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ABSTRACT
The present study investigated the impacts of autumn Arctic sea ice concentration (SIC) changes on the
East Asian winter monsoon (EAWM) and associated climate and circulation on the interannual time scale. It
is found that the Arctic SIC anomalies have little impact on the southern mode of EAWM, but the northern
mode is significantly associated with both western and eastern Arctic SIC anomalies. When there is less
(more) SIC in eastern (western) Arctic, the EAWM tends to be stronger. The concurrent surface air temperature anomalies are induced both locally due to the direct effect of ice cover and in remote regions through
anomalous wind advection. Analysis showed that eastern Arctic SIC anomalies have a larger effect on local
atmospheric stability of the lower troposphere than western Arctic SIC anomalies. Winter temperature over
the midlatitudes of East Asia is lower when there is more (less) SIC in the western (eastern) Arctic. The
atmospheric response to the Arctic SIC anomalies is dominantly barotropic in autumn, and changes to
baroclinic over the midlatitudes of Asia, but remains barotropic in other regions in winter. The mid- to highlatitude circulation systems, including the Siberian high, the East Asian trough, and the East Asian westerly
jet stream, play important roles in connecting autumn Arctic SIC anomalies and the northern mode of the
EAWM variability. No obvious concurrent sea surface temperature anomalies accompany Arctic SIC variations on the interannual time scale, indicating that the Arctic SIC anomalies have independent impacts on
the East Asian winter climate.

1. Introduction
As one of the most active systems in the Northern
Hemisphere during boreal winter, the East Asian winter
monsoon (EAWM) exerts large influences on the Asian–
Pacific winter climate. The climate anomalies associated
with the EAWM variability show obvious year-to-year
variations in their meridional coverage and intensity
as well as in the causes (e.g., Wang and Chen 2010).
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Coherent and distinct winter temperature anomalies
have been observed between the mid- to high latitudes
and low latitudes of East Asia in different years. This
leads to the difficulty of using a single index to fully describe the EAWM variability and associated climate
anomalies, and to unravel the factors. Thus, it is necessary
to distinguish the northern and southern components of
the EAWM variability (e.g., Wu et al. 2006; Wang et al.
2010; Liu et al. 2012a; Chen et al. 2014).
Studies have revealed the presence of two distinct
modes in climate and circulation associated with the
EAWM variability. Kang et al. (2009) identified two
modes of winter surface air temperature variations in
China. Wang et al. (2010) extracted a northern mode
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and a southern mode of EAWM variability based on
wintertime surface air temperature anomalies over Asia
and the western Pacific. Liu et al. (2012a) defined two
wind indices for the EAWM variability: the low-latitude
EAWM index and the mid- to high-latitude EAWM index. Using composite analysis, Chen et al. (2014) identified individual and coherent features related to the two
modes of EAWM variability.
Previous studies have identified different factors for
the two modes of the EAWM variability. The southern
EAWM mode is closely related to El Niño–Southern
Oscillation (ENSO) (e.g., Wang et al. 2010; Chen et al.
2014). The northern EAWM mode does not show an
obvious relationship to tropical sea surface temperature
(SST) as well as the Arctic Oscillation (AO) on the interannual time scale (Chen et al. 2014), but has a close
relationship with the AO on the interdecadal time scale
(e.g., He and Wang 2013). As the factors for the EAWM
variability depend upon the time scale (Wang et al. 2010;
Wang and Chen 2010), Chen et al. (2014) pointed out
that it is necessary to separate the interannual and interdecadal components of the EAWM variability for a better
understanding of the causes of the EAWM-related climate anomalies.
The EAWM variability has been linked to variations in snow cover over the Eurasian continent (e.g.,
Watanabe and Nitta 1999; Gong et al. 2003; Jhun and
Lee 2004; Wang et al. 2010; Chen et al. 2014) and Arctic
sea ice (e.g., Wu et al. 1999; Honda et al. 2009; Wu et al.
2011; Li and Wang 2013; Chen et al. 2014). Wang et al.
(2010) indicated that the cold state of the northern
temperature mode of EAWM is preceded by excessive
autumn snow cover over southern Siberia–Mongolia,
whereas the cold state of the southern temperature
mode is preceded by reduced snow cover over northeast
Siberia. Chen et al. (2014) showed that, on the interannual time scale, distinct winter snow and sea ice
anomalies appear as responses to wind and surface temperature changes associated with the two modes of the
EAWM variability, but it is unclear how the snow and sea
ice anomalies affect variability of the two modes. The
present study aims to investigate the impacts of Arctic sea
ice anomalies on the two modes of the EAWM variability
and to identify predictors of the two modes in the sea ice
field.
Sea ice is an important component in the global climate system since it regulates the heat exchange between the ocean and atmosphere. Changes in the Arctic
sea ice influence local as well as the global climate
through modulating surface heat exchange and atmospheric circulation (e.g., Alexander et al. 2004; Deser
et al. 2004; Honda et al. 2009). Several studies have investigated the responses of the atmosphere to late
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summer–fall or winter Arctic sea ice anomalies (Honda
et al. 2009; Francis et al. 2009; Wu et al. 1999, 2011;
Hopsch et al. 2012; Inoue et al. 2012; Jaiser et al. 2012;
Liu et al. 2012b; Li and Wang 2013). Wu et al. (1999)
showed that a winter heavy sea ice in the Barents–Kara
Seas is accompanied by a weakened EAWM. Honda
et al. (2009) found that a decrease in the Arctic sea ice
during fall is followed by significant cold anomalies over
the Far East in early winter and cold anomalies from
Europe to the Far East in late winter. Francis et al. (2009)
indicated that the Aleutian and Icelandic lows and the
polar jet stream are weaker during autumn and winter
following less Arctic sea ice in September. Wu et al.
(2011) indicated that the intensity of the winter Siberian
high is negatively correlated with the autumn–winter
Arctic sea ice concentration in the eastern Arctic and
Eurasian marginal seas and September sea ice concentration provides a potential precursor for the winter
Siberian high. Li and Wang (2013) pointed out that the
EAWM variability is tightly related to the Bering Sea
ice cover variation with light sea ice cover accompanied
by a stronger EAWM.
The above studies, however, did not investigate the
association between the Arctic sea ice and the two
modes of the EAWM variability separately. In addition,
they mostly focused on the impacts of sea ice anomalies
in the eastern Arctic Ocean (e.g., the Barents–Kara Seas
and Siberian coast seas) and the roles of sea ice changes
in the western Arctic Ocean have received relatively
little attention. The present study investigates the signals of sea ice in both eastern and western Arctic regions
in the two modes of the EAWM variability and their
plausible connections. Several studies considered both
actual and detrended sea ice anomalies (e.g., Francis
et al. 2009; Honda et al. 2009; Hopsch et al. 2012). Some
studies were based on detrended sea ice variations (e.g.,
Wu et al. 2011; Liu et al. 2012b). Arctic sea ice has experienced an accelerated decline starting in the late
1990s (Comiso et al. 2008), and there is no or only a weak
trend before the 1990s. Thus, it is inappropriate to
compute a linear trend for the entire time series. The
time series with the linear trend removed may include
variations on both interannual and decadal time scales.
Distinguishing from previous studies, the present study
focuses on the effects of the interannual variations in the
Arctic sea ice concentration.
The rest of the text is organized as follows. The
datasets and methods used in the present study are
described in section 2. Section 3 introduces the variability of autumn Arctic sea ice concentration. The
definition of the Arctic sea ice concentration indices is
presented in section 4. The impacts of the Arctic sea ice
concentration anomalies on autumn and winter climate
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and circulation are addressed in section 5. Section 6
includes a summary and discussion.

