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ABSTRACT: Based on observational data analyses and idealized modeling experiments, we investigated the distinctive

impacts of central Pacific (CP) El Niño and eastern Pacific (EP) El Niño on the Antarctic sea ice concentration (SIC) in

austral spring (September–November). The tropical heat sources associated with EP El Niño and the co-occurring positive

phase of the Indian Ocean dipole (IOD) excite two branches of Rossby wave trains that propagate southeastward, causing

an anomalous anticyclone over the eastern Ross–Amundsen–Bellingshausen Seas. Anomalous northerly (southerly) wind

to the west (east) of the anomalous anticyclone favors poleward (offshore) movements of sea ice, resulting in a sea ice loss

(growth) in the eastern Ross–Amundsen Seas (the Bellingshausen–Weddell Seas). Meanwhile, the anomalous northerly

(southerly) wind also advects warmer and wetter (colder and drier) air into the eastern Ross–Amundsen Seas (the

Bellingshausen–Weddell Seas), causing surface warming (cooling) through the enhanced (reduced) surface heat fluxes and

thus contributing to the sea ice melting (growth). CP El Niño, however, forces a Rossby wave train that generates an

anomalous anticyclone in the easternRoss–Amundsen Seas, 208west of that caused byEPElNiño. Consequently, a positive
SIC anomaly occurs in the Bellingshausen Sea. A dry version of the Princeton atmospheric general circulation model was

applied to verify the roles of anomalous heating in the tropics. The result showed that EP El Niño can remotely induce an

anomalous anticyclone and associated dipole temperature pattern in the Antarctic region, whereas CP El Niño generates a

similar anticyclone pattern with its location shift westward by 208 in longitudes.

KEYWORDS: Air-sea interaction; El Nino; ENSO; Sea ice

1. Introduction

Antarctic sea ice is an important component of the climate

system in the Southern Hemisphere (e.g., Simmonds and Wu

1993; Hobbs and Raphael 2010), which may act as an early in-

dicator of climate change (Simpkins et al. 2012; Bintanja et al.

2013). It is now well established that significant changes are

happening in the Antarctic (e.g., Rintoul et al. 2018; Steig 2019),

especially in the West Antarctic where strong sea ice variability

occurs (Schneider and Steig 2008; Stammerjohn et al. 2008; Li

et al. 2014; Parkinson 2019). For instance, following a slow in-

crease in 1979–2014, the annual mean total extent of Antarctic

sea ice decreased rapidly in 2014–18 and reached a record low in

2016 (Parkinson 2019; Purich and England 2019; Wang et al.

2019b). Sea ice decline occurred in most parts of the West

Antarctic (Parkinson 2019). Usually, observations show a dipole

structure in the sea ice distribution in theWest Antarctic, which

is known as the Antarctic dipole (ADP) (Yuan and Martinson

2000, 2001). The ADP has a dominant interannual time scale

(Harangozo 2000; Liu et al. 2002) and is characterized by a

seesawnot only in sea ice but also in surface temperature and sea

level pressure anomalies between theRoss–Amundsen Seas and

Bellingshausen–Weddell Seas (Yuan and Martinson 2000, 2001;

Yuan 2004).

A number of studies have linked the sea ice variability in the

ADP region to the Amundsen Sea low (ASL), southern annular

mode (SAM), a quasi-stationary wavenumber-3 pattern (ZW3),

and a semiannual oscillation (e.g.,White andPeterson 1996; Pezza

et al. 2012; Clem and Fogt 2015; Turner et al. 2016). However, the

effects of El Niño–SouthernOscillation (ENSO) are dominant on

the interannual time scale (Turner 2004; Yuan and Li 2008; Scott

et al. 2019). Up to 34% of the variance of the 13-month Gaussian

filtered sea ice extent in the West Antarctic can be explained by

ENSO (Yuan and Martinson 2000). Several studies have shown

that sea ice changes in the Ross andWeddell Seas lag the tropical

Pacific variability by several months (e.g., Carleton 1989;

Simmonds and Jacka 1995). Later work suggested that the rela-

tionships with ENSO are concentrated in the regions around the

WestAntarctic, such as theRoss,Amundsen,Bellingshausen, and

Weddell Seas, and projected onto the ADP pattern (Renwick

2002;Hobbs andRaphael 2010;Welhouse et al. 2016). The largest

response of sea ice to ENSO is located in the Amundsen Sea

(Yuan and Martinson 2000; Renwick 2002).

Several mechanisms have been proposed to explain the links

between the sea ice in theWestAntarctic and the tropical Pacific
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variability. BothLiu et al. (2002) andYuan (2004) found that the

tropical anomalous signals transport to the polar region through

an atmospheric bridge, leading to an ADP anomaly during

ENSO events. During El Niño, the warm sea surface tempera-

ture (SST) in the tropical Pacific enhances the tropical convec-

tion and themeridional equator-to-polar thermal gradient in the

South Pacific, which strengthens and contracts the Hadley cell

(Rind et al. 2001). As a result, the subtropical jet is strengthened

and the storm track is shifted equatorward in the South Pacific

(Yuan 2004). At the same time, the tropical Pacific warming also

results in a descending branch in the tropical Atlantic (Cai

et al. 2019), which relaxes and expands the Hadley cell there

(Yuan 2004) and then leads to a poleward shift of the storm

track in the South Atlantic (Rind et al. 2001). Therefore,

changes in the jet streams and the regional Hadley cells ap-

parently enhance the Ferrel cell in the South Pacific and

weaken the Ferrel cell in the South Atlantic. As a conse-

quence, more and less heat in the lower latitudes is advected

into the Ross–Amundsen Seas and the Bellingshausen–

Weddell Seas, respectively, thus contributing to the dipole

distribution of sea ice in the West Antarctic (Liu et al. 2002;

Yuan 2004). In La Niña condition, the atmospheric circula-

tion is opposite of that in El Niño condition (Yuan 2004).

