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The Arctic Oscillation (AO) is a dominant atmospheric mode in the Northern Hemisphere, influencing
weather and climate. Its variations are driven by numerous factors, including Arctic seaice, particularly
autumn Barents-Kara Sea ice concentration (SIC), which can significantly impact the AO through
planetary wave dynamics. However, the interdecadal stability of this relationship remains unclear. This
study detected the weakened November Barents-Kara SIC-January AO connection after the mid-
1990s. Observational and model analysis showed that from 1979 to 1994, their relationship was driven
by the North Atlantic tripole (NAT) sea surface temperature (SST) anomalies, which influenced storm
track activities over North Atlantic and Eurasia, thus inducing a wave train resembling the
Scandinavian pattern. After the mid-1990s, weakened interannual variability of the NAT SST
anomalies disrupted this mechanism. These findings highlight the critical role of mid-latitude ocean-
atmosphere interactions in Arctic climate variability and emphasize the need for further research on

long-term AO-SIC linkages.

The Arctic Oscillation (AO) is one of the most dominant atmospheric
modes in the Northern Hemisphere'”. Its variations can exert notable
impacts on weather, climate, and daily life’. Hence, it is important to
study how the AO changes. The spatiotemporal variation of the AO can
be influenced by various factors, such as the stratospheric polar vortex™”.
In addition, the negative phase of the AO can be triggered by changes of
Eurasian snow cover in the preceding autumn’. Changes of Eurasian
snow cover can induce the upward propagation of planetary waves and
weaken the stratospheric polar vortex, triggering the negative phase of
the AO in winter'’. Previous studies have revealed that ocean-
atmosphere interactions can also influence the AO. For instance, the
Atlantic Multidecadal Oscillation (AMO) can shift the atmospheric
baroclinic zone and enhance the air temperature gradient over North
Atlantic, resulting in a more pronounced AO in the subsequent winter by
affecting transient eddy activities'"'. Besides, North Atlantic sea surface
temperature (SST) anomalies play an important role in shaping the
Arctic center of the AO".

Arctic sea ice is also a crucial factor that affects the AO. Changes of the
autumn Arctic sea ice concentration (SIC) exerts notable impacts on the
winter AO""*. Specifically, reduced SIC in autumn can alter surface albedo,
which can further weaken the stratospheric polar vortex through upward
propagation of planetary waves'’. Weakened stratospheric polar vortex
propagates downward to the lower troposphere in the subsequent winter,
triggering a negative phase of the AO** ™. In recent decades, Arctic sea ice
has been rapidly melting, with the most severe melting occurring over the
Barents-Kara Sea”. Hence, reduced SIC over the Barents-Kara Sea can exert
notable impacts on Eurasian climate. For example, reduced Barents-Kara
SIC in November can shift the location of the Siberian storm track™.
Changes in the Siberian storm track can affect cyclone activities in the
downstream polar region and induce a negative phase of the AO in the
subsequent winter”.

In recent decades, owing to rapid global warming and the melting of
Arctic sea ice, the AO-Eurasian climate connection has become
unstable™**. The relationship between the AO and the East Asian
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winter monsoon strengthened after the 1980s, which may be attributed
to the melting of the Barents-Kara SIC**"'. Additionally, Song et al.”
detected a weakened relationship between the November Barents-Kara
SIC and the winter North Atlantic Oscillation (NAQO) after the mid-
1990s. Because of the similarity between the NAO and the AO, the Arctic
sea ice-AO connection may also undergo similar changes™”, but it still
remains unclear. Understanding changes of the Arctic sea ice-AO
connection can help improve the prediction skill of the AO and the AO-
related extreme weather events. Consequently, in this study, we aimed to
investigate the interdecadal changes in the Arctic sea ice-AO relation-
ship and explore the possible mechanisms for these changes.