2. Data and methods
The sea ice concentration (SIC) data used in this study
were obtained from the Met Office Hadley Centre with
a resolution of 18 3 18 available since 1870 (Rayner et al.
2003). The SST data gridded at 28 3 28 resolution used in
this study were taken from the National Oceanic and
Atmospheric Administration extended reconstructed
SST version 3b (ERSST V3b) (Smith et al. 2008). The
SST dataset is available after 1854. We used snow cover
data (version 4) provided by the National Snow and Ice
Data Center (NSIDC) (Brodzik and Armstrong 2013).
The original snow cover is at weekly intervals for the
period 3 October 1966–31 December 2010. We have
converted the raw snow cover data to regular 18 3 18 grid
for our analysis.
Monthly mean sea level pressure (SLP), wind, temperature, and geopotential height fields from the National
Centers for Environmental Prediction–National Center
for Atmospheric Research (NCEP–NCAR) reanalysis
(Kalnay et al. 1996) data are available after 1948. The
NCEP–NCAR reanalysis data are gridded at 2.58 3 2.58
resolution except for surface variables that have a T62
spectral resolution of approximately 1.98 3 1.98.
The time period analyzed in this study is from 1979 to
2012. We focus on the autumn [September–November
(SON)] and winter [December–February (DJF)] atmospheric response to the autumn Arctic sea ice anomalies
and the 1979 winter refers to the three months from
December 1979 to February 1980. In the present study,
we focus on the interannual time scale and a harmonic
analysis has been applied to all of the variables to exclude the variations with periods longer than 9 yr. Following Chen et al. (2014), we used the area-mean 1000-hPa
meridional wind anomalies in DJF over the regions 108–
258N, 1058–1358E and 358–558N, 1108–1258E to represent
the southern and northern modes of the EAWM variability, respectively, which are denoted as the S index and
N index. The above regions are selected based on the
distribution of loading of the leading modes and standard
deviation of 1000-hPa meridional wind anomalies in DJF.
Large loadings and standard deviations are identified in
the above two regions. The two modes are used to distinguish the difference in the EAWM variability between
low latitudes and mid- to high latitudes. Analysis shows
that the northern mode is related to circulation systems
over the mid- to high latitudes, such as the Siberian high,
the Aleutian low, the East Asian trough, and the East
Asian westerly jet stream, but not to tropical circulation
systems, whereas the southern mode is closely associated

FIG. 1. (a) Climatological mean and (b) standard deviation of
autumn mean sea ice concentration based on the period 1979–2011.
The outer latitude circle is 608N.

with global tropical circulation, but not with Eurasian
circulation (Chen et al. 2014).

3. Variability of autumn Arctic sea ice
concentration
The climatologically mean autumn SIC shows the
largest values in the polar region, and the value decreases
southward with relatively small SIC in the marginal seas
where annual sea ice retreat occurs (Fig. 1a). The corresponding standard deviation of autumn SIC is small
around the North Pole where there is perennial sea ice
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cover and it increases southward to regions where a large
gradient in mean concentration is observed (Fig. 1b). The
largest standard deviations appear in the eastern Arctic,
from the northern Barents Sea to the eastern Siberian Sea
and the Beaufort Sea. These are the regions where
a declining trend in autumn SIC is significant after 1990
(Wu et al. 2011). Thus, it is expected that the trend has
a large contribution to the standard deviation in the
above regions.
Since the present study focuses on the interannual time
scale, we calculate the standard deviation of the interannual component of autumn SIC variations (Fig. 2a).
The spatial pattern of interannual standard deviation is
similar to that in Fig. 1b except that the values are
smaller. Relatively large values are located in the Arctic
marginal seas. The percentage of the autumn mean SIC
variance explained by the interannual component, which
is shown in Fig. 2b, is between 0.4 and 0.8 in most regions
except for the eastern Siberian Sea and the Beaufort Sea.
This indicates that the interannual variability has nearly
equal or more importance compared to the slow variability (including both trend and interdecadal variability)
in these regions. In the eastern Siberian Sea and the
Beaufort Sea where the largest linear trend is observed
(Wu et al. 2011), however, the trend and the interdecadal
variability is dominant.
In the following analysis, we focus on interannual
variations of the autumn Arctic SIC and their impacts.
The slow variations with periods longer than 9 yr have
been excluded except when it is noted. This is due to two
reasons. One is that the contribution of the interannual
and slow variations to the total sea ice variance displays
a different spatial distribution as shown in Fig. 2b. The
other, which is more important, is that the relationship
between sea ice and EAWM-related climate and circulation may differ between the interannual and interdecadal time scales.

