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Abstract

The present study reveals a close connection between the winter Arctic sea ice concentration (ASIC) change over the Green-
land-Barents Seas (GBS) and the El Nifio—Southern Oscillation (ENSO) in the following winter. When there is more winter
ASIC over the GBS, an El Nifio-like sea surface temperature (SST) warming tends to occur in the tropical central-eastern
Pacific (TCEP) during the following winter. It is found that the winter ASIC increase over the GBS triggers an atmospheric
wave train propagating southeastward from the high latitude Eurasia towards the subtropical North Pacific, with cyclonic
wind anomalies over the subtropical North Pacific. A barotropic model experiment with anomalous convergence prescribed
around the GBS reproduces reasonably well the atmospheric wave train. The induced spring SST warming and associated
anomalous atmospheric heating over the subtropical North Pacific play an essential role in the formation and maintenance of
lower-level westerly wind anomalies over the western tropical Pacific. These westerly wind anomalies induce SST warming
in the TCEP during the following summer via triggering an eastward propagating equatorial warm Kelvin wave. The sum-
mer TCEP SST warming further develops into an El Nifio event in the following winter via a Bjerknes-like positive air—sea
feedback process. This result suggests that the winter ASIC change around the GBS is a potential predictor of the ENSO
events with a lead time of 1 year.
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1 Introduction

El Nifio—Southern Oscillation (ENSO) is the strongest
air—sea coupled mode over the tropical Pacific on the inter-
annual timescale (e.g., Philander 1985; Lau and Nath 1996;
Zhang et al. 1997; Wang et al. 2000; Alexander et al. 2002;
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Yu and Zwiers 2007). A number of studies have demon-
strated that the ENSO events (El Nifio and La Nifia) can
exert considerable influences on the agriculture, corals, fire
risks, and extreme weather and climate events over many
regions of the world (Glynn and de Weerdt 1991; Bell et al.
1999; Chen et al. 2000; Chan and Zhou 2005; McPhaden
et al. 2006; Burn and Whitfield 2015; Barbero et al. 2015;
Song et al. 2017; Ding et al. 2018; He et al. 2018; Hu et al.
2018; Chen and Song 2019; and references therein). For
example, the extreme high temperature and dry conditions
over the Amazon Basin from mid-2009 to mid-2010 were
due largely to the El Nifio event in the Pacific (Ropelewski
and Halpert 1987; Lewis et al. 2011). The strong 2010-2011
La Nifa event contributed notably to the occurrence of
severe high temperature and drought (low temperature and
wet) events over south (north) America (Burn and Whit-
field 2015). In addition, ENSO events can exert substan-
tial impacts on the East Asian monsoon and related surface
temperature and precipitation anomalies over East Asia pri-
marily via inducing an anomalous anticyclone/cyclone over
the western North Pacific (WNP) (Wang et al. 2000; Wu
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et al. 2003) as well as on the European climate variation via
atmospheric teleconnections (Graf and Zanchettin 2012).
Furthermore, tropical cyclone activities (one of the worst
natural disasters in the world) over the WNP and Atlantic
were also significantly modulated by ENSO events (Gray
1984; Chan 2005).

Due to the impact of ENSO on global climate, under-
standing the factors of ENSO occurrence and the underly-
ing mechanisms is of great importance. Studies have dem-
onstrated the important roles of the processes within the
tropical Pacific, including the positive air—sea feedback and
oceanic dynamics in the ENSO occurrence (Bjerknes 1969;
Schopf and Suares 1988; Jin 1997; Latif et al. 1998). In
addition, studies have suggested that the atmosphere—ocean
variability over the extratropics plays a non-negligible role
in modulating sea surface temperature (SST) anomalies in
the tropical central-eastern Pacific (TCEP) related to ENSO
(Li 1990; Vimont et al. 2001, 2003; Nakamura et al. 2006,
2007; Wang et al. 2011; Park et al. 2013; Chen et al. 2014a,
20164, 2018a, b, ¢). Li (1990) found that an enhanced cold
surge activity induced by stronger East Asian winter mon-
soon tends to enhance atmospheric heating anomalies over
the WNP. The anomalous atmospheric heating brings the
westerly wind burst over the western tropical Pacific (WTP),
which is followed by the outbreak of an El Nifio event in
the following winter via triggering an eastward propagating
equatorial warm Kelvin wave. Vimont et al. (2001) demon-
strated that the boreal wintertime North Pacific Oscillation-
related atmospheric circulation anomaly (Walker and Bliss
1932; Rogers 1981) is an important trigger for the outbreak
of an ENSO event via the so-called seasonal footprinting
mechanism. Nakamura et al. (2006) reported that the spring
Arctic Oscillation (AO, Thompson and Wallace 1998; He
2015) influences the occurrence of El Nifio events in the fol-
lowing winter via modulating the westerly wind anomalies
over the WTP. In addition, recent studies suggested notable
impacts of SST anomalies in the mid-latitudes of the North
Pacific and the North Atlantic on the ENSO occurrence
via modulating the westerly wind anomalies over the WTP
(Wang et al. 2011; Ham et al. 2013; Chen et al. 2018c).
Previous studies have demonstrated that the winter—spring
westerly wind anomalies over the WTP are an important
trigger for the outbreak of an El Nifio event in the follow-
ing winter via triggering eastward propagating warm Kelvin
waves (Li 1990; Vimont et al. 2003, Nakamura et al. 2006,
2007; Chen et al. 2014a).

Arctic sea ice is one of the most important components
of the Earth’s climate system. Arctic sea ice changes exert
large influences on weather and climate over the mid-high
latitudes of the Northern Hemisphere (NH) (Francis et al.
2009; Honda et al. 2009; Wu et al. 2011, 2016; Liu et al.
2012; Cohen et al. 2012; Li and Wu 2012; Li and Wang
2013; Screen et al. 2014; Chen et al. 2014b; Kug et al. 2015;
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Xu et al. 2018; Chen and Wu 2018; He et al. 2018; Chen
et al. 2019a, b; Li et al. 2019). For example, the Arctic sea
ice change is found to impact the East Asian winter monsoon
activity via modulating the blocking high over the Eurasian
continent (Wu et al. 2011). Recent extreme cold winters over
the NH midlatitudes tend to be related to the Arctic sea ice
loss (Liu et al. 2012). Decrease in the Arctic Sea ice con-
centration (ASIC) over the Norwegian—Barents Sea during
boreal winter induces above-normal rainfall over East Asia
during the subsequent spring by triggering an atmospheric
wave train over the Eurasian continent (Wu et al. 2016). It
should be noted that although statistically significant link-
ages between the Arctic sea ice change and mid-latitude
climate variations have been identified by many previous
studies, the underlying physical processes for the connec-
tions are still a controversial topic and remain to be explored
(Gao et al. 2015).

