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Abstract: Arctic navigation has become operational in recent decades with the decline in summer
sea ice. To assess the navigability of trans-Arctic passages, combined model and satellite sea ice
thickness (CMST) data covering both freezing seasons and melting seasons are integrated with the
Arctic Transportation Accessibility Model (ATAM). The trans-Arctic navigation window and transit
time are thereby obtained daily from modeled sea ice fields constrained by satellite observations. Our
results indicate that the poorest navigability conditions for the maritime Arctic occurred in 2013 and
2014, particularly in the Northwest Passage (NWP) with sea ice blockage. The NWP has generally
exhibited less favorable navigation conditions and shorter navigable windows than the Northern
Sea Route (NSR). For instance, in 2013, Open Water (OW) vessels that can only safely resist ice with
a thickness under 15 cm had navigation windows of 47 days along the NSR (45% shorter than the
2011–2016 mean) and only 13 days along the NWP (80% shorter than the 2011–2016 mean). The
longest navigation windows were in 2011 and 2015, with lengths of 103 and 107 days, respectively.
The minimum transit time occurred in 2012, when more northward routes were accessible, especially
in the Laptev Sea and East Siberian Sea with the sea ice edge retreated. The longest navigation
windows for Polar Class 6 (PC6) vessels with a resistance to ice thickness up to 120 cm reached
more than 200 days. PC6 vessels cost less transit time and exhibit less fluctuation in their navigation
windows compared with OW vessels because of their ice-breaking capability. Finally, we found
that restricted navigation along the NSR in 2013 and 2014 was related to the shorter periods of
navigable days in the East Siberian Sea and Vilkitskogo Strait, with local blockages of thick ice having
a disproportionate impact on the total transit. Shorter than usual navigable windows in the Canadian
Arctic Archipelago and Beaufort Sea shortened the windows for entire routes of the NWP in 2013
and 2014.

Keywords: Arctic shipping route; transit time; navigation window; sea ice

1. Introduction

The Arctic climate is changing rapidly and warming at more than twice the rate of
lower latitudes, which is known as Arctic amplification [1,2]. Rising temperature in the
Arctic is strongest on the sea surface and accompanied by sea ice melting [3]. Summertime
Arctic sea ice extent (SIE) has had a steeply downward trend since the 1990s [4,5], and
the ocean is likely to be seasonally ice-free by the mid-21st century [6–8]. Reduction of
sea ice cover results in a shorter shipping distance bridging the Atlantic and the Pacific,
and commercial ship sailing in the Arctic will become increasingly operational in the
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coming decades [9–11]. The newly emerging trans-Arctic passages, i.e., the Northern Sea
Route (NSR) along northern Russian coast and the Northwest Passage (NWP) through the
Canadian Arctic Archipelago (CAA), bring enormous economic benefits to the international
shipping industry. Compared with traditional routes (e.g., passages across the Strait of
Malacca and the Suez Canal), the distance between Asia and Europe may reduce by about
40%, with the accompanying CO2 emissions reducing by 49–78% [12].

However, Arctic shipping is still usually hindered by pack sea ice, including multiyear
ice (MYI), the thickness of which can be >5 m. For example, navigation in the NWP is
severely hampered by local accumulations of MYI, caused by old ice drifting and deforming
within the tight Canadian Arctic passages. Recent advances in satellite-based Arctic sea ice
monitoring can provide reliable sea ice thickness (SIT) observations that reveal the possible
risk for Arctic shipping but are still restricted to freezing season [13]. Recent studies focus
on estimating the future potential of Arctic shipping with the primary consideration of sea
ice conditions [9–11,14–18]. Nevertheless, the projection skill of climate models used to
simulate future seasonal and interannual changes in sea ice volume can limit the value of
the resulting navigability assessment [19,20]. These works generally provide a projection
of the Arctic shipping routes with average monthly SIT and have enlightened decisions
on the long-term development of the Arctic shipping industry; however, they cannot
capture the sea ice evolution such as ice blockages induced by synoptic-scale processes
(e.g., cyclones and atmospheric advection) owing to their coarse temporal resolution [21,22].
There is no study yet that estimates the trans-Arctic navigability using all-year-round SIT
data and ATAM at a daily frequency. However, for actual shipping, variability of SIT at
synoptic scale is essential for safe navigation and needs to be considered in Arctic shipping
assessments. Hence, navigability estimation from the perspective of daily SIT is elementary
to manage the risk of sailing in ice-covered water in the Arctic.