4. Definition of the Arctic sea ice concentration
indices
To explore the relationship between autumn Arctic
SIC anomalies and the two modes of the EAWM variability, a correlation analysis was performed for the N
index and S index separately. The N index displays
a negative correlation with sea ice from the Kara Sea to
the eastern Siberian Sea and a positive correlation with
sea ice in the western Arctic (Fig. 3a). Note that the
standard deviation is larger in the former region than in
the latter region whether for total or interannual anomalies (Figs. 1b and 2a). The S index shows a weak correlation in most regions except in the Kara Sea, the
Beaufort Sea, around the North Pole, and in coastal

FIG. 2. (a) Standard deviations of the interannual component of
autumn mean sea ice concentration based on the period 1979–2011
and (b) the percentage of variance of the autumn mean sea ice
concentration explained by the interannual components. The outer
latitude circle is 608N.

regions of Canada (Fig. 3b). Note that the correlation
in the northern Barents Sea is weak for both N and S
indices. In comparison, the correlation distribution is
more organized and significant for the N index than for
the S index. Since the southern mode of EAWM does
not show an obvious organized relationship to the Arctic
sea ice on the interannual time scale, we will only investigate the effects of the Arctic sea ice on the northern
mode of EAWM in the present study. According to
Fig. 3a, we define area-mean SON SIC anomalies over
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FIG. 3. Correlation coefficients between autumn mean sea ice
concentration and the (a) N index and (b) S index of EAWM based
on the period 1979–2011. The two domains enclosed by thick lines
in (a) denote the regions that are used to define the WSIC and
ESIC. The outer latitude circle is 608N.

the regions 75.58–85.58N, 1608W–758E and 78.58–87.58N,
308–1508W, denoted as the ESIC and WSIC, to represent
the eastern and western Arctic SIC variations, respectively. The correlation coefficient between the N index
and the WSIC is 0.48, and that between the N index and
the ESIC is 20.49, both exceeding the 95% confidence
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level according to the Student’s t test. This indicates that
our SIC indices are appropriate to study the effects of
autumn Arctic SIC on the northern mode of the EAWM
variability. Note that the standard deviation of SIC
anomalies are much larger in the eastern Arctic than in
the western Arctic (Fig. 2a).
For comparison, we have examined the correlation of
winter SIC anomalies with the N index and the S index.
The correlation with the N index appears weaker and
less organized compared to autumn. The correlation
with the S index differs from that in autumn, indicative
of weak persistence of Arctic SIC anomalies from autumn to winter. The correlation coefficient of winter
WSIC and ESIC with the N index is 0.27 and 20.05, respectively, and that with the S index is 0.05 and 20.03,
respectively, all of which are not significant.
Somewhat different domains have been used in previous studies in defining sea ice indices to study the relationship between the Arctic sea ice and climate.
Honda et al. (2009) defined the September sea ice index
using area mean SIC averaged in the region of 728–828N,
308E–1808 from the Barents Sea to the East Siberian
Sea. Wu et al. (2011) used regional-averaged September
SIC in the region of 76.58–83.58N, 60.58–149.58E as an
index. Jaiser et al. (2012) calculated an area mean SIC in
the domain of 758–838N, 608E–1808 during August and
September. Hopsch et al. (2012) used the SIC averaged
in the region of 708–858N, 908E–1508W in September. The
domains used in defining the sea ice indices are chosen
either based on the spatial distribution of large sea ice
variability (Honda et al. 2009; Jaiser et al. 2012; Hopsch
et al. 2012) or based on the region of significant correlation with the winter Siberian high intensity (Wu et al.
2011). The domains used in these previous studies are
similar and are mainly located in the eastern Arctic,
from the Kara Sea to eastern Siberian Sea. In the present
study, we choose the regions based on the distribution of
significant correlation between the northern mode of
EAWM and the autumn Arctic SIC. The ESIC is similar
to the aforementioned indices, while the WSIC is proposed for the first time.
The interannual standard deviation of WSIC and
ESIC is about 0.01 and 0.05, respectively. Figure 4 shows
the autumn WSIC and ESIC indices (Fig. 4a) and their
interannual components (Fig. 4b) normalized using respective standard deviations. As shown in Fig. 4a, the
ESIC time series displays an overall decrease during the
analysis period, which agrees with previous studies (e.g.,
Francis et al. 2009; Hopsch et al. 2012). However, the
decline is not linear. The ESIC remained above zero
with some fluctuations in the 1980s and early 1990s and
started to decrease after the mid-1990s, first slower and
then faster. The WSIC time series shows no significant
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FIG. 4. The normalized (a) original and (b) interannual (b) time
series of the WSIC (solid line) and ESIC (dashed line) for the
period 1979–2011.

