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Abstract
Hudson Bay’s seasonal sea ice limits maritime access to the Port of Churchill. This study improves on
past efforts to project future navigability of shipping routes from Churchill by correcting for substantial
model biases, better combining SIC and SIT into calculations, and incorporating a novel path-finding
approach that requires continuous navigable routes (rather than relying on spatial domain averages). We5

evaluate future navigability for Type E vessels under two criteria: ice-free and low-risk (applying the Polar
Operational Limit Assessment Risk Indexing System (POLARIS)). Additionally, we examine both the
global shipping route (Churchill–Labrador Sea) and regional connectivity within northwestern Hudson Bay
(Churchill–Chesterfield Inlet). In the 1980s, median navigable periods (NPs) for the Churchill–Labrador
route were 102 days (ice-free) and 123 days (low-risk), compared to 106 and 123 days, respectively, for the10

Churchill–Chesterfield route. By the 2010s, these periods increased by approximately 4 weeks. Various
methods of employing POLARIS and climate models yield a range of baseline NPs but consistent trends.
Each additional 0.5 °C of global warming extends NPs by 13–18 days up to 3.5 °C, beyond which the rate
of increase accelerates. Under 5°C warming (late 21st century in SSP5-8.5), the Churchill-Labrador Sea
route would remain ice-free for up to 265 days (8.8 months), representing and increases of 137 days relative15

to present conditions. Under low-risk conditions, navigability would reach 304 days (10.1 months). This
demonstrates that year-round shipping would require ice-strengthened vessels throughout the 21st century
even with a high-end warming scenario.
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1 Introduction20

Hudson Bay, characterized by its seasonal sea ice cover, has emerged as a region of significant strategic
interest due to its unique combination of geographic, cultural, and socioeconomic attributes, particularly in
relation to marine shipping. Central to this is the Port of Churchill, Manitoba, situated on the western shore
of Hudson Bay. As the only deep-water Arctic port in North America directly connected to the continental
railway network, Churchill serves a vital logistical role for northern communities while holding potential25

importance within broader regional and global supply chains. Despite nearly a century of operation, the
port has historically underperformed relative to its capacity, with one constraint being its short operational
season, which historically extends from mid-July through October (Andrews et al., 2017). This restricted
shipping navigation window imposes limitations on shipping volume and has discouraged sustained
investment in port infrastructure.30

The limited duration of the navigable period is shaped not only by environmental factors but also by
marine insurance frameworks, which rely on historical sea ice climatologies. Between the 1980s and
2010s, the duration of the ice-free season increased by approximately one month, both from earlier spring
breakups and later autumn freeze-ups (Tivy et al., 2011; Crawford et al., 2021). Record-early ice retreat35

occurred in eastern Hudson Bay in spring 2024 (Soriot et al., 2025). Climate projections suggest that this
trend will continue as Arctic warming progresses (Crawford et al., 2021; Allan et al., 2023). These shifts
are impacting marine ecosystems (Ferguson et al., 2017; Stroeve et al., 2024), while also disrupting the
traditional practices of Indigenous communities that depend on sea ice (Laidler and Gough, 2003). At the
same time, the lengthening of the open-water season presents new economic opportunities by allowing40

extended shipping operations within Hudson Bay via the Port of Churchill (Andrews et al., 2017; Babb
et al., 2021) and elsewhere (Cook et al., 2026) If these trends continue, they may enhance Hudson Bay’s
strategic importance in northern shipping and global trade by improving marine access through the Port
of Churchill out via Hudson Strait to international markets (Andrews et al., 2016; Lasserre, 2022).

45

The seasonal cycle of sea ice retreat in summer and advance in autumn, referred to as sea ice phenology,
plays a critical role in determining navigational accessibility in polar regions. Both sea ice concentration
(SIC) and sea ice thickness (SIT) are key variables that influence the risk to maritime vessels (Mudryk et al.,
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2021). In Hudson Bay, SIC varies substantially over the year, reaching near-complete coverage in winter,
with maximum monthly average SIT typically reaching 1.6 m in April (Crawford et al., 2023). Long-term50

records of SIC and SIT are derived from multiple sources, including satellite remote sensing, Canadian
Ice Service charts, and reanalysis products. Passive microwave satellite observations, in particular, have
been widely employed to produce SIC datasets, providing continuous, spatially comprehensive coverage
essential for detecting long-term trends in sea ice (e.g., Meier et al., 2014; Soleymani and Scott, 2023).
Reanalysis products are generated by assimilating observational data into a consistent dynamical model55

framework over extended periods, offering temporally homogeneous datasets that are less sensitive to
changes in observational systems and well suited for historical reconstructions of sea ice conditions
(Cocetta et al., 2024).

Climate models participating in the Coupled Model Intercomparison Project Phase 6 (CMIP6; Eyring60

et al., 2016) provide projections of future SIC and SIT under a range of Shared Socio-economic Pathways
(SSPs), allowing assessments of multiple plausible climate futures (O’Neill et al., 2016). Despite their
central role in projecting future sea ice conditions, climate models have inherent limitations. Systematic
biases in climate model outputs arise from coarse spatial resolution (often > 100 km) and imperfect physical
parameterizations (Notz and Community, 2020; Roach and Meier, 2024), while internal climate variability65

adds further uncertainty to sea ice projections (Maslowski et al., 2012; Swart et al., 2015). To address
these challenges, ongoing research focuses on developing and applying bias correction techniques aimed
at improving the agreement between model simulations and historical observations, thereby enhancing the
reliability of future sea ice projections (e.g., Melia et al., 2015; Knutti et al., 2017; Zhao et al., 2020).

70

Given the strategic importance of Hudson Bay’s navigability for regional connectivity, economic development,
and integration into global trade networks, coupled with the complex and highly variable nature of sea ice
dynamics, there is a clear need for detailed, route-specific navigability assessments. These assessments
must integrate both high-quality historical observations and robust future climate projections to inform
operational planning and long-term policy decisions. While previous research has highlighted navigability75

within the Northern Sea Route (e.g., Shibata et al., 2013; Smith and Stephenson, 2013; Wei et al., 2020)
and Northwest Passage (e.g., Pizzolato et al., 2016; Cook et al., 2024), the operational implications for the
Port of Churchill to critical destinations such as the Labrador Sea and northern coastal communities (e.g.,
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Arviat, Whale Cove, Rankin Inlet, and Chesterfield Inlet) have received little attention.
80

The only existing assessment of future navigability in Hudson Bay is that of Mudryk et al. (2021); however,
several aspects of the methodology warrant further consideration. First, they used a single-model ensemble
(CESM1), and a multi-model ensemble from CMIP6 may provide a better sense of future uncertainty (Notz
and Community, 2020). Second, model bias is not explicitly addressed. As shown by Crawford et al. (2023),
neglecting biases in CMIP6 projections would lead to substantial overestimation of the ice-free period in85

Hudson Bay in the majority of models, in some cases exceeding one month. Correcting these biases is
therefore essential to ensure reliable projections of future accessibility. Third, Mudryk et al. (2021) treat
navigation routes as broad spatial areas without accounting for the requirement that navigable grid cells
form a continuous pathway. This implicitly assumes that if individual grid cells are on average navigable,
then a route is navigable. In reality, navigability is inherently a connectivity problem rather than a spatial90

average condition. Even if the vast majority of grid cells along the shipping route are navigable; this
does not guarantee the presence of a viable transit route, as discontinuities like choke points may obstruct
passage (Copland et al., 2021; Cook et al., 2024). Neglecting spatial connectivity can therefore lead to
overestimation of practical accessibility and fails to capture key operational constraints. Finally, there are
multiple ways to treat the open-water fraction of partially ice-covered grid cells (Mudryk et al., 2021;95

Cook et al., 2024).