On the other hand, the sea ice in the West Antarctic also

reacts to ENSO through the Pacific–South American (PSA)

pattern (Yuan et al. 2018). The PSA is a stationary Rossby

wave train triggered by the ENSO-related convection in the

western-central tropical Pacific, which propagates south-

eastward into the West Antarctic (Karoly 1989; Mo 2000).

During El Niño, an anomalous anticyclone in association with

the upper-tropospheric PSA pattern occurs in the Amundsen–

Bellingshausen Seas, which weakens the ASL and results in

an anomalous anticyclone (Kreutz et al. 2000; Turner 2004).

Northerly wind anomalies to the west of the anomalous anticy-

clone advect warmer air and SST from lower latitudes to the

Ross–Amundsen Seas, leading to a sea ice loss (Liu et al. 2004;

Yuan 2004). In contrast, southerly wind anomalies to the east of

the anomalous anticyclone tend to advect colder air from the

polar region to the Bellingshausen–Weddell Seas, resulting in a

sea ice growth.

The ENSO–Antarctic teleconnection studies above con-

sidered the ENSO events as a single type. Early in the

twenty-first century, El Niño events were classified into two

types based on the spatial distribution of SST anomaly,

namely the central Pacific (CP) El Niño and eastern Pacific

(EP) El Niño types, with the maximum SST anomaly typi-

cally occurring in the central and eastern equatorial Pacific,

respectively (Ashok et al. 2007a; Yu and Kao 2007; Kug

et al. 2009; Yeh et al. 2009). EP El Niño and CP El Niño are

quite distinct from each other not only in their onset and

developing mechanisms but also in their impacts on the

global climate (Kao and Yu 2009; Li et al. 2017; Chen et al.

2019). Typically, EP El Niño begins and develops near the

east coast of the tropical Pacific with the maximum SST

anomaly in the eastern equatorial Pacific, whereas CP El

Niño tends to onset, develop, and decay locally in the central

equatorial Pacific (Kao and Yu 2009; Yu et al. 2015). In

addition, CP El Niño leads to westward-shifted and

localized tropical convection anomalies compared to EP El

Niño, resulting in different atmospheric circulation re-

sponses in both the Northern and Southern Hemispheres

(Feng et al. 2011; Wang et al. 2012; Chung and Li 2013; Sun

et al. 2013; Xiang et al. 2013). For example, by using the

satellite data, Lee et al. (2010) found that the strong 2009/10

CP El Niño led to a record warming in the south-central

Pacific region (358–558S, 1608–1108W) and the western

Antarctic during austral spring and summer. Song et al.

(2011) suggested that the APD persists until austral winter

after the peak season of CP ElNiño,whereas it does not persist
after austral summer after EPElNiño peak. In comparison with

EP El Niño, the CP El Niño tends to cause a weaker and

northwestward shifting of the PSA pattern, and then leads

to a westward shift of ASL and sea ice anomalies in the West

Antarctic (Wilson et al. 2014; Ciasto et al. 2015). The above

indicates that both CP El Niño and EP El Niño have different

impacts on sea ice in the West Antarctic due to the different

responses of atmospheric circulation in the Southern

Hemisphere (Hurwitz et al. 2011).

In addition to the tropical Pacific variability, the signal in the

tropical Indian Ocean, especially the Indian Ocean dipole

(IOD) (Saji et al. 1999; Webster et al. 1999), may play active

roles in affecting the Antarctic sea ice (e.g., Chan et al. 2008;

Meehl et al. 2019; Purich and England 2019; Rondanelli et al.

2019). Extreme IOD events, associated with strong convective

diabatic heating in the eastern tropical Indian Ocean that acts

as an effective Rossby wave source, can excite a Rossby wave

train that propagates southeastward and therefore modulates

the surface temperature anomaly in the Southern Hemisphere

(Li et al. 2003; Saji et al. 2005; Luo et al. 2010). For instance, the

record negative phase of IOD in austral spring 2016 played a

key role in contributing to the severity of sea ice decline by the

end of 2016 through a Rossby wave train (Wang et al. 2019a).

Feng et al. (2019) suggested that the IOD can cause an

Antarctic sea ice growth (or loss) through the meridional wind

anomalies induced by the IOD-generated atmospheric circu-

lation anomalies.

Generally, the variability in the tropical Indian Ocean

and the Pacific are not independent of each other due to

their interactions via pan-tropical Walker circulation (e.g.,

Luo et al. 2012; Cai et al. 2019; Zhang et al. 2019). ENSO

and the IOD have repeatedly co-occurred (i.e., El Niño
with a positive phase of IOD or La Niña with a negative

phase of IOD) in observations since the mid-1970s (Li et al.

2003; Annamalai et al. 2005; Luo et al. 2010), indicating that

these two major tropical climate modes might work to-

gether to influence the global climate (e.g., Ashok et al.

2004, 2007b). For instance, both Nuncio and Yuan (2015)

and Feng et al. (2019) have shown that ENSO and the IOD

can work together to influence the Antarctic sea ice. When

the IOD occurs alone, its influence on sea ice does not ex-

tend to the east of the Amundsen Sea due to the dissipation

of the IOD-induced Rossby wave train in the Ross Sea

(Nuncio and Yuan 2015; