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ABSTRACT: This study revealed that the interannual variations of December Bering Sea ice and subsequent February
surface air temperature (SAT) over North America are significantly correlated during 2000/01-2020/21, which is not the
case during 1966/67-1999/2000. During 2000/01-2020/21, reduced December Bering Sea ice is generally followed by a
February meridional dipole pattern in the atmospheric circulation over North America, which provides favorable condi-
tions for colder temperatures. Further analysis elucidates that the intensified persistence of December Bering Sea ice
anomaly might be responsible for the identified change in such a lead-lag sea ice-SAT linkage. During 2000/01-2020/21,
the Bering Sea ice anomaly in December can persist into the subsequent February during which the sea ice anomaly exerts
a thermal effect on the atmosphere aloft, stimulates an eastward-propagating Rossby wave train, and causes the meridional
dipole pattern over North America. The longer persistence of December Bering Sea ice anomaly during 2000/01-2020/21
is attributed to the interdecadal intensified atmosphere—ocean—ice interaction over the Bering Sea—a positive feedback loop
that favors the persistence of the sea ice anomaly. A negative sea ice concentration anomaly with more open water in the Be-
ring Sea would allow the ocean to release more heat and warm more the air aloft. This will further lead to more downward
longwave radiation, preventing the sea ice growth and helping maintain the sea ice anomaly. Results of this study indicates
that the intensity of atmosphere—ocean—ice interaction in the Bering Sea may modulate the linkage between the February
SAT over North America and the preceding December Bering Sea ice.
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1. Introduction events has attracted considerable attention in the climate re-
search community, yet it is still intensely debated (Blackport
and Screen 2020; Cohen et al. 2021; Dai and Song 2020; Fischer
and Knutti 2014; Francis 2017; Francis and Vavrus 2015;
Screen and Simmonds 2014). Some studies attributed this
cooling to the AA and the sea ice loss in the Arctic (Chen
and Luo 2017; Francis et al. 2018; Liu et al. 2012; Mori et al.
2014, 2019; Overland et al. 2015; Wegmann et al. 2018),
whereas some other studies attributed it to internal natural
variability (Dai and Deng 2022; Li et al. 2015; Luo et al. 2017;
McCusker et al. 2016).

North America is a typical region that has experienced dra-
matic cooling in winters during 1997/98-2013/14 (Cohen et al.
2014; Kug et al. 2015). Such winter cooling is accompanied by
a series of unusually harsh cold winters such as the winters
of 2009/10, 2010/11, and 2013/14, which cause considerable
economic losses and casualties (Francis and Vavrus 2015;
Orsolini et al. 2016). The atmospheric variability due to Arctic
warming has been regarded as one of the causes of these
severe winters (Cohen et al. 2018; Francis and Vavrus 2015;
Screen and Simmonds 2014). It is suggested that regional
warming in the Arctic and the associated changes of boundary
forcing (e.g., changes in sea ice and snow cover) can contrib-
ute to colder winters in North America (Chen and Luo 2017
Kug et al. 2015; Zhang et al. 2020). As indicated by Kug et al.
Corresponding author: Shengping He, Shengping. He@uib.no (2015), the cooling in North America can be attributed to

The latest study has indicated that the Arctic has warmed
nearly 4 times faster than the global average since 1979
(Rantanen et al. 2022). This enhanced warming has been
termed as Arctic amplification (AA) (Arrhenius 1897, Cohen
et al. 2020). AA is strongest in winter, especially over areas
with large sea ice loss (Screen and Simmonds 2010; Dai et al.
2019). In contrast to the AA and rapid warming over most of
the world during the recent decades, numerous studies have
noted an unexpected phenomenon that the winter tempera-
ture in the Northern Hemispheric midlatitudes has reversed
its longer-term increasing trends to significant cooling trends
from the late 1980s through to the early 2010s (Cohen et al.
2012, 2014; Sun et al. 2016; Xie et al. 2022; Ye et al. 2018). Such
a winter cooling is linked to damaging extreme cold events in
the Northern Hemispheric midlatitudes during recent years
(Blackport et al. 2022; Johnson et al. 2018; Orsolini et al. 2016;
Palmer 2014; Van Oldenborgh et al. 2015; Wallace et al. 2014).
The cause of this unusual cooling and these frequent cold
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warming and/or sea ice loss in East Siberian—-Chukchi Sea re-
gion which could induce a downstream teleconnection pat-
tern. In addition, more frequent high-latitude blocking, such
as the Greenland blocking linked to regional and amplified
warming in and around Greenland, is associated with the se-
vere winters (e.g., cold temperatures, heavy snowfalls) over
eastern North America (Chen and Luo 2017; Cohen et al.
2018; Hanna et al. 2018). Moreover, since blocking events
herald sudden stratospheric warmings (SSWs) (Quiroz 1979,
1986), it is suggested that the SSWs favor surface cold spells
over North America at the subseasonal time scale in the pres-
ence of low sea ice in the Barents—Kara Seas (Zhang et al.
2020). However, it still remains unclear if the Arctic change
can significantly and physically affect the winter climate over
North America (Blackport and Screen 2021; Blackport et al.
2019, 2022; Sigmond and Fyfe 2016). Previous studies have
mainly investigated the winter (refers to December—February
generally) mean SAT over North America; however, investi-
gation into the monthly mean SAT remains insufficient. In
fact, evidence suggests that the variability of monthly mean
SAT might be totally different from that of the seasonal mean
SAT at the Northern Hemispheric midlatitudes (Si et al. 2016;
Wang et al. 2015). It indicates the necessity to conduct more
research on the variability of monthly mean SAT over North
America.

