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ABSTRACT

This study reveals that sea ice in the Barents and Kara Seas plays a crucial role in establishing a new Arctic
coupled climate system. The early winter sea ice before 1998 shows double dipole patterns over the Arctic
peripheral seas. This pattern, referred to as the early winter quadrupole pattern, exhibits the anticlockwise
sequential sea ice anomalies propagation from the Greenland Sea to the Barents—Kara Seas and to the Bering
Sea from October to December. This early winter in-phase ice variability contrasts to the out-of-phase re-
lationship in late winter. The mean temperature advection and stationary wave heat flux divergence associ-
ated with the atmospheric zonal wave-2 pattern are responsible for the early winter in-phase pattern.

Since the end of the last century, the early winter quadrupole pattern has broken down because of the rapid
decline of sea ice extent in the Barents—Kara Seas. This remarkable ice retreat modifies the local ocean—
atmosphere heat exchange, forcing an anomalous low air pressure over the Barents—Kara Seas. The sub-
sequent collapse of the atmospheric zonal wave-2 pattern is likely responsible for the breakdown of the early
winter sea ice quadrupole pattern after 1998. Therefore, the sea ice anomalies in the Barents—Kara Seas play

VOLUME 27

The Early Winter Sea Ice Variability under the Recent Arctic Climate Shift*

State Key Laboratory of Marine Environmental Science, and College of Ocean and Earth Sciences, Xiamen University,

a key role in establishing new atmosphere—sea ice coupled relationships in the warming Arctic.

1. Introduction

Recent Arctic climate differs greatly from that in the
second half of the twentieth century. The Arctic Oscil-
lation (AO), the primary mode of the extratropical at-
mospheric circulation, declines from a strong positive
phase to an almost neutral state during the recent two
decades (Cohen and Barlow 2005; Overland and Wang
2005), and its spatial structure shifts from the conven-
tional tripolar to a dipolar pattern (Zhang et al. 2008).
Because of the alleviation of AO-related atmospheric
poleward energy transport, the pan-Arctic warming in
the free troposphere/lower stratosphere layer has
slowed down (Yang et al. 2010; Alexeev et al. 2012). The
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Arctic surface temperature, however, has soared in as-
sociation with the abrupt acceleration of the Arctic sea
ice thinning and retreat after 1990s (Serreze et al. 2007;
Chapman and Walsh 2007; Overland et al. 2008; Nghiem
et al. 2007; Maslanik et al. 2007). The long-term ocean
observations also reveal the unprecedented warming of
the intermediate Atlantic water in the Arctic Ocean
since 2000 (Polyakov et al. 2012). In evaluating various
factors responsible for the Arctic temperature amplifi-
cation, Screen and Simmonds (2010) concluded that the
diminishing Arctic sea ice has had a leading role in re-
cent Arctic surface warming.

Many previous studies associated the thinning and
retreat of Arctic sea ice to the atmospheric AO vari-
ability (Rigor et al. 2002; Zhang et al. 2003; Stroeve et al.
2007). In light of the recent decoupling of AO with the
surface Arctic climate, Lindsay and Zhang (2005) pro-
posed that the Arctic climate has entered a new climate
regime thermally driven by the effect of an ice-albedo
feedback. This effect is primarily felt in late autumn and
early winter, when the ocean loses the extra heat gained
during summer to facilitate the sea ice growth (Serreze
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and Barry 2011). Hence, the Arctic sea ice extent in this
transition season is preconditioned by the extent of
summer ice retreat. On the other hand, the extending
seaice cover insulates the turbulent heat flux from ocean
and thermally feedbacks to the overlying atmosphere.
Some recent studies explored the possibility of Sep-
tember sea ice minima influencing the atmospheric cir-
culation in the following autumn and winter (Francis
et al. 2009; Strey et al. 2010; Hopsch et al. 2012; Orsolini
et al. 2012). Among others, Deser et al. (2010) have
noted the baroclinic feature of atmospheric response to
the Arctic sea ice losses in early winter (November—
December), which contrasts to the barotropic responses
in late winter (January—March). Screen et al. (2013)
further declared that the atmospheric response to the
sea ice loss is most pronounced in autumn and early
winter, and the resulting earlier onset of baroclinic in-
stability can impact the structure of large-scale plane-
tary waves in late winter (Jaiser et al. 2012). It seems that
the sea ice variability in early winter and its interaction
with the atmospheric circulation may be a key factor to
understand the recent Arctic climate shift.

At time scales from weeks to decades, winter arctic
sea ice variability is dominated by two sets of dipole
pattern in the Arctic marginal seas, with the out-of-
phase variations of sea ice concentration (SIC) between
the Bering Sea (Ber) and the Okhotsk Sea (Okh) in the
Pacific sector and between the Baffin—Labrador Seas
(BaL) and the Greenland-Barents—Kara Seas in the
Atlantic sector (Fang and Wallace 1994; Deser et al.
2000). Proshutinsky and Johnson (1997) suggested that
the winter Arctic sea ice variability is forced by changes
in the location and intensity of the Icelandic low (IL)
and the Siberian high. The study by Francis and Hunter
(2007) revealed that the Bering Sea ice variability is
influenced mainly by anomalies in easterly winds asso-
ciated with the Aleutian low (AL), whereas the Barents
Sea ice is driven primarily by sea surface temperature
and the local meridional wind. So far, we do not know
whether this quadrupole pattern of winter sea ice vari-
ability remains robust under the new Arctic climate re-
gime. Less known is the sea ice variability in the late
autumn/early winter season, when the Arctic sea ice
cover extends from the Arctic Ocean to the marginal
seas and the atmospheric semipermanent active centers
(i.e., AL and IL) are not steadily established.

This study aims to investigate the interannual vari-
ability of sea ice concentration in late autumn/early
winter (October—December) in the context of the cli-
mate regime shift during the late 1990s. Here we identify
a connection between the sea ice anomalies in the
marginal seas of the Atlantic sector of the Arctic [in-
cluding the Greenland Sea (Grn) and the Barents—Kara
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Seas (BaK)] and in the Ber during October through
December, which is different from the quadrupole tele-
connection pattern found in late winter. We then in-
vestigate mechanisms that lead to this early winter
covariability in sea ice across the Arctic Basin. Fur-
thermore, we find that this early winter sea ice tele-
connection breaks down after the late 1990s, when the
BakK ice variability is thermally driven by ice—albedo
feedback and the Grn ice variability is mostly controlled
by the atmospheric circulation. This will in turn block
the energy propagation of planetary wave from the
North Atlantic to the North Pacific and weaken the
teleconnection of sea ice variability across the Arctic.

The paper is composed of six sections. Section 2 in-
troduces the data and method. The contrast in spatial
patterns of SIC and sea ice extent (SIE) between the
periods of 1979-97 and 1998-2012 is explored in section
3. Section 4 investigates the underlying mechanisms that
lead to the sea ice covariability in early winter. The
mechanism that may responsible to the breakdown of
the sea ice covariability in the recent warming climate
regime is studied in section 5. Discussion and conclu-
sions are presented in the last section.

2. Data and method

The monthly data of SIC and sea surface temperature
(SST) are obtained from the Met Office Hadley Centre
Sea Ice and Sea Surface Temperature dataset version 1
(HadISST1) (Rayner et al. 2003). The data resolution is
1° X 1° with the period ranging from January 1979 to
December 2012. The period is chosen for the reason that
the satellite SIC data are continuously available since
October 1978 and the HadISST SIE data before 1979 are
likely overestimated, according to Stroeve et al. (2012).
The SIE time series was generated by summing the areas
of all grid boxes with at least 15% ice concentration. In
addition, the SIE time series from the National Snow
and Ice Data Center (NSIDC) was applied to verify the
results of HadISST1. The time series was calculated
from SIC derived by the National Aeronautics and
Space Administration (NASA) team algorithm from
Nimbus-7 Scanning Multichannel Microwave Radiom-
eter (SMMR; 1978-87), Defense Meteorological Satel-
lite Program (DMSP) Special Sensor Microwave Imager
(SSM/T; 1987-2009), and DMSP Special Sensor Micro-
wave Imager/Sounder (SSM/IS; 2008-10) satellite pas-
sive microwave radiances on a 25km X 25km polar
stereographic grid (Cavalieri et al. 2013). Figure la
shows the time series of the total Arctic sea ice extent in
September. Compared to NSIDC satellite data, the
HadISST data may underestimate the sea ice decline
after the late 1990s. Nevertheless, a high consistency can
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FIG. 1. (a) Total September Arctic sea ice extent (SIC = 15%)
during 1979-2012 from HadISST (black) and NSIDC datasets
(red), superimposed with the linear trends of the early period
(1979-98) and the late period (1998-2012) (black dashed) (units:
millions of square kilometers). (b) Linear trends grid by grid during
the late period (shaded area; unit: % yr '), with the solid lines
indicating the climatological September sea ice edges for the early
period (black), the late period (yellow), and the sea ice edge in
September 2012. The three Arctic peripheral seas (Grn, BaK, and
Ber) are defined by gray boxes, and the red box indicates the BaK
ice edge zone.

be readily seen in these two observational time series
with the year-to-year correlation of 0.91 for the period
from 1979 to 2010. The trends based on the HadISST
dataset are quite consistent with the satellite data;
hence, the results are not sensitive to the dataset chosen.

The monthly-mean atmospheric data used here are
from the National Centers for Environmental Prediction—
National Centers for Atmospheric Research (NCEP-
NCAR) reanalysis dataset with a horizontal resolution
of 2.5° X 2.5°, with 17 vertical levels from 1000 to 10 hPa
(Kalnay et al. 1996). Physical variables used in this study
include sea level pressure, air temperature, zonal and
meridional winds, and geopotential heights. Daily data
of temperature and zonal and meridional winds are also
applied to calculate the transient heat flux. We have
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verified that the results of this study are robust regard-
less which reanalysis dataset is chosen.

To diagnose the three-dimensional propagation of
stationary waves in association with the sea ice extent
anomalies in the North Atlantic the generalized sta-
tionary wave activity flux (F,) is derived by following
Plumb (1985),

n 1 ' CI)')
2Qasin2¢  dA
1 (' d")
F = X< —ulv +
s Tpeosd VT 2 0asin2g oA
2Q sing e 1 o(T'd")
s V" " 20asin2¢p oA

Here, the terms u, v, ®, ¢, and T are the horizontal
winds, geopotential, latitude, and air temperature, re-
spectively. The prime denotes the variable deviation
from the zonal mean at each latitude and height.
The term S is the static stability, defined as
§=(8T/9z) + (kT/H), with the caret indicating an area
average in the extratropical Northern Hemisphere; H is
the scale height H = —(%/Inp), and « is the constant,
expressed as k = R/C, ~ 0.286.