Results

Changes in the relationship between autumn Arctic SIC and
winter AO

The positive phase of winter AO was preceded by a notable increase in
autumn SIC over the Barents-Kara Sea (75°N-83°N, 15°E-90°E,
Fig. 1a), which was consistent with previous studies”****. Here, the
normalized area-averaged SIC over the Barents-Kara Sea was defined
as the Barents-Kara SIC index. The correlation coefficient between the
autumn Barents-Kara SIC and the winter AO during the study period
(1979-2015) was 0.41 (p <0.05). However, according to the 21-year
sliding correlation analysis, their relationship weakened from over 0.6
(p <0.05) during 1979-1994 to approximately 0.3 (p > 0.1) after that
(Fig. le). To investigate the weakened relationship between the
autumn Barents-Kara SIC and winter AO after the mid-1990s,
detailed analysis was performed. The relationship between January
AO and Barents-Kara SIC in autumn was the most significant during
the entire research period, with a correlation coefficient of 0.4
(p <0.05). Meanwhile, the correlation coefficient between December
(February) AO and the autumn Barents-Kara SIC was only 0.24 (0.28),
which was insignificant and could be further verified by conducting
regression and sliding correlation analysis (Figures S1, S2). A more
detailed analysis revealed that January AO was notably correlated with
the Barents-Kara SIC in the preceding November and October
(Fig. 1b, c). The correlation coefficient between January AO and the
November Barents-Kara SICwas 0.32 (p < 0.1) over the entire research
period. However, their correlation coefficient decreased from nearly
0.6 (p<0.05) during 1979-1994 to only 0.14 (p>0.1) post-1994
(Fig. 1f). The correlation coefficient between January AO and the
Barents-Kara SIC in October was 0.58 (p <0.05) over the entire
research period. Although their connection also weakened after the
mid-1990s, they remained significantly correlated (0.37, p <0.1)
(Fig. 1g). The relationship between the January AO and September
Barents-Kara SIC weakened after 1990. However, both the change in
their relationship and their correlation coefficients were less sig-
nificant than those between the November Barents-Kara SIC and
January AO (Fig. 1d, h). In conclusion, the January AO-November
Barents-Kara SIC relationship experienced the most robust change
during the research period, reflecting the focus of this study.

Changes in the Barents-Kara SIC-related circulation anomalies
To explore the possible mechanisms that could explain the weakened
relationship between the November Barents-Kara SIC and January AO after
the mid-1990s, the research period was divided into two subperiods: 1979-
1994 (P1) and 1995-2015 (P2). It should be noted that the sign-reversed
Barents-Kara SIC index was applied in the regression and correlation
analysis afterwards. The reduced November Barents-Kara SIC during P1
was accompanied by a significant wave train extending from the mid-
latitude North Atlantic to the polar region at 200 hPa (Fig. 2a). This wave
train reflected the Scandinavian (SCA) pattern with a spatial correlation
coefficient of 0.71 (p < 0.1, figure not shown). Such wave train propagated
north-eastward and caused an anticyclonic anomaly over the Ural region
(50°N-80°N, 10°E-70°E) (Fig. 2a). It should be noted that the SCA-like wave
train exhibited an equivalent barotropic structure throughout the

troposphere (Figure S3). Meanwhile, downward turbulent heat flux (the
sum of sensible turbulent heat flux and latent turbulent heat flux) occurred
over the southern Barents sea (Fig. 2¢c). The anomalous anticyclone over the
Ural region could transport warm and moist air from subtropical North
Atlantic to the Arctic region, which warmed the sea surface through
downward turbulent heat flux and resulted in reduced Barents-Kara SICas a
consequence. Reduced Barents-Kara SIC induced a south-eastward pro-
pagating wave train and formed a cyclonic anomaly over East Asia (30°N-
60°N, 70°E-120°E) (Fig. 2a). Additionally, upward turbulent heat flux
occurred over the northern Barents-Kara sea (Fig. 2c). This indicated that
reduced Barents-Kara SIC increased the amount of open water and the
atmosphere above the northern Barents-Kara sea became warmer and
moister because of the heat and mass transport from the open water. This
process has been verified by previous studies™”. Hence, notable water vapor
flux (WVF) convergence occurred over the Barents-Kara sea (Fig. 2e). Then
the water vapor was transported south-eastward due to the anticyclonic
anomaly over the Ural region, causing WVF divergence south of the Ural
region and convergence over East Asia. Anomalous WVF convergence
(divergence) led to more (less) total column snow water (TCSW) (Fig. 2g).
Hence, a snow cover zonal dipolar structure was formed over Eurasia, with
snow cover increasing over East Asia and decreasing south of the Ural
region (Fig. 2i). Reduced Barents-Kara SIC and Eurasian snow cover
anomalies can exert impacts on the atmospheric circulation through
troposphere-stratosphere coupling™*™*'. To better understand this process,
the Eliassen-Palm (E-P) flux was calculated and regressed onto the sign-
reversed Barents-Kara SIC index. Reduced Barents-Kara SIC in P1 was
accompanied by upward propagation of planetary waves around 50°-60°N
(Figure S4a). Interestingly, the most significant upward propagation
occurred over the region where the Eurasian snow cover zonal dipolar
structure occurred. This indicated the joint effort of the reduced Barents-
Kara SIC and the Eurasian snow cover zonal dipolar structure on the
troposphere-stratosphere coupling (Figure S4a). What's more, we used
time-height evolution diagram of polar cap height to further verify the
upward propagation of planetary waves. Here, composite analysis was
applied according to the Barents-Kara SIC index. During P1, positive geo-
potential height anomalies propagated upward to approximately 20 hPa in
November when the Barents-Kara SIC was reduced, indicating that the
stratospheric polar vortex was weakened (Fig. 3e). Previous study also
showed that the eastern Siberian pole of the snow cover zonal dipolar
structure mainly caused the weakened stratospheric polar vortex in
December and January’, which highlighted the effect of regional snow cover
changes on stratospheric circulation. Here, the eastern Siberian pole is
formed through the joint effort of the reduced Barents-Kara SIC and the
anticyclonic anomaly over the Ural region. This reflects the importance of
reduced Barents-Kara SIC and the associated atmospheric circulation in the
formation of the Eurasian snow cover zonal dipolar structure. During P2,
However, the SCA-like wave train disappeared (Fig. 2b), characterizing as a
north-eastward shift of the anticyclonic anomaly over the Ural region.
Although the atmospheric circulation anomalies could still result in
decreased Barents-Kara SIC through downward turbulent heat flux
(Fig. 2d), the different atmospheric circulation conditions led to WVF
convergence and increased TCSW over the Ural region (Fig. 2f, h). Hence,
the Eurasian snow cover zonal dipolar structure disappeared in P2 (Fig. 2j),
which eventually led to weakened troposphere-stratosphere coupling
(Figure S4d, Fig. 3f).

