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Impact of 1, 2 and 4 °C of global warming on ship
navigation in the Canadian Arctic

Lawrence R. Mudryk ©®'%4, Jackie Dawson®?, Stephen E. L. Howell ®7, Chris Derksen®’,

Thomas A. Zagon©®3 and Mike Brady ®'

Climate change-driven reductions in sea ice have facilitated increased shipping traffic volumes across the Arctic. Here, we use
climate model simulations to investigate changing navigability in the Canadian Arctic for major trade routes and coastal com-
munity resupply under 1, 2 and 4 °C of global warming above pre-industrial levels, on the basis of operational Polar Code regu-
lations. Profound shifts in ship-accessible season length are projected across the Canadian Arctic, with the largest increases
in the Beaufort region (100-200d at 2°C to 200-300d at 4 °C). Projections along the Northwest Passage and Arctic Bridge
trade routes indicate 100% navigation probability for part of the year, regardless of vessel type, above 2 °C of global warming.
Along some major trade routes, substantial increases to season length are possible if operators assume additional risk and
operate under marginally unsafe conditions. Local changes in accessibility for maritime resupply depend strongly on commu-

nity location.

which accounts for ~40% of the entire global economy*

Maritime trade (the movement of goods) and transporta-
tion (the movement of people) support every economic sector
worldwide and play a substantial role in underpinning economic
growth, improving social conditions, reducing risks to human
health and contributing to poverty alleviation®~*. Global ship traffic
flows predominantly via the Panama and Suez Canals but climate
change reductions in sea ice are projected to increase the naviga-
bility across the Arctic through the Northwest Passage, Northern
Sea Route and Transpolar Sea Route®*® (Fig. 1a). A more accessible
Arctic will create new opportunities for shorter, potentially more
economical, northern maritime trade routes imagined by global
leaders for centuries.

The Canadian Arctic represents a key region for trans-Arctic
shipping because of the presence of the Northwest Passage and
Arctic Bridge trade routes (Fig. 1b). There are also many north-
ern communities culturally and economically connected to these
routes, which rely on maritime traffic for resupply”'®. Over the past
five decades, sea ice extent in the Canadian Arctic has decreased
by 5-20% per decade (depending on region) during the summer
months with notable reductions in the proportion of multi-year
ice'™'%. Concurrently, the distance travelled by ships through the
region has increased threefold'”. Changes in ship traffic are primar-
ily driven by increased access to natural resources including mines
and fisheries'*'*, as well as tourism opportunities'®'* and burgeon-
ing desires for trans-Arctic trade'>?.

Several studies have investigated the probability of a sea ice-free
Arctic in the summer under different global warming thresholds*
but important gaps still exist with respect to understanding how
ship navigability may change as a consequence of sea ice reductions.
Sea ice ‘free’ by definition refers to total Arctic sea ice extent that
is <1millionkm?, which is not directly relevant at the ship scale
nor at the community level where the impacts of both changing ice
conditions and increased shipping traffic will be felt. Furthermore,

O ver 90% of goods traded internationally are shipped by sea',

since 2015 and the adoption of the United Nations Framework
Convention on Climate Change (UNFCCC) Paris Agreement,
which binds signatory nations to a collective goal of keeping global
temperature increase to below 2 °C above pre-industrial levels, it has
become increasingly important for studies to evaluate projections
on the basis of degrees warming instead of difficult-to-compare
Representative Concentration Pathways. Existing studies projecting
shipping navigability changes in the Arctic”® have not considered
globally relevant temperature targets. This is an important omission
in the literature since an understanding of how Arctic accessibility
changes as a function of real-world policy thresholds is needed to
support coordinated international decision-making. In response to
these needs, we project changes in Arctic navigability across a range
of projected warming spanning 1, 2 and 4°C above pre-industrial
levels while also providing information at progressive levels of spa-
tial granularity: (1) across Arctic Canada, (2) in regions relevant
to specific shipping routes and (3) at the scales relevant to specific
Arctic communities. We intend the results to support a broad range
of policy decisions (for example, future trade route development and
community resupply). While our focus here is on sea ice as a physi-
cal barrier to navigation that sets the broadest-scale constraints on
shipping, the future of Arctic shipping will also depend on a wide
array of social, economic and political factors, as we highlight and
connect to our results in the Discussion.

We use a single model initial condition large ensemble of cli-
mate simulations (Methods) to project changes in sea ice at vari-
ous thresholds of warming (1, 2 and 4°C) above the global mean
pre-industrial value. We present results in terms of warming
thresholds since the mean Arctic sea ice response is directly related
to the global mean surface temperature and thereby to global
cumulative carbon emissions” . A particular warming threshold
therefore provides a way to index change in climate conditions
roughly independently of the particular emissions scenario used
in the simulations*?**-*!. This change in framework from exam-
ining a particular pathway of future emissions to indexing global
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Fig. 1| Trans-Arctic and Canadian shipping routes. a, Trans-Arctic routes and location of the LIA. b, Canadian Arctic shipping regions of interest (brown
shading), Northern Community regions (green shading) and population centres (labelled). Basemap credit: Esri, GEBCO, DeLorme, NaturalVue, Garmin,

NOAA NGDC and others.
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Fig. 2 | Present-day and projected changes in shipping season length for various vessel classes. Present-day climatological season length (simulated)
for non-ice-strengthened vessels (pleasure craft) shown at upper left (approximately +1°C above pre-industrial level). Relative differences for
ice-strengthened classes (columns) and additional warming relative to pre-industrial level (rows) shown using scale at bottom. Differences of 60 and

180d are highlighted. Stippling marks regions where the season length is >360 d per year. Season length uses RIO > O as the threshold for safe navigation,

as described in Methods.

temperature rise is also directly in line with policy-focused thresh-
olds determined by the UNFCCC Paris Agreement”. From the
projected sea ice conditions at various warming thresholds, we
calculate the resulting impact on shipping by converting sea ice
thickness into Risk Index Outcome (RIO) values (Methods). This
conversion allows the model output to be directly interpretable
within the Polar Operational Limit Assessment Risk Index System
(POLARIS)* under the International Maritime Organization’s Polar
Code* used by ship operators to determine go/no-go areas on the
basis of ice risk. The Polar Code entered into force on 1 January
2017, extending the requirements of the SOLAS and MARPOL
Conventions to account for the unique climatic conditions of polar
waters™*°. We compare the impact of sea ice change on navigational
limits by examining changes in season length and timing for the
general Canadian Arctic region, for its major maritime trade routes
(Northwest Passage and Arctic Bridge) and along resupply routes to
coastal communities. Our analysis considers season length changes
among four different vessel classes: Category A Polar Class 3 vessels
(PC3; year-round operation in first- and second-year ice with some
multi-year ice present) typically used for ice breaking; Category A
Polar Class 7 vessels (PC7; summer/autumn operation in first-year
ice with some second-year ice present), typically used for commu-
nity resupply operations; Category C 1B vessels (1B; thin and new
ice only), typical of expedition-style passenger vessels and some
resupply operations; and non-ice-strengthened vessels (NIS) typical
of private yachts or pleasure craft.

Navigability changes across the Canadian Arctic

The spatial distribution of projected changes to operational ship-
ping season length in the Canadian Arctic for ship classes NIS
(for example, pleasure craft), 1B (for example, cruise ship), PC7
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(for example, resupply ships) and PC3 (for example, ice breakers)
under 1, 2 and 4°C of global warming are shown in Fig. 2. While
there is strong dependence between the magnitude of warming and
projected changes in shipping season length, there are important
regional differences and large differences between vessel classes.

The Beaufort Sea region experiences the most dramatic length-
ening of the shipping season for all vessel types, increasing from
100-200d at 2°C to 200-300d at 4°C. This large increase is primar-
ily the result of the projected transition from a perennial multi-year
ice regime to a seasonal first-year ice regime under increased levels
of global warming. Observations show that this change in predomi-
nant ice type is already well underway in the Beaufort Sea™*.

For ship classes 1B and higher, notable increases in the opera-
tional shipping season length occur in the Beaufort Sea and Arctic
Ocean at 2°C (60-150d) and then increase dramatically at 4°C
warming (180-240d). Increases for 1B vessels appear more modest
within the Hudson Bay region under 2 and 4 °C of warming because
the ice regime is already seasonal in this region (as it was under a
pre-industrial climate) so there is a limit to the absolute increase in
projected shipping season length.

At present levels of warming, PC3 and PC7 vessels are only
restricted by the presence of the oldest and thickest sea ice in the
world, which is located in the northern Canadian Arctic and to the
north of Greenland. This region is referred to as the Last Ice Area
(LIA) (Fig. 1) because sea ice is expected to persist here even when
most Arctic Ocean is sea ice-free'””. Under 2°C of warming for a
PC3 vessel, year-round navigation is projected everywhere across
the Canadian Arctic except the LIA. This is no longer the case at
4°C of warming, by which point the entire Canadian Arctic is pro-
jected to be navigable for PC3 vessels. For PC7 vessels at 4 °C warm-
ing, projected ice conditions would allow travel through Hudson
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Fig. 3 | Evolution of navigability in four Canadian shipping regions. Season length (top row), first/last day of possible transit (middle row) and annual
navigation probability (bottom row) shown across four selected Canadian shipping regions and for four ship classes: PC3 (magenta), PC7 (blue), 1B
(green) and non-ice-strengthened (NIS; yellow). NWP, Northwest Passage. Solid lines show ensemble mean values for nominal risk (RIO =0); shading
shows increased season length and earlier opening/later closing of routes associated with enhanced risk (-10 <RIO < 0). Vertical grey lines indicate
ensemble mean timing of 1, 2 and 4 °C warming thresholds relative to pre-industrial values.

Bay and the Labrador Sea year-round. Year-round navigation will
not be possible, however, for NIS or 1B class vessels even under
4°C warming because of the persistence of sea ice associated with
the LIA.

Navigability changes for trade and transportation corridors
Evolution of projected shipping season length, timing of the season
start and end and navigation probability for four trade and trans-
portation corridors within Arctic Canada and for four ship classes
are shown over 1960-2100 in Fig. 3. The trade corridors consid-
ered are the Beaufort Sea, the Northwest Passage (southern and
northern routes) and the Arctic Bridge region as shown in Fig. 1.
We consider the Beaufort Sea as it continues to be a focus region
for resource extraction* and also represents the western entrance/
exit of the Northwest Passage. With the construction of new interior
roads to Tuktoyaktuk and increased ship navigability over its waters,
this region has the potential to become a busier trade and trans-
portation corridor in the future. By 2°C of warming (~2045), all
major shipping routes indicate 100% navigation probability for part
of the year regardless of vessel type. However, within the Beaufort
and Northwest Passage regions of the Canadian Arctic Archipelago,
a considerably shorter operational shipping season remains, even
under 4 °C of warming for all ship classes, with the exception of PC3
class ice-breaking vessels. Model uncertainty until mid-century
is higher for the higher latitude regions of the Canadian Arctic
Archipelago and the northern route of the Northwest Passage
because of challenges in simulating multi-year ice in these trans-
port corridors. Comprehensive comparisons with observed sea ice
thicknesses*'~* indicate models tend to overestimate the historical
thickness of multi-year ice. This bias implies that projected shipping
impacts in these regions will be more uncertain at intermediate time
scales (for example, 2 °C of warming or ~2050). Over longer projec-
tion periods and greater warming, this uncertainty is reduced as the
ice regime transitions to thinner, more seasonal ice cover.

