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Abstract

This study investigated the relationship between East Siberian-Chukchi-Beaufort (EsCB) sea ice concentration (SIC) anomaly
in the early autumn (September—October, SO) and northern Eurasian surface temperature (Ts) variability in the early spring
(March—April, MA). Results reveal that the early autumn sea ice decrease in the ESCB Seas excites an Arctic anticyclonic
anomaly in the lower troposphere in the early spring, leading to cold anomalies over central Russia. The mean temperature
over central Russia drops by nearly 0.8 °C, and the probability of cold anomalies increases by about 30% when the EsCB
SIC reduces by one standard deviation. As responses to SO EsCB sea ice loss, atmospheric anomalies of the planetary wave
2 dominate the Arctic since October—November (ON) and are in phase with the climatological mean in the troposphere.
This in-phase resonance produces much more wave energy propagating into the lower stratosphere and generates an EP
flux convergence anomaly in December—January (DJ), then decelerating the zonal westerly winds. One month later (Janu-
ary—February, JF), the attenuation of the polar vortex reaches the peak and propagates downward into the troposphere in
the next 2 months with two major branches. One branch is located in Greenland and induces a zonal wave train from the
North Atlantic to eastern Eurasia. Another branch is to maintain the anticyclonic anomaly in low-level over the Arctic. This
configuration of atmospheric circulation anomalies provides favorable conditions for the southward invasion of Arctic cold
air and makes northern Eurasia experience a colder early spring.
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1 Introduction

As an integral component of the Earth’s climate system,
Arctic sea ice can regulate the local atmospheric circula-
tion, temperature and precipitation through altering the heat
and momentum exchange between the atmosphere and ice-
covered ocean (Serreze et al. 2007; Budikova 2009; Vihma
2014; Gao et al. 2015; Cohen et al. 2020). Meanwhile, the
climate impacts of Arctic sea ice variability further expands
into the mid-low latitudes by the effects of several physical
pathways, including atmospheric wave bridge in the upper
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troposphere (Dethloff et al. 2006), the mid-latitudinal syn-
optic eddy-mean flow interaction (Deser et al. 2000; Jaiser
et al. 2012), the stratosphere-troposphere coupling involv-
ing anomalous vertical propagation of quasi-stationary plan-
etary waves (Chen and Wu 2018; Zhang et al. 2018a, b). In
recent decades, Arctic sea ice concentration (SIC) or extent
presents an increasing decline rate, concurrent with a rapid
warming signal and enhanced precipitation in the Arctic
region (e.g., Deser et al. 2010; Screen and Simmonds 2010).
Therefore, the possible impacts of Arctic sea ice anoma-
lies in autumn or winter on the mid-high latitudinal climate
variability in the subsequent seasons, especially the linkage
between sea ice loss and winter continental cooling (Wu
et al. 1999, 2011a, b; Francis et al. 2009; Honda et al. 2009;
Petoukhov and Semenov 2010; Inoue et al. 2012; Jaiser et al.
2012; Chen et al. 2014; Mori et al. 2015, 2019; Nakamura
et al. 2015; Zhang et al. 2018a, b; Ding et al. 2021; Overland
et al. 2021), has received intensive scientific attention.

The previous studies have pointed out that the melting of
winter pan-Arctic sea ice corresponds to a negative Arctic
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Oscillation/North Atlantic Oscillation (AO/NAO) (Alex-
ander et al. 2004; Deser et al. 2004; Magnusdottir et al.
2004), but this relationship is suggested to be insignificant
in some modeling studies (Singarayer et al. 2005; Black-
port and Kushner 2017; Ogawa et al. 2018). Some research
further discussed whether the regional sea ice anomalies
in winter influence climate change in the Northern Hemi-
spheric continent. They have found that the Barents-Kara
Seas is a key region, and its sea ice decrease will induce
an increased blocking and significant cooling over north-
ern Eurasia in the wintertime (Mori et al. 2015, 2019; Li
et al. 2021) via a southeastward quasi-stationary planetary
wave train (Honda et al. 2009; Xu et al. 2021) or downward
propagation of anomalous stratospheric signals (Zhang et al.
2018a, b; Xu et al. 2021). In addition, sea ice decrease in
the Greenland Sea affected surface temperature variability
over eastern North America and northern Europe (Cohen
et al. 2018; Vihma et al. 2020), while sea ice decrease in the
Chukchi—East Siberian Seas favored central North American
cooling (Kug et al. 2015; Overland and Wang 2018).
Besides the contemporaneous correlation, several inves-
tigators attempted to explore whether the preceding autumn
sea ice can be considered as a precursor for winter atmos-
pheric circulation variability and extreme weather/climate
events (Francis et al. 2009; Wu et al. 2011a, b, 2013, 2017,
Francis and Vavrus 2012, 2015; Hopsch et al. 2012; Jaiser
et al. 2012; Tang et al. 2013; Chen et al. 2014; Nakamura
et al. 2015; Chen et al. 2021; Ding et al. 2021). Francis et al.
(2009) discovered that the anomalous signals of September
Arctic sea ice can be remembered by the following winter
atmospheric pattern, that is, less Arctic sea ice corresponds
to a “wavier” circulation and more frequent extreme weather
(Francis and Vavrus 2012, 2015). Wu et al. (2011a, b) also
suggested that the September SIC is a potential precursor
for the intensity of winter Siberian high due to their evi-
dent negative correlation. In virtue of statistical analysis
and numerical simulation, many studies pointed out that
less autumn SIC in the eastern Arctic Ocean and Siberian
marginal seas will make northern Eurasia or even East Asia
experience significant cooling and more frequent cold-air
outbreaks (Tang et al. 2013; Wu et al. 2013, 2017), accom-
panied by an enhanced Siberian High (Wu et al. 2011a, b),
a stronger northern mode of East Asian winter monsoon
(EAWM) (Chen et al. 2014) and the southward energy prop-
agation of low-frequency waves (Gu et al. 2018). However,
this relationship is non-stationary and may be modulated
by summer initial atmospheric conditions (Wu et al. 2017).
Recently, some studies have focused on the climate
impacts of regional sea ice variability in autumn because
the atmospheric responses in the mid-high latitudes are
sensitive to the geographical location of Arctic sea ice
anomalies (Rinke et al. 2013; Pedersen et al. 2016; Chen
et al. 2016b; Screen 2017; Cohen et al. 2020). The early
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autumn SIC interannual variability was controlled by two
major EOF modes and reflected notable regional differences
(Deser and Teng 2013; Ding et al. 2021). Most studies have
emphasized that sea ice decrease in the Barents-Kara-Laptev
(BKL) Seas (see the second EOF early autumn SIC vari-
ability in Ding et al., 2021) effectively affects the large-scale
atmospheric circulation (Honda et al. 2009; Wu et al. 2011a,
b; Jaiser et al. 2012; Hopsch et al. 2012; Chen et al. 2016b;
Screen 2017), while only a few studies analyzed the possible
climate responses to the sea ice decrease in the East Sibe-
rian—Chukchi—Beaufort (EsCB) Seas (the first EOF; Chen
et al. 2016b; Screen 2017; Chen and Wu 2018; Ding et al.
2021). Ding et al. (2021) found an increasingly larger ampli-
tude of interannual variation of early autumn EsCB SIC, and
pointed out that the reduced sea ice will induce an Arctic
anticyclonic anomaly and evident central-western Eurasian
cooling in the early winter through enhanced upward propa-
gation of quasi-stationary planetary waves in the mid-high
latitudes and associated upper tropospheric Eliassen—Palm
(EP) flux convergence anomaly.