In P1, the SCA-like wave train in November developed into a hemi-
spheric zonal wave train in December with an equivalent barotropic
structure (Fig. 3a, Figure S5), which further weakened the stratospheric
polar vortex through upward propagating E-P flux (Figure S4b)*. In
addition, weakened stratospheric polar vortex began to propagate down-
ward in December as well, characterizing as downward propagating E-P flux
over the Arctic region and notable downward propagation of positive
geopotential height anomalies over the polar region in late December
(Figure S4b, Fig. 3e). The downward propagation of planetary waves peaked
in January. Not only did downward propagating E-P flux occur over mid-to-
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Fig. 1 | Changes in the autumn Arctic sea ice-
winter AO connection and the autumn Arctic sea
ice-January AO connection. a Regression of
autumn Arctic SIC (%) onto the normalized winter
AOQ index. Dotted areas denote the 90% confidence
levels. Regressions of (b) November, (¢) October,
and (d) September Arctic SIC onto the normalized
January AO index. Black boxes in (a-d) indicate the
Barents-Kara Sea. The 21-year sliding correlation
between the autumn Barents-Kara SIC index and the
normalized winter AO index is shown in (e). Sliding
correlation between the normalized January AO
index and (f) November, (g) October, and (h) Sep-
tember Barents-Kara SIC index. Black solid
(dashed) lines in (e—h) indicate the 95% (90%)
confidence levels.
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high latitude Eurasia (Figure S4c), but the positive geopotential height
anomalies over the polar region propagated downward to the lower tro-
posphere (Fig. 3e). Consequently, a negative phase of the AO was estab-
lished (Fig. 3¢). These results were consistent with previous studies, which
demonstrated that the SCA pattern in boreal autumn can weaken the
stratospheric polar vortex and result in the downward propagation of

planetary waves one month later, triggering the negative phase of the
AO™***, During P2, however, with the disappearance of the SCA-like
wave train, vertical propagation of planetary waves became less robust in
December and January (Fig. 3f, Figures S4d, f). Such atmospheric conditions
were unfavorable for the formation of the negative phase of the AO in
January. Accordingly, the anomalous anticyclone over the polar region in P1
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Fig. 2 | Changes of atmospheric circulations and Eurasian snow cover in
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weakened and shifted to the Atlantic sector in P2, whereas the anomalous
cyclone over the mid-latitude Pacific in P1 shifted northeastward toward the
Bering Strait in P2 (Fig. 3d).

