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Abstract

This study reveals a close relation between autumn Arctic sea ice change (SIC) in the Laptev Sea-eastern Siberian Sea-
Beaufort Sea and subsequent spring Eurasian surface air temperature (SAT) variation. Specifically, more (less) SIC over
the above regions in early autumn generally correspond to SAT warming (cooling) over the mid-high latitudes of Eurasia
during subsequent spring. Early autumn Arctic SIC affects spring Eurasian SAT via modulating spring Arctic Oscillation
(AO) associated atmospheric changes. The meridional temperature gradient over the mid-high latitudes decreases following
the Arctic sea ice loss. This results in deceleration of prevailing westerly winds over the mid-latitudes of the troposphere,
which leads to increase in the upward propagation of planetary waves and associated Eliassen-Palm flux convergence in
the stratosphere over the mid-high latitudes. Thereby, westerly winds in the stratosphere are reduced and the polar vortex is
weakened. Through the wave-mean flow interaction and downward propagation of zonal wind anomalies, a negative spring
AO pattern is formed in the troposphere, which favors SAT cooling over Eurasia. The observed autumn Arctic SIC-spring
Eurasian SAT connection is reproduced in the historical simulation (1850-2005) of the flexible global ocean-atmosphere-
land system model, spectral version 2 (FGOALS-s2). The FGOALS-s2 also simulates the close connection between autumn
SIC and subsequent spring AO. Further analysis suggests that the prediction skill of the spring Eurasian SAT was enhanced
when taking the autumn Arctic SIC signal into account.
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1 Introduction induced by the SAT variation may influence surface water

characteristics and water and energy exchange between the

Variations in surface air temperature (SAT) have pronounced
impacts on agriculture, socioeconomic development, and
people’s daily lives. For example, low summer SAT over
Northeast China may lead to a significant reduction in local
crop yield (Sun et al. 1983; Yao 1995). Soil moisture change
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land and the lower atmosphere (e.g., Henderson-Sellers
1996). The broad wildfires and the large economic loss over
Europe in summer of 2003 were related to the extremely
high SAT (e.g., Beniston 2004; Stott et al. 2004). There-
fore, it is important to investigate the factors for the SAT
variability.

The interannual variations in SAT over Eurasia are
impacted by various factors, including the North Atlantic
Oscillation (NAO) (Hurrell and van Loon 1997; Sun et al.
2008; Zveryaev and Gulev 2009; Ionita et al. 2012), the
Arctic Oscillation (AO) (Thompson and Wallace 1998;
Miyazaki and Yasunari 2008; Kim and Ahn 2012; Cheung
et al. 2012; Chen et al. 2013), the North Atlantic sea surface
temperature (SST) variation (Wu et al. 2011a; Chen et al.
2016a), the El Nifio-Southern Oscillation (ENSO) (Wu et al.
2010; Graf and Zanchettin 2012), and the Eurasian snow
cover (Wu et al. 2014; Ye et al. 2015; Wu and Chen 2016;
Chen et al. 2016a). For instance, large parts of Eurasian
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continent are covered by positive (negative) SAT anoma-
lies during winter when the NAO or AO is in its positive
(negative) phase (Gong et al. 2001; Wu and Wang 2002).
The North Atlantic SST anomalies induce an atmospheric
teleconnection pattern extending from the North Atlantic
eastward to Eurasia and affect the Eurasian spring SAT
via wind-induced temperature advection (Ye et al. 2015;
Chen et al. 2016a). Chen et al. (2016a) indicated that local
snow cover changes contribute to spring SAT variation in
some regions of Eurasia via modulating surface shortwave
radiation.

Arctic sea ice is an important component of the Earth’s
climate system and it plays a crucial role in the sur-
face energy exchange between the lower atmosphere and
ocean (Serreze et al. 2007). The rapid Arctic warming and
enhancement of the precipitation over the Arctic during
recent decades may be related to decline in the Arctic sea
ice (e.g., Deser et al. 2010; Screen and Simmonds 2010).
During recent decades, increasing attention were paid to the
possible linkage between the Arctic sea ice variation and
climate change over the mid-high latitudes of the Northern
Hemisphere (NH), especially Eurasia (e.g., Wu et al. 2011b,
2016; Inoue et al. 2012; Li and Wu 2012; Li and Wang
2013; Vihma 2014; Nakamura et al. 2015; Gao et al. 2015).
Several studies indicated that the frequent extremely cold
winter and snow storm over Eurasia during recent decades
(such as 2009/10) may be attributed to the Arctic sea ice loss
(Petoukhov and Semenov 2010; Francis and Vavrus 2012;
Liu et al. 2012a, b; Tang et al. 2013). Chen et al. (2014b)
and Sun et al. (2016b) showed that the East Asian winter
monsoon and associated SAT anomalies were significantly
influenced by preceding autumn Arctic sea ice. Zuo et al.
(2016) reported that autumn Arctic sea ice change has a
large influence on winter SAT in China via modulating the
Siberian High. Note that the current climate models have
considerable uncertainties in reproducing the connection
between the Arctic sea ice change and the Eurasian climate
anomalies (e.g., Honda et al. 2009; Liu et al. 2012a, b; Kug
et al. 2015; McCusker et al. 2016; Sun et al. 2016a).

Previous studies are mostly concerned with the impacts
of the Arctic sea ice changes on winter SAT. It is unclear
whether changes in the preceding Arctic sea ice may affect
subsequent spring Eurasian SAT variations. In this study,
we present evidences to show that spring SAT variations
over the mid-high latitudes of Eurasia were significantly
connected with the changes in the preceding autumn Arctic
sea ice. Note that spring Eurasian SAT variations may play
an important role in connecting the preceding winter atmos-
pheric anomalies and the subsequent summer climate and
the Asian summer monsoon activity (e.g., Ogi et al. 2003).
Variations in spring SAT over the Eurasian continent may
modulate the Asian summer monsoon through changing
the temperature differences between the continent and the
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surrounding oceans (e.g., Liu and Yanai 2001; D’Arrigo
et al. 2006). In addition, boreal spring is the time when most
of the climate models suffer the well known “predictabil-
ity barrier” related to the ENSO (Webster and Yang 1992)
that decreases the prediction skill of the dynamical models.
Hence, it is important to identify other sources of predict-
ability for the Eurasian spring SAT variability.

We analyze the physical processes responsible for the
influence of early autumn Arctic sea ice on the subsequent
spring Eurasian SAT variations. The rest of the present study
is arranged as follows. Section 2 describes the datasets and
methods used in this study. Section 3 presents observational
evidences for the connection between early autumn Arctic
sea ice and subsequent spring Eurasian SAT variations.
Section 4 discusses the plausible physical mechanism for
the impact of early autumn Arctic sea ice on the following
spring Eurasian SAT. Section 5 examines reproducibility of
the autumn Arctic SIC-spring SAT connection in the his-
torical simulation of a fully coupled global climate model.
Section 6 develops an empirical model of spring Eurasian
SAT based on preceding Arctic sea ice variation. Section 7
gives a summary and discussion.

2 Data and methods

Monthly mean SAT used in this study is provided by the
University of Delaware (Matsuura and Willmott 2009). This
SAT dataset has a regular 0.5° latitude-longitude grid and is
available from 1900 to 2014. Monthly mean sea ice concen-
tration (SIC) data are extracted from the Hadley Centre Sea
Ice and Sea Surface Temperature dataset (HadISST) since
1870 with a horizontal resolution of 1° X 1° (Rayner et al.
2003; http://www.metoffice.gov.uk/hadobs/hadisst). We also
use the SIC data provided by the National Snow and Ice Data
Center (NSIDC) (Peng et al. 2013; http://nsidc.org/data) to
confirm the results derived from the HadISST. The NSIDC
SIC data are provided in the polar stereographic projection
on a 25 X 25 km grid, which are available from October
1978 to May 2015. Note that the raw NSIDC SIC data have
been converted to a regular 1° X 1° horizontal grid for this
analysis. The results obtained in this study based on NSIDC
SIC data are very similar to those based on HadISST SIC
data. Hence, we only display the results derived from the
HadISST SIC unless otherwise stated. Results based on the
NSIDC SIC data are provided in the supplementary material.

The present study employs monthly and daily mean sea
level pressure (SLP), geopotential height, air temperature,
winds from the ERA-Interim dataset from 1979 to the pre-
sent (Dee et al. 2011; http://apps.ecmwf.int/datasets/). The
daily mean data are employed to calculate the Eliassen-Palm
(EP) flux, as described below. The ERA-Interim dataset has
a horizontal resolution of 1.5° x 1.5° and extends from
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1000-hPa to 1-hPa. The time period of the present analysis
is from 1979 to 2014 during which all the variables are avail-
able. This study focuses on the variations on the interannual
timescales. All the variables are subjected to a 7 year high
pass Lanczos filter (Duchon 1979) to obtain the component
of interannual variations. The statistical significances of the
correlation coefficient and anomalies based on regression
are estimated according to the two-tailed Student’s 7 test.

We employ the EP flux to detect the quasi-stationary
planetary wave propagation (Edmon et al. 1980; Plumb
1985). The EP flux components (F ) and its divergence (Dy)
are shown as follows:

= —prcos ou'V'
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Here,p, @, r, R, and f represent the air density, the
latitude, the radius of the earth, the gas constant, and the
Coriolis parameter, respectively. H is the scale height, and
N denotes the buoyancy frequency. Note that N is calcu-
lated from the temperature data. u, v, and T are zonal and
meridional wind, and temperature, respectively. Overbars
denote zonal average, and primes denote zonal deviation.
Via expanding geopotential height into zonal Fourier har-
monics, zonal wavenumbers 1-3 are generally employed to
represent quasi-stationary planetary wave activity. Based
on previous studies (Plumb 1985; Chen et al. 2003), the
EP flux divergence is a good diagnostic tool to detect the
forcing of the eddy to zonal mean flow. In particular, diver-
gence (convergence) of EP flux results in the acceleration
(deceleration) of westerly winds (Chen et al. 2002, 2003;
Vallis 2006).

3 Connection between spring Eurasian SAT
and preceding autumn Arctic SIC

An empirical orthogonal function (EOF) analysis was
performed to obtain the leading mode of spring (March-
April-averaged) SAT variations over the mid-high latitudes
of Eurasia (40°-~70° N and 0°-140° E) during 1979-2014.
Following North et al. (1982a), SAT anomalies are weighted
by cosine of the latitude in the EOF analysis to account for
the decrease of area towards the North Pole. Figure 1 dis-
plays the first EOF (EOF1) mode and the corresponding
principal component time series (PC1) of the spring Eura-
sian SAT interannual variations. EOF1 explains 43.9% of
the total variance and is well separated from the other modes
according to the method of North et al. (1982b). The EOF1
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Fig.1 a The first EOF (EOF1) mode of interannual variation of
spring [March—April, MA(0)] surface air temperature (SAT) anoma-
lies over the mid-high latitudes of Eurasia. b The corresponding prin-
cipal component (PC1) time series of the first EOF mode

is featured by same-sign SAT anomalies over the mid-high
latitude Eurasian continent, with the largest loading over
Siberia (Fig. 1a). The corresponding PC time series displays
obvious year-to-year variations (Fig. 1b).

Before analyzing the possible link between Arctic SIC
and spring Eurasian SAT variations, we first display spring
atmospheric circulation anomalies related to the first EOF
mode of spring Eurasian SAT. Figure 2 shows spring SLP,
850-hPa winds, 500 and 200-hPa geopotential height
anomalies obtained by regression on the normalized PC1 of
spring Eurasian SAT. The distributions of pressure, wind,
and height anomalies in Fig. 2 bear a close resemblance to
those in the negative phase of spring AO (Chen et al. 2014a,
2016a). The correlation coefficient between PC1 of spring
Eurasian SAT and spring AO index is 0.78, significant at
the 99% confidence level based on the Student’s 7 test. Here,
spring AO index is defined as the PC time series correspond-
ing to the EOF1 of spring SLP anomalies north of 20°N.

Corresponding to positive PC1, pronounced positive SLP
anomalies occur over the polar region and northern Eura-
sia, and significant negative SLP anomalies appear over the
east coast of Europe and southeastern China (Fig. 2a). At
850-hPa, a significant anomalous cyclone is observed over
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Fig.2 Anomalies of spring a SLP (unit: hPa), b 850-hPa winds (unit:
m s7!), ¢ 500-hPa and d 200-hPa geopotential height (unit: gpm)
regressed upon the normalized PC1 of spring Eurasian SAT. Stip-
pling in a, ¢, d indicates anomalies that significantly different from

east Europe and northeast Asia, and a marked anomalous
anticyclone is present over the Eurasian part of the Arctic
(Fig. 2b). Consequently, there are pronounced northeasterly
wind anomalies over most parts of the mid-high latitude
Eurasian continent (Fig. 2b). These anomalous northeasterly
winds explain the formation of negative SAT anomalies over
the mid-high latitudes of Eurasia mainly via wind-induced
temperature advection (Ye et al. 2015; Chen et al. 2016a).
Geopotential height anomalies in the mid-upper tropo-
sphere (500 and 200-hPa) display an equivalent barotropic
structure, with significant positive anomalies over the Arc-
tic region and subtropics and negative anomalies over the
mid-latitudes of Eurasia (Fig. 2c, d). Note that two centers
of significant negative geopotential height anomalies are
observed over east Europe and northeast Asia (Fig. 2c, d),
respectively, corresponding well with anomalous cyclones
there (Fig. 2b).

To examine whether there exists a connection between
preceding Arctic SIC variation and the spring Eurasian
SAT change, we first calculated the Arctic SIC anoma-
lies in association with the EOF1 of spring Eurasian SAT.
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zero at the 95% confidence level. Stippling in (b) indicates regions
where either component of the wind anomalies is significantly differ-
ent from zero at the 95% confidence level according to the Student’s
1 test

Figure 3 shows Arctic SIC anomalies at September—Octo-
ber (SO)(— 1), November—December (ND)(— 1), Janu-
ary—February (JF)(0), and March—April (MA)(0) obtained
by regression on the normalized PC1 of spring Eurasian
SAT. SIC data in constructing Fig. 3 were derived from
the HadISST dataset. Results are very similar when using
the SIC data from the NSIDC (Figure S1 in the support-
ing material). In this study, the time notations (— 1) and
(0) refer to the year before and during the spring Eurasian
SAT year, respectively. At SO(— 1), significant and nega-
tive SIC anomalies extend from the Laptev Sea and eastern
Siberian Sea to the Beaufort Sea (Fig. 3a). At ND(— 1),
JF(0), and MA(0), significant Arctic SIC anomalies cover
small regions in the Barents Sea, the Kara Sea, the Green-
land Sea, or the Labrador Sea (Fig. 3b—d). Above results
indicate that spring SAT anomalies over the mid-high
latitudes of Eurasia have a close connection with SIC
anomalies in preceding early autumn [SO(— 1)] in the
Laptev-eastern Siberian-Beaufort seas. When there is more
(less) SIC over the above mentioned regions in preceding
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Fig.3 Anomalies of Arctic

sea ice concentration (SIC)
(unit: %) in preceding SO(— 1),
ND(- 1), JF(0), and MA(0)
regressed upon the normalized
PC1 of spring [MA(0)] Eurasian
SAT. Stippling regions indicate
anomalies that significantly
different from zero at the 95%
confidence level. SIC data were
derived from the HadISST

early autumn, the following spring SAT tends to be higher
(lower) over the mid-high latitudes of Eurasia.

We have examined climatological mean and standard
deviation of SIC at SO(— 1) based on the period from 1979
to 2014 (not shown, please see Figures S2—-S3). Large clima-
tological mean SO(— 1) SIC is observed in the polar region
and off the north coast of Canada and Greenland, and rela-
tively small SIC appears in the marginal seas (Figs. S2a and
S3a). In addition, it is interesting to note that large standard
deviation (i.e., large interannual variability) of SO(— 1) SIC
(Figs. S2b and S3b) is observed in regions where significant
positive SO(— 1) SIC anomalies are detected (Fig. 3a). We
have also analyzed the leading EOF modes of interannual
variability of SO(— 1) Arctic SIC during 1979-2014 (not
shown, please see Figures S4—S5). The spatial structure of
the first EOF mode of SO(— 1) SIC (Figs. S4a and S5a) is
highly similar to that in Fig. 3a. These results imply that the
Arctic SIC change during preceding early autumn may be
indicative of the mid-high latitude Eurasian SAT variations
during the following spring.

Based on the distribution of significant negative SIC
anomalies in Fig. 3a, we define a SIC index using area-aver-
aged SO(— 1) SIC anomalies over the domain of 71°~79°N
and 105°E-120°W. Figure 4 displays the normalized origi-
nal SO(— 1) SIC index (Fig. 5a) together with its interan-
nual component (Fig. 4b). A significant decreasing trend
is observed in the original SO(— 1) SIC index, especially
after the late-1990s. The normalized original SO(— 1) SIC
anomalies are above (below) zero during most years before
(after) the late-1990s. This is consistent with previous stud-
ies (Comiso et al. 2008; Francis et al. 2009; Hopsch et al.
2012; Wu et al. 2012). These previous studies showed that
the autumn Arctic sea ice has been declining in the past
several decades, and the decline is accelerated after the late
1990s. As shown in Fig. 4b, the interannual variability of
SO(— 1) SIC seems to have increased since the 1990s. Very
similar results are obtained when using SIC data from the
NSIDC (Figure S6). The reason for the increased interan-
nual variability in SO(— 1) SIC remains to be explored in the
future. The present study focuses on analyzing the linkage
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Fig.4 a The normalized time series of original SO(— 1) SIC index.
b Interannual component of SO(— 1) SIC index. The SIC index is
defined as area-averaged SIC anomalies over the domain of 71°-79°N
and 105°E-120°W as shown in Fig. 3a. SIC data were derived from
the HadISST
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Fig.5 Anomalies of surface air temperature (unit: °C) in MA(O)
regressed upon the normalized minus one SO(— 1) SIC index. Stip-
pling regions indicate anomalies that significantly different from zero
at the 95% confidence level. The black box denotes regions used for
constructing spring Eurasian SAT index in Fig. 17

between Arctic SIC and spring Eurasian SAT variations on
the interannual timescale.

The connection between preceding early autumn Arctic
SIC and subsequent spring Eurasian SAT variations is con-
firmed by analysis with the SO(— 1) SIC index as reference.
Figure 5 displays spring SAT anomalies over the mid-high
latitudes of Eurasian continent obtained by regression on the
normalized SO(— 1) SIC index. Here and for the remainder

@ Springer

of this study, regression coefficients are multiplied by — 1 so
that anomalies correspond to low SO(— 1) SIC index year.
Pronounced negative spring SAT anomalies are observed
over most parts of the Eurasian mid-high latitudes, with larg-
est negative anomalies over central Siberia and north coast
of Russia. The distribution is quite similar to that of the
leading EOF mode of spring SAT (Fig. 1a).

The distribution of atmospheric circulation anomalies
with respect to the low SO(— 1) SIC index is similar to that
corresponding to the leading spring SAT mode. Figure 6
displays anomalies of SLP, 850-hPa winds, 500 and 200-hPa
geopotential height regressed upon the normalized minus
one SO(— 1) SIC index. Corresponding to low SO(— 1) SIC
index, there are significant positive SLP and geopotential
height anomalies over the high latitudes and significant nega-
tive anomalies over east Europe and east Asia (Fig. 6a, c, d).
At 850-hPa, two significant anomalous cyclones appear over
East Europe and northeast Asia, together with significant
anomalous easterly winds over East Europe around 60°N and
anomalous northeasterly winds over the mid-high latitudes
of Eurasian continent (Fig. 6b). The anomalous northeasterly
winds bring colder air from the higher latitudes, contributing
to the formation of large negative SAT anomalies (Fig. 5).
Furthermore, based on Chen et al. (2016a), the anomalous
cyclone over northeast Asia may increase cloud cover so
that less downward shortwave radiation reaches the surface,
contributing partly to negative SAT anomalies there.

4 Possible physical processes linking
autumn SIC with spring Eurasian SAT

Previous section indicates a connection between preceding
early autumn Arctic SIC and spring Eurasian SAT varia-
tions. In this section, we investigate the plausible physical
processes connecting the SO(— 1) SIC to the following
spring Eurasian SAT variations. Previous study has demon-
strated that spring AO plays a dominant role in the variation
of the spring SAT over the mid-high latitudes of Eurasia
primarily via wind-induced temperature advection (Chen
et al. 2016a). Hence, it is reasonable to infer that the impact
of SO(— 1) SIC on the following spring Eurasian SAT may
be through modulating the spring AO.

Here, we examine and compare atmospheric anomalies
in association with SO(— 1) SIC and spring AO index. Fig-
ure 7 displays anomalies of SLP, 850-hPa winds, 500 and
200-hPa geopotential height regressed upon the normalized
minus one spring AO index. Apparently, atmospheric cir-
culation anomalies related to negative phase of spring AO
bear a close resemblance to those related to low SO(— 1)
SIC index year (Figs. 6, 7). The correlation coefficient
between SO(— 1) SIC index and spring AO index reaches
0.5 during 1979-2014, significant at the 99% confidence
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Fig.6 Asin Fig. 2, but for anomalies at spring regressed upon the normalized minus one SO(— 1) SIC index

level according to the Student’s # test. In the negative phase
of spring AO, significant positive SLP and geopotential
height anomalies are observed over the high latitudes and
significant negative anomalies are present over east Europe
and East Asia (Fig. 7a, c, d). Note that the center of nega-
tive geopotential height anomalies over East Asia is located
more northward compared to the center of negative SLP
anomalies (Fig. 7a, c, d). These are consistent with results
presented in Fig. 6. At 850-hPa, two significant anomalous
cyclones are present over East Europe and northeast Asia
with significant anomalous easterly winds over East Europe
around 60°N and anomalous northeasterly winds over the
mid-high latitudes of Eurasian continent (Fig. 7b).

Figure 8a, b display the vertical structures of spring zonal
wind anomalies averaged over the Eurasian sector in asso-
ciation with the low SO(— 1) SIC and negative phase of
spring AO index, respectively. It is obvious that zonal wind
anomalies related to both SO(— 1) SIC index and spring AO
index display an equivalent barotropic dipole structure, with
enhanced westerlies around 40°N and reduced westerlies
around 70°N. The wind anomalies extend from the surface
to the lower stratosphere with the magnitude increasing with
the altitude (Fig. 8).

Above results suggest that spring AO may play an impor-
tant role in relaying the influence of SO(— 1) SIC on the
subsequent spring Eurasian SAT. To further confirm the role
of spring AO, we first remove the spring AO index from the
SO(— 1) SIC index by a linear regression and then regress
the spring SAT and SLP anomalies into the normalized
SO(— 1) SIC index. The obtained anomalies are presented
in Fig. 9. Apparently, spring SAT and SLP anomalies over
Eurasia become insignificant and extremely weak after
removing the signal of spring AO. This verifies the specu-
lation that the change in SO(— 1) SIC influences spring AO
and the atmospheric circulation anomalies related to spring
AO further affect spring SAT anomalies over the mid-high
latitudes of Eurasian continent.

A question that needs to be addressed is: What are the
physical processes for the influence of SO(— 1) SIC on sub-
sequent spring AO? Several previous studies have demon-
strated that the stratospheric process plays a crucial role in
the impacts of the Arctic sea ice on the AO-like atmospheric
circulation changes (e.g., Jaiser et al. 2012; Kim et al. 2014;
Nakamura et al. 2015; King et al. 2016; Yang et al. 2016).
According to these studies, upward propagation of stationary
planetary waves into the stratosphere is enhanced (reduced)
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Fig.9 Anomalies of spring a SAT (unit: °C) and b SLP (unit: hPa)
regressed upon the normalized minus one SO(— 1) SIC index. Note
that the normalized spring AO index has been subtracted from the
normalized SO(— 1) SIC index by linear regression before construct-
ing this figure. Stippling regions indicate anomalies that significantly
different from zero at the 95% confidence level

when the Arctic sea ice is below (above) normal. The EP
flux convergence (divergence) associated with the increase
(decrease) in upward propagating planetary waves leads to
deceleration (acceleration) of the stratospheric zonal winds
over the mid-high latitudes of the NH, indicating a weaken-
ing (strengthening) of the stratospheric polar vortex. Then,
through the coupling between stratosphere and troposphere
and downward propagation of zonal wind anomalies, a neg-
ative (positive) AO pattern is formed in the troposphere.
In addition, previous studies have revealed that AO in the
troposphere is closely related to the change in the polar vor-
tex in the stratosphere (Baldwin and Dunkerton 1999, 2001;
Ambaum and Hoskins 2002; Polvani and Waugh 2004).
Obvious signals are detected in the stratosphere in associ-
ation with autumn Arctic sea ice changes. Figure 10 displays
evolution of zonal mean zonal wind anomalies (averaged
over 60°-80°N) and geopotential height anomalies (averaged
over 70°-90°N) obtained by regression upon the normalized
minus one SO(— 1) SIC index. At ON(— 1) and ND(— 1),
significant anomalous easterly winds are observed over the
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Fig. 10 Evolution of a zonal mean zonal wind anomalies (averaged
over 60°-80°N) and b zonal mean geopotential height anomalies
(averaged over 70°-90°N) obtained by regression upon on the nor-
malized minus one SO(— 1) SIC index. Stippling regions indicate
anomalies that significantly different from zero at the 95% confidence
level

mid-high latitudes extending from 1000-hPa to around 200-
hPa (Fig. 10a). Formation of these easterly wind anoma-
lies will be discussed later. Correspondingly, there are pro-
nounced positive geopotential height anomalies over the
mid-high latitudes of the NH (Fig. 10b). Deceleration of
zonal mean zonal winds and development of positive geo-
potential height anomalies are detected in the stratosphere at
ND(- 1), indicating a weakening of the polar vortex. These
anomalous easterly winds and associated positive geopoten-
tial height anomalies in the stratosphere propagate down-
ward and reach the lower troposphere at MA(0). Hence, a
negative AO pattern is formed in the troposphere at MA(0).
Above results demonstrated that the impact of SO(— 1) Arc-
tic sea ice on the subsequent spring AO variability may be
partly through the stratospheric pathway.

Formation of the easterly wind anomalies at ND(— 1) in
the stratosphere may be attributed to the anomalous upward
propagation of planetary waves excited by SIC loss, as
described below. Before investigating the stationary plan-
etary wave activity related to the SO(— 1) SIC, we first show
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climatological distributions of the stationary planetary wave
as a background for the later analysis. Figure 11 displays cli-
matological distribution of the EP flux and its divergence for
the sum of zonal wave numbers 1-3 from SO(— 1) to MA(0)
for period 1979-2014. It shows that stationary planetary
waves propagate vertically from lower troposphere at mid-
latitudes, then separate into two branches around the upper
troposphere, with one going upward into the stratosphere
and the other propagating equatorward in the troposphere
(Fig. 11). Upward propagations of stationary planetary
waves are much weaker at SO(— 1) and MA(0) (Fig. 11a g)

compared to those at ON(— 1), ND(— 1), D(— 1)J(0), JF(0),
FM(0) (Fig. 11b—f). In addition, most regions of the mid-
high latitudes of troposphere and stratosphere are dominated
by EP flux convergence (Fig. 11). Correspondingly, ampli-
tudes of the EP flux convergence are also much weaker at
SO(— 1) and MA(0) (Fig. 11a g). The above results are gen-
erally consistent with previous studies (Huang and Gambo
1983; Chen et al. 2003).

Figure 12 displays anomalies of EP flux and EP flux
divergence from SO(— 1) to MA(0) (sum of wavenumbers
1-3) obtained by regression upon the normalized SO(— 1)
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Fig. 11 Climatology of the EP flux (vector; unit: m? s72) and its divergence (shading; unit: m s72) at a SO(— 1), b ON(— 1), ¢ ND(- 1), d
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Fig. 12 Anomalies of EP flux (vector; unit: m? s7?) and its divergence
(shading; unit: m s72) at a SO(— 1), b ON(= 1), ¢ ND(— 1), d D(- 1)
J(0), e JF(0), f FM(0), and g MA(0), respectively, obtained by regres-

SIC index. EP flux anomalies are generally weak over mid-
high latitudes of the stratosphere at SO(— 1) and ON(— 1)
(Fig. 12a, b). At ND(— 1), strong anomalous upward propa-
gation of stationary planetary waves are observed over mid-
high latitudes from the upper troposphere to the stratosphere
(Fig. 12c¢). This is accompanied by pronounced EP flux
convergence anomalies around 60°-80°N over large parts
of the stratosphere. Thereby, easterly wind anomalies are
induced in the stratosphere over the mid-high latitudes of
the NH (Fig. 10a) as convergence of EP flux results in the

sion upon the normalized minus one SO(— 1) SIC index. Stippling
regions indicate EP flux divergence anomalies that significantly dif-
ferent from zero at the 95% confidence level

deceleration of zonal winds according to the wave-mean flow
interaction theory (e.g., Andrews et al. 1987; Holton 2004;
Vallis 2006). Correspondingly, the polar vortex weakened at
ND(— 1) (Fig. 10). There exists downward EP flux anomalies
and associated EP flux divergence anomalies from D(— 1)
J(0) to FM(0) over the mid-high latitudes (Fig. 12d—f). These
correspond well to the downward propagation of the zonal
mean zonal wind and geopotential height anomalies from
the stratosphere (Fig. 10), generally consistent with previous
findings (Christiansen 2001; Wang and Chen 2010; Yang
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et al. 2016). Previous studies have reported that downward
propagations of AO signal from the stratosphere are gener-
ally associated with preceding anomalous upward EP flux
propagation and then anomalous EP flux downward propaga-
tion (Christiansen 2001; Wang and Chen 2010; Yang et al.
2016). Baldwin and Dunkerton (2001) showed that it may
take more than two months for the atmospheric circulation
anomalies to propagate from 10 hPa to the lower strato-
sphere. In addition, the stratospheric response may persist
for several months, accompanied by downward migration
to the troposphere. Note that the mechanism of downward
migration from the stratosphere to the troposphere has been
discussed in previous studies (e.g., Baldwin and Dunkerton
2001; Perlwitz and Harnik 2003; Song and Robinson 2004;
Simpson et al. 2009), but was still unclear and remained to
be explored.

The increase in the upward propagation of planetary
waves into the stratosphere at ND(— 1) (Fig. 12) may be
related to the deceleration of westerly winds in the trop-
osphere extending from 1000 to 200-hPa at ON(— 1)
(Fig. 10a). Based on the Charney-Drazin criterion for
Rossby waves to propagate vertically (e.g., Charney and
Drazin 1961; Mohanakumar 2008), and the findings of
previous studies (e.g., Chen et al. 2002, 2003), decrease in
the prevailing westerly winds in the mid-high latitudes of
troposphere is more favorable for the upward propagation
of planetary waves into the stratosphere. We define a zonal
mean zonal wind index to further confirm role of the pre-
vailing westerly wind change over the mid-high latitudes of
troposphere in influencing the upward propagation of the
stationary wave. According to the pattern shown in Fig. 10a,
the zonal wind index (ZWI]) is defined as zonal mean zonal
wind anomalies at ON(— 1) averaged over the domain of
60°-80°N and 850-200 hPa. Figure 13 displays anomalies of
ND(- 1) EP flux and its divergence obtained by regression
on the normalized ON(— 1) ZMI. Regression coefficients in
Fig. 13 are multiplied by — 1 so that anomalies correspond
to easterly wind anomalies (i.e., deceleration of prevailing
westerly winds). It is clear that anomalous upward propaga-
tion of stationary wave and associated EP flux convergence
anomalies appear in the stratosphere at the mid-high lati-
tudes corresponding to weakened prevailing westerly winds
at the mid-high latitudes of the troposphere. This is in agree-
ment with previous studies (Charney and Drazin 1961; Chen
et al. 2003; Mohanakumar 2008).

Here, another question that needs to be addressed is:
How are anomalous easterly wind anomalies formed around
60°-80°N in the mid-high latitudes of the troposphere? The
formation of anomalous easterly winds may be related to the
decrease in the meridional temperature gradient and atmos-
pheric thickness in response to the decrease in the Arctic
SIC, as has been discussed by previous studies (e.g., Liu
et al. 2012a, b; Francis and Vavrus 2012; Sun et al. 2016b).
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Fig. 13 Anomalies of ND(— 1) EP flux (vector, unit: m? s72) and
its divergence (shading, unit: m s~2) regressed upon the normalized
ON(— 1) ZMLI. Definition of ZMI are provided in the text. Regres-
sion coefficients are multiplied by — 1 so that anomalies correspond
to minus one standard deviation of ON(— 1) ZWI (i.e., easterly wind
anomalies). Stippling regions indicate EP flux divergence anomalies
that significantly different from zero at the 95% confidence level

Figure 14a displays height-latitude cross sections of zonal
mean temperature anomalies at SO(— 1) and zonal wind
anomalies at ON(— 1) regressed upon the normalized minus
one SO(— 1) SIC index. Significant positive temperature
anomalies are observed around 70°-90°N extending from
1000 to around 400-hPa in response to less SO(— 1) SIC.
Hence, easterly wind anomalies are induced over the mid-
high latitudes due to the decrease of the meridional tempera-
ture gradient based on the thermal-wind balance relation.
The positive temperature anomalies over the high latitudes
may be attributed to the sea ice-albedo effect. Less sea ice
reflects less downward shortwave radiation (not shown).
This results in an increase in shortwave radiation reach-
ing the surface and favors positive temperature anomalies.
We have also examined atmospheric thickness changes in
association with SO(— 1) SIC index. Figure 14a displays
zonal mean 1000-200 hPa atmospheric thickness anoma-
lies at SO(— 1) regressed upon the normalized SO(— 1)
SIC index. For comparison, climatological distribution of
the 1000-200 hPa atmospheric thickness is also provided
in Fig. 14b. The mean 1000-200 hPa atmospheric thick-
ness decreases toward the North pole, consistent with the
distribution of climatological air temperature (not shown).
Large increase in 1000-200 hPa atmospheric thickness
appears over the mid-high latitudes corresponding to less
SIC. Hence, the meridional thickness gradient over Eurasia
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Fig. 14 a Height-latitude cross sections of zonal mean air tempera-
ture (°C) at SO(— 1) and zonal mean zonal wind anomalies (m s™) at
ON(— 1) regressed upon the normalized minus SO(— 1) SIC index.
Stippling (red contour) in a indicates air temperature (zonal wind)
anomalies significant at the 95% confidence level. Contour interval
for zonal wind is 0.1 m s~ and zero line is omitted. Solid (dashed)
lines indicate westerly (easterly) wind anomalies. b Climatologi-

decreases. As indicated by previous studies (e.g., Francis and
Vavrus 2012; Sun et al. 2016b), decrease in the meridional
gradient of the thickness over the mid-high latitudes may
lead to a decrease in prevailing westerly winds. Therefore,
the formation of ON(— 1) easterly wind anomalies in the
troposphere around 60°-80°N may be related to the decrease
in the meridional temperature and thickness gradient.

5 Autumn Arctic SIC-spring SAT connection
in a coupled model historical simulation

In this section, we examined the reproducibility of the
observed connection in a historical simulation of the flex-
ible global ocean-atmosphere-land system model, spectral
version 2 (FGOALS-s2) (Bao et al. 2013). FGOALS-s2 is
a state-of-the-art fully coupled global climate model devel-
oped by the State Key Laboratory of Numerical Modeling
for Atmospheric Sciences and Geophysical Fluid Dynam-
ics (LASG) at the Institute of Atmospheric Physics (IAP),
Chinese Academy of Sciences (CAS). FGOALS-s2 has
four components, atmosphere, ocean, sea ice, and land. Its
atmospheric component is a Spectral Atmospheric Model
in IAP LASG version 2 (SAMIL2), which has a horizontal

cal distribution of zonal mean 1000-200 hPa atmospheric thickness
(m) at SO(— 1) (blue dashed line). Anomalies of zonal mean 1000—
200 hPa atmospheric thickness (m) at SO(— 1) regressed upon the
normalized minus one SO(— 1) SIC index (black dotted line). Red dot
in b indicates anomalies significantly different from zero at the 95%
confidence level

resolution of approximately 2.81° X 1.66° (longitude X lati-
tude) and 26 levels in the vertical direction (Bao et al. 2013).
Its ocean component is Climate System Ocean Model ver-
sion 2 (LICOM2) in LASG IAP, which has a horizontal
resolution of approximately 0.5° X 0.5° over the tropical
region and about 1° X 1° over the extratropics (Liu et al.
2012a, b; Lin et al. 2013). The sea ice and land components
are Community Sea Ice Model version 5 (Collins et al. 2006)
and Community Land Model version 3 (Oleson et al. 2004),
respectively. More detailed information of the FGOALS-s2
is referred to Bao et al. (2013).

The FGOALS-s2 simulation examined here is the his-
torical experiments integrated from 1850 to 2005 under
historical forcing, including greenhouse gases, solar radia-
tion cycle, sulfate aerosols, etc. Definitions of the SO(— 1)
Arctic SIC index and spring AO index in the FGOALS-s2
are the same as those in the observations. In addition, all
the analyzed variables are subjected to a 7 year high pass
Lanczos filter, too. The simulated relation between autumn
Arctic SIC and following spring Eurasian SAT was firstly
examined. Figure 15a, b display anomalies of SO(— 1) Arc-
tic SIC and subsequent spring surface temperature over
Eurasian, respectively, obtained by regression upon the
minus one SO(— 1) SIC index in the historical simulations
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Fig. 15 Anomalies of a SO(— 1) SIC, b MA(0) surface temperature,
¢ 500 hPa geopotential height obtained by regression upon the minus
one SO(— 1) SIC index in the historical simulations of FGOALS-
s2 for period 1850-2004. d Normalized time series of SO(— 1) SIC
index and subsequent spring AO index in the historical climate sim-

of FGOALS-s2 for period 1850-2004. Notable negative sur-
face temperature anomalies appear over most parts of the
Eurasian continent (Fig. 15b) when there is less SIC in the
Laptev Sea-eastern Siberian Sea-Beaufort Sea (Fig. 15a).
This indicates that the FGOALS2-s2 well reproduces the
observed autumn Arctic SIC-spring Eurasian SAT connec-
tion (Figs. 5, 15a, b). As we have indicated in the obser-
vation that influence of the autumn SIC on the subsequent
spring Eurasian SAT is via inducing a spring AO-like atmos-
pheric circulation anomalies, the atmospheric circulation
anomalies in spring related to preceding autumn Arctic SIC
index were further examined. Figure 18c displays spring
500 hPa geopotential height anomalies regressed upon the

@ Springer

ulations of FGOALS-s2 for period 1850-2004. Stippling regions in
a—c indicate anomalies significantly different from zero at the 95%
confidence level. Definitions of the SO(— 1) SIC index (averaged over
the black box region in a) and spring AO index in FGOALS-s2 are to
the same as those defined in the observation

preceding Autumn SIC index simulated by the FGOALS-s2
for period 1850-2004. 500 hPa geopotential height anoma-
lies show a marked meridional seesaw pattern, which bears
a resemblance to that related to the negative phase of the
AO (Thompson and Wallace 1998; Chen et al. 2014a), with
significant negative anomalies over mid-latitudes and posi-
tive anomalies over Arctic (Fig. 15¢). In particular, cor-
relation coefficient between the autumn Arctic SIC index
and spring AO index is 0.18 during 1850-2004 (Fig. 15d),
significant at the 95% confidence level according to the
two-tailed Student’s ¢ test. Above analyses indicate that the
FGOALS-s2 can generally simulate the observed connec-
tion between preceding autumn Arctic SIC anomalies in the
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Laptev Sea-eastern Siberian Sea-Beaufort Sea and following
spring Eurasian surface temperature change via modulating
the spring AO.

Then, we examined temporal evolutions of the zonal
mean zonal wind and geopotential height anomalies from
autumn to subsequent spring, which are presented in Fig. 16.
Similar to observation (Fig. 10), it seems that the formation
of the atmospheric anomalies signals in the lower tropo-
sphere is related to the downward propagating anomalies
from the stratosphere (Fig. 16), though the FGOALS-s2 has
a lower pressure top (10 hPa) than that in the observations
(1 hPa). In addition, it seems that the formation of the east-
erly wind anomalies over mid-latitudes of NH as a response
to the SIC loss is faster in the FGOALS-s2 simulation
[SO(— 1)] that that in the observations [ON(— 1)]. Gener-
ally, above evidences indicate that the stratospheric process
may also play an important role in relaying the influence of
the preceding autumn Arctic SIC on the following spring
AO in the FGOALS-s2 simulation, which further leads to
change in the surface temperature anomalies over the Eura-
sian continent (Chen et al. 2016a). The similarity between
the FGOALS-s2 simulation and observation confirm the
linkage between autumn Arctic SIC change in the Laptev
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Fig. 16 As in Fig. 10, but for the zonal wind and geopotential height
data that are derived from the historical simulations of FGOALS-s2
for period 1850-2004

Sea-eastern Siberian Sea-Beaufort Sea and the subsequent
spring Eurasian SAT variation.

6 Empirical model of spring Eurasian SAT

Previous sections have identified a significant impact of
preceding autumn SIC in the Laptev Sea-eastern Siberian
Sea-Beaufort Sea on the spring SAT variation over mid-
high latitudes of Eurasia via modulating the spring AO-
like atmospheric circulation anomalies. In the following,
a statistical prediction model is constructed to predict the
spring Eurasian SAT index based on the preceding SO(— 1)
Arctic SIC index and spring AO index. According to the
result in Fig. 5, spring Eurasian SAT index is defined as
area-averaged SAT anomalies over the region of 50°-75°N
and 60°~130°E. The empirical model is shown as follows:

SAT(t) = a x SIC(t) + b X AQO_res(?).

Where ¢ denotes time in years. SAT(?) is spring Eurasian
SAT index, SIC(¢) is SO(— 1) Arctic SIC index. Because
spring AO index has a close relationship with preceding
SO(— 1) Arctic SIC index, we subtract the SO(— 1) Arctic
SIC signal from spring AO index by mean of linear regres-
sion. Hence, AO_res(?) in the above empirical model repre-
sents the part of spring AO index that is linearly unrelated
to the preceding SO(— 1) Arctic SIC index. The ability of
the empirical model is cross validated via a leave-one-out
scheme (i.e., excluding one year from the period 1979-2014,
determining the regression coefficient via remaining indices
and then hindcasting the value for the excluded year) (Ham
et al. 2013; Zuo et al. 2016).

The cross validated correlation is 0.58 (0.53) when the
SO(— 1) Arctic SIC index (spring AO index) is used to hind-
cast the Eurasian spring SAT index (Fig. 17). By contrast,
if both the SO(— 1) Arctic SIC and spring AO indices are
used to hindcast the Eurasian spring SAT index, the cross
validated correlation is 0.83, which is higher than that only
using SO(— 1) Arctic SIC index or spring AO index to pre-
dict the Eurasian spring SAT index (Fig. 17). This implies
that the SO(— 1) Arctic SIC index indeed provides additional
sources for the prediction of Eurasian spring SAT. This con-
firms that preceding autumn Arctic SIC in the Laptev Sea-
eastern Siberian Sea-Beaufort Sea is a notable factor for the
subsequent spring Eurasian SAT variations.

7 Summary and discussion
Using atmospheric variables from the ERA-Interim rea-
nalysis, SAT from the University of Delaware, and SIC data

from the HadISST and NSIDC for the period 1979-2014,
the present study revealed a close connection between
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Fig. 17 Time series of the spring Eurasian SAT index during 1979—
2014 (black bars), and the cross-validated hindcasts of the spring
Eurasian SAT index calculated by empirical model using the SO(— 1)
Arctic SIC index alone (red line), using the spring AO_res index
alone (blue line), and using both the combined SO(— 1) Arctic SIC
index and spring AO_res index (green line). The correlations between
various time series are also provided in the figure. Definitions of the
spring Eurasian SAT index, SO(— 1) Arctic SIC index and spring
AOQ_res index are provided in the text

preceding early autumn (September—October) Arctic SIC
and subsequent spring SAT over the mid-high latitudes of
Eurasia on the interannual timescale. When the early autumn
SIC anomalies are positive (negative) in the regions extend-
ing from the Laptev Sea and eastern Siberian Sea eastward
to the Beaufort sea, a continental-scale warming (cooling)
is observed in the following spring over most parts of the
mid-high latitude Eurasia. This indicates that preceding
early autumn SIC is a potential predicator for the subsequent

spring SAT variation over the mid-high latitudes of the Eura-
sian continent.

We further investigated the plausible physical processes
for the influence of early autumn Arctic SIC on the follow-
ing spring Eurasian SAT. Our results indicate that spring
AO plays an important role in relaying the impact of early
autumn SIC on the subsequent spring Eurasian SAT vari-
ation. Furthermore, early autumn Arctic SIC anomalies
influence the following spring tropospheric AO variability
through the stratospheric pathway. The detailed physical pro-
cesses connecting early autumn Arctic SIC to subsequent
spring SAT over the mid-high latitudes of the Eurasian con-
tinent are summarized in Fig. 18 and described below.

When there is less Arctic SIC in the above mentioned
Arctic regions in early autumn, significant warming occurs
over the high latitudes of the Northern Hemisphere extend-
ing from lower to middle troposphere. The warming in the
troposphere and the associated increase in air temperature
and atmospheric thickness in the high latitudes result in a
decrease in the meridional temperature and thickness gra-
dient over the mid-high latitudes, which contributes to the
deceleration of circumpolar prevailing westerlies in the trop-
osphere. Anomalous upward propagation of planetary waves
into the stratosphere over the high latitudes is induced due to
the deceleration of tropospheric prevailing westerly winds.
The associated EP flux convergence leads to the deceleration
of westerly winds in the stratosphere and the weakening of
the polar vortex. Through the coupling between stratosphere
and troposphere and downward propagation of anomalous
zonal winds, a negative spring AO pattern is formed in the
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Fig. 18 Schematic diagram depicting the physical processes responsible for the influence of SO(— 1) SIC on the subsequent spring Eurasian

SAT. The time sequence from preceding autumn to following spring is indicated at the bottom
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troposphere. Finally, the spring AO-related atmospheric
circulation change contributes to spring SAT anomalies
over the mid-high latitudes of the Eurasian continent via
wind-induced temperature advection. The observed con-
nection between autumn Arctic SIC and subsequent spring
Eurasian SAT, as well as the spring AO-like atmospheric
anomalies associated with the Arctic SIC is reproduced in
the FGOALS-s2 simulations.

Furthermore, we have developed an empirical model to
hindcast the Eurasian spring SAT via employing a combina-
tion of the spring AO index and preceding autumn Arctic
SIC index. The results show that the cross validation cor-
relation coefficients of the empirical model are much higher
than those employing only the spring AO index to forecast
the Eurasian spring SAT variation. This indicates that the
autumn Arctic SIC, indeed could provide additional sources
for the prediction of Eurasian spring SAT.

Impacts of the Arctic sea ice loss on climate anomalies
over the mid-latitudes of the Northern Hemisphere have
been substantially investigated in previous studies. Com-
pared with previous studies, the new findings and implica-
tions of this study are as follows.

First, previous studies were mainly focused on analyz-
ing influences of the preceding Arctic SIC change on the
boreal winter SAT and related circulation anomalies. It is
still unclear whether changes in the Arctic SIC may influ-
ence subsequent spring Eurasian SAT variations. It is noted
that factors responsible for interannual variations of Eura-
sian SAT during boreal winter and spring are different (Gong
et al. 2001; Wu and Wang 2002; Chen et al. 2016a). In addi-
tion, studies on the spring Eurasian SAT variations are much
less than those on the winter SAT variations. This study
analyzes impacts of the preceding Arctic sea ice change on
the Eurasian SAT variation during boreal spring.

Second, most of previous studies identified significant
impacts of the Arctic sea ice change in the Barents-Kara
Sea on the climate anomalies over the mid-latitudes of the
Northern Hemisphere. In comparison, our present study
revealed that preceding autumn (September-October-aver-
aged) Arctic sea ice variation in the Laptev Sea-eastern
Siberian Sea-Beaufort Sea during preceding autumn has a
significant connection with the following Eurasian spring
SAT anomalies. The key regions identified in this study
(Laptev Sea-Eastern Siberian Sea-Beaufort Sea) are gener-
ally different from those obtained in most of the previous
studies (Barents-Kara Sea). This is attributed to the fact that
large interannual variability of the Arctic SIC appears in the
Laptev Sea-eastern Siberian Sea-Beaufort Sea (Barents-Kara
Sea) during autumn (winter) (Figs. 2, 3 in the supplementary
material; Yang et al. 2016).

Third, several previous studies have investigated the influ-
ence of the Arctic sea ice change on the subsequent AO
variability (e.g., Jaiser et al. 2012; Liu et al. 2012a, b; Li and

Wu 2012; Nakamura et al. 2015; Yang et al. 2016). However,
these studies mainly focused on analyzing the following win-
ter AO. The detected Arctic SIC signal obtained in the pre-
sent study for the spring AO variation is located differently
from that obtained in the previous studies for the winter AO
variation. For example, Jaiser et al. (2012) indicated that
summer Arctic SIC change over the Siberian domain has a
close connection with the following winter AO. Nakamura
et al. (2015) suggested that increased (reduced) sea-ice area
in November north of 65°N tends to result in more positive
(negative) phases of the AO/NAO in the following winter.
Yang et al. (2016) showed that Arctic SIC change in Novem-
ber over the Barents and Kara Seas has a close connection
with the AO variability in the following February. By con-
trast, our present study emphasizes the role of Arctic SIC
over the Laptev Sea-eastern Siberian Sea-Beaufort Sea in
the early autumn (September-October-averaged) in influenc-
ing the subsequent spring AO variations. We have examined
correlations of the Arctic SIC change over the Laptev Sea-
eastern Siberian Sea-Beaufort Sea in the early autumn with
the AO index in the following December, January, February
and wintertime mean (DJF-averaged). The obtained corre-
lation coefficients are weak and insignificant (not shown),
indicating no obvious influences of the Arctic SIC over the
Laptev Sea-eastern Siberian Sea-Beaufort Sea in the early
autumn on the following winter AO variability. These are
consistent with the results obtained in Fig. 10. Therefore,
the above evidences imply that the regions with significant
Arctic SIC signal for winter and spring AO variations are
different. In addition, we have calculated the correlation
coefficient between boreal winter AO index and spring AO
index. The obtained correlation is weak and insignificant.
This indicates that winter AO variability is independent of
spring AO variability. Hence, it is necessary to study the
Arctic SIC signals for the winter and spring AO variability
separately. This study may provide an additional predict-
ability source for the prediction of the spring AO.

Fourth, it is noted that spring AO has a significant impact
on the East Asian summer monsoon activity and related
precipitation anomalies over East Asia and western Pacific
(Gong et al. 2011). Furthermore, several previous studies
have demonstrated that spring AO is an important trigger
for the outbreak of the subsequent winter ENSO events
via modulating the westerly wind bursts over the tropical
western Pacific (Nakamura et al. 2006, 2007; Chen et al.
2014a, 2016Db). In particular, Chen et al. (2016b) reported
that spring AO plays a key role in triggering the outbreak
of the strong 2015-16 El Nifio. These indicate that the find-
ings in this paper may have several implications for better
understanding the East Asian summer monsoon activity and
ENSO events associated with the spring AO.

Note that, other factors, such as Eurasian snow cover,
may also be important in relaying the influence the autumn
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Arctic SIC on the subsequent spring Eurasian SAT. For
example, studies found that snow cover extent (SCE) anom-
alies at October over Eurasia have a significant influence
on the subsequent January AO via stratosphere-troposphere
coupling process (e.g., Cohen et al. 2007, 2012). We have
examined evolutions of the SCE anomalies from autumn
to subsequent spring obtained by regression on the autumn
Arctic SIC index (not shown). It shows that pronounced SCE
anomalies are observed mainly over East Europe south of
60°N persisting from winter to spring. Whether these SCE
anomalies have a contribution to the spring atmospheric cir-
culation anomalies over the mid-high latitudes of Eurasia
associated with the preceding autumn Arctic SIC remain to
be explored.
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