Accurate estimation of the navigable period is essential for ensuring safe operations, efficient logistics,
reliable economic planning, and realistic climate adaptation in Arctic shipping, as even modest errors
can lead to increased operational risks, suboptimal routing decisions, and misinformed infrastructure100

investments. In light of the above-mentioned limitations, this study aims to improve projections of future
maritime accessibility in Hudson Bay by (i) applying bias correction to CMIP6 model simulations, (ii)
implementing a path-finding approach that explicitly requires continuous, traversable routes rather than
isolated grid-cell conditions, and (iii) testing the sensitivity of different ways of implementing the Polar
Operational Limit Assessment Risk Indexing System (POLARIS). Particular emphasis is placed on key105

shipping corridors originating from the Port of Churchill, thereby providing a more realistic and decision-
relevant assessment of evolving Arctic maritime accessibility.
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2 Methods

2.1 Study Area110

The study area focuses on maritime routes connecting the Port of Churchill to the Labrador Sea, as
well as to the northern communities of Arviat, Whale Cove (Tikirarjuaq), Rankin Inlet (Kangiqliniq),
and Chesterfield Inlet (Igluligaarjuk). The analysis covers the period from 1950 to 2099, enabling the
assessment of both historical trends and projected future changes in sea ice conditions, and therefore in
the operational shipping season.115

2.2 Datasets

2.2.1 OSISAF SIC

The Ocean and Sea Ice Satellite Application Facility (OSISAF) algorithm (Lavergne et al., 2019) estimates
SIC from brightness temperature measurements obtained by passive microwave sensors. The OSISAF SIC
data record is widely recognized for its quality and improvements over earlier datasets, establishing it120

as a widely used benchmark in climate research and as a trusted climate data record product (Lavergne
and Down, 2023). In this study, we used the daily OSISAF SIC product (OSI-450-a1 for 1978-2020 and
OSI-430-a for 2021-onwards) at a 25 km gridded resolution, available for the period 1979-2025 from the
European Organization for the Exploitation of Meteorological Satellites (EUMETSAT, 2025).

2.2.2 PIOMAS SIC & SIT125

The Pan-Arctic Ice-Ocean Modeling and Assimilation System (PIOMAS) is a coupled ice-ocean reanalysis
(Zhang and Rothrock, 2003). It combines a physical sea ice and ocean model—incorporating ice thickness
distribution and dynamics—with data assimilation of observed variables, including sea surface temperature
and sea ice concentration, to produce temporally and spatially complete estimates of Arctic sea ice
conditions, including SIC and SIT (Soriot et al., 2024). In this study, we employ daily PIOMAS SIC130

and SIT data spanning from 1979-2025, at a roughly 25-km horizontal resolution from the Polar Science
Center, University of Washington (Schweiger et al., 2011). It is noted that the actual SIT is obtained by
dividing the effective (grid cell-averaged) ice thickness by SIC, thereby confining the ice volume to the
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ice-covered fraction of the grid cell rather than distributing it across the full grid cell area.
135

Although Canadian Ice Service Charts are preferred for operational purposes, PIOMAS is preferred for
comparison to climate models for climate change analysis because both the models and PIOMAS use
SIT (not ice type) and because PIOMAS is a more homogeneous dataset with a long-term record of daily
temporal resolution.

140

2.2.3 CMIP6 SIC & SIT & GSAT

In this study, we used daily SIC, daily SIT, and monthly GSAT data from 16 models that include historical
simulations (1850-2014), as well as Shared Socioeconomic Pathways (SSPs) of future climate (2015-2100)
(Supplementary Table S1) obtained from the Earth System Grid Federation data nodes (The Earth System
Grid Federation, 2025). These models provided the three required variables across all four SSPs—SSP1-145

2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5—where the final number denotes the approximate radiative forcing
experienced by 2100. Because the complete open-water period cannot be determined without several
months of data from the following year, it is not possible to compute this metric for the final year of the
historical experiments (2014) or the SSPs (2100). Note that SIT is the actual floe thickness (which is
different from CMIP5).150

2.3 Shipping Route Mask Setup

To accommodate differences in spatial resolution across the datasets used in this study, shipping routes
were represented as a 200 km-wide zone (Figure 1). This approach ensures methodological consistency
when working with gridded data of varying resolutions and grid structures. Each route is defined by a
start and end node: the start node corresponds to the marine grid cell containing the Port of Churchill,155

and the end node corresponds to the marine grid cell containing one of five destination points—Arviat,
Whale Cove, Rankin Inlet, Chesterfield Inlet, or (60°N, 60°W) in the Labrador Sea. For the Churchill-
Labrador Sea route, vessels must navigate between Coats and Mansel Islands. Continuing eastward, ships
may enter Hudson Strait via one of two main passages: a northern route between Mill and Salisbury
Islands, or a more direct southern route south of Nottingham and Salisbury Islands. The southern passage160

is favored in current operations due to its shorter transit distance (Pizzolato et al., 2016). Shipping routes
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were manually defined in QGIS using ship traffic contour lines for individual vessels, derived from vessel
tracking platforms (e.g., MarineTraffic, 2025). These routes were further validated and refined through
personal communication with the Arctic Gateway Group (2024)—the limited partnership that owns and
operates the Port of Churchill.165

(a) (b)

Fig. 1. An illustration of the maritime shipping zones allowed for in the study from the Port of Churchill to (a) the Labrador Sea, and (b)

Arviat, Whale Cove, Rankin Inlet, Chesterfield Inlet, with a 200 km-wide zone in dark grey color.

2.4 Navigable Route Detection

Two methods are used to define navigability: First, with the "ice-free method", a grid cell within the
shipping zone is classified as navigable if its SIC is below 15%. Second, with the "low-risk method", a
combination of SIC and SIT determine whether a route is navigable based on POLARIS, which assigns
risk values (RVs) to various ice types (represented by SIT ranges) according to their potential hazard for170

a given ship class (Committee et al., 2016). RVs range from +3 (lowest risk) to -8 (highest risk), enabling
operators to assess operational safety across a range of ice conditions (Figure 2). As SIT increases, the
corresponding RVs decrease, indicating higher operational risk in thicker ice regimes. Next, we use the
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(a)

(b)

Fig. 2. (a) Risk values (RVs) for different ice types and ship classes derived from the Polar Operational Limit Assessment Risk Indexing

System (POLARIS). (b) Navigability assessment for a Type E (pleasure craft) vessel based on sea ice concentration (SIC) and sea ice thickness

(SIT) under the ’ice-free’ and ’low-risk’ definitions. Panel A is not navigable under either definition. Under the ice-free method, panel B is

navigable but panel C is not. Under the low-risk method, both panels B and C are navigable.

following formula to evaluate the Risk Index Outcome (RIO) in partially ice-covered grid cells.

