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Thick and old sea ice in the Beaufort Sea during
summer 2020/21 was associated with enhanced
transport
G.W.K. Moore 1,2✉, Michael Steele3, Axel J. Schweiger 3, Jinlun Zhang3 & Kristin L. Laidre3

The Arctic Ocean has seen a remarkable reduction in sea ice coverage, thickness and age

since the 1980s. These changes are most pronounced in the Beaufort Sea, with a transition

around 2007 from a regime dominated by multi-year sea ice to one with large expanses of

open water during the summer. Using satellite-based observations of sea ice, an atmospheric

reanalysis and a coupled ice-ocean model, we show that during the summers of 2020 and

2021, the Beaufort Sea hosted anomalously large concentrations of thick and old ice.

We show that ice advection contributed to these anomalies, with 2020 dominated by

eastward transport from the Chukchi Sea, and 2021 dominated by transport from the Last Ice

Area to the north of Canada and Greenland. Since 2007, cool season (fall, winter, and spring)

ice volume transport into the Beaufort Sea accounts for ~45% of the variability in early

summer ice volume—a threefold increase from that associated with conditions prior to 2007.

This variability is likely to impact marine infrastructure and ecosystems.
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July and August 2020 saw unprecedented low sea ice con-
centration in the Wandel Sea to the north of Greenland, a
region that is normally characterized by a thick and compact

multi-year ice cover1. The Wandel Sea is the eastern part of the
Last Ice Area (hereafter, LIA, the area north of Greenland and the
Canadian Arctic Archipelago), where thick multi-year ice is
predicted to last longer than other regions in the Arctic and is
expected to provide a refuge for ice-dependent species2–4. It has
been argued1 that the summer 2020 Wandel sea ice minimum
was caused by a long-term trend towards a thinner ice pack as
well as anomalous atmospheric circulation during the summer
that advected ice out of the region. Interestingly, winds during the
preceding winter had also advected thick and old ice into the
region, but this was found to have minimal effect on end-of-
summer conditions.

At the same time the Beaufort Sea, located over 2100 km to the
southwest of the Wandel Sea, had sea ice that was 50% higher in
area-mean average concentration, 3 years older, and up to 1 m
thicker than climatological means over 2007–2019 (Fig. 1). Please
see Section 2 for a rationale for this choice of a climatological
period. A similar situation also occurred during the summer of
2021 (Fig. 1), which was characterized by the largest pan-Arctic
September sea ice extent since 20145.

There is evidence6 that the Beaufort Sea underwent a transition
around 2007 from a state dominated by thick multi-year ice to one
with a more seasonal ice cover. In general, a reduction in multi-year
ice may result in a transient benefit to some ecosystems because of
an increase in primary and secondary productivity with thinner ice
that can be more easily penetrated by solar radiation7–11. In some
areas this may confer temporary benefits to ice-dependent species
that rely on springtime production for foraging12. However, high
interannual variability in sea ice characteristics, together with
increased sea ice mobility, can also lead to unfavorable conditions
for species that require sea ice at specific times of the year for
survival and reproduction13–15.

The distribution of Arctic sea ice is, to leading order, controlled by
the surface wind field16 with the Beaufort High, a quasi-permanent
high pressure center associated with anticyclonic winds17, playing a
leading role. These winds drive anticyclonic ice motion which in
turn produces Ekman convergence in the upper ocean. The resulting
concentration of relatively fresh surface water in the region leads to
higher sea levels and anticyclonic geostrophic ocean currents. The
anticyclonic ice and ocean currents are collectively referred to as the
Beaufort Gyre18. Here we focus on two aspects of the climatological
sea ice anticyclone: the import of ice into the Beaufort Sea from the
north (especially from the LIA), and the export of ice from the
Beaufort Sea to the west into the Chukchi Sea. The latter is generally
larger than the former19.

