model that predicted a slight increasing trend during 2041–2050.
Five models, including ACCESS-ESM1-5, CMCC-ESM2, EC-Earth3-CC, MIROC6, and
NorESM2-MM, exhibited smaller decreasing trends under the SSP5-8.5 scenario compared
with their performances under the SSP2-4.5 scenario (Table 2). Furthermore, UKESM1-0-LL
is the only model that exhibited a decreasing trend exceeding 1 × 106 km2/10a.
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scenarios.

Regarding the linear trend in sea ice concentration for each model from 2021 to 2050
(Figure 4), the predicted sea ice concentration in all models displays a decreasing trend in
most regions. The distribution characteristics of linear trends are similar under the two
scenarios. Note that the decrease in sea ice concentration in the regions with relatively large
sea ice concentration, such as the northern Canadian Arctic Archipelago and the north of
Greenland, is smaller than that in the surrounding regions with lower sea ice concentration.

Under the SSP2-4.5 scenario, ACCESS-ESM1 in the Greenland Sea, CESM2-WACCM
in the Labrador Sea, and MPI-ESM1-2-HR and UKESM1-0-LL in the Barents Sea region
exhibit some increasing trends. However, under the SSP5-8.5 scenario, the distribution of
the increasing trends decreases.

3.1.2. Sea Ice Thickness

There are similarities between the spatial distribution of multi-year mean sea ice
thickness and the distribution characteristics of the multi-year mean sea ice concentration
in each model for the period of 2021 to 2050 (Figure 5a). Specifically, under the SSP2-4.5
scenario, all models indicate that large values of sea ice thickness are concentrated in the
northern Canadian Arctic Archipelago and the north of Greenland. In the eight models, the
smallest mean sea ice thickness predicted by CMCC-ESM2 in the study area is only 0.63 m,
while the largest mean value of 1.96 m is found in NorESM2-MM. CESM2-WACCM and
MIROC6 suggest that sea ice thickness in the East Siberian Sea, the Long Strait, and the
Sannikov Strait is similar to that found in the northern Canadian Arctic Archipelago and
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the north of Greenland, with thickness exceeding 1.8 m. Additionally, ACCESS-ESM1-5
shows a greater sea ice thickness in the Long Strait and the Sannikov Strait, with values
exceeding 1.4 m. The spatial distribution characteristics of sea ice thickness under the SSP5-
8.5 scenario are similar to those of SSP2-4.5 (Figure 5b), with NorESM2-MM exhibiting the
largest mean sea ice thickness, decreasing by 0.15 m compared to its SSP2-4.5 scenario. The
mean values of the other seven models do not change by more than ±0.05 m compared to
their respective mean values under the SSP2-4.5 scenario.
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In terms of the linear trend in sea ice thickness in each model from 2021 to 2050
(Figure 6), most regions exhibit a decreasing trend. Under the SSP2-4.5 scenario, the Green-
land Sea in ACCESS-ESM1-5, the Labrador Sea in CESM2-WACCM, and the Barents Sea
region in MPI-ESM1-2-HR show a slightly increasing trend, which is generally consistent
with the regional distribution of the increasing trend in sea ice concentration. Under the
SSP5-8.5 scenario, the five models display further decreasing trends of sea ice thickness
compared to the SSP2-4.5 scenario, although the differences are not significant. Moreover,
only the result of EC-Earth3-CC indicates that the sea ice thickness near the Sannikov Strait
exhibits a slightly increasing trend under both scenarios.
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3.2. Prediction of Arctic Shipping Route Changes and Navigation Potential
3.2.1. Analysis of Arctic Least-Cost Route and Sailing Time

The risk of navigation for Open Waters (OW) is relatively high. Figure 7 illustrates
the distribution of least-cost routes planned by the RIO from 2021 to 2050. The earlier
routes will be overlaid by later routes in the same region in order to indicate the trend
of northward shift in the least-cost route every decade. The regional distribution and
interdecadal changes of routes under the two scenarios (SSP2-4.5 and SSP5-8.5) show
similarities, but significant disparities exist in the temporal and spatial distribution of
routes among the models.

From a regional perspective, the utilization frequency of traditional low-latitude routes
has decreased. Rather than passing through the Kara Strait after the Vilkitsky Strait, most
routes opt to travel directly to northern Europe via the area north of Novaya Zemlya.
Shorter mid-latitude or high-latitude routes will become the preferred choice for vessels in
the next 30 years. Some models indicate that shipping routes in certain months tend to shift
towards the coast of North America after passing through the Bering Strait, suggesting that
during these months, sea ice conditions in the East Siberian Sea and adjacent Arctic Basin
are not favorable for OW navigation.
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The interdecadal changes in the distribution of least-cost routes suggest that, under
two scenarios, the routes for most models will gradually shift towards higher latitudes
over the next 30 years (Figure 8a). This trend indicates the potential for navigation through
the Transpolar Sea Route, although the Northern Sea Route will remain the optimal choice
for OW navigation over the next 30 years. The seven models, excluding NorESM2-MM,
predict that the Northern Sea Route will be retained as the main shipping route for the next
30 years. However, for NorESM2-MM, it is projected that the route crossing the North Pole
for OW navigation will not be feasible until 2050.

From the perspective of the shortest sailing time for each model, except for CMCC-
ESM2 and NorESM2-MM, the sailing time for OW in other models under both scenarios
exhibits a decreasing trend. This trend suggests that the navigation efficiency of the Arctic
Passage is continually improving.

CMCC-ESM2 predicts the minimum sea ice concentration and thickness among the
eight models, providing an opportunity for OW to achieve the shortest sailing time of
12.77 days every year. It indicates that the OW and PC6 in CMCC-ESM2 were able to
navigate through the Transpolar Sea Route before 2021. UKESM1-0-LL predicts the shortest
sailing time to be achieved before 2040, and ACCESS-ESM1-5 and CESM2-WACCM predict
it to occur after 2045. The other four models cannot predict the shortest sailing time through
the Transpolar Sea Route before 2050.
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Orange, indigo, and red lines indicate the routes in 2020s, 2030s, and 2040s, respectively.

Similar to OW, there is no significant difference in the distribution of the least-cost
routes for PC6 between the SSP2-4.5 and SSP5-8.5 scenarios (Figure 9), indicating that the
scenario has no significant impact on the navigation route planning. From the perspective
of route regional distribution, all models indicate the potential for navigation through the
Transpolar Sea Route before 2050. The distribution of PC6 least-cost routes is significantly
more concentrated towards the Transpolar Sea Route compared with OW, with the majority
of routes located near the high-latitude routes of the Northern Sea Route and the Transpolar
Sea Route. Note that CMCC-ESM2 will no longer navigate through the low-latitude routes.

Based on the interdecadal changes in the distribution of PC6’s least-cost routes
(Figure 8b), it is obvious that the majority of models have shifted towards higher lati-
tudes under both scenarios, more significantly than OW. Additionally, the sailing time
for each year is generally shorter than that of OW, which leads to a smaller decreasing
trend than that of OW. Although PC6 in all models does not achieve an earlier navigation
date with the shortest sailing time compared to OW, under the SSP5-8.5 scenario, the
mean sailing time over 30 years for most models has been reduced by more than 1.2 days.
However, NorESM2-MM is still unable to ensure smooth navigation every year.
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Using the distribution of the least-cost routes every five years (Figure 10), it is found
that the Transpolar Sea Route is poised to become a significant option for Arctic navigation.
The routes for the next 30 years are mainly distributed near the Transpolar Sea Route and
the high-latitude routes of the Northern Sea Route. The frequency of using the low-latitude
routes decreases gradually, while the frequency of using the Transpolar Sea Route gradually
increases. The primary route is expected to gradually shift towards the Transpolar Sea
Route for PC6. Under both scenarios, it is projected that the Transpolar Sea Route will
be navigable for over six months per year from 2046 to 2050, which would significantly
improve navigation efficiency along the Arctic shipping route. In addition, PC6 will be able
to navigate through the Transpolar Sea Route before 2025.

For OW, the mid-latitude and high-latitude routes of the Northern Sea Route will
be more suitable over the next 30 years. The navigational capacity under both scenarios
is similar, with the mean frequency of using the Transpolar Sea Route increasing from
1 month per year during 2021–2025 to approximately 3 months in the last 5 years, which
means a relatively low navigation probability.

3.2.2. Analysis of Navigation Potential for Northern Sea Route and Transpolar Sea Route

Based on the results of the first navigable year for each month, under both scenarios,
OW achieves navigation primarily between July and October, while it is not navigable from
February to May (Figure 11a,b). Under the SSP2-4.5 scenario, all models indicate that the
Arctic Passage will be navigable from July to October no later than 2045, with five models
projecting an earlier navigable time of 2027. Furthermore, except for NorESM2-MM, the
seven models predict navigability in November before 2047. There are differences under the
SSP5-8.5 scenario. The earliest time for NorESM2-MM to be navigable in July is postponed
to 2050, while the latest time for the other seven models to be navigable from July to October
is 2038. Furthermore, the six models are expected to be navigable in November before 2038.
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The duration of navigability for PC6 in the Arctic region is projected to be greater than
that of OW before 2050 (Figure 11c,d). Additionally, the first year of navigability for PC6 is
expected to occur earlier than previously estimated. The navigation months for PC6 under
both scenarios are primarily from July to January of the following year. All the models
under the SSP2-4.5 scenario show that the latest navigation time from July to October is
four years earlier than OW. Furthermore, the seven models under the SSP5-8.5 scenario,
except for NorESM2-MM, show that the latest navigation time from July to October is
twelve years earlier than OW. In terms of navigability for each month, only CMCC-ESM2
has achieved year-round navigation. However, for most models, PC6 still cannot maintain
stable navigation from March to May.

