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The last two decades have seen a dramatic decline and strong year-to-year variability in
Arctic winter sea ice, especially in the Barents-Kara Sea (BKS), changes that have been
linked to extreme midlatitude weather and climate. It has been suggested that these
changes in winter sea ice arise largely from a combined effect of oceanic and atmo-
spheric processes, but the relative importance of these processes is not well established.
Here, we explore the role of atmospheric circulation patterns on BKS winter sea ice var-
iability and trends using observations and climate model simulations. We find that
BKS winter sea ice variability is primarily driven by a strong anticyclonic anomaly over
the region, which explains more than 50% of the interannual variability in BKS sea-ice
concentration (SIC). Recent intensification of the anticyclonic anomaly has warmed
and moistened the lower atmosphere in the BKS by poleward transport of moist-static
energy and local processes, resulting in an increase in downwelling longwave radiation.
Our results demonstrate that the observed BKS winter sea-ice variability is primarily
driven by atmospheric, rather than oceanic, processes and suggest a persistent role of
atmospheric forcing in future Arctic winter sea ice loss.
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Variation in Arctic winter (December—February) sea ice has received far less scientific
and public attention than summer sea ice, largely due to the fact that winter sea ice has
weaker trends and variability (1). Over the last two decades, however, the Arctic has
witnessed a dramatic decline in winter sea ice, particularly in the Barents-Kara Sea
(BKS), a hotspot of Arctic warming (2, 3), where the rate has quadrupled relative
to the preceding two decades (S Appendix, Fig. S1A) and is highest in the Arctic (1)
(Fig. 1A4). The BKS decline is responsible for one-third of the pan-Arctic winter sea ice
loss over the past four decades (S7 Appendix, Fig. S1) and determines, to a large extent,
Arctic winter sea-ice trends and variability. Superimposed on the secular trend is a
strong year-to-year sea ice variability, which mainly occurs in the BKS (87 Appendix,
Fig. S2), with the historical sea ice low set in the winter 2017 (Fig. 1). The winter sea
ice variability impacts the Arctic climate (4, 5), communities, and ecosystems (6, 7), and
potentially contributes to increased midlatitude extreme weather and climate [(3, 8-16)
and references therein].

The recent rapid decline in BKS winter sea ice has been largely attributed to both
oceanic (2, 17-21) and atmospheric (22-28) processes, but the relative importance of
these processes is still a matter of debate (21, 26). Observational studies have argued
for a leading role of the Atlantic Water (AW) (Fig. 14) and suggest that AW warming
enhances ocean heat transport (OHT) through the Barents Sea Opening (BSO) accel-
erating BKS sea ice decline (2, 18, 21). Such a mechanism appears to be supported by
both geological records (29) and climate simulations (17-19) but is inconsistent with
evidence for the recent slowdown of the Atlantic Meridional Overturning Circulation
(AMOC) (20, 30, 31), which is responsible for most of the poleward OHT in the
North Adantic (32). Furthermore, the calculated OHT through the BSO accounts for
a small fraction (38%, a largest explained variance when OHT leads SIC by 4 mo) of
the observed BKS sea ice concentration (SIC) (Fig. 1B and SI Appendix, Fig. S34).
This impact is even weaker on interannual time scales (detrended data) at which OHT
explains only 13% of the variance in the observed BKS SIC (87 Appendix, Fig. S4A).

In contrast, there is increasing evidence that BKS sea ice variability is highly linked
to atmospheric processes, including atmospheric temperature (33, 34), poleward heat
and moisture transport (25, 27, 33, 35), downward infrared radiation (26, 28), and
positive lapse-rate feedback (25, 34), all of which are largely controlled by large-scale
atmospheric circulation patterns. Observations show that BKS winter SIC is more
strongly linked to an anticyclonic anomaly over the region (Fig. 1C), with a maximum
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Fig. 1. Barents-Kara Sea (BKS) sea ice changes and its link to oceanic and atmospheric circulations over the period 1980-2020. (A) Linear trend (per decade)
of winter (DJF) sea-ice concentration (SIC). (B) Time series of SIC anomaly averaged over the BKS with the strongest sea ice decline (20-80°E and 70-85°N;
green box shown in A) and autumn (ASO) Atlantic Ocean heat transport (OHT) anomaly across the Barents Sea Opening (BSO; red line shown in A) (see
Materials and Methods). (C) Winter 300-hPa geopotential height (Z300) regressed onto the standardized BKS SIC index defined in (B). (D) Time series of the
BKS SIC and Z300 anomalies (area-averaged over the 20-100°E and 65-85°N; green box shown in C). The two seasons for oceanic and atmospheric circula-
tion are chosen based on the maximum correlation between the circulation and SIC indices (S/ Appendix, Fig. S3). Back and gray numbers in (B) and (D) show
the correlations without and with winter 2017 (circle) included, respectively (S/ Appendix, Text S1). Red arrows show the main pathways of Atlantic Water
toward the Arctic in (A). The stippling in (A) and (B) indicates statistical significance at the 5% level.

correlation of —0.77 (Fig. 1D and SI Appendix, Fig. S3B) if
winter 2016/17 (SI Appendix, Text S1 and Fig. S5), an outlier,
is excluded (unless otherwise stated, the winter 2016/17 atmo-
spheric circulation is not included in the following analysis).
This link remains strong and robust (» = —0.72, P < 0.01)
even after the long-term trends are removed (SI Appendix,
Fig. S4B).

Disentangling the relative importance of oceanic and atmo-
spheric processes in BKS winter sea ice variability is challeng-
ing, largely due to strong ocean-atmosphere coupling. In this
study, we combine satellite observations of SIC (36), ERA5
atmospheric reanalysis (37), and numerical simulations (see
Materials and Methods) to investigate the effect of atmospheric
circulation patterns on BKS winter sea ice over the period
1980-2020 and the underlying physical mechanisms, demon-
strating that atmospheric forcing, rather than oceanic forcing, is
the dominant driver of Arctic winter sea ice variability.

Role of Atmospheric Circulation in Sea Ice
Variability

During the study period, a winter anticyclonic anomaly, with
an equivalent barotropic structure, strengthened over the BKS
(81 Appendix, Fig. S6 A and B). This circulation pattern is nei-
ther obviously similar to the Arctic Oscillation (AO) (38) or
the Arctic Dipole (AD) (39), nor does it follow summertime
patterns that feature an anticyclonic anomaly over Greenland
(GL-Z200) (40) or the western Arctic (41, 42). It is broadly
similar to that associated with BKS winter SIC variability on
both interannual (SI Appendix, Fig. S6 C and D) and decadal
(Fig. 10 time scales, supporting a robust link between BKS
winter sea ice and atmospheric circulation patterns. Fig. 1D
shows the temporal evolution of the indices of BKS SIC and
anticyclonic anomalies. The BKS SIC, like the sea ice extent
(81 Appendix, Fig. S1A), exhibits a significant negative trend
(—6.5% per decade, P < 0.01) over the period 1980-2020,
with strong interannual to decadal variability. Before 1999, the
BKS SIC declined slowly with an insignificant trend of —0.7%

20of 7 https://doi.org/10.1073/pnas.2120770119

per decade. Since then, the BKS SIC has declined at a faster
rate (—8.1% per decade, P < 0.01 over the period 2000-2020)
culminating in a record low in winter 2017. These changes in
BKS SIC are mirrored by variations in the index of BKS anticy-
clonic anomaly, further corroborating the link between BKS
sea ice and atmospheric circulation pattern.

To determine the cause-and-effect relationship between the
identified BKS anticyclonic anomaly and SIC variability, we per-
form a lead-lag correlation analysis based on the indices of BKS
SIC and anticyclonic anomalies. We find significant correlations
when the BKS anticyclonic anomaly leads SIC by 0-4 mo, with
a maximum for a zero lag (SI Appendix, Fig. S3B). In contrast,
correlations are weak or insignificant when the BKS anticyclonic
anomaly lags SIC by 1-2 mo. This suggests that atmospheric
circulation is the driver of, not the response to, BKS sea ice vari-
ability (11). The BKS anticyclonic anomaly accounts for 59% of
the variance in winter SIC over the study period, overshadowing
the effect of OHT (Fig. 1 B vs. D). However, the influence of
the BKS anticyclonic anomaly might be obscured by anthropo-
genic forcing. To circumvent this limitation, we examine the
detrended data, hereafter referred to as “interannual.” The BKS
anticyclonic anomaly accounts for 52% of the interannual vari-
ance in SIC, comparable to the contribution (49%) of atmo-
spheric internal variability estimated from the Coupled Model
Intercomparison Project phase 6 (CMIP6) (43) preindustrial con-
trol (piControl) simulations (S/ Appendix, Fig. S7). This indicates
that winter sea ice variability in the BKS is largely dominated by
the BKS anticyclonic anomaly, which far outweighs effects not
only of anthropogenic forcing, but also of other large-scale oce-
anic or atmospheric circulation patterns reported previously (23,
24, 42, 44-46) (SI Appendix, Table S1). We therefore argue
that the BKS anticyclonic circulation is the dominant driver of
winter sea ice variability in the region, both on interannual and
decadal time scales (SI Appendix, Fig. S8).

The cause and dominant role for atmospheric forcing on
BKS winter sea ice variability is also supported by physical
model simulations. We first run version 5A of the Laboratoire
de Météorologie Dynamique-Zoom (LMDZ5A) (47) general
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circulation model nudged toward reanalysis wind fields (labeled
“forced-nudged simulation”), but with imposed climatological
sea surface temperature (SST) and sea ice, as well as fixed CO,
(see Materials and Methods). In a second simulation, we couple
LMDZ5A to a slab ocean sea-ice model (labeled “slab-nudged
simulation”) with a flux correction to assess how SST and sea
ice respond to the atmospheric forcing through thermodynamic
processes (see Materials and Methods). Both simulations success-
fully reproduce the observed amplification of the anticyclonic
circulation over the BKS (8/ Appendix, Figs. S9 A-C and
S104). The anticyclonic anomaly leads to some significant model
warming over the BKS, but the magnitude of these effects is sys-
tematically underestimated relative to observations (S7 Appendix;
Figs. S9 D—F and S10B). This underestimate is not unexpected
considering the model limitations and our experiment design:
the atmosphere—ice—ocean interactions are largely missing in the
slab ocean-sea ice model, and anthropogenic warming was not
included in our experiments. Simulated SIC mimics well the
observed pattern and shows a declining trend in the Arctic, with
the fastest rate in the BKS, but its magnitude is also underesti-
mated (S Appendix, Figs. S9 G and H and S100). The under-
estimated trend in sea ice decline is largely because the model
simulates lower SIC than observed before the mid-2000s (S/
Appendix, Fig. S10C). This underestimate of winter ice growth
is found in other sea ice models (48), but the reasons for it
remain unclear. Despite these biases, our simulations accurately
reproduce the interannual variability of Arctic winter climate and
sea ice (SI Appendix, Fig. S10 D—F), which enables us to diagnose
the role of atmospheric circulation in driving interannual variabil-
ity of BKS sea ice and the associated physical mechanisms.

Fig. 2 compares the observed and simulated (slab-nudged sim-
ulation) Arctic SIC anomalies (Fig. 2 A and B) regressed onto the
respective BKS anticyclonic indices, which show strong covari-
ability with a shared variance of 97% (SI Appendix, Fig. S10D).
The simulated Arctic SIC responses to interannual variability in
the BKS anticyclonic anomaly bear a strong resemblance to the

SIC (%)

SIC (%)

SiC® g SIC®%) O

SIC (%) m

observed counterpart, with a pattern correlation of 0.82 over the
entire Arctic north of 70°N. Both show the strongest sea ice
decline in the BKS, where the simulated atmospheric forcing
accounts for 64% of the observed interannual SIC variability
(Fig. 2D). This atmospheric forcing is mainly manifested as the
variability of the BKS antcyclonic anomaly, which explains
55% of the interannual SIC variance in our model (Fig. 2F),
comparable to the observed target (52%) (Fig. 20).

Role of Local Feedbacks in Sea Ice Variability

Although we have provided evidence that atmospheric forcing
is the dominant driver of interannual variability in BKS sea ice,
we have not ruled out the possible contribution of oceanic pro-
cesses through feedbacks between sea ice and the atmosphere
[sea ice loss can increase upward turbulent heat flux at the sur-
face and therefore affect the atmospheric circulation (33, 49)].
To isolate the impact of atmospheric forcing from those caused
by sea-ice feedbacks, we further compare the forced-nudged
and slab-nudged simulations. Despite the substantial difference
in SIC changes (the linear trend of SIC is close to zero in the
forced-nudged simulation), both simulations exhibit very simi-
lar spatial patterns in tropospheric circulation and temperature
trends, with enhanced anticyclonic anomaly and warming over
the BKS (87 Appendix, Fig. S9 B, C, E, and F). These are com-
parable to the observed counterparts, but with a systematic
underestimation of the warming trend (and thus sea ice
decline) over the BKS (87 Appendix, Figs. S9 and S10 A-C). As
stated above, this underestimate is associated with the model lim-
itations and our experimental design. Regardless of these biases,
the robust similarity in tropospheric circulation and low-level
temperature trends between the two simulations suggests that the
warming and sea ice decline in the BKS are largely a consequence
of the atmospheric forcing. This inference is further confirmed
by the thermodynamic responses to interannual variability of
sea ice in the two modeling experiments. In the forced-nudged
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Fig. 2. BKS SIC responses to interannual variability in atmospheric circulation. (A) Detrended Arctic winter SIC anomalies regressed onto the standardized
BKS circulation index (Z300) for observations. (B) Same as (A) but for the slab-nudged simulation. (C) Detrended time series of the BKS SIC and circulation
anomalies for observations. (D) Detrended time series of the observed and simulated (slab-nudged) BKS SIC anomalies. (F) Same as (C) but for the slab-
nudged simulation. Data of SIC and Z300 are obtained from the NSIDC and the ERA5, respectively. The stippling in (A) and (B) indicates statistical significance

at the 5% level.
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simulation, atmospheric forcing associated with the BKS anticy-
clonic anomaly results in significant lower-tropospheric warming
and moistening, and thus increased surface downward longwave
radiation (DLR) over the BKS, despite the absence of sea ice
variability (87 Appendix, Fig. S11 A-C). Similar patterns are also
seen in the slab-nudged simulation, but with slightly strength-
ened magnitude due to local feedbacks caused by sea ice reduc-
tion (SI Appendix, Fig. S11 D-F). Correlations indicate that
these thermodynamic variables share approximately 90% of the
variances between the forced-nudged and slab-nudged simula-
tions (S/ Appendix, Fig. S12), implying that local feedbacks may
contribute about 10% to interannual variability of BKS tempera-
ture and sea ice. Our results are consistent with previous studies
(11, 40) and corroborate that BKS winter sea ice variability is
primarily driven by atmospheric forcing.

Thermodynamic Mechanisms for Atmospheric
Forcing on Sea Ice Variability

To further understand the physical mechanisms at play, we
investigate the thermodynamic processes associated with the
BKS anticyclonic anomaly. Fig. 3 shows the thermodynamic
responses to interannual variability in BKS anticyclonic anomaly
in both reanalysis and slab-nudged simulation. The enhanced
BKS anticyclonic anomaly is closely linked to increased transport
of atmospheric heat and moisture from the Mediterranean—
Black—Caspian seas and Baltic-North Sea regions (35) into the
BKS, which raises temperature and humidity in the lower-
troposphere and aloft (Fig. 3 and SI Appendix, Fig. S13) leading
to increased DLR (25, 27, 35, 50) (Fig. 3 C and F). These con-
ditions are probably enhanced by anticyclone-induced adiabatic
subsidence (40), which amplifies bottom warming and causes
a positive lapse-rate feedback [namely greater warming in the
lower than upper troposphere (34)] (SI Appendix, Fig. S13 A
and (), and by increased local moisture (12, 35), which warms
and moistens the lower-level atmosphere by the upward infrared

T (°C)

T (°C)

and turbulent fluxes (S/ Appendix, Figs. S11 and S13). These
combined thermodynamic processes melt or suppress the growth
of sea ice in the BKS. The above diagnostic mechanisms are sup-
ported by strong interrelationships between the indices of BKS
anticyclonic anomaly, thermodynamic parameters and SIC in
both observations and slab-nudged simulation (87 Appendix, Fig.
S14). Contrastingly over Eurasia, the atmospheric equatorward
heat and moisture transport from the Arctic due to the BKS
anticyclonic anomaly has caused cold and dry anomalies (Fig. 3).
This contrasting pattern between the BKS and Asian continent
is consistent with recent observational and modeling studies (10,
11), and has been attributed to tropical Pacific-driven poleward
propagating waves (51-53) and Arctic atmospheric circulation
rather than sea ice loss (11, 13, 54). Our work supports these
studies and further reveals how the BKS anticyclonic anomaly
drives sea ice variability through thermodynamic perturbations.

Cloud cover associated with the BKS anticyclonic anomaly
may also contribute to Arctic winter sea ice variability through
cloud-radiation feedback (33, 40, 50, 55). In winter during
polar night, the downwelling shortwave radiation (DSR) can be
neglected over the Arctic and cloud cover has a net greenhouse
effect through creating strong DLR (49). Previous work indi-
cates that increased low clouds due to an anticyclonic anomaly
over Greenland contribute to Arctic summer sea ice loss (40).
However, we find a strong decrease in winter low clouds over
the BKS in reanalysis, which is not captured by our simulations,
in response to enhanced anticyclonic anomaly (S7 Appendix;, Fig.
S15 A and D). This is not unexpected given the anticyclone-
driven adiabatic subsidence (56), which inhibits the formation of
low clouds by warming and drying the lower-level atmosphere.
By contrast, a slight increase in high clouds over the BKS is
apparent in both reanalysis and simulations (S/ Appendix, Fig.
S15 Cand F), largely a result of the intrusion of warm and moist
air masses into the region (55, 57). This increase in high clouds
that have a strong greenhouse effect (58, 59) may have partly
contributed to BKS winter sea ice decline (60).
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Fig. 3. Thermodynamic responses to interannual variability in BKS atmospheric circulation. (A) Regression patterns of the detrended winter lower-
tropospheric (1,000-850 hPa) temperature (shading) and vertically integrated heat flux (arrows) onto the standardized BKS circulation index for observa-
tions. (B and C) Same as (A) but for lower-tropospheric (1,000-850 hPa) specific humidity (shading) and vertically integrated moisture flux (arrows; B), and
downwelling longwave radiation (DLR) (C). (D-F) Same as (A)-(C) but for the slab-nudged simulation (Winter 2017 included). Shading with stippling indicates
statistical significance at the 5% level in all plots. In (4), (B), (D), and (), only vectors are shown when regressions are statistically significant at the 5% level.
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Our simulations provide robust evidence that atmospheric
forcing plays a more important role in driving BKS winter sea
ice variability on interannual to decadal time scales than does
oceanic forcing. This implies that atmospheric forcing is a
dominant driver of ongoing Arctic winter sea-ice decline,
given similar mechanisms at play. This atmospheric forcing
mechanism itself is not new (25, 27, 33-35), but its domi-
nance in Arctic winter sea ice variability over the past four
decades has not been recognized, given the prevailing assump-
tion that oceanic forcing plays a leading role in Arctic winter
sea ice reduction (2, 18, 21). We cannot rule out the contri-
bution or primacy of oceanic forcing to long-term (multideca-
dal or longer) Arctic sea variability because oceanic circulations
have much longer time scales (61). In fact, some oceanic pro-
cesses (e.g., AMOC) may have contributed to low-frequency
variability in Arctic sea ice, accounting for the majority of
the sea ice loss unexplained by atmospheric processes (45,
62). These oceanic processes reduce the thickness or forma-
tion of winter sea ice through warm AW transport and
make BKS sea ice more susceptible to atmospheric forcing

(63, 64).

Discussion and Summary

Despite the importance of an anticyclonic anomaly in driving
Arctic winter sea ice variability, it is unclear whether it is a forced
response or arises from internal variability. To address this, we
turn to the latest-generation climate models from the CMIP6
(43). The CMIP6 multimodel ensemble mean (MMEM) for his-
torical simulations appears to reproduce the observed anticy-
clonic circulation over the Arctic, but with a very weak anomaly
and the center of action shifted substantially westward and
northward (8 Appendix, Fig. S16A4). This weak anticyclonic
anomaly is generally associated with a reduction in Arctic SIC,
especially in the BKS, where the strongest sea ice reduction in
response to the BKS anticyclonic anomaly is well captured (Fig.
4 A and B). This adds further support that changes in BKS
winter sea ice are closely linked to the BKS anticyclonic anomaly.
The simulated BKS anticyclonic trend (44.9 m per 41 vy,
1980-2020) in the MMEM, which removes internally generated
variability and largely represents the externally forced response
(10, 65), is much weaker than its observed counterpart (80.2 m
per 41 y) and only accounts for 56% of the observed trend (Fig.
4 Cand D). These differences in the location of the circulation
center of action and trend probably reflect systematic biases in
the CMIP models, which tend to underestimate the Arctic win-
ter circulation anomaly and southerly moisture flux into the BKS
(66, 67), and thus warming and sea ice reduction (68). On
the other hand, these differences may imply that the observed
BKS anticyclonic anomaly arises partly from internal variability
superimposed on an externally forced response. The internally-
induced BKS circulation trends (—13.5 m per 41 y for the
MMEM) estimated from the piControl simulations, though
exhibiting larger uncertainty, are generally less than those derived
from the historical simulations (Fig. 4C). This can be interpreted
to indicate that anthropogenic greenhouse forcing enhances the
BKS circulation trend. Nonetheless, external forcing alone can-
not explain the discrepancy between the observed and simulated
BKS circulation trends. Thus, the observed, unusual BKS circu-
lation trend might be partly due to internal variability. This
inference is also confirmed by future high-emission scenario sim-
ulations (e.g., SSP5-8.5) that project an intensified anticyclonic
anomaly over the Arctic, but with a pattern similar to neither
observations nor historical simulations (S Appendix, Fig. S16B).
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Fig. 4. CMIP6 multimodel simulated BKS SIC responses to atmospheric
circulation changes. (A) Linear trend (per decade) of Arctic winter SIC in the
multimodel ensemble mean (MMEM) over the period 1980-2020. (B) Arctic
winter SIC regressed onto the standardized BKS circulation index in the
MMEM. (C) Scatter plot of the BKS SIC and circulation trends from the
historical and piControl simulations. (D) Same as (C) but for historical and
ssp585 simulations. In (C), the trends in the piControl simulations are calcu-
lated based on 41-y-long nonoverlapping segments extracted from the
simulations (see Materials and Methods). Open circles show the trends for
individual models and solid circles for the MMEM (colored) with one SD
(crosses) across models. Solid black circles in (A) and (B) denotes the
observed trend (Winter 2017 included). The stippling in (A) and (B) indicates
statistical significance at the 5% level.

Although the projected trend of the BKS anticyclonic index is
more than doubled (105.1 m per 41 y, 2060-2100) during the
latter decades of this century relative to the historical period
(1980-2020), it is only close to the observed trend over the past
decades. This suggests that a substantial part of the observed
BKS circulation trend is due to internal variability (13) or that
model projections underestimate the externally forced response.
In sum, the observed BKS circulation trend discussed here is
likely to arise from both internal variability and anthropogenic
forcing, but the extent of the contribution from each is still an
open question.

In conclusion, we demonstrate that Arctic winter sea ice
variability and trends are primarily driven by a persistent anti-
cyclonic anomaly over the BKS over the past decades. This
circulation anomaly accounts for more than half of the year-to-
year variability in BKS winter sea ice through a series of
thermodynamic processes and is expected to further strengthen
toward the end of this century under high-emission scenarios.
Our results reconcile previous conflicting studies on the relative
importance of oceanic and atmospheric processes (21, 26), as
well as on the causal relationship between Arctic winter sea ice
loss and atmospheric circulation (10, 11, 15). Given the simu-
lated Eurasian cooling in response to the BKS anticyclonic
anomaly, our work may also help clarify the cause of enhanced
weather and climate extremes in northern midlatitudes, which
largely arise from changes in BKS anticyclonic circulation
rather than reduced sea ice (11, 13). Our study provides a
perspective on the crucial role that large-scale atmospheric
circulation plays in Arctic winter climate changes, which may
have growing consequences for the trends, variability, and
predictability of future Arctic sea ice and midlatitude weather
extremes.
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Materials and Methods

Model Simulations. The model simulations used here are taken from our
recent work (42) that provides a detailed description of the models and experi-
mental designs. A brief outline of model simulations is given here. We perform
simulations with version 5A of the Laboratoire de Météorologie Dynamique-
Zoom (LMDZ5A) (47) general circulation model, which is the atmospheric com-
ponent of the Institute Pierre Simon Laplace (IPSL) coupled model IPSL-CM5A
(69), coupled to a slab ocean sea-ice model (70). The model is run on a
1.875° x 3.75° (latitude x longitude) grid with 39 hybrid layers in the vertical
dimension. The slab ocean is used as the surface model coupled to LMDZ5A, in
which a simple thermodynamic sea-ice model (70) is included to provide an
interactive representation of the sea ice. The heat transport by the ocean circula-
tion is accounted for by adding a seasonally varying heat flux correction, usually
referred to as Q-flux, to the surface heat fluxes. This heat flux is used to correctly
reproduce the observed pattem of SST and sea ice.

We conduct two suites of model experiments. In the first experiment, the
LMDZ5A is nudged toward the reanalyzed winds with a relaxation time of 1 h (71),
but with imposed climatological sea surface temperature (SST) and sea ice condi-
tions, as well as fixed CO,. The simulation is run for 44 y (1977-2020), with the first
2y considered as spin-up and thus discarded from the analysis (hereafter called
"forced-nudged simulation”). In the second experiment, we include the same forc-
ing, but couple the above LMDZ5A to the slab ocean sea-ice model with a heat flux
correction (Qflux) so that SST and sea ice can respond to the atmospheric forcing
through thermodynamic processes (hereafter called “slab-nudged simulation”). The
Q-flux is calculated for a monthly time scale based on the forced-nudged simulation
described above, with conditions averaged over the period 1979-2020.

CMIP6 Simulations. To complement our analysis, monthly 300-hPa geopoten-
tial height (Z300) and sea ice concentration (SIC) outputs from 16 CMIP6 (43)
models (accessed via the Earth System Grid Federation (ESGF) system at https://
esgf-node.lInl.gov/search/cmipb) summarized in S/ Appendix, Table S2 are used.
All these models include the following standard experiments: preindustrial con-
trol (piControl), historical (1850-2014) and SSP5-8.5 (2015-2100) simulations.
The historical and SSP5-8.5 simulations are forced with historical anthropogenic
and natural forcings, and future high-emission scenario SSP5-8.5 (with a forcing
of 8.5Wm~?in 2100), respectively. The external forcings of the piControl simu-
lation are held constant at preindustrial levels. As the length of the piControl
simulation varies between models, we extract 42-y (41 winters) nonoverlapping
samples from each model (to match the length of the observational record) for
our analysis. Only the first realization (r1i1p1f1) is used here. To facilitate our
analysis, all model data are interpolated onto a common 1° x 1° grid using a
bilinear interpolation scheme.

Ocean Heat Transport. Ocean heat transport (OHT) across the Barents Sea
Opening (BSO) (Fig. 14) section is calculated as the spatial integral of the advective
heat flux perpendicular to the grid cells from surface down to a depth of 300 m:

OHT = /AcppWU(T—T,ef)dA
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where ¢, and p,, are the specfic heat (3,850 J kg~' K') and density
(1,025 kg m~3) of seawater, U is the ocean velocity normal to the BSO section, A is
surface area of the BSO section, T is the ocean potential temperature, and T, is the
reference temperature that is set to 0 °C (18).

Observational and Reanalysis Data. The observed monthly sea ice concen-
tration (SIC) (36) is provided by the National Snow and Ice Data Center (NSIDC)
for the 1979-2020 (available at https://nsidc.org/data/nsidc-0116/versions/3).
The atmospheric and oceanic data used here are taken from the ERAS (37) and
ORAS5 (72) reanalyses of the European Centre for Medium-Range Weather Fore-
casts (ECMWF), respectively (available at https://www.ecmwf.int/en/forecasts/
datasets/reanalysis-datasets/era5 and https://www.ecmwf.int/en/research/climate-
reanalysis/ocean-reanalysis, respectively). The ERAS is the latest generation
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to provide realistic variability in ocean heat storage and oceanic transports in the
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