From the above, the reduced November Barents-Kara SIC during P1
was accompanied by an SCA-like wave train extending from the mid-
latitude North Atlantic to the polar region. This equivalent barotropic wave

train formed an anomalous anticyclone over the Ural region and facilitated
reduced Barents-Kara SIC through downward turbulent heat flux. Then
massive amount of open water occurred over the Barents-Kara sea because
of the reduced Barents-Kara SIC. Consequently, the air above the Barents-
Kara sea became warmer and moister through upward turbulent heat flux
from the open water. Additionally, reduced Barents-Kara SIC triggered a
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south-eastward propagating wave train that formed a cyclonic anomaly over
East Asia. The aforementioned atmospheric circulation anomalies led to
anomalous WVF convergence over East Asia and divergence south of the
Ural region. The WVF anomalies caused by the reduced Barents-Kara SIC
and the anomalous anticyclone over the Ural region favored the formation
of the Eurasian snow cover zonal dipolar structure, which, together with the
reduced Barents-Kara SIC, induced upward propagation of planetary waves
and weakened the stratospheric polar vortex in November and December.
The weakened stratospheric polar vortex triggered downward propagation
of planetary waves in late December and January, which formed the negative
phase of the AO. Nevertheless, both the SCA-like wave train and the Eur-
asian snow cover zonal dipolar structure disappeared after the mid-1990s.
Hence, upward propagation of planetary waves was insignificant and the
atmospheric conditions were unfavourable for the formation of negative
phase of AO in January. To further verify these findings, the Eurasian snow
cover zonal dipolar structure index (SCE index) was defined as the nor-
malized area-averaged November snow cover over (40°N-55°N, 70°E-
120°E) minus that over (50°N-60°N, 25°E-55°E). The correlation coefficient
between the sign-reversed Barents-Kara SIC and the SCE index in P1 was
0.62 (p < 0.01). However, their correlation coefficient became insignificant
(0.31, p>0.1) after the mid-1990s (Figure S6). In addition, although the
November SCA and January AO remained significantly correlated after the
mid-1990s, the November Barents-Kara SIC-November SCA and Decem-
ber SCA-January AO relationships weakened after the mid-1990s, which
was consistent with the change in the relationship between the November
Barents-Kara SIC and January AO (Figure S6). The relationship between the
SCE index and January AO (November SCA) remained stable after the mid-
1990s, with a correlation coefficient of -0.35 (0.46). These results indicated
that the disappearance of the SCA-like wave train might be able to explain
the weakened relationship between the November Barents-Kara SIC and
January AO after the mid-1990s.

Modulation by the North Atlantic SST anomalies
Because the SCA-like wave train during P1 originated in the North
Atlantic (Fig. 2a), the disappearance of the SCA-like wave train after the

mid-1990s may be related to the SST anomalies therein. In P1, the
reduced November Barents-Kara SIC was accompanied by a robust
North Atlantic tripole (NAT) SST anomaly (Fig. 4a). The spatial
structure of this SST anomaly pattern was similar to the results of
previous studies**™**. However, the NAT SST anomalies associated with
reduced Barents-Kara SIC weakened after the mid-1990s (Fig. 4b). This
indicated that the NAT SST anomalies may be able to modulate the
November Barents-Kara SIC-January AO connection. To verify this
hypothesis, an index was proposed to quantitatively depict the NAT
SST anomalies. We projected the SST anomaly field shown in Fig. 4a to
the November SST field in the entire research period and defined the
normalized time series obtained from the spatial projection as the NAT
index. The correlation coefficient between the NAT index and the
sign_reversed Barents-Kara SIC index decreased from 0.67 (p < 0.01) in
P1 to 0.32 (p>0.1) in P2, which verified their weakened relationship
after the mid-1990s (Figure S6). Detailed analysis were then conducted
to investigate what caused the weakened relationship between the NAT
SST anomalies and November Barents-Kara SIC after the mid-1990s.
During P1, the SST anomaly associated with the NAT index exhibited a
notable tripolar structure, similar to that regressed onto the November
Barents-Kara SIC index (Fig. 4a, c). This induced a weakened mer-
idional SST gradient over the subtropical North Atlantic and
strengthened the meridional SST gradient east of Newfoundland
(Fig. 4e). Changes in the meridional SST gradient can affect the low-
level meridional air temperature gradient and thus the low-level
atmospheric baroclinicity*”’. Hence, the meridional air temperature
gradient at 850 hPa increased east of Newfoundland but decreased over
subtropical North Atlantic (Fig. 4g), which strengthened (weakened)
the storm track activities over western Europe (subtropical North
Atlantic) (Fig. 5a). Transient eddy forcing, associated with changes in
storm track activity, is one of the most important processes that mid-
latitude SST anomalies exert on atmospheric circulation®. To better
understand how the NAT SST anomalies influenced atmospheric cir-
culation, the geopotential height tendency induced by synoptic-scale
transient eddy forcing was calculated at 200 hPa using the quasi-
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Fig. 4 | The role of the NAT SST anomalies.
Regression of SST (unit: °C) onto the sign-reversed
November Barents-Kara SIC index in (a) P1 and (b)
P2. c-h Show regression of SST (¢, d), meridional
SST gradient (e, f, unit: °C/10° km) and meridional
air temperature gradient at 850 hPa (g,h, unit: °C/
10? km) onto the normalized NAT index.