Here, we use the sea ice concentration (SIC) and SIT from the combined model and
satellite sea ice thickness (CMST) dataset [23] and the Arctic Transportation Accessibility
Model (ATAM) [24] to reexamine the seaworthiness of the Arctic shipping routes from 2011
to 2016. The CMST data is chosen because it is well-validated with field observations and
satellite remote-sensing observations, and also covers periods with extremely low sea ice
extents well, e.g., 2012 and 2016 [23]. The optimal trans-Arctic shipping routes (OASR)
(i.e., the most time-effective ideal routes derived from SIC and SIT) and transit times (i.e.,
time cost of sailing along OASR) for Open Water (OW) and Polar Class 6 (PC6) vessels are
obtained annually. For the first time, we analyze the navigation windows for trans-Arctic
shipping from the perspective of SIT at a daily frequency, which would be more in line
with the navigational demand. A detailed revisit of trans-Arctic navigability will set a good
reference for the stakeholders or shipping industry when planning Arctic shipping.

2. Materials and Methods
2.1. CMST Sea Ice Data

CMST spanning from 2011 to 2016 is a reanalysis sea ice dataset, generated by a
regional, coupled ice–ocean model based on the Massachusetts Institute of Technology
general circulation model (MITgcm) with sea ice data assimilation [25]. In detail, CryoSat-2
(CS2) SIT from Alfred Wegener Institute (AWI), Soil Moisture and Ocean Salinity (SMOS)
SIT from University of Hamburg and Special Sensor Microwave Imager/Sounder (SSMIS)
SIC from Integrated Climate Data Center are assimilated into the MITgcm ice–ocean
model using a Local Error Subspace Transform Kalman filter coded in the Parallel Data
Assimilation Framework (PDAF) [26]. The dynamics scheme used in MITgcm is the sea ice
dynamics of a viscous plastic rheology [27,28], and the thermodynamics scheme is a one-
layer, zero heat capacity formulation [29,30]. Driving MITgcm is the atmospheric ensemble
forecasts from the United Kingdom Met Office (UKMO) Ensemble Prediction System [31].
CMST provides daily grid-cell-averaged SIT estimates all year round [23] and covers the
smallest recorded ice extents in 2012 and 2016 [32,33]. The sea ice variables are discretized
on an Arakawa C grid with a spatial resolution of 18 km. In previous validations, CMST
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reproduced most of the observed temporal and spatial variations of SIT compared with
most available in situ observations in the Arctic Basin. CMST also shows some advantages
over the statistically merged product, CS2 SMOS, and the Pan-Arctic Ice-Ocean Modeling
and Assimilation System (PIOMAS) thickness product [23]. Low bias and errors between
CMST and helicopter-borne electromagnetic induction sounding SIT and CS2 SIT are also
found over the Fram Strait, suggesting a good performance of CMST SIT in this dynamical
ice outflow region [34]. Overall, taking advantage of the all-year-round coverage and daily
resolution in the temporal scale, the opening days, closing days and navigation windows
of the Arctic shipping routes are first revisited in this study.

2.2. Methods of Navigability Estimation

SIC and SIT provided by CMST are used in a semiempirical Arctic Transportation
Accessibility Model (ATAM) to assess navigability within the ice regime. Following
Stephenson et al. [24], Ice Multipliers (IM) indicate the navigation risk in different sea
ice conditions for the certain ice-resistance of vessels. In detail, IM for the two representa-
tive vessels investigated in this study, Open Water (OW) and Polar Class 6 (PC6) vessels,
are given:

IMOW =



2, SIT = 0
1, 0 < SIT < 15

–1, 15 ≤ SIT < 70
–2, 70 ≤ SIT < 120

–3, 120 ≤ SIT < 151
–4, SIT ≥ 151

, IMPC6 =


2, 0 ≤ SIT < 70

1, 70 ≤ SIT < 120
–1, 120 ≤ SIT < 151
–3, 151 ≤ SIT < 189

–4, SIT ≥ 189

Then, the IM are operated with the Arctic Ice Regime Shipping System (AIRSS) [35] to
assess the navigability for different kinds of vessels in the Arctic. In AIRSS, the ice numeral
(IN) is given:

IN =(Ca × IMa) + (Cb × IMb)+ . . .+(Cn × IMn) (1)

where Ca, Cb, . . . are the SIC in tenths of ice type a, b, . . . , and IMa, IMb, . . . are the Ice
Multiplier (IM) for corresponding ice types. The IN is calculated for every grid cell of the
dataset in every available day. A negative IN means the grid cell is unnavigable, while a
positive or zero IN indicates the cell is navigable. A larger IN value equates to a smaller
navigation risk.

Subsequently, a shortest path algorithm is applied to find OASR across the daily IN-
gridded fields that costs minimal sailing time between the departure port and destination
port [9,10]. Following McCallum [36], shipping transit time is derived from the grid cell
range and the ship safe speed (SS) determined by the IN (Table 1). Therefore, the transit
time is given as follows:

STi =
di1/2
SSi1

+ di2/2
SSi2

(2)

where STi is the transit time between the centers of grid cells i1 and i2, di1 and di2 are the
distances between two cells’ centers and SSi1 and SSi2 are the ship safe speeds in these
corresponding cells. Then, a weighted graph is obtained, whose node is the center point of
each grid and the edge records the sailing time between nodes.

The Dijkstra algorithm [37] used here is a classic algorithm for finding the shortest
paths between the starting nodes and target nodes in a weighed graph. It is applied to find
the OASR between Atlantic ports (Rotterdam port or St. John’s port) and the Bering Strait
(65◦38′36′′ N, 169◦11′42′′ W). Voyages along the Northern Sea Route (NSR) are determined
as routes starting from the Rotterdam port (51◦55′ N, 4◦30′ E) and arriving at Bering Strait
(65◦38′36′′ N, 169◦11′42′′ W). Additionally, voyages along the NWP begin from St. John’s
port (47◦33′42′′ N, 52◦37′54′′ W) and end at the Bering Strait (65◦38′36′′ N, 169◦11′42′′ W).
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Table 1. Ship safe speed (SS) in nautical miles per hour (nm/h) by Ice Numeral (IN) [9,24,36].

Ice Numeral Ship Safe Speed (nm/h)

<0 0 (unnavigable or unsafe)
0–8 4

9–13 5
14–15 6

16 7
17 8
18 9
19 10
20 11

Transit time and navigation windows can then be obtained from the daily OASR.
A navigable day is defined as a day that the most time-saving route (i.e., OASR) can be
found by the Dijkstra shortest path algorithm. The transit time between a starting port
and the Bering Strait is subsequently integrated as the sailing time across an entire OASR.
Following Liu et al. (2017), the start date of the navigation windows is defined as the
first day of three consecutive, navigable days and the end date is defined as the first day
of three consecutive, unnavigable days. All the navigation windows are searched from
summer (June, July and August) to the winter (December, January and February) in each
year because the opening and closing of the navigation windows occur over this period.

3. Results
3.1. Optimal Trans-Arctic Shipping Routes (OASR)

The OASR from 2011 to 2016 (Figure 1a) show that OW vessels along the NSR in 2013
were rather limited and hindered by sea ice, with less than 60 independent routes identified.
By contrast, with relatively lower sea ice cover along the NSR in 2011 and 2015, there was
greater potential for OW vessels to sail along the NSR smoothly (i.e., more than 100 routes).
Geographically, the OASRs of the NSR were further north than usual (especially in the
segment of the Laptev Sea (LS) and the East Siberian Sea (ESS)) in 2012, corresponding
with the lowest recorded ice extent in that summer [32].

