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Abstract

The seasonal ice-free period in the Hudson Bay Complex (HBC) has grown longer in recent dec-
ades in response to warming, both from progressively earlier sea-ice retreat in summer and later
sea-ice advance in fall. Such changes disrupt the HBC ecosystem and ice-based human activities.
In this study, we compare 102 simulations from 37 models participating in phase 6 of the
Coupled Model Intercomparison Project to the satellite passive microwave record and atmos-
pheric reanalyses. We show that, throughout the HBC, models simulate an ice-free period that
averages 30 d longer than in satellite observations. This occurs because seasonal sea-ice advance
is unrealistically late and seasonal sea-ice retreat is unrealistically early. We find that much of the
ice-season bias can be linked to a warm bias in the atmosphere that is associated with a southerly
wind bias, especially in summer. Many models also exhibit an easterly wind bias during winter
and spring, which reduces sea-ice convergence on the east side of Hudson Bay and impacts the
spatial patterns of summer sea-ice retreat. These results suggest that, for many models, more real-
istic simulation of atmospheric circulation would improve their simulation of HBC sea ice.

1. Introduction

The dramatic decline of Arctic-wide sea-ice extent has been one of the most visible early con-
sequences of anthropogenic global warming (Onarheim and others, 2018; Stroeve and Notz,
2018; Serreze and Meier, 2019). Along with a decline in extent, the Arctic sea ice that remains
is more likely to be thin, first-year ice rather than thick, multi-year ice (Kwok, 2018; Mallett
and others, 2021). Areas that were once perennially ice-covered are now seasonally ice-free
(Wang and others, 2022), and areas that were already seasonally ice-covered now have longer
ice-free seasons in summer (Stroeve and others, 2016; Bliss and others, 2019). These trends are
projected to continue with additional Arctic warming (Lebrun and others, 2019; Notz and
Community, 2020; Årthun and others, 2021).

The timing of summer retreat and fall advance of Arctic sea ice (‘sea-ice phenology’) has
important implications for ocean wave action and coastal erosion (Overeem and others,
2011), marine ecosystems (Ferguson and others, 2017; Lewis and others, 2020; Siddon and
others, 2020; Pagano and Williams, 2021), and various human activities, from marine shipping
(Andrews and others, 2018; Li and others, 2021; Mudryk and others, 2021) to hunting and
fishing (Huntington and others, 2016; Galappaththi and others, 2019). For many of these
stakeholders, changes in sea-ice phenology are most valuable when examined at a local or
regional scale rather than Arctic-wide.

Addressing this need, Crawford and others (2021) analyzed the sea-ice phenology of 16
regional Arctic (and sub-Arctic) seas in 21 climate models participating in the latest iteration
of the Coupled Model Intercomparison Project (CMIP6) under three possible shared socio-
economic pathways. Their goal of making future projections was limited by the presence of
significant biases in historical sea-ice phenology in some regions, especially in the Hudson
Bay Complex (HBC). Compared to the passive microwave record, each of the 21 CMIP6
models overestimated the length of the ice-free season in the HBC. To obtain more confident
projections of future Hudson Bay sea ice, the sources of this bias need to be uncovered and
addressed.

The main goal of this study is to elucidate why the majority of CMIP6 models overesti-
mate the length of the ice-free period in the HBC during the historical period by examining
the relationship between sea-ice phenology and its influencing factors. To accurately
represent HBC sea-ice phenology, a model must reproduce both the average conditions
for the region, and also the spatial patterns of opening, retreat, advance and closing. We
examine the possibility that the ice-season model bias could be caused by unrealistically
simulated surface air and ocean temperature, 10 m winds, snowfall/depth and surface albedo
or coarse spatial resolution. Section 2 provides a literature review of sea-ice phenology in
Hudson Bay. This is followed by a description of data and methods (Section 3), the results
of the model comparisons (Section 4), a discussion of implications and limitations (Section
5) and conclusions (Section 6).
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2. Background

Sea-ice phenology involves varied terminology depending on the
study; compare, for example, Stammerjohn and others (2012),
Smith and Jahn (2019), Bliss and others (2019) and Walsh and
others (2022). In this study, the phrase ‘ice-free period’ refers to
the continuous period each year for which sea-ice concentration
(SIC) is below 15%, with the beginning and ending of that period
referred to as the ‘retreat day’ and ‘advance day’, respectively
(Fig. 1a). The ‘open-water period’ is more broadly the continuous
period for which SIC is below 80%, with the beginning and end-
ing of that period referred to as the ‘opening day’ and ‘closing
day’, respectively. The period between opening and retreat days
is the ‘melt period’, and the period between the advance and clos-
ing days is the ‘growth period’. The period between closing
in winter and the subsequent opening is the ‘ice-covered period’.
Finally, it is often useful to consider spatial averages for the entire
HBC (including Foxe Basin, Hudson Strait and James Bay), but
also the differences between specific sub-regions (Fig. 1b).

The ice-free period lasts 128 d on average for HBC locations,
but that ranges from below 90 d in northern Foxe Basin to over
165 d in eastern Hudson Bay (Fig. 1f). Advance occurs north to
south and (more subtly) west to east (Gagnon and Gough,
2005; Hochheim and Barber, 2010), from late October in the nor-
thern end of Foxe Basin to early December in eastern Hudson Bay
and parts of James Bay (Fig. 1h). The north-to-south gradient can
be attributed to the gradient in solar radiation, and therefore tem-
perature (Hochheim and Barber, 2010). Wind direction also plays
a role, as offshore winds from the northwest promote cooler tem-
peratures on the west side of Hudson Bay (Maxwell, 1986; Etkin,
1991; Hochheim and Barber, 2014). The growth period (between
advance day and closing day) is <2 weeks in most places (Figs 1e, h).
Model experiments have also shown some sensitivity to perturba-
tions in river discharge, with increased fresh water in winter encour-
aging faster ice growth (Saucier and Dionne, 1998; Lukovich and
others, 2021a).

Past literature describes a more complex spatial pattern
of sea-ice retreat (Etkin, 1991; Gagnon and Gough, 2005;
Hochheim and others, 2011). Opening in the HBC begins at
the end of May in northwestern Hudson Bay, eastern Hudson
Bay and Hudson Strait, with final retreat in these regions occur-
ring by the end of June (Figs 1d, g). Central Hudson Bay experi-
ences opening in late June and final retreat in early July. Despite
its lower latitude, southern Hudson Bay experiences retreat in late
July. Foxe Basin has the latest sea-ice retreat, with some notable
sea ice left on 1 August.

As with sea-ice advance day, surface air temperature and wind
direction are important influences on year-to-year variability of
sea-ice retreat day. Spring atmospheric temperatures are a good
predictor of spring sea-ice conditions, as sea-ice melt in the
HBC is driven primarily from above (Etkin, 1991; Hochheim
and others, 2011; Joly and others, 2011). Prior fall/winter tem-
peratures are also decent predictors of spring sea-ice cover in
Hudson Bay since a colder fall/winter tends to produce earlier
advance, which in turn leads to thicker ice (Hochheim and others,
2011; Tivy and others, 2011). However, Gough and others (2004)
showed that for many long-term Canadian Ice Service records
along the HBC coast, snow depth was a stronger predictor of
interannual variability in spring sea-ice thickness than air tem-
perature. (Thicker snow cover reduces thermodynamic sea-ice
growth.) Average sea-ice thickness at the end of winter varies
from under 1.0 m in James Bay to ∼2.5 m in Foxe Basin
(Gagnon and Gough, 2006). Melting from below is less important
in the HBC than other Arctic regions because of the highly stable
water column (Jones and Anderson, 1994; Saucier and others,
2004; Ridenour and others, 2021). However, the higher volume

of relatively warm river discharge in summer (St-Laurent and
others, 2011; Yang and others, 2021) may help explain the rela-
tively early sea-ice retreat in eastern Hudson Bay (Whitefield
and others, 2015; Park and others, 2020).

Sea-ice dynamics are also critical to the spatial pattern of ice
retreat in the HBC. Cyclonic (counter-clockwise) circulation
dominates in Hudson Bay over fall and winter, largely driven
by atmospheric vorticity (Prinsenberg, 1986; Dmitrenko and
others, 2020). Wind-driven counter-clockwise circulation causes
sea-ice divergence in the northwest of Hudson Bay; polynya for-
mation is common (Bruneau and others, 2021), and sea-ice
retreat occurs relatively early (Etkin, 1991; Saucier and others,
2004). Sea-ice convergence occurs primarily in southern
Hudson Bay and/or eastern Hudson Bay, depending on the
strength of westerly winds (Saucier and others, 2004; Kirillov
and others, 2020). Convergence throughout the ice-covered sea-
son and into the melt season causes southern Hudson Bay to
maintain some sea-ice cover about a month later than in the
northwest (Fig. 1g; Etkin, 1991).

In summary, the timing of fall advance and summer retreat of
sea ice in the HBC is strongly related to atmospheric temperature.
The timing of summer retreat is further complicated by the
importance of sea-ice thickness at the end of the growth season,
which in turn depends on thermodynamic growth and sea-ice
dynamics. Snow depth and river discharge also play a role in
sea-ice growth and melt. Biases in any of these factors, along
with model characteristics like spatial resolution or sea-ice albedo,
may all contribute to any bias exhibited in sea-ice phenology.

3. Data and methods

3.1. CMIP6 data

Daily SIC from 1979 to 2014 (historical experiment) was acquired
from the Earth System Grid Federation for 37 models participating
in CMIP6 (Supplementary Table S1; Eyring and others, 2016). The
first ensemble member (i.e. replicate ‘r1’) for each model was used
to generate a multi-model ensemble. All data processing is con-
ducted on the native grid, but for maps of model bias, all fields
were re-projected to Polar Stereographic North (EPSG = 3413) at
25 km spatial resolution. Data from at least 27 of 37 models were
available for each of the other variables of interest (Table 1).
Additionally, a 23-replicate single-model ensemble was collected
for all variables of interest from each of three models (EC-Earth3,
IPSL-CM6A-LR and MPI-ESM1-2-LR). (Twenty-three replicates
is the minimum number of replicates for these three models, and
no other model had more than ten.) These three ensembles were
used to estimate internal variability (see Section 3.4).

3.2. Observational data sources

We examine several ancillary data sources to compare observa-
tional (or quasi-observational) references against CMIP6 data.
SIC is acquired from three sources. Our main source is the average
of four SIC datasets derived from passive microwave satellites: the
Ocean and Sea Ice Satellite Application Facility (OSISAF) product
(Lavergne and others, 2019), the bootstrap algorithm (Comiso,
2017), the NASA Team algorithm (Markus and Cavalieri, 2000)
and a maximum SIC found in the latter two (Meier and others,
2021). Hereafter called the ‘passive microwave record’, this is
our best possible observational reference, but it is not ideal for
every analysis. For comparing sea-ice conditions to atmospheric
variables in the European Centre for Medium-Range Weather
Forecasts (ECMWF)’s Retrospective Analysis (ERA5; Hersbach
and others, 2020), we use SIC fields from ERA5 as our second
source. ERA5 SIC is based on OSISAF but not identical. Our
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third source is the Pan-Arctic Ice Ocean Modeling and
Assimilation System (PIOMAS), a sea-ice reanalysis (Schweiger
and others, 2011). We use PIOMAS to examine sea-ice volume
and drift rather than observational sources to maintain mass con-
servation when calculating sea-ice volume budgets. All SIC pro-
ducts are shown in the below figures, but the passive microwave
record is considered the primary reference.

Monthly surface air temperature is also acquired from multiple
sources when comparing observations to models: (1) the
instrument-based Berkeley Earth Surface Temperatures (BEST)
dataset (Rohde and others, 2013) is paired with the passive micro-
wave record, (2) 2 m temperature fields from ERA5 (Hersbach
and others 2018, 2020) are paired with ERA5 sea ice and (3) 2
m temperature fields from the NCEP-NCAR reanalysis (Kalnay

Figure 1. Climatological sea-ice phenology in the HBC (1979–2014) from observations. Definitions for sea-ice phenology periods and timing (c–h) are portrayed in a
simplified schematic (a) of a time series of SIC in the HBC for a typical year. (b) Definitions for HBC sub-regions used during spatial averaging: FB, Foxe Basin; HS,
Hudson Strait; Nar, the Narrows; JB James Bay; Cen, Central Hudson Bay, and NW, S, W and E refer to cardinal directions.

Table 1. CMIP6 variables used in this study and the sources for reference data

Property CMIP6 variable Temporal resolution Reference data source(s)

Sea-ice concentration siconc or siconca Daily Passive microwave record, PIOMAS, ERA5
Sea-ice drift siu, siv Daily PIOMAS
Sea-ice thickness sithick Daily PIOMAS
Snow depth on sea ice sisnthick Monthly AMSR
Sea-surface temperature tos Monthly HadISST
Surface (2 m) air temperature tas Monthly BEST, NCEP-NCAR, ERA5
Surface (10 m) wind uas, vas Monthly NCEP-NCAR, ERA5
Downwelling shortwave radiation rsds Daily ERA5
Upwelling shortwave radiation rsus Daily ERA5
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and others, 1996) are paired with PIOMAS since the
NCEP-NCAR reanalysis provides atmospheric boundary forcings
for PIOMAS (Schweiger and others, 2011). Monthly fields of 10
m zonal and meridional winds are taken from ERA5 and
NCEP-NCAR reanalysis as well.

A few reference datasets appear only in the Supplementary
material. We use HadISST for sea-surface temperature (Rayner
and others, 2003). Surface albedo is calculated as the ratio of
upwelling to downwelling shortwave radiation from daily
ERA5 fields. A comparison of six atmospheric reanalyses
(Graham and others, 2019a) found that ERA5 was most consist-
ent with in situ observations of downwelling and net shortwave
radiation over spring and summer sea ice. To estimate snow
depth on sea ice, we use the combined record of AMSRE
(June 2002–June 2011) and AMSRU (July 2012–December
2014) (Meier and others, 2018), which includes 5 d averages of
snow depth on first-year ice, which covers all HBC for this
period.

Most ancillary datasets are available for the entire period
1979–2014, but the passive microwave data include both spatial
and temporal data gaps. A temporal gap exists for 3 December
1987 through 12 January 1988, which overlaps with the sea-ice
growth season for part of the HBC. Linear interpolation using
the 5 d on either side of that gap is conducted before calculation
of sea-ice phenology. AMSR snow on sea-ice data are only avail-
able 2002–14. Spatial resolution ranges from 12.5 km for AMSR
data, 25 km for the passive microwave SIC and PIOMAS, 0.25°
for ERA5, 1° for BEST and HadISST and 1.875° for NCEP/
NCAR reanalysis.

3.3. Sea-ice phenology and volume budget

For a full description of the method used to define sea-ice phen-
ology each year, readers are referred to Crawford and others
(2021). Briefly, daily SIC fields are first smoothed using a 5 d
moving average filter to remove high frequency fluctuations.
Next, the timing of each sea-ice period is defined, following the
definitions in Figure 1a. The period of study is 1979–2014,
which comprises the overlap between the historical CMIP6
experiment and the passive microwave satellite record. Since all
gridcells in the HBC had seasonal ice during this time, it is pos-
sible to calculate regional values of every sea-ice parameter as sim-
ple area-weighted averages for the entire HBC or separate
sub-regions.

A sea-ice volume budget is constructed for both CMIP6 and
PIOMAS by calculating the daily change in sea-ice effective thick-
ness [i.e. thickness (h) multiplied by concentration (C )], sea-ice
advection and sea-ice divergence:

d(hC)
dt

= Adv − Div + T (1)

Advection (Adv) and divergence (Div) are calculated using MetPy
(May and others, 2022). The difference between the overall thick-
ness change and combined growth from advection or convergence
(−Div) is taken as thermodynamic growth (T ), following past
studies (Schroeter and others, 2018; Lukovich and others, 2021b).

3.4. Statistical methods

Many of the following figures include a scatter plot for which each
point represents the average state (1979–2014) of two variables (x
and y) in one model simulation or the reference datasets. Two
other elements are included in each plot: (1) a dashed black
box surrounding the reference point and (2) a dashed black
regression line for the model points.

The black boxes quantify internal variability, or variability in
the model output related to natural, quasi-random variations in
the climate system. Internal variability of a variable is estimated
as 2σmax, where σmax is the highest std dev. for that variable
from the three 23-member single-model ensembles. This interval
is then plotted as error bars extending from the reference dataset.
Model results falling within those error bars are considered rea-
sonable representations of observed values; in such cases, vari-
ation in internal variability is a plausible explanation for any
difference. If a model falls outside the black box, this indicates
bias in the x variable and/or the y variable.

Ordinary least-squares regression is used to measure the rela-
tionship between sea-ice phenology variables and other factors
among the 37 models. In a few cases, extreme outliers had exces-
sive leverage on results, so regression was re-run with those out-
liers removed. These cases are noted in the text. If a significant
relationship exists between variables x and y, this indicates that
if we knew the model bias in variable x, we could use that to pre-
dict the model bias in variable y. This would be consistent with
the hypothesis that bias in variable y is caused by bias in variable
x (although not prescriptive of causation). Additionally, if a sig-
nificant relationship exists, we can use the average value of vari-
able x in each model and the regression coefficient to adjust
variable y from each model. The average bias in variable y will
be reduced with such an exercise, so this is a form of bias
correction.

4. Results

4.1. Excessive ice-free conditions in CMIP6 models

As reported by Crawford and others (2021), most CMIP6 models
simulate unrealistically long ice-free periods in the HBC (Fig. 2b;
see also maps in Supplementary Fig. S1). These biases are often
large, with the multi-model mean overestimating the ice-free
period by 30 d, and one model overestimating by 87 d. Out of
37 models, 27 (comprising 73% of the models) overestimate the
ice-free period, one underestimates the ice-free period, and only
nine are unbiased. For every sub-region, a majority of models
overestimate the length of the ice-free period. Further, the multi-
model mean lies beyond the range of internal variability when
compared to the passive microwave record for all regions except
for Hudson Strait. Bias is especially strong in southern Hudson
Bay, for which only one model simulation falls within the range
of internal variability (126 ± 14 d), and 31 of 37 (84%) overesti-
mate the ice-free period by at least 28 d.

On average, the bias in the ice-free period arises both because
sea-ice retreat occurs 19 d too early and sea-ice advance occurs 9 d
too late (Figs 2d, f). The greater bias for retreat day is driven mostly
by Hudson Strait (retreat bias =−17 d and advance day bias = +4 d)
and Foxe Basin (−33 and +12 d, respectively). In other sub-regions,
the bias is more equally distributed between retreat and advance, with
bias in retreat day being larger by a few days. Eastern Hudson Bay is
the only sub-region for which more than one model simulates the
retreat day as unrealistically too late, and average retreat day bias is
lowest in this region at 8 d too early.

If considering the open-water period (SIC <80%) instead of the
ice-free period (SIC <15%), the bias in the CMIP6 multi-model
mean is greatly reduced – even eliminated in the northern sub-
regions. Most notable is how the opening day (SIC falls below
80%) is timed more accurately than the retreat day (SIC falls
below 15%). Therefore, whatever the source of bias, it does not
cause the melt season to initiate too soon, but rather to progress
too quickly (Supplementary Fig. S2). Similarly, the growth season
appears to be too short, starting too late but ending closer to a
time that matches observations.
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Overall, then, any description of bias source(s) for HBC sea ice
must explain four general observations:

(1) The ice-free season is unrealistically long across nearly all
sub-regions of the HBC.

(2) The retreat day is consistently too early and the advance
day is consistently too late, but the bias in retreat day is greater
overall.

(3) The transition seasons (melt season in summer, growth
season in fall) occur too quickly.

(4) The magnitude of bias exhibits substantial regional
variability.

The following results highlight mechanisms that, if accurately
simulated, would reduce the overall model bias in sea-ice

phenology. Only mechanisms that proved useful for explaining
HBC sea-ice bias are described. Some other mechanisms, which
did not prove useful, are mentioned in Section 5.

4.2. Temperature is closely related to sea ice

Average near-surface air temperature over the HBC (hereafter ‘air
temperature’) in a model is closely related to its sea-ice phenology
(Fig. 3). Many models show a bias in both sea-ice phenology and
air temperature, including in the season that precedes a given
sea-ice event. Additionally, models that are warmer tend to have
earlier retreat and later advance, which leads to a longer ice-free
period. This intermodel relationship is roughly linear: if model

Figure 2. Comparison of sea-ice phenology in CMIP6 models and observations (1979–2014) for HBC and its sub-regions (Fig. 1b) using (a, c, e) 80% or (b, d, f) 15%
SIC as the concentration threshold (as defined in Fig. 1a). The CMIP6 multi-model mean (red dot) is derived from the first member (or ‘replicate’) of each CMIP6
model historical ensemble (red bars). ERA5 (light gray) and PIOMAS (dark gray) are shown for comparison. The maximum internal variability (2σmax) from three
CMIP6 single-model ensembles is used for the error bars around the mean for the passive microwave record (white dot).
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A estimates the annual air temperature over the HBC as
1°C warmer than model B, we can expect model A’s ice-free per-
iod to be ∼2 weeks longer (beta coefficient in Fig. 3a). This is a
strong, significant relationship (r2 = 0.79, p≪ 0.01). For several
model runs, the positive bias in ice-free period can be greatly
reduced by correcting for temperature bias. For example, by
correcting for the warm air temperature bias of ∼+3.0°C in
AWI-CM-1-1-MR, its bias in ice-free period can be reduced
from ∼+58 to ∼+15 d. However, several of the models that pro-
duce realistic ice-free periods do so by having a cold bias.
Correcting the −1.9°C air temperature bias for UK-ESM1-0-LL,
for example, would make this model a worse match to observed
ice-free periods (bias of −7 d to bias of +20 d). Therefore, air tem-
perature bias is a strong predictor of sea-ice bias overall, but it
cannot be the only physical factor driving model bias in the ice-
free period.

Air temperature bias in a model’s 1979–2014 average is also a
good predictor of its advance day bias for the same period. The
regression line for sea-ice advance predicted by regional tempera-
ture in either season passes through the range of internal variabil-
ity around the observations. This means that if the linear
regression of sea-ice phenology on same-season air temperature
is used for bias correction, the intermodel spread is reduced
and the multi-model mean for average HBC advance day falls
within the internal variability range of observations (Figs 4e, f).
This improvement comes from bias reductions throughout several
sub-regions, especially central Hudson Bay.

The average temperature in a model is also a good predictor
of its average retreat day; however, the regression line does not
intersect the range of internal variability around the observations.
In other words, almost all model runs that accurately simulate his-
torical regional temperatures in spring simulate an unrealistically
early sea-ice retreat (Fig. 3b). (The one exception is MRI-ESM2-0,
which is a good match for both.) Said another way, model runs
that accurately simulate the historical average retreat day almost
all have a cold bias in May–July. Therefore, if temperature is
used to bias-correct the modeled retreat day, modeled retreat
day is still too early for most models (70%; Fig. 4d). For some sub-
regions, like Hudson Strait or eastern Hudson Bay, applying a bias
correction based on temperature actually yields greater bias that is
more consistently toward too early retreat. Therefore, although
Figure 3b shows that a model’s simulated regional temperature
has a significant relationship with its simulated sea-ice retreat
day, bias in that retreat day cannot be explained solely by bias
in average regional temperature.

4.3. Physical processes linking temperature to sea ice

So far, discussion of the air temperature–sea-ice relationship has
been strictly statistical, but how does air temperature bias translate
to a bias in the timing of sea-ice retreat and (more strongly)
advance? A first-order explanation is that higher air temperatures
delay sea-ice formation, slow growth and accelerate sea-ice melt.
However, there are several complications.

Figure 3. Scatter plots of HBC sea-ice phenology versus average air temperature (1979–2014). Temperature is averaged annually for the ice-free period (a), during
the melt period (b) or the ice-covered period (d) for retreat day, and during the growth period (c) or ice-free period (e) for the advance day. All temperature aggre-
gation is for the HBC region. Black dashed boxes represent the range of internal variability (μobs ± 2σmax). The dotted gray line represents the ordinary least-squares
regression of each phenology variable against temperature. The slope of that line is printed at the top of each graph, and an asterisk indicates a significant trend
( p < 0.05).
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First, since the onset of sea-ice growth depends more directly
on the temperature of the ocean rather than the atmosphere, we
might expect that a model’s sea-surface temperature is more pre-
dictive than surface air temperature of its sea-ice advance day.
However, May–October sea-surface temperature (r2 = 0.32) is
actually less useful than surface air temperature (r2 = 0.51) at
explaining intermodel advance day variance (Supplementary Fig. S4).

Second, the timing of sea-ice retreat is related both to the air
temperature during the May–July season and the preceding sea-
sons. Models that are warmer during November–April have thin-
ner sea ice in April (Fig. 5a), and that thinner sea ice takes less
time to melt come spring (Fig. 6d). A warmer atmosphere may
lead to thinner sea ice in two ways: (a) by delaying initial sea-ice
advance and (b) by slowing the rate of thermodynamic congel-
ation growth. Models with a warmer November–April do not
exhibit significantly slower thermodynamic ice growth (Fig. 5c),

but the timing of sea-ice advance is strongly correlated with
April thickness (Fig. 6a). April thickness is also strongly
correlated with air temperature during November–December
(Supplementary Fig. S5), when sea-ice advance typically occurs.
Therefore, delayed sea-ice advance is the key reason why warmer
models have thinner sea ice in the HBC.

Third, the strong correlation between air temperature and the
ice-free period is due in part to the presence of positive feedbacks
between the length of the ice-free period, ocean heat uptake and
air temperature (Fig. 6c). For example, when sea-ice retreat is earl-
ier than normal in summer, the ocean can absorb more heat,
which both delays the advance of sea ice in fall (Serreze and
others, 2016; Stroeve and others, 2016; Crawford and others,
2021) and increases surface air temperature in winter (Screen
and Simmonds, 2010; Serreze and Barry, 2011). As shown
above, years with delayed freezing in Hudson Bay also tend to

Figure 4. Temperature-corrected sea-ice phenology (1979–2014). As in Figure 2, but after applying a bias-correction for regional temperature to sea-ice phenology
values in each model. The temperature correction is applied using average annual (a, b), May–July (c, d) or November–December (e–f ) temperature.
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yield thinner sea ice, which melts out earlier the next summer
(Tivy and others, 2011). Although it is good that these feedbacks
appear in model simulations (Fig. 6c; Crawford and others, 2021),
they do complicate proving cause and effect. A warmer atmos-
phere leads to less sea ice, but a reduction in sea ice also facilitates
a warmer atmosphere.

One line of evidence that helps support the idea that excessive
warmth is forcing sea-ice bias in many models is the prevalence of
southerly near-surface wind biases – especially during the melt
season and ice-free season (93% of models). Hudson Bay is domi-
nated by northwesterly winds that blow off mainland Nunavut
(Fig. 7), so southerly wind biases indicate that the models simu-
late unrealistically weak northwesterlies and/or unrealistically fre-
quent wind reversals. In either case, such biases lead to less cold
air advection than portrayed in ERA5. Strong southerly wind bias
is especially notable in several models exhibiting strong negative
biases in sea-level pressure to the northwest of Hudson Bay, like
AWI-ESM-1-1-LR and NESM3 (Fig. 8). However, if negative sea-
level pressure anomalies to the north are paired with strong posi-
tive sea-level pressure anomalies to the south (e.g. BCC, CESM2
and NorESM2 models), the bias in wind direction is more west-
erly, and models exhibit no temperature bias or a cold bias. By
contrast, models with positive sea-level pressure anomalies to
the north of Hudson Bay and negative sea-level pressure anomal-
ies to the south (e.g. IPSL and MIROC models), tend to have
more easterly wind bias and high-temperature bias. Finally, the
two models dominated by positive sea-level pressure anomalies
over Hudson Bay in summer (ACCESS-CM2 and KIOST-ESM)
are two of the coldest.

Additionally, warm biases of the land surface, especially to the
northwest, can also lead to underestimation of cold air advection.
Notably, the EC-Earth3 family of models, which have minimal
bias in air temperature and surface winds, also simulate accurate
advance day (Fig. 3e). Together, these findings suggest that the biases
in advance day can be traced back to biases in atmospheric circula-
tion during the ice-free season that leads to less advection of cold air

over the HBC. In other words, summer temperature bias is a cause
of unrealistically late sea-ice advance, not just a correlated variable.

4.4. Sea ice dynamics and regional differences in sea-ice
phenology

Sea-ice phenology in the HBC exhibits contrasting spatial patterns
of sea-ice advance and retreat. In fall, sea ice starts forming in
Foxe Basin and northwestern Hudson Bay before advancing
into the south and finally the east (Fig. 1h). If thermodynamics
were the only control on sea ice, we would expect the opposite
spatial pattern for sea-ice retreat. Counterintuitively, retreat
often begins in the northwest in late June, around the same
time as eastern Hudson Bay, and retreat in southern Hudson
Bay typically occurs ∼3 weeks later (Fig. 1g). Sea-ice retreats
later in the south than the northwest because of the cyclonic
(counterclockwise) circulation within Hudson Bay during winter
that leads to substantial divergence of sea ice out of the northwest
and convergence and thickening of sea ice in the south (Fig. 9;
Saucier and others, 2004; Kirillov and others, 2020). Note that
although PIOMAS is a reanalysis, its sea-ice retreat days and
drift are consistent with observational data except in James Bay
(Fig. 2; Etkin, 1991; Kirillov and others, 2020). The eastern side
of Hudson Bay also experiences net convergence of sea ice, but
its sea ice typically breaks up earlier than the south, which has
been linked to substantial input of relatively warm river discharge
in spring (Jones and Anderson, 1994; Ridenour and others, 2019).
Therefore, another way to assess the accuracy of simulated sea-ice
phenology is to examine the differences in sea-ice advance and
retreat between three key regions: the northwest, the east and
the south (Fig. 10).

For sea-ice advance, all models correctly simulate the freeze-up
starting in the northwest (positive values in Fig. 10c), but most
(62%) simulate the lag between advance in the northwest and
advance in the south as being too long (average bias = 5 d). The
multi-model mean lag in advance between the northwest and

Figure 5. Scatter plots of sea-ice growth versus air temperature (1979–2014) for the entire HBC. Sea-ice growth is defined by (a) the average April thickness, (b) the
average rate of change in sea-ice thickness from November to April and (c) thermodynamic thickness change from November to April. Black dashed boxes and gray
shading represent the range of internal variability (μobs ± 2σmax). The dotted black line represents the ordinary least-squares regression of the y variables against
temperature. The slope of that line is printed at the top of each graph, and an asterisk indicates a significant trend ( p < 0.05).
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east is accurate, and about the same number of models overesti-
mate (24%) and underestimate (22%) the lag time. The timing
of sea-ice advance in the east versus the south is less accurate;
most models (59%) exhibit significant negative bias, and 32%
incorrectly simulate advance occurring in the east before the
south (negative values). Applying a bias correction based on
regional temperature (as for Fig. 4) eliminates the multi-model
mean bias in advance day regional differences. Excessive summer
heat is more common in the south than either the northwest or
east (Fig. 7), which aligns with the south being the region with
the worst bias in advance day (Fig. 2f). Therefore, applying the
temperature-based bias correction makes advance day earlier in
all three regions, but especially the south.

Models exhibit a wide spread in regional differences of sea-ice
retreat, but most CMIP6 models (97%) reproduce the observed
pattern of earlier retreat in the northwest and later retreat in
the south (positive values in Fig. 10a). By contrast, about half
of the models (46%) accurately simulate sea-ice retreat occurring
at about the same time in the northwest and east, and fewer (27%)
accurately simulate that retreat day occurs ∼17 d later in the south
than in the east. In fact, 40% of models actually simulate retreat
occurring in the south first. In other words, biases in retreat
day patterns are worse than biases in advance day patterns.
Applying the temperature-based bias corrections does improve
estimates of the east versus northwest difference (average bias
of +10.8 to −6.4) and east versus south difference (mean bias of
+13.5 to +8.1), and only 14% models still exhibit a pattern of

retreat occurring in the south before the east. However, account-
ing for average model temperature is less effective at reducing
bias in sea-ice retreat patterns than sea-ice advance patterns.
Additionally, we find that the bias in the retreat day difference
between the south and northwest worsens if a temperature-based
bias correction is applied (−2.4 to −14.2). Models are too warm
on average in both the northwest and south (Supplementary
Fig. S6), so an increase in model bias after applying the bias cor-
rection suggests that the high-temperature bias was counteracting
bias in some other mechanism that influences sea-ice retreat, such
as sea-ice transport between the northwest and south (i.e. sea-ice
dynamics). Biases in sea-ice dynamics may also help explain the
bias in retreat timing between the east and south or east and
northwest, which is not completely resolved by accounting for
temperature.

Looking first at maps of sea-ice circulation, 44% of models
simulate a cyclonic circulation that is too weak and 33% simulate
a cyclonic circulation that is too strong (Fig. 11). This variability
in sea-ice drift leads to differences in sea-ice convergence. Recall
that PIOMAS sea-ice growth in the northwest of Hudson Bay is
primarily thermodynamic, whereas sea-ice growth in the south
and east is primarily from convergence. These spatial patterns
are summarized by calculating the difference in convergent
sea-ice growth between the three sub-regions and comparing to
the regional differences in sea-ice retreat (Fig. 12).

In comparison to PIOMAS, all models similarly show more
convergent sea-ice growth in the south than the northwest, but

Figure 6. Scatter plots of sea-ice phenology and April sea-ice thickness (1979–2014) for the entire HBC (a, b). In (c), Pearson’s correlations between retreat day and
the previous year’s advance day are on the y-axis and correlations between retreat day and the subsequent advance day are on the x-axis. For models/datasets
lying above the 1:1 line (solid gray), retreat day correlates more strongly with the subsequent advance day than the previous advance day. (d) Average sea-ice
thickness on the opening day (SIC = 80%) versus the length of the melt period (retreat day–opening day). Black dashed boxes and gray shading represent the
range of internal variability (μobs ± 2σmax). The dotted black line represents the ordinary least-squares regression of the y variables against temperature. The
slope of that line is printed at the top of each graph, and an asterisk indicates a significant trend ( p < 0.05). PMR, passive microwave record.
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over half (56%) simulate a significantly higher difference
(Fig. 12a). All else being equal, an overestimate of convergent
growth in the south ought to lead to greater sea-ice volume in
the south than the northwest, and therefore overestimation of
the lag between retreat day in the northwest and retreat day in
the south. However, recall that lag in retreat days between north-
west and south in model simulations is actually quite accurate
(Fig. 10a). How can this be? The high-temperature bias is also
greater in the south than the northwest for most models exhibit-
ing excessive convergent growth in the south (Fig. 7), so it is pos-
sible that regional differences in the temperature bias and
convergence bias have compensatory effects. This would also
explain why bias-correcting sea-ice retreat day based on tempera-
ture (but not sea-ice dynamics) leads to greater bias in simulations
of the northwest to south lag in sea-ice retreat. However, the lack
of a significant relationship for intermodel variance in Figure 12a
weakens confidence in this explanation.

By contrast, the difference in sea-ice convergence in the east
versus other regions shows both a clear bias and a clear relation-
ship with spatial differences in retreat day (Figs 12b, c). Every
model underestimates the difference in convergent growth
between the eastern region and either the south or northwest.
In fact, about half (52%) show more convergent growth in the
south, whereas PIOMAS depicts more convergent growth in
the east. Moreover, the more convergent growth that occurs in

the east compared to other regions, the later the sea-ice retreats
in the east compared to other regions. This is exactly as expected
since more convergent growth means greater sea-ice volume.

We should use some caution comparing to PIOMAS because,
although PIOMAS assimilates SIC, is does not assimilate sea-ice
motion or thickness observations. Therefore, the true behavior
of Hudson Bay sea-ice dynamics may lie somewhere between
PIOMAS and CMIP6 values. That said, the sea-ice phenology
values derived from PIOMAS are a better match to passive micro-
wave observations than most CMIP6 models, and causes of the
large differences in the sea-ice convergence in PIOMAS versus
CMIP6 are still worth exploring.

4.5. Wind biases help explain biases in sea-ice convergence

The ability of a model to reproduce observed regional differences
in convergent sea-ice growth relates, at least in part, to how closely
it reproduces observed wind fields (Fig. 13; Supplementary
Fig. S6). For example, although most models agree with observa-
tions that sea-ice retreats in the northwestern region before the
southern region, this spatial difference is larger in models with
more strongly westerly winds over the western and northwestern
regions (Fig. 13a). Since the average wind direction is north-
westerly, more westerly means winds are stronger and more effect-
ive at pushing sea ice out of the northwestern region and into the

Figure 7. Model bias in 2 m air temperature and 10m wind vectors during August–October (1979–2014), which roughly corresponds to the ice-free season in the
HBC.
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southern region. However, note that there is actually an easterly
wind bias for several models for which the convergence in the
south is too strong. Convergent growth depends on fields of
both sea-ice drift and sea-ice thickness, so wind bias provides
an important but incomplete explanation.

Considering the difference between the east and northwest
regions, we find that both zonal and meridional winds are import-
ant (Figs 13b, e). Especially if the outlier CMCC models are
excluded from calculations, models with more westerly winds
on the west side of Hudson Bay also have a greater lag time
between retreat in the northwest and retreat in the east. Models

also show a greater difference between retreat in the northwest
and the east if the meridional winds on the east side of the bay
are less northerly. In other words, the more cyclonic the winds
are in a model, the longer lag between retreat in the northwest
and retreat in the east. All models but one are consistent with
ERA5 in simulating northwesterly winds with cyclonic vorticity
across Hudson Bay, and there is no clear bias in zonal winds
on the west side of Hudson Bay (Figs 13a, b). However, 91% of
models have a southerly wind bias on the west side of Hudson
Bay (Fig. 13d). On the east side of Hudson Bay, 68% of models
have an easterly wind bias and 55% have a southerly wind bias

Figure 8. Model bias in mean sea-level pressure during August–October (1979–2014), which roughly corresponds to the ice-free season in the HBC. Letters in the
upper-left corners indicate whether the model exhibits a cold bias (C), warm bias (W) or no significant surface temperature bias (N) compared to ERA5 during
August–October (1979–2014).
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(Figs 13d, e). The direction of these biases all indicate winds are
too weak compared to ERA5. One caution, though, is that the
NCEP-NCAR reanalysis disagrees with ERA5 regarding the aver-
age meridional wind velocity over Hudson Bay. ERA5 is generally
the best reanalysis product for Arctic surface wind (Graham and
others, 2019a, 2019b), but the NCEP-NCAR reanalysis is used for
PIOMAS. This contributes more uncertainty to our statements
about meridional winds.

Finally, although satellites and PIOMAS say the southern region
should experience retreat after the eastern region, models show no
consistent lag (Fig. 10a). Similarly, models are split on whether the
south or east experiences more convergent growth (Fig. 12f) despite
PIOMAS showing a clear tendency for more convergent growth in
the east. However, the importance of wind bias to these regional
differences is unclear because there is no significant relationship
for the intermodel variance of surface winds and regional conver-
gent growth (Figs 13c, f). Additionally, an easterly zonal wind bias

relative to ERA5 (which 91% of models exhibit) ought to decrease
convergent growth in both the south and east by reducing transport
from the west and northwest.

In summary, the difference in sea-ice convergence between the
northwest and south/east regions in a model is significantly
related to zonal wind velocity over the west side of Hudson Bay.
This helps explain some of the biases in regional sea-ice retreat,
especially between the northwest and east. However, biases in
simulation of regional differences between the south and the
east cannot be explained by winds.

5. Discussion

5.1. Comparison to studies of interannual variability

Previous work found that on average, CMIP6 models overestimate
the length of the ice-free period in the HBC by over 4 weeks

Figure 9. Decomposition of ice growth in Hudson Bay during the ice-covered season (November–April; 1979–2014) into (a) total, (b) advective growth, (c) conver-
gent growth and (d) thermodynamic growth. Ice ‘growth’ is measured as the average daily change in effective thickness. Vectors indicate average sea-ice drift. Note
that this decomposition requires sea-ice drift vectors, which have NaN values along the coast. Data from PIOMAS.
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(Crawford and others, 2021). Here, we showed that this bias is
shared by all HBC sub-regions except for Hudson Strait. We
also found that, on average, this ice-free season bias is caused
by a simulated sea-ice retreat that is 19 d too early and a sea-ice
advance that is 9 d too late. Models generally match the initial
opening day and final closing day much better than retreat day
and advance day, which means the transition periods between ice-
covered (SIC >80%) and ice-free conditions (SIC <15%) are too
short.

The unrealistically long ice-free period throughout the entire
HBC is best explained by regional positive temperature bias
(Fig. 3), which is in turn related to surface winds over the HBC
having a southerly and/or easterly bias in most models
(Fig. 13). The relationship between temperature and wind biases
is especially notable during May–October (the melt season and
ice-free season). Models with excessive heat uptake by the ocean
mixed layer during these months require more energy loss in
fall before sea ice can form, delaying sea-ice advance (Steele
and others, 2008; Stammerjohn and others, 2012; Stroeve and
others, 2014) (Fig. 3; Supplementary Fig. S3). These processes
lead to a simple, linear relationship whereby the warmer a
model is over the HBC in summer and early fall, the later sea-ice
advances. This aligns with previous studies of the interannual
variability of fall sea ice in Hudson Bay and fall air temperature
(Hochheim and Barber, 2010, 2014) and experiments showing a
strong control by atmospheric model components on atmos-
phere–ocean heat exchange (Jafarikhasragh and others, 2019).

Several past papers have linked interannual variability in HBC
sea-ice conditions to various modes of variability in atmospheric
circulation, such as North Atlantic sea-surface temperatures (Tivy
and others, 2011; Peterson and Pettipas, 2013), El Niño-Southern
Oscillation (Wang and others, 1994) and the east Pacific/north
Pacific pattern (Kinnard and others, 2006). In all cases, negative
ice anomalies are related to patterns that lead to more warm air
advection over Hudson Bay (i.e. southerly and easterly winds
anomalies). Similarly, bias toward excessively late sea-ice advance
in CMIP6 models is associated with either (a) southerly wind
anomalies linked to anomalous low sea-level pressure northwest
of the HBC, or (b) easterly wind anomalies associated with posi-
tive sea-level pressure anomalies to the north of the HBC and
negative sea-level pressure anomalies to the south (Figs 7, 8).
Therefore, biases in large-scale atmospheric circulation may be
a key factor causing sea-ice bias in the HBC.

Bias in the advance day also has implications for the spring
retreat. Models with later sea-ice advance also have less time for
sea ice to thicken, which makes it easier to melt. This intermodel
relationship follows logically from instrumental data showing a
significant relationship between the interannual variability in
fall freeze-up and spring sea-ice thickness in Hudson Bay
(Gough and others, 2004). Several studies have linked fall tem-
perature variability to spring SIC in the HBC (Hochheim and
others, 2011; Tivy and others, 2011; Hochheim and Barber,
2014). However, few studies that have made a direct comparison
of end-of-winter sea-ice thickness to spring SIC have found

Figure 10. Regional differences in the timing of (a, b)
retreat and (c, d) advance day in the HBC (1979–2014).
Positive values indicate that the first sub-region in a
given pair experiences later retreat or advance. (e)
Sub-region definitions. Symbology matches Figures 2
and 4.
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Figure 11. Model difference from PIOMAS in April sea-ice thickness and January–July drift (1979–2014). January–July roughly corresponds to the ice-covered sea-
son and melt season in the HBC.

Figure 12. Relationship between regional differences of sea-ice retreat and convergent sea-ice growth (January–July, 1979–2014) for (a–c) the northwest, south and
east regions of Hudson Bay (defined in (d)). Black dashed boxes represent the range of internal variability (μobs ± 2σmax). The dotted gray line represents the ordin-
ary least-squares regression of retreat day difference against wind velocity. An asterisk indicates that a coefficient is significant at p < 0.05.
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significant results (Gough and others, 2004; Gagnon and Gough,
2006; Landy and others, 2017). It is possible that a relationship is
clearer for intermodel variability than interannual variability
because the intermodel spread is greater.

Independent of sea-ice thickness, models that are too warm in
summer/fall also tend to be too warm in spring, which aligns with
the instrumental record showing that warmer springs have faster
sea-ice melt (Wang and others, 1994; Kinnard and others, 2006;
Hochheim and others, 2011). Therefore, a warm bias throughout
the year impacts the retreat in two compounding ways: directly by
faster melt in spring, and indirectly via delayed advance leading to
thinner ice.

Temperature bias alone appears to be an adequate explanation
for biases in opening day, advance day and closing day (Fig. 4).
When adjusting for temperature bias, the only biases that remain
in the multi-model mean for the HBC are in the retreat day and,
by extension, the ice-free period (Fig. 4). Indeed, most models that
reproduce an accurate retreat day do so by being too cold from
May to July. This is reminiscent of how many CMIP5 and
CMIP6 models only produce accurate sea-ice trends in the histor-
ical period if their rate of warming is too strong (Winton, 2011;
Rosenblum and Eisenman, 2017; Notz and Community, 2020)

or how models with more accurate representations of
September sea ice often have notable bias in melt onset (Smith
and others, 2020).

Biases in atmospheric circulation also help explain biases in
sea-ice dynamics. One sign of a dynamic impact is that models
with more westerly winds also tend to exhibit a stronger contrast
between high convergent ice growth in the south and east and low
growth (or divergent loss) in the northwest. This translates to a
longer lag time between retreat in the northwest and retreat in
other regions. This aligns with recent work showing that years
with more westerly winds over Hudson Bay lead to thicker sea
ice on the eastern side (Kirillov and others, 2020). However,
wind bias and sea-ice dynamics are still inadequate for explaining
why models do not consistently show southern Hudson Bay
experiencing retreat after eastern Hudson Bay.

5.2. Limitations

Although this study has uncovered several clear sources of bias in
CMIP6 models’ portrayal of Hudson Bay sea ice, there are other
influences on HBC sea ice worth considering. We had insufficient
data to assess river discharge, which can impact sea-ice phenology

Figure 13. Relationship between regional differences in convergent sea-ice growth and regional winds. Comparisons are separated by (a–c) zonal winds and (d–f )
meridional winds during the ice-covered and retreat season (January–July) 1979–2014. (g) Region definitions. Black dashed boxes represent the range of internal
variability (μobs ± 2σmax). The dotted gray line represents the ordinary least-squares regression of convergence difference against wind velocity. An asterisk indicates
that a coefficient is significant at p < 0.05. Major outliers are excluded from several regression line calculations: MIROC-ES2L (d, e) and the CMCC models (a–c).
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both by changing ocean salinity and ocean heat content
(Ridenour and others, 2019; Yang and others, 2021). Better treat-
ment of river discharge in models might improve the timing of
sea-ice retreat in the east relative to the south. We also only
include thermodynamic growth of sea ice as a residual rather
than taking a direct calculation from the models, as done by
Keen and others (2021). For these omitted factors, too few models
provided the necessary variable at the necessary temporal reso-
lution for us to confidently draw generalized conclusions.

In addition to the factors highlighted above, we also consid-
ered whether regional horizontal resolution of the ocean grid,
snow depth on sea ice, or sea-ice albedo in models played a
role in sea-ice phenology biases (Supplementary Figs S7–S9).
None of these factors proved useful for explaining bias in the
CMIP6 ensemble as a whole, but they could be important to a
few individual models. For example, coarser models have only a
few gridcells in some sub-regions, which allows for more sensitiv-
ity in any small-scale spatial average. This may be particularly
problematic in James Bay, which comprises as few as four cells
in coarser ocean grids (Supplementary Fig. S1). However, the sat-
ellite data are also subject to high uncertainty in James Bay.
Because of its small size (200 km across), and the presence of
many islands, James Bay is especially susceptible to errors arising
from land-ocean spillover (Cavalieri and others, 1997; Ivanova
and others, 2014).

Since this study looks only at the model output, it cannot
definitively isolate the individual model component or scheme
leading to any bias. Experiments using different configurations
(e.g. Keen and others, 2021) would be needed to more precisely
diagnose the source of bias. However, we can say that models
using the Sea Ice Simulator (SIS; BCC models, GFDL-CM4 and
KIOST-ESM) have the widest range of sea-ice growth periods.
Unlike in many other sea-ice models, new frazil ice in SIS has
no minimum thickness, which may make the transition from
15% SIC to 80% SIC more sensitive to other aspects of model con-
struction. Models using the Community Ice CodE (CICE;
ACCESS-CM2, CESM2 models, CMCC models, NESM3,
NorESM2 models, SAM0-UNICON and UK-ESM1-0-LL) tend
to have shorter sea-ice growth periods and longer melt periods
than other models ( p < 0.01), although we cannot say why.

Finally, some of our results use only PIOMAS as a reference
dataset (e.g. Fig. 10), but that data source has its own biases com-
pared to the passive microwave record. Differences also exist
between the NCEP-NCAR reanalysis (used to force PIOMAS)
and the newer, finer-resolution ERA5. For example, meridional
winds in NCEP-NCAR reanalysis tend to be less northerly than
in ERA5, which likely affects sea-ice drift and therefore patterns
of convergence and advection. This is another source of unmeas-
ured error.

6. Conclusions

Seventy-three percent of the 37 CMIP6 models examined over-
estimate the ice-free period in the HBC to a degree greater than
expected by internal variability. On average, the ice-free period
is 30 d too long. This bias is shared by most sub-regions and
occurs both because sea-ice advances too late in fall and retreats
too early in spring, although bias in retreat day is greater. The
aim of this study was to explore why this bias exists. In broad
terms, based on relationships between various model outputs,
our main conclusions are:

(1) Regional atmospheric temperature bias is the main culprit
behind sea-ice phenology bias. HBC exhibits a longer ice-free
period in models for which HBC is warmer.

(2) Warm bias impacts retreat day both directly (enhancing melt)
and indirectly (via sea-ice thickness acting as a memory of
advance day)

(3) Bias in sea-ice convergence contributes to mismatches in the
spatial patterns of retreat day, with almost every model pro-
ducing too much convergence in southern Hudson Bay and
not enough in the east.

(4) Biases in both temperature and convergence can be traced
back to the regional surface winds in models:
(a) Winds over Hudson Bay are mostly from the northwest,

but most models have southerly anomalies (and a warm
bias), especially in the melt season and ice-free season.

(b) Zonal winds have an easterly bias in winter on the east
side of Hudson Bay, which likely depresses spatial pat-
terns of convergent sea-ice growth.

(5) Other potential causes, like the horizontal resolution, snow
depth, and ice albedo, proved unhelpful for explaining biases
in HBC sea-ice phenology.

Addressing the bias in HBC sea-ice phenology has major
implications for projections of future sea-ice conditions and the
overall disruption to HBC biological and human systems. Based
on the findings detailed here, the best way to address biases in
HBC sea-ice phenology in these Earth system models is by
improving the representation of atmospheric circulation over
North America, which will in turn improve the atmospheric
temperature.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/aog.2023.42.

Acknowledgements. This work was supported by the Canadian
Government via NSERC grant RGPIN-2020-05689 and the Canada-150
Research Chair program. Sea-ice phenology results are available at https://
canwin-datahub.ad.umanitoba.ca/data/project/arctic-sea-ice-phenology.

References

Andrews J, Babb D and Barber DG (2018) Climate change and sea ice: ship-
ping in Hudson Bay, Hudson Strait, and Foxe Basin (1980–2016). Elementa:
Science of the Anthropocene 6, 19. doi: 10.1525/elementa.281.

Årthun M, Onarheim IH, Dörr J and Eldevik T (2021) The seasonal and
regional transition to an ice-free Arctic. Geophysical Research Letters
48(1), e2020GL090825. doi: 10.1029/2020gl090825.

Bliss AC, Steele M, Peng G, Meier WN and Dickinson S (2019) Regional
variability of Arctic sea ice seasonal change climate indicators from a pas-
sive microwave climate data record. Environmental Research Letters 14(4),
045003. doi: 10.1088/1748-9326/aafb84

Bruneau J and 6 others (2021) The ice factory of Hudson Bay: spatiotemporal
variability of the Kivalliq Polynya. Elementa: Science of the Anthropocene
9(1), 00168. doi: 10.1525/elementa.2020.00168.

Cavalieri DJ, Parkinson CL, Gloersen P and Zwally HJ (1997) Arctic and
Antarctic Sea Ice Concentrations from Multichannel Passive-Microwave
Satellite Data Sets: October 1978–September 1995 User’s Guide. Goddard
Space Flight Center, NASA, Greenbelt, Maryland.

Comiso JC (2017) Bootstrap Sea Ice Concentrations from Nimbus-7 SMMR
and DMSP SSM/I-SSMIS, Version 3. https://doi.org/10.5067/7Q8HCCWS4I0R

Crawford A, Stroeve J, Smith A and Jahn A (2021) Arctic open-water periods
are projected to lengthen dramatically by 2100. Communications Earth &
Environment 2(1), 109. doi: 10.1038/s43247-021-00183-x

Dmitrenko IA and 6 others (2020) Atmospheric vorticity sets the basin-scale
circulation in Hudson Bay. Elementa: Science of the Anthropocene 8(1), 049.
doi: 10.1525/elementa.049.

Etkin DA (1991) Break-up in Hudson Bay: its sensitivity to air temperatures
and implications for climate warming. Climatological Bulletin 25, 21–34.

Eyring V and 6 others (2016) Overview of the coupled model intercompari-
son project phase 6 (CMIP6) experimental design and organization.
Geoscientific Model Development 9(5), 1937–1958. doi: 10.5194/
gmd-9-1937-2016

Annals of Glaciology 251

https://doi.org/10.1017/aog.2023.42 Published online by Cambridge University Press

https://doi.org/10.1017/aog.2023.42
https://doi.org/10.1017/aog.2023.42
https://canwin-datahub.ad.umanitoba.ca/data/project/arctic-sea-ice-phenology
https://canwin-datahub.ad.umanitoba.ca/data/project/arctic-sea-ice-phenology
https://canwin-datahub.ad.umanitoba.ca/data/project/arctic-sea-ice-phenology
https://doi.org/10.1525/elementa.281
https://doi.org/10.1029/2020gl090825
https://doi.org/10.1088/1748-9326/aafb84
https://doi.org/10.1088/1748-9326/aafb84
https://doi.org/10.1525/elementa.2020.00168
https://doi.org/10.5067/7Q8HCCWS4I0R
https://doi.org/10.5067/7Q8HCCWS4I0R
https://doi.org/10.1038/s43247-021-00183-x
https://doi.org/10.1038/s43247-021-00183-x
https://doi.org/10.1038/s43247-021-00183-x
https://doi.org/10.1038/s43247-021-00183-x
https://doi.org/10.1525/elementa.049
https://doi.org/10.5194/gmd-9-1937-2016
https://doi.org/10.5194/gmd-9-1937-2016
https://doi.org/10.5194/gmd-9-1937-2016
https://doi.org/10.5194/gmd-9-1937-2016
https://doi.org/10.5194/gmd-9-1937-2016
https://doi.org/10.1017/aog.2023.42


Ferguson SH and 5 others (2017) Demographic, ecological, and physiological
responses of ringed seals to an abrupt decline in sea ice availability. PeerJ
5, e2957. doi: 10.7717/peerj.2957

Gagnon AS and Gough WA (2005) Trends in the dates of ice freeze-up and
breakup over Hudson Bay, Canada. Arctic 58(4), 370–382. doi: 10.14430/
arctic451.

Gagnon A and Gough W (2006) Eastwest asymmetry in long-term trends of
Landfast ice thickness in the Hudson Bay region, Canada. Climate Research
32, 177–186. doi: 10.3354/cr032177

Galappaththi EK, Ford JD, Bennett EM and Berkes F (2019) Climate change
and community fisheries in the Arctic: a case study from Pangnirtung,
Canada. Journal of Environmental Management 250, 109534. doi: 10.
1016/j.jenvman.2019.109534

Gough WA, Gagnon AS and Lau HP (2004) Interannual variability of
Hudson Bay ice thickness. Polar Geography 28(3), 222–238. doi: 10.1080/
789610188

Graham RM and 28 others (2019a) Evaluation of six atmospheric reanalyses
over Arctic sea ice from winter to early summer. Journal of Climate 32(14),
4121–4143. doi: 10.1175/jcli-d-18-0643.1

Graham RM, Hudson SR and Maturilli M (2019b) Improved performance of
ERA5 in Arctic gateway relative to four global atmospheric reanalyses.
Geophysical Research Letters 46(11), 6138–6147. doi: 10.1029/2019gl082781

Hersbach H and 14 others (2018) ERA5 hourly data on single levels from
1959 to present. Copernicus Climate Change Service (C3S) Climate Data
Store (CDS). doi: 10.24381/cds.adbb2d47

Hersbach H and 42 others (2020) The ERA5 global reanalysis. Quarterly
Journal of the Royal Meteorological Society 146(730), 1999–2049. doi: 10.
1002/qj.3803

Hochheim KP and Barber DG (2010) Atmospheric forcing of sea ice in
Hudson Bay during the fall period, 1980–2005. Journal of Geophysical
Research: Oceans 115(C5), C05009. doi: 10.1029/2009jc005334.

Hochheim KP and Barber DG (2014) An update on the ice climatology of the
Hudson Bay system. Arctic, Antarctic, and Alpine Research 46(1), 66–83.
doi: 10.1657/1938-4246-46.1.66

Hochheim KP, Lukovich JV and Barber DG (2011) Atmospheric forcing of
sea ice in Hudson Bay during the spring period, 1980–2005. Journal of
Marine Systems 88(3), 476–487. doi: 10.1016/j.jmarsys.2011.05.003

Huntington HP, Quakenbush LT and Nelson M (2016) Effects of changing
sea ice on marine mammals and subsistence hunters in northern Alaska
from traditional knowledge interviews. Biology Letters 12(8), 20160198.
doi: 10.1098/rsbl.2016.0198

Ivanova N, Johannessen OM, Pedersen LT and Tonboe RT (2014) Retrieval of
Arctic sea ice parameters by satellite passive microwave sensors: a comparison
of eleven sea ice concentration algorithms. IEEE Transactions on Geoscience
and Remote Sensing 52(11), 7233–7246. doi: 10.1109/tgrs.2014.2310136

Jafarikhasragh S and 5 others (2019) Modelling sea surface temperature (SST)
in the Hudson Bay Complex using bulk heat flux parameterization: sensitiv-
ity to atmospheric forcing, and model resolution. Atmosphere-Ocean 57(2),
120–133. doi: 10.1080/07055900.2019.1605974

Joly S, Senneville S, Caya D and Saucier FJ (2011) Sensitivity of Hudson Bay
sea ice and ocean climate to atmospheric temperature forcing. Climate
Dynamics 36(9–10), 1835–1849. doi: 10.1007/s00382-009-0731-4

Jones EP and Anderson LG (1994) Northern Hudson Bay and Foxe Basin:
water masses, circulation and productivity. Atmosphere-Ocean 32(2), 361–
374. doi: 10.1080/07055900.1994.9649502

Kalnay E and 22 others (1996) The NCEP/NCAR 40-year reanalysis project.
Bulletin of the American Meteorological Society 77(3), 437–445.

Keen A and 17 others (2021) An inter-comparison of the mass budget of the
Arctic sea ice in CMIP6 models. The Cryosphere 15(2), 951–982. doi: 10.
5194/tc-15-951-2021

Kinnard C, Zdanowicz CM, Fisher DA, Alt B and Mccourt S (2006)
Climatic analysis of sea-ice variability in the Canadian Arctic from oper-
ational charts, 1980–2004. Annals of Glaciology 44, 391–402. doi: 10.
3189/172756406781811123

Kirillov S and 8 others (2020) Atmospheric forcing drives the winter sea ice
thickness asymmetry of Hudson Bay. Journal of Geophysical Research:
Oceans 125(2), e2019JC015756. doi: 10.1029/2019jc015756.

Kwok R (2018) Arctic sea ice thickness, volume, and multiyear ice coverage:
losses and coupled variability (1958–2018). Environmental Research
Letters 13(10), 105005. doi: 10.1088/1748-9326/aae3ec

Landy JC, Ehn JK, Babb DG, Thériault N and Barber DG (2017) Sea ice
thickness in the Eastern Canadian Arctic: Hudson Bay Complex & Baffin

Bay. Remote Sensing of Environment 200, 281–294. doi: 10.1016/j.rse.
2017.08.019

Lavergne T and 16 others (2019) Version 2 of the EUMETSAT OSI SAF and
ESA CCI sea-ice concentration climate data records. The Cryosphere 13(1),
49–78. doi: 10.5194/tc-13-49-2019

Lebrun M, Vancoppenolle M, Madec G and Massonnet F (2019) Arctic
sea-ice-free season projected to extend into autumn. The Cryosphere
13(1), 79–96. doi: 10.5194/tc-13-79-2019

Lewis KM, van Dijken GL and Arrigo KR (2020) Changes in phytoplankton
concentration now drive increased Arctic Ocean primary production.
Science 369(6500), 198–202. doi: 10.1126/science.aay8380

Li X and 5 others (2021) Arctic shipping guidance from the CMIP6 ensemble
on operational and infrastructural timescales. Climatic Change 167(1–2),
23. doi: 10.1007/s10584-021-03172-3

Lukovich JV and 13 others (2021a) Simulated impacts of relative climate
change and river discharge regulation on sea ice and oceanographic condi-
tions in the Hudson Bay Complex. Elementa: Science of the Anthropocene
9(1), 00127. doi: 10.1525/elementa.2020.00127.

Lukovich JV and 6 others (2021b) Summer extreme cyclone impacts on Arctic
sea ice. Journal of Climate 34, 4817–4834. doi: 10.1175/jcli-d-19-0925.1.

Mallett RDC and others (2021) Faster decline and higher variability in the sea ice
thickness of the marginal Arctic seas when accounting for dynamic snow
cover. The Cryosphere 15(5), 2429–2450. doi: 10.5194/tc-15-2429-2021

Markus T and Cavalieri DJ (2000) An enhancement of the NASA team sea
ice algorithm. IEEE Transactions on Geoscience and Remote Sensing
38(3), 1387–1398. doi: 10.1109/36.843033

Maxwell JB (1986) Chapter 5: A climate overview of the Canadian Inland seas.
In Martini I.P. ed. Canadian Inland Seas. Elsevier Oceanography Series,
Volume 44, 79–100. doi: 10.1016/s0422-9894(08)70898-5.

May RM and 8 others (2022) MetPy: A Python Package for Meteorological
Data. Unidata. Available at https://github.com/Unidata/MetPy. doi: 10.
5065/D6WW7G29

Meier WN, Fetterer F, Windnagel AK and Stewart JS (2021) NOAA/NSIDC
Climate Data Record of Passive Microwave Sea Ice Concentration, Version
4. Boulder, Colorado, USA. National Snow and Ice Data Center. doi: 10.
7265/efmz-2t65

Meier WN, Markus T and Comiso JC (2018) AMSR-E/AMSR2 Unified L3
Daily 12.5 km Brightness Temperatures, Sea Ice Concentration, Drift &
Snow Depth Polar Grids, Version 1. Boulder, Colorado, USA. National
Snow and Ice Data Center. doi: 10.5067/RA1MIJOYPK3P

Mudryk LR and 5 others (2021) Impact of 1, 2 and 4°C of global warming on
ship navigation in the Canadian Arctic. Nature Climate Change 11(8), 673–
679. doi: 10.1038/s41558-021-01087-6

Notz D and Community SIMIP (2020) Arctic sea ice in CMIP6. Geophysical
Research Letters 47(10), e2019GL086749. doi: 10.1029/2019gl086749.

Onarheim IH, Eldevik T, Smedsrud LH and Stroeve JC (2018) Seasonal and
regional manifestation of Arctic sea ice loss. Journal of Climate 31(12),
4917–4932. doi: 10.1175/jcli-d-17-0427.1

Overeem I and 5 others (2011) Sea ice loss enhances wave action at the Arctic
coast.Geophysical Research Letters 38(17), L17503. doi: 10.1029/2011gl048681

Pagano AM and Williams TM (2021) Physiological consequences of Arctic
sea ice loss on large marine carnivores: unique responses by polar bears
and narwhals. Journal of Experimental Biology 224(suppl. 1), jeb228049.
doi: 10.1242/jeb.228049

Park H and 7 others (2020) Increasing riverine heat influx triggers Arctic sea
ice decline and oceanic and atmospheric warming. Science Advances 6(45),
eabc4699. doi: 10.1126/sciadv.abc4699

Peterson IK and Pettipas R (2013) Trends in air temperature and sea ice in
the Atlantic Large Aquatic Basin and adjoining areas.

Prinsenberg SJ (1986) Chapter 10: The circulation pattern and current struc-
ture of Hudson Bay. Elsevier Oceanography Series 44, 187–204. doi: 10.
1016/s0422-9894(08)70903-6

Rayner NA and 7 others (2003) Global analyses of sea surface temperature,
sea ice, and night marine air temperature since the late nineteenth century.
Journal of Geophysical Research: Atmospheres 108(D14), 4407. doi: 10.1029/
2002jd002670

Ridenour NA and 8 others (2019) Sensitivity of freshwater dynamics to ocean
model resolution and river discharge forcing in the Hudson Bay Complex.
Journal of Marine Systems 196, 48–64. doi: 10.1016/j.jmarsys.2019.04.002

Ridenour NA and 5 others (2021) Hudson strait inflow: structure and vari-
ability. Journal of Geophysical Research: Oceans 126(9), e2020JC017089.
doi: 10.1029/2020jc017089.

252 Alex D. Crawford and others

https://doi.org/10.1017/aog.2023.42 Published online by Cambridge University Press

https://doi.org/10.7717/peerj.2957
https://doi.org/10.14430/arctic451
https://doi.org/10.14430/arctic451
https://doi.org/10.3354/cr032177
https://doi.org/10.1016/j.jenvman.2019.109534
https://doi.org/10.1016/j.jenvman.2019.109534
https://doi.org/10.1080/789610188
https://doi.org/10.1080/789610188
https://doi.org/10.1175/jcli-d-18-0643.1
https://doi.org/10.1175/jcli-d-18-0643.1
https://doi.org/10.1175/jcli-d-18-0643.1
https://doi.org/10.1175/jcli-d-18-0643.1
https://doi.org/10.1029/2019gl082781
https://doi.org/10.24381/cds.adbb2d47
https://doi.org/10.1002/qj.3803
https://doi.org/10.1002/qj.3803
https://doi.org/10.1029/2009jc005334
https://doi.org/10.1657/1938-4246-46.1.66
https://doi.org/10.1657/1938-4246-46.1.66
https://doi.org/10.1657/1938-4246-46.1.66
https://doi.org/10.1016/j.jmarsys.2011.05.003
https://doi.org/10.1098/rsbl.2016.0198
https://doi.org/10.1109/tgrs.2014.2310136
https://doi.org/10.1080/07055900.2019.1605974
https://doi.org/10.1007/s00382-009-0731-4
https://doi.org/10.1007/s00382-009-0731-4
https://doi.org/10.1007/s00382-009-0731-4
https://doi.org/10.1007/s00382-009-0731-4
https://doi.org/10.1080/07055900.1994.9649502
https://doi.org/10.5194/tc-15-951-2021
https://doi.org/10.5194/tc-15-951-2021
https://doi.org/10.5194/tc-15-951-2021
https://doi.org/10.5194/tc-15-951-2021
https://doi.org/10.5194/tc-15-951-2021
https://doi.org/10.3189/172756406781811123
https://doi.org/10.3189/172756406781811123
https://doi.org/10.1029/2019jc015756
https://doi.org/10.1088/1748-9326/aae3ec
https://doi.org/10.1088/1748-9326/aae3ec
https://doi.org/10.1016/j.rse.2017.08.019
https://doi.org/10.1016/j.rse.2017.08.019
https://doi.org/10.5194/tc-13-49-2019
https://doi.org/10.5194/tc-13-49-2019
https://doi.org/10.5194/tc-13-49-2019
https://doi.org/10.5194/tc-13-49-2019
https://doi.org/10.5194/tc-13-79-2019
https://doi.org/10.5194/tc-13-79-2019
https://doi.org/10.5194/tc-13-79-2019
https://doi.org/10.5194/tc-13-79-2019
https://doi.org/10.1126/science.aay8380
https://doi.org/10.1007/s10584-021-03172-3
https://doi.org/10.1007/s10584-021-03172-3
https://doi.org/10.1007/s10584-021-03172-3
https://doi.org/10.1007/s10584-021-03172-3
https://doi.org/10.1525/elementa.2020.00127
https://doi.org/10.1175/jcli-d-19-0925.1
https://doi.org/10.1175/jcli-d-19-0925.1
https://doi.org/10.1175/jcli-d-19-0925.1
https://doi.org/10.1175/jcli-d-19-0925.1
https://doi.org/10.5194/tc-15-2429-2021
https://doi.org/10.5194/tc-15-2429-2021
https://doi.org/10.5194/tc-15-2429-2021
https://doi.org/10.5194/tc-15-2429-2021
https://doi.org/10.1109/36.843033
https://doi.org/10.1016/s0422-9894(08)70898-5
https://doi.org/10.1016/s0422-9894(08)70898-5
https://doi.org/10.1016/s0422-9894(08)70898-5
https://github.com/Unidata/MetPy
https://github.com/Unidata/MetPy
https://doi.org/10.5065/D6WW7G29
https://doi.org/10.5065/D6WW7G29
https://doi.org/10.7265/efmz-2t65
https://doi.org/10.7265/efmz-2t65
https://doi.org/10.7265/efmz-2t65
https://doi.org/10.5067/RA1MIJOYPK3P
https://doi.org/10.1038/s41558-021-01087-6
https://doi.org/10.1038/s41558-021-01087-6
https://doi.org/10.1038/s41558-021-01087-6
https://doi.org/10.1038/s41558-021-01087-6
https://doi.org/10.1029/2019gl086749
https://doi.org/10.1175/jcli-d-17-0427.1
https://doi.org/10.1175/jcli-d-17-0427.1
https://doi.org/10.1175/jcli-d-17-0427.1
https://doi.org/10.1175/jcli-d-17-0427.1
https://doi.org/10.1029/2011gl048681
https://doi.org/10.1242/jeb.228049
https://doi.org/10.1126/sciadv.abc4699
https://doi.org/10.1016/s0422-9894(08)70903-6
https://doi.org/10.1016/s0422-9894(08)70903-6
https://doi.org/10.1016/s0422-9894(08)70903-6
https://doi.org/10.1016/s0422-9894(08)70903-6
https://doi.org/10.1029/2002jd002670
https://doi.org/10.1029/2002jd002670
https://doi.org/10.1016/j.jmarsys.2019.04.002
https://doi.org/10.1029/2020jc017089
https://doi.org/10.1017/aog.2023.42


Rohde R, Muller R, Jacobsen R, Perlmutter S and Mosher S (2013) Berkeley
earth temperature averaging process. Geoinformatics & Geostatistics: An
Overview 1(2), 1–7. doi: 10.4172/2327-4581.1000103.

Rosenblum E and Eisenman I (2017) Sea ice trends in climate models only
accurate in runs with biased global warming. Journal of Climate 30(16),
6265–6278. doi: 10.1175/jcli-d-16-0455.1

Saucier FJ and 7 others (2004) Modelling the sea ice-ocean seasonal cycle in
Hudson Bay, Foxe Basin and Hudson Strait, Canada. Climate Dynamics
23(3–4), 303–326. doi: 10.1007/s00382-004-0445-6

Saucier FJ and Dionne J (1998) A 3-D coupled ice-ocean model applied to
Hudson Bay, Canada: the seasonal cycle and time-dependent climate
response to atmospheric forcing and runoff. Journal of Geophysical
Research: Oceans 103(C12), 27689–27705. doi: 10.1029/98jc02066

Schroeter S, Hobbs W, Bindoff NL, Massom R and Matear R (2018) Drivers of
Antarctic sea ice volume change in CMIP5 models. Journal of Geophysical
Research: Oceans 123(11), 7914–7938. doi: 10.1029/2018jc014177

Schweiger A and 5 others (2011) Uncertainty in modeled Arctic sea ice vol-
ume. Journal of Geophysical Research: Oceans 116, C8. doi: 10.1029/
2011jc007084

Screen JA and Simmonds I (2010) The central role of diminishing sea ice
in recent Arctic temperature amplification. Nature 464(7293), 1334–1337.
doi: 10.1038/nature09051

Serreze MC and Barry RG (2011) Processes and impacts of Arctic amplifica-
tion: a research synthesis. Global and Planetary Change 77(1–2), 85–96.
doi: 10.1016/j.gloplacha.2011.03.004

Serreze MC, Crawford AD, Stroeve JC, Barrett AP and Woodgate RA (2016)
Variability, trends, and predictability of seasonal sea ice retreat and advance
in the Chukchi Sea. Journal of Geophysical Research: Oceans 121(10),
7308–7325. doi: 10.1002/2016jc011977

Serreze MC and Meier WN (2019) The Arctic’s sea ice cover: trends, variabil-
ity, predictability, and comparisons to the Antarctic. Annals of the New York
Academy of Sciences 1436(1), 36–53. doi: 10.1111/nyas.13856

Siddon EC, Zador SG and Hunt GL (2020) Ecological responses to climate
perturbations and minimal sea ice in the northern Bering Sea. Deep Sea
Research Part II: Topical Studies in Oceanography 181, 104914. doi: 10.
1016/j.dsr2.2020.104914

Smith A and Jahn A (2019) Definition differences and internal variability
affect the simulated Arctic sea ice melt season. The Cryosphere 13(1),
1–20. doi: 10.5194/tc-13-1-2019

Smith A, Jahn A and Wang M (2020) Seasonal transition dates can reveal
biases in Arctic sea ice simulations. The Cryosphere 14(9), 2977–2997.
doi: 10.5194/tc-14-2977-2020

St-Laurent P, Straneo F, Dumais J-F and Barber DG (2011) What is the
fate of the river waters of Hudson Bay? Journal of Marine Systems 88(3),
352–361. doi: 10.1016/j.jmarsys.2011.02.004

Stammerjohn S, Massom R, Rind D and Martinson D (2012) Regions of
rapid sea ice change: an inter-hemispheric seasonal comparison.
Geophysical Research Letters 39(6), L06501. doi: 10.1029/2012gl050874

Steele M, Ermold W and Zhang J (2008) Arctic Ocean surface warming
trends over the past 100 years. Geophysical Research Letters 35(2),
L02614. doi: 10.1029/2007gl031651.

Stroeve JC, Crawford AD and Stammerjohn S (2016) Using timing of ice
retreat to predict timing of fall freeze-up in the Arctic. Geophysical
Research Letters 43(12), 6332–6340. doi: 10.1002/2016gl069314

Stroeve JC, Markus T, Bosivert L, Miller J and Barrett A (2014) Changes in
Arctic melt season and implications for sea ice loss. Geophysical Research
Letters 41(4), 1216–1225. doi: 10.1002/2013gl058951

Stroeve J and Notz D (2018) Changing state of Arctic sea ice across all sea-
sons. Environmental Research Letters 13(10), 103001. doi: 10.1088/
1748-9326/aade56

Tivy A, Howell SEL, Alt B, Yackel JJ and Carrieres T (2011) Origins and
levels of seasonal forecast skill for sea ice in Hudson Bay using canonical
correlation analysis. Journal of Climate 24(5), 1378–1395. doi: 10.1175/
2010jcli3527.1

Walsh JE, Eicken H, Redilla K and Johnson M (2022) Sea ice breakup and
freeze-up indicators for users of the Arctic coastal environment. The
Cryosphere 16(11), 4617–4635. doi: 10.5194/tc-16-4617-2022

Wang X, Liu Y, Key JR and Dworak R (2022) A new perspective on four dec-
ades of changes in Arctic sea ice from satellite observations. Remote Sensing
14(8), 1846. doi: 10.3390/rs14081846

Wang J, Mysak LA and Ingram RG (1994) Interannual variability of sea-ice
cover in Hudson Bay, Baffin Bay and the Labrador Sea. Atmosphere-Ocean
32(2), 421–447. doi: 10.1080/07055900.1994.9649505

Whitefield J, Winsor P, McClelland J and Menemenlis D (2015) A new
river discharge and river temperature climatology data set for the
pan-Arctic region. Ocean Modelling 88, 1–15. doi: 10.1016/j.ocemod.2014.
12.012

Winton M (2011) Do climate models underestimate the sensitivity of northern
hemisphere sea ice cover? Journal of Climate 24(15), 3924–3934. doi: 10.
1175/2011jcli4146.1

Yang D, Shrestha RR, Lung JLY, Tank S and Park H (2021) Heat flux, water
temperature and discharge from 15 northern Canadian rivers draining to
Arctic Ocean and Hudson Bay. Global and Planetary Change
204, 103577. doi: 10.1016/j.gloplacha.2021.103577

Annals of Glaciology 253

https://doi.org/10.1017/aog.2023.42 Published online by Cambridge University Press

https://doi.org/10.4172/2327-4581.1000103
https://doi.org/10.4172/2327-4581.1000103
https://doi.org/10.1175/jcli-d-16-0455.1
https://doi.org/10.1175/jcli-d-16-0455.1
https://doi.org/10.1175/jcli-d-16-0455.1
https://doi.org/10.1175/jcli-d-16-0455.1
https://doi.org/10.1007/s00382-004-0445-6
https://doi.org/10.1007/s00382-004-0445-6
https://doi.org/10.1007/s00382-004-0445-6
https://doi.org/10.1007/s00382-004-0445-6
https://doi.org/10.1029/98jc02066
https://doi.org/10.1029/2018jc014177
https://doi.org/10.1029/2011jc007084
https://doi.org/10.1029/2011jc007084
https://doi.org/10.1038/nature09051
https://doi.org/10.1016/j.gloplacha.2011.03.004
https://doi.org/10.1002/2016jc011977
https://doi.org/10.1111/nyas.13856
https://doi.org/10.1016/j.dsr2.2020.104914
https://doi.org/10.1016/j.dsr2.2020.104914
https://doi.org/10.5194/tc-13-1-2019
https://doi.org/10.5194/tc-13-1-2019
https://doi.org/10.5194/tc-13-1-2019
https://doi.org/10.5194/tc-13-1-2019
https://doi.org/10.5194/tc-14-2977-2020
https://doi.org/10.5194/tc-14-2977-2020
https://doi.org/10.5194/tc-14-2977-2020
https://doi.org/10.5194/tc-14-2977-2020
https://doi.org/10.1016/j.jmarsys.2011.02.004
https://doi.org/10.1029/2012gl050874
https://doi.org/10.1029/2007gl031651
https://doi.org/10.1002/2016gl069314
https://doi.org/10.1002/2013gl058951
https://doi.org/10.1088/1748-9326/aade56
https://doi.org/10.1088/1748-9326/aade56
https://doi.org/10.1088/1748-9326/aade56
https://doi.org/10.1175/2010jcli3527.1
https://doi.org/10.1175/2010jcli3527.1
https://doi.org/10.5194/tc-16-4617-2022
https://doi.org/10.5194/tc-16-4617-2022
https://doi.org/10.5194/tc-16-4617-2022
https://doi.org/10.5194/tc-16-4617-2022
https://doi.org/10.3390/rs14081846
https://doi.org/10.1080/07055900.1994.9649505
https://doi.org/10.1016/j.ocemod.2014.12.012
https://doi.org/10.1016/j.ocemod.2014.12.012
https://doi.org/10.1175/2011jcli4146.1
https://doi.org/10.1175/2011jcli4146.1
https://doi.org/10.1016/j.gloplacha.2021.103577
https://doi.org/10.1017/aog.2023.42

	Sources of seasonal sea-ice bias for CMIP6 models in the Hudson Bay Complex
	Introduction
	Background
	Data and methods
	CMIP6 data
	Observational data sources
	Sea-ice phenology and volume budget
	Statistical methods

	Results
	Excessive ice-free conditions in CMIP6 models
	Temperature is closely related to sea ice
	Physical processes linking temperature to sea ice
	Sea ice dynamics and regional differences in sea-ice phenology
	Wind biases help explain biases in sea-ice convergence

	Discussion
	Comparison to studies of interannual variability
	Limitations

	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