Cohen et al. (2014) have concluded three main dynamic
pathways linking the Arctic warming to midlatitude weather:
storm tracks, jet stream, and planetary wave propagations.
The westerly jet stream, and especially its wavier track, has
drawn most attention to explain the extreme cold winters in
the Northern Hemispheric midlatitudes (Francis and Vavrus
2012, 2015; Martin 2021; Voosen 2021). Modeling studies indi-
cate that the increased waviness of westerly jet streams that
triggered the extreme weather over North America during
the winter of 2013/14 is attributed to the reduced sea ice cover
in the Bering Sea (Lee et al. 2015). In recent years, the climate
linkage to the Bering Sea ice has gained wide attention. It is
suggested that the variability of Bering Sea ice is closely tied
to the Northern Hemispheric midlatitude climate (Tida et al.
2020; Tian et al. 2021; Zhuo and Jiang 2020; Zhou and Wang
2014). Loss of Bering Sea ice in the melt season (e.g., March—
June) can cause an increase in the summertime (June-
August) rainfall over the Lake Baikal area and northeast-
ern China (Tian et al. 2021). In addition, Bering Sea ice
anomalies in late winter can strengthen the North Pacific
Oscillation in spring, which may further increase the maize/
rice yields in northeastern China (Zhou and Wang 2014).
Blackport et al. (2019) show that reduced Bering Sea ice
is coincident with North American cold winters during the
past decades. However, it has been argued that such a link-
age might not be causal, and both of them are likely to be
induced by the atmospheric internal variability (Blackport
et al. 2019; Zhuo and Jiang 2020), for example, the Alaska
Oscillation, which represents a dominant mode of sea level
pressure variations over Alaska (Tida et al. 2020).

Previous studies have mainly focused on the linkage of winter
mean Bering Sea ice with the simultaneous SAT over North
America. Their linkage on the monthly time scale remains
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largely unexplored, which, however, might show distinct features
from those obtained from the seasonal mean. Due to the intrinsic
persistence of Bering Sea ice anomaly, there might be a signifi-
cant lead-lag linkage of Bering Sea ice with the subsequent
SAT over North America. Investigation into such a lead-lag
linkage at monthly time scale might help for the short-term
climate prediction.

2. Data and methods

Monthly atmospheric fields at a 2.5° X 2.5° resolution,
monthly sea ice concentration (SIC), sea surface temperature
(SST), surface sensible and latent heat fluxes (SHF and LHF;
positive downward), surface downward longwave radiation,
and surface net longwave radiation (positive downward) at a
0.25° X 0.25° resolution were obtained from the European
Centre for Medium-Range Weather Forecasts (ECMWF)
fifth-generation global atmospheric reanalysis (ERAS; Hersbach
et al. 2020). Reanalysis data are currently available from January
1950 to the present. Surface turbulent heat flux (THF) denotes
the sum of the SHF and the LHF, thereby positive value indi-
cates downward. Given that ERAS has only provided the
surface downward longwave radiation and the surface net
longwave radiation, we estimated the surface upward longwave
radiation as the difference between the surface downward
longwave radiation and the surface net longwave radiation
(former minus latter). Note that positive values of the differ-
ence indicate longwave radiation from surface upward to
atmosphere. Monthly snow cover extent was obtained from
the Rutgers University Global Snow Laboratory (GSL), which
is available from November 1966 to May 2021 with a spatial res-
olution of 190.6 km X 190.6 km at 60° latitude (Estilow et al.
2015; Robinson et al. 2012). Values are on an 88 X 88 subset of
the original 89 X 89 matrices so that data only for grid cells that
lie entirely within the Northern Hemisphere are provided. The
observed east Pacific-North Pacific (EP-NP) index, which is
used to characterize the atmospheric teleconnection pattern asso-
ciated with the December Bering Sea ice anomaly, was obtained
from the NOAA Climate Prediction Center (CPC) website.

The statistical methods of correlation, composite, and linear
regression analysis are utilized to analyze the above data. To
emphasize the interannual variability, linear trend has been
removed prior to the analysis from all data (unless stated oth-
erwise; i.e., Figs. 1, 2, 3a,b, 8, and 9). The annual cycle has
been removed prior to the regression analysis. The statistical
significance of the correlation is evaluated using the two-tailed
Student’s ¢ test, with the effective degree of freedom N, calcu-
lated as follows:

1-rr,
N =N s
e °1+nr

1

where N, is the sample size, and r; and r, are autocorrelation
coefficients at one time interval of the two series (Bretherton
et al. 1999). All indices (e.g., sea ice index, the EP-NP index, etc.)
in the current research were standardized. To diagnose the
Rossby wave propagation, the wave activity flux (WAF) is
applied in this study (Takaya and Nakamura 2001). An
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empirical orthogonal function (EOF) analysis (Chen et al.
2015) is conducted to characterize the spatiotemporal variabil-
ity of December Bering Sea ice. In consideration of the tempo-
ral coverage of all the datasets, the analysis period is
determined as 1966/67-2020/21.

3. The statistical linkage between December Bering Sea ice
and subsequent February SAT over North America

Amidst rising global mean temperatures, the counterintuitive
cooling trend across the Northern Hemispheric midlatitudes pre-
vailed from the late 1980s through to the early 2010s (Fig. 1a).
However, such a winter mean cooling trend has not continued
over the past decade (Fig. 1b), which has also been indicated by
Blackport and Screen (2020). Interestingly, notable discrepancies
appear between the linear trends of the monthly mean and the
seasonal mean SAT over North America from the late 1980s to
the present (Figs. 1b—e). The trend map shown in Fig. le exhibits
a counterintuitive decreasing trend of February SAT over North
America during the past three decades. Therefore, the variability
of February SAT over North America will be further investi-
gated in this study. In addition, as motivated by previous studies
(Tida et al. 2020; Tian et al. 2021; Zhuo and Jiang 2020; Zhou
and Wang 2014), the potential impact of the SIC anomaly in the
Bering Sea region is also the focus of this study. The Bering Sea
keeps nearly ice free until the late fall (i.e., November) in the
Pacific regions (Fig. 2a; 55°-65°N, 165°E-155°W; black rec-
tangles in Fig. 2) where dramatic ice growth emerges during
the early winter (i.e., December) (red contour in Fig. 2b).
Correspondingly, this study will start the investigation with
the lead-lag connection between February SAT over North
America and the preceding December Bering Sea ice.