RIO = SIC×RVH,S + [3× (1−SIC)], (1)175

where SIC is the sea ice concentration (ranging from 0 or ice-free to 1 or fully ice-covered), RVH,S is
the risk value corresponding to a specific SIT category H and ship class S as defined in Figure 2, and
the constant 3 represents the risk value assigned to open water for all vessel types. The second term in
the equation accounts for the ice-free fraction of the grid cell, which carries minimal navigational risk.
A grid cell is considered navigable when RIO ≥ 0, indicating acceptable operational risk. Unlike with180
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definitions of ice-free periods based solely on SIC thresholds, with this method a route is considered low
risk (or “navigable”) for open-water vessels if SIC > 15% but SIT is thin enough (e.g., Figure 2b, Panel
B). Grid cells with SIT = 0 or missing values (NaNs) are assigned an RV of 3, consistent with POLARIS
guidelines for open water. This ensures that zero thickness is interpreted as ice-free, and that missing SIT
data—when corroborated by low SIC—does not artificially increase risk estimates, thereby maintaining185

operational realism in the assessment. For the ice-free method, we used OSISAF SIC, whereas for the
low-risk method, we relied on PIOMAS SIC and SIT as the "observational" dataset. Figure 3 illustrates
the procedure for transforming RIOs into a mask that delineates regions of low-risk navigation for a Type
E (pleasure craft) vessel. To assess the impact of the second term in the RIO equation, we also assess the
following:190

RIO = SIC×RVH,S, (2)

This equation implies that the RV is 0 for the open water part of a cell, making it less permissive than
Equation 1.

2.5 Path continuity Framework

A path continuity framework ensures that navigability is assessed not only at the level of individual grid195

cells but also in terms of spatially continuous and operationally viable routes between origin and destination
points. Approaches based solely on SIC/SIT can identify isolated navigable cells; however, such conditions
do not guarantee the existence of a fully navigable route. Our spatial connectivity framework is built upon
a graph-based representation of the route buffer (200 km-wide zone), where each grid cell constitutes a
node and adjacent cells are connected through weighted edges (orthogonal or diagonal). Navigability is200

first determined at the cell level using either the ice-free or low-risk criteria, resulting in a binary mask
(e.g., Figure 3, panel (e)). This mask is then combined with the predefined route buffer to construct a
constrained graph in which only admissible cells are retained. To evaluate continuity, a modified A*
path-finding algorithm is applied (in Python using the tcod library) to determine whether a continuous
path exists between the start and end nodes. A daily route is considered navigable only when a continuous205

sequence of connected, navigable grid cells forms an unbroken path between the origin and destination.
In the absence of such connectivity (e.g., sea ice present at a choke point), the route is classified as
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Fig. 3. Workflow for deriving Type E low-risk navigation mask: (a) sea ice concentration (%), (b) sea ice thickness (cm), (c) risk value, (d)

risk index outcome, and (e) final mask.

non-navigable, even if individual cells satisfy the SIC/SIT navigability criteria. This binary classification
of daily route availability (1 = continuous path exists; 0 = no path), evaluated throughout the year, forms
the basis for determining the opening day, closing day, and navigable period.210

2.6 Sea Ice Phenology

To characterize the seasonal accessibility of the defined routes, we define three key indices for each route
and year: opening day or OD, closing day or CD, and navigable period or NP. These indices are derived
from daily binary assessments of route navigability using either the ice-free or low-risk method. Following215

Crawford et al. (2023) rather than using a fixed date (e.g., March 1) as the boundary between years, we
define the start of the sea ice year dynamically. Specifically, for each route, the year "start day" is the
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median day from January through April for which that route is closed. This adjustment accounts for spatial
variability in peak winter conditions and prevents underestimation of the NP, particularly in marginal ice
zones where the timing of maximum ice extent can differ significantly from year to year (Soleymani and220

Scott, 2023). The OD and CD are determined relative to this dynamic sea ice year. The opening day always
occurs between the start day and the median day for which a route is open in August to October of the same
year, while the ice advance day falls between that median summer open day and the subsequent median
winter closed day. Because of this rolling-year definition, some routes may exhibit NPs exceeding 365 (or
366 for a leap year) days at the end of the 21st century in the strongest warming scenario. However, when225

averaged over time, the mean NP will approach a value no greater than the length of the calendar year,
since each day is assigned to only one year’s NP.

In instances where a route is navigable for the entire calculation window (January Year 1 through April
Year 2), OD and CD are undefined, and NP is set to the full length of the year (e.g., 365 days or 366,230

depending on the calendar). When no navigable days are detected throughout the calculation window, the
route is closed year-round, both OD and CD are undefined, and NP is set to zero.

If in any period January Year 1 through April Year 2, both a median open day and at least one median
closed day are identified, the route is considered navigable during part of the year. In this case, an estimate235

of OD is obtained by locating the last day the route was closed within the range bounded by the median
closing day of the current year and the median open day. If such a day exists, OD is set as the day after
this last closed day; otherwise, OD remains undefined, indicating the route was open on January 1, Year
1 and remained open all winter. Similarly, CD is estimated by locating the first closed day that occurs
after the median open day and before the median closed day of the next January-April. If such a day240

is found, CD is set accordingly; if not, CD remains undefined, suggesting the route stayed open beyond
April 30 of Year 2. NP is computed as the duration between OD and CD (i.e., NP = CD - OD). If CD
is undefined (the route remained open throughout winter of Year 2), NP is approximated as 365 + 61 -
OD. If OD is undefined (route remained open throughout winter of Year 1), NP is approximated as CD - 61.

245
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2.7 Model Evaluation

Model performance and internal variability were evaluated for 1979-2013, which corresponds to the
overlap between CMIP6 historical runs and the availability of reliable observational datasets (OSISAF
and PIOMAS). The multi-model mean of the temporal average (𝜇MMM) is computed as the average of the
first realization ("r1") across all models (except CESM2, for which "r4" is the lowest realization available250

for all experiments). To estimate internal variability, we leverage the variability from the six single-model
ensembles with at least three historical realizations. Because of the small ensemble sizes, we apply a
multiplicative correction factor involving the Gamma function (Γ) when calculating the standard deviation
of each single-model ensemble, given by

𝜎 =
𝑠

𝑐4(𝑛) , (3)255

where 𝑠 is the sample standard deviation (a biased estimator of the true standard deviation), 𝑛 is the number
of samples (in this case, the number of realizations for the model), and 𝑐4(𝑛) is the bias-correction factor,
which can be calculated as

𝑐4(𝑛) =
√︂

2
𝑛− 1

· Γ
(
𝑛
2
)

Γ
(
𝑛−1

2

) . (4)

The overall uncertainty of the multi-model mean, denoted as 𝜎MMM, is then estimated as the arithmetic260

mean of the variability from each single-model ensemble (𝜎model,𝑘 ) across the six qualified models. This
aggregated measure is then used to estimate internal variability or IV, and the plausible range of model
outcomes around the observational reference value (𝜇obs) and serves as a benchmark for evaluating model
skill and consistency

IV = 𝜇obs ± 2𝜎MMM. (5)265

Because climate models systematically underestimate sea ice cover in Hudson Bay (Crawford et al., 2023),
we applied two common bias correction methods before analyzing projections of future navigability:
delta-shift and weighted average.
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2.7.1 Bias Correction: Delta-Shift270

Delta-shift bias correction adjusts each model by the difference between its historical mean and observations
over 1979–2013, aligning the baseline while preserving projected trends. The corrected value is 𝑋corrected

𝑡 =

𝑋𝑡 −Δ, Δ = 𝜇model − 𝜇obs. Here, observations refer to OSISAF SIC or PIOMAS SIC/SIT, depending on
the navigability method. Model skill and projections are also evaluated using percentiles (median, 10th,
90th) against a reference dataset. To ensure equal model weighting, only the first realization per model is275

used. See Section S1 and Figures S1 and S2 for details on how the missing data are handled.