It has been noted20 that low sea ice conditions in the Beaufort
Sea during the summer of 1998 were, during the preceding cool
season, associated with low sea-level pressures over the western
Arctic that contributed to a reduction of thick ice import from the
north into the Beaufort Gyre. They proposed that this resulted in
a thinner ice pack in the Beaufort Sea that was easier to melt out
during the following summer. Alternatively, it has been argued21

that an enhanced westward sea ice export to the Chukchi Sea
during January–April 2016 contributed to ice-free Beaufort Sea
conditions during September 2016, which was shown to be
associated with a strengthened Beaufort High.

More recently, the May 2020 development of a polynya north
of Ellesmere Island22, the July–August 2020 Wandel Sea ice
minimum1, and the December 2020 through February 2021
anomalous ice transport into the Beaufort Sea from the LIA23

were all associated with enhanced anticyclonic winds that were
the result of a strengthened and expanded Beaufort High with a
center further north and east than in the climatology. On the

other hand, some recent winters (hereafter defined as January,
February, and March) have seen a collapse of the Beaufort High,
resulting in a reversal of winds from anticyclonic to cyclonic24.
In particular, the reversal that occurred during winter 2017
resulted in a corresponding reversal of the Beaufort Gyre sea ice
motion, with ice convergence into the eastern Beaufort Sea24 and
a thicker ice pack25. The Beaufort High also collapsed during
winter 202026.

In this paper, we investigate the processes that resulted in the
presence of anomalously large amounts of thick and old sea ice in
the Beaufort Sea during the summers of 2020 and 2021. We seek
to understand the similarities and differences in the forcing that
resulted in these anomalous conditions as well as more broadly
assessing the role of cool-season advection on summer ice con-
ditions. We use a variety of data sources for our analysis,
including those derived from satellites, reanalysis, and numerical
models (see Methods section).

Results
Identification of a regime shift in Beaufort summer sea ice
characteristics. Figure 2 shows time series of Beaufort Sea summer
sea ice concentration, sea ice age, and sea ice thickness, as well as the
ratio of Beaufort ice volume to that of the entire Arctic27. We define
the summer to be the months of July, August, and September.
A step function has been fit to the time series with a breakpoint
determined by a minimization of the root-mean square fit to the
data with a significance test of the difference of the means that takes
into account the temporal autocorrelation of geophysical time
series28; see Methods Section for further information. The first three
metrics (Fig. 2a–c) indicate a transition toward less extensive,
thinner and younger ice pack occurred around 2007. Furthermore,
the Beaufort’s contribution to total Arctic ice volume decreased in
2007 from approximately 10% to 5% (Fig. 2d). We will refer in this
study to the period from 2007-present as the “young ice regime,”
while the period prior to 2007 will be referred to as the “old ice
regime.” All metrics indicate that the summers of 2020 and 2021 (as
well as 2013), stand out with ice characteristics above the mean for
this new ice regime. This is especially true for the ice volume ratio
where values for these past two summers approach those typical of
conditions prior to the 2007 transition.

Sea ice conditions during 2019/2020 and 2020/2021. Figure 3
shows time series of Beaufort Sea ice concentration and thickness
for the 2-year period October 2019–September 2021, as well as
climatological values for the first 13 years of the young ice regime
(2007–2019) and anomalies with respect to these 13 years. The
results show that starting in May of both years, concentration and
thickness were both higher than the climatology by at least 1 stan-
dard deviation. The area-mean thickness anomaly was larger in
2020, while the sea ice concentration anomaly was larger in 2021.

Figure 4 provides the Beaufort Sea ice thickness and age
distributions in summer for (i) the first 13 years of the old ice
regime (1979–1991) when the region was dominated by multi-
year ice, (ii) the first 13 years of the young ice regime
(2007–2019), (iii) the year 2020, and (iv) the year 2021. A kernel
smoothing technique29 was used to fit the distributions to the
data. The old ice regime was dominated by thick, old ice, with
smaller contributions from thin, young ice. In contrast, the young
ice regime is dominated by thin, young ice with a long “tail” of
thick, old ice. The years 2020 and 2021 are representative of this
young ice regime, although with thick and old ice generally
≥1 standard deviation above the mean (An exception is the
amount of ice older than ~2 years in 2020, which is very close to
the mean). Further analysis (Supplementary Fig. S1) indicates
that many years in the young ice regime show small secondary
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peaks of thick or old ice (such as seen in the 2021 thickness
distribution between 1.5 and 2 m). These “long-tailed” thickness
and age distributions are similar to that found in summer 2020 in
the Wandel Sea1. Thus, it seems that the Beaufort Sea is now
dominated by thin, young ice, but a substantial component of
thick, old ice remains. In the following sections, we examine the
advective origins of this thick, old ice.