676

Increased shipping season length in these regions is attribut-
able to the gradual loss of multi-year ice, which is not projected
to completely disappear even under 4°C warming. While current
season lengths differ drastically among non-ice-breaking vessel
types from a marginal 10d for NIS vessels in the northern route
to 150d for PC7 vessels in the southern route, increases are pro-
jected to be approximately independent of vessel type. Compared
to current season lengths, at 2°C global warming season length
in the southern route is projected to increase by close to 30d for
PC7, 1B and NIS vessels, by about 75d in the northern route and
by 90-100d in the Beaufort region. At 4°C global warming, season
length increases are even greater: 70-80d in the southern route and
130-140d in the northern route. In the Beaufort region, increases of
~175d are projected for 1B and NIS vessels and over 210d for PC7
vessels. While season length increases during both shoulder seasons
for all routes, the largest increases occur during the fall consistent
with current observations*. Differences in navigability among ves-
sel type are also larger during the fall than the spring.

The Arctic Bridge is an important maritime route connecting
Canada’s only Arctic port to Europe and supporting grain exports
from central Canada. The Port of Churchill, located at 58°N on the
west coast of Hudson Bay is an international port with four load-
ing berths and one tanker berth and is capable of handling large
Panamax class vessels (60,000-80,000t)*. The Arctic Bridge is com-
posed entirely of seasonal ice and thus the absolute shipping sea-
son increases are not as substantial as other corridors and regions.
However, open water vessels making use of the Arctic Bridge are
expected to have an ~250-d season length at 4°C warming and the
route could facilitate year-round navigation for PC7 class vessels
before 4°C warming.

Navigability changes for community resupply and tourism
Projected increases in navigability of PC7 (resupply) class ships ser-
vicing communities across the Canadian Arctic under 2 and 4 °C of
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Northern Community increases in supply ship navigability
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Fig. 4 | Changes in timing of supply ship navigability for localized regions of Northern Communities. Colours show the increase in number of days for
a given month when the local average sea ice conditions permit safe travel for projections of 2°C (left) and 4 °C (right) of warming relative to 1°C of

warming (~1and 3°C above present day).

global warming relative to 1°C of global warming (approximately
present day) are shown in Fig. 4. The timing of local changes to
facilitate a longer increased access for resupply PC7 class ships
depends heavily on the community location in the Canadian Arctic.
Nunatsiavut communities have negligible changes because current
ice conditions already facilitate near year-round access to resupply
ships. However, almost all communities in Nunavik and southern
Nunavut are projected to have substantial increases in access from
January to June. When combined with a largely open water season
through summer and fall, this results in near year-round shipping
opportunities. Northern Nunavut will experience increased naviga-
bility during the shoulder seasons (November to January and May
to July). The largest increases in navigability in the Canadian Arctic
are expected to be in the Inuvialuit region and occur from July
through December.

Changes in projected NIS (pleasure craft) shipping navigability for
communities across the Canadian Arctic under 2 and 4°C of global
warming are shown in Extended Data Fig. 1. As with the PC7 class
ship, larger increases in navigability are more apparent under 4°C
compared to 2°C of global warming. The largest increases in naviga-
bility occur in the Inuvialuit region during the summer months which
is similar to the PC7 ship class. However, pleasure craft increases in
navigability occur mainly during the summer months in Nunavut
and Nunavik, whereas they occur during the shoulder seasons for the
PC7 ship class. Nunatsiavut communities are expected to have sub-
stantially increased pleasure craft navigability during winter months.