3. Contrast of the early winter Arctic sea ice
variability before and after 1998

Model and observational data analysis reveal that
memory of the Arctic sea ice anomalies can persist at
least 2 months (Blanchard-Wrigglesworth et al. 2011).
While the September Arctic sea ice cover experiences
the dramatic retreat during the last three decades, it is
expected to impact the sea ice growth in the following
October and November by changing the upper-ocean
heat content. Figure 1a clearly shows that the decline of
the sea ice extent has accelerated in the recent decade.
The sea ice extent trends are —0.14 X 10°km?* (—2.1%)
per decade for the period of 1979-98 and —2.08 X
10°km? (—31.6%) per decade for the period of 1998-
2012. The trend estimate for the early period is not
sensitive to the start and end points and is largely con-
sistent with the satellite data results (Comiso et al. 2008).
However, the trend estimate for the late period is larger
than the 1997-2007 trend calculated by Comiso et al.
(2008), which is due to the abrupt sea ice decline in the
recent 2yr. In fact, the September 2012 sea ice cover
becomes the new record minimum (less than 4 X
10°km?) (Parkinson and Comiso 2013; Holland 2013); if
the year 2012 is subtracted from the late period, the
trend slope is reduced to —1.84 X 10°km? (—27.9%)
per decade. The linear trends of September SIC during
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FIG. 2. (a) Monthly (September-January) climatology of sea ice edge (SIC = 15%) advance during the period of
1979-97. (b) As in (a), but for the period of 1998-2012. (c) Time series of November Barents—Kara Seas ice extent
(black lines) and November Greenland sea ice extent (red lines) (unit: millions of square kilometers).

1998-2012 are plotted at grid points in Fig. 1b, super-
imposed by the September climatological sea ice
edge (SIC = 15%) during the periods of 1979-97 (the
early period) and 1998-2012 (the late period) and the
ice edge in September 2012. Also marked by the gray
lines are the areas of the three Arctic peripheral seas:
the Greenland Sea, the Barents—Kara Seas, and the
Bering Sea. The remarkable retreat of perennial sea ice
occurs in the eastern Arctic Ocean including the
Beaufort Sea, the East Siberian Sea, the Laptev Sea,
and the BaK. The western Arctic experiences no sig-
nificant SIC reduction or sea ice edge retreat. Even
a moderate positive trend of SIC appears in the Grn,
which may be attributed to the excessive multiyear sea
ice export through the Fram Strait by the transpolar
drift stream.

The seasonal migration of the sea ice edge from
September to January are shown in Figs. 2a,b for the
early and late periods, respectively. The sea ice cover
extends from the Arctic Ocean to the peripheral
seas in early winter, first to the North Atlantic in
October-November and then to the North Pacific in
December. Among all the peripheral seas, the most
drastic extension of sea ice edges occurs in the BaK.
Francis and Hunter (2007) found that the hemispheric-
mean decline in winter SIE is due in large part to in-
creasing SST in the Barents Sea and adjacent waters.
It is reasonable that the November BaK sea ice bears
the signal of the pan-Arctic sea ice retreat in Sep-
tember and hence exhibits a significant downward
trend after 1998 (Fig. 2c). On the contrary, the No-
vember Grn SIE shows no significant trend during the
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F1G. 3. Leading EOF modes of sea ice concentration in (a) November, (b) December, (c) January, and (d) February
during the period of 1979-97. The total variances explained by the leading modes are marked in the panels, which are all

well separated from the second modes.

whole period, consistent with the September SIC
trends in Fig. 1b.

To investigate covariability of sea ice in the Arctic and
its peripheral marginal seas, the analysis of empirical
orthogonal function (EOF) is applied to the SIC
anomalies in the wintertime. The leading EOF modes of
SIC in each month from November to February of 1979-
97 are presented in Fig. 3, which are well separated from
the second modes and explain 23.3%, 28.2%, 29.7%,
and 32.5%, respectively, of the total variance of each
month. Throughout the whole wintertime, the SIC var-
iability exhibits two dipole patterns: there are out-of-
phase ice anomalies in the Grn—BaK and the BaL in the

North Atlantic and out-of-phase ice anomalies in the
Ber and the Okh in the North Pacific. An ice tongue
appears in the Grn from December to February, which is
referred as the winter Odden ice feature in previous
studies (Deser et al. 2000). The Odden is a tongue of sea
ice that episodically advances rapidly northeastward
into the Grn from the edge of the main ice pack near
10°W between 72° and 74°N (Shuchman et al. 1998). This
phenomenon, according to Rogers and Hung (2008),
may be closely related to the anomalous westerly wind
associated with the North Atlantic Oscillation (NAO).
Nevertheless, the sea ice variability in early winter is
apparently contrasted to that in late winter. The
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FIG. 4. As in Fig. 3, but for the period of 1998-2012.

hemispheric-scale SIC variability exhibits a longitudinal
anticlockwise +/—/+/— pattern from Grn-BaK to BaLL
in early winter (Figs. 3a,b), while in late winter it turns to
be a +/+/—/— pattern (Figs. 3c,d). In other words, the
Ber SIC varies in phase with the Grn—-BaK SIC in early
winter and reverses to out of phase in late winter. We
call the +/—/+/— pattern as the early winter quadrupole
pattern.