trend but some decadal variability. The WSIC is below
zero before 1987, above zero in most years during 1987–
97, and below zero again in most years during 1998–
2008. Since there is no obvious or coherent trend during
1979–2011 for both ESIC and WSIC, it is improper to
apply a linear trend removal to the entire time period as
done by previous studies. In addition, the linear-trendremoved time series may include both interannual and
interdecadal variations. The two indices exhibit pronounced interannual variations, especially in the recent
decades (Fig. 4b). The correlation coefficient between
the two indices is 20.23, which is not significant at the
90% confidence level. This indicates that the interannual
variations of the ESIC and WSIC indices tend to be independent. Nevertheless, the two indices display clearly
opposite and large anomalies during 2005–08 (Fig. 4b).
In Fig. 5, we present the correlation of the autumn and
winter Arctic SIC with the autumn WSIC and ESIC on
the interannual time scale. In autumn, there are high
positive correlations in the regions used in defining the
SIC indices, and weak correlations are seen in the eastern
Arctic for WSIC and in the western Arctic for ESIC,
respectively (Figs. 5a,b). These results confirm that the
two SIC indices represent concurrent SIC variations in
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the corresponding domains well and the SIC variations in
the eastern Arctic and western Arctic tend to be independent of each other. The autumn WSIC is still significantly correlated with the winter SIC in the western
Arctic (Fig. 5c). The correlation coefficient between autumn and winter WSIC is 0.52, exceeding the 95% confidence level. This indicates that the western Arctic SIC
anomalies tend to persist from autumn to winter. On the
contrary, there is weak correlation between the autumn
ESIC and winter SIC in the eastern Arctic (Fig. 5d). The
correlation coefficient between autumn and winter ESIC
is only 0.18. This signifies that eastern Arctic SIC anomalies have a weak persistence from autumn to winter.
Based on an analysis of linear-trend-removed data,
Wu et al. (2011) obtained that the regional-averaged
(76.58–83.58N, 60.58–149.58E) September SIC was significantly correlated with the winter SIC in the Barents–
Kara Seas, implying a persistence of the SIC anomalies
from autumn to winter. However, there is no obvious
correlation between ESIC and the SIC in the Barents–
Kara Seas on the interannual time scale (Figs. 5b,d).
This discrepancy suggests that the persistence of sea ice
anomalies in Wu et al. (2011) is contributed from the
interdecadal SIC anomalies. To confirm this, we have
calculated the correlations between the autumn/winter
Arctic SIC anomalies and the autumn WSIC and ESIC
indices without time filtering. The results show that the
autumn ESIC has a significant correlation with the SIC
in the Barents–Kara Seas in both autumn and the following winter (figures not shown). Thus, the persistence
of SIC anomalies in the eastern Arctic differs between
the interannual and the interdecadal time scales.
It is worthwhile to note that many previous studies
used September SIC indices rather than autumn SIC.
Hence, we perform a correlation analysis of monthly
Arctic SIC from September to November with respect to
autumn SIC indices defined in the present study. The
results show that on the interannual time scale, autumn
ESIC and WSIC have significant correlation with monthly
eastern and western Arctic SIC, respectively, during the
entire autumn (figures not shown). In other words, the SIC
anomalies are persistent from September to November.
Thus, we can use the autumn SIC index instead of the
September SIC index.

5. Impacts of the Arctic sea ice concentration
anomalies
In the following analysis, we explore autumn and
winter climate and atmospheric circulation anomalies
associated with autumn SIC anomalies. For this purpose,
a regression analysis is performed against the autumn
WSIC and ESIC indices. We analyze first the concurrent
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FIG. 5. Correlation coefficient of (a),(b) autumn and (c),(d) winter sea ice concentration with autumn (left) WSIC
and (right) ESIC for the period 1979–2011. The two sectors (thick solid lines) denote the regions used to define the
WSIC and ESIC.

anomalies in autumn and then the delayed response in
winter. Again, we focus on interannual anomalies in
the analysis. For comparison, a parallel analysis has
been performed with respect to September WSIC and
ESIC indices. The obtained temperature and circulation anomalies in autumn and winter resemble those
with respect to autumn WSIC and ESIC indices.

a. Autumn
When the WSIC index is positive, significant negative
temperature anomalies are located over the western
Arctic, northeastern Russia, and eastern North Pacific,
and significant positive temperature anomalies are seen

over central North America (Fig. 6a). When the ESIC
index is positive, significant cooling occurs over the
eastern Arctic, subtropical western North Pacific, the
southeastern coast of North America, and the eastern
North Atlantic, and significant warming is seen over
central Europe and the central North Atlantic (Fig. 6b).
The obtained temperature anomalies in high latitudes
are similar to those shown by Francis et al. (2009) based
on a composite analysis of linear-trend-removed data
(see their Fig. 2c).
The distribution of autumn SLP and 500-hPa geopotential height anomalies corresponding to the ESIC
and WSIC indices are shown in Fig. 7. When the WSIC
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FIG. 6. Autumn air temperature anomalies at sigma level 0.995 obtained by regression on autumn (a) WSIC and (b)
ESIC for the period 1979–2011. The contour interval is 0.28C. The shaded areas denote anomalies that are significant
at the 95% confidence level according to the Student’s t test. The outer latitude circle is 208N.

index is positive, significant negative SLP anomalies
extend from Bering Strait to northwestern Canada and
positive anomalies occur over the midlatitudes of the
North Pacific (Fig. 7a). When the ESIC index is positive,
negative SLP anomalies dominate northwestern Europe
and around the Beaufort Sea, and positive anomalies are
observed over eastern Canada and from eastern Russia
to the Aleutian Islands (Fig. 7b). The distribution of the
regressed SLP anomalies resembles that obtained by
Jaiser et al. (2012, see their Fig. 3b), but displays both
similarity and difference compared to that obtained by
Francis et al. (2009, see their Fig. 2d).
The autumn temperature anomalies have good correspondence with the sea ice and circulation anomalies.
Lower temperature over the western Arctic and eastern
Arctic corresponds to larger SIC in western Arctic and
the eastern Arctic, respectively. This can be attributed
to the reduction in the heat exchange from the ocean to
the atmosphere above. The percent variance of local
temperature anomalies explained by WSIC is about
10%–30% and that by ESIC is about 20%–50% (figures
not shown). The distribution of temperature anomalies
with respect to that of SLP anomalies indicates the contribution of anomalous wind advection. Positive temperature anomalies tend to occur east of an anomalous
lows or west of anomalous highs where anomalous
southerlies are expected, such as central North America
(Figs. 6a and 7a) and central Europe (Figs. 6b and 7b).
Negative temperature anomalies tend to appear west
of anomalous lows or east of anomalous highs where
anomalous northerlies are expected, such as northeastern
Russia, eastern North Pacific (Figs. 6a and 7a), eastern