Discussion
The transformation of major international trade routes from the
Southern Ocean to the Arctic Ocean under projected climate
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warming will have profound implications for economic development
and environmental and cultural sustainability across the Canadian
Arctic. Shipping companies will gain profitable operating days from
increased open water availability to PC7 vessels under 2 and 4°C
of global warming, particularly if operators are willing to take on
elevated risk related to mobile ice that will persist and create addi-
tional hazards even within safe operational thresholds dictated by
Polar Code regulations (Fig. 3). Specifically, an additional 2 months
of operating time can be gained for the Arctic Bridge and about
1 month in the Beaufort Sea. For the Northwest Passage, the added
risk for a PC7 class vessel only adds ~2 weeks of extra shipping days
before 4°C (Fig. 3). It follows that a reasonable question to ask is to
what extent will the desire to increase profit begin to push increased
risk as open water and more mobile ice begin to coexist? Indeed,
the Crystal Serenity successfully navigated the southern route of the
Northwest Passage in 2016 and 2017 but has since stopped opera-
tions. Major marine disasters have been avoided in Arctic Canada
but the risk potential for a situation similar to the M.S. Explorer*
could arise with increasing operator risk. This is especially con-
cerning considering the threat of hazardous multi-year ice flowing
southward from the northern Canadian Arctic will remain even
under 2 and 4°C of warming.

While less projected ice in the Northwest Passage could facilitate
an increased amount of ship traffic® (Fig. 3), a cautious approach is
warranted with respect the practical and safe use of the Northwest
Passage as a transport corridor. Local-scale ice advection processes
(which are not well captured by coarse resolution climate models)
pose hazardous conditions to transiting ships operating within the
Canadian Arctic. The ice arches and bridges that have historically
blocked the flow of thick Arctic Ocean multi-year sea ice south-
ward into the Canadian Arctic for most of the year have weak-
ened, resulting in increased southward ice advection into major
shipping lanes™*~*. As a result, there are many regions where
thick multi-year ice tends to accumulate within the Northwest
Passage channels of the Canadian Arctic Archipelago®, which cli-
mate model simulations do not capture. As summer Arctic sea ice
extent recedes towards the northern coast of the Canadian Arctic
Archipelago and Greenland due to warming temperatures (Fig. 2),
the Transpolar Sea Route may become a more attractive (less risky)
option for shipping compared to the Northwest Passage. Under
such circumstances, some or most of the potential socio-economic
benefits to northern communities from the use of the Northwest
Passage could be lost, while at the same time the potential environ-
mental and cultural risks would also be reduced. This dichotomy
will most certainly present policy-related challenges for any new
shipping routes, especially in Canada®. The projected increases in
accessibility in the Beaufort Sea as an alternative supply route that
could connect to the Transpolar route could present more feasible
options for improving food security and self-determined economic
development in the region but only if managed effectively.

The expansion of shipping access highlighted in Figs. 2 and 3
has complex environmental and social impacts on communities
across northern Canada. The direct economic benefits of increased
shipping activity/efficiency are not always felt by northern com-
munities but they absorb the risk associated with increased ship
activity (local pollution, ecosystem impacts and so on). Impacts on
resupply highlighted in Fig. 4 will matter greatly if changes are large
enough to enable communities to receive resupply more than once
per year. This will lead to lower food prices and lower rates of food
insecurity in the region, with cascading implications for local health
outcomes and reduced carbon emission associated with air ship-
ments. While a longer period for ship-based northern community
resupply is a potential benefit, this must be considered alongside
shorter landfast ice seasons®', which have negative consequences for
intercommunity travel and access to traditional hunting grounds.
Even with increased community access and potentially increased
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development, there are also physical changes that have nega-
tive implications in coastal communities. For example, projected
decreases in sea ice extent are expected to facilitate increased
winds and waves®”, which could cause problems for coastal com-
munities and infrastructure development across the Canadian
Arctic. The LIA could become a last chance tourism destination
for the Arctic and boost overall tourism in the Canadian Arctic.
However, increased ship activity within the LIA region will pose
ecosystem-related concerns, as it will be an important refuge for sea
ice-dependent species™.