Navigations along the NWP were also limited to less than 20 for OWs, and the northern
subroute of NWP (i.e., the NWP via the M’Clure strait) was completely blocked in 2013 and
2014. The OASR map (Figure 1b) shows higher accessibility for PC6 vessels with a greater
number of ideal routes and expanding geographic regions compared with OWs along both
the NSR and NWP. Both the southern (i.e., the route of NWP except through the M’Clure
strait) and northern subroutes of the NWP were passable for PC6 vessels from 2011 to 2016
owing to their stronger capacity for ice breaking. Moreover, there were more OASRs in the
shorter northern subroute of the NWP in 2011 and 2012 compared with OW vessels.

3.2. Daily Transit Time and Navigation Windows

Combining sea ice parameters from CMST and ATAM, daily transit times for OW
and PC6 vessels via the NSR and the NWP are compared with each other (Figure 2). On
average, the transit time for OW and PC6 vessels sailing along the NSR dropped to around
16–17 days after the start date of navigation window and then raised when the freezing
season (October–April) was coming (Figure 2a,c); however, for the NWP, OW vessels had
large uncertainty on the transit time and the passage was almost completely hindered in
2013 and 2014.

In general, PC6 vessels underwent less ice-blockage than OW vessels, especially
when sailing in the NWP, and had longer navigation windows in both the NSR and the
NWP. Fewer interruptions of the consecutive navigable days occurred in the middle/latter
navigation windows in the NWP in 2014/2011.
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Figure 1. ATAM-derived optimal trans-Arctic shipping routes (OASR) for (a) OW vessels and (b) PC6
vessels from 2011 to 2016. All the routes start from the Atlantic ports and end in the Pacific Bering
Strait across the Arctic. Line colors indicate the number of optimal routes at the same location.

Statistical information on transit time including the minimum, maximum and mean
values is given by a ‘violin plot’ (Figure 3). Additionally, the frequency distribution of
transit time is shown by the width of each violin. The minimum transit time for OW vessels
in the NSR was about 15 days in 2012, while the mean was 16–17 days (Figure 3a); thus,
the distribution of transit time was highly skewed. The maximum transit time of each
year showed larger variability for OWs sailing along the NSR; it was only about 18 days
in 2013 but reached 23 days in 2015. This large fluctuation was related to the length of
the navigation windows. At the beginning and end of the navigation window, the ship
generally had a slower speed and spent longer transit time than over the mid-period of the
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navigation window (Figure 2). For this reason, although the navigation window in 2015
was longer than in 2013, the maximum transit time in 2015 was larger than that in 2013.
Focusing on the navigation conditions of PC6 vessels, the yearly minimum transit time
was very close to that of OW vessels because the NSR had nearly opened and the ship safe
speeds in open water were the same for the OW and PC6 vessels. The maximum transit
time of PC6 vessels was less than OW vessels. For instance, it took about 19 days for PC6s
but 23 days for OWs along the NSR in 2015.
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Figure 3. Violin plot of transit time for (a) the NSR and (b) the NWP. Transit time for OW is shown
in light blue ‘violin plot’ and the light orange ‘violin plot’ denotes the transit time for PC6 vessels.
The width of ‘violin plot’ represents the frequency distribution of transit time for the NSR and
NWP. The short lines from top to bottom represent the maximum, mean and minimum values of the
transit time.

Sailing along the NWP costed a minimum of 14–15 days and a mean of 15–16 days
for OW vessels, except in 2013 and 2014. Transit time in 2013 and 2014 was longer than
in other years, with the mean transit time of about 17 days and a minimum of 16 days.
The slower navigation can be attributed to the slowing of ship safe speed by thicker ice
(Table 1), especially in the northern subroute of the NWP. For PC6 vessels, the maximum
and mean transit times were much shorter than those of OW vessels within the overlapping
navigation windows because of their stronger ice-breaking capability and relatively high
sailing speed.