Many previous works have focused on analyzing the pos-
sible impacts and mechanism of Arctic sea ice anomalies
on the winter climate variability over Eurasia. And this cli-
mate influence can even persist until spring (Wu et al. 2016;
Chen and Wu 2018). Wu et al. (2016) discovered that winter
sea ice loss in the Norwegian Sea and the Barents would
generate a cyclonic anomaly over the Mongolian plateau
by exciting a downstream propagating Rossby wave train,
which accelerates the East Asian subtropical westerly jet and
favors sufficient spring precipitation over East Asia. Based
on the leading mode of spring Eurasian surface air tempera-
ture (SAT) anomalies, Chen and Wu (2018) revealed that
the decrease (increase) of Arctic SIC over the Laptev-East
Siberian-Beaufort Seas in the preceding autumn generally
induces Eurasian SAT cooling (warming) in the mid-high
latitudes through the modulation of Arctic Oscillation (AO)
associated atmospheric circulation variations. This cross-
seasonal influence is intimately connected with the interac-
tion between the upper troposphere and lower stratosphere.
Similar anomalous stratospheric signals were also observed
by Ding et al. (2021). When the early autumn EsCB sea ice
reduces, much more quasi-stationary planetary wave energy
propagates into the lower stratosphere and attenuates the
polar vortex in the wintertime, portending that the tropo-
spheric atmospheric circulation will be again disturbed in
the following months.

This study will further investigate whether the early
autumn sea ice in the EsCB Seas will affect the spring
climate change (surface temperature) over Eurasia at the
interannual time scale and explore associated physical pro-
cesses, such as the contribution of distinct planetary waves
to the weakened polar vortex and downward propagation of
stratospheric anomalies. This may provide another possible
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predictor for spring climate change over Eurasia besides El
Nifio—Southern Oscillation (ENSO; Wu et al. 2010; Graf
and Zanchettin 2012; Ding et al. 2017, 2018), North Atlan-
tic sea surface temperature anomalies (Wu et al. 201 1a, b),
snow cover over northern Eurasia (Wu et al. 2014; Ye et al.
2015; Wu and Chen 2016) and Arctic Oscillation/North
Atlantic Oscillation (AO/NAO; Miyazaki and Yasunari
2008; Zveryaev and Gulev 2009; Ionita et al. 2012; Kim
and Ahn 2012; Chen et al. 2013; Song and Wu 2019a).

The structure of this manuscript is organized as fol-
lows. The reanalysis datasets, analysis methods and model
description are described in Sect. 2. Section 3 displays the
impacts of the early autumn sea ice anomaly in the EsCB
Seas on the early spring climate (surface temperature) over
Eurasia and its associated atmospheric anomalies. Section 4
further illustrates the possible physical processes for this
cross-seasonal relationship involving the role of a strato-
spheric pathway based on the statistical diagnose and sensi-
tive experiments. Discussion and the summary of results are
provided in Sects. 5 and 6, respectively.

2 Data and methodology

Atmospheric monthly mean variables are provided by the
National Center(s) for Environmental Prediction (NCEP)-
U.S. Department of Energy (DOE) Reanalysis II with a reso-
lution of 2.5° % 2.5°, including air temperature, geopotential
height and horizontal winds (Kanamitsu et al. 2002). The
monthly mean sea ice concentration (SIC) is derived from
the Met Office Hadley Center, showing 1°x 1° longitude/lat-
itude resolution (Rayner et al. 2003). The overlapping period
of all datasets extends from January 1979 to December 2018.
Since the main focus of this study is on the interannual vari-
ability, a 9-year high pass filter was applied to all variables
to remove the trend and interdecadal component.
Area-mean SIC anomalies in the region of 70.5°-82.5°
N, 135.5° E-119.5° W, multiplying by -1, is defined as an
index to depict the EsCB sea ice variations (Fig. 1a). Based
on this SIC index, linear regression and correlation analyses
are employed to explore the linkage between early spring
climate change over Eurasia and the preceding early autumn
sea ice anomaly in the EsCB Seas. The composite maps of
difference between low and high SIC years, selected by a
criterion of + 0.8c for the normalized EsCB index (low sea
ice: 1990, 1993, 1995, 1998, 2003, 2007, 2012; high sea
ice: 1992, 1994, 1996, 2001, 2006, 2009, 2013), are used for
validation of the regression results. This criterion optimally
compromises both small sample and signal-to-noise ratio.
The significance of statistical analyses is examined by a two-
tailed nonparametric Monte Carlo bootstrap significance test
(Mudelsee 2010). For linear regression or correlation analy-
sis of two-time series X and Y, their average and standard

