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During the past few decades, Arctic sea-ice has declined rapidly in both autumn and
winter, which is likely to link extreme weather and climate events across the Northern
Hemisphere midlatitudes. Here, we use reanalysis data to investigate the possible linkage
between mid-high-latitude atmospheric circulation and Arctic sea-ice loss in different
geographical locations and seasons and associated impacts on wintertime climate on
interdecadal timescales. Four critical sea-ice subregions are analyzed in this
study—namely, the Pan-Arctic, Barents—Kara-Laptev = Seas (BKL), East
Siberia—Chukchi-Beaufort Seas (EsCB), and Bering Sea (Ber). Results suggest that
interdecadal reduction of autumn sea-ice, irrespective of geographical location, is
dynamically associated with the negative phase of the North Atlantic Oscillation (NAO)
in the subsequent winter via stratospheric pathways. Specifically, autumn sea-ice l0ss
appears to cause a weakened stratospheric polar vortex that propagates to the
troposphere in the ensuing months, leading to lower surface air temperature and a
deficit in precipitation over Siberia and northeastern North America. Meanwhile, an
anomalous cyclone over Europe favors excessive precipitation over southern Europe.
For wintertime sea-ice loss in the Pan-Arctic and BKL, a weak positive NAO phase, with a
dipole pressure pattern over Greenland-northeastern North America and North Atlantic,
and a shrunken Siberian high over Eurasia are observed over mid-high-latitudes. The
former results in excessive precipitation over northwestern and southeastern North
America, whilst the latter leads to less precipitation and mild winter over Siberia. In
contrast, Ber sea-ice loss is associated with a circumglobal wave train downstream of
the Bering Sea, leading to extensive warming over Eurasia. The anomalous dipole cyclone
and anticyclone over the Bering Sea transport more Pacific and Arctic water vapor to North
America, and the anomalous cyclone over the Barents Sea results in abundant
precipitation in Siberia. Such midlatitude anomaly is dynamically linked to winter sea-
ice loss, mainly through tropospheric rather than stratospheric pathways. These results
have important implications for future seasonal and interdecadal forecasts in the context of
ongoing sea-ice decline.
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INTRODUCTION

In recent decades, the midlatitudes of the Northern Hemisphere
have experienced more frequent cold winters and extreme
weather events (Wu et al., 2011; Cohen et al,, 2014; Li et al,,
2015; Cohen et al.,, 2020; Wang et al., 2021). For instance, Japan
suffered an extreme snowstorm in December 2005, and China
suffered persistent cold and freezing rain events in
January-February 2008 (WMO Regional Climate Centres
2012); and extreme cold conditions and heavy snowfall
attacked North America in two consecutive winters (2013/14
and 2014/15), during which the Great Lakes were almost
completely frozen for the first time in the previous 35 years
and Boston experienced record-breaking snowfall reaching
2.7m (Van Oldenborgh et al,, 2015).

A range of mechanisms have been proposed for the frequent
occurrence of extreme cold and snowy climates during the past
2 decades. Some studies have attributed natural variation as the
primary cause of Eurasian cooling (Trenberth, 1999; Sun et al.,
2016; Song et al., 2016; Screen, 2017B); whereas, in contrast,
others have suggested that the increase in cold temperature events
has been affected by the so-called Arctic Amplification and
associated sea-ice loss (Francis and Vavrus, 2012; Mori et al,,
2014, 2019; Takaya and Nakamura, 2015; Zhang et al., 2018;
Zhang and Francis, 2020; Zhang et al., 2021). For instance, Wu
et al. (2017) investigated a cold event that occurred in East Asia
during January-February 2012 and its possible association with
Arctic sea-ice loss. They found that weakening of the Aleutian low
and rapid strengthening of the Siberian high, concurrent with a
polar blocking high aloft, were crucial precursors for cold-air
outbreaks from the Arctic. In addition to extreme temperature
events, Arctic sea-ice loss further affects wintertime precipitation
in northern midlatitudes. Large-scale atmospheric circulation
and moisture transport are decisive for this precipitation via
storm-scale moisture convergence (Ma et al,, 2012; Sun and
Wang, 2012). Using an atmospheric model, Li and Wang
(2012) indicated that a negative phase of the North Atlantic
Oscillation (NAO) in response to Kara-Laptev sea-ice loss in
autumn acts as an atmospheric ridge over Eurasia that is favorable
for moisture transport to East Asia. Liu et al. (2016) reported that
the reduction of autumn sea-ice across the Arctic Ocean is
accompanied by dry conditions over central China and wet
conditions over South China and North China in early winter,
via two wave-train structures.

There are two main pathways responsible for these
Arctic-midlatitude linkages. First is the stratospheric pathway
through which Arctic sea-ice loss causes a weakened stratospheric
polar vortex in the ensuing months and has lagging effects on
midlatitude climate in both winter and the subsequent spring
(Mori et al., 2014; Chen and Wu, 2018; Mori et al., 2019). Second
is the tropospheric pathway, in which the melting sea-ice
decreases polar-to-tropics temperature gradients, which results
in meandering tropospheric flow and more extreme weathers
events in the midlatitudes (Nakamura et al., 2014; Sun et al., 2015;
Nakamura et al., 2016). Another critical issue is the geographical
location of sea-ice loss, which has distinct impacts on the
midlatitude climate in both modeling and observational
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studies (Screen, 2017A). Specifically, rapid sea-ice loss in the
Barents—Kara-Laptev (BKL) seas has tremendous impacts on the
Eurasian climate (Honda et al, 2009), while in the East
Siberian-Chukchi-Beaufort (EsCB) seas it has substantial
implications for the climate over North America (Kug et al,
2015).

However, most previous studies have tended to focus on sea-
ice change in the winter season or year-round and on interannual
timescales, with limited attention having been paid to autumn
and interdecadal timescales. Although recent studies argued there
is diverse Eurasian temperature and precipitation responses to
BKL sea-ice loss in autumn (Li and Wang, 2012; Ding et al., 2020;
Zhang and Screen, 2021), their focus was on the interannual
rather than interdecadal timescale. Chen and Wu (2018) and
Ding and Wu (2021) explored how autumn EsCB sea-ice loss can
influence spring Eurasian temperature. However, the impact on
wintertime temperature and precipitation has not been
thoroughly examined, particularly on interdecadal timescales.

This study aims to address two questions: 1) How does Arctic
sea-ice loss in different seasons and at different locations
contribute to the wintertime atmospheric circulation anomalies
and associated impact on temperature and precipitation? 2) What
is the Arctic-midlatitude linkage on interdecadal timescales?
More specifically, this paper investigates the interdecadal
linkage between Northern Hemisphere temperature and
precipitation and sea-ice change in diverse regions and
seasons. The underlying physical mechanisms of these linkages
are thoroughly investigated via tropospheric and stratospheric
pathways. Before we investigate the interdecadal linkage, the total
variation (i.e., the sum of interannual and interdecadal variations)
of sea-ice and its association with wintertime climate is primarily
analyzed as a comparison.

Data and Methods

The datasets employed in this research are: 1) the National
Centers for Environmental Prediction atmospheric reanalysis
with a resolution of 2.58" x 2.58" (Kalnay et al, 1996),
including sea level pressure (SLP), surface air temperature
(SAT), horizontal wind, specific humidity, and geopotential
height; 2) the monthly sea-ice concentration (SIC) from the
Met Office Hadley Center with a 1° x 1° longitude/latitude
resolution (Rayner et al., 2003); and 3) the enhanced monthly
mean precipitation from the Climate Prediction Center Merged
Analysis of Precipitation with a resolution of 2.5° x 2.5° (Xie and
Arkin, 1997). For interdecadal study, the 1959-2020 period is
analyzed in the present study. Regression and correlation analysis
are employed in this study, and the two-tailed Student’s t-test is
applied to examine the statistical significance of the regression
and correlation coefficients.

Based on topographical features (e.g., islands, straits) and
conventional nomenclature, sea-ice in the Atlantic and Pacific
sectors is analyzed in the present study. Specifically, we set the
area-averaged SIC north of 60°N as belonging to the Pan-Arctic.
Likewise, we define BKL as the (70°-80°N, 30°~135°E)-averaged
SIC to represent Atlantic sea-ice index. In the Pacific sector,
autumn sea-ice is mainly located in the EsCB region during

September-October, and large variance of  winter
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(December-February) sea-ice exists in the Bering Sea (Ber)
region. The reason why we choose September-October EsCB
for autumn analysis is that the melting of sea-ice in EsCB is
limited to occurring in September and October, which has great
influence on stratospheric processes, whilst subtle sea-ice loss
occurs in other months (Chen and Wu, 2018; Ding et al., 2021).
Therefore, we define EsCB as the (70.5°-82.5°N, 135°E-60.5"W)-
averaged SO SIC and Ber as the (55°-68°N, 165°E-125'W)-
averaged DJF SIC to represent Pacific sea-ice indices. Linear
trends are removed from the SIC indices prior to carrying out
the analysis. In general, this paper emphasizes on autumn sea-ice
in Pan-Arctic, BKL and EsCB regions and winter sea-ice in Pan-
Arctic, BKL and Ber regions.