Impact of sea ice transport on the observed anomalies during
the summers of 2020 and 2021. Recent work23–25 has empha-
sized the role that sea ice mass transport plays in determining the
characteristics of pack ice in the Beaufort Sea. This transport can
be decomposed into contributions from ice motion and from ice
thickness; the seasonal climatology of these constituents as well as
conditions during 2019/2020 and 2020/2021 are shown in Fig. 5.
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Fig. 1 Recent characteristics of summer (July–September) sea ice in the Western Arctic. Anomalies in the: NSIDC CDR sea ice concentration dataset for:
a 2020 and b 2021; in the NSIDC sea ice age dataset for: c 2020 and d 2021; in the PIOMAS sea ice thickness dataset for: e 2020 and f 2021. Anomalies
are with respect to 2007–2019. The polygon indicates the region along the Beaufort Coast over which statistics were computed.
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The climatology (Fig. 5a–d) indicates the presence of a seasonally
varying anticyclonic Beaufort Gyre in the western Arctic as well
as the presence of the thickest ice along the northern coast of
Greenland and the Canadian Arctic Archipelago, i.e., the LIA.
The spatial extent of the Beaufort Gyre is largest during the cool
season, defined as fall (OND), winter (JFM) and spring (AMJ)
when there is transport of ice from the LIA into the Beaufort Sea
as well as transport of ice out of the Beaufort Sea into the Chukchi

Sea. During summer (JAS), the Beaufort Gyre shrinks to only fill
the Beaufort Sea.

The situation during 2019/2020 (Fig. 5e–h) differs markedly
from the climatology. During fall 2019 (Fig. 5e), the Beaufort Gyre
was displaced southwestward with a small region of cyclonic ice
motion at the boundary between the Chukchi and Beaufort Seas.
Consistent with the collapse of the Beaufort High during winter
202026, ice motion during this period (Fig. 5f) is generally eastward
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Fig. 2 Characteristics of summer (July–September) Beaufort Sea ice. Time series of the: a sea ice concentration (%) from the NSIDC CDR dataset
1979–2021; b sea ice age (years) from the NSIDC dataset 1984–2021; c sea ice thickness (m) from PIOMAS 1979–2021 and d ratio of the volume of
Beaufort sea ice to Arctic sea ice from PIOMAS 1979–2021. In all cases, the red lines represent the step function fit with the specified breakpoint that
minimizes the root-mean square error in the fit. The statistical significance of the step is indicated in the legend.
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Fig. 3 Monthly mean Beaufort Sea ice characteristics from October 1 2019–September 30 2021. Time series (red curves) of the (a) monthly mean sea
ice concentration (%) from the NSIDC CDR dataset and (b) monthly mean sea ice thickness (m) from PIOMAS with the climatological monthly mean
values shown in black with one standard deviation above/below the mean indicated by the shading. The climatology is based on 2007–2019. In (c) and (d),
the corresponding anomalies are shown with the shading representing +/− one standard deviation.
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in the Beaufort Sea and largely cyclonic over the entire Arctic
Ocean. This results in ice transport from the Chukchi Sea into the
Beaufort Sea and even beyond, i.e., into the LIA. In spring 2020
(Fig. 5g), transport continued from the Beaufort Sea to the LIA,
although the Chukchi-to-Beaufort transport abated. By summer
2020, ice motion had reverted toward climatology (Fig. 5h).

Conditions during 2020/2021 (Fig. 5i–l) were closer to climatol-
ogy as compared to 2019/2020, although with some differences.
Most notably during fall 2020 (Fig. 5i), the transport of thick, old ice
from the LIA was restricted to a narrow region along the coast of the
Canadian Arctic Archipelago, which appears to be linked to the
presence of thick ice in the eastern Beaufort Sea. As discussed
previously23, this strong transport continued into winter 2021
(Fig. 5j), although its width increased and thus broadly impacted the
northeastern Beaufort Sea. There was also strong westward
transport out of the Beaufort into the Chukchi Sea.

Figure 6 shows the anomalies in sea ice motion, mass
convergence, and thickness for the winters of 2020 and 2021 as
well as the anomalies in sea-level pressure and 10m wind fields for
the same periods. The contrast in ice motion and sea ice thickness
between the two winters is striking. During winter 2020 (Fig. 6a),
anomalous cyclonic ice motion is evident as well as anomalously
thick sea ice against Banks Island caused by convergence forced by
eastward motion at this time (Fig. 6c, which actually started in fall
2019, Fig. 5f). Convergence also extends from the eastern Beaufort
into the western LIA, where it acts to counter the long-term
thinning trend; the result is enhanced negative ice thickness
anomalies. This is supported by a comparison with winter 2021
(Fig. 6b, d), when thickness anomalies were much more negative
and ice motion in the western LIA was closer to climatology, i.e.,
weakly divergent. Comparison of ice motion and thickness fields in
the winters of 2020 and 2021 (Supplementary Fig. S2) demonstrates
that the differences between these 2 years extend all the way from
the Chukchi and Beaufort Seas into the western LIA.

The atmospheric circulation anomalies for these two winters
highlight the role that sea-level pressure plays in forcing ice

motion. During winter 2020 (Fig. 6e), the collapse of the Beaufort
High26 resulted in lower sea-level pressures across the Arctic
Ocean associated with a minimum 16mb lower than climatology
centered over the Barents Sea. Associated with this collapse, a
cyclonic surface wind anomaly was present across the Arctic
Ocean with a particularly high amplitude across the western
boundary of the Beaufort Sea. In contrast, winter 2021 (Fig. 6f)
was characterized by higher sea-level pressure over the Arctic
Ocean with a maximum anomaly of 8 mb over the Barents Sea.
As a result of this pressure perturbation, wind speeds were higher
over the Arctic Ocean but did not reach the magnitudes observed
during winter 2020.

Quantifying the role of ice transport in anomalous Beaufort
Sea ice conditions during the winters of 2019/2020 and 2020/
2021. Ice area and volume fluxes provide a way to quantify the
transport of sea ice30. Figure 7 shows the cumulative fluxes across
the boundaries of the Beaufort Sea (as defined in Fig. 1) from
October 1 through the following June 1 for 2019/2020, 2020/2021,
as well as a climatology for the first 13 years of the young ice
period 2007–2019. Positive values indicate a flux into the region.
Daily PIOMAS ice motion and ice thickness data were used to
calculate these fluxes. The ice area fluxes were also computed
using the NSIDC ice motion data31 with similar results obtained
(Supplementary Fig. S3).

We first consider the northern boundary. The ice area and
volume fluxes across this boundary are relatively small in the
climatology (Fig. 7a, b), with interannual variability that includes
some years in which the fluxes are negative, i.e., from the Beaufort
Sea toward the LIA. During the period from October to January
in 2019/2020 as well as in 2020/2021, ice area and volume fluxes
are positive and growing, at rates near or above the climatological
mean, indicating intensifying ice transport into the Beaufort Sea.
After January, the 2 years differ. In winter 2020 the cumulative
fluxes plateau, indicating near-zero values in contrast to the
climatology which continues to grow. Then in spring 2020 the
fluxes turn strongly negative, with values of one or more standard
deviation below the mean, implying an export of ice from the
Beaufort Sea into the LIA. In fact, the cool season 2019/2020 ends
with an unusually large net export of ice volume from the
Beaufort into the LIA. The following year, we see that the fluxes
in winter 2021 continue to intensify at about 1 standard deviation
above the mean. Then in spring the cumulative fluxes decline
back toward the climatological mean, with end-of-cool-season
values near the climatological young ice regime mean of net
transport from the LIA into the Beaufort.