deviation are calculated to generate 1000 sets of random
numbers conforming to the normal distribution. Then, 1000
regression or correlation coefficients are obtained and sorted
in ascending order. Similarly, for the difference between
categories A and B, the bootstrapping procedure generates
1000 composite value through randomly selecting m and
n years from m+n years, and their difference is sorted in
ascending order. Here, m (n) is the number of selected cases
in category A (B). If the regression (correlation) coefficient
and composite difference value are higher than 95% or lower
than 5% of the bootstrapping estimates, it is regarded as
passing through the 90% confidence level.

The horizontal propagation of planetary waves is diag-
nosed by horizontal wave activity flux, and the associated
formulation in the log-pressure coordinate is Takaya and
Nakamura (1997, 2001)
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where y', u and v are the perturbed geostrophic stream
function, the zonal and meridional wind velocities, respec-
tively. The overbar represents the climatological mean and
the subscripts x (y) indicates the partial derivatives in the
zonal (meridional) directions. In addition, we use EP flux to
describe the vertical propagation characteristics of planetary
wave activity (Plumb 1985; Andrews et al. 1987). The com-
ponents of EP flux (77 ) and its divergence (D) are calculated
as follows:
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Here, p is air density, a is the radius of the earth, ¢ is the
latitude, R is the gas constant, fis the Coriolis parameter,
H is the scale height, N is buoyancy frequency, u is zonal
wind, v is meridional wind and T is temperature. The primes
(overbar) denotes zonal deviation (average). The EP flux
divergence can portray the eddy forcing of the zonal mean
flow, that is anomalous convergence (divergence) of EP flux
decelerates (accelerates) the westerly winds (Edmon et al.
1980; Chen et al. 2002, 2003).

The Community Atmosphere Model version 4 (CAM4)
(Neale et al. 2010) is utilized in this study to operate the
sea-ice sensitivity experiments. SIC and SST from Hadley
Center are specified as boundary conditions. The simula-
tion configuration shows a horizontal resolution of 2.5°
in longitude and 1.9° in latitude, and 26 vertical levels
extending up to 2.2 hPa with finite volume dynamic core.
Two experiments are designed to assess the impacts of
early autumn EsCB sea ice decrease on the subsequent
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Fig. 1 Regressed a early
autumn (September—October;
SO) SIC anomaly (shading;
unit: %), b early spring (March—
April; MA) Ts anomaly (shad-
ing; unit: °C), ¢ MA geopoten-
tial height (shading; unit: m)
and horizontal winds anomalies
(vector; unit: m s_]) at 1000 hPa
and d MA geopotential height
anomaly (shading; unit: m)

and horizontal wave activity
flux (vector; unit: m? s") at
500 hPa upon normalized SO
EsCB index at the interannual
time scale. Green Contours in
(d) are the climatological mean

(b) MA(1) reg_T1000
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of 500 hPa geopotential height.
Dots for shadings indicate the
90% confidence level. Vectors
in (¢, d) only depict the part
exceeding 0.05 m s~ and 0.1
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early spring atmospheric circulation. The control experi-
ment is run for 50 years, forced by the climatological mean
of monthly SIC and SST. Note that the climatology is cal-
culated as the mean of 1983-2012 from the Hadley Centre.
The sensitivity experiment is performed with perturbed
EsCB sea ice from August to October but with the same
SST boundary condition as in the control experiment. Per-
turbed sea ice is the combination of climatological sea ice
plus the EsCB sea ice decrease derived from regression of
Arctic SIC upon normalized SO EsCB index. The sensitiv-
ity experiment integrates for 80 years to obtain sufficient
sample sizes. The simulated results since the 11th year in
two experiments are selected for calculation as the first
10 years are discarded as spin up (Zhang et al. 2018b;
Nakamura et al. 2019). The atmospheric responses to the
prescribed EsCB sea ice loss are defined as the difference
of the ensemble mean between the sensitivity experiment
and control experiment.
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3 Impacts of autumn EsCB SIC on spring
Eurasian temperature

To explore whether there exists a statistical correlation
between spring surface temperature over Eurasia and early
autumn sea ice in the EsCB Seas, the regressed air tem-
perature (Ts) and geopotential height (Z1000) anomalies at
1000 hPa from March to May upon the normalized Sep-
tember—October (SO) EsCB index is first examined (not
shown). Significant anomalous signals mainly occur in
March and April. Therefore, this study focuses on early
spring (March—April, MA) surface temperature variability
linking to early autumn EsCB sea ice anomalies at the inter-
annual time scale.

Figure 1 shows the regression of early autumn SIC
anomaly and associated early spring atmospheric anomalies
(1000 hPa air temperature, 1000 hPa geopotential height and
horizontal winds, 500 hPa geopotential height and horizontal
wave activity flux), derived from the normalized SO EsCB
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index. When the SO EsCB sea ice reduces (Fig. 1a), positive
geopotential height anomaly covers the Arctic regions and
extends southward into western Russia (30°-60° E) in the
subsequent early spring (Fig. 1¢). Northerly wind anomaly
to east of 30° E (Fig. 1c) favors Arctic cold air penetrating
northern Eurasia and contributes to significant cooling with
anomalous center around central Russia (Fig. 1b). Negative
Ts anomaly also expands into northeastern China follow-
ing the further southward intrusion of weak northerly wind
anomaly. A positive geopotential height anomaly and signifi-
cant local warming can be found over Greenland. Negative
geopotential height anomaly covers the eastern North Atlan-
tic-Europe, which favors an eastward intrusion of northeast-
erly wind anomaly into western Europe and induces a colder
early spring there. By contrast, southern Eurasia experiences
a warmer condition except for eastern China. In the middle
troposphere (500 hPa), mid-high atmospheric anomalies at
500 hPa correspond well to that in the lower troposphere,
indicating a quasi-barotropical structure (Fig. 1d). Alter-
nating anticyclonic, cyclonic, anticyclonic, and cyclonic
anomalies are located in Greenland, the eastern North
Atlantic-western Europe, the Ural Mountains, and central
Russia, respectively. It constitutes an eastward propagating
quasi-stationary planetary wave train from North Atlantic to
northern Eurasia. Significant negative geopotential height
anomaly over central Russia indicates the deepening of the
trough there (green contours), providing a favorable condi-
tion for the southward penetration of Arctic cold air. To its
north, positive geopotential height anomaly in the eastern
Arctic Ocean and Eurasian marginal seas also contributes to
the central Russian cyclonic anomaly by the local synoptic
eddy-mean flow interaction (not shown).

Considering that significant cooling mainly occurs in
central Russia (57.5° N-75.0° N, 50° E-110° E), we fur-
ther plot the time series of regional averaged Ts anomalies
(Fig. 2), denoted as T_RUS index. This index is negatively
correlated with the EsCB index at the interannual time scale
(r=—0.50, significant at 90% confidence level), suggesting
that the EsCB sea ice variability would explain 25% varia-
tion of central Russian Ts. In addition, another anticyclonic
anomaly covers the North Pacific from low-level to high-
level. Unlike the typical negative Arctic Oscillation (AO)
pattern associated with autumn Arctic sea ice loss (Chen
and Wu 2018), the whole tropospheric anomalies mani-
fest a negative NAO signal and a weakened Aleutian low,
which exhibits large similarity to the atmospheric config-
ure during the low SIC period as mentioned by Jaiser et al.
(2013) and Wu et al. (2015). We also examine the statistical
co-variability between early autumn SIC and early spring
71000 or Ts based on singular value decomposition (SVD)
analyses. The leading SVD mode also shows approximately
identical characteristics to the regressed results, including
sea ice loss in the EsCB Seas, Arctic anticyclonic anomaly,

71000 MA = -0.50

o b b

2.0
1.0
0.0
-1.0
-2.0

L L L L L L B N

1985 1990 1995 2000 2005 2010

Fig.2 Normalized time series of early spring (MA) area-mean Ts
anomaly (black solid line) in central Russia (57.5°-75.0° N, 50°-110°
E) at the interannual time scale. The bar graph represents normalized
interannual EsCB index

zonal propagating wave train from Greenland to central Rus-
sia, and evident cooling over northern Eurasia (not shown).
Thus, the above significant correlation linking early spring
Eurasian climate variability to early autumn sea ice anoma-
lies will not change by utilizing distinct statistical methods.

The sea-ice sensitivity experiments well reproduce the
early spring Eurasian atmospheric and climate anomalies
that are statistically related to the early autumn EsCB sea ice
decrease in the observations. Figure 3 displays the surface
temperature anomaly, the histogram plot of T_RUS indexes,
and 1000 hPa and 500 hPa geopotential height anomalies in
the early spring. Significant cooling dominates central Rus-
sia and extends southeastward to northeastern China, accom-
panied by a warmer condition over Greenland (Fig. 3a).
Compared to the observed Ts anomalies (Fig. 1b), the cold
anomaly shifts eastward and penetrates northeast China
while the warm anomaly is relatively weaker. Over central
Russia, the occurrence frequency of the cold conditions (less
than — 0.5 °C) is 59.4% (41 cases), twice as large as that
of warm conditions (greater than 0.5 °C) (Fig. 3b). Espe-
cially for the extreme cold conditions (less than — 2.5 °C),
its occurrence frequency is twice higher than that of extreme
warm conditions (greater than 2.5 °C). Therefore, as a
response to less autumn EsCB sea ice, central Russia has a
higher probability of experiencing a colder early spring. The
corresponding lower tropospheric atmospheric configura-
tion is featured by significant positive geopotential height
anomaly over the Arctic region with a southward extension
around western Russia (Fig. 3c), contributing to the evident
cooling around central Russia. To its south, in the North
Atlantic sector, a negative geopotential height anomaly cov-
ers the North Atlantic-western Europe and is west of the
observed location (Fig. 1c), partly explaining non-significant
cooling in western Europe. This deviation from the obser-
vations is accompanied by a weaker positive geopotential
height anomaly over Greenland, which may be related to the
simulation ability of the North Atlantic storm track. In the
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Fig.3 Simulated MA a Ts anomaly (shading; unit: °C), ¢ geopoten-
tial height anomaly (shading; unit: m) at 1000 hPa and d geopoten-
tial height anomaly (shading; unit: m) and horizontal wave activity
flux (vector; unit: m” s~!) at 500 hPa between sensitivity and control

middle troposphere, eastward propagating quasi-stationary
planetary waves from the North Atlantic is analogous to the
observed zonal wave train, passing through the Ural Moun-
tains and resulting in the enhanced trough over central Rus-
sia (Fig. 3d). Unlike the observations, there is no evident
horizontal wave activity propagating from Greenland to the
eastern North Atlantic due to a weaker anticyclonic anomaly
around Greenland. Additionally, over the North Pacific, a
positive geopotential height anomaly can also be detected
in the model results but is much weaker and shifts westward
and poleward. This may be attributed to the lack of air-sea
coupling or interaction in climate models.

Both statistical and model results manifest the promi-
nent cross-seasonal influences of early autumn EsCB sea
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experiments. b Histograms of T_RUS index (area-mean Ts anomaly
in central Russia) in 69 early springs. Dots for shadings indicate the
90% confidence level. Vectors in (d) only depict the part exceeding
0.1 m?s™!

ice anomaly on the subsequent early spring Eurasian surface
temperature variability though there exists a certain devia-
tion from the observations. Another key question is to illus-
trate the possible physical pathway or mechanism linking
the above cross-seasonal relation, which will be discussed
in detail in Sect. 4.

4 Possible physical linkage: the role
of stratospheric pathway

Many investigators have pointed out that the perturbation of
the lower stratosphere can modulate the underlying tropo-
spheric anomalies through the downward propagation of



Linkage between autumn sea ice loss and ensuing spring Eurasian temperature

2799

anomalous signals associated with the barotropic effects
(Ambaum and Hoskins 2002; Castanheira et al. 2009; Graf
et al. 2014; Song and Wu 2019b), and the alteration of
upper-level wind shear as well as the jet’s latitudinal position
(Scaife et al. 2012; Garfinkel et al. 2013; Graf et al. 2014).
The associated effects of stratospheric anomalies will persist
for several months due to its long decorrelation time of at
least up to 2 months (Baldwin and Dunkerton 2001), which
provides a possible pathway for autumn sea ice to influence
the Eurasian climate in the subsequent seasons. Therefore,
the stratospheric polar vortex may exert a crucial role in
bridging the EsCB sea ice loss in the early autumn to the
persistent Arctic anticyclonic anomaly in the early spring, as
enlightened by previous studies (Cohen et al. 2007; Orsolini
et al. 2012; King et al. 2015; Zhang et al. 2018a, b).
Accompanied by the early autumn EsCB sea ice decrease,
significant weakening of stratospheric polar vortex cov-
ers the whole Arctic Ocean in DJ (December—January). It
reaches the peak value and moves toward the Greenland-
Eurasian sector in JF (January—February) and then gradually
attenuates in the next two months (not shown). The spa-
tial pattern in the evolution of the weakened polar vortex is
approximately consistent with the regressed results of the
normalized T_RUS index, especially for lower stratospheric
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Fig.4 Time-height cross sections of a area-mean geopotential height
anomalies (shading; unit: m) over the Arctic region (70°-90° N,
0°-360°) and (b) area-mean U-wind anomalies (shadings; unit: m
s7!) in the mid-high latitudes (60°-80° N, 0°-360°) regressing on

anomalies in DJ and JF. The DJ or JF stratospheric polar
vortex (SPV) index, at the interannual time scale, is not only
positively correlated with EsCB index (r=0.31, 0.29) but is
also negatively correlated with T_RUS index (r=— 0.40,
— 0.57), passing through 90% confidence level. Note that
the SPV index is defined as area-mean geopotential height
anomaly at 50 hPa to the north of 70° N. These significant
correlation coefficients indicate that the weakened winter
stratospheric polar vortex may be a crucial bridge connect-
ing EsCB sea ice loss in the early autumn with central Rus-
sian cooling in the early spring, consistent with the results
of Ding et al. (2021).

The evolution of zonal mean geopotential height anom-
alies (averaged over 70°-90° N) and zonal mean U-wind
anomalies (averaged over 60°—80° N) obtained by regres-
sion upon on the normalized SO EsCB index also confirm
the above statistical relationship. The strongest stratospheric
signals of positive geopotential height anomaly (Fig. 4a)
and decelerated westerly winds (Fig. 4b) occur in winter.
These anomalies persist for at least 2 months in the lower
stratosphere (Baldwin and Dunkerton 2001) and propagate
downward into the troposphere, which may contribute to
the re-enhancement of Arctic anticyclonic anomaly in the
early spring. Much more evident downward propagations
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tively. Dots for shadings indicate the 90% confidence level
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are detected in two local regions. One is over Greenland
(70°-90° N, 60-10° W), where significant positive geo-
potential height anomaly propagates downward from the
middle stratosphere since JF and reaches the lower tropo-
sphere 2 months later (Fig. 4c). This downward propagation
will strengthen the anticyclonic anomaly around Greenland.
Then, eastward propagating horizontal wave train is excited
and further develops downstream into eastern Eurasia, form-
ing a zonal wave train and deepening the trough over central
Russia (Fig. 1d). Another downward propagation appears
in the eastern Arctic Ocean (75°-90° N, 10° W-170° E),
featured by positive geopotential height anomaly maintain-
ing in the lower stratosphere for 2 months and then abruptly
penetrating the troposphere in MA (Fig. 4d). This may partly
explain the persistent Arctic anticyclonic anomaly until the
early spring. Model results also exhibit similar downward
propagating characteristics of stratospheric anomalies, as
shown in Fig. 5. The weakened polar vortex in the lower
stratosphere reaches the peak value in JF, then propagates
downward in the next 2 months and disturbs the Arctic
tropospheric circulation in MA (Fig. 5a, b). Two apparent
downward propagations are located in Greenland (Fig. 5c)
and the eastern Arctic Ocean (Fig. 5d), respectively.