Consistent with the asymmetric SIE trends after 1998
(Fig. 2c), the November SIC leading EOF mode is pre-
dominated by the BaK SIC anomalies in the late period
(Fig. 4a) and its time series shows a significant down-
ward trend (not shown). The late winter quadrupole
pattern reappears in December—January (Figs. 4b,c),

but the leading modes account for less variance com-
pared to those in the early period. In February (Fig. 4d),
sea ice variance is mostly confined in the North Pacific as
a seesaw pattern between Ber and Okh while the
anomalies in the North Atlantic are much weaker. The
EOF1 time series also presents a strong downward trend
(not shown). This result is qualitatively consistent with
the study by Parkinson and Cavalieri (2008). The most
notable change in the late period is the breakdown of the
early winter quadrupole pattern. The Grn SIC anoma-
lies become much weaker and independent from the
BaK SIC anomalies. The winter Odden feature in the
Grn almost disappears after 1998, which is likely at-
tributed to the weakening of the westerly wind in
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association with the polarity shift of AO/NAO mode.
Particularly in November, Grn SIC seems to be out of
phase with the BaK SIC anomalies, whereas they are
largely in phase in the early period.

The robustness of phase relationships in SIC anoma-
lies revealed by the leading EOF modes can be verified
by the lead-lag correlations among the detrended Ber
SIE, Grn SIE, and BaK SIE (Fig. 5). For the early pe-
riod, the positive correlations between the BaK SIE and
Grn SIE prevail from early winter throughout late
winter, with the maximum over 0.7 in January and
February (Fig. 5a). Significant positive correlations also
arise between the Ber SIE and Grn (BaK) SIE in early
winter, which turns into negative correlations in late
winter (Figs. 5b,c). This corresponds to the quadrupole
pattern shift from early winter to late winter (Fig. 3). We
notice that the correlation among these three seas is not
simultaneous, because the maximum correlations de-
viate from the zero-lag line. Instead, the sea ice vari-
ability seems to be in an anticlockwise sequence that the
October Grn SIE anomalies are followed by November
BaK SIE anomalies and then the Ber SIE anomalies in
December and January. This anticlockwise relationship
fades away during the late period (Figs. 5d-f). The No-
vember Grn SIE anomalies negatively (positively) cor-
relate with the December—January BaK SIE (Ber SIE)
but with no significant correlations between the BaK
SIE and Ber SIE. Neither has a significant correlation in
late winter. Similar results have been reproduced in
NSIDC satellite data and in the original HadISST SIE
data with the trends included.

4. The mechanisms for the early winter sea ice
teleconnection

Deser et al. (2000) explicitly stated that winter SIC
anomalies are directly forced by the atmosphere, either
thermodynamically through temperature advection or
dynamically through wind-driven ice drift. Winter at-
mospheric circulation is dominated by the AL over the
North Pacific and IL over the North Atlantic. It is sen-
sible that the out-of-phase relationship between the Ber
SIE and the Grn-BaK SIE (Figs. 5b,c) is caused by the
AL-IL seesaw pattern in late winter (Honda et al. 2001;
Honda et al. 2005b). However, what fuels the covari-
ability of sea ice cover with the early winter quadrupole
pattern? Why do the ice anomalies in the North Pacific
appear 1-2 months later than those in the North Atlantic?
To understand this phenomenon, we first investigate
the anomalous atmospheric circulation associated with
November sea ice anomalies in the Atlantic sector of
the Arctic and examine its evolution from October
to December.
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We plot the detrended and normalized November
Grn SIE and BaK SIE time series in Fig. 6. The
relationship between these two time series changes
remarkably before and after 1998, with the correlation
coefficients of 0.48, —0.61, and almost zero for the
periods of 1979-97, 1998-2012, and 1979-2012, re-
spectively. The years with the collaborative advance
(retreat) of the November Grn SIE and the BaK SIE
(exceeding *0.5 standard deviation) in the early pe-
riod (Table 1, columns 1 and 2) are selected to do the
composite analysis. The composites of early winter
(October-December) sea level pressure (SLP) and
850-hPa horizontal winds are presented in Fig. 7 (left).
In October, the anomalous atmospheric circulation is
basically an Arctic dipole pattern with the high pres-
sure residing over the Greenland and Iceland region
and the low pressure residing over the East Siberian
Sea (Fig. 7a). This dipole pattern is quite similar to that
described by Wu et al. (2006), who asserted that the
large-scale changes in the intensity of sea ice transport
are associated with this mode, leading to positive ice
cover anomalies in the Grn-BaK region. In addition,
the SLP dipole mode is accompanied by an anomalous
strong transpolar wind from the Chukchi Sea through
the Greenland Sea and the Norwegian Sea. Aside from
the dynamical effect, these northerly winds generate the
cold advection bringing polar air to the Grn, thermody-
namically preconditioning the region for sea ice growth.
In November, the high pressure migrates eastward to
the east of Iceland. A wave-2 SLP pattern, with lows
over North America and Northern Europe and highs
near Iceland and the Aleutian Basin, emerges in the
subpolar regions (Fig. 7d). Accordingly, the northerly
winds at the east flank of the anomalous highs prevail
over both the BaK and the Ber and then facilitate the
local sea ice increase. In December, an anomalous low
pressure and the associated cyclonic winds appear over
the Arctic Ocean (Fig. 7g). The anomalous meridional
winds become much weaker in the Atlantic, but the
northerly winds associated with the high anomalies
continue to predominate over the Ber. It seems that the
sea ice anomalies keep the pace of the anomalous
northerly winds, which prevail in the Grn, BaK, and Ber
successively from October to December. Thus, the Grn—
BaK SIC-related large-scale atmospheric circulation
may contribute to the in-phase relation between the Grn
SIC, BaK SIC, and Ber SIC, leading to the early winter
quadrupole pattern.