¢, e, g Show the results for P1, whereas (d, f, h) show
the results for P2. Green contours indicate the 90%
confidence levels.
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where f denotes the Coriolis parameter, S represents the static stability
parameter, g is the acceleration of gravity, ® is the potential temperature of

the background field. v/, {’, and 6 represent the eddy velocity, vorticity, and
potential temperature, respectively. During P1, changes in storm track
(D activities associated with the NAT SST anomalies led to a positive geopo-
tential tendency over the subtropical North Atlantic (Fig. 5c), where the
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storm track activities weakened (Fig. 5a). Meanwhile, a negative geopo-
tential tendency occurred over Western Europe (Fig. 5¢). Such conditions
were favorable for the formation of SCA-like wave train, as mentioned
previously (Fig. 2a). Consequently, a zonal wave train resembling the SCA
pattern was established in P1, which propagated northeastward and caused
an anticyclonic anomaly over the Ural region (Fig. 5e). A detailed analysis
revealed that the positive geopotential tendency over the northwestern
Atlantic and the negative geopotential height tendency over western Europe
were mainly driven by eddy vorticity flux forcing (Figure S7a). In contrast,
the positive geopotential height tendency over the Ural region was mainly
attributed to eddy heat flux forcing (Figure S7c). In P2, although the SST
anomalies associated with the NAT index was still characterized as a tripolar
structure, all three SST centers were less robust than P1, indicating a
weakened NAT SST anomalies (Fig. 4d). This caused the meridional SST
gradient to weaken as well (Fig. 4f). These changes were accompanied by
similar changes in the low-level meridional air temperature gradient but
with a notably weakened negative low-level meridional air temperature
gradient at approximately 40°N (Fig. 4h). Hence, the weakened
(strengthened) storm track activities over subtropical North Atlantic and
northeastern Europe (western Europe) during P1 became insignificant in P2
(Fig. 5b). Meanwhile, storm track activities notably strengthened south of
Greenland owing to the positive low-level meridional air temperature
gradient over the east coast of North America (Figs. 4h, 5b). Changes in
storm track activities led to negative geopotential tendency over the Ural
region and northwestern Atlantic through transient eddy forcing (Fig. 5d),

which was nearly the opposite of that during P1. Therefore, the SCA-like
wave train disappeared after the mid-1990s (Fig. 5e).