To estimate the contribution of SO EsCB sea ice decrease
to MA central Russian cooling as well as the bridging role of
winter stratospheric polar vortex, we employ a Generalized
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Extreme Value (GEV) distribution (Coles 2001; Michailidis
and Stoev 2012) to calculate the probability density function
(PDF) and cumulative distribution function (CDF) of MA
T_RUS index and JF SPV index in both sensitivity and con-
trol experiments. Compared to the control experiment, the
PDFs of two indexes in the sensitivity experiment show an
evident shift, with the T_RUS index shifting toward the neg-
ative value (Fig. 6a) and the SPV index shifting toward the
positive value (Fig. 6¢). The PDFs in two experiments are
significantly separated based on a Monte Carlo bootstrap-
ping technique (Efron and Tibshirani 1994). This confirms
a crucial role of SO EsCB sea ice in the Eurasian climate
variability, which is manifested by a 0.8 °C drop in the mean
temperature of central Russia in MA and a 60gpm rise in the
mean geopotential height (50 hPa) of the Arctic region in
JF. Estimated by CDF, the occurrence probability of central
Russian cooling in the sensitivity experiment increases by
about 30% than the control experiment (Fig. 6b), close to the
increased percentage (25%) in the occurrence probability of
a weakened stratospheric polar vortex (Fig. 6d). It reveals
that the reduced EsCB sea ice in the early autumn signifi-
cantly facilitates increase in the occurrence probability of
colder events around central Russia in the early spring, and
the above cross-seasonal influence is realized by attenuating
the winter stratospheric polar vortex.
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Fig.5 Asin Fig. 4, but for the simulated results between sensitivity and control experiments
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Fig.6 a PDF (probability density function) and b CDF (cumulative distribution function) of MA T-RUS index. ¢, d As in (a, b), but for the JF
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Several investigators have discovered that when
autumn Arctic sea ice reduces, Arctic warm anomaly and
the decreased meridional temperature gradient provide
a favorable condition (decelerated westerly winds) for
more quasi-stationary planetary waves propagating into
the stratosphere and the associated generation of EP flux
convergence anomaly, which leads to the weakening of
winter stratospheric polar vortex (Chen and Wu 2018;
Zhang et al. 2018a, b; Ding et al. 2021). Here, we further
estimate the contribution of planetary waves with distinct
wavenumber. Analogous to Ding et al. (2021), when SO
EsCB sea ice reduces by one interannual standard devia-
tion, both the observed and model results display that the
strongest anomalous upward propagation of EP flux and
associated stratospheric EP flux convergence anomaly
appear in DJ (Fig. 7a, d), 1 month earlier than the mature
phase of the weakened polar vortex (Figs. 4, 5). In the
lower stratosphere of high latitudes (100-30 hPa, 60°
N-80° N), the formation of EP flux convergence anomaly
mainly originates from the contribution of planetary wave
2 (Fig. 7c, f). By contrast, planetary wave 1 can propagate
to above 30 hPa (higher than 24 km), and its contribution
is confined to the polar region (Fig. 7b, e). The area-mean
EP flux convergence anomaly in the lower stratosphere
(100-30 hPa, 60°-80° N) is calculated to compare the con-
tribution of planetary waves 1 and 2 roughly. Planetary
wave 2 plays a dominant role in the attenuation of the
lower stratospheric polar vortex associated with the EsCB

sea ice decrease (Fig. 8), which is quite different from
the main contribution achieved by planetary wave 1 when
the sea ice reduces in the Barents-Kara Seas (Zhang et al.
2018b). Considering that the role of planetary wave 3 is
limited, the resulting EP flux anomaly and its convergence
anomaly are not shown.

Another issue worth discussing is the possible reason
for the enhanced upward propagation of quasi-stationary
planetary waves. In DJ, the geopotential height anoma-
lies of planetary wave 2 are in phase with its climatologi-
cal mean, especially north of 60°N (Fig. 9b, d). This will
induce more wave energy to be transported into the lower
stratosphere, in line with the anomalous upward EP flux in
the high latitudes (Fig. 7c, f). The increased amplitude of
planetary wave 2 is observed to the north of 60° N (Fig. 10b,
d) and can better clarify the resonance in the 500 hPa geo-
potential height anomaly, indicating that more wave energy
is upward transported in the Arctic region. Similar signals of
an increase in the amplitude can be observed 1 or 2 months
earlier (not shown). As for planetary wave 1, the in-phase
resonance (Fig. 9a, c¢) and increased amplitude (Fig. 10a,
c¢) are located in the mid-latitudes to the south of 60° N
and induce more wave energy (anomalous upward EP flux)
penetrating through the tropopause into the stratosphere at
approximately 50° N (Fig. 8b, e). In a word, enhanced wave
energy due to the in-phase resonance of planetary waves in
the troposphere provides a possible explanation for anoma-
lous upward EP flux.
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waves, b planetary wave 1 and ¢ planetary wave 2. b—d As in (a—c),
but for the simulated results between sensitivity and control experi-
ments. Dots for shadings indicate the 90% confidence level. Vectors
only depict the part exceeding 10° m? s>

The above analyses reveal that the EsCB sea-ice sen-
sitivity experiments well reproduce the main characteris-
tics of the physical processes that involve the stratospheric
pathway in the observations. However, certain simulation
deviations still exist and should be noted. The simulated
upward EP flux of planetary wave 2 is enhanced around 70°
N and expands from the middle troposphere to the lower
stratosphere (Fig. 7f). It shifts northward by about 10° and
induces a stronger EP flux convergence anomaly than the
observed branch (Fig. 7c). This deviation may be ascribed
into a decrease in the amplitude of simulated planetary wave
2 around 60°N (Figs. 9d, 10d) instead of an increase in the
observed amplitude (Figs. 9b, 10b). In addition, the enhance-
ment of upward propagating planetary wave 1 around 50°N
is also much stronger in the simulations (Fig. 7e) than that
in the observations (Fig. 7b) because of the larger increased
amplitude for the former (Figs. 9c, 10c). This possibly over-
estimates the contribution of planetary wave 1 to weakening
of the lower stratospheric polar vortex in the simulations,
featured by stronger EP flux convergence anomaly (Fig. 8).
Several factors may be responsible for the above simulation
deviations, such as the physical description of sea ice change,
the initial atmospheric condition, the internal atmospheric
variability and the height of the model top. In our design
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Fig.9 Regressed DJ geopoten-
tial height anomalies (shadings; 90W
unit: m) at 500 hPa of a plan- =
etary wave 1 and b planetary
wave 2 upon normalized SO
EsCB index. ¢, d as in (a, b),
but for the simulated results
between sensitivity and control
experiments
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for sensitivity experiment, only EsCB SIC from August to
October is modified and then run for 80 years. The late sum-
mer initial atmospheric conditions are self-running, rather
than particular atmospheric circulation anomalies that match
SO EsCB sea ice loss in the observations. Different initial
atmospheric conditions will affect the climate responses to
reduced EsCB sea ice (Wu et al. 2017) and partly explain
the simulation deviations. However, it does not change the
main conclusion of our study and confirms the importance
of Arctic sea ice in the Eurasian climate in turn. The height
of the model top also affects the simulated performance of
the stratospheric atmospheric circulation. For example, the
high-top models exhibit an improved simulation skill for
the quasi-biennial oscillation (QBO) in the tropical strato-
sphere and sudden stratospheric warming (SSW) occurrence
in midwinter than the low-top models (Osprey et al. 2013;
Palmeiro et al. 2020). As for atmospheric variability in the
lower-middle stratosphere, both high-top and low-top models
have a proper simulation (Palmeiro et al. 2020). Therefore,