North Atlantic, the southeast coast of North America, and
the subtropical western North Pacific (Figs. 6b and 7b).
The 500-hPa geopotential height anomalies show
patterns similar to those of SLP anomalies (Figs. 7a,b
versus Figs. 7c,d). The similarity indicates a barotropic
structure of the atmospheric response in autumn. This
result is different from some previous studies. Honda
et al. (2009) pointed out that there is a baroclinic response in November corresponding to SIC anomalies
from the Barents to East Siberian Seas in the preceding
September. Jaiser et al. (2012) showed that low SIC in
late summer (August–September) triggers a baroclinic
response in fall. In fact, the vertical structure of autumn
atmospheric response shown by Jaiser et al. is location
dependent. The response shows a barotropic structure
over the North Atlantic and high latitudes of the North
Pacific, but a baroclinic structure over Russia and eastern Arctic (see their Figs. 3b,f).
One way for the sea ice anomalies to induce atmospheric changes is through modulating the stability in
the lower troposphere (Francis et al. 2009; Jaiser et al.
2012). The vertical profiles of temperature anomalies
(Fig. 8) display a notable difference between the impact
of western and eastern SIC anomalies on local atmospheric stability. When the WSIC index is high, negative
temperature anomalies do not show a large difference
among pressure levels in the lower to middle troposphere. This suggests that autumn SIC anomalies in the
western Arctic have little effect on local atmospheric
stability, but their influence on air temperature has a
large vertical extension. When the ESIC index is high,
the cooling is large near the surface, the temperature
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FIG. 7. (a),(b) Autumn SLP and (c),(d) 500-hPa geopotential height and corresponding wave activity flux
anomalies obtained by regression on autumn (a),(c) WSIC and (b),(d) ESIC for the period 1979–2011. The contour
interval is 0.3 hPa in (a),(b) and 4 m in (c),(d). The shaded areas denote anomalies significant at the 95% confidence
level according to a Student’s t test. The scale for the wave activity flux is shown at the top right of the panels. The
outer latitude circle is 208N.

anomalies decrease quickly with the altitude and
become weak above 900 hPa. In comparison, the vertical extent of the influence of eastern Arctic SIC
anomalies is shallower, but they have a larger impact
on local atmospheric stability than western Arctic SIC
anomalies.
The wave activity flux at 500 hPa points eastward or
southeastward over western Eurasia (Figs. 7c,d). This
suggests a downstream propagation of circulation signals from northwestern Europe to Asia. This agrees with
Honda et al. (2009) who indicated that anomalous heating associated with Barents–Kara Sea SIC anomalies
in late autumn excited a stationary Rossby wave train
propagating southeastward over Eurasia.

b. Winter
Compared to autumn temperature anomalies (Fig. 6),
winter temperature anomalies are larger and more organized with main signals located over the Eurasian
continent (Fig. 9). When the WSIC index is high, significant cooling is seen over the mid- to high latitudes of
Eurasia and warming is located around the Okhotsk Sea
(Fig. 9a). When the ESIC index is high, the temperature
anomalies in the Eastern Hemisphere display a similar
spatial pattern but with opposite signs (Fig. 9b). In comparison, the anomalies over the Okhotsk Sea are not
obvious and there are negative anomalies over tropical
central North Pacific in high ESIC years. The percent
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FIG. 8. Profiles of autumn temperature anomalies (8C) averaged
over the WSIC domain (solid) and ESIC domain (dashed) obtained by regression on the WSIC and ESIC index for the period
1979–2011.

variance of Eurasian midlatitude temperature anomalies explained by WSIC is about 30%–40% and that by
ESIC is about 40%–60% (figures not shown). Similar
spatial pattern of winter temperature anomalies over the
Eurasian continent corresponding to ESIC were obtained
by previous studies (e.g., Honda et al. 2009; Wu et al.
2011). The anomalies in the Arctic are small corresponding to both indices. The results demonstrate that
autumn Arctic SIC anomalies have a close relationship to
the following winter climate over the Eurasian land. Note
that the temperature anomalies over East Asia are
confined to north of 208N. This confirms that the Arctic
sea ice anomalies mainly affect the northern mode of
EAWM and have little impact on the southern mode.
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When the WSIC index is high, significant positive SLP
anomalies are observed over Siberia and the northwestern
North Atlantic, and negative SLP anomalies occur over
the western North Pacific (Fig. 10a). When the ESIC index is high, negative SLP anomalies cover most of the
Eurasian continent and positive SLP anomalies cover
the western North Pacific (Fig. 10b). The distribution of
winter SLP anomalies over Eurasia corresponding to
ESIC is consistent with previous studies (Wu et al. 2011;
Jaiser et al. 2012). The correlation coefficient of the
winter Siberian high with the autumn WSIC and ESIC
is 0.52 and 20.60, respectively, both of which are significant at the 95% confidence level according to the
Student’s t test. Here, the Siberian high intensity is represented using regionally averaged winter SLP anomaly
over the region of 408–608N, 808–1208E, following Wu
and Wang (2002). These results indicate that the WSIC
and ESIC are closely associated with the Siberian high
variability.
The temperature anomalies have good correspondence
with the SLP anomalies in winter. Corresponding to
high WSIC, a lower temperature over the midlatitudes
of Asia is associated with an anomalous high (Fig. 9a
versus Fig. 10a). Anomalous northerlies in the eastern
part of anomalous high reduce temperature through
anomalous cold advection. Corresponding to high ESIC,
higher temperature over Eurasia correspond to an
anomalous low (Fig. 9b versus Fig. 10b). Anomalous
southerlies in the eastern part of an anomalous low induce anomalous warm advection, leading to an increase
in temperature.
The SLP and temperature anomalies in winter are
much larger and more widespread than those in autumn.
This is likely related to the seasonal change in mean
state. The mean temperature gradient over Eurasian

FIG. 9. As in Fig. 6, but for winter air temperature anomalies.
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FIG. 10. As in Fig. 7, but for (a),(b) winter SLP and (c),(d) 500-hPa geopotential height and correspondent wave
activity flux anomalies.