To further examine the role of Grn—-BaK SIC in the
early winter sea ice—atmosphere interaction process, we
regress SLP anomalies (in October, November, and
December) on the principle component of the leading
EOF mode of November SIC anomalies (Figs. 7b,e,h).
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FIG. 6. Normalized and detrended November sea ice extent in-
dices of the Barents—Kara Seas (black) and the Greenland Sea
(red) during the period of 1979-2012. The gray line indicates the
year 1998, and the blue dashed lines denote the *=0.5 standard
deviations.

Also shown in Fig. 7 are the leading modes of SLP EOF
for the early periods (right panels). In October, the
anomalous high pressure over the Iceland is mostly re-
produced in both the regression pattern and the SLP
EOF leading mode. It is clear that the weakening of
atmospheric IL preconditions the synchronous advance
of sea ice in the Grn—-BaK. The Arctic dipole mode,
though not as significant as in the composites, also
exists in the regressions and EOF1 mode (Figs. 7a—c).
More important, the early winter Grn-BaK SIC
anomalies are highly coupled with the dominant at-
mospheric circulation, since the zonal wave-2 patterns
in the composites, in the regressions, and in the EOF1
mode are extremely similar in November (Figs. 7d-f).
In this sense, the atmospheric planetary wave is
probably a key factor to the formation of early winter
quadrupole pattern. The SIC-related atmosphere cir-
culation in December shows an anomalous low and
cyclonic winds over the Arctic and an anomalous high
over the subpolar region (Figs. 7g,h). This pattern is
similar to the winter atmospheric AO mode (Fig. 7i),
again revealing that sea ice anomalies are associated
with the dominant atmospheric pattern and play an
important role in the coupled climate system.
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Given the intense sea ice-atmosphere coupling in
November, we investigate the dominant atmospheric
circulation in November associated with Grn—-BaK SIE
anomalies. Figure 8 shows the composites in 250- and
500-hPa geopotential height, 850-hPa air temperature,
and sea surface temperature anomalies associated
with the November sea ice cover in the Grn—-BaK. The
planetary wave-2 pattern in the subpolar region corre-
spondingly appears in 500- and 250-hPa height fields,
suggesting a quasi-barotropic nature of the atmosphere.
The anomalous low-level temperature field displays a
quarter of phase shift from geopotential height anoma-
lies in the North Atlantic, which to some extent signifies
the baroclinic response of the atmosphere to the surface
heating. The large-scale cold (warm) anomalies over the
Grn-BaK (Bal.) in the North Atlantic and over the Ber
(Okh) in the North Pacific in Fig. 8c give rise to the
anomalous cold (warm) SST in these regions through
the air-sea turbulent heat flux, leading to the associated
SIC quadrupole pattern and the in-phase variability of
the Grn SIE, BaK SIE, and Ber SIE in early winter.

We further examine the cause of successive sequence
of the sea ice anomalies from the Atlantic sector to the
Pacific sector of the Arctic. The generalized Eliassen—
Palm (EP) flux is a useful tool to diagnose the stationary
wave energy propagation (Plumb 1985). In accordance
with the increase (decrease) of November sea ice cover
in the Grn-BakK, the 250-hPa wave activity fluxes
manifest unanimous northeastward (southwestward)
propagation in this region, with a significant eastward
propagation over the Greenland Sea and a significant
northward propagation over the Barents Sea (Fig. 9).
This anomalous wave energy propagation may help to
stimulate the planetary wave in the downstream region
and then establish the zonal wave-2 pattern. At the same
time, the vertical component of EP flux analogously
differs between the high and the low sea ice conditions.
For the latitude of 70°N, the most conspicuous differ-
ence is located in the lower troposphere of the Grn—BaK
region (40°W-90°E), with the anomalous upward wave
perturbation corresponding to the advance of the sea ice
cover (Fig. 10). This result is qualitatively insensitive
to the latitudes chosen. The fact that the upward wave
perturbation originates from the boundary layer may to
some extent be interpreted as the excessive turbulent

TABLE 1. Selected years with the standard deviation of above (below) 0.5 (—0.5), for the simultaneously advancing (retreating) No-
vember sea ice cover of Greenland—Barents—Kara Seas, as well as the November Greenland sea ice cover advancing (retreating) and

Barents—Kara sea ice cover retreating (advancing).