We first investigate the spatiotemporal characteristic of
Bering Sea ice in December by applying an EOF analysis on
the December SIC over the Bering Sea region (black rectan-
gles in Fig. 2), and the results are shown in Figs. 3a and 3b.
The first mode, which is significant and explains most of the
total variance (62.6%), is dominated by variance in the north-
ern part of the Bering Sea (i.e., around 60°-65°N; see Fig. 3a).
Based on the spatial pattern shown in Fig. 3a, we define a Be-
ring Sea ice index (SICBSI) as the area-averaged SIC over
the region with the largest variance (60°-65°N, 165°-180°W;
black rectangle in Fig. 3a). The SIC has been multiplied by
—1 in defining the SICBSI so that a larger value of SICBSI in-
dicates less SIC. To examine how much such a regional sea
ice index can represent the variability of the Bering Sea ice,
the time series of the December SICBSI (Fig. 3b, blue curve)
is further compared with the time series of the principal com-
ponent (PC) corresponding to the first EOF mode (Fig. 3b;
red curve). In addition, the time series of area-averaged SIC
over larger region of Bering Sea (i.e., 55°-65°N, 165°E-
155°W; note that SIC is multiplied by —1) is also shown in
Fig. 3b (orange curve). It is notable that all the three time
series shown in Fig. 3b are well consistent with each other
(with a correlation coefficient of 0.99). The results reasonably
indicate that the December SICBSI can represent well the
variability of the Bering Sea ice in December. Additionally,
these time series show consistently an increasing trend since
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FIG. 1. Spatial patterns of linear trends of winter [December—
February (DJF)] mean SAT (K yr™") during (a) 1990/91-2013/14
and (b) 1990/91-2020/21. (c)-(e) As in (b), but show the linear
trends of monthly mean SAT in December, January, and February,
respectively. Regions with white dots indicate that the trends are
significant at the 90% confidence level.

the 1990s, indicating a dramatic sea ice decline. In addition,
the interannual variability of the Bering Sea ice in December
has weakened since the year of 2000 (Fig. 3b), which might
change its climatic linkage.

Figure 3c shows the regressions of February SAT during
1967-2021 upon the December SICBSI during 1966-2020.
Associated with below-normal Bering Sea ice in December,
significantly negative SAT anomalies appear over North
America (mainly in Alaska and northern Canada) in the sub-
sequent February, indicating a significant lagged sea ice-SAT
relationship. Based on the regressions shown in Fig. 3¢, we de-
fine a North American SAT index (SATNAI) as the area-
averaged SAT over the region 45°-70°N, 90°-165°W (black
dashed rectangle in Fig. 3c). Standardized and linearly
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FIG. 2. Spatial patterns of climatology of the monthly mean SIC in (a) November, (b) December, (c) January, and
(d) February during 1966/67-2020/21. The red contour in each panel represents the ice edge that is represented by a
SIC value of 0.15. The black dashed rectangle (55°-65°N, 165°E-155°W) represents the Bering Sea region focused on

in this study.

detrended time series of the December SICBSI and the Febru-
ary SATNAI are shown in Fig. 4a. As expected, the correla-
tion coefficient between the SICBSI and SATNAI is —0.42,
significant at 99% confidence level. The 9-yr low-pass filtered
series implies that such an out-of-phase relationship tends to
be unstable (Fig. 4a; dashed curves). Evidence suggested that
the relationship between climatic systems could exhibit a sig-
nificant interdecadal shift at a certain time point (Liu and He
2020; Xie et al. 2019; Xu et al. 2019). Therefore, a sliding cor-
relation analysis is utilized to examine the change of the rela-
tionship between the December SICBSI and the February
SATNAI (Fig. 4b). It is clear that their linkage has signifi-
cantly intensified after the late 1990s. More specifically, an in-
tensification occurs around the year of 2000. Accordingly, we
divide the period 1966/67-2020/21 into two subperiods: 1966/
67-1999/2000 and 2000/01-2020/21 (referred to as P1 and P2
hereafter, respectively). The correlation coefficient between
the December SICBSI and the February SATNALI is changed
from —0.35 (significant at 95% confidence level) during P1 to
—0.58 (significant at 99% confidence level) during P2.

To further investigate the strengthening of the aforementioned
lagged sea ice-SAT linkage, we show in Fig. 5 the February SAT
(shading in Figs. 5a,b)/850-hPa horizontal wind (UV850; vectors
in Figs. 5a,b) and February 500-hPa geopotential height (GPHS500;
shading in Figs. 5c,d) anomalies regressed upon the December
SICBSI in the two subperiods. In Figs. 5c and 5d, the
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corresponding horizontal WAFs are also shown (vectors).
During P1, the UV850 field displays an anomalous cyclone
over Alaska (Fig. Sa; vectors), accompanied by significant
cold anomalies near the surface (Fig. 5a; shading). Except
for the anomalous low pressure around Alaska, the large-
scale GPHS500 field displays mostly insignificant anomalies
over the North Pacific-North Atlantic sector (Fig. Sc; shading).
The weak downstream propagation of WAFs shown in Fig. 5¢
(vectors) suggests that the GPHS500 anomalies over North
America may be developed by some perturbations over the
high latitudes of North Pacific region. It is clear that the link-
age between December Bering Sea ice and subsequent February
North American SAT becomes more intense and significant
during P2 (Fig. 5b). During P2, at 850 hPa, a large amount of sig-
nificantly anomalous northerlies, which promote cold air intrud-
ing southward, pours into central North America from the
Arctic and turns to the east (Fig. 5b; vectors). This leads to ex-
tensive and significant cold anomalies appearing over the central
and eastern part of North America (Fig. 5b; shading). In the
large-scale GPHS00 field, significantly positive GPH anomalies
appear over the high latitudes of the North Pacific region,
together with alternating negative and positive GPH anom-
alies downstream (Fig. 5d; shading). Such a large-scale circula-
tion pattern indicates an apparent Rossby wave train
propagating from the high latitudes of North Pacific across
northern North America toward southern North America.
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FIG. 3. (a) Spatial pattern of the first leading EOF mode of the
variability of December Bering Sea ice. The black dashed rectangle
indicates the region based on which the SICBSI is defined.
(b) Standardized time series of the corresponding PC1 (red curve),
the December area-averaged negative SIC (i.e., the SIC is multi-
plied by —1) in the domains 60°-65°N, 165°W-180° (i.e., the
SICBSI; blue curve) and 55°-65°N, 165°E-155°W (orange curve)
during 1966-2020. The results shown in (a) and (b) have not
been linearly detrended. (c) Regressions of February SAT during
1967-2021 with respect to the December SICBSI during 1966-2020.
Dotted areas indicate that the values are significant at the
95% confidence level. The black dashed rectangle marks the
region used to define the SATNAIL