According to the statistics of the number of navigable months per year for OW and
PC6 under the two scenarios, all models show an increasing trend. For OW, under the two
scenarios, the navigable season will increase from 0–3 months before 2025 to 2–8 months per
year in 2050, with a mean increase of 2.6 months for each model in 30 years (Figure 12a,b).
Despite OW in NorESM2-MM being almost unnavigable in the first 25 years, it is still
expected to be navigable during the summer months in the last 5 years. Under the SSP5-8.5
scenario, the navigation time in NorESM2-MM is advanced to 2034. For the other seven
models, the time to achieve at least one month of navigation each year is projected to be
2029 under the SSP2-4.5 scenario and 2027 under the SSP5-8.5 scenario, respectively.
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Under both scenarios, PC6 outperforms OW in terms of the number of navigation
months (Figure 12c,d). Most models have achieved a navigable season of at least 6 months
since 2040. Notably, the mean annual navigable season of CMCC-ESM2 reached 10.6 and
10.9 months, respectively. It can be inferred that, except for the spring season, this model
will be fully navigable by PC6 in the Northern Sea Route or Transpolar Sea Route over the
next 30 years. NorESM2-MM predicts that, under the two scenarios, PC6 will be navigable
for a minimum of one month annually after 2044 and 2034, respectively. Nevertheless,
the navigable season is anticipated to remain below six months by 2050. Conversely, the
other six models suggest that the navigable season will increase from 2–6 months in 2021 to
6–9 months in 2050, with a mean increment of about 3.4 months per year.
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Figure 10. Spatial distribution of the least-cost route every 5 years for (a) OW under the SSP2-4.5
scenario, (b) OW under the SSP5-8.5 scenario, (c) PC6 under the SSP2-4.5 scenario, and (d) PC6 under
the SSP5-8.5 scenario. The width and color of line indicate the number of navigations using the
same route.
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the SSP5-8.5 scenario.

4. Discussion

The results of this study show some differences compared with previous research
(Table 3). Previous research based on MMM has shown that the Transpolar Sea Route will
become navigable for OW and PC6 in mid-century (2036–2060) under both RCP4.5 and
RCP8.5 [32,41]. However, in this study, the Transpolar Sea Route is navigable before 2025
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under SSP2-4.5 and SSP5-8.5, which is indicated in six models, excluding MIROC6 and
NorESM2-MM.

Table 3. Comparisons of analysis results between the previous studies and this study.

Content Previous Results Results in This Study

Start time when the Transpolar Sea Route
is navigable for OW and PC6 2036 [32,41] Before 2025 for OW and PC6

Navigational probability in the
Transpolar Sea Route in 2050

Less than 20% for both OW and PC6 [36]
Less than 20% under RCP4.5 and less than 30%

under RCP8.5 for Type-E in summer [30]

More than 25% for OW and 50%
for PC6

Sailing time in the Transpolar Sea Route
in 2050

20 days for Type-E [30]
19 days for OW and 16 days for PC6 [31] 17 days for OW and 13 days for PC6

In addition, Wei et al. suggested that the navigational probability in the Transpolar
Sea Route is less than 20% for both OW and PC6 under SSP2-4.5 and SSP5-8.5 in 2050 [36].
Melia et al. reported that the navigational probability is less than 20% under RCP4.5 and
less than 30% under RCP8.5 for OW in the summer of 2050 [30]. In this study, the navigable
season of the Transpolar Sea Route will approximate to more than 3 months for OW shown
in the five models and 6 months for PC6 shown in the seven models in 2050, which means
the navigational probability reaches 25% and 50%.

Moreover, Melia et al. indicated that the sailing time for Type-E to reach Europe from
the Bering Strait is expected to decrease to approximately 20 days in 2050 under RCP4.5
and RCP8.5 [30]. Min et al. suggested the sailing time will decrease to approximately
19 days for OW and 16 days for PC6 in 2050 under SSP2-4.5 and SSP5-8.5 [31]. The sailing
time in this study will decrease to approximately 16 days for OW and 13 days for PC6,
excluding NorESM2-MM, which saves 3 days compared to the two previous studies under
the two scenarios.

The previous studies mainly focused on the result of MMM, which cannot reveal
specific differences among the models. Moreover, the planning of the least-cost route is
particularly model-dependent, indicating that selecting different models will significantly
influence the result of MMM, leading to varying results. In this study, we selected monthly
sea ice concentration and thickness data from eight CMIP6 models during 2021–2050 based
on existing data evaluation results. The results are supported to be more reasonable.

Note that there is limited work being performed to analyze and verify the accuracy of
CMIP6 prediction data. Therefore, this study selects models based on previous evaluations
of CMIP6 historical data. However, it should be emphasized that the evaluation results of
historical data may not fully represent the accuracy of the prediction data. Assessing the
accuracy of model prediction data and selecting models reasonably will be the key points
of future research on the Arctic shipping routes based on model prediction results.

In addition, the POLARIS, as the latest navigation risk quantification system, has
incorporated more vessel types and finer sea ice thickness level divisions. However, it
does not take into account natural factors such as real-time ice conditions, weather, and sea
conditions, as well as human factors such as the degree of coastal navigation infrastructure
and local navigation policies. In addition, the POLARIS is designed for application within
spatial scales corresponding to the size of the ship and temporal scales of minutes. In this
study, the CMIP6 data exhibit relatively low resolutions with spatial scales exceeding 50 km
and a temporal scale characterized by monthly means. Therefore, the RIO calculated solely
based on data such as icebreaking capability, sea ice thickness, and concentration cannot
accurately reflect the navigational conditions of the Arctic Passage. Further development
of a quantification system for navigation risk in the Arctic that considers various natural
factors such as sea ice conditions, ocean conditions, and weather is necessary. Providing
prompt navigation safety services for vessels in the Arctic based on real-time data on sea
ice, marine, and meteorology can be an important direction for development.
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5. Conclusions

In this study, we selected monthly sea ice concentration and thickness data predicted
from eight CMIP6 models under the two scenarios (SSP2-4.5 and SSP5-8.5) from 2021 to 2050
based on existing data evaluation results. We analyzed the distribution characteristics and
linear trends of sea ice concentration and thickness, as well as the variations in sea ice extent
in the Arctic for the next 30 years, and compared the similarities and differences among the
models in detail. Subsequently, we introduced the POLARIS to derive a navigation risk
index of RIO and route planning for two types of vessels (OW and PC6). We focused on
the route changes and navigational potential in the next 30 years to conduct an assessment
and analysis.

All models predict a similar spatial and temporal variability of sea ice concentration
and thickness under both scenarios, with a decreasing trend of sea ice concentration and
thickness in most Arctic regions in the future. However, there are differences among the
models in simulating the spatial distribution and temporal variability of sea ice. Severe
sea ice conditions are expected in the northern Canadian Arctic Archipelago and the north
of Greenland. In the eight models, NorESM2-MM and CMCC-ESM2 have significant
differences compared to the other six models. NorESM2-MM predicts more Arctic sea ice
and still has larger sea ice concentration and thickness, as well as a smaller decreasing
trend for the next 30 years. On the other hand, CMCC-ESM2 predicts less sea ice, with
an extremely small sea ice concentration and thickness in all regions except the northern
Canadian Arctic Archipelago and the north of Greenland, as well as the Russian coast
region east of the Sanikov Strait.

The impact of the two scenarios on route changes and navigational potential is not
significant. The models predict that Arctic sea ice will decrease over the next 30 years,
resulting in a decrease in the frequency of using the low-latitude route of the Northern
Sea Route. Individual models exhibit more details compared to the MMM in the previous
studies. Different from the previous results, this study reveals that, within the next 30 years,
the least-cost route is projected to migrate more rapidly from the low-latitude route to
the high-latitude route under the two scenarios. Specifically, it is anticipated that the
Transpolar Sea Route will become navigable for both OW and PC6 prior to 2025, which
is nearly a decade earlier than previously suggested. Furthermore, by 2050, the sailing
time is expected to decrease to 17 and 13 days for OW and PC6, respectively, which saves
3 days compared to previous studies. For OW, the Northern Sea Route will be retained as
the main route in the next 30 years, while the route of PC6 will gradually migrate to the
Transpolar Sea Route. The navigable season for both types of vessels in the Arctic Passage
is expected to gradually increase. The navigable season for PC6 is much longer than that
for OW. Specifically, by 2050, OW is expected to have a navigable season of 3–6 months
per year, while PC6 is projected to have a navigable season of 6–9 months. The navigable
season for OW is mainly concentrated from August to October, and PC6 extends from
July to January of the following year. Considering both sailing distance and safety, the
mid-latitude and high-latitude routes of the Northern Sea Route are better choices for OW
in the next 30 years. The Transpolar Sea Route will become an important option for PC6.
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