GrnSIE +BaKSIE+ GrnSIE—BaKSIE— GrnSIE+BaKSIE— GrnSIE—BaKSIE+
Early period (1979-97) 1980, 1988, 1994, 1997 1979, 1984, 1985, 1986, 1996 1981 1993
Late period (1998-2012) 2007, 2012 2002, 2003, 2004
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FIG. 7. (a) Detrended October sea level pressure anomalies (contours) and 850-hPa horizontal winds anomalies (vectors) composites
based on the November Greenland-Barents—Kara sea ice extent indices in Fig. 6 (high minus low; for details, see Table 1). Contour
intervals are 2 hPa with the 95% significance level signified by the shaded area. Only the zonal or the meridional winds above the 95%
significance level are drawn as vectors. (b) Regression of 1979-97 detrended October sea level pressure anomalies on the time series of the
leading EOF mode of November sea ice concentration. Contour intervals are 0.5 hPa, with the 95% significance level signified by the
shaded area. (c) The leading mode of October detrended sea level pressure for the period of 1979-97, with contour intervals of 0.5 hPa and
the shaded area denoting the anomalies above (below) 2 hPa (—2hPa). (d)—(f) Asin (a)—(c), but for the month of November. (g)-(i) Asin
(a)—(c), but for the month of December.

heat loss from the ocean due to the overlying cold air To assess the contributions of various atmospheric
temperature (figure not shown). As the upward wave internal processes to the 850-hPa temperature anoma-
energy propagation is relevant to the northward eddy lies in early winter, we repeat the composite analysis for
heat flux, it should in turn contribute to the low-level air  the mean temperature advection —#(97/0x) —v(aT/dy)
temperature change. (Fig. 11, left), the stationary wave heat flux convergence
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F1G. 8. (a) Detrended 250-hPa geopotential height composites based on the November Greenland-Barents—Kara
sea ice extent indices in Fig. 6 (high minus low) [contour intervals: 50 geopotential meters (gpm); shaded area denotes
the 95% significance level]. (b) As in (a), but for 500-hPa geopotential height (contour intervals: 20 gpm). (c) As in
(a), but for 850-hPa air temperature (contour intervals: 1 K). (d) As in (a), but for sea surface temperature (contour

intervals: 0.3 K).

—[0@*T " Yox] — [0@*T " )ay] (Fig. 11, middle), and the
transient wave heat flux convergence —[d(u/'T")/dx] —
[0(¥T")/ay] (Fig. 11, right) based on the Grn SIE and
BaK SIE indices shown in Fig. 6. The superscript primes
and stars refer to the deviation from the monthly and
zonal averages, respectively, while the overbars denote
the monthly mean. The positive (negative) values in-
dicate the warming (cooling) tendency in the units
of Kelvins per day. In October-November, during
the high sea ice years, the anomalous cold advection
(Figs. 11a,d) and stationary wave heat flux divergence
(Figs. 11b,e) prevail over the Grn-BaK region with al-
most equivalent magnitudes. The similar anomalous

advection and heat flux divergence by stationary waves
also predominate over the Bering Sea in November
(Figs. 11d,e), persisting to December (Figs. 11g,h). Both
the temperature advection and stationary wave heat
flux divergence lead to the anomalous cold condition
over the two regions in early winter, and their intra-
seasonal time evolution from the Grn (October) to the
BaK (November) and then to the Ber (December) could
well account for the phenomenon of the anticlockwise
sequence of the sea ice anomalies. The heat flux from
transient eddies, on the other hand, is less significant and
acts to counteract the effect of the advection and sta-
tionary wave flux (Figs. 11c,f,i).
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FIG. 9. (a) Detrended 250-hPa horizontal stationary wave
activity flux over the North Atlantic region composites of the
November Greenland-Barents—Kara sea ice extent high index
events. (b) As in (a), but for low indices. (c) As in (a), but for high
minus low indices. The contours denote the 95% significance level
for zonal components of wave activity flux (red solid) and merid-
ional components of wave activity flux (blue dashed).

5. Abrupt shift of sea ice covariability pattern
since the late 1990s

So far we have demonstrated that the early winter
quadrupole pattern can be mostly attributed to the at-
mospheric wave-2 pattern, which may closely relate to
the intense ice—atmosphere interaction processes in the
Grn-BaK. However, it is unclear what causes the
breakdown of the connection between the Grn-BaK
SIE and the Ber SIE in the later period. Taking into
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F1G. 10. As in Fig. 9, but for vertical stationary wave activity

flux along the latitude of 70°N. Contour interval in (c)is 0.05 m*s 2,

and the shaded areas denote the 95% significance level. The two
red lines mark the longitude positions of the Greenland-Barents—
Kara Seas.

account the fast equatorward expansion of BaK SIE in
October—-November and the notable shrinking of BaK
SIE since 1998 (Fig. 2), we intuitively suppose that the
interruption of the covariability of sea ice cover in the
late period may be closely linked to the continuous re-
treat of the BaK SIE. In the BaK, the sea ice is relatively
thin compared to the rest of the Arctic Ocean. The thin
layer of ice is very sensitive to changes in both the at-
mosphere and ocean. In turn, the BaK sea ice change
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FIG. 11. (a) Detrended October 850-hPa temperature advection composites based on the November Greenland-Barents—Kara sea ice
extent indices (high minus low events). Contour interval is 1 K day ', and the shaded areas denote the 95% significance level. (b) Asin (a),
but for 850-hPa stationary wave heat flux convergence. (c) As in (a), but for 850-hPa transient wave heat flux convergence. (d)—(f) As in
(a)—(c), but for the month of November. (g)-(i) As in (a)—(c), but for the month of December.

can impact the atmospheric circulation change by ad-
justing the ocean—atmosphere turbulent heat flux and
solar shortwave radiation. With large air-sea tempera-
ture difference in wintertime, the turbulent heat flux
from an open ocean may reach 300-500 W m 2, which is
almost two orders of magnitude larger than through the
ice (Andreas 1980; Simonsen and Haugan 1996). Here
we present the monthly correlations between the BaK