It then ramifies into two branches: one propagates south-
ward toward lower latitudes, and the other propagates
northward back toward the northern part of North America
(Fig. 5d; vectors). The direction of the WAFs over the cen-
tral part of North America in combination with that of the
WAFs over the western North Atlantic suggests a potential
interaction across circulation systems at mid-high latitudes.
The more significant February circulation anomalies over
North America in P2 than in P1, which are associated with re-
duced December SIC in the Bering Sea, explain well the
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FIG. 4. (a) Standardized and linearly detrended time series of the
December SICBSI (red solid curve) and the February SATNAI
(blue solid curve) during 1966/67-2020/21. The dashed curves rep-
resent the 9-yr low-pass filtered series. (b) The 27-yr sliding correla-
tion coefficients between the linearly detrended December SICBSI
and February SATNAI during 1966/67-2020/21. The dashed and
solid horizontal lines indicate the values significant at the 95% and
99% confidence levels, respectively. The vertical red dashed line in-
dicates the year of 2000.

aforementioned strengthening of the lagged sea ice-SAT link-
age. In addition, the comparison of February large-scale atmo-
spheric patterns during P1 (Fig. 5¢) and P2 (Fig. 5d), which are
associated with the reduced Bering Sea ice in the preceding De-
cember, indicates that the interdecadal intensified sea ice-SAT
linkage is mainly attributed to the change in the teleconnections
associated with the December Bering Sea ice anomaly.

4. Mechanism of the changed impacts of December
Bering Sea ice

The analysis in section 3 reveals a significantly intensified
interannual relationship between December Bering Sea ice
and subsequent February North American SAT during P2.
We next investigate the possible physical mechanisms under-
lying such an intensified connection. The intrinsic persistence
of Bering Sea ice anomaly provides physical insight into the
causes of the strengthening of the statistical sea ice—-SAT link-
age. We suspect that the significantly statistical sea ice-SAT
linkage during P2 may result from that the Bering Sea ice
anomaly in December persists into the subsequent February
and then causes simultaneous SAT anomalies over North
America. To test this idea, in the following analysis, we will
mainly focus on the following two questions: 1) Is there any
difference in the persistence of December Bering Sea ice
anomaly between the two subperiods? 2) If the Bering Sea ice
anomaly in December could persist into the subsequent
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FIG. 5. (a),(b) Regressions of February SAT (shading) and
UV850 (vectors) with respect to the December SICBSI during P1
and P2, respectively. The vectors shown are significant at the 95%
confidence level. (c),(d) Regressions of February GPH500 (shad-
ing) with respect to the December SICBSI during P1 and P2, re-
spectively, with the corresponding horizontal WAFs (vectors). Dot-
ted areas in each panel indicate that the shading values are

significant at the 95% confidence level.

February, how does the sea ice anomaly affect the SAT over
remote areas in the North America?

Previous studies suggest that the intrinsic persistence of
oceanic anomalies might play a central role in the lead-lag
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connections between climate variables (Li et al. 2021; McKinnon
et al. 2016; Vijverberg and Coumou 2022; Yu and Sun 2021).
Therefore, we first investigate the persistence of the December
Bering Sea ice anomaly through regressing the monthly mean
SIC in December, January, and February over the Bering Sea
region upon the December SICBSI (Fig. 6; shading). Negative
values indicate that the SIC in the northern part of the Bering
Sea is lower than normal (Figs. 6a,d; shading). In the two sub-
periods, the December Bering Sea ice anomalies can persist
into the following January (Figs. 6b,e; shading). In February,
the situation becomes much different between the two subper-
iods. That is, the significant SIC anomaly can well persist into
the following February during P2 (Fig. 6f; shading), which is
not the case during P1 (Fig. 6c; shading). It indicates clearly
that Bering Sea ice anomaly in December has longer persis-
tence during P2 than during P1.

Previous studies indicate that extremely cold winters in North
America may be attributed to the simultaneous low SIC in the
Bering Sea (Tida et al. 2020; Lee et al. 2015; Nakanowatari et al.
2015). We further investigate whether the significantly negative
Bering Sea ice anomaly in February during P2 leads to the si-
multaneous North American colder temperatures. In winter,
sea ice reductions induced by a positive SST anomaly allows the
warm ocean to release more heat to warm up the atmosphere
aloft, leading to an increase in the upward THF at the surface
(Dai et al. 2019; Deser et al. 2010). This can cause large-scale at-
mospheric circulation anomalies, having remote impacts (Co-
hen et al. 2014). On the other hand, sea ice reductions can serve
as a response to the atmospheric forcing (Park et al. 2015). For
example, sea ice reductions can be induced by warm air from
the lower latitudes, which can cause an increase in the surface
downward longwave radiation and the surface downward THF.
Therefore, analysis of the simultaneous relationship between
the anomalies of the SIC and the surface THF in situ can pro-
vide physical insight into the predominant direction of the at-
mosphere—ocean—ice interaction, which can indicate if the sea
ice physically drives the atmospheric circulation aloft. That is,
an in-phase relationship between the anomaly of the SIC and
the THF (positive THF anomaly indicates downward) implies
that the SIC anomaly drives the atmosphere and an out-
of-phase relationship indicates the driving effects of atmosphere
on the SIC anomaly. As shown in Fig. 6f (contours), associated
with reduced December SIC in the Bering Sea, negative SIC
anomalies in the Bering Sea concur with negative surface THF
anomalies in situ in February during P2, showing an in-phase re-
lationship between the anomaly of the SIC and the THF. Such
an in-phase relationship indicates that the Bering Sea ice anom-
aly in February during P2 drives the atmospheric variability
aloft, providing a prerequisite for the SIC anomaly to affect the
large-scale atmospheric circulation and the SAT over North
America. Based on the SIC anomaly pattern shown in Fig. 6f,
we define a February Bering Sea ice index (Feb-SICBSI) as the
area-averaged negative SIC (i.e., multiplied by —1) over the re-
gion of (57°-65°N, 177°E-165°W) (black dashed rectangle in
Fig. 6f). Note that a larger value of Feb-SICBSI indicates less
SIC. Figure 7a illustrates the regressions of February GPH500
(shading) upon the Feb-SICBSI during P2 with the correspond-
ing horizontal WAFs (vectors). Corresponding to below-normal
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FIG. 6. Regressions of SIC (shading) and surface THF (contours) in (a),(d) December, (b),(e) January, and
(c),(f) February with respect to the December SICBSI during (left) P1 and (right) P2. Red solid (blue dashed)
contours indicate positive (negative) THF anomalies; note that a negative anomaly indicates upward. Dotted areas
indicate that the shading values are significant at the 95% confidence level. The black dashed rectangle in (f) marks