The navigation windows are quantified in this study; additionally, the mean and
standard deviation of navigation windows are calculated from the total navigable days
of each year (Tables 2 and 3). Sailing along the NSR had successive navigation windows
for both OW and PC6 vessels each year. For the NWP, however, the interruption of
the consecutive navigable days occurred more frequently and, thus, resulted in several
discontinuous navigation windows for both OW and PC6 vessels (Tables 4 and 5). The
shortest navigation window of 47 days for OW vessels along the NSR happened in 2013,
which was 45% shorter than the mean navigation window (85± 21 days) of 2011–2016. The
early closing in October was due to the thicker ice remaining in the Arctic in summer 2013
together with an earlier freeze onset in that cold year [38]. We also find the range in the
start date was much larger than the range in the end date for OW vessels, i.e., 5–6 weeks
versus 3–4 weeks. The mean navigation window and its standard deviation for PC6 vessels
were about 189 ± 25 days along the NSR. However, due to the blockage of thick ice in the
ESS, PC6 vessels had relatively shorter navigation windows in 2013 and 2014. The length
of navigation windows reached its minimum (162 days) in 2014 and was 13% shorter than
the average from 2011–2015. Therefore, both OW and PC6 vessels reached their minimum
navigation windows in 2013 and 2014, respectively.
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Table 2. Navigation start date, end date and length of navigation windows for OW vessels along the
NSR in 2011–2016.

NSR/OW Navigation
Start Date

Navigation
End Date

Navigation
Window Length

2011 07–20 10–31 103

2012 08–05 10–31 87

2013 08–24 10–10 47

2014 08–02 10–25 84

2015 07–15 10–30 107

2016 08–13 11–04 83

Mean and standard deviation of navigation windows 85 ± 21

Table 3. Navigation start date, end date and length of navigation windows for PC6 vessels along the
NSR in 2011–2016. Note that the closing date in 2016 can be detected in the next year.

NSR/PC6 Navigation Start Date Navigation End Date Navigation
Window Length

2011 06–26 02–05 224

2012 07–07 01–22 199

2013 07–20 01–04 168

2014 07–10 12–19 162

2015 06–26 01–02 190

2016 06–29 / /

Mean and standard deviation of navigation windows 189 ± 25

As shown in Tables 4 and 5, OW vessels had a mean navigation window of 64 days
with significant variability of 40 days standard deviation along the NWP. The main reason
for this large standard deviation was because the NWP was almost unnavigable all year for
OW vessels in both 2013 and 2014. Nevertheless, PC6 vessels along the NWP had a mean
navigation window of 169 days and a smaller standard deviation of 20 days compared
to that of the NSR. Due to the obstruction from sea ice in CAA, two separate navigation
windows of about 70 days were found for PC6 vessels along the NWP in 2014. In contrast,
with less sea ice obstruction in the CAA [39], the relatively longer navigation windows
of the NWP for both OW and PC6 vessels occurred in 2011 and 2012. Moreover, whether
sailing along the NSR or NWP, the navigable days for PC6 vessels were conspicuously
more numerous than those for OW vessels.

Table 4. The same as Table 2, but for the NWP.

NWP/OW Navigation Start Date Navigation End Date Navigation Window Length

2011 26 July 23 October 89

2012 19 July 26 October 99

2013
10 August 14 August 4

22 September 1 October 9

2014 28 August 11 September 14

2015 28 July 17 October 81

2016
19 July 23 July 4

26 July 18 October 84

Mean and standard deviation of navigation windows 64 ± 40
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Table 5. The same as Table 3, but for the NWP.

NWP/PC6 Navigation Start Date Navigation End Date Navigation Window Length

2011
28 June 21 December 176

28 December 7 January 10

2012 29 June 5 January 190

2013 6 July 13 December 160

2014
12 July 20 September 70

3 October 12 December 70

2015 4 July 22 December 171

2016 23 June / /

Mean and standard deviation of navigation windows 169 ± 20

3.3. Regional Navigability

Local variations of navigable periods in different subseas of a route can influence the
length of entire trans-Arctic navigation windows. To show the detailed spatiotemporal
navigational variations along the NSR and NWP, the difference between the accumulated
navigable days (i.e., number of days that IN > 0 in a certain grid cell) and the length of the
navigation windows for OW and PC6 vessels are drawn in Figures 4 and 5 annually. A
negative anomaly (difference ≤ 0) represents where the navigable days in such a region is
less than the navigation windows, indicating that regions limit the opening of trans-Arctic
passages. Inversely, the areas with a positive anomaly (difference > 0) have little impact
on the navigation windows—this can be interpreted as ‘barrel effect’. As extensive areas
with positive anomaly were found, most parts of the Barents Sea (BAS) were navigable
all year for both OW and PC6 vessels. The Kara Sea (KS) and Laptev Sea (LS) also had
wide areas of positive anomaly compared to the navigation window for both OW and PC6
vessels, except areas near the Severnaya Zemlya and Vilkitskogo Strait, especially for OW
vessels. There were large areas with negative anomaly in the LS (e.g., Olenyok Gulf) in
2015, which might shorten the navigation windows of NSR in that year. The East Siberian
Sea (ESS) was another key region that had a significant impact on the whole NSR because
of its locally few navigable days and significant interannual variability. For example, in
2015, the navigation conditions in the ESS were greatly limited and thus shortened the
navigation window of the NSR by interrupting the continuity of the entire OASR. The
areas around the Novosibirskiye Islands had similar navigable days with the ESS. Albeit
large areas of negative anomaly were found in Chukchi Sea (CS) for OW and PC6 vessels,
the south part of this sea was still with positive anomaly for finding the entire OASR. In
general, the Vilkitskogo Strait and also the ESS were vital for the navigations via the NSR
because the areas with negative anomaly usually occurred in these regions.

As shown in Figure 5, there was a positive anomaly in most regions of the Baffin Bay
(BB) for both OW and PC6 vessels in all years. The areas close to the Baffin Island were not
perennially accessible because the thick ice (>1.2 m) was located east of Baffin Island in
March [40]. The navigable days in the CAA were almost with negative anomaly for both
vessels because thick ice obstructed the narrow strait, especially in the northwest of the
CAA. The northern part of the Beaufort Sea (BS) also had shorter navigable days for OW
and PC6 vessels. As for the CS, it showed much longer navigable days compared with the
navigation window of the NWP. In general, the most obvious negative anomaly occurred
in the BS and CAA, implying that they were the key regions for enabling or disabling ship
access along the NWP.
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Figure 4. Regional anomaly of navigable days along the NSR for (a) OW vessels and (b) PC6 vessels.
The fill color represents difference between the navigable days in a certain grid cell and the length
of the annual navigation windows from 2011 to 2016. Green lines are the zero-lines of the anomaly.
Yellow lines are the sea borders from the Multisensor Analyzed Sea Ice Extent (MASIE) Arctic
Regions developed by the NSIDC (https://nsidc.org/data/masie/browse_regions, accessed on
20 March 2020). The seas from left to right are the Barents Sea (BAS), Kara Sea (KS), Laptev Sea (LS),
East Siberian Sea (ESS) and Chukchi Sea (CS).

To reveal the seasonal and interannual variation of navigable days in different seas,
we calculated the regional-average navigable days along the NSR and NWP (shown
in Figures 6 and 7). The seasonal variation of navigable days in the BAS was limited,
especially for PC6 vessels. The shortest navigable days (at least about 20) for OW vessels in
the BAS were found during the first half of the year; however, more distinct seasonality and
interannual variation of locally navigable days were found in the KS and LS. The size of the
error bars and differences between years were largest in ESS for both OW and PC6 vessels,
particularly in the summer months. In detail, the maximum navigable days were usually
in August, September and October for OW vessels. The NSR was almost unnavigable
in all areas from February to May. For PC6 vessels, there were about 30 navigable days,
with small standard deviations in the KS and LS from July to December. Again, the largest
interannual variation occurred in the ESS, indicating that the ESS was a key subregion
for shipping along the NSR. For example, the monthly averaged navigable days for OW
vessels were limited to about 17 days in September in 2013 and 2014, while that can reach

https://nsidc.org/data/masie/browse_regions
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30 days in 2012 and 2016. Overall, the sea ice conditions in the BAS had little impact on the
navigation of OW and PC6 vessels, as did KS for PC6 vessels.
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Figure 5. The same as Figure 4, but for (a) OW vessels and (b) PC6 vessels along the NWP. The seas
from left to right are the Chukchi Sea (CS), Beaufort Sea (BS), Canadian Arctic Archipelago (CAA)
and Baffin Bay (BB).