considering that the stratospheric pathway mainly involves
the lower-middle stratosphere (up to 10 hPa) and the limited
computing resources in our analyses, CAM4 is sufficient to
investigate the stratosphere-troposphere coupling and well
capture the main physical processes seen in the observa-
tions though this low-top model will bring a few simulation
deviations. Another reason for the simulation deviations may
be derived from other external forcings because we cannot
entirely exclude their nonlinear role in interfering with the
linear regressed results.

5 Discussion

Previous sections have identified an intimate physical con-
nection between early autumn sea ice anomaly in the EsCB
Seas and early spring Ts variability over northern Eura-
sia, especially in central Russia, via generating anomalous
upward propagating quasi-stationary planetary waves and
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subsequently weakening the stratospheric polar vortex
in winter. Here, a statistical prediction model is further
designed to predict the early spring T_RUS index by utiliz-
ing the constructed early autumn EsCB index as the predic-
tor in a linear regression equation. We use leave-one-out
cross-validation to measure the potential predictability of
this empirical model (Ham et al. 2013; Zuo et al. 2016; Chen
and Wu 2018). A cross-validated correlation between the
prediction and observation is then calculated as the skill
score for assessing this empirical model’s performance.
When using the SO EsCB index to hindcast the MA T_RUS
index, the cross-validated correlation is 0.41 and passes
through 95% confidence level, indicating a considerable skill
in the empirical prediction of early spring Ts variability in
central Russia from early autumn EsCB sea ice anomaly.
However, the predictive ability of an individual predictor is

@ Springer

limited because the early spring Ts variability over northern
Eurasia is not only affected by the early autumn Arctic sea
ice anomaly but also by other factors, such as ENSO, North
Atlantic sea surface temperature anomalies, Eurasian snow
cover, the internal atmospheric variability (AO/NAO), etc.
For example, the perturbation of the JF stratospheric polar
vortex is vital for the MA northern Eurasian climate change,
and only part of its variations are linearly correlated to SO
EsCB sea ice anomaly. Consequently, we subtract SO EsCB
sea ice-related signals from the JF SPV index utilizing lin-
ear regression and extract the residual SPV index that is
linearly uncorrelated with the EsCB index to represent the
role of some other factors. After adding the JF residual SPV
index to the empirical model as another predictor, the cross-
validated correlation improves to 0.59, which is higher than
only using SO EsCB index or JF residual SPV index. It also
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implies that the early autumn EsCB sea ice indeed provides
valid information to predict the early spring northern Eura-
sian Ts.

When SO EsCB sea ice reduces, more quasi-stationary
planetary waves propagate into the lower stratosphere and
result in the weakening of the winter polar vortex, which
is possibly caused by the in-phase resonance of planetary
waves and an increase in amplitude. In particular, the plan-
etary wave 2 has played the primary role and its increased
amplitude of geopotential height anomaly in the Arctic
region (north of 60° N) can even be traced back to ON,
lagging the decreased signal of sea ice in the EsCB Seas
by 1 month. Although this indicates an intimate connec-
tion between SO EsCB sea ice decrease and the in-phase
resonance of planetary wave 2 1 month later, the associated
physical processes are not very clear. The lower tropospheric
temperature anomalies of planetary wave 2 and anomalous
net surface heat flux are then examined to discuss this ques-
tion. The decrease of SO EsCB sea ice broadens the open
water and induces local significant positive net surface heat
flux anomaly based on the observations, justly correspond-
ing to sea ice loss and occupying most regions of the Arctic
Ocean (Fig. 11e). In the simulations, the distribution of net
surface heat flux anomalies are approximately identical to
the observations except for the negative anomaly to the north
of the Canadian Archipelago, well capturing the significant
positive anomaly from the Laptev Sea to the Beaufort Sea
(Fig. 11f). It is likely attributed to the forcing of sea ice
decrease is added merely to the EsCB Seas in the sensi-
tivity experiment. This fan-shaped structure of more heat
flux transport from the ocean to the atmosphere contributes
to the lower tropospheric warming and the elevation of the
Arctic geopotential height, creating the strongest anomalous
center over the EsCB Seas (Fig. 11c, d). After operating
the harmonic analysis, we found that the planetary wave 2
makes a dominant contribution to the Arctic atmospheric
responses in the lower troposphere, especially for the warm
and positive geopotential height anomalies over the EsCB
Seas (Fig. 11a, b). The simulated results reproduce the main
feature of the observed planetary wave 2 structure in the
Arctic region, including evident warm (cold) anomalies over
the EsCB Seas and the Greenland-Barents Seas (the Cana-
dian Archipelago and the Kara-Laptev Seas). It is worth not-
ing that the air temperature perturbation of planetary wave
2 can extend into the middle troposphere. This provides a
few pieces of evidence to explain the possible mechanism
for the generation of atmospheric anomalies of planetary
wave 2 during a low EsCB sea ice. By contrast, for plan-
etary wave 1, the ON air temperature anomalies covering
the Arctic region are quite different in the observations and
simulations, also corresponding to the distinct spatial struc-
ture of geopotential height anomalies (not shown). Until 2
months later, the observed and simulated geopotential height

anomalies gradually show similar signals, especially north
of 60° N (Fig. 9a, c). It seemingly implies that the evolu-
tion of planetary wave 1 in the Arctic region is related to
the reduced SO EsCB sea ice, but the notable simulation
deviations in the first 2 months may be interfered with by
the initial atmospheric condition. However, the above specu-
lation still lacks enough support. The detailed dynamical
or thermal connection between EsCB sea ice decrease and
atmospheric anomalies of planetary waves 1-2 needs further
analyses by sensitivity experiments and formula derivation.