A final consideration is that, although 2 and 4 °C warming may
facilitate more ship navigability, future changes in Canadian Arctic
shipping activity may not be driven by physical changes in sea ice
but instead by external socio-economic drivers which can be diffi-
cult to predict (for example, covid-19 impacts on tourism). This was
previously identified in the Canadian Arctic whereby changes in
shipping activity were associated with infrastructure development,
economic activities and resource extraction'. As a result, there still
remains considerable uncertainty as to how future sea ice changes
and socio-economic drivers will combine to influence future ship-
ping activity in and through the Canadian Arctic and its subsequent
impact on communities.
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Methods

Model data. We use a single model initial condition large ensemble of 40 realizations
from the Community Earth System Model version 1 (CESM1). All ensemble
members were forced with identical historical emissions from 1920 to 2005 followed
by a high carbon emissions future scenario from 2006 to 2100 (Representative
Concentration Pathway 8.5). Further details of the model and ensemble experiment
are described in Kay et al.**. While individual model realizations are subject to

the effects of internal variability (Extended Data Fig. 2), we largely eliminate this
component of uncertainty by averaging over the large number of ensemble members.

Model representation of sea ice. In general, CESM1 reasonably captures the Arctic
mean state, trends and variability related to sea ice concentration®-"*. Most climate
models (including CESM1) tend to underestimate the sensitivity of sea ice to global
warming, a persistent issue in several generations of models*>***. This deficiency
may indicate that our results are conservative; however, navigability is likely to

be more strongly affected by the representation of simulated melt and growth
processes and thereby sea ice thickness®. Labe et al.' show that while CESM1 has
high thickness bias for the Arctic mean compared to estimates from the Pan-Arctic
Ice Ocean Modeling and Assimilation System (PIOMAS), all ensemble members
closely reproduce the timing of the seasonal cycle. They also demonstrate that
CESM1 compares well with PIOMAS in terms of the regional distribution of sea
ice thickness and has similar patterns of spatial variability. Even more importantly,
rates of decline of both March and September sea ice thickness over the recent
historical period are well captured by the ensemble mean of the simulations (see
Fig. 9 in ref. *'). On the basis of comprehensive comparisons with observations* -,
we expect the most problematic regions to contain extensive multi-year ice or a
mix of multi-year and seasonal ice (for example, the higher latitude regions of the
Canadian Arctic Archipelago and the northern route of the Northwest Passage).
Such regions may have less realistic projections of sea ice thickness, as the models
tend to overestimate the thickness of multi-year ice which is present historically.
This bias implies that projected shipping impacts in these regions will be more
uncertain at intermediate time scales (for example, 2 °C of warming or ~2050).
With increased warming resulting in a thinner, more seasonal ice cover, the models
are likely to become more representative.

Relating simulated sea ice thickness to navigability. Navigability conditions are
determined independently in each realization using daily sea ice thickness over
the 1960-2100 period. Ice thickness is converted into RIO values using POLARIS.
This system weights the selection of ice types and corresponding ice thicknesses in
a given region to determine the threshold of acceptable and unacceptable risk to a
particular class of ship. Specifically:

RIO = C RV + GRV; + ... + CyRVy,

where C,...Cy are the relative proportions of 12 different specified ice types
(Supplementary Table 1) within the considered region and RV,...RV  are the
corresponding risk index values, which differ according to vessel class. Each of
the 12 ice types has a distinct, non-overlapping thickness range associated with it
progressing from zero thickness (‘no ice’) to 3 m or more (‘multi-year ice’). The risk
index values assigned to each ice type function as weights and range from —8 to
+3 depending on the ice type/ice thickness and the class of ship being considered.
To simplify calculations in operational use, the relative proportions (C,...Cy) of
ice types contained within a given region are measured in units of ‘tenths’ (that
is, five-tenths means the ice type occupies half of the region), yielding risk index
outcome (RIO) values that range from —80 to +30. The POLARIS framework
specifies that positive RIOs are considered indicative of normal operating conditions
and present an acceptable level of risk for ship navigation. Negative RIOs indicate
unacceptable risk and such regions should be avoided. In addition to this simple
‘go or no-go’ threshold, POLARIS also allow for restricted navigation between —10
and 0. These RIOs represent conditions that pose elevated operational risk but at a
level which may be acceptable for certain vessel classes and/or under some operating
conditions. For Fig. 2, only the threshold RIO >0 is used. For Fig. 3, thresholds of
both RIO >0 and RIO > —10 are used as described in the figure caption.