SIE and the total atmospheric heating rate (including
the net shortwave radiation flux, the net longwave ra-
diation flux, and the latent and sensible heat flux) over
the BaK ice edge zone (BaKIEZ; referring to Fig. 1b) in
Fig. 12a. The early winter BaK SIE negatively correlates
with the atmospheric heating rate by sea ice leading
about one month. It means that the retreat of BaK SIE
favors both the enhanced heat flux from ocean and the
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F1G. 12. (a) Detrended lead-lag correlations between the BaK SIE and the BaK ice edge zone heating rate during
the period of 1979-2012. The contour interval is 0.1, and the shaded area denotes the correlation coefficients above
the 95% significance level of Student’s ¢ test. (b) Time series of November BaK ice edge zone heating rate anomalies.
The red dashed lines indicate the mean values for the early period (1979-97) and the late period (1998-2012).
(c) Regression of 1998-2012 detrended November sea level pressure anomalies on the time series of November BaK
ice edge zone heating rate anomalies. Contour intervals are 0.5 hPa, with the 95% significance level signified by the
shaded area. (d) The leading EOF mode of sea level pressure in November during the period of 1998-2012. Contour
intervals are 0.5 hPa, with the shaded area denoting SLP anomalies above (below) 2hPa (—2hPa).

reduced reflection of solar shortwave radiation, leading
to the local heating of the atmosphere. Following the
fast retreat of BaKIEZ, the November BaK ice edge
zone heating rate exhibits the upward trend after 1998
(Fig. 12b). Particularly in the recent 3 yr, the anomalous
heating rate even exceeds 40 Wm ™ 2. The atmospheric
circulation responds to the successive increase of heat-
ing rate in the lower boundary, displaying a significant
low pressure anomaly over the BaK in the late period
(Fig. 12¢). Interestingly, the leading mode of November
SLP EOF in the late period (Fig. 12d) also presents an
anomalous low pressure over the BaK. In contrast to the
early period (Fig. 7f), the SLP EOF1 anomalies over the
Pacific sector are much weaker, and the zonal wave-2
pattern can be hardly identified in the late period. In

addition, the regression of the original SLP (with trends
included) onto the BaKIEZ heating rate presents a high
consistency with the detrended regression pattern. This
demonstrates the BaK sea ice retreat can really induce
significant SLP anomalies and thus may contribute to
the recent downward trend of SLP over the Barents—
Kara Seas (figures not shown). The fact that the SLP
leading mode and local SLP trends are both closely re-
lated to the BaK ice edge zone heating rate fully mani-
fests the key roles of the BaK SIE in triggering the
recent radical shift of atmospheric circulation.
According to our analysis in section 4, the early winter
quadrupole pattern of sea ice resulted from the tem-
perature advection and the stationary wave heat flux
convergence associated with the atmospheric zonal



5106 JOURNAL

OF CLIMATE

VOLUME 27

FI1G. 13. (a) Regression of detrended November 850-hPa temperature advection anomalies on the time series of
November SLP EOF1 during the period of 1998-2012. Contour intervals are 0.5 K day ! with the 95% significance
level signified by the shaded area. (b) As in (a), but for 850-hPa stationary wave heat flux convergence. (c) Asin (a),
but for 850-hPa air temperature. (d) Detrended November 850-hPa air temperature composites on the November
GrnSIE—BaKSIE+ minus GrnSIE+BaKSIE— (see Table 1).

wave-2 pattern. To investigate the cause of breakdown
of the early winter quadrupole pattern, the 850-hPa
temperature advection, stationary wave heat flux con-
vergence, and 850-hPa temperature anomalies are re-
gressed on the principle component of November SLP
EOF during the late period (Figs. 13a—c). Significant
cold advection prevails over the Grn, in association with
the northerly winds at the west flank of the low pressure
anomaly in Fig. 12d. In the meantime, the anomalous
stationary wave heat flux diverges over the same region.
The cold advection and heat flux divergence together
contribute to the cold air temperature anomalies. Figure

13d shows the composite analysis based on the late pe-
riod out-of-phase variation of the Grn-BaK SIE
(GrnSIE+BaKSIE— minus GrnSIE—BaKSIE+; see
Table 1, columns 3 and 4). The cold anomalies over the
Grn are mostly reproduced in the composites, denoting
that Grn SIE variability in the late period is still under
the spell of the overlying atmospheric circulation. On
the contrary, there are no significant temperature ad-
vection and the heat flux convergence anomalies over
the BaK. Thus, the 850-hPa air temperature over the
BaK disconnects with the atmospheric circulation, and
the local sea ice variability seems to be out of control of
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the atmospheric circulation. Our study is consistent with
most previous studies in asserting that the sea ice cover
in the BaK is getting more sensitive to the ice—albedo
feedback rather than to the atmospheric circulation
variability in recent years. In addition, there are no
significant air temperature anomalies over the Ber be-
cause of the weakening of wave-2 pattern, leading to the
disconnection between the Grn-BaK SIE and the Ber
SIE in the late period.