land increases largely from autumn to winter. As such,
anomalous advection induces larger temperature anomalies that in turn lead to larger SLP anomalies in winter
compared to autumn.
When the WSIC index is high, significant negative
500-hPa geopotential height anomalies are confined to
the midlatitudes of East Asia (Fig. 10c). This indicates a
deeper than normal East Asian trough. Significant positive height anomalies are seen over the western North
Atlantic and around the Barents–Kara Seas and north of
the Okhotsk Sea (Fig. 10c). The height anomalies over
Asia display a north–south opposite pattern. When the
ESIC index is high, positive height anomalies extend over
midlatitudes of Asia and North Pacific (Fig. 10d). This
indicates a weaker than normal East Asian trough. Negative height anomalies are observed over northwestern

Europe. The spatial pattern of 500-hPa height anomalies
in the Eastern Hemisphere corresponding to ESIC resembles that obtained by Jaiser et al. (2012, see their
Fig. 9f) and Wu et al. (2011, see their Fig. 3c), but differences can be noticed in the location of large anomaly
regions. The wave activity flux clearly indicates a southeastward extension of height anomalies from northwestern Eurasia to central and eastern Asia (Figs. 10c,d).
Comparison of the distribution of SLP (Figs. 10a,b)
and 500-hPa geopotential height anomalies (Figs. 10c,d)
indicates that the vertical structure is location dependent. The response of the winter atmosphere to autumn
WSIC or ESIC shows a baroclinic structure over the
midlatitudes of Asia, but a barotropic structure in other
regions, including northern Europe, the North Pacific,
and the North Atlantic. This regional dependence is due
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to the effect of temperature anomalies. Large temperature anomalies over midlatitude Asia lead to a baroclinic
structure. In other regions where temperature anomalies
are small, barotropic structure is apparent. The baroclinic
nature of the atmospheric response over East Asia in
December is simulated by Honda et al. (2009). Jaiser
et al. (2012) indicated that low SIC in late summer
(August–September) triggers a barotropic response in
the following winter. In fact, comparison of their Figs. 9b
and 9f shows that the vertical structure is not uniform in
the entire domain. The atmospheric response is barotropic over the Arctic region and western Eurasia,
whereas the response is baroclinic over the midlatitudes
of East Asia.
To further illustrate the vertical structure of the atmospheric response over Asia, we show in Figs. 11–12
height–latitude cross sections of temperature and geopotential height anomalies averaged over the longitudinal band 608–1208E in winter regressed on the two SIC
indices. When the WSIC index is high, the temperature
anomalies are mostly confined below 300 hPa to the
north of 208N, with lower (higher) temperature over the
midlatitudes (high latitudes) (Fig. 11a). The magnitude
of anomalies decreases with altitude. When the ESIC
index is high, the temperature anomalies show opposite
signs between the midlatitudes and high latitudes in the
lower to middle troposphere (Fig. 11b). Different from
WSIC, the temperature anomalies in the upper troposphere are larger with the signs opposite to those in the
lower troposphere.
The geopotential height anomalies display obvious
different vertical distribution between mid- and high
latitudes. Corresponding to high WSIC, positive height
anomalies are observed north of 608N in the entire troposphere with the magnitude of anomalies increasing
with altitude (Fig. 12a). In contrast, the height anomalies between 308 and 608N display a clear change of
sign from positive near the surface to negative above
850 hPa (Fig. 12a). The height anomalies are opposite
between the midlatitudes and the high latitudes above
700 hPa. Thus, the response features a baroclinic structure in the midlatitudes of Asia and a barotropic structure
in the high latitudes of Asia, respectively. This change
in the vertical structure is thermodynamically consistent
with temperature anomalies in Fig. 11a. The contrast of
the vertical structure between midlatitudes and high
latitudes is obvious in geopotential height anomalies
corresponding to high ESIC as well (Fig. 12b). In comparison, two differences can be noted. One is the latitude
that demarcates the barotropic and baroclinic structure.
It is located around 508N in the ESIC case, 108N southward compared to that in the WSIC case. The other
difference is the obvious decrease of the magnitude of
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FIG. 11. Height–latitude cross sections of winter temperature
anomalies (8C) averaged over the longitudinal band of 608–1208E
obtained by regression on the (a) WSIC and (b) ESIC for the period 1979–2011. The contour interval is 0.18C and the zero line is
omitted.

height anomalies with altitude in the upper troposphere
in the ESIC case, which is not seen in the WSIC case. This
difference is related to the difference in temperature
anomalies in the upper troposphere in Fig. 11.
The distribution of zonal wind anomalies (Fig. 13) has
a good correspondence with that of height anomalies
(Fig. 12). When the WSIC index is high, anomalous
westerly and easterly winds are observed over the midlatitudes and high latitudes of East Asia, respectively
(Fig. 13a). This indicates a southward shift of the westerly
jet over East Asia. Coupled with a deeper East Asian
trough, this is in favor of advection and intrusion of more
cold air to the midlatitudes and leads to colder winters
over the midlatitudes of East Asia. When the ESIC index
is high, opposite zonal wind anomalies are observed over
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FIG. 12. As in Fig. 11, but for winter geopotential height anomalies
with the contour interval of 3 m.

FIG. 13. As in Fig. 11, but for winter zonal wind anomalies with the
contour interval of 0.3 m s21.

East Asia (Fig. 13b). As such, the westerly jet over East
Asia shifts northward. Coupled with a weaker East Asian
trough, this reduces the southward advection of cold air
from high latitudes, leading to warmer winters over the
midlatitudes of East Asia.
Comparing the winter anomalies associated with WSIC
and ESIC (Figs. 9–13), the distribution over the Eurasian
continent displays a similar spatial pattern albeit with
opposite signs and some differences in the location of
anomalies. The similarity of the spatial pattern is consistent with the significant correlation of both WSIC and
ESIC with the N index, although the correlation coefficient between WSIC and ESIC is not large. The opposite anomalies are likely to a large extent contributed
from the period 2004–08 when both WSIC and ESIC
indices display large anomalies. Both WSIC and ESIC
are closely related to the Siberian high, the East Asian

trough, and the East Asian westerly jet. Since the
northern mode of EAWM is associated with these midto high-latitude circulation systems (Chen et al. 2014),
we can infer that these systems play important roles in
connecting the autumn Arctic sea ice anomalies and the
northern mode of the EAWM variability.
Wu et al. (2011) pointed out that there are SST
anomalies concurrent with the Arctic SIC anomalies and
these SST anomalies may contribute to the circulation
anomalies as derived based on regression against Arctic
sea ice. To examine whether this is the case, we show in
Fig. 14 winter SST anomalies regressed on the WSIC
and ESIC indices. There is a weak signal in the winter
SST field, indicating that autumn Arctic SIC anomalies
have no concurrent SST anomalies. This excludes the
contribution of SST anomalies to the circulation pattern
discussed above. This result differs from that of Wu et al.
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FIG. 14. As in Fig. 6, but for winter SST anomalies. The contour interval is 0.18C. The outer latitude circle is 08.