the region used to define the Feb-SICBSI.

Bering Sea ice in February, a significantly anomalous high pres-
sure is located over the high latitudes of North Pacific region,
together with significant low pressure anomaly and high pres-
sure anomaly downstream which are located over the northern
part and southern part of North America, respectively (Fig. 7a;
shading). The associated horizontal WAFs indicate an apparent
eastward-propagating Rossby wave train propagating from the
Bering Sea to North America (Fig. 7a; vectors). It is noteworthy
that the large-scale atmospheric circulation pattern associated
with the Feb-SICBSI shown in Fig. 7a resembles well the one
that is associated with the December SICBSI shown in Fig. 5d.
This implies that the aforementioned February negative SAT
anomalies over North America, which are associated with nega-
tive Bering Sea ice anomalies in the preceding December, may be
a result of the February SIC anomalies that persist from the
preceding December. This conclusion can be further sup-
ported by the results shown in Fig. 7b. After the linear influ-
ence of February Bering Sea ice has been removed prior to
the regression analysis, the areas with significant regression co-
efficients of February GPH500 during P2 upon the December
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SICBSI (Fig. 7b) become much less compared to the results
shown in Fig. 5b. Compared to the results shown in Fig. 5b, the
magnitude of the horizontal WAFs shown in Fig. 7b (vectors) is
much smaller, indicating a weaker eastward propagation of the
planetary waves without the persistence of December Bering
Sea ice anomalies.

In summary, in this section, we reveal that the December
Bering Sea ice and the subsequent February SAT over North
America may be physically connected during P2. The under-
lying physical mechanism can be summarized as follows. The
negative Bering Sea ice anomalies in December persist well
into the following February during which the Bering Sea ice
anomalies warm the atmosphere aloft through an increase in
the surface upward THF in situ. The thermal anomalies in-
duce a Rossby wave train propagating from the Bering Sea to
North America, which leads to a significant meridional dipole
pattern in the atmospheric circulation over North America.
Such a meridional dipole pattern promotes the colder air in-
trusion over the central and eastern part of North America
and thus leads to significantly negative SAT anomalies.



1686

a) P2:Feb:HGT500 & WAF Reg.to Feb-SICBSI
75°N
60°N
45°N
30°N

15°N

135°W 90°W
geopotential height (m)
[ [ [ N O B
50 -40 -30 -20 -10 0O 10 20 30 40 50

b) P2:Feb:HGT500 & WAF(Feb-SICBSI removed)

90°N

75°N

60°N

45°N

30°N

15°N

135°W
geopotential height (m)

90°W

-70 -56 -42 ‘ -2‘8 | -1‘4 | (‘) | 1‘4 | 2‘8 | 42 56 70
FIG. 7. (a) Regressions of February GPH500 (shading) with re-
spect to the Feb-SICBSI during P2 with the corresponding horizon-
tal WAFs (vectors). (b) As in Fig. 5d, but the linear influence of
the Feb-SICBSI has been removed prior to the regression analysis.
Dotted areas in each panel indicate that the shading values are sig-
nificant at the 95% confidence level.

During P1, however, the situation is much different. The De-
cember SIC anomalies in the Bering Sea exhibits a weaker per-
sistence (e.g., there are almost no significant SIC anomalies in
the following February in the Bering Sea), thereby having
weaker impacts on the subsequent February SAT over North
America. The results indicate that the interdecadal change of
the persistence of December Bering Sea ice anomaly around
2000 may be responsible for the strengthening of the sea ice—
SAT linkage identified in this study.

5. Discussion on longer persistence of December Bering
Sea ice anomaly

The analysis in section 4 reveals that the December Bering
Sea ice anomaly has longer persistence in P2 than in P1. The
underlying physical mechanism will be further investigated in
this section. Previous studies have revealed an important
atmosphere—ocean—ice interaction in the wintertime Arctic
climate system, which might play a central role in the multide-
cadal climate changes over Arctic regions (Dai et al. 2019;
Deng and Dai 2022). Through changing the energy exchange
between the ocean and the atmosphere aloft, SIC variations
can cause a collaborative change in both the oceanic and
the atmospheric conditions (e.g., SSTs, SAT, etc.) via the
atmosphere—ocean—ice coupling. As suggested by Deng and
Dai (2022), sea ice reductions induced by higher SSTs in
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winter can cause an increase in the surface upward longwave
radiation and the surface upward energy flux, which can
warm the frigid air aloft. The resultant warmer air will in turn
increase the surface downward longwave radiation, and fur-
ther melt sea ice or prevent sea ice growth. These processes
indicate a positive feedback loop that amplifies the SST-
induced sea ice reductions. The intensity of such positive feed-
back can therefore affect the persistence of the SST-induced
SIC anomaly; stronger feedback favors longer persistence of
the SIC anomaly. From this perspective, we next investigate
the difference of the intensity of the atmosphere—ocean—ice
interaction in the Bering Sea between the two subperiods.
The difference is investigated from two distinct aspects: 1) the
climatological background and 2) the anomalies associated
with SIC variations. As shown in Fig. 8, monthly mean SIC in
the north of the Being Sea region (i.e., 60°~65°N, 160°W-180°)
has significantly smaller climatology during P2 than during P1
in December (Figs. 8a—c; shading), January (Figs. 8d-f; shad-
ing), and February (Figs. 8g—i; shading) (also see Fig. 9a).
Meanwhile, there are more open-water areas in the Bering Sea
in December-February during P2 than during P1 (Fig. 9b).
Less SIC and more open water allows the warm ocean to re-
lease more heat to warm the atmosphere aloft, thereby leading
to a significant increase in the climatology of the surface
upward longwave radiation in December—February from P1 to
P2 (Fig. 9c). This demonstrates that Bering Sea ice variations in
December—February have a stronger thermal effect on the at-
mosphere aloft during P2 than during P1. The more heat re-
leased from the ocean in the Bering Strait to the air aloft in P2
leads to higher air temperatures, and the warmer air in turn re-
leases more heat to warm the ocean, which is reflected by an in-
crease in the climatology of the SAT (Fig. 9d) and the surface
downward longwave radiation (Fig. 9¢) in December—February
from P1 to P2. The comparison of the heat exchange between
the ocean in the Bering Strait and the air aloft during the two
subperiods indicates that the atmosphere—ocean—ice interaction
is stronger in December—February during P2 than during P1.
To confirm if the aforementioned changes of the climato-
logical conditions in the Bering Sea during P2 can provide
more favorable climatological background for longer persis-
tence of the SIC anomalies from December to the following
February, we next compare the persistence of interannual
anomalies of the longwave radiation and temperature that is
related to the interannual variability of December Bering Sea
ice between the two subperiods. In December during each
period, the negative SIC anomaly in the Bering Sea allows
the ocean to warm more the atmosphere aloft through a sig-
nificant increase in the surface upward longwave radiation
(Figs. 10a,d). This leads to significantly positive SAT anomalies
around the Bering Strait (Figs. 11a,d). The warmer air in turn
warms more the ocean/sea ice through a significant increase in
the surface downward longwave radiation (Figs. 12a,d), which
may partly offset the seasonal cooling (and sea ice growth) from
December to January and help maintain the December negative
SIC anomaly. Similar processes occur in the subsequent months
(i.e., January and February) (panels b, c, e, f in Figs. 10-12), but
obvious differences appear between the two subperiods. Due to
the different background between the two subperiods (e.g.,
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FIG. 8. Climatology of December SIC during (a) P1 and (b) P2, and (c) their differences (latter minus former). (d)—(f) As in (a)—(c), but
for January SIC. (g)—-(i) As in (a)-(c), but for February SIC. Red contours in the top and middle rows represent the ice edge that is repre-
sented by a SIC value of 0.15. Dotted areas in the bottom row indicate that the values are significant at the 90% confidence level. Note
that the data in this figure have not been detrended so as to discuss the difference of the climatological background between P1 and P2.

more open water and stronger atmosphere—ocean—ice inter-
action in the Bering Sea during P2; Figs. 8 and 9), the inter-
annual anomalies of longwave radiation and temperature
related to the December SIC variations in the Bering Sea
have longer persistence during P2. For example, the anoma-
lies of the surface upward longwave radiation in January
and February during P2 are wider and more significant than
those in P1 (Figs. 10b,c,e.f), thereby leading to more signifi-
cantly positive anomalies of the SAT around the Bering
Strait (Figs. 11b,c.e,f). Correspondingly, the warmer air in
turn leads to more significant anomalies of the surface
downward longwave radiation in January and February dur-
ing P2 (Figs. 12b,c,e,f). The results indicate that the longer
persistence of the December SIC anomaly in the Bering Sea
during P2 is attributed to the stronger atmosphere—ocean—
ice interaction during December—February, which is associ-
ated with such a SIC anomaly.

Note that despite the fact that the AA has led to a sharp de-
crease of the sea ice in the Arctic during recent decades, there
is still some sea ice remaining in the Bering Sea in December—
February during P2 (Figs. 8b,e,h). This is a prerequisite for
the SIC anomaly in the Bering Sea to affect the atmosphere
through changes of the surface fluxes, which in turn affects
the persistence of the SIC anomaly. As the dramatic Arctic
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warming continues, there might be no winter sea ice left in
the Bering Sea in the coming decades (Overland and Wang
2007; Wang et al. 2012; Sun et al. 2015). At that time, the above-
mentioned processes may no longer exist, and the feedback and
interaction over the Bering Sea discussed in this paper may be
much different, which needs further investigation in future
studies.

6. Discussion of the potential drivers of December
Bering Sea ice variability

The analysis in section 4 reveals a strengthened impact of
December Bering Sea ice on the subsequent February SAT
over North America on the interannual time scale. A question
remaining is what has caused the interannual anomaly of
December Bering Sea ice. Previous studies indicate that SIC
anomaly in the Bering Sea can be induced by changes in both
the local atmospheric and oceanic conditions, such as the
winds (Sasaki and Minobe 2005), the storms (Overland and
Pease 1982), the ice influx (Zhang et al. 2010), and the SST
(Nakanowatari et al. 2015). Associated with reduced Decem-
ber SIC in the Bering Sea, there are significantly negative
THF anomalies over the Bering Sea in December (Figs. 6a,d;
contours). Such an in-phase relationship between the anomaly
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FIG. 9. Climatological conditions in the Bering Sea (55°-65°N, 165°E-155°W) during P1 (blue bars) and P2 (orange
bars) from December to February for the area-averaged (a) SIC, (b) percentage of open-water areas (where SIC is
less than 0.15), (c) surface upward longwave radiation, (d) SAT, and (e) surface downward longwave radiation. Note

that the data in this figure have not been detrended.

of the SIC and the THF indicates that the Bering Sea ice
anomalies in December drive the atmospheric variability aloft
(see section 4). In other words, the Bering Sea ice anomalies
in December are not likely to be caused by the simultaneous
atmospheric circulation anomalies; instead, they are likely to
be induced by the simultaneous or preceding oceanic anoma-
lies (e.g., SIC, SST, etc.).