At the western boundary, climatological ice area and ice
volume fluxes are both directed out of the Beaufort Sea and into
the Chukchi Sea (Fig. 7c, d). Although interannual variability is
higher than that at the northern boundary, the fluxes are typically
always negative. This is what makes the 2019/2020 area and
volume fluxes so remarkable, in that they are nearly zero through
winter 2020, and then turn strongly positive in spring, with values
at or exceeding the mean by more than one standard deviation
throughout the entire period. These positive fluxes reflect strong
ice import from the west (Fig. 5f). In contrast, the fluxes in 2020/
2021 became large and negative by early winter (greater than
1 standard deviation from the climatological mean), although this
moderates later in the winter and spring. In this year, fluxes were
strongly westward, from the Beaufort into the Chukchi Sea.

The sum of the fluxes across the two boundaries provides a
measure of the net transport into the Beaufort Sea (Fig. 7e, f). The
climatology indicates that the net ice area and volume fluxes are
negative, indicating a loss of ice from the Beaufort Sea. This reflects
the fact that the transport out of the region through the western
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Fig. 4 Frequency distribution of summer (July–September) sea ice
characteristics in the region of interest. a PIOMAS sea ice thickness
distribution and b NSIDC sea ice age distribution. Climatological
distributions for 1979–1991 (1984–1991 for ice age) and 2007–2019 are
shown as well as distributions for 2020 and 2021. The shading represents
one standard deviation above/below the 2007–2019 mean.
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boundary usually exceeds the transport into the region through the
northern boundary. In this context, the net fluxes during 2019/2020
again stand out as remarkable, since they are strongly positive (i.e.,
net transport into the Beaufort), especially for ice area flux. The net
fluxes during 2020/2021 are closer to climatological values, and are
well within the range of climatological variability.

Impact of cool season ice fluxes on Beaufort Sea summer ice
conditions. In this section, we seek to quantify how the cool-
season sea ice transport into the Beaufort Sea impacts ice con-
ditions in the following summer using two metrics. The first
metric is Beaufort Sea ice volume (i.e., the product of ice thickness
and ice concentration27) on June 1. Even though melt can occur
in parts of the study region prior to the beginning of June32, it is
nevertheless a useful date for the start of the melt season. Our
second metric is Beaufort Sea area-mean ice concentration during
September, a measure of ice conditions at the end of the melt
season and a closely observed indicator of climate change33,34.

In Fig. 8, we correlate the net ice volume flux over the cool
season, i.e., the period from October 1 to June 1 of the following
year, against the Beaufort Sea June 1 ice volume anomaly,
calculated by detrending the time series using a step function in
2007 that takes into account the changes between the new and old

ice regimes (Fig. 2). The ice volume flux does not exhibit any
trend and so no detrending was done for this time series. The
correlation was done for both the old and young ice regimes. For
both periods, there is a statistically significant linear relationship
showing that larger net cool season ice transport into the Beaufort
Sea leads to larger ice volume anomalies on June 1. However, the
larger spread in the data for the old ice regime leads to a smaller
percentage of the variance explained by ice transport, ~14%, as
compared to ~45% for the young ice regime. The statistics are
similar if May 1 is used as the end of the cool season, although
using April 1 degrades the relationship to statistical insignif-
icance, consistent with the springtime “predictability barrier”35

that arises from late-winter variability in ice-dynamics and ice
growth.

Regarding conditions at the end of the summer, it seems
intuitive that ice retreat might be slowed by the presence of thick
ice. Indeed, discussions in the popular press5 have speculated that
thick ice contributed to the relatively moderate September
2021 sea ice extent (12th lowest on record and the highest since
2014). On the other hand, it has also been suggested that cool
atmospheric conditions during the summer of 2021 contributed
to this relative maxima in sea ice extent36.