To conclude, the November NAT SST anomalies played a crucial
role in modulating the relationship between the November Barents-
Kara SIC and January AO by impacting the SCA-like wave train.
However, these effects disappeared after the mid-1990s due to the
weakening of the NAT SST anomalies. According to the sliding cor-
relation analysis, the relationship between the November SCA index
and NAT SST anomalies weakened after the mid-1990s Their corre-
lation coefficient decreased from 0.49 (p <0.1) during P1 to 0.09
(p>0.1) during P2 (Figure S6). This indicated that the NAT SST
anomalies affected the SCA-like wave train, which further exerted
impacts on the Barents-Kara SIC and eventually the January AO
through the aforementioned physical processes. To further support
this conclusion, we calculated the 15-year moving standard deviation
of the NAT index. As is shown in Figure S8, the interannual variability
in the NAT SST anomalies weakened after the mid-1990s. Detailed
analysis showed that the weakened variability of the NAT SST
anomalies after the mid-1990s could be mainly attributed to the
weakened variability of the warm SST anomaly center around 40°N
(Fig. 4a, Figure S8), which might be related to the weakened Gulf
Stream. As part of the Atlantic Meridional Overturning Circulation
(AMOC), the Gulf Stream notably weakened after the end of the 20th
century”>**. Recent researches revealed that the weakened Gulf Stream
was mainly caused by rapid sea ice melting associated with human-
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induced global warming. Sea ice melting led to decreased sea surface
salinity over subpolar Atlantic, thus weakening the AMOC™. Addi-
tionally, the geopotential height outputs of the chosen Atmospheric
Model Intercomparison Project (AMIP) models were analyzed as well.
Through regressing the geopotential height outputs of the models
onto the NAT index derived from their SST input datasets, more than
half of the chosen models could reproduce the zonal wave train shown
in Fig. 5e and achieve a Taylor score of higher than 0.5 (Figures S9,
S$10). What’s more, we chose the best five models (EC-Earth3 (0.9),
HadGEM-GC31- MM (0.58), MRI-ESM2-0 (0.66), CNRM-CM6-1-
HR (0.88) and TaiESM1 (0.68)) according to their Taylor scores and
calculated the best multimodel ensemble mean (BMME). Results show
that BMME could better reproduce the SCA-like wave train than most
of the models, with a Taylor score of 0.71 (Fig. 5g). Moreover, both the
chosen AMIP models and the BMME simulated the disappearance of
the SCA-like wave train during P2 (Fig. 5h). However, the simulation
results of the models in P2 differed notably from those obtained from
the reanalysis datasets (Fig. 5f, h). This indicated that changes in
atmospheric circulation in P2 can be attributed to forcings other than
the NAT SST anomalies. To investigate this phenomenon, we calcu-
lated the climatology of SST in P1 and P2 and their differences after
removing the long-term linear trend. Results showed that the SST
climatology notably changed after the mid-1990s (Figures S11a, b).
Previous research concluded that changes of SST background state can
adjust the atmospheric mean flow and modulate the ocean-
atmosphere interactions™. Although the NAT SST anomalies
showed similar spatial distribution in P1 and P2, the different SST
background state could result in changes of the intensity of ocean-
atmosphere interactions. Hence, the effect of NAT SST anomalies on
the atmospheric circulation weakened after the mid-1990s because of
the change of SST background state, characterizing as SST warming
south of the Greenland and cooling over the Gulf Stream (Figure
S1lc). It should be noted that the change of SST background state
could be explained by the phase shift of the Atlantic Multidecadal
Oscillation (AMO) around the mid-1990s”". Phase change of the AMO
could alter the atmospheric circulation, which might be capable of
explaining the phenomenon mentioned above™.

Discussion

In this study, interdecadal changes in the relationship between the
November Barents-Kara SIC and January AO after the mid-1990s were
investigated. The November Barents-Kara SIC- January AO relationship
weakened from significantly positive during 1979-1994 to insignificant after
the mid-1990s. This change may be attributed to the modulation by the
November NAT SST anomalies. In P1, the reduced November Barents-Kara
SIC was accompanied by a notable NAT SST anomalies. However, the NAT
SST anomalies notably weakened after the mid-1990s. In P1, the NAT SST
anomalies weakened (strengthened) meridional SST and air temperature
gradients over the subtropical North Atlantic (east of Newfoundland),
which further generated variations in storm track activities over north-
eastern Europe and the mid-latitude North Atlantic. Changes of storm track
activities induced a wave train closely resembling the SCA pattern through
transient eddy forcing. The SCA-like wave train formed an anomalous
anticyclone over the Ural region, causing a reduced Barents-Kara SIC
through downward turbulent heat flux. Reduced Barents-Kara SIC not only
triggered a south-eastward propagating wave train and formed a cyclonic
anomaly over East Asia, but also exerted impacts on water vapor transport
and induced a Eurasian snow cover zonal dipolar structure together with the
anticyclonic anomaly over the Ural region. In December, the SCA-like wave
train developed into a hemispheric zonal wave train with an anomalous
anticyclone over the North Pacific. Meanwhile, the reduced Barents-Kara
SIC and Eurasian snow cover zonal dipolar structure in November triggered
the upward propagation of planetary waves and consequently weakened the
stratospheric polar vortex. This led to downward propagation of planetary
waves to the lower troposphere in the subsequent January, which triggered

the negative phase of the AO. However, after the mid-1990s, the SCA-like
wave train vanished because of the weakened interannual variability of the
NAT SST anomalies, which could be attributed to the weakening of the Gulf
Stream and changes of SST background state. Hence, the Eurasian snow
cover zonal dipolar structure disappeared, which was unfavorable for
troposphere-stratosphere coupling and caused a weakened negative AO
phase in the subsequent January. The causal chain of the mechanism
mentioned above are summarized in Fig. 6.

This study revealed the role of the NAT SST anomalies in modulating
the relationship between November Barents-Kara SIC and January AO.
Nevertheless, limitations still exist. For instance, the conclusion of this
research was mainly drawn by conducting statistical analysis with a sample
size of 37 years. It is still unclear whether the relationship between
November Barents-Kara SIC and January AO will undergo another inter-
decadal variation. This should be verified in the future with long-term
coupled model experiments, including models from Coupled Model
Intercomparison Project Phase 6 (CMIP6). In addition, the physical
mechanism in this research includes multi-timescale interactions in the
atmosphere. Although previous researches have highlighted the role of
synoptic-scale transient eddies in modulating mid-to-high-latitude atmo-
spheric circulation*****, its effect is sensitive to changes of the atmospheric
mean state. For instance, in this research, change of atmospheric mean state
after the mid-1990s due to the phase shift of the AMO led to different
transient eddy feedback processes. Consequently, future researches should
pay more attention to the atmospheric mean state before studying the effect
of transient eddies on adjusting atmospheric circulation.

Another point that should be included in this discussion section is the
similarity that AO shares with the NAO. Previous researches demon-
strated that NAO is closely related to mid-latitude storminess”, reversal of
winter surface air temperature over Eurasia® and air-sea coupling over
Atlantic®’. However, AO is a dominant mode throughout the entire
Northern Hemisphere and can be related to polar-midlatitude interac-
tions atlarger spatiotemporal scales compared to NAO™. Hence, studying
AO and its linkages with Arctic sea ice and mid-latitude atmospheric
circulation can help better understand the hemispheric air-ice-ocean
coupling between mid-latitude and the Arctic region. Finally, the Arctic
sea ice has rapidly melted owing to global warming. Researchers have
estimated that an ice-free Arctic is likely to occur before the mid-21st
century”. Under these circumstances, it is unclear if the relationship
between Arctic sea ice and climate change in the Northern Hemisphere
will persist in the future and if mid-latitude ocean-atmosphere interac-
tions can modulate their relationships. These uncertainties require further
investigations.

Methods

Datasets and climate indices

Monthly SIC and SST data were obtained from the Hadley Center Sea Ice
and SST datasets of the UK Met Office™, which are gridded with a spatial
resolution of 1° x 1°. Daily and monthly atmospheric reanalysis datasets
were derived from the fifth-generation atmospheric reanalysis dataset of the
European Center for Medium-Range Weather Forecasts”, including geo-
potential height, sea level pressure, zonal and meridional wind, air tem-
perature, specific humidity, TCSW, snow cover and surface sensible and
latent heat flux. The AO and SCA indices were derived from the National
Oceanic and Atmospheric Administration. Data were obtained in Autumn
(September-November) and Winter (December-February) from 1979 to
2015. All of the aforementioned data were interpolated to a spatial resolution
of 1° x 1° before analysis.

Atmospheric Model Intercomparison Project model outputs

The Atmospheric Model Intercomparison Project (AMIP) is a baseline
experiment in the Diagnostic, Evaluation, and Characterization of Klima
(DECK) experiments, CMIP6”. By simulating atmospheric conditions
from 1979 to 2015, based on observational SST and SIC datasets, AMIP
models were used to evaluate the atmospheric components of the climate
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Fig. 6 | Schematic diagram of weakened relationship between the November
Barents-Kara SIC and January AO after the mid-1990s. During 1979-1994, the
NAT SST anomalies in November triggered an atmospheric zonal wave train that
propagated north-eastward and caused an anticyclonic anomaly over the Ural
region. The anticyclonic anomaly over the Ural region led to reduced Barents-Kara
SIC through downward turbulent heat flux. Reduced Barents-Kara SIC triggered a
wave train and formed a cyclonic anomaly over East Asia. In addition, it also affected
water vapor transport through upward heat exchange from the open water and
caused a snow cover zonal dipolar structure over Eurasia together with the antic-
yclonic anomaly over the Ural region. The joint effort of reduced Barents-Kara SIC

and the Eurasian snow cover zonal dipolar structure enhanced troposphere-
stratosphere coupling and weakened the stratospheric polar vortex in December and
January. Consequently, planetary waves propagated downward in the subsequent
January, triggering the negative phase of AO. During 1995-2015, the NAT SST
anomalies associated with the reduced November Barents-Kara SIC weakened,
resulting in the disappearance of the atmospheric zonal wave train and the snow
cover zonal dipolar structure over Eurasia. These changes weakened the
troposphere-stratosphere coupling and were unfavorable for the formation of the
negative phase of the AO in January. Dark Blue, light blue, and red arrows indicate
mechanisms occurring in November, December and January, respectively.

Table 1 | Detailed information on the selected AMIP models

Model name Institution and country Resolution (lon x lat)
ACCESS-ESM1-5 Commonwealth Scientific and Industrial Research Organization (CSIRO), Australia 192 x 145
BCC-CSM2-MR Beijing Climate Center (BCC), China 320 x 160
CNRM-CM6-1-HR CNRM (Centre National de Recherches Meteorologiques, Toulouse 31057, France), CERFACS (Centre Europeen de 720 x 360
Recherche et de Formation Avancee en Calcul Scientifique, Toulouse 31057, France)
EC-Earth3 EC-Earth-Consortium, Europe 512 x 256
HadGEM-GC31-MM Met Office Hadley Centre, UK 432 x 325
MIROC6 Japan Agency for Marine-Earth Science and Technology (JAMSTEC), University of Tokyo (UT), National Institute for 256 x 128
Environmental Studies (NIES) and RIKEN Center for Computational Science (RCCS), Japan
MRI-ESM2-0 Meteorological Research Institute (MRI), Japan 320 x 160
NESM3 Nanjing University of Information Science and Technology (NUIST), China 192 x 96
SAMO-UNICON Seoul National University (SNU), South Korea 288 x 192
TaiESM1 Research Center for Environmental Changes, Academia Sinica, Taipei, China 288 x 192
system*. The AMIP models were driven by the Hadley optimum Dynamic diagnosis methods

67

interpolation-merged observational SST and SIC datasets”. These datasets
were included in the Input Datasets for Model Intercomparison Project
(input4MIP) of the Program for Climate Model Diagnosis and
Intercomparison®®. Here, the geopotential height outputs of 10 AMIP
models from their first ensemble members were utilized. The details of the
chosen models are listed in Table 1. The input4MIP SST data were also

To understand the effects of atmospheric planetary waves, T-N wave activity
flux (WAF) was calculated using the following equation””:

__peosg % (v —v'vi) + % (‘/’;1/’; - V/l//;y>

utilized. The AMIP model outputs used in this study were interpolated to a T 2U| U <V/ T ) LV (‘// 2y ) (2)
1° x 1° grid before the analysis. @eosp \TxTy v @\ ”
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where p is usually scaled by 1000 hPa, |U] is the velocity of horizontal wind,
/' is the perturbation of stream function, and ¢ denotes latitude. U and V'
represent the zonal and meridional components of basic flow, respectively.
Additionally, following Lyu et al.” (see their Egs. (2) and (3)), the Eliassen-
Palm flux was also calculated to verify the vertical propagation of planetary
waves. The synoptic-scale variance in the 200 hPa geopotential height
(ZZ200) was used to characterize the storm track activity’".

Statistical analysis
In order to qualitatively evaluate the chosen AMIP models’ performance, we
calculated the Taylor score by using the following equation™:

4(1+R)

(07 +3)°(1+Ry) )
where R is the spatial correlation between the model and reanalysis data, oy
denotes the ratio between the standard deviation of model result and that of
reanalysis data. Here, R, equals to 1. S has a range between 0 and 1. Larger S
indicates better model performance. Low-frequency signals longer than
nine years in the chosen datasets were eliminated by applying a Fourier
high-pass filter to emphasize the interannual variability. The two-tailed
Student’s ¢ test was applied to determine statistical significance, with the
effective degree of freedom calculated due to high-pass filtering””.

Data availability

The monthly SIC and SST data from the Hadley Center Sea Ice and SST
dataset of the UK Met Office (https://www.metoffice.gov.uk/hadobs/
hadisst/). The daily and monthly atmospheric reanalysis datasets from the
fifth-generation atmospheric reanalysis dataset of the European Center for
Medium-Range Weather Forecasts (https://cds.climate.copernicus.eu/
datasets/). The AO and Scandinavian pattern (SCA index) (https://www.
cpc.ncep.noaa.gov/products/). The AMIP model outputs and the input4-
MIP SST data (https://aims2.1Inl.gov/).

Code availability
The python codes used for the analysis of this manuscript are available from
the corresponding author upon reasonable request.
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