(2011). The discrepancy is likely due to the difference in
the time scale. Wu et al. (2011) did not separate the interannual and interdecadal components, whereas the
present study focuses on the interannual time scale. If we
did not exclude the interdecadal variations, the results are
distinct from those shown in Fig. 14. Figure 15 shows the
regressed winter SST anomalies on the WSIC and ESIC
indices without time filtering applied to the variables.
Corresponding to the WSIC, there are still no significant
SST anomalies except for the Aleutian region (Fig. 15a).
However, corresponding to the ESIC, significant SST
anomalies appear in the North Pacific and North Atlantic. Positive anomalies are seen in the eastern North Pacific and along the west coast of North America. Negative
anomalies are observed in the western North Pacific, the

tropics, and high latitudes of the North Atlantic as well as
the Arctic Ocean to the east of Greenland (Fig. 15b). The
spatial pattern of SST anomalies resembles that obtained
by Wu et al. (2011, see their Fig. 3f). This indicates that
the close relationship between autumn eastern Arctic SIC
and the following winter SST is attributed to the interdecadal variability in the ESIC and SST.
The declining Arctic sea ice plays a critical role in
driving heavy snowfall over Europe during winter (e.g.,
Liu et al. 2012b) and the snow cover over the Eurasian
continent may affect the EAWM variability (e.g., Gong
et al. 2003; Jhun and Lee 2004; Wang et al. 2010). So, the
snow cover change may serve as a communicator for
the influence of autumn Arctic sea ice anomalies on the
EAWM variability. Figure 16 shows winter snow cover

FIG. 15. As in Fig. 6, but for original winter SST anomalies. The contour interval is 0.18C. The outer latitude circle is 08.
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FIG. 16. Winter snow cover frequency anomalies obtained by
regression on autumn (a) WSIC and (b) ESIC for the period 1979–
2010.

anomalies regressed on the WSIC and ESIC indices.
Corresponding to positive WSIC, significant positive
snow cover anomalies are seen over Europe and eastern
China (Fig. 16a). A similar spatial pattern of snow cover
anomalies is observed corresponding to the ESIC but
with opposite signs (Fig. 16b). The distribution of snow
cover anomalies over Eurasia corresponding to the ESIC
is consistent with previous studies (Honda et al. 2009;
Orsolini et al. 2012).
The snow cover anomalies appear as responses to
circulation and temperature changes. When the WSIC
(ESIC) is high (low), above-normal snow cover over
Europe and eastern China is associated with anomalous
lower surface temperature (Fig. 9) and anomalous
northerly winds (Figs. 10a,b). In turn, the snow cover
anomalies may affect surface temperature through
modifying the surface albedo and reducing the solar
radiation absorption. It is difficult to separate out the
snow cover effect based on the observations. Further
studies are needed to address this issue.

c. Plausible processes connecting autumn Arctic sea
ice to winter Eurasian climate
Analyses in section 5b demonstrate obvious signals of
winter Asian climate in preceding autumn Arctic sea ice
anomalies. This suggests potential predictability of the
EAWM from the Arctic sea ice anomalies. One issue is
what are the plausible physical processes that link the
autumn Arctic sea ice to winter Asian climate anomalies.
Previous studies have proposed processes for the influence of Arctic sea ice on winter Eurasian climate.
Honda et al. (2009) suggested the role of stationary
Rossby waves. Anomalously low sea ice cover in late
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autumn over the Barents–Kara Seas generates a stationary Rossby wave through anomalous turbulent heat
fluxes. The southeastward propagation of wave activity
flux leads to weakening of storm-track activity along
608N in winter. This yields anomalous cold advection
southwestward, contributing to the intensification of the
Siberian high that brings more cold air masses to far east
Asia. Wu et al. (2011) showed that more sea ice concentration over the Barents–Kara Seas in autumn–winter
induces an anomalous low in winter over northern
Eurasia, weakening the Siberian high and intensifying
westerlies over the mid- to high latitudes of Eurasia. The
strengthened westerlies are unfavorable for the southward intrusion of cold air from high latitudes, leading to
a higher surface temperature over the mid- to high latitudes of Eurasia. Wu et al. (2011) also suggested a contribution of air temperature cooling over the Arctic and
associated north–south thermal gradient between the
Arctic and the mid- to high latitudes of Eurasia to the
strengthened westerlies over northern Eurasia. Jaiser
et al. (2012) indicated that the increase of heat release
over the Arctic Ocean to the atmosphere accompanying less Arctic sea ice in August–September reduces
the atmospheric stability. This leads to an earlier onset
of baroclinic instability that modulates the meridional
heat flux and temperature gradient in autumn, which, in
turn, induces a northward shift of storm activity in connection with planetary waves in winter.
According to previous studies, there are two plausible
pathways by which autumn Arctic SIC anomalies affect
winter Asian circulation. One way is that anomalous
autumn SIC-induced thermal state changes persist into
winter and then influence atmospheric circulation. The
other way is that anomalous autumn SIC-induced thermal state leads to atmospheric circulation around the
Arctic and then the circulation change extends to Asia in
winter through atmospheric processes, such as the wave
activity flux. Comparing Figs. 6 and 9, the temperature
anomalies over the Arctic Ocean display differences between winter and autumn. This indicates that the local
thermodynamic effects of Arctic sea ice anomalies cannot
persist. As such, the first pathway appears not to be
working.
Based on autumn and winter temperature and circulation anomalies, we propose the following processes
connecting autumn Arctic SIC anomalies to winter Asian
climate anomalies and take the ESIC as an example in
describing the processes. A similar argument works for
the processes of influence of WSIC except for opposite
anomalies. Following more eastern Arctic SIC in autumn,
surface air temperature decreases over the eastern Arctic
(Fig. 6b) due to reduced heat fluxes from ocean to atmosphere. In response, SLP increases over the eastern
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Arctic and coastal Russia due to thermodynamic effects
(Fig. 7b). This leads to a shift of the polar high to the side
of Russia and Bering Strait. Correspondingly, SLP decreases on the other side of the Arctic, that is, northwestern Europe (Fig. 7b). As temperature anomalies are
small over northwestern Europe (Fig. 6b), a barotropic
structure follows, and the 500-hPa height is lower than
normal as well (Fig. 7d). Owing to the southeastward
propagation of wave activity flux, negative height anomalies extend eastward and positive height anomalies
form to the southeast over midlatitude Asia in winter
(Fig. 10d). The meridional gradient of height anomalies
weakens the westerly jet stream over East Asia (Fig. 13b)
and results in a northward shift of storm activity. This
leads to a weakened Siberian high (Fig. 10b) and a
warming of midlatitude Asia (Fig. 9b).