To explore this question, we correlate PIOMAS-derived
Beaufort Sea ice volume on June 1 with NSIDC CDR-derived
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September-mean sea ice concentration37. Given the nature of the
underlying time series (Fig. 2), we have used step functions with a
breakpoint in 2007 to detrend the data (see Materials and
Methods). Although there is considerable spread, Fig. 9 indicates
that there is a statistically significant linear relationship, with June
1 ice volume accounting for just under 40% of the variability in
ice concentration during September for both the old and new ice
regimes. Similar results are obtained if one uses the PIOMAS sea
ice concentration during September (Supplementary Fig. S4).

A next logical step might be to link these two correlations
together and ask, How does cool season ice transport impact end-
of-summer ice concentration? Given the above results, assuming
that there are no other factors related to cool season transport that
impact summer ice melt and the cascade of probabilities, one would
expect that the former would explain ~5% and ~16% of the
variability in the latter for the old and new ice regimes. The results
shown in Supplementary Fig. S5 confirm these assumptions;
however, we also find that this relationship is not statistically
significant in either regime.

Discussion
This paper is motivated by an interest in understanding the pro-
cesses responsible for the large extent of thick and old sea ice
present in the Beaufort Sea during the summers of 2020 and 2021
(Fig. 1). Our results confirm earlier work6 and indicates that the
Beaufort Sea underwent a transition around 2007 in its summer ice
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characteristics (Fig. 2). Prior to this transition, the summer Beau-
fort Sea ice thickness distribution was characterized by a multi-year
thick ice mode between 2 and 2.5m, with long tails toward both
thinner and thicker ice. However, more recently this distribution
has a mode well below 0.5m and considerably thinner ice (Fig. 4).
A step function-like increase in the kinetic energy of Beaufort Gyre
was also observed to occur around 200738 that has been suggested
to be associated with the loss of sea ice39.

Nonetheless, recent ice thickness distributions have contribu-
tions from thick ice that sometimes even exhibit a secondary
mode at 2–2.5 m (Fig. 4). In particular, the Beaufort Sea in the
summers of 2020 and 2021 contributed approximately 10% of
total Arctic ice volume, a doubling of the mean value over 2007-
2021, and on par with contributions prior to 2007 (Fig. 2d). We
argue that advection during the previous cool season contributed
to the presence of thicker and older summer ice during 2020 and
2021, but that the advective mechanisms were very different in
these 2 years. In particular, winter and spring 2020 were char-
acterized by a collapse of the Beaufort High26 that caused the
Beaufort Gyre to reverse resulting in cyclonic ice motion across
the Arctic Ocean (Fig. 5f, g), an event first reported to have
occurred during the winter of 201724. The sea-level pressure
anomaly responsible for this collapse was centered over the
Barents Sea (Fig. 6a). This reversal of the normal anticyclonic ice
motion transported ice from the Chukchi Sea into the Beaufort
Sea and then into the western LIA (Fig. 6a), which contributed to
the presence of thick sea ice in the eastern Beaufort Sea and
western LIA (Fig. 1c, e).

The conditions leading up to summer 2021 were markedly
different. There was enhanced anticyclonic ice motion across the
Arctic during fall 2020 and winter 2021 (Fig. 5i, j) which was
associated with positive sea-level pressure anomalies that were
largest in the eastern Arctic (Fig. 6d). The importance of higher
sea-level pressures in the western Arctic during December 2020 to
February 2021 as a contributor to the enhanced transport of sea
ice into the Beaufort Sea from the LIA has been previously
noted23 and confirmed by the results in Fig. 7. We also emphasize
that sea-level pressure anomalies during winter 2021 were largest
in the eastern Arctic and it was this ridge that contributed to the

anomalously strong winds and ice transport into the Beaufort Sea
from the LIA and then to the Chukchi Sea (Fig. 6b, d).