In November, since most areas in the Bering Sea are free of
sea ice (Fig. 2a; red contours), there are almost no significant
SIC anomalies in the Pacific sectors (Figs. 13a,e) preceding
the significantly negative SIC anomalies in December (Figs.
6a,d; shading). It suggests clearly that the December SIC
anomalies in the Bering Sea are likely to be induced by the si-
multaneous and/or preceding SST anomalies. It is found that
there are significantly positive SST anomalies in the Bering
Sea in December that directly cause these negative SIC anom-
alies (Figs. 13b,f). Interestingly, a similar SST anomaly field
also emerges in November (Figs. 13¢,g; shading), which is con-
current with significantly positive THF anomalies in situ
(Figs. 13c,g; contours). Note that an in-phase relationship be-
tween the anomaly of the SST and the THF (positive THF
anomaly indicates downward) implies that the atmosphere
drives the SST anomaly while an out-of-phase relationship
indicates the driving effects of the SST anomaly on the atmo-
sphere. Therefore, the in-phase relationship between the
anomaly of the SST and the THF shown in Figs. 13c and 13g
indicates that the Bering Sea SST anomalies in November are
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driven by the simultaneous atmospheric anomalies. In October,
there are almost no significant SST anomalies preceding the nega-
tive Bering Sea ice anomalies in December (Figs. 13d,h). This
indicates that the Bering Sea ice anomalies in December are
attributed mainly to the November SST anomalies.

Therefore, from the perspective of the atmospheric anom-
aly, we further explore the potential drivers that lead to
November SST anomalies in the Bering Sea. Figures 14a and 14b
illustrate the regressions of November GPH500 (shading)
upon the December SICBSI in the two subperiods with the
corresponding horizontal WAFs (vectors). Preceding reduced
December SIC in the Bering Sea, a significantly anomalous
high pressure is located over the high latitudes of North
Pacific region in November (Figs. 14a,b; shading). This atmo-
spheric pattern leads to positive SST anomalies in the Bering
Sea through inducing an increase in the surface downward
THF (Figs. 13c,g; contours). Note that apart from the high
pressure, there is also an anomalous low pressure downstream
over North America (Figs. 14a,b; shading). This low pressure
anomaly is concurrent with significant above-normal snow
cover in the central North America (around 40°-60°N;
Figs. 14c,d). Previous studies indicate that variations in snow condi-
tions can affect the atmosphere aloft via radiative and thermody-
namical effects (Cohen and Rind 1991; Ellis and Leathers 1998;
Henderson et al. 2018; Ye and Wu 2017). On the other hand, at-
mospheric variability can also lead to variations in the snow
conditions (Zhang et al. 2021). Therefore, a question emerges:
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whether the November snow cover anomalies in North America
are caused by the atmospheric anomalies aloft or inversely they
drive the atmospheric anomalies. We can address it by analyzing
changes in the land—air heat exchange associated with the snow
cover anomalies. In theory, more snow cover would increase
the surface albedo, and drop land temperature by reducing the
amount of solar radiation absorbed by the land surface. There-
fore, if a positive anomaly of snow cover drives the atmospheric
variability aloft, it would be concurrent with a positive anomaly
of the surface SHF (positive SHF anomaly indicates downward).
As shown in Figs. 14e and 14f, negative anomalies of surface SHF
appear in the region occupied by positive snow cover anomalies,
thereby indicating that the November snow cover anomalies pre-
ceding the December Bering Sea ice anomalies are induced by
the atmospheric anomalies aloft.

The above results demonstrate that the November anoma-
lies of boundary conditions such as the SST in the Bering Sea
and the snow cover in North America that emerge before
the reduced December SIC in the Bering Sea are driven by
the November atmospheric variability. This suggests that the
large-scale atmospheric circulation anomaly patterns shown
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in Figs. 14a and 14b may be attributed to internal variability
that originates from the atmospheric dynamics instead of the
ocean or the land. The associated horizontal WAFs indicates
an apparent eastward-propagating Rossby wave train propa-
gating from the subtropical western North Pacific to North
America (Figs. 14a,b; vectors). This pattern is similar to the
positive phase of the EP-NP teleconnection pattern. The cor-
relation coefficients between the December SICBSI and the
November EP-NP index are 0.40 (significant at 95% confi-
dence level) during P1 and 0.40 (significant at 90% confidence
level) during P2. The results show that the large-scale atmo-
spheric circulation anomalies in November leads to the simulta-
neously anomalies of the SST in the Bering Sea and the snow
cover in North America. The November SST anomalies in the
Bering Sea could well persist into the following December,
leading to significant SIC anomalies.

7. Conclusions

This study identifies a strengthened linkage between December
Bering Sea ice and subsequent February SAT over North
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FIG. 11. Regressions of (a) December, (b) January, and (c) February SAT with respect to the December SICBSI dur-
ing P1. (d)—(f) As in (a)—(c), but during P2. Dotted areas indicate that the values are significant at the 95% confidence level.

Anmerica after the late 1990s. Our analysis shows that reduced
December SIC in the Bering Sea is followed by significantly
negative SAT anomalies over North America (mainly in the
central and eastern part) in the following February during P2
(Fig. 5b), which is not the case during P1 (Fig. 5a). During P2,
it is found that reduced December SIC in the Bering Sea is
generally associated with an anomalous meridional dipole
pattern in the atmospheric circulation over North America in
the subsequent February (Fig. 5d). The resultantly anomalous
northerlies at 850 hPa reflect more intense cold air outbreaks,
resulting in significantly colder temperatures in the central
and eastern part of North America. By contrast, this situation
is barely observed during P1 (Fig. 5c). Further work indicates
that the December Bering Sea ice and the subsequent Febru-
ary SAT over North America may be physically connected
during P2 due to the intrinsic persistence of the SIC anomaly
in the Bering Sea, and the strengthened sea ice-SAT linkage
can be attributed to the longer persistence of the SIC anom-
aly during P2. During P2, the significantly negative SIC anom-
aly in the northern part of the Bering Sea can persist well from
December into the following February (Figs. 6d—f). The analysis
of the simultaneous relationship between the anomaly of the
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SIC and the surface THF in situ in February reveals that the SIC
anomaly in February plays a predominant role in the
atmosphere—ocean—ice interaction in the Bering Sea. That is, a
significant SIC anomaly in February can lead to warming in the
air aloft, and also cause a significantly anomalous high pressure
over the high latitudes of North Pacific region (Fig. 7a). Such a
causal effect of the negative SIC anomaly is indicated by 1) the
anomalous surface upward THF (Fig. 6f; contours) and 2) an
eastward-propagating Rossby wave train originating from the
Bering Sea (Fig. 7a). By contrast, during P1, the December SIC
anomaly in the Bering Sea cannot persist into the subsequent
February (Figs. 6a—c).

We next investigate the physical mechanism underlying the
longer persistence of December SIC anomaly in the Bering
Sea during P2. Previous studies have emphasized the impor-
tance of atmosphere—ocean—ice interaction in explaining the
wintertime anomalies in the Arctic climate system (Dai et al.
2019; Deng and Dai 2022). That is, sea ice decline in winter al-
lows the warm ocean to release more heat to warm the frigid
air aloft, and the resultant warmer air will in turn increase
the downward heat transport, which further amplifies the sea
ice decline. This process indicates a positive feedback loop,
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is stronger than normal.

which is favorable for the persistence of the SIC anomaly.
Therefore, we then compare the intensity of the atmosphere—
ocean—ice interaction in the Bering Sea between P1 and P2.
The surface upward longwave radiation (which can reflect the
effects of warmer SST related to sea ice reduction) and sur-
face downward longwave radiation (which can reflect the
effects of warmer air aloft) are taken into account to charac-
terize the intensity of the atmosphere—ocean—ice interaction.
Stronger atmosphere—ocean—ice interaction demonstrates that
there are increased heat and energy exchanges between the
ocean and the air aloft, corresponding to an increase in both
the surface upward longwave radiation and surface downward
longwave radiation. Comparison of the climatological con-
ditions in the Bering Sea between P1 and P2 indicates that
there are less climatological sea ice and more open water in
the Bering Sea from December to the following February
during P2 (Figs. 8 and 9a,b), which leads to an increase in
the climatology of the surface upward longwave radiation,
the SAT, and the surface downward longwave radiation in
December—February from P1 to P2 (Figs. 9c—e). The clearly
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indicates that the Bering Sea atmosphere—ocean—ice interac-
tion from December to the following February in P2 is stronger
than that in P1, which provides more favorable climatological
background for the longer persistence of the December SIC
anomaly. In December, associated with reduced December
SIC in the Bering Sea, significantly positive anomalies of the
surface upward longwave radiation (Figs. 10a,d), the SAT
(Figs. 11a,d), and the surface downward longwave radiation
(Figs. 12a,d) appear over the Bering Strait during each period,
which reflects the aforementioned positive feedback loop
within the atmosphere—ocean—ice interaction. In January and
February, these anomalies of longwave radiations and tem-
perature are wider and more significant in P2 than in P1
(Figs. 10b,c,e,f, 11b,c,e,f, 12b,c,e,f). This shows that the pos-
itive feedback loop related to the SIC anomaly within the
atmosphere—ocean—ice interaction during P2 is stronger
than that during P1, which leads to the longer persistence of
the December SIC anomaly in the Bering Sea.

We further investigate the potential drivers of the interan-
nual anomaly of December SIC in the Bering Sea. Our
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FIG. 13. Regressions of (a) November SIC, (b) December SST, (c) November SST, and (d) October SST with re-
spect to the December SICBSI during P1 (shading). Contours in (c) show the regressions of November surface THF
with respect to the December SICBSI during P1. Red solid (blue dashed) contours indicate positive (negative) THF
anomaly; note that a positive anomaly indicates downward. (e)—(h) As in (a)—(d), but during P2. Dotted areas in each
panel indicate that the shading values are significant at the 95% confidence level.

analysis demonstrates that there is an in-phase relationship be-  circulation anomalies. Further analysis indicates that the neg-
tween the anomaly of the December SIC in the Bering Sea  ative anomaly of December SIC in the Bering Sea is a result
and the surface THF in situ (Figs. 6a,d), indicating that the  of the persistence of a positive SST anomaly in the preceding
SIC anomaly drives the atmospheric variability aloft. This in- November (Figs. 13c,g; shading), which is induced by the
dicates that the SIC anomaly in December is likely to be in-  simultaneous atmospheric circulation anomalies aloft through
duced by the simultaneous or preceding oceanic anomalies an increase in the surface downward THF (Figs. 13c,g; con-
(e.g., SIC, SST, etc.), instead of the simultaneous atmospheric  tours). It is found that the November large-scale atmospheric
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FIG. 14. Regressions of November (a) GPH500 (shading), (c) snow cover, and (e) surface SHF (negative anomaly
indicates upward) with respect to the December SICBSI during P1. Vectors in (a) show the associated horizontal
WAFs. (b),(d),(f) As in (a), (c), and (e), but during P2. Dotted areas in each panel indicate that the shading values

are significant at the 90% confidence level.

circulation anomalies simultaneously lead to such a positive
SST anomaly in the Bering Sea together with some other
anomalies of boundary conditions, such as a positive snow
cover anomaly in North America through an increase in the
surface upward SHF (Figs. 14c—f). This suggests that the
November large-scale atmospheric circulation anomalies, which
are found to be similar to the positive phase of the EP-NP tele-
connection pattern, may be attributed to atmospheric internal
variability.
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