6. Summary and discussion
The present study investigated the impacts of autumn
Arctic sea ice concentration anomalies on the two modes
of East Asian winter monsoon variability, and focuses on
the interannual time scale. It is found that both western
and eastern Arctic SIC anomalies in autumn can affect
the northern mode of EAWM significantly and the relation between the northern mode and SIC anomalies in
western and eastern Arctic regions tends to be opposite.
However, the southern mode of the EAWM variability
does not appear to be related to the Arctic sea ice
anomalies except in small regions. The results indicate
that there is some predictability of the northern mode
of EAWM variability from the previous autumn Arctic
sea ice anomalies, but the source of predictability of the
southern mode from the Arctic sea ice is likely low.
Based on the distribution of the correlation of autumn
SIC with an index for the northern mode of EAWM (N
index), two SIC indices have been defined to measure
the variations of autumn SIC in the western and eastern
Arctic, denoted as WSIC and ESIC, respectively. Different from previous studies, the present study analyzes
the impacts of not only eastern Arctic SIC anomalies, but
also western Arctic SIC anomalies that have received
little attention before.
On the interannual time scale, the variations of autumn SIC in eastern and western Arctic regions tend to
be independent of each other during the analysis period.
The SIC anomalies in the western Arctic display a tendency of persistence from autumn to winter, whereas
those in the eastern Arctic do not show obvious persistence. The coherent features of SIC anomalies in the
eastern Arctic from autumn to winter obtained by Wu
et al. (2011) are attributed to the contribution of the
interdecadal component of SIC variations.
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The Arctic SIC anomalies can exert influences locally
as well as in remote regions in autumn. Local surface
air temperature decreases in response to more sea ice.
The local temperature response to western Arctic SIC
anomalies has a much deeper vertical extension than
that to eastern Arctic SIC anomalies, with the former
extending to the middle troposphere and the latter being
confined to the lower troposphere. As such, eastern
Arctic SIC anomalies have a much larger influence on
the stability of the lower troposphere than western Arctic
SIC anomalies. The distribution of autumn atmospheric
circulation anomalies corresponding to the WSIC and
ESIC are different from each other, and there is no obvious signal over most of the Eurasian continent. The
atmospheric response displays a barotropic structure over
most of the North Hemisphere corresponding to both
western and eastern Arctic SIC anomalies.
Widespread and large surface air temperature anomalies are observed in winter over the mid- to high latitudes
of the Eurasian continent corresponding to autumn
Arctic SIC anomalies. The winter temperature anomalies are small in other regions. The anomalous circulation in winter corresponding to the WSIC and ESIC
displays a similar spatial pattern but with opposite
signs. Both western and eastern Arctic SIC anomalies in
autumn are followed by pronounced changes in circulation systems over the Eurasian continent, including the
Siberian high, the East Asian trough, and the East Asian
westerly jet stream. Thus, these systems may play important roles in connecting autumn Arctic SIC anomalies
to the northern mode of EAWM and associated climate
anomalies in winter over East Asia. In winter, the atmospheric response shows a baroclinic structure over the
midlatitudes of Asia and a barotropic structure in other
regions, such as northern Europe, the North Pacific, and
the North Atlantic.
The autumn Arctic SIC anomalies have no large concurrent SST anomalies on the interannual time scale. This
indicates that the Arctic sea ice anomalies impact the
winter climate over East Asia independent of SST forcing. The winter SST anomalies following September
eastern Arctic SIC changes obtained by Wu et al. (2011)
are attributed to the interdecadal component of variations
in the Arctic SIC and SST. Corresponding to autumn
Arctic SIC anomalies, obvious snow cover anomalies occur in winter over the Eurasian continent. The snow cover
anomaly pattern appears to result from atmospheric circulation and surface temperature changes. How the snow
cover affects the northern mode of EAWM is unclear and
remains to be investigated.
The present analysis identifies obvious anomalies in
temperature and atmospheric circulation in both autumn
and winter following autumn Arctic SIC anomalies. The
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regions where temperature and circulation anomalies are
observed display prominent differences between autumn
and winter. Temperature and circulation anomalies are
weak over Asia in autumn, whereas large anomalies occur over Asia in winter. This is likely due to a large meridional gradient of mean temperature in winter over the
mid- and high latitudes of Asia under which anomalous
winds induce large temperature anomalies. The connection from autumn Arctic SIC anomalies to winter Asian
circulation and temperature anomalies appears to be
through an anomalous pressure pattern around the Arctic
in autumn via the thermodynamic effect of SIC anomalies
and a downstream extension of circulation anomalies to
Asia in winter through the propagation of wave activity
flux. Further studies are needed to understand the mechanism for the influence of autumn Arctic SIC anomalies on
the winter climate over Asia.
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