2.7.2 Bias Correction: Weighted Average

Our weighting method balances three factors to ensure observational fidelity and a representative spread
of projections: model performance (skill)—models are evaluated against observations, with larger errors
receiving lower weights; realization similarity (redundancy)—structurally similar models or multiple280

realizations are down-weighted to avoid over-representation; and model diversity (richness)—an “effective
number” constraint prevents over-fitting weights by concentrating on too few high-performing realizations.

Weight Assignment
Weights 𝑤𝑖 are calculated following Knutti et al. (2017)285

𝑤𝑖 =
𝑒−𝐷

2
𝑖
/𝜎2

𝐷

1+∑𝑀
𝑗≠𝑖 𝑒

−𝑆2
𝑖 𝑗
/𝜎2

𝑆

, (6)

where 𝐷𝑖 is the distance from observations (to account for performance), 𝑆𝑖 𝑗 is the distance between
models 𝑖 and 𝑗 (to account for similarity), and 𝜎𝐷 , 𝜎𝑆 are scaling parameters controlling the strength of
penalties. The numerator of 𝑤𝑖 rewards models close to observations, while the denominator penalizes
those similar to others. Finally, model diversity is quantified via the ‘Effective Size’ (Neff), computed as290

the inverse Simpson Index using the chosen 𝜎𝐷 and 𝜎𝑆.

Weighted Average
After assigning weights to each model, we computed a weighted average for each sea ice variable at every
time step 𝑡 denoted as 𝑋corrected

𝑡 or 𝑋̄w
𝑡 . Specifically, giving the weight 𝑤𝑖 for each realization 𝑖, the weighted295
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mean is

𝑋corrected
𝑡 = 𝑋̄w

𝑡 =

∑
𝑤𝑖𝑋

𝑖
𝑡∑

𝑤𝑖

, (7)

where 𝑋 𝑖
𝑡 is the sea ice variable (i.e., OD, CD, NP) from realization 𝑖 at time 𝑡. This formulation ensures

that models with greater skill exert proportionally more influence on the final estimate while mitigating
the chance of over-fitting, thereby improving the robustness of the model projection.300

Weighted Standard Error
Uncertainty in 𝑋corrected

𝑡 was quantified using the weighted standard error SEw
𝑡 , which incorporates model

weights 𝑤𝑖 so that more reliable models contribute more. It is defined as

SEw
𝑡 =

√︄∑
𝑤𝑖 (𝑋 𝑖

𝑡 − 𝑋̄w
𝑡 )2∑

𝑤𝑖

· 𝑁 − 1
𝑁

, (8)305

where 𝑋 𝑖
𝑡 is realization 𝑖 at time 𝑡, 𝑋̄w

𝑡 is the weighted mean (Eq. 6), and 𝑁 is the number of realizations (63
in this study). This adjustment for unequal contributions provides a more accurate measure of realization
uncertainty. See Section S2 and Figures S3 and S4 for a detailed description of the experimental setup.

3 Results310

3.1 Historical Observations

Before examining future projections, it is instructive to consider the historical baseline navigable period
and its trend (Figure 4). For the Churchill-Labrador Sea route, using the ice-free method, the median OD
shifted earlier from day of year (DOY) 212 (31 July) in the 1980s to 197 (16 July) in the 2000s (-15 d),
before moving slightly later again to 199 (18 July) in 2020-2025 (+2 d vs 2000s, still -13 d compared to315

the 1980s). The median CD occurred on DOY 314 (10 November) in the 1980s, shifted later to 326 (22
November) in the 2000s (+12 d), and then to 330 (26 November) in 2020-2025 (+4 d vs 2000s, +16 d vs
1980s). The median navigable period lengthened from 102 days in the 1980s to 129 days in the 2000s, and
further to 131 days in 2020-2025 (+2 d vs 2000s, +29 d vs 1980s).

320
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(a) Ice-free method, Labrador Sea (b) Ice-free method, Chesterfield Inlet

(c) Type E low-risk method, Labrador Sea (d) Type E low-risk method, Chesterfield Inlet

Fig. 4. Historical records of opening and closing days (expressed as day of year, DOY) for maritime routes from the Port of Churchill to: (a)

Labrador Sea (ice-free method), (b) Chesterfield Inlet (ice-free method), (c) Labrador Sea (Type E low-risk method), and (d) Chesterfield Inlet

(Type E low-risk method). Red and blue markers represent the median opening day and closing day, respectively, with the interval between

them indicating the median navigation period. Error bars denote the 10th-90th percentile range, and the grey bar highlights the period when

the route is reliably navigable, except in extreme years.

15

https://doi.org/10.5194/egusphere-2026-4196
Preprint. Discussion started: 23 July 2026
c© Author(s) 2026. CC BY 4.0 License.



Using the low-risk method, the median OD shifted earlier from DOY 194 (13 July) in the 1980s to 178
(27 June) in the 2000s (-16 d), and then slightly later to 183 (2 July) in 2020-2025 (+5 d vs 2000s, still
-11 d compared to the 1980s). The median CD occurred on DOY 317 (13 November) in the 1980s, moved
later to 330 (26 November) in the 2000s (+13 d), and further to 337 (3 December) in 2020-2025 (+7 d vs
2000s, +20 d vs 1980s). The median NP expanded from 123 days in the 1980s, to 152 days in the 2000s325

(+29 d), and to 154 days in 2020-2025 (+2 d vs 2000s, +31 d vs 1980s).

For the Churchill-Chesterfield Inlet route, using the ice-free method, the median OD shifted earlier from
DOY 208 (27 July) in the 1980s to 188 (7 July) in the 2000s (-20 d), then moved later to 199 (18 July)
in 2020-2025 (+11 d vs 2000s). The median CD moved later from DOY 314 (10 November) in the 1980s330

to 320 (16 November) in the 2000s (+6 d), and to 330 (26 November) in 2020-2025 (+10 d). The median
NP lengthened from 106 days in the 1980s to 132 days in the 2000s, then to 131 days in 2020-2025
(-1 d vs 2000s, +25 d vs 1980s). Overall, OD advanced and CD delayed from the 1980s to the 2000s,
expanding the window, followed by a partial reversal in OD but continued delay in CD into the early 2020s.

335

Using the low-risk method, the median OD shifted earlier from DOY 190 (9 July) in the 1980s to 169 (18
June) in the 2000s (-21 d), before moving later again to 183 (2 July) in 2020-2025 (+14 d vs 2000s, still
-7 d compared to the 1980s). The median CD was 313 (9 November) in the 1980s, delayed to 322 (18
November) in the 2000s (+9 d), and further to 330 (26 November) in 2020-2025 (+8 d vs 2000s, +17 d vs
1980s). The median navigable period lengthened from 123 days in the 1980s to 153 days in the 2000s (+30340

d), then shortened to 147 days in 2020-2025 (-6 d vs 2000s, +24 d vs 1980s). Because routes to the three
communities between Churchill and Chesterfield Inlet—Arviat, Whale Cove, and Rankin Inlet—exhibit
broadly comparable temporal patterns and navigability ranges (consistent with their close geographical
proximity), detailed analyses for these locations are provided in Supplementary Figure S5).

345

Altogether, two aspects of change become apparent. First, the navigable period from Churchill to destinations
within or beyond Hudson Bay increased markedly (2 to 4 weeks) between the 1980s and 2000s and has
been relatively stable since. Second, while the closing day is becoming progressively later with time, the
opening day exhibits greater variability and has actually occurred later in recent years than in the 2000s.

350
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3.2 Bias Assessment of CMIP6 Models

Figure 5 presents the estimated OD for five routes from Churchill—Arviat, Whale Cove, Rankin Inlet,
Chesterfield Inlet, and Labrador Sea (over 1979-2013). Two navigable route detection criteria were used:
the ice-free threshold and the low-risk threshold. Across all routes, approximately 75-87.5% of the models
lie outside the range of internal variability (IV; Eq.5), shown as whiskers extending from the OSISAF355

average. This highlights the variability in simulated ice retreat timing and the clear need for bias correction.
The ice-free method generally produces later OD estimates than the low-risk method, consistent with
its stricter single-threshold definition. This difference is most pronounced in the Chesterfield Inlet and
Labrador Sea routes. The Labrador Sea route records the latest OD for both the observational mean and
multi-model mean, under both methods. Routes to the three communities near Chesterfield Inlet (Arviat,360

Whale Cove, Rankin Inlet) exhibit similar OD patterns and ranges, reflecting their geographical proximity.
Using the ice-free method, the models that most closely estimate the observational averages for routes
to Chesterfield Inlet, Arviat, Whale Cove, and Rankin Inlet are MRI-ESM2-0 and ACCESS-CM2, with
deviations of approximately 2-7 days, while for the Labrador Sea route the closest matches are ACCESS-
CM2, NorESM2-LM, MRI-ESM2-0, and BCC-CSM2-MR, differing by 3-8 days. Under the low-risk365

method, the models showing the greatest agreement with PIOMAS in Chesterfield Inlet, Arviat, Whale
Cove, and Rankin Inlet routes are ACCESS-CM2 and CESM2-WACCM, within 0.2-3 days, whereas for
Labrador Sea route the best matches are IPSL-CM6A-LR, MIROC6, and CESM2, within 1-4 days.

Similar to OD, most models fall outside the IV range for CD (Figure 6), indicating a significant inter-370

model spread in the simulated timing of ice advance and highlighting the need for bias correction. CD is
overestimated in at least 70% of realizations. The ice-free method generally produces earlier CD estimates
compared to the low-risk method. The Labrador Sea route shows the earliest CD for both the observations
and multi-model mean under both methods. Routes to the three communities near Chesterfield Inlet (Arviat,
Whale Cove, Rankin Inlet) again display similar patterns and variability ranges. For the ice-free method,375

the models closest to the observational average for routes to Chesterfield Inlet, Arviat, Whale Cove, and
Rankin Inlet are IPSL-CM6A-LR and NorESM2-LM, while for the Labrador Sea route, the closest is
BCC-CSM2-MR and NorESM2-LM. Under the low-risk method, the models nearest to observations for
Chesterfield Inlet, Arviat, Whale Cove, and Rankin Inlet routes are the same as under the ice-free method,
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IPSL-CM6A-LR and NorESM2-MM, while for Labrador Sea route they are IPSL-CM6A-LR, NorESM2-380

LM, and BCC-CSM2-MR.

Based on results for OD and CD it is unsurprising that the NP is also biased in most models (Figure
7). NPs are simulated longer than observed in 81% of models for the Labrador Sea route and as high as
100% for Rankin Inlet. For this reason, a delta-shift bias correction (computed as the difference between385

a model’s historical average and the corresponding observational mean) was applied to all projections
used in the following section. The low-risk method generally yields longer NPs than the ice-free method,
consistent with its more permissive navigability definition. For the ice-free method, the models closest
to the observational average for routes to Chesterfield Inlet, Arviat, Whale Cove, and Rankin Inlet are
MRI-ESM2-0, ACCESS-CM2, and NorESM2-MM, while for the Labrador Sea route the closest are BCC-390

CSM2-MR and NorESM2-LM. Under the low-risk method, the models nearest to observations for the
routes to Chesterfield Inlet, Arviat, Whale Cove, and Rankin Inlet are the same as the other method, while
for the Labrador Sea route they are ACCESS-CM2, IPSL-CM6A-LR, and CESM2-WACCM, within 2-3
days.

395

Furthermore, when compared with OSISAF, PIOMAS reproduces the overall length of the NP reasonably
well, with a maximum difference of nearly 12 days for the Labrador Sea route and minimum difference
of about 2 days for the Chesterfield Inlet route. In contrast, its OD and CD are systematically biased,
indicating a misrepresentation of the seasonal timing of sea ice retreat and advance. For OD, the largest
difference is seen on the Labrador Sea route, occurring 13 days earlier. For CD, the greatest difference is400

observed on the Whale Cove route, occurring 10 days earlier. Thus, bias correction based on PIOMAS
may be unreliable for OD and CD, but remains appropriate for NP.

3.3 Navigable Period Projection - Delta-Shift Method

In assessing changes in NP in response to climate change, it is important to recognize that change in NP with405

respect to projection time is inherently more uncertain than change in NP with respect to global surface
air temperature (GSAT) anomaly. GSAT is a direct function of time under any given forcing pathway,
but the rate of change varies substantially among scenarios. As a result, while calendar years associated
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Table 1. Timing of global surface air temperature (GSAT) anomaly bins (with respect to 1850-1900 average) under each SSP scenario.

Baseline GSAT anomaly (°C)
Year

SSP1-2.6 SSP2-4.5 SSP3-7.0 SSP5-8.5

Past (historical) 0–1 1950-2011 1950-2011 1950-2011 1950-2011

Present (early-century) 1–1.5 2012–2033 2012–2033 2012–2032 2012–2030

Near-future 1.5–2 2034–2099 2034–2054 2033–2047 2031–2045

2–2.5 *** 2055–2079 2048–2063 2046–2055

2.5–3 *** 2080–2099 2064–2076 2056–2065

3–3.5 *** *** 2077–2088 2066–2075

3.5–4 *** *** 2089–2099 2076–2083

Late-century 4–4.5 *** *** *** 2084–2092

High-end 4.5–5 *** *** *** 2093–2099

with specific anomalies differ across SSPs, the anomaly levels themselves are universal. Therefore, we
emphasize the relationship between NP and GSAT in this section, although we also show the approximate410

years at which each GSAT anomaly bin is reached under different SSPs (Table1). Note that some SSPs do
not reach the higher levels of warming within the 21st century.