To investigate the interdecadal variation of sea-ice, we use
power spectrum method to figure out the periodism of Arctic
sea-ice indices in diverse regions. Three main periods are
identified for autumn and winter sea-ice, which are 2-year,
10-year, and 20-year (figure not shown). Therefore, since our
focus is the interdecadal timescale, a 9-year low-pass
Butterworth filter is applied to all variables to derive the
interdecadal component. The algorithm of the Butterworth
low-pass filter (Selesnick and Burrus, 1998) can be expressed
by the following formula of the amplitude squared to the
frequency:

H@P=— =1

1+ (ﬁ)Zn 1+ ez(a%)Zn

where # is the filter order (as n increases, the smoother the curve
will be), w, is the cut-off frequency, and w, is the pass-band edge
frequency. For example, if we extract decadal components from
the original sequence, our sampling frequency is 1 year, and the
decadal cycle is 9 years. That is, the frequency is 1/9, and then the
end frequency is w, = 2 x 1/9 = 0.222.

Besides, the low-pass filtered variables will have strong
persistence or high autocorrelation. Therefore, the effective
number of degree of freedom of the significance test (i.e., the
t-test) needs to be replaced with n/T when calculating the
regression and correlation coefficients. The formulae are as
follows (Davis, 1976):

T=3 % R (j)Ryy (),
. 1 n—j & _x
Rux(j) = n—j thljxtxt+j’

. 1 n—j % %
R, (j) = n_—] Zt:l]ytij’

where R, and R, are the autocorrelation coefficients of x and y,
respectively; # is the sample number; j is the lag time, usually set
as n/2; and an asterisk (*) represents normalization.

RESULTS

Interdecadal Variations in Arctic Sea Ice
Arctic sea-ice change has profound impacts on the wintertime
climate of the Northern Hemisphere (Cohen et al., 2014; Cohen
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et al,, 2020). Moreover, there is emerging evidence that the
geographical location of sea-ice loss is critically important
in determining the large-scale atmospheric circulation
anomalies and associated impacts on the midlatitudes
(Screen, 2017A). Besides, there are diverse winter circulation
responses to sea-ice loss in different seasons (Zhang and
Screen, 2021). Figure 1 displays the variations in Arctic SIC
in the different regions and seasons. In general, the SIC indices
show substantial variations on interannual and interdecadal
timescales. The interannual component of SIC indices
explained roughly 52.1-78.9% of the total variance, while
the interdecadal component explained 21.1-47.9%
(Table 1). This result indicates that the interdecadal
changes in SIC indices are of great importance, in addition
to the interannual variability, in the total variations. We find
Arctic SIC variations in autumn and winter show particularly
high coherence. For instance, for the Pan-Arctic, BKL and Ber,
the correlation coefficients between the autumn and winter SIC
indices are 0.51, 0.42, and 0.37 respectively, with the statistical
significance exceeding the 95% confidence level (Table 2).
These high correlation coefficients indicate that a large part
of the autumn sea-ice change tends to persist until winter.
However, for EsCB, the autumn-winter correlation is only
0.26, consistent with the finding of Ding et al. (2021) that the
melting of sea-ice in EsCB in September—October doesn’t
persistent into the following winter.

Such seasonal footprint characteristics in the Pan-Arctic, BKL,
and Ber are also seen in the spatial pattern of correlation
coefficients (Figure 2). When there is more (less) Pan-Arctic
SIC in autumn, positive (negative) anomalies of sea-ice are
located over the northern BKL and the EScB; however, in the
following winter, the highly correlated region shrinks to Eurasian
coastal regions, particularly over the Laptev Sea (Figures 2A,D).
It is interesting to note that the regions of significant Pan-Arctic
SIC anomalies cover the BKL and EsCB regions. That is why the
correlation coefficients between the Pan-Arctic and BKL and
EsCB in autumn reach 0.74 and 0.70, respectively. For BKL and
EsCB, positive SIC correlations are limited to the defined region
(Figures 2B,C), but only the southern part lasts to winter
(Figures 2E,F).

In comparison, the wintertime sea-ice in association with
winter SIC indices differs from those with autumn SIC indices.
When the winter Pan-Arctic index is above average, positive SIC
anomalies are located over the Atlantic sector (northern
Barents-Kara—Greenland seas) and Pacific sector
(Chukchi-Bering seas), which also covers the BKL and Ber
regions (Figures 2G-I). Nevertheless, the correlation
coefficients between the winter Pan-Arctic and BKL and Ber
SIC indices are 0.83 and 0.30, respectively, indicating that the
winter BKL makes major contributions to the variations in Pan-
Arctic SIC.

Sea-ice indices in different regions and seasons show apparent
interdecadal variations, which explain approximately half of the
total variations. The Pan-Arctic index shows similar interdecadal
changes to those of BKL in both autumn and winter, with
negative phases during 1980-1990 and during 2005-2020, and
a positive phase during 1990-2000. The two indices are also
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FIGURE 1 | Arctic sea-ice concentration (SIC) indices in different regions and seasons: (A) Pan-Arctic, (B) BKL in autumn (September—November) and winter
(December—February), (C) EsCB in autumn (September-October) and Ber in winter. (D-F) As in (A-C) but for the corresponding 9-year low-pass filtered components.
The blue (red) line denotes the winter (autumn) SIC index.

TABLE 1| Explained variance of interannual and interdecadal components of raw
SIC indices.

TABLE 2 | Correlation coefficients between Arctic SIC in diverse regions and
seasons.

Interannual (%)

Interdecadal (%)

Pan-arctic SON SIC 61.3 38.7
BKL SON SIC 61.8 38.2
EsCB SO SIC 68.0 32.0
Pan-Arctic DJF SIC 67.7 32.3
BKL DJF SIC 78.9 211
Ber DJF SIC 52.1 47.9

Pan-arctic SON SIC Pan-arctic DJF SIC 0.51*
BKL SON SIC BKL DJF SIC 042
Ber SON SIC Ber DJF SIC 0.37*
EsCB SO SIC EsCB DJF SIC 0.26
Pan-Arctic SON SIC BKL SON SIC 0.74*
Pan-Arctic SON SIC EsCB SO SIC 0.70*
Pan-Arctic DJF SIC BKL DJF SIC 0.83*
Pan-Arctic DJF SIC Ber DJF SIC 0.30

consistent in their amplitudes. Also of note is that the autumn
EsCB and winter Ber are increasingly linked to the Pan-Arctic
and BKL on interdecadal timescales since 2000, indicating that
the interdecadal variation of Pan-Arctic sea-ice is mainly affected
by sea-ice in the Atlantic sector and secondarily by sea-ice in the
Pacific sector, while the contribution of Pacific sea-ice has

Asterisk indicates correlation statistically significant at the 95% confidence level.

increased since 2000. Considering the similarity in the SIC
variation between the Pan-Arctic and BKL, their related
atmospheric circulation and midlatitude climate anomalies
should also resemble each other closely.
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FIGURE 2 | Linear regression of (A—C) autumn and (D—F) winter Arctic SIC with respect to regional SIC indices in the Pan-Arctic, BKL and EsCB in autumn. (G-1) As
in (A-C) but for winter SIC anomalies regressed upon winter indices. Rectangles denote the region to define BKL, EsCB, and Ber indices. Stippling indicates regression

Autumn Sea-Ice-Related Temperature and

Circulation

Previous studies have indicated that sea-ice loss coupled with
cooling or a lack of warming in the midlatitudes causes the
Arctic and midlatitude temperatures to diverge. The warm
Arctic and cold continents/Eurasia (WACC/E) pattern
constitutes the most robust observational evidence over the
Northern Hemisphere midlatitudes in recent decades (Cohen
et al., 2014; Cohen et al., 2020). However, the aforementioned
studies focused mostly on year-round sea-ice change, with
limited attention paid to autumn sea-ice change. Figure 3
shows the wintertime SAT anomalies regressed upon the
sea-ice indices in different regions. Consistent with previous

studies, the autumn Pan-Arctic and BKL sea-ice loss have
pronounced impacts on winter Eurasian coldness. There are
also negative SAT anomalies over North America and positive
ones over the Arctic Ocean, but the response is generally weaker
and with patchy statistical significance (Figures 3A,B). The
Northern Hemisphere midlatitude SAT anomalies are usually
associated with large-scale atmospheric circulation changes.
Eurasian cold anomalies are dynamically consistent with the
negative phase of the NAO, enhanced and northward shifted
Siberian high, and the Ural ridge of high pressure, featuring an
equivalent barotropic structure (Figures 4A,B). These
circulation changes imply meandering westerly winds,
increased blocking frequency, and hence severe cold weather,
which is consistent with the findings of previous studies, albeit
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FIGURE 3 | Linear regression of winter surface air temperature (SAT; unit: K) anomalies against the Pan-Arctic, BKL and EsCB SIC indices (A-C) and associated
interdecadal component (D=F) in autumn. (G-L) As in (A=F) but for SIC indices in winter. Stippling indicates SAT anomalies that are statistically significant at the 95%

confidence level.
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A Arctic SON SIC B BKL SON SIC C EsCB SO SIC

FIGURE 4 | As in Figure 3 but for SLP (shading; unit: hPa) and 500-hPa geopotential height fields (contours; interval: 10 m).

that focused mainly on the effects of year-round or winter sea- The mechanisms underpinning the influence of autumn sea-
ice loss (Mori et al, 2014; Ayarzagiiena and Screen, 2016;  ice on the wintertime midlatitude climate are complex. Autumn
Pedersen et al., 2016) rather than autumn sea-ice loss. sea-ice loss can modify large-scale Rossby waves by increasing the
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FIGURE 5 | As in Figure 3 but for the winter daily evolution of polar cap height (PCH; 70°=90°N; unit: m).

vertical propagation of wave energy into the stratosphere,
favoring a warmer and weakened stratospheric polar vortex.
One common measure of such troposphere-stratosphere
interaction is the evolution of polar cap height (PCH; e.g,
Peings and Magnusdottir, 2014), which is calculated as the
geopotential height averaged north of 70°N. Figure 5 shows

the winter PCH anomalies regressed upon the sea-ice indices
in different regions and seasons. Autumn Pan-Arctic and BKL
sea-ice loss favor significant positive PCH anomalies throughout
the troposphere in winter, which increase in late December and
January above 100 hPa, indicating a weakening of the polar
vortex, consistent with Sun et al. (2015). Then, positive PCH
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anomalies propagate downwards and reach the surface in mid-
January and early February, leading to a negative phase of the
NAO and hence significant cooling over large parts of Eurasia and
North America (Figures 5A,B). This timing of the coldness is
consistent with the findings of Peings and Magnusdottir (2014),
who prescribed year-round sea-ice loss in an atmospheric model,
indicating that the stratospheric pathway can be primarily
attributed to sea-ice change in autumn.

A similar pattern of winter negative SAT anomalies over
Eurasia is apparent for autumn EsCB, but the anomalies are
relatively insignificant and spatially restricted when compared
with the Pan-Arctic and BKL (Figure 3C). The positive PCH
anomalies occur in the stratosphere but lack statistical
significance, which implies the absence of stratospheric
processes (Figures 4C, 5C). Chen and Wu (2018) found
significant stratospheric PCH responses over the mid-high
latitudes in  response to EsCB  sea-ice loss in
September-October on interannual timescales, but these PCH
anomalies reach lower troposphere in March rather than in
winter. Another significant cold SAT anomaly occurs over
Alaska, and this coldness is associated with weakening of the
Aleutian low possibly related to persistent EsCB sea-ice loss
(Figures 2C, 3C).

On the interdecadal timescale, autumn sea-ice loss in these
subregions is connected with significant cooling over large
parts of Eurasia and North America, and the correlations are
statistically stronger than the unfiltered results (Figures
3A-C). This suggests that, in decadal periods of autumn
sea-ice loss (gain), low (high) temperature anomalies are
likely to occur over midlatitude land areas. In addition, it
is interesting to note that lower-than-normal SAT anomalies
are found over North America for all regional SIC indices and
over the Eurasian midlatitudes for EsCB (Figures 3D-F),
which disappear in the unfiltered results. This discrepancy
implies that Arctic sea-ice loss has some physical linkage with
North American coldness on interdecadal rather than
interannual timescales, as well as the autumn EsCB-winter
Eurasian SAT linkage. Reasons for this closer linkage are
probably the stronger negative NAO phase and the enhanced
Siberian high that stretch into North America (Figures
4D-F). Furthermore, the downward wave propagation to
troposphere is significantly enhanced. In particular, the
EsCB-related PCH anomalies display significant positive
anomalies and propagate into the lower troposphere in
early February (Figures 5D-F). These intensified
circulation situations provide favorable conditions for the
occurrence of cold temperatures in the Northern Hemisphere
midlatitudes.

In conclusion, there is a dynamic relationship between
autumn sea-ice loss in different regions and wintertime
atmospheric circulation and attendant midlatitude coldness,
mainly through stratospheric pathways. Specifically, the BKL
sea-ice variation is closely related to the Eurasian midlatitude
coldness on both interannual and interdecadal timescales, but to
the North American coldness on the interdecadal timescale only.
The EsCB sea-ice is connected with midlatitude coldness in
Eurasia and North America on the interdecadal timescale.

Interdecadal Arctic-Midlatitude Linkage

Winter Sea Ice-Related Temperature and

Circulation

Winter sea-ice has a different effect on wintertime atmospheric
circulation relative to autumn sea-ice. As for winter Pan-Arctic
and BKL sea-ice loss, cold anomalies in the Eurasian midlatitude
are quite a lot weaker and lack statistical significance. Meanwhile,
broad and significant Arctic warming is evident in regions of sea-
ice loss (Figures 3G,H). Winter sea-ice loss corresponds to a
weak positive phase of NAO pattern over the North Atlantic
regions, which is different to the autumn sea-ice-related negative
NAO pattern. The main positive anomaly centers are situated
over Siberia and the North Atlantic, with the Siberian high
relatively weaker in magnitude and more zonally orientated
when compared with autumn sea-ice-related circulation
anomalies (Figures 4G,H). That is the reason why low
temperatures occur over Northeast China along the eastern
margin of the high pressure. In cases of BKL sea-ice loss, the
expansion of Davis Strait sea-ice is conducive to the anomalous
low pressure over Greenland-northern North America and the
anomalous high pressure over North Atlantic (Dai et al., 2019). In
addition, the weak positive NAO pattern is very likely attributed
to the strengthened and significant stratospheric polar vortex in
early winter (Figures 5G,H). The stratospheric process associated
with winter sea-ice loss differs from that with autumn sea-ice loss.
In late winter, the stratospheric process is characterized by a
weakened polar vortex, weak downward propagation in late
January and obvious upward propagation of tropospheric
waves in February. This weak stratospheric process related
with winter sea-ice loss is different from the robust
stratospheric process in Zhang et al. (2018), since their focus
is sea-ice loss in November-December, while our focus is
December-February. These results suggest that the
tropospheric pathway may play a major role in the impacts of
winter sea-ice change on Eurasian climate, while stratospheric
pathway play a minor role.

In comparison, the winter Ber is linked to significant cooling
over eastern North America and evident warming over the
Aleutian region of sea-ice loss (Figure 3I), consistent with
previous results (Kug et al, 2015; Screen, 2017A). In the
troposphere, there is a clear wave train downstream of the
Bering Sea, dynamically connected with an anomalous high
over Alaska, which plays a vital role in linking the reduction
in Ber sea-ice to the cold conditions in eastern North America
(Figure 4I). This result is in agreement with Iida et al. (2020) that
winter Bering sea-ice loss can affect wintertime North American
cold anomalies by changing the Alaska Oscillation, the dominant
mode over the highlatitude North Pacific. In the stratosphere,
there is insignificant downward propagation of the positive PCH
response that emerges in late December and early February
(Figure 5I). Likewise, the stratospheric pathway is less
important in the linkage between the winter Ber and the cold
conditions in North American.

On the interdecadal timescale, the Eurasian midlatitude cold
temperature is statistically insignificant; and furthermore, in
turn, overall warming is apparent over the Arctic with
penetration into northern Eurasia. Conversely, the North
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FIGURE 6 | As Figures 3A-C and Figures 3G-l but for monthly mean precipitation over land (unit: mm).

American midlatitude cold temperature is robust (Figures
3],K). This indicates that in decades with Pan-Arctic and
BKL sea-ice loss (gain) in winter, the highlatitude Eurasia
tend to be warmer (colder) and the midlatitude Eurasian
cold conditions tend to be milder (warmer) and the
midlatitude North America tend to be colder (warmer),
contrary to autumn sea-ice loss. The Siberian high shifts

southwards in position and the positive NAO pattern is more
apparent when compared with that associated with autumn sea-
ice change (Figures 4J,K). The southerly winds along the
western margin of the Siberian high guide warm air to the
Arctic and Eurasian highlatitude regions; and meanwhile, warm
advection along the eastern margin transports warm air from
the open oceans to the Eurasian highlatitudes, leading to the
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FIGURE 7 | As in Figure 6 but for 1,000-500-hPa cumulative moisture transport fluxes [vectors; units: g (m s)~'] and associated divergence [shading; units: g
m? ).

warm highlatitude Eurasia. Furthermore, significantly negative  sea-ice loss in BKL, mainly through tropospheric rather than
PCH anomalies are overwhelmingly found throughout the  stratospheric pathways.

troposphere and stratosphere, leading to the positive NAO As for Ber, there is significant SAT warming in central Eurasia
pattern and cold North America. Therefore, it can be  and Alaska and insignificant warming over North America
concluded that the Eurasian highlatitude warming and  (Figure 3L). The latter warming is contrary to the unfiltered
weakened midlatitude cooling is dynamically linked to winter ~ cooling over North America, indicating that the impacts of Ber
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sea-ice on North American cooling possibly exist at the
interannual timescale (figure not shown) rather than the
interdecadal timescale. A circumglobal-scale teleconnection
wave train, with high pressure anomalies over East Asia, a
strengthened Aleutian low, and weakened high-pressure
anomalies over Alaska (Figure 4L), is favorable for the
occurrence of warm temperatures over central Eurasia. In

addition, the low pressure in the Aleutian region is contrary
to autumn sea-ice-induced high anomalies, which implies that
atmospheric circulation dominates the Bering Sea and that the
southerly winds guide warm air northwards to the Bering Sea
and hence ice loss happens there. The stratospheric pathway,
however, has little impact on the wintertime climate
(Figure 5L).
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FIGURE 9 | As in Figure 7 but for the interdecadal component of moisture transport fluxes and associated divergence.

Generally speaking, the winter BKL sea-ice loss (gain) is linked
to an enhanced (a weakened) Siberian high and lower (higher)
temperatures in the highlatitudes of Eurasia. In contrast, the winter
sea-ice loss (gain) in Ber is linked to a large-scale teleconnection
wave train downstream of the Bering Sea, with higher (lower) than
normal temperature in North America on the interannual
timescale and in central Eurasia on the interdecadal timescale.

Precipitation and Moisture Transport
In addition to temperature, large-scale circulation anomalies

associated with Arctic sea-ice variation also affect
precipitation. On the one hand, strengthening of the
Siberian high caused by melting of Arctic sea-ice changes
the precipitation pattern in the midlatitudes (Gong and Ho,
2002). On the other hand, the expansion of the Arctic open
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FIGURE 10 | As in Figure 1 but for the period from 1959 to 2020.
ocean also provides water vapor conditions for precipitation  precipitation over southern Europe. This wintertime

over the continent (Ben et al., 2016). Figures 6-9 show the
wintertime precipitation and large-scale moisture flux
anomalies regressed upon the sea-ice in different regions
and seasons.

In terms of autumn Pan-Arctic and BKL sea-ice loss, a
meridional dipole precipitation anomaly pattern can be found
in the Northern Hemisphere mid-high-latitudes, which shows
more precipitation over the midlatitudes, such as in southern
Europe, and little precipitation at highlatitudes, such as
northwestern Eurasia and northeastern Canada (Figures
6A,B). This dipole pattern is mainly affected by the
anomalous anticyclone over Siberia and the Canadian
Archipelago, which gives rise to apparent water vapor
divergence over Eurasian highlatitudes and northeastern
Canada, leading to a deficit in precipitation over these regions.
Meanwhile, the anomalous anticyclone over the North
Atlantic-Europe region converges water vapor flux from the
Atlantic and Eurasia (Figures 7A,B), resulting in increased

precipitation pattern is similar to that in Li and Wang (2012),
who applied the autumn Kara-Laptev sea-ice index during
1982-2010 for regression. For EsCB, due to the weak
circulation anomalies, water vapor flux and precipitation
anomalies are broadly weak (Figures 6C, 7C).

On the interdecadal timescale, the precipitation anomalies
related to autumn sea-ice loss in the three regions show similar
dipole patterns, but with stronger precipitation in magnitude
and a southward extension of the deficit in precipitation in
central Eurasia. This dipole pattern is due to the meridional
enhancement and expansion of Siberia—-North America high
pressure anomalies, which facilitate an increased frequency of
cold and dry air into Siberia and North America. Meanwhile,
the negative precipitation anomalies over northeast Canada
are spreading towards southeast Canada. Moreover, the
anomalous cyclone located in the northeast Atlantic-Europe
region is strengthened, relative to the unfiltered results, and
facilitates water vapor transport from the Atlantic and
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Mediterranean (Figures 8 A-C; Figures9A-C). Therefore, the For the winter Pan-Arctic and BKL sea-ice loss, insufficient
dipole pattern is strengthened in intensity, and the area  precipitation is generally observed in Eurasia, which corresponds
influenced is enlarged to nearby regions. to the more extensive Siberian high and accompanies a divergence
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in moisture transport. The anomalous low pressure in northern
North America is favorable for the convergence of water vapor and
excessive precipitation over the northeastern United States
(Figures 6D,E; Figures 7D,E). For the winter Ber, the moisture
flux and precipitation anomalies over both continents are weak.
However, the Alaskan high pressure and melting Ber sea-ice
facilitate water vapor convergence in the Far East, contributing
to increased precipitation there (Figures 6F, 7F).

On the interdecadal timescale, the main difference for the
Pan-Arctic and BKL is the north-south tripole pattern of
precipitation over the Eurasian continent, with high snowfall
around the Arctic and in southern Europe and low snowfall in
the midlatitudes. This is because the anomalous Siberian high
moves southwards, which leads to the southward
displacement of the dipole pattern identified in the
unfiltered results. In addition, the high snowfall around the
Arctic can be attributed to the increased area of open water,
and the Siberian high transports more water vapor from BKL
to the Eurasian highlatitudes. However, the cause of the
increase in precipitation over southern Europe is different
to that in the unfiltered results Figures 3A-C. The high
pressure anomaly over western Europe and the westerly
winds carry water vapor from the North Atlantic to
southern Europe. In North America, the low pressure over
northeastern North America and the high pressure over the
Aleutian region appear to guide water vapor from the Arctic
via the northerly winds, resulting in more precipitation over
northwestern and southeastern North America (Figures
8D,E; Figures 9D,E). For the Bering Sea, due to the
anticyclonic circulation near the Barents Sea, the water
vapor from the Arctic Ocean and Europe converges in
eastern Europe, leading to abundant precipitation there.
Northeast China is located at the eastern margin of the
anomalous Eurasian high, which is controlled by the dry
current from the northern continent and hence dominated
by reduced precipitation. Similar to the Pan-Arctic and BKL,
the low pressure over northern North America and the high
pressure over the northern Atlantic facilitate water vapor
convergence in northern and central North America, with
moisture sources from the Arctic, North America and North
Atlantic (Figures 8F, 9F).

To conclude, changes in precipitation are dynamically
consistent with large-scale atmospheric circulation and
temperature. The precipitation patterns associated with autumn
sea-ice change on interdecadal timescales resemble those in the
unfiltered results, which display a north-south dipole pattern over
the Northern Hemisphere. For winter sea-ice change, a
north-south tripole pattern is identifiable for BKL, and
excessive European precipitation is apparent for Ber.

CONCLUSION AND DISCUSSION

The interdecadal linkage between the wintertime Northern
Hemisphere climate and sea-ice in different regions and
seasons is analyzed in this paper. The results can be
summarized as follows:

Interdecadal Arctic-Midlatitude Linkage

The Pan-Arctic and BKL sea-ice, irrespective of seasonality,
display similar relationships with large-scale atmospheric
circulation, near-surface air temperature, and precipitation
anomalies. The WACC mode of wintertime temperature is
dynamically consistent with the sea-ice loss in both autumn and
winter. Autumn sea-ice loss can affect the wintertime climate in the
midlatitudes through stratospheric pathways, which generally leads
to a negative NAO phase with an anomalous high over the Arctic
and continental highlatitudes. These anomalous circulations
appear to induce severe cold events in the midlatitudes, albeit
still controversially, and a north-south dipole precipitation pattern
over Northern Hemisphere continents. However, wintertime sea-
ice loss affects the climate mainly through tropospheric pathways.
Significant warming is observed over the Arctic and extends to
highlatitudes, whereas mild coldness is found in the midlatitudes.
For precipitation, there is a meridional “less-more-less” tripole
pattern over the Eurasian continent and abundant precipitation
over North America.

The atmospheric circulation and climate anomalies
associated with autumn EsCB shows similarity to those with
Pan-Arctic and BKL on the interdecadal timescale, but large
difference on the interannual timescale. For winter, however,
the Ber-related circulation and climate anomalies differ from
those of the Pan-Arctic and BKL. There are low pressure
centers over Siberia and northeastern North America and
hence positive precipitation anomalies there, and high
pressure over East Asia and hence strong central Eurasian
warming.

The present study focuses on the interdecadal relationship
between the Arctic and midlatitudes during the 1979-2020
period. Given that the periodism of Arctic sea-ice indices is
shorter than 20years, it appears reasonable to conduct
interdecadal analysis using 40-year dataset. To further verify
the interdecadal variations of sea-ice on longer timescale, we
extend the period of dataset to 1959 and 1969, respectively.
Figures 10-12 show the Arctic sea-ice indices and associated
SAT, and SLP and 500-hPa geopotential height anomalies. Prior
to 1979, there is relatively heavy than average sea-ice in diverse
regions, and high persistence of sea-ice anomalies between
autumn and winter (Figure 10). The temperature and
circulation anomalies during the 1969-2020 and 1979-2020
periods are similar in spatial pattern and magnitude,
particularly for the robust Eurasian cooling (Figure 11). The
main difference is the disappearance of significant cold anomalies
over North America, which is caused by the stronger low pressure
anomalies over North America (Figure 12). For the 1959-2020
period, the spatial patterns remain similar, but the magnitudes
largely reduce and lack statistical significance. This is because the
NAO pattern and Siberian high are relatively weaker, in
companion with the weakened East Asian trough, which is
conducive to cold-air outbreaks into the midlatitudes
(Figure 12). Another reason for the differences between
different periods, is the lack of sea-ice data until the satellite
era. Before sea-ice can be seen from satellites, rather coarse
indicators of the sea-ice have been monitored and higher
spatial resolution sea-ice data can be acquired for recent
three decades (Rayner et al., 2003; Coon et al., 2007).
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Another question worthy of discussion is the nonstationary
relationship betweensea-ice and wintertime climate in long-term
timescales. In this study, comparing dataset of long period to
short period, this interdecadal linkage begins to attenuate and
lacks statistical significance. For the 1850-2099 period, Kolstad
and Screen (2019) discovered evidence of nonstationarity in the
relationship between autumn sea-ice and the winter NAO, which
implicates that the recently intimate ice-NAO relationship is
unstable. Furthermore, recent studies reported that weakened
positive anomaly of Siberian High after the mid-1990s is induced
by lesser Kara-Laptev sea-ice loss, and that enhanced spring AO
after the late-1990s is caused by larger interannual variability of
Laptev-eastern Siberian-Beaufort sea ice (Chen et al, 2019;
2020B). These results implicate that the circulation anomalies
caused by sea-ice change are strongly dependent upon the
analysis period and the location of sea-ice loss.

These findings have important implications for seasonal and
interdecadal forecasting in the future, especially in the context of
ongoing sea-ice loss. However, some regional precipitation
anomalies still cannot be explained by mid-high-latitude
circulation anomalies; for example, the precipitation anomalies
over southeastern North America where there are complex
tropical-extratropical interactions. Previous studies have also
demonstrated that precipitation inland is strongly influenced by
climate change (Lin and Zhou, 2015; Zhao et al, 2019) and El
Nifo-Southern Oscillation (ENSO) (Zhou and Wu, 2010),
amongst other factors. Furthermore, recent studies have
indicated that wintertime Arctic sea-ice anomalies can also have
a significant impact on tropical climate systems, including the
ENSO and Intertropical Convergence Zone, through large-scale
atmospheric wave trains and equatorial warm Kelvin wave and
monotonic temperature increase in deep ocean, respectively. (e.g.,
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