Figure 1 clearly shows the presence of extensive regions of thick
and old Beaufort sea ice during the summers of 2020 and 2021.
Given that over the cool season of 2019/2020, there was advection
of thinner and younger ice from the Chukchi into the Beaufort,
how can one explain the presence of old ice during summer 2020?
We believe that the collapse of the Beaufort High during the pre-
ceding cool season and the concomitant ice motion reversal trap-
ped old ice that would have normally exited the Beaufort into the
Chukchi. The reversal also led to thicker ice as a result of con-
vergence against Banks Island (Fig. 1e) This distinction is con-
sistent with the presence in summer 2020 of anomalous thick ice
(Fig. 4a) but near-climatological mean ice age (Fig. 4b).

As previously noted, the summer of 2020 was characterized by a
dipole in sea ice characteristics across the Wandel and Beaufort
Seas, i.e., low concentration, age, and thickness in the former and
high values in the latter. At the end of the preceding cool season,
both regions were characterized by the presence of thick ice that
was the result of anomalous ice advection associated with the
collapse of the Beaufort High (Fig. 6a, c, e). The different trajec-
tories that resulted in a summer minimum in the Wandel Sea and a
summer maximum in the Beaufort Sea were the result of ther-
modynamic and dynamic processes active during the summer.

We have shown that Beaufort Sea ice volume at the start of the
melt season is proportional to the cool season net ice volume flux
into the region, especially in recent years (Fig. 8). Prior to 2007,
Beaufort Sea ice was generally thicker and so transport into the
region (largely from the LIA) did not have a large impact on the
region’s ice volume. In the new thin ice regime, this transport
now plays a greater role in the region’s ice volume.

There is an ongoing debate as to the importance of ice thick-
ness anomalies during the preceding cool season versus warm
season atmospheric variability on summer sea ice extent5,36. Our
results indicate that June 1 Beaufort Sea ice volume anomalies
account for approximately 40% of the variance in the following
September mean ice concentration. However, a statistically sig-
nificant relationship linking cool-season sea ice volume transport
into the region and the following September mean ice con-
centration does not emerge from our results.

As sea ice becomes more mobile owing to general Arctic sea ice
thinning4,40, the large-scale advection anomalies studied here
may become more common. This may lead to enhanced inter-
annual variability in Beaufort Sea ice conditions, which will likely
have impacts on marine infrastructure41, shipping42, ecosystems,
and ice-dependent species. For example, polar bears prefer annual
sea ice as it generally occurs over productive waters over the
continental shelf. This rich environment allows polar bears to
gain enough weight in spring to survive a fasting period during
the ice-free season, when they largely live off their fat reserves
until the ice forms the following year43. Long-term loss of annual
sea ice is leading to longer open water seasons44 and numerous
studies show these trends are negatively impacting polar bears.
Multi-year ice advected into an otherwise ice-free area may have
transient benefits for polar bears, if they are able to utilize large
floes for opportunistic foraging. Opportunities to obtain even a
small number of seals during the fasting season have the potential
to impact both survival and reproduction45. At the same time,
redistribution of bears during summer with presence of MY ice
may impact subpopulation assessments designed around the low-
ice season to maximize detections of bears46.

Methods
The Beaufort Sea domain. For the purposes of this paper, we define the western
and eastern limits of the Beaufort Sea by 160oW and 120oW and the northern limit
by 78oN. The southern limit is defined by the coastline of Alaska and the Yukon
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Fig. 9 Relationship between June 1 ice conditions and September mean
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anomaly. Linear least squares fit to the data for the two regimes are also
shown as are the percentage of the variance explained. Both time series
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and Northwest Territories. Please refer to the polygon in Fig. 1 and some sub-
sequent figures. Similar definitions of the Beaufort Sea have been used by other
authors21,23. The results identified in this paper were not sensitive to small changes
in the definition of the domain.

The PIOMAS model. The Pan-Arctic Ice Ocean Modeling and Assimilation
System (PIOMAS) is a coupled ice ocean modeling and data assimilation system47.
It consists of coupled sea ice and ocean models that are forced by atmospheric
fields from the NCEP Reanalysis48. The sea ice model employs a multi-category
thickness and enthalpy distribution49 as well as a teardrop viscous plastic
rheology50. The ocean model is the Parallel Ocean Program (POP) model51, which
has 30 vertical levels of varying thicknesses that resolve both surface layers and
bottom topography.

PIOMAS employs a generalized orthogonal curvilinear coordinate system with
the “North Pole” displaced over Greenland and a mean horizontal resolution of
approximately 30 km. To provide lateral boundary conditions, the model is one-
way nested within a global version of the same model47.

PIOMAS assimilates satellite sea ice concentration and sea surface temperature
data and is calibrated and validated with all available in-situ and remotely-sensed
sea ice thickness and draft data27,47,52 as well as in-situ sea ice motion data from
buoys53,54.

Sea ice concentration. For sea ice concentration, we use the National Snow and
Ice Data Center – Climate Data Record (NSIDC-CDR). This dataset is derived
from passive microwave satellite data with a retrieval that is a merging of the NASA
Team and NASA Bootstrap algorithms37. The data is available from 1979 onwards
at horizontal resolution of 25 km. The data is available every 3 days up to 1984 and
daily afterwards.

Sea ice motion and age. The sea ice motion dataset31 blends passive microwave,
visible and infrared satellite data along ice buoy data and winds from the NCEP
Reanalysis48 to provide an estimate of ice motion. The data is available every 3 days up
to 1984 and on a daily basis afterwards at a spatial resolution of 12.5 km. The sea age
dataset55 provides an estimate of the age of sea ice up to ~15 years of age by tracking
the motion of contiguous areas of sea ice using the NSIDC’s sea ice motion dataset31.

Atmospheric reanalysis. The ERA5 reanalysis56 is used to characterize atmo-
spheric motion. It assimilates all available data from land stations, ocean and sea ice
buoys, radiosonde data as well as satellite data into a frozen version of the data
assimilation system from European Center for Medium Range Forecasting’s
Integrated Forecasting Center. It is available on an hourly basis at a horizontal
resolution of ~25 km from 1979-onwards. The 10 m winds and sea-level pressure
fields from the ERA5 were used in this study.

Fitting of data. Given the rapid warming that the Arctic is experiencing, most
environmental parameters are characterized by large changes. A number of dif-
ferent methods have been used to quantify these changes. The most common
approach is based on the assumption that the changes can be characterized by a
linear trend obtained by a linear least squares fit to the observed data34. However,
there is evidence that the changes are not uniform in time and piecewise linear fits
have also been used57. A challenge with this approach is the selection of the
breakpoint. Comiso et al.57 did not provide a rationale for their choice of break-
point. Moore et al.28 used a low frequency fit to the data derived using Singular
Spectral Analysis (SSA) to identify the breakpoint in time series of Greenland and
Iceland Sea heat flux time series. Moore et al.58 used a more reproducible technique
that selected the breakpoint of a paloeoproxy for Labrador Sea ice conditions
through the minimization of the root mean-square (rms) error based on all pos-
sible breakpoints. There is however evidence that changes may be nonlinear in
nature and are better characterized by step function changes38,59.

The choice of the paradigm to characterize the change (linear, piecewise linear
and step function) is not always evident. In this paper, we took an agnostic
approach and apply all three paradigms and for all possible breakpoints, selecting
the one that minimizes the rms error. The step function fits, with breakpoints in
either 2006 or 2007, for all metrics all have root-mean square errors that are
smaller than respective linear fits as well as all piecewise linear fits.

Data availability
The PIOMAS data is available from the University of Washingon’s Polar Sciences Center
and can be accessed at: http://psc.apl.uw.edu/research/projects/arctic-sea-ice-volume-
anomaly/data/model_grid.
The NSIDC ice age data is available from the National Snow and Ice Data Center and

can be accessed at: https://nsidc.org/data/NSIDC-0611/versions/4
The NSIDC ice concentration data is available from the National Snow and Ice Data

Center and can be accessed at: https://nsidc.org/data/G02202/versions/3
The NSIDC ice motion data is available from the National Snow and Ice Data Center

and can be accessed: https://nsidc.org/data/nsidc-0116/versions/4

The ERA5 reanalysis data is available from the Copernicus Climate Data Store and can
be accessed at: https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-
levels.
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