The projections are derived using delta-shift bias-corrected CMIP6 outputs and evaluated using both
navigable route detection criteria: the ice-free method and the low-risk method. Each panel displays NPs415

for the corresponding GSAT anomaly bin. The OD50 and CD50, are shown as red and blue squares,
respectively, and the grey bar spanning OD90 to CD10 denotes the high-confidence NP (i.e., the period for
which the route is navigable even in extremely unfavorable simulations).

For the ice-free method and the 1.0-1.5 °C anomaly bin, representative of the early-century period (2012420

to the early 2030s in all SSPs; Table 1), the Labrador Sea route typically opens on DOY 198 (17 July)
and closes on DOY 326 (22 November), for a duration of 128 days (about 4.2 months), which is one

22
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(a) Ice-free method, Labrador Sea (b) Ice-free method, Chesterfield Inlet

(c) Type E low-risk method, Labrador Sea (d) Type E low-risk method, Chesterfield Inlet

Fig. 8. Projected opening and closing days (day of year, DOY) across global surface air temperature (GSAT) anomaly bins, estimated using

the delta-shift bias correction method under SSP5-8.5. GSAT anomalies are relative to the 1850-1900 pre-industrial baseline. Results are

shown for routes from the Port of Churchill to: (a) Labrador Sea (ice-free method), (b) Chesterfield Inlet (ice-free method), (c) Labrador Sea

(Type E low-risk method), and (d) Chesterfield Inlet (Type E low-risk method). Red and blue markers represent the median opening day and

closing day, respectively, with the interval between them indicating the median navigation period. Error bars denote the 10th-90th percentile

range, and the grey bar highlights the period when the route is reliably navigable, except in extreme years.
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day different from OSISAF observations in either 2010-2019 or 2020-2025. Under near-future conditions
(1.5-2.0 °C), the Labrador Sea route typically opens on DOY 189 (8 July) and closes on DOY 336 (2
December), yielding a NP of 147 days (approximately 4.9 months), or 19 days longer than present-day.425

On the extreme end (warming of 4.5-5.0°C), the Labrador Sea route typically opens on DOY 130 (10
May) and closes on DOY 395 (30 January of the following year), for a duration of 265 days (roughly 8.8
months), about 118 days longer than the near-future and 137 days longer than present-day.

Under the low-risk method, the Labrador Sea route typically opens on DOY 177 (26 June) and closes430

on DOY 334 (30 November), resulting in 157 days (roughly 5.2 months) for present-day conditions. In
the near-future (1.5-2.0 °C), the median model year shows the route opening on DOY 169 (18 June) and
closing on DOY 344 (10 December), giving a NP of 175 days—about 5.8 months and 18 days longer
than present day. In the 4.5-5.0 °C anomaly range, the median model year shows opening on DOY 105
(15 April) and closing on DOY 409 (13 February of the following year), yielding 304 days (about 10.1435

months)—around 129 days longer than the near-future and 147 days longer than present-day.
See Supplementary Figure S6 for the Arviat, Whale Cove, and Rankin Inlet routes.

Under the ice-free method, the present-day Chesterfield Inlet route (1.0-1.5 °C) typically opens on DOY
185 (3 July) and closes on DOY 324 (20 November) in the median model year, for a duration of 139 days440

(almost 4.6 months; Figure 8). This is only a few days longer than the median year in the 2010s (according
to OSISAF; Figure 4. For near-future projections (1.5-2.0 °C), the Chesterfield Inlet route typically opens
on DOY 176 (25 June) and closes on DOY 330 (26 November), yielding a NP of 154 days (approximately
5 months), about 15 days longer. On the extreme end, in the 4.5-5.0 °C anomaly bin, which is only reached
under SSP5-8.5 near the end of the century (2093-2099; Table 1), the median model year opens on DOY445

130 (10 May) and closes on DOY 376 (11 January of the following year), for a duration of 246 days
(roughly 8.2 months), about 92 days longer than expected for the near-future (1.5-2.0 °C) and 107 days
longer than the present-day anomaly bin (1.0-1.5 °C).

Under the low-risk method, present-day results (1.0-1.5 °C) indicate that, in a typical year, the Chesterfield450

Inlet route opens on DOY 169 (18 June) and closes on DOY 326 (22 November), resulting in 157 days
(roughly 5.2 months). In the near-future (1.5-2.0 °C), the route is projected to open on DOY 160 (9 June)
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and close on DOY 333 (29 November), giving a NP of 173 days—about 5.8 months, or 16 days longer
than present-day conditions. On the extreme end (4.5-5.0 °C), the median model year opens on DOY
107 (17 April) and closes on DOY 391 (26 January of the following year), yielding 284 days (about 9.5455

months)—around 111 days longer than the near-future and 127 days longer than present-day.

Overall, the rate of lengthening NP with continued warming varies from 42 d °C−1 for the low-risk method
and Labrador Sea route to 31 d °C−1 for the ice-free method and Chesterfield Inlet route, although the
sensitivity accelerates after the GSAT anomaly reaches 3.5 °C (before 3.5 °C, the average is 27 to 36 d460

°C−1, depending on route and method). Another overall pattern is that, despite more historical uncertainty
in the OD trend, lengthening of the NP occurs roughly equally from earlier ODs and later CDs.

3.4 Delta-Shift vs. Weighted Average

To evaluate the effectiveness of different bias correction strategies, we compared the results from the465

previous section with those obtained using a weighted average approach, calibrated for the historical
period 1979-2013. Under the ice-free method, the weighted average approach only leads to notable bias
reduction in one of the two routes. For the Churchill-Labrador Sea route, OSISAF yields 111.0 days
compared with a multi-model mean of 144.0 days (-33.0 days bias). The weighted average (127.1 days)
reduces the bias to -16.1 days, representing a 51% improvement. Using PIOMAS (119.1 days), the bias470

decreases from -24.9 to -7.9 days, a 68% improvement. For the Churchill-Chesterfield Inlet route under the
ice-free method, OSISAF indicates 123.1 days compared with a multi-model mean of 158.4 days, yielding
a bias of -35.3 days (Figure 7). The weighted average gives 157.3 days, barely changing the bias, which is
reduced only to -34.2 days (3% improvement). A similar result is found if using PIOMAS (123.3 days) as
the reference, where the bias decreases from -35.1 to -34.0 days (3% improvement).475

For the low-risk method, in the Churchill-Labrador Sea, PIOMAS gives 143 days compared with a multi-
model mean of 157.3 days (bias: -14.3 days). After applying the weighted average (142.4 days), the bias
is +0.6 days. This represents a 95.8% improvement of the bias magnitude. In contrast, for the Churchill-
Chesterfield Inlet route yields 146.5 days relative to a multi-model mean of 172.8 days (bias: -26.3 days).480

The weighted average correction (165.4 days) reduces the bias to -18.9 days, corresponding to a 28.1%
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(a) Ice-free method, Labrador Sea (b) Ice-free method, Chesterfield Inlet

(c) Type E low-risk method, Labrador Sea (d) Type E low-risk method, Chesterfield Inlet

Fig. 9. Projected navigable period (in days) as a function of global surface air temperature (GSAT) anomaly relative to the 1850-1900 baseline,

under SSP5-8.5, for routes from the Port of Churchill to: (a) Labrador Sea (ice-free method), (b) Chesterfield Inlet (ice-free method), (c)

Labrador Sea (Type E low-risk method), (d) Chesterfield Inlet (Type E low-risk method). Dashed blue vertical lines indicate the GSAT

anomaly and SSP(s) for the two reference years discussed in the text.

improvement.

Analysis of the projected NP under two bias correction approaches—delta-shift and weighted average—reveals
substantial discrepancies across both routes and NP criteria (Figure 9). For the Churchill-Labrador Sea485

route under the ice-free method, the divergence is 17.37 days (11.7%) in 2038, increasing to 32.85 days
(12.4%) by 2096 under SSP5-8.5. Conversely, under the low-risk method, the difference in 2038 is minimal
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at 1.57 days (0.9%), indicating close agreement between correction techniques. However, by 2096, under
SSP5-8.5, the gap reaches 25.87 days (8.6%). For the Churchill-Chesterfield Inlet route under the ice-free
criterion, in 2038 the estimated NP differs by 35.25 days (23.0%) between the two correction methods.490

This difference coincides with a GSAT anomaly of approximately 1.75 °C, consistent across all SSPs. By
2096 under SSP5-8.5, the divergence remains high at 26.45 days (10.2%). Under the low-risk criterion
for the same route, the projected difference is smaller but still significant: 27.37 days (15.7%) in 2038,
expanding to 30.06 days (10.6%) by 2096 under SSP5-8.5.

495

Collectively, these results demonstrate that while both correction methods broadly capture long-term NP
increases, their divergence becomes more pronounced under higher warming levels, especially in late-
century projections and along routes with greater exposure to ice variability. The discrepancies, ranging
from approximately 1.6 to around 35 days (less than 1% to roughly 23%) depending on method, route,
and scenario, highlight the sensitivity of NP projections to bias correction technique. See Supplementary500

Figure S7 for the Arviat, Whale Cove, and Rankin Inlet routes.

4 Discussion

Our results demonstrate that the choice of navigability criteria strongly influences the estimated length of
the NP for open-water vessels in Hudson Bay and surrounding regions. The ice-free method yields stricter505

thresholds, resulting in relatively short and constrained navigable windows. By contrast, the low-risk
method is more permissive, projecting NPs exceeding 10 months with 4.5-5.0 °C warming. This method
allows travel with various combinations of thickness and concentration, with 15 cm as the thickness limit
for 100% ice-coverage to be considered "low-risk" for Type E (pleasure craft) vessels. The deployment
of higher-class vessels, such as those built to polar standards, would considerably extend the NP since510

these vessels can navigate through thicker ice without significant difficulty. Even with extreme warming
scenarios and the most permissive criteria, ice-strengthened vessels would still be necessary for 12-month
shipping along these routes.
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The bias correction framework applied here is central to improving the credibility of NP estimates. The515

delta-shift correction aligns closely with historical observations (by definition); however, the weighted
average correction is valuable in preventing an overfit to the historical record. The delta-shift method
implicitly assumes that historical conditions capture the full range of internal variability, but this assumption
may not hold for long-term climate change projections. In contrast, the weighted average approach retains
part of that variability, acknowledging that observations are not a perfect analogue for future conditions.520

This distinction highlights that both methods have value—delta-shift for fidelity to the observed record,
and weighted average for preserving variability that may better capture future uncertainty. The weighted
average method also yields smaller uncertainty in the future projections, so with the low-risk criterion, for
which the weighted average also eliminates a large fraction of model-observation discrepancy, the weighted525

average result may be especially valuable (Figure 9). However, for the ice-free criterion, especially when
applied to Chesterfield Inlet route, the lingering historical bias is so great in the weighted average that
any projections with the weighted average should be considered with skepticism; the delta-shift method is
preferred.

530

Accounting for uncertainty is critical when translating model output into decision-relevant information.
Our use of the OD90-CD10 framework provides a rigorous means of bracketing navigable periods into high-
confidence, pessimistic, and optimistic estimates. For instance (see Figure 8), under the low-risk method,
the Labrador Sea route exhibits a present-day NP of 157 days, representing the most likely navigability
scenario. The pessimistic bound (138 days) reflects years when ice persists longer, while the optimistic535

bound (177 days) captures conditions under which the NP could be extended. We focused on the median
outcomes here, but stakeholders such as shipping companies and insurers may prefer to consider the more
pessimistic and optimistic outcomes and plan for a range of possible season lengths.

Despite differences in study area and methodology, our results can be placed in the context of other work in540

the literature. For example, Andrews et al. (2017), applying a 15% SIC threshold, reported a median open-
water season of 153 days in Hudson Bay for 2010-2014 – over 20 days longer than the period for which we
are able to find continuous ice-free paths along the Churchill-Labrador Sea or Churchill-Chesterfield Inlet
routes (Figure 4). This discrepancy emphasizes the importance of identifying a continuous path rather than
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a spatial average for assessing route navigability. For future projections, Mudryk et al. (2021) provides the545

only comparable study, but our methods differ in several ways: (a) we calculate the RIO for individual grid
cells with Equation 1 and floe thickness, whereas they use effective thickness (𝑆𝐼𝑇𝑒 𝑓 𝑓 = 𝑆𝐼𝑇 × 𝑆𝐼𝐶) and
then 𝑅𝐼𝑂 = 𝑅𝑉 (𝑆𝐼𝑇𝑒 𝑓 𝑓 ); (b) we identify the presence of any continuous route of navigable cells within a
zone instead of using an area-weighted average RIO within that zone; (c) we use a multi-model ensemble
from CMIP6 whereas they use a single-model ensemble from CESM1 and (d) we apply a bias correction550

to projections.

To assess the sensitivity of the NP to some of those methodological differences, we present NP estimates
derived using different methodologies for the Churchill–Labrador Sea route (Table 2). We use method
low-risk A (the method for the above results) as the baseline. For the historical period (1979–2013), using555

Equation 2 but still using a continuous path-finding approach (method low-risk B) leads to a substantially
shorter average NP than low-risk A (47 shorter days in PIOMAS and 55 days shorter in CMIP6). In fact,
this NP is shorter than if using SIC < 15% as the criterion for "navigable" (NP = 114 for the ice-free
method). This massive difference occurs because in both PIOMAS and CMIP6, it is possible to have SIT
exceed 1 m even when SIC < 15%. For example, in 2013, method low-risk B yields a closing day of560

309 (November 5), while the ice-free method yields a closing day of 322 (November 18) since SIC does
not increase beyond 15% until then (Supplementary Figure S8). The earlier closure for low-risk method
B occurs because sea ice of low concentration (<15%) but thicker than 50 cm stretches across Hudson
Strait. Using low-risk method A (Equation 1), the route does not close until day 330 (November 26;
Supplementary Figure S9), when sea ice in the 15-50 cm thickness range and a concentration of about565

70% blocks the route right at the Port of Churchill.

Method low-risk D also produces a shorter average NP relative to method low-risk A, but not as short as
method low-risk B (18 days shorter in PIOMAS and 21 days shorter in CMIP6). In contrast, calculating
cell-specific RIOs using Equation 1 but averaging those RIO values over the entire route (method low-risk570

C) instead of requiring a continuous path leads to a longer average NP than method low-risk A (27 days
longer in PIOMAS and 32 days longer in CMIP6), increasing NP averages by 27 days in PIOMAS and 32
days in CMIP6.
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The relative ordering of the four methods from longest to shortest NP is the same in the CMIP6 multi-model575

mean as in PIOMAS, although the sensitivity to choice of method is generally larger in CMIP6. For the
historical period, the range of NPs calculated for PIOMAS spans 73 days depending on choice of method
while for CMIP6 the range spans 87 days. These differences mean that the estimates of CMIP6 ensemble
mean bias depend on the choice of method with a range of estimated bias values from approximately
1–3 weeks. However, for the future, the projected changes in NP are much less sensitive to the choice580

of method, with the four different methods yielding projected increases in NP of 75–84 days at a global
warming level of 3°C.

While it is reassuring that different methodological decisions yield similar projected changes (within 4
days per 0.5°C of global warming), we are still left with the problem that the calculated values for the585

historical NP in our reference dataset (PIOMAS) vary by more than 10 weeks and affect the uncertainty in
estimated bias by about 2 weeks. Because bias is strongly regionally dependent, shipping routes elsewhere
may be more or less sensitive to the choice of method than what we find here for Hudson Bay. It is
important to note that, while method A and D both yield more moderate values for the NP, this occurs due
to compensation in the methodological choices. Method A employs a more permissive RIO equation but a590

less permissive way to determine full-route navigability, whereas method D employs a less permissive RIO
equation and a more permissive way (and arguably less realistic way) to determine full-route navigability.
Methods B and C, which apply the least and most permissive combinations, respectively, result in rather
extreme values for the NPs.

595

Table 2. Sensitivity of the navigable period (NP) to methodological choices (described in text) and bias application for the Churchill–Labrador

Sea route.

Method
Consideration 1979–2013 2064–2088, SSP3-7.0

RIO Equation Route
PIOMAS CMIP6 CMIP6

NP Avg (days) Diff v Low-risk A NP Avg (days) Diff v Low-risk A Bias NP Avg (days)/Bias Corrected Diff v Low-risk A/Bias Corrected

Low-risk A SIC×𝑅𝑉 + 3× (1− 𝑆𝐼𝐶) Continuous Path 140 0 157 0 -17 232/215 0/0

Low-risk B SIC×𝑅𝑉 Continuous Path 93 -47 102 -55 -9 185/176 -47/-39

Low-risk C SIC×𝑅𝑉 + 3× (1− 𝑆𝐼𝐶) Area Avg. RIO 166 26 189 32 -23 273/250 41/35

Low-risk D SIC×𝑅𝑉 Area Avg. RIO 122 -18 136 -21 -14 220/206 -12/-9

Because of this sensitivity, future work should attempt constrain which methods are more accurate.
However, there is an additional dimension to consider: certain methodological choices might be better
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suited for certain datasets. For example, Cook et al. (2024) used Canadian Ice Service Charts for their
examination of the Northwest Passage. The ice charts contain information on ice types, which can equate
to a range of ice thicknesses. Therefore, Cook et al. (2024) used a modified version of POLARIS with four600

consolidated categories that always took the most conservative RV in the grouping (e.g., their maximum RV
for a Type E vessel is 1 instead of 3). This choice may not be as applicable to a gridded dataset with explicit
SIT values like PIOMAS. Similarly, Method A may be particularly well-suited for work with PIOMAS and
CMIP6 because of the presence of thick sea ice at low concentrations in Hudson Strait in these datasets –
something other datasets might lack. Therefore, a comprehensive comparison would require comparison605

of all methodological choices across multiple datasets. Ideally, that would be conducted across multiple
study areas and also compare opening and closing dates to actual ship operations in ice-infested water,
including when ships become stuck and when they experienced uninterrupted travel.

Finally, it is important to recognize that although these extended shipping windows create significant
economic opportunities for the Port of Churchill and northern trade, they also bring ecological and610

cultural challenges. Increased vessel traffic can affect the Hudson Bay marine ecosystem by disrupting
marine mammal behaviour (Hauser et al., 2018), disturbing and degrading benthic habitats (Vincent et al.,
2023), and introducing invasive/harmful species (Goldsmit et al., 2021).

5 Conclusion615

Throughout this paper, we have demonstrated that calculations of navigable period are highly sensitive
to methodological assumptions. In particular, we explored the dependence on 1) three formulations of
grid-cell-specific navigable conditions (SIC < 15%, and two formulations of POLARIS RIOs) 2) two
methods for determining full route navigability (presence of a continuously navigable path and route-
averaged RIO values) and 3) two bias-correction methods (delta-shift and weighted ensemble). All cases620

indicate substantial lengthening of the navigable season with historical and future warming, and taken as
a whole, we can say that the navigable period for the Churchill-Labrador route increases by 13-18 days
for every 0.5°C of global warming regardless of methodological choices. Requiring a continuous ice-free
route suggests the slowest lengthening (13-14 days per 0.5°C). Using the RIO variation with Equation 1
and requiring a contiguous route of navigable cells yields 15-16 days per 0.5°C. Other RIO-based methods625
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yield stronger increases of 17-18 days per 0.5°C. These increases are consistent up to 3.5°C of global
warming, after which increases may accelerate.

Although the spread in projected change is reasonably small, we have also demonstrated that the calculated
values of the navigable periods are much more sensitive to the method and can vary by more than 10630

weeks. Using explicit calculations, we confirmed previous work suggesting a strong need to bias-correct
model sea ice simulations for navigability projections. We demonstrated that CMIP6 models overestimate
the NP duration by 1–3 weeks, with approximately 2 weeks of uncertainty in that bias value due to the
methodological choices explored. While it is not straightforward to obtain accurate and precise observed
values for historical navigable periods, we suggest that future work should focus on constraining the635

methodological choices that lead to better agreement with such historical values. Finally, we note that even
with the strongest warming scenario (SSP5-8.5), no method yields year-round navigability for open water
vessels, which indicates that year-round shipping in Hudson Bay would require ice-strengthened vessels
throughout the 21st century.

6 Data Availability640

The data from the Ocean and Sea Ice Satellite Application Facility (OSISAF) are available at (EUMETSAT,
2025). The data from the Pan-Arctic Ice-Ocean Modeling and Assimilation System (PIOMAS) are available
at (Zhang and Rothrock, 2003). The data from the Coupled Model Intercomparison Project Phase 6
(CMIP6) are available at (The Earth System Grid Federation, 2025).
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