Similarly, both seasonal and interannual cycles can also be found in the NWP (Figure 7).
The BB was the only region that always had more than 20 navigable days for both OW and
PC6 vessels but with unobvious seasonality, especially for PC6 vessels. Distinct seasonality
occurred in the CAA, BS and CS, and large interannual cycles were found in the BS and CS.
Especially, in the BS, the mean navigable days for OW vessels in September were only 9
days in 2013 and 11 days in 2014, followed by about 23 days in 2015. However, in 2016,
PC6 vessels had distinctly more navigable days in the BS. We thus inferred that BS is a
key subregion for shipping along the NWP owing to its largest difference between years
and standard deviation. The interannual cycle of navigable days in the CAA and CS were
similar to the BS but the interannual disparities were small.
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4. Discussion and Conclusions

This study aimed to assess the OASR with ATAM and CMST sea ice analysis on
a daily frequency for the first time. Then, navigation window and transit time at daily
frequency were estimated. These assessments have great significance on Arctic shipping
and will offer a practical reference for shipping companies and stakeholders. Intense
interannual variability of navigability was found in 2011–2016 due to the extreme cases
of sea ice conditions in different years. The seaworthiness along the NSR and NWP for
both OW and PC6 vessels was poor in 2013 and 2014, with shorter navigation windows
and longer transit time. OW vessels along the NSR had longer navigation windows in 2011
and 2015, while the OASR that cost the least transit time expanded further northward in
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2012. As for the NWP, the navigation windows for OW and PC6 vessels were longer, with
more subnorthern routes opening in 2011 and 2012. This different navigability between
the NSR and the NWP was mainly associated with the varied MYI in the NWP [41–45].
The analysis of regional navigability (Figures 6 and 7) revealed the interannual variability
and seasonality for shipping along the NSR and NWP. The areas near Vilkitskogo Strait
(especially parts within the LS), Novosibirskiye Islands and ESS in the NSR, as well as the
CAA and BS in the NWP had much shorter navigable days than the other regions. Thus,
these keystone regions had disproportionate impacts on the navigability of the entire NSR
and NWP and their navigation windows.

Benefiting from the daily resolution of the CMST dataset, the estimation of navigation
windows could be closely connected with actual shipping activities rather than relying on
monthly mean SIT. The estimates of navigation windows revealed that there were some
interruptions between navigable days of the NWP (Figure 2), resulting in discontinuous
navigation windows in some years (i.e., for OW vessels in 2013 and 2016 and for PC6
vessels in 2011 and 2014). These gaps in navigation windows were the result of occlusions
in the CAA occurring in varied locations in different years. For instance, the M’Clintock
Channel located to the west of the Prince of Wales Island was blocked in 2014; the Prince
of Wales Strait and the Dolphin and Union Strait located in the west of the Victoria Island
were occluded in 2011. For more accurate estimation of navigability, especially in these key
straits and seas, higher spatial and temporal resolution in sea ice monitoring are required
in future studies [13]. Meanwhile, the ability to simulate heavily deformed and ridged sea
ice in the MYI regions (e.g., the CAA) still needs improvements in numerical simulations
and forecasts [23]. Limited by the period of CMST sea ice data, the time period assessed in
this study is only 6 years, which is too short.

Assessment of Arctic navigability in this study only focuses on sea ice conditions;
however, beyond that, the operation of Arctic shipping routes is also affected by elements
such as wind, fog and ocean waves [46–48]. Bathymetry constraint is another factor that is
particularly significant for large vessels with big breadth and deep draft that use Arctic
shipping routes in shallower waters. In addition, maritime technology, commercial profit
(e.g., ice-breaking services and infrastructure investment) and political jurisdiction are
significant concerns [47,49,50]. These hazards for shipping are not considered in this work
and should be explored in short-term forecasts for actual navigation. We also acknowledge
that the time span of CMST is short at six years and, thus, cannot identify climate-induced
trends in Arctic shipping navigability. A long-term study of OASR at a daily frequency is
crucial for stakeholders under the background of decadal climate-induced sea ice decline.
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