We calculate RIOs for two types of regions: individual model grid cells
and composite regions comprising multiple grid cells, representative of typical
Canadian trade routes. For individual model grid cells only the mean ice
thickness is available from the model so a single ice type corresponding to this
mean thickness is assumed to completely cover the entire grid cell (including
the possibility of zero thickness/no ice’ type). Hence, the entire grid cell is either
navigable or not for a particular vessel class. For the larger composite regions, the
proportions of a given ice type are determined by the fraction of the total region
covered by grid cells of ice within the associated thickness range. All of the ice
types present within the region are summed together as in the equation above to
determine a single RIO considered to apply to the region as a whole.

Season length as a function of warming. The RIO calculations are performed
for four different ship classes, for all days between 1960 and 2100 and for all 40
model realizations (individually for all ocean grid cells as well as for the four
composite regions). The resulting RIOs are used to determine, for a given ice year
(defined to begin 1 April and extend until 31 March of the following calendar

year), the first day and last day that a particular grid cell or region is continuously
navigable as well as the total duration over which the selected area is navigable.
We calculate ensemble means of the first and last days of the navigable season and
the season length. Ice years over which the considered area is never navigable are
not considered in calculating the ensemble mean values for first and last days of
the season but are considered in the ensemble mean season length by assigning a
season length of zero days. For local community conditions determining resupply
and tourism access, we present ensemble mean navigability results using the
nearest model ocean grid cell. In the Supplementary Information, we evaluate how
simulated navigability characteristics (season length and first/last days of shipping
season) for the Canadian trade routes compare with quantities calculated using
satellite observations available over the 1979-2018 period.

We produce maps of season length at a given level of global mean surface
warming by calculating the ensemble mean over the selection of ice years that
each given realization crossed each particular warming threshold. We calculate the
warming of each realization for a given calendar year from the global mean surface
temperature difference with respect to pre-industrial values. The latter is calculated
as the 200-yr average global mean surface temperature from the corresponding
pre-industrial control run of the CESM1 large ensemble. Individual maps for a
given ship class and warming level are calculated on the CESM ice-model grid; the
resulting ensemble mean is regridded to a regular 0.5 X 0.5 longitude-latitude grid.

Data availability

The original model data used in this analysis are available from the Climate Data
Gateway at NCAR (repository identifier, https://doi.org/10.17616/R37N41; data

set identifier, https://doi.org/10.5065/d6j101d1). Derived data supporting the
findings of this study are available from the corresponding author on request.

The CISDA (historical ice data presented in Supplementary Information) are
available online from the Canadian Ice Service (CIS; https://www.canada.ca/en/
environment-climate-change/services/ice-forecasts-observations/latest-conditions/
archive-overview.html).

Code availability
The code associated with this paper is available from GitHub: https://github.com/
mudryk/arctic-navigability-POLARIS.
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Northern Community Increases in Pleasure Craft Navigability
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Extended Data Fig. 1| Changes in timing of pleasure craft navigability for localized regions near Northern Communities. Colours show the increase in
number of days for a given month when the average local sea ice conditions permit safe travel for projections of 2 °C (left) and 4 °C (right) of warming
relative to 1°C of warming (approximately 1°C and 3°C above present day).
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Extended Data Fig. 2 | Spread due to natural variability in evolution of four Canadian shipping regions. Shipping season length (top row), first/last
day of possible transit (middle row), and annual navigation probability (bottom row) shown for four Canadian shipping regions and four ship classes:
PC3 (magenta), PC7 (blue), 1B (green), and NIS (yellow). Solid lines show ensemble mean values; shading shows spread about the mean due to natural
variability. Spread is calculated independently at each year as the standard deviation among the 40 ensemble members above and below the ensemble
mean. Vertical grey lines indicate ensemble mean timing of 1°C, 2°C, and 4 °C warming thresholds relative to pre-industrial values.
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