The possible connection between the ENSO variability
and the Arctic sea ice change has been investigated in previ-
ous studies. Jevrejeva et al. (2003) indicated that the Arctic
sea ice variability over the Baltic Sea has a close relationship
with the SST anomalies in the Nifio-3 region (5°S-5°N and
90°-150°W) on the 12-20 year periodicity. Liu et al. (2004)
found that El Nifio events can lead to decrease (increase)
in the Arctic Sea ice over the Chukchi—Beaufort Seas (the
Northwest Passage) via modulating the mean meridional
heat flux induced by the regional Ferrel cell change. Hu et al.
(2016) suggested that the central Pacific El Nifio-related SST
anomalies tend to slow down the summer Arctic warming
and sea-ice melting through increasing the circumpolar
westerly winds.

The above studies focused on investigation of either the
influence of ENSO on the ASIC or the impacts of ENSO and
ASIC changes on weather and climate. It remains unclear
whether changes in the ASIC can influence the subsequent
winter ENSO occurrence, which has important implications
for the ENSO prediction. Our analysis found that the inter-
annual variation of the ASIC around the Greenland-Bar-
ents Seas (GBS) in preceding winter can exert a significant
influence on the outbreak of ENSO events in the following
winter via modulating the westerly wind anomalies over the
WTP. The finding highlights the remote influence of the
preceding ASIC change on the succeeding tropical Pacific
atmosphere—ocean system. The present study investigates
the connection between ASIC and ENSO and the associated
physical processes.

The remainder of this paper is organized as follows. Sec-
tion 2 describes the data and methods. Section 3 presents
observational evidence to demonstrate the relationship
between the preceding ASIC change and the following win-
ter ENSO. Section 4 discusses the physical process respon-
sible for the ASIC influence on ENSO. Section 5 provides a
summary and discussion.
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2 Data and methods
2.1 Data

The present study uses monthly mean sea level pressure
(SLP), geopotential heights and winds in the troposphere,
precipitation, surface zonal wind stress, and surface heat
fluxes (including surface latent and sensible heat fluxes,
and surface longwave and shortwave radiations) from the
National Centers for Environmental Prediction-National
Center for Atmospheric Research (NCEP-NCAR) reanal-
ysis (Kalnay et al. 1996; http://www.esrl.noaa.gov/psd/
data/gridded/data.ncep.reanalysis.derived.html), which
are available from 1948 to the present. SLP, winds, geo-
potential height, omega have a horizontal resolution of
2.5°%2.5° in latitude—longitude grids. Surface heat fluxes,
precipitation, and zonal wind stress are in T62 horizontal
Gaussian grids. This study also employs the monthly ASIC
data provided by the Met Office Hadley Centre Sea Ice and
Sea Surface Temperature (HadISST) dataset version 1.1
(Rayner et al. 2003; https://www.metoffice.gov.uk/hadobs/
hadisst/), which is available from 1870 to the present and
has a horizontal resolution of 1°x 1°.

This analysis employs three monthly mean SST data-
sets. They are the National Oceanic and Atmospheric
Administration (NOAA) Extended Reconstructed SST
version 3b (ERSSTv3b, Smith et al. 2008; https://www.
esrl.noaa.gov/psd/data/gridded/data.noaa.ersst.html), the
NOAA Extended Reconstructed SST version 5 (ERSSTVS,
Huang et al. 2017; https://www.esrl.noaa.gov/psd/data/
gridded/data.noaa.ersst.v5.html), and the HadISST ver-
sion 1.1 (Rayner et al. 2003; https://www.metoffice.gov.
uk/hadobs/hadisst/). Both ERSSTv3b and ERSSTv5 SST
datasets have a horizontal resolution of 2° X 2° and cover
the period from 1854 to the present. The HadISST dataset
is available since 1870 and has a horizontal resolution of
1°x1°.

This study focuses on the variation on the interannual
timescale. Therefore, anomalies of all the variables are
subjected to a 7-year high pass Lanczos filter (Duchon
1979) to obtain their interannual components. Using a
5-year, 9-year or 11-year high pass filter leads to similar
results (not shown). Significance levels of the correlation
and regression coefficients and the composite anomalies
are estimated according to a two-tailed Student’s ¢ test.
ENSO variability is characterized by the Nifio-3.4 index,
which is defined as area-mean SST anomalies over the
region of 5°S—5°N and 120°-170°W. An ASIC index is
defined as the area-averaged winter ASIC anomalies over
the region of 70°-80°N, 10°W-50°E where significant
ASIC anomalies associated with the preceding winter
Nifio-3.4 index are detected (Fig. 1), as will be described

Fig.1 Arctic sea ice concentration (ASIC) anomalies (unit: %) at
preceding a December (Dec(— 1)), b January (Jan(0)), ¢ February
(Feb(0)), and d December—January—February-mean (D(— 1)JF(0))
obtained by regression upon the standardized Nifio-3.4 index dur-
ing following winter (D(0)JF(1)) over period 1980-2019. Stippling
regions indicate ASIC anomalies that are significantly different from
zero at the 95% confidence level according to the two-tailed Stu-
dent’s 7 test. The black boxes in a—d represent the region (70°-80°N,
10°W-50°E) that is used to define the ASIC index. Nifio-3.4 index is
calculated based on the ERSSTv3b SST dataset

below. Note that the ASIC anomalies have been weighted
by the cosine of the latitude to account for decrease of area
towards north before calculating the ASIC index. Arctic
sea ice concentration data provided by the HadISSTv1.1
is relatively unreliable prior to 1979 (the start of satellite
era). Hence, the analysis in this study is constrained to the
period after 1979.

2.2 Wave activity flux

The wave activity flux proposed by Takaya and Nakamura
(1997, 2001) is employed to examine the stationary Rossby
wave propagation. This wave activity flux is parallel to the
local group velocity of the stationary wave train in a Went-
zel-Kramers—Brillouin approximation, and is unrelated to the
wave phase. The wave activity flux can be written as follows:

UW2—y'v) +V(-uv +y'u)
W= ﬁ U(-u'v' +y'u) +V<u'2+u/’u'y)
L fy(vr —y'1) + V(-uT - w'T)) |
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where y’ is perturbed geostrophic stream function,
V=V ) and U = (U, V) stand for perturbed geostrophic
winds and mean winds, respectively. H,, is the scale height,
T’ is perturbed air temperature, p is pressure standardized
by 1000 hPa. R, f,, and N represent gas constant related
to the dry air, the Coriolis parameter at 45°N and the
Brunt—Vaisala frequency, respectively. The subscripts x and
y indicate derivatives in the zonal and meridional directions,
respectively.

2.3 Rossby wave sources

The linearized Rossby wave source (Sardeshmukh and
Hoskins 1988) is expressed as follows:

I "
§=-v,V{ —CV'VI—VXVC—Z:V'VI,
where v represents horizontal components of the divergent
wind, and { denotes absolute vorticity. In this study, over-
bar represents the long-term climatological mean and prime

denotes composite anomalies between positive and negative
ASIC winters.

2.4 Kelvin wave forcing function

The equatorially oceanic Kelvin wave forcing function
(Battisti 1988; Vimont et al. 2003) is used to describe the
dynamic response of tropical ocean to surface zonal wind
stress anomaly, which is expressed as follows:

30N
@@@:/

308

Tx(xs ys i)‘l’o()’)d)’,

where x and y represent the longitude and latitude, respec-
tively. 7,(x,y, 4) denotes anomalous surface zonal wind
stress at a given lag time A. y,(y) is the meridional equatorial
Kelvin wave structure. Positive (negative) value of K corre-
sponds to surface zonal wind anomalies that trigger an east-
ward propagating and downwelling (upwelling) equatorial
Kelvin wave, which contributes to SST warming (cooling).

2.5 Linear barotropic model

This study uses a barotropic model to verify contribution of
ASIC change to the generation of a quasi-barotropic atmos-
pheric wave train over Eurasia. As suggested by previous
studies (Sardeshmukh and Hoskins 1988; Watanabe 2004;
Chen et al. 2016b), the linear barotropic model can well
capture atmospheric anomalies triggered by anomalous
divergence/convergence over the upper troposphere. The
barotropic model consists of a simple barotropic vorticity
equation as follows (Sardeshmukh and Hoskins 1988):

@ Springer

J(W. V') + I VW +f) + Vo + 6V =8

Here J and y are the Jacobin operater and mean stream-
function, respectively.y’ represents the perturbation of the
streamfunction. f is the Coriolis parameter. S’ is the vorti-
city source attributed to divergence/convergence anomalies
over upper troposphere. 6 and y are the Rayleigh friction and
biharmonic diffusion coefficients, respectively.

3 Relation between the winter ASIC
and the following winter ENSO

In this section, we present evidence for the connection
between ASIC and ENSO. We first show signals of ENSO
in the Arctic sea ice. Then, we examine their temporal rela-
tionship. Afterward, we document tropical Pacific SST and
atmospheric circulation anomalies associated with ASIC.
Obvious Arctic sea ice signal is detected in preceding
winter of ENSO events. Figure 1 shows regressions of ASIC
anomalies in December(— 1), January(0), February(0), and
December(— 1)-January(0)-February(0) (D(— 1)JF(0))mean
upon the following winter Nifio-3.4 index during 1980-2019.
Nifio-3.4 index is calculated based on the ERSSTv3b SST
dataset. Here, notations of “(— 1)”, “(0)”, and “(1)”” denote
the years before, during, and after the ENSO developing
phase, respectively. Spatial distributions of the ASIC anoma-
lies are similar in Dec(— 1), Jan(0), and Feb(0), with sig-
nificant positive ASIC anomalies over the Greenland sea
and the Barents Sea when the subsequent winter Nifio-3.4
SST index is positive (Fig. 1a—c). As the structures of the
ASIC anomalies are similar in these 3 months, we will focus
on the winter mean (D(— 1)JF(0), Fig. 1d) in the follow-
ing analysis. Very similar results are obtained based on the
ERSSTv5 and HadISST SST datasets (please see Figs. S1
and S2 in the supporting material). It should be mentioned
that the region with obvious ASIC anomalies related to the
following winter Nifio-3.4 SST anomaly coincides well with
the region with large interannual variability of winter ASIC
(please see Fig. S3a). In addition, the distribution of ASIC
anomalies is similar to the spatial pattern of the first empiri-
cal orthogonal function (EOF) mode of D(— 1)JF(0) ASIC
anomalies (please see Fig. S3b). This implies that the lead-
ing interannual variability of the winter ASIC anomalies has
a close relation with the following winter ENSO occurrence.
The connection of the winter ASIC change over the
Greenland—Barents Seas (GBS) with the subsequent winter
ENSO is confirmed by the temporal variation of an ASIC
index and the Nifio-3.4 index. Figure 2 displays time series
of the standardized raw D(— 1)JF(0) ASIC index (described
in the Sect. 2) and the D(0)JF(1) Nifio-3.4 index obtained
from three SST datasets as well as their high-pass filtered
interannual components. The raw ASIC index shows a clear
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Fig.2 a Time series of original D(— 1)JF(0) ASIC index and D(0)
JF(1) Nifio-3.4 index. b Interannual variations of the D(— 1)JF(0)
ASIC index and D(0)JF(1) Nifio-3.4 index. ASIC index is defined as
area-mean ASIC anomalies averaged over the region of 70°-80°N,
10°W-50°E (i.e. the black box region shown in Fig. 1). Note that
the ASIC anomalies have been weighted by the cosine of the latitude
to account for decrease of area towards north before calculating the
ASIC index

Table 1 Correlation coefficients between the D(— 1)JF(0) ASIC
index and D(0)JF(1) Nifio-3.4 index during 1980-2019

ERSSTv3b ERSSTv5 HadISST
Interannual 0.46 0.46 0.46
Original 0.25 0.24 0.26

Three SST datasets (i.e. ERSSTv3b, ERSSTvS, and HadISST) are
employed to calculate the Nifio-3.4 index. Definitions of the D(— 1)
JF(0) ASIC index and D(0)JF(1) Nifio-3.4 index are provided in the
text. The correlation coefficients in the first row are based on interan-
nual components and those in the second row are based on original
anomalies

decreasing trend during the analysis period (Fig. 2a), con-
sistent with previous studies (e.g., Comiso et al. 2008; Cava-
lieri and Parkinson 2012). There is no obvious long-term

Table 2 List of the positive and negative D(— 1)JF(0) ASIC index years

linear trend in the original D(0)JF(1) mean Nifio-3.4 SST
index (Fig. 2a). The correlation coefficients between the
original D(— 1)JF(0) ASIC index and the D(0)JF(1) Nifio-
3.4 index obtained from the three SST datasets are low and
statistically insignificant during 1980-2019 (Table 1). On
the interannual timescale, however, the correlation coeffi-
cients between the D(— 1)JF(0) ASIC index and the D(0)
JF(1) Nifio-3.4 SST indices based on ERSSTv3b, ERSSTvS5,
and HadISST are about 0.46 during 1980-2019, all signifi-
cant at the 99% confidence level (Table 1). Hence, the win-
ter ASIC has a close relationship with the following winter
ENSO on the interannual timescale. In addition, previous
studies indicated that ENSO tends to have a 2—7 year period
(e.g., Jin et al. 2006; Wang et al. 2008). A power spectrum
analysis shows that the winter ASIC index has a significant
spectral peak around 2.5 year (please see Fig. S4 in the sup-
porting material).

The connection between ASIC and ENSO is confirmed
by examining tropical Pacific SST anomalies following more
or less ASIC. We select years with positive and negative
D(— 1)JF(0) ASIC index according to 0.5 standard devia-
tions. Table 2 lists the selected years with positive and nega-
tive winter ASIC index. From Table 2, most of the positive
D(— DJF(0) ASIC index years (1979, 1982, 1986, 1997,
2004, 2009, and 2015) are followed by an El Nifio event in
the following winter, and many negative D(— 1)JF(0) ASIC
index years (1983, 1983, 1995, 2000, 2005, 2010, 2016,
2017) are succeeded by a La Nifia event in the following
winter. In particular, the three strong El Nifio events in the
past (i.e. 1982-1983, 1997-1998, and 2015-2016) were
preceded by strong positive winter ASIC index values. This
suggests that the preceding winter ASIC anomaly may be a
good indicator of the El Nifio occurrence.

The connection between ASIC and ENSO is confirmed by
spatial distribution of anomalies in the Pacific region asso-
ciated with winter ASIC. Figure 3 shows the difference of
composite anomalies of SST and precipitation in D(0)JF(1)
between positive and negative D(— 1)JF(0) ASIC index
years. Figure 4 presents the associated anomalies of 200 hPa
geopotential height, 850 hPa winds, and SLP in D(0)JF(1).
Corresponding to increase in the D(— 1)JF(0) ASIC, a
notable El Nifio-like SST anomaly pattern appears in the
tropical Pacific (Wang et al. 2000; McPhaden et al. 2006;
Chen et al. 2014a), with SST warming in the TCEP and the
subtropical WNP around 20°-40°N as well as SST cooling

Positive ASIC index years

Negative ASIC index years

1979, 1982, 1986, 1989, 1997, 1998, 2003, 2004, 2009, 2011, 2015

1980, 1983, 1985,1990, 1991, 1995, 2000, 2002, 2005, 2006, 2010, 2013,
2016, 2017

Positive and negative D(— 1)JF(0) ASIC index years are selected according to 0.5 standard deviations
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Fig.3 Difference of composite anomalies of D(0)JF(1) a SST
(unit: °C) and b precipitation (unit: mm day~!) between positive
and negative D(— 1)JF(0) ASIC index years. Stippling regions in a,
b indicate anomalies that are significantly different from zero at the
95% confidence level

in the tropical WNP around 120°-160°E (Fig. 3a). Signifi-
cant positive precipitation anomalies, indicating enhanced
atmospheric convection activity, are found over the TCEP
and negative precipitation anomalies are seen over the west-
ern Pacific as a response to the SST anomalies (Fig. 3a, b).

The D(— 1)JF(0) mean ASIC-related atmospheric cir-
culation anomalies in following winter (Fig. 4) resemble
those related to an El Nifio event (Wang et al. 2000; Alex-
ander et al. 2002; McPhaden et al. 2006). At the upper-
troposphere, negative geopotential height anomalies are
seen over the high latitude North Pacific (Fig. 4a). Notable
positive geopotential height anomalies appear in the tropics,
which are likely a response to the SST warming in the TCEP
(Figs. 3a, 4a) (Wang et al. 2000; Alexander et al. 2002). At
850 hPa, large westerly wind anomalies are seen over the
TCEP (Fig. 4b), which are coupled with the SST warm-
ing and above-normal precipitation there (Fig. 3) via the
Bjerknes-like air—sea feedback mechanism (Bjerknes 1969;
Wang et al. 2000; Alexander et al. 2002; Chen et al. 2014a).
Meanwhile, the subtropical North Pacific is dominated by an
anomalous anticyclone, consistent with positive SLP anoma-
lies there (cf., Fig. 4b with c). Anticyclonic wind anomalies
are observed around the South China Sea and the Philippine,
with southerly wind anomalies over East Asia and easterly
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Fig.4 Composite anomalies of D(0)JF(1) a 200 hPa geopoten-
tial height (m), b 850 hPa winds (m s™'), and ¢ SLP (hPa) between
positive and negative phases of D(— 1)JF(0) ASIC index. Stippling
regions in a and c indicate anomalies that are significantly different
from zero at the 95% confidence level. The shading areas in b indi-
cate either component of the wind anomalies that are significantly
different from zero at the 95% confidence level

wind anomalies around the Maritime Continent and tropical
eastern Indian Ocean. Notice that above described atmos-
pheric circulation anomalies also bear a resemblance to the
Kuroshio anticyclone suggested by Son et al. (2014) and
Kim et al. (2018), which were induced by convection anoma-
lies over the western North Pacific.

Surface temperature displays significant increase over
many portions of East Asia (not shown), which is likely
related to anomalous southerly winds that bring warmer
and wetter air northward from lower latitudes. This indi-
cates that the winter ASIC change partially contributes to
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the subsequent winter weather and climate variability over
East Asia and the surrounding areas via modulating the fol-
lowing winter ENSO (Zhang et al. 1999; Wang et al. 2000;
Chen et al. 2000; Alexander et al. 2002). The spatial distri-
bution of the SLP anomaly over tropical Pacific resembles
the Southern Oscillation (Peixoto and Oort 1992; Wang et al.
2000; Alexander et al. 2002; Chen et al. 2014a). The marked
negative SLP anomalies over the mid-latitude North Pacific
indicate an enhanced Aleutian Low (Overland et al. 1999).

The above analyses demonstrate that the change in win-
ter ASIC over the Greenland—Barents Seas is followed by
ENSO features in the subsequent winter in the tropical and
mid-latitude North Pacific as well as climate anomalies in
the surrounding regions similar to those of ENSO events.
These results collectively confirm a close time-lag connec-
tion between winter ASIC and the following winter ENSO
events.

4 Mechanisms for the influence of the ASIC
on ENSO

In this section, we investigate the physical processes link-
ing the winter ASIC change over the GBS to the following
winter ENSO. We first document the winter ASIC related
atmospheric anomalies during the simultaneous winter.
Then, we examine the formation of SST anomalies in the
tropical Pacific. After that, we show the coupled evolution
of anomalies in the tropical Pacific.

4.1 Atmospheric anomalies in simultaneous D(- 1)
JF(0)

Large atmospheric circulation anomalies span the mid-
high latitude Eurasian continent and the North Pacific
(Fig. 5). The atmospheric circulation anomalies display
a quasi-barotropic vertical structure over Eurasia and the
North Pacific (Fig. 5a, b). Pronounced negative geopoten-
tial height and cyclonic anomalies occur over the mid-high
latitudes of Eurasia, and the subtropical western-central
North Pacific around 10°-30°N (Fig. 5a, b). Meanwhile,
a marked anticyclonic anomaly and positive geopotential
height anomalies are present over the mid-latitude North
Pacific (Fig. 5a, b). In particular, significant westerly wind
anomalies are observed over the tropical western-central
North Pacific (Fig. 5b). Previous studies have demonstrated
that anomalous westerly (easterly) winds over the tropical
western-central Pacific play an important role in triggering
the El Nifio (La Nifia) outbreak during the following winter
via stimulating eastward propagating warm (cool) Kelvin
waves (Yu and Rienecker 1998; Lengaigne et al. 2004; Chen
et al. 2014a, 2016a). ENSO events tend to be initiated in
early spring (Philander 1985; Barnett et al. 1989; Yu and
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Fig.5 Difference of composite anomalies of D(— 1)JF(0) a 200 hPa
geopotential height (shadings, m) and wave activity flux (vectors, m>
s72), b 850 hPa winds (m s~') between positive and negative D(— 1)
JF(0) ASIC index years. Stippling regions in a indicate geopotential
height anomalies that are significantly different from zero at the 95%
confidence level. The shading areas in b indicate either component
of the wind anomalies that are significantly different from zero at the
95% confidence level

Rienecker 1998; Yu et al. 2003; Chen et al. 2018c).Hence,
the ASIC associated westerly wind anomalies over the tropi-
cal western-central North Pacific likely play a crucial role in
connecting the winter ASIC to the subsequent winter ENSO.

The formation of negative geopotential height and associ-
ated cyclonic anomalies over the tropical WNP appears to be
related to a southeastward propagating atmospheric telecon-
nection wave train (Fig. 5a). The propagation of atmospheric
wave train from Eurasian Arctic southeastward to the sub-
tropical WNP can be well illustrated by the wave activity
fluxes (Fig. 5a). It is noted that the atmospheric circulation
anomalies over Eurasia related to the winter ASIC anoma-
lies is largely similar to those identified by Wu et al. (2016).
Wau et al. (2016) demonstrated that increases (decreases) in
the winter ASIC in the Norwegian Sea and the Barents Sea
could trigger an atmospheric wave pattern propagating from
Eurasian Arctic to East Asia, with a cyclonic (anticyclonic)
anomaly over the high latitudes of Eurasia (please see their
Fig. 3), which would be further confirmed by a simple gen-
eral circulation model experiment. From Fig. 5a, wave activ-
ity fluxes are also observed to propagate from the North
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Atlantic. This implies that the atmosphere—ocean conditions
over the North Atlantic Ocean may also partly contribute
to the winter ASIC changes, which remains to be explored.

Previous studies have demonstrated that divergence (con-
vergence) anomalies in the upper troposphere caused by the
ascending (descending) motion act as an effective Rossby
wave source (RWS) (Sardeshmukh and Hoskins 1988;
Watanabe 2004). It is speculated that the ASIC anoma-
lies around the GBS may induce anomalous RWS in the
upper troposphere via anomalous ascending or descend-
ing motion. To verify this, we calculate the RWS and
500 hPa omega anomalies. Figure 6 displays the difference
of composite anomalies of D(— 1)JF(0) RWS and 500 hPa
omega between positive and negative D(— 1)JF(0) ASIC
index years. From Fig. 6, strong positive RWS anomalies
are observed around the Greenland—Barents Seas, together
with significant downward motion anomalies corresponding
to increase in the ASIC. In addition, there are pronounced
upper-level (200 hPa) convergence anomalies there (not
shown). These results indicate that the D(— 1)JF(0) ASIC
anomalies around the Greenland-Barents Seas are able to
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Fig.6 Difference of composite anomalies of D(— 1)JF(0) Rossby
wave source (1072 s72, only values lager than 10x 10™'? are shown)
and 500 hPa omega (hPa s™!) between positive and negative D(— 1)
JF(0) ASIC index years. Stippling regions in b indicate the omega
anomalies that are significantly different from zero at the 95% confi-
dence level
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trigger a southeastward propagating Rossby wave via the
upper-level convergence.

The role of the RWS forcing over the Arctic in the genera-
tion of the observed atmospheric wave train is further illus-
trated by results of model experiments. We perform simula-
tions with a barotropic model (Sardeshmukh and Hoskins,
1988) with anomalous divergence imposed. According to
previous studies (Sardeshmukh and Hoskins 1988; Chen
et al. 2016b), the barotropic model can well distinguish the
key dynamics of atmospheric response to the prescribed
convergence or divergence anomaly. The barotropic model
used in the present study is spectral with the truncation at
rhomboidal wave-number 40. In the following, two experi-
ments with the barotropic model were performed: one with
climatological D(— 1)JF(0) mean divergence (Exp_Clm) and
the other with climatological D(— 1)JF(0) divergence plus
prescribed convergence anomaly around the Greenland—Bar-
ents Seas (Exp_Arc). The convergence anomaly in Exp_Arc
has a maximum intensity of — 7 X 1076 s~! at 80°N, 30°E.
The location of the convergence anomaly is selected accord-
ing to the region with large values of RWS and significant
downward motion anomaly around the Barents Sea in Fig. 6.
The barotropic model is integrated for 40 days in the above
two experiments.

Figure 7 shows the difference of responses between the
Exp_Clm and Exp_Arc averaged over the model days 31-40
with white contours indicating the prescribed convergence
anomaly. The spatial pattern of height anomalies over Eur-
asia and the North Pacific bears a resemblance to that in
the observations though the center of negative geopotential
height anomalies shifts slightly northward over the North
Pacific (cf., Fig. 7 with Fig. 6). This confirms that D(— 1)
JF(0) ASIC changes over the Greenland—Barents Seas play
an important role in forming negative geopotential height
anomalies over the subtropical North Pacific via triggering
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Fig.7 Barotropic model height perturbation (shading, m) averaged
over days 31-40 in response to imposed idealized convergence anom-
aly (white contours with an interval of 107 571, zero line is omitted)
over the Arctic (center of action at 80°N, 30°E)
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an atmospheric wave train, generally consistent with Wu
et al. (2016).

4.2 Atmospheric heating and SST anomalies at D(—
1)JF(0)

Previous studies suggested that the westerly wind anomalies
over the WTP are usually accompanied by enhanced atmos-
pheric heating over the tropical WNP (Li 1990; Nakamura
et al. 2006, 2007; Chen et al. 2014a). The enhanced atmos-
pheric heating over the tropical WNP induces a significant
cyclonic anomaly and associated westerly wind anomalies
to its south flank over the WTP via a Gill type atmospheric
response (Gill 1980; Li 1990; Nakamura et al. 2007). The
anomalous westerly winds induced by the anomalous atmos-
pheric heating further trigger eastward propagating warm
Kelvin waves and influence the outbreak of El Nifio event
in the subsequent winter. Nakamura et al. (2007) also found
that the atmospheric heating induced by anomalous north-
erly winds related to the spring AO over the tropical WNP
plays a crucial role in generating the westerly wind anoma-
lies over the WTP via a Gill type atmospheric response. We
examine the atmospheric heating anomalies related to the
winter ASIC change in the following. Many previous studies
have demonstrated that precipitation anomalies can represent
atmospheric heating anomalies to a large extent (Yu and
Zwiers 2007; Chen et al. 2014a, 2015). Hence, the precipita-
tion anomaly is used here to characterize anomalous atmos-
pheric heating. Significant positive precipitation anomalies
are seen over the tropical WNP (Fig. 8). The formation of
these positive precipitation anomalies is likely related to
northerly wind anomalies around the Philippine Sea and
the low-level convergence anomalies associated with the
cyclonic anomaly over the WNP (Fig. 5). The enhanced
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Fig. 8 Difference of composite anomalies of D(— 1)JF(0) precipita-
tion (mm day~') between positive and negative D(— 1)JF(0) ASIC
index years. Stippling regions indicate anomalies that are significantly
different from zero at the 95% confidence level

atmospheric heating anomalies over the WNP contribute to
westerly wind anomalies over the tropical WTP through a
Gill-type atmospheric response as discussed above.

Does the formation of the atmospheric heating anomalies
over the tropical WNP attribute to the underlying SST warm-
ing? Figure 9 presents the difference of composite anoma-
lies of SST and 850 hPa winds in D(— 1)JF(0), MAM(0),
JJA(0), and SON(0) between positive and negative D(— 1)
JF(0) ASIC index years. The SST anomalies in the North
Pacific are weak and insignificant in D(— 1)JF(0) (Fig. 9a).
This suggests that the formation of the winter atmospheric
heating anomalies over the WNP is not attributed to the
underlying SST change. In addition, it is noted that SST
anomalies in the tropical Pacific are weak and statistically
insignificant in D(— 1)JF(0). This implies that winter tropi-
cal Pacific SST anomalies have a weak relation with the
simultaneous winter ASIC change over the Greenland—Bar-
ents Seas. In MAM(0), significant SST warming begins to
appear in the tropical central Pacific and extends northeast-
ward to the subtropical Pacific (Fig. 9b). These positive
spring SST anomalies in the subtropical North Pacific play
a role in inducing westerly wind anomalies over the WTP
during spring via a Gill-type atmospheric response (Gill
1980; Xie and Philander 1994; Vimont et al. 2003; Chen
et al. 2014a). Actually, several previous studies have indi-
cated that the spring SST warming in the subtropical North
Pacific is a favorable SST anomaly pattern for the follow-
ing winter ENSO occurrence via triggering westerly wind
anomalies over the tropical western Pacific (Vimont et al.
2001, 2003; Chiang and Vimont 2004; Wang et al. 2012;
Chen et al. 2014a). The formation of these SST anomalies in
the subtropical North Pacific during spring can be attributed
to the preceding winter southerly wind anomalies (Figs. 5a,
9a), which will be further examined later through an analysis
of surface heat fluxes. In JJA(0), pronounced SST warming
occurs in the TCEP, which is attributed to the westerly wind
anomalies over the WTP via triggering eastward propagating
warm Kelvin wave (as described below). Subsequently, via
the Bjerknes positive air—sea feedback, the SST warming in
the TCEP can maintain and develop into following autumn
and winter (Bjerknes 1969).

Figure 10 displays the difference of composite anomalies
of D(— 1)JF(0) surface net heat flux along with its four com-
ponents (including surface latent and sensible heat fluxes,
and surface net shortwave and longwave radiations) between
positive and negative D(— 1)JF(0) ASIC index years. Val-
ues of surface heat fluxes are taken to be positive (negative)
when the direction is downward (upward) to warm (cool)
SST. Significant and positive surface net heat flux anoma-
lies are found over northern tropical central Pacific. This
indicates that the SST warming in the tropical—subtropical
central Pacific in the following spring is contributed by sur-
face net heat flux changes. Pronounced positive net heat flux
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Fig.9 Difference of compos-
ite anomalies of SST (shad-
ings, °C) and 850 hPa winds
(vectors, m sy ata D(— 1)
JF(0), b MAM(0), ¢ JJA(0), d
SON(0) between positive and
negative D(— 1)JF(0) ASIC
index years. Stippling regions in
a—d indicate SST anomalies that
are significantly different from
zero at the 95% confidence level

Fig. 10 Difference of composite
anomalies (W m™2) of D(- 1)
JF(0) surface a net heat flux, b
latent heat flux, ¢ sensible heat
flux, d shortwave radiation, and
e longwave radiation between
positive and negative D(— 1)
JF(0) ASIC index years. Stip-
pling regions indicate anomalies
that are significantly different
from zero at the 95% confidence
level
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anomalies are also seen over the mid-latitudes of the North
Pacific and marked negative anomalies extend eastward from
the Philippines to the central North Pacific (Fig. 10a). The
D(— 1)JF(0) ASIC related surface net heat flux anomalies
over the North Pacific are dominated by changes in surface
latent heat flux (Fig. 10b). The southeasterly wind anoma-
lies over the subtropical central North Pacific and easterly
wind anomalies over the mid-latitude North Pacific (Fig. 5a)
both reduce wind speed there and contribute to increase in
surface latent heat flux (Fig. 10b). In addition, decrease in
surface latent heat flux (corresponding to upward direction)
around the Philippine Sea is related to anomalous northerly
winds that enhance evaporation and atmospheric heating
(Figs. 5b, 10b). Significant and positive surface sensible heat
flux anomalies appear over the mid-latitude North Pacific,
which also contributes to increase in surface net heat flux
there (Fig. 10c). By contrast, the anomalies of surface sen-
sible heat flux, and shortwave and longwave radiations over
the subtropical North Pacific are weaker compared to those
of surface latent heat flux (Fig. 10b—e).

4.3 Evolutions of tropical SST, atmospheric heating
and atmospheric circulation

The temporal evolution of atmospheric circulation, SST, and
atmospheric heating anomalies over the tropical Pacific is
similar to that typical of ENSO events. At 850 hPa, pro-
nounced westerly wind anomalies appear over the WTP
around 120°-135°E from DJF(— 1) to AMJ(0), and prop-
agate eastward to the TCEP after MJJ(0) (Fig. 11a). The
maintenance of westerly wind anomalies from JFM(0) to
MJJ(0) may be attributed to significant SST warming in
the subtropical North Pacific. Significant easterly wind
anomalies at 850 hPa are apparent over the tropical Indian
Ocean from ASO(0) to DJF(1) (Fig. 11a). The zonal wind

Fig. 11 Evolution of difference (a)
of composite anomalies (m s™!) DJF(1)
of tropical (2.5°N—-10°N-mean) NDJ(0)

zonal wind at a 850 hPa and b

anomalies at 200 hPa are almost opposite to those at the
850 hPa (Fig. 11), with significant easterly wind anomalies
over the TCEP Pacific after JJA(0). Significant SST warm-
ing and positive precipitation and upward motion anomalies
occur over the tropical central Pacific after AMJ(0) (Fig. 12).
Notable negative surface heat flux anomalies appear over
the tropical eastern Pacific since MAM(0), which oppose
the SST warming. This indicates that the oceanic dynamic
process (warm Kelvin wave) likely plays a crucial role in
the formation and maintenance of the SST warming in the
tropical eastern Pacific.

To confirm the important role of the eastward propagat-
ing warm Kelvin wave generated by the anomalous westerly
winds in the formation of the SST warming in the TCEP,
we display the difference of composite anomalies of Kel-
vin wave forcing function (K)) in D(- 1)JF(0), MAM(0),
JJA(0), and SON(0) between positive and negative phases
of D(— 1)JF(0) ASIC index in Fig. 13. As demonstrated in
previous studies (Battisti 1988; Vimont et al. 2003; Chen
et al. 2014a), positive (negative) values of K, correspond
to an eastward propagating and downwelling (upwelling)
Kelvin wave. From Fig. 13, significant positive K (red dots)
anomalies are seen over the WTP in D(— 1)JF(0), consistent
with the westerly wind anomalies there. These significant
positive K anomalies propagate eastward in spring, and
are evident in the tropical eastern Pacific in the following
summer. Therefore, the generation of the SST warming
anomalies in the tropical eastern Pacific in the following
summer is related to the eastward propagating warm Kelvin
wave induced by anomalous westerly winds over the tropi-
cal Pacific.

The SST warming in the TCEP can develop and maintain
via a Bjerknes positive air—sea feedback mechanism (Bjerk-
nes 1969; Chen et al. 2014a). The ASIC related tropical
processes may be summarized as follows: summer SST
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Fig. 12 Evolution of differ-
ence of composite anomalies

of tropical (5°S-5°N-mean) a
SST (°C), b surface net heat
flux (W m™~2), ¢ precipitation
(mm day™"), and d 500 hPa
omega (hPa s™') between posi-
tive and negative of D(— 1)JF(0)
ASIC index years. Stippling
regions indicate anomalies that
are significantly different from
zero at the 95% confidence level

Fig. 13 Difference of composite
anomalies of Kelvin wave forc-
ing function at a D(— 1)JF(0),
MAM(0), JJA(0), and SON(0)
between positive and negative
D(— 1)JF(0) ASIC index years.
The red dots indicate anomalies
that are significantly different
from zero at the 95% confidence
level
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warming in the TCEP induces atmospheric convection and
upward motion anomalies (Fig. 12), and maintains anom-
alous westerly winds at lower level over the TCEP via a
Gill-type atmospheric response (Fig. 11). These anomalous
westerly winds, in turn, contribute to the enhancement of the
TCEP SST warming through eastward propagating warm
Kelvin wave (Fig. 13). Through the above processes, an El
Nifio-like SST warming would be generated in the following
winter in the TCEP (Fig. 12a).

In summary, increase in the winter ASIC around the
Greenland—Barents Seas induces an anomalous atmospheric
wave train propagating from Eurasia to the North Pacific,
leading to significant negative geopotential height and
cyclonic circulation anomalies over the subtropical North
Pacific. The associated atmospheric heating and spring
SST warming over the subtropical North Pacific generate
and maintain lower-level westerly wind anomalies over the
WTP via a Gill-type atmospheric response and the positive
wind-evaporation-SST feedback. The induced spring WTP
westerly wind anomalies subsequently contribute to sum-
mer SST warming in the TCEP via triggering an eastward
propagating warm Kelvin wave. Finally, an El Nifio event is
induced in the following winter via Bjerknes-like positive
air-sea feedback.

5 Summary and discussions

Using the NCEP-NCAR reanalysis, ASIC data from the
Met Office Hadley Centre, and three SST datasets, this study
unravels a close relation between the winter (D(— 1)JF(0))
ASIC around the Greenland—Barents Seas and the ENSO
in the subsequent winter (D(0)JF(1)). An ASIC index is
defined as the area-mean ASIC anomalies over 70°-80°N
and 10°W-50°E. The D(— 1)JF(0) ASIC index has a signifi-
cant correlation with the D(0)JF(1) Nifio-3.4 index on the
interannual timescale, with a correlation coefficient of 0.46
during 1980-2019. An (a) El Nifio (La Nifia) event tends
to occur in the following winter when the ASIC index in
preceding winter is in its positive (negative) phase.

The physical processes responsible for the influence
of the D(— 1)JF(0) ASIC on the following winter ENSO
are summarized schematically in Fig. 14. In D(— 1)JF(0),
an increase in the winter ASIC over the Greenland-Bar-
ents Seas induces an atmospheric wave train propagat-
ing southeastward from the mid-high latitude Eurasia to
the subtropical North Pacific, with negative geopotential
height and cyclonic anomalies over Eurasia and the sub-
tropical western-central North Pacific, as well as posi-
tive geopotential height anomalies over East Asia and the
high-latitude North Pacific. This atmospheric wave train
is identified by the wave activity flux and verified by the
barotropic model simulations with prescribed convergence
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Fig. 14 A schematic diagram displaying the processes linking the
winter ASIC changes to the following winter ENSO. Symbol “L”
(“H”) indicates negative (positive) geopotential and cyclonic (anticy-
clonic) anomalies. The black line denotes propagation of atmospheric
wave train. Abbreviations of SNP, WTP, and TCEP in the schematic
diagram represent subtropical North Pacific, western tropical Pacific,
and tropical central-eastern Pacific, respectively

anomalies around the Greenland—Barents Seas. Significant
atmospheric heating anomalies are observed over WNP,
which is related to the lower-level convergence anoma-
lies over the WNP associated with the cyclonic anomaly
induced by the ASIC changes. The atmospheric heating
anomalies over the WNP further induce marked westerly
wind anomalies over the WTP via a Gill-type atmospheric
response. In addition, the anomalous southeasterly winds
to the southeastern flank of the cyclonic anomalies over
the subtropical central Pacific lead to following spring SST
warming over the subtropical North Pacific via reducing
wind speed. This spring SST warming helps to maintains
anomalous westerly winds over the WTP from winter to
the following spring via the positive wind-evaporation-
SST feedback mechanism. The westerly wind anomalies
over the WTP trigger eastward propagating and down-
welling Kelvin waves and contribute to SST warming in
the following summer in the TCEP. The SST warming
develops and maintains via a positive coupling feedback
with the atmospheric circulation and heating, which finally
results in the appearance of an El Nifio-like SST pattern in
the TCEP in the following winter. This study suggests that
the change in the winter ASIC is a potential predictor in
the occurrence of ENSO in the following winter.
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As mentioned in the introduction, SST anomalies in the
tropical central-eastern Pacific could induce ASIC anoma-
lies via inducing atmospheric teleconnection (Jevrejeva et al.
2003; Liu et al. 2004; Hu et al. 2016). Meanwhile, ENSO
tends to have a strong quasi-biennial variability. An impor-
tant question is: whether the close relation between the win-
ter ASIC around the Greenland—Barents Seas and the follow-
ing winter ENSO identified in this study is attributed to the
ENSO cycle? To address this question, we have calculated
correlation of the D(— 1)JF(0) ASIC index with simultane-
ous winter Nifio-3.4 index. It is found that the correlation
coefficient between the D(— 1)JF(0) ASIC index and the
D(— 1)JF(0) Nifio-3.4 index is fairly weak (r=— 0.18) dur-
ing 1980-2019, consistent with the results shown in Fig. 9a.
This indicates that winter tropical central-eastern Pacific
SST anomalies have a weak relation with the simultaneous
winter ASIC anomalies around the Greenland-Barents Seas
on the interannual timescale. Furthermore, we remove the
D(— 1)JF(0) Nifio-3.4 index from the D(— 1)JF(0) ASIC
index, D(0)JF(1) Nifio-3.4 index, and other variables via the
least squares method. After removing the winter ENSO sig-
nal, correlation coefficient between the winter ASIC index
and the following winter Nifio-3.4 index is still significant at
the 99% confidence level (r=0.41). Furthermore, evolutions
of the atmospheric circulation and SST anomalies remain
almost the same. Hence, the significant winter ASIC-fol-
lowing winter ENSO relation is not due to the ENSO cycle
(i.e. quasi-biennial fluctuation of ENSO).

In addition, Wang et al. (2011) has demonstrated that
anomalous summer SST over the North Atlantic is also an
important factor for the subsequent El Nifio evolution via
triggering an East Atlantic/West Russia teleconnection-
like atmospheric wave train over Eurasia. The atmospheric
circulation anomalies over Eurasia induced by the summer
North Atlantic SST may both influence winter ASIC around
the Greenland—Barents Seas and the following ENSO evo-
lution. Hence, another question is: whether the close con-
nection of the winter ASIC with following winter ENSO
was due to previous summer SST anomalies over the North
Atlantic. We have examined evolutions of SST anomalies
in North Atlantic from previous summer to simultaneous
winter (figures not shown). Results found that SST anoma-
lies in North Atlantic during previous summer and autumn
related to the winter ASIC index are fairly weak. In particu-
lar, following Wang et al. (2011), we have constructed a
summer North Atlantic SST index as region-averaged SST
anomalies over 30°-50°N and 10°-50°W. It is found that
the correlation coefficient between D(— 1)JF(0) ASIC index
and previous summer North Atlantic SST index is insig-
nificant (r=— 0.16). This result confirms that the winter
ASIC-following winter ENSO connection was independ-
ent of the Atlantic SST anomalies. It should be mentioned
that the winter atmospheric anomalies over North Pacific
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induced by the winter ASIC anomalies around the Green-
land—Barents Seas bear several resemblances to that related
to the North Pacific Oscillation (NPO, Vimont et al. 2001,
2003). This suggests that winter ASIC anomalies may also
affect the ENSO evolution via triggering the seasonal foot-
printing mechanism processes related to the NPO (Vimont
et al. 2001, 2003).

Chen et al. (2014a) suggested that spring AO is an impor-
tant extratropical forcing of the following winter ENSO
outbreak. The correlation coefficient between the winter
ASIC index and its following spring AO index is 0.32 dur-
ing 1980-2019, significant at the 95% confidence level. A
question is whether the relation of the winter ASIC with
following winter ENSO is impacted by the spring AO. To
address this issue, we remove the spring AO index from its
preceding winter ASIC index and from its following win-
ter Nifio-3.4 index by means of linear regression. The cor-
relation coefficient between the winter ASIC index and its
following winter Nifio-3.4 index is still 0.42 for the period
1980-2019 (significant at the 99% confidence level) after
removal of signal of the spring AO index. This suggests that
the winter ASIC-ENSO relation is very likely independent
of the spring AO-ENSO relation though winter ASIC has a
close relation with the following spring AO. Nevertheless,
the combined impacts of the winter ASIC and its following
spring AO on the following winter ENSO need to be further
investigated.

Previous studies indicated that autumn ASIC and Eur-
asian snow cover anomalies could impact following win-
ter—spring climate anomalies over mid-high latitudes of the
Northern Hemisphere via inducing AO-like atmospheric
anomalies through stratospheric teleconnection (e.g., Cohen
and Entekhabi 1999, 2001; Cohen et al. 2007; Nakamura
et al. 2015; Yang et al. 2016; Chen and Wu 2018). A ques-
tion is whether the stratospheric teleconnection plays a role
in connecting the winter ASIC anomalies over the Green-
land-Barents Seas to the following ENSO occurrence. To
address this issue, following previous studies (Yang et al.
2016; Chen and Wu 2018), we have calculated zonal-mean
zonal wind anomalies (averaged between 65° and 90°N)
obtained by regression upon the winter ASIC index (please
see Figure S5 in the supporting material). From Fig. S5,
zonal-mean zonal wind anomalies in the stratosphere from
winter to spring are weak and statistically insignificant. This
suggests that the stratospheric processes may not play a role
in contributing to the generation of the winter ASIC-related
atmospheric circulation and SST anomalies from winter to
spring. Thus, the significant winter ASIC-following winter
ENSO relation may be not related to stratospheric processes.
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