The simulated results have demonstrated that the early
autumn sea ice decrease in the EsSCB Seas will lead to early
spring evident cooling (multi-member mean) in central Rus-
sia and promote an increased occurrence probability of cold
condition by about 30%. It does not mean there is no warm
condition during low EsCB SIC year, but its occurrence
probability has decreased according to the PDF of MA T_
RUS index (Fig. 6a). This quasi-normal distribution of tem-
perature anomaly may be related to the initial atmospheric
condition or the internal atmospheric variability. Wu et al.
(2017) emphasized the importance of summer Arctic atmos-
pheric circulation conditions in strengthening negative feed-
back of Arctic sea ice decrease on the winter atmospheric
circulation over Eurasia, generating a favorable atmospheric
figuration that facilitates more frequent cold events. Thus,
it is necessary to explore how different initial atmospheric
conditions regulate the climate response of autumn ESCB
sea ice loss in future work, which will contribute to improv-
ing the predictive ability.

Although observational studies and model experiments
have shown the importance of Arctic sea ice in winter cli-
mate change in the northern hemisphere, some investiga-
tors still hold an opposite view and argued that there is lit-
tle physical connection between reduced regional sea ice
and cold winters across the mid-latitude continents (Barnes
2013; Chen et al. 2016a; McCusker et al. 2016; Sun et al.
2016; Collow et al. 2018; Blackport et al. 2019; Koenigk
et al. 2019; Blackport and Screen 2020, 2021). The mid-
latitude atmospheric circulation responses to the reduced
Arctic sea ice are generally unstable and only exist under a
few conditions (Chen et al. 2016a). Many simulated results
also reported that Northern Hemispheric continental cooling
and extreme cold events are probably attributed to the inter-
nal atmospheric variability, showing no or weak relations to
the Arctic sea ice loss or Arctic amplification (Barnes 2013;
McCusker et al. 2016; Smith et al. 2017; Collow et al. 2018;
Koenigk et al. 2019; Blackport and Screen, 2020). Through
separating the atmosphere forcing and the sea ice forcing,
Blackport et al. (2019) further pointed out the warm Arctic-
cold continents/Eurasia (WACC/E) is dominated by internal
atmospheric dynamics while the influences of sea ice change
are limited to the Arctic Ocean. Different approaches, mod-
els and experimental designs may obtain opposite results,
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Fig. 11 a Regressed 1000 hPa
air temperature (shadings; unit:
°C) and 500 hPa geopotential
height (contours; unit: m)
anomalies in ON (October—
November) of planetary wave
2 upon normalized SO EsCB
index. b as in (a), but for the
simulated results. ¢, d As in

(a, b), respectively, but for the
1000 hPa air temperature (shad-
ings; unit: °C) and 500 hPa
geopotential height (contours;
unit: m) anomalies. e, f As in
(a, b), respectively, but for the
net surface heat flux anomaly
(shadings; unit: w m~2). Dots
for shadings indicate the 90%
confidence level
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thus more efforts should be paid to study the possible rea-
sons for the uncertainty in the impacts of Arctic sea ice.

6 Summary

Based on the regressed analyses of reanalysis datasets
(atmospheric variables from the NCEP-DOE Reanalysis 11,
SIC from the HADISST) and EsCB sea-ice sensitivity exper-
iments, the present study reveals the significant impact of
EsCB sea ice decrease in the early autumn on northern Eura-
sian cooling in the subsequent early spring at the interan-
nual time scale, explaining approximately 25% Ts variation
over central Russia (r=-0.50). The associated atmospheric
anomalies are characterized by an anticyclonic anomaly
covering the Arctic Ocean in the lower troposphere and a
deepened trough over central Russia in the middle tropo-
sphere. The attenuation of the winter stratospheric polar
vortex plays a crucial role in this cross-seasonal connection,
and the detailed physical processes are summarized in the
schematic diagram (Fig. 12). When the EsCB sea ice reduces
(one interannual standard deviation) in the early autumn, sig-
nificant warming and positive geopotential height anomaly
occur in the Arctic region from lower to middle troposphere
1 month later, whose atmospheric perturbation is mainly
dominated by planetary wave 2. The in-phase resonance of
planetary wave 2 with its climatological mean is favorable
for an increased amplitude in the troposphere and much
more wave energy propagating into the lower stratosphere,
manifested by anomalous upward propagation of EP flux.
It will lead to EP flux convergence anomaly and decelerate
the zonal westerly winds in JF, generating a weakened polar
vortex in the lower stratosphere. Subsequently, the strato-
spheric signals with positive geopotential height anomalies
propagate downward in the next 2 months and reach the
troposphere in the early spring, especially around Greenland

and in the eastern Arctic Ocean. The former contributes to
a zonal wave train propagating from the North Atlantic to
eastern Eurasia, giving rise to a deepened trough over cen-
tral Russia. And the latter maintains the Arctic anticyclonic
anomaly and also contributes to the central Russian cyclonic
anomaly. This anomalous atmospheric configuration in the
lower-middle troposphere favors the southward intrusion
of Arctic cold air along with the northerly winds, making
central Russia experience a nearly 0.8 °C drop in the mean
temperature and an increased occurrence probability of cold
conditions by about 30%.
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