6. Conclusions and discussion

This study reveals a prominent discrepancy of sea ice
variability between early winter and late winter. Al-
though the double dipole patterns (one over the North
Atlantic and the other over the North Pacific) are
steadily established throughout the wintertime, the sea
ice cover in the Grn—BaK varies in phase with that in the
Ber in early winter (November and December). This
early winter quadrupole pattern is different from the
quadrupole pattern in late winter, in which the Grn-
BaK SIC is out of phase with the Ber SIC. In addition,
the in-phase variation during early winter follows an
anticlockwise sequence, which shows that the Grn SIE
leads the BaK SIE by 1 month and the Ber SIE by about
2 months. The composite analyses illustrate that the
planetary wave-2 pattern of atmospheric circulation
plays a crucial role in driving this early winter sea ice
pattern. The stationary wave first appears over the At-
lantic section and then propagates its energy eastward
and northward downstream, enhancing the zonal wave-2
pattern in November. The associated stationary wave
heat flux divergence and cold temperature advection
together cause the decreasing air temperature and the
in-phase advance of sea ice cover in the Grn-BaK and
the Ber. In the late period, however, the fast retreat of
BakK SIE increases the local atmospheric heating rate,
causing the formation of low pressure anomaly over the
BaK. As a result, the atmospheric zonal wave-2 pattern
collapses, and the connection between the Atlantic sector
and Pacific sector is interrupted.

A consensus of previous studies is that the wintertime
Arctic atmospheric circulation is dominated by the AO/
NAO mode (EOF1) and the secondary Arctic dipole
mode (EOF2) (Thompson et al. 2000; Wu et al. 2006).
These two modes are both related to the sea ice vari-
ability and trends (Rigor and Wallace 2004; Steele et al.
2004; Wang et al. 2009). The stationary wave pattern, on
the other hand, is also the ubiquitous characteristic in
boreal winter. The winter planetary wave pattern is
demonstrated to stimulate the atmospheric AL-IL
seesaw pattern (Honda et al. 2001, 2005a) and influence
the Arctic sea ice export through Fram Strait (Cavalieri
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2002) and the Arctic Ocean circulation as a whole
(Cavalieri and Hakkinen 2001). In addition, the early
winter sea ice has been shown to impact the following
middle and late winter climate through the stationary
wave propagation over East Asia (Honda et al. 2009)
and over the Pacific (Jaiser et al. 2012). Cohen et al.
(2009) revealed that the Northern Hemisphere extra-
tropical temperature trends appear asymmetric between
early winter and late winter in the recent period, with
vigorous warming in October-December followed by
a reversal to a neutral/cold trend in January—March.
They suggested this asymmetry is closely linked to the
planetary wave activity, which in turn is forced by the
anomalous Eurasian snow cover in the fall. In this
study, we identify that the leading modes of atmo-
spheric circulation are Arctic dipole mode in October
and the zonal wave-2 pattern in November (Fig. 7), in
contrast to the AO/NAO mode in late winter. We
further discover that the stationary wave-2 pattern is
strongly coupled to the Grn—-BaK sea ice variability in
November, which is critical to the early winter sea ice
quadrupole pattern.

We recognize that many problems remain un-
resolved involving the recent climate regime shift.
First, what is the main mechanism driving the fast
Arctic sea ice reduction? The study by Deser and Teng
(2008) revealed that the atmospheric forcing cannot
account for the overall sea ice trends in both winter
and summer, particularly for the continuous sea ice
decline in the BaK since the 1990s. Our study suggests
that this BaK sea ice decline in the 1990s is strongly
connected to the summer sea ice albedo feedback and
open water formation efficiency (Holland et al. 2006).
In turn, the BakK sea ice retreat may feedback to the
atmosphere thermodynamically because of the in-
creasing amount of turbulent surface heat flux from the
open water (Simonsen and Haugan 1996) and trigger
the overall wintertime climate shift. In fact, some re-
cent studies provided evidence of BaK sea ice in in-
ducing the atmospheric baroclinic response, changing
the Atlantic cyclone track, and impacting the AO po-
larity and the East Asian climate (Alexander et al.
2004; Deser et al. 2004; Inoue et al. 2012). Therefore,
the sea ice—atmosphere interaction mechanism in this
region deserves more detailed investigation for future
research.

Another important issue is how long this climate re-
gime will persist. The Arctic sea ice cover, along with the
Arctic oceanic and atmospheric circulation, has long
been viewed as varying on a decadal or multidecadal
time scale (Mysak and Venegas 1998; Goosse et al. 2002;
Goosse and Holland 2005). In the wake of the fast
changing sea ice and atmospheric patterns in recent
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years, the debate arises on whether Arctic sea ice has
passed through a threshold, where after the Arctic cli-
mate is more controlled by sea ice albedo feedback and
the summer Arctic Ocean is deemed to be sea ice free in
the near future (Eisenman and Wettlaufer 2009; Wang
and Overland 2012). Climate models simulated that
the abrupt and irreversible sea ice retreat is caused by
the increasing ocean heat transport (Holland et al.
2006), while other studies proposed recovery mecha-
nisms that counteract the destabilizing ice—albedo effect
after abrupt sea ice losses (Schroder and Connolley
2007; Tietsche et al. 2011). Our analysis here emphasizes
that the wintertime sea ice pattern in the interannual
time scale breaks down under the background of recent
Arctic climate change, which is due largely to the de-
coupling of the sea ice cover and the atmosphere and to
the weakening of the early winter stationary wave.
Whether this is reversible may depend on future sum-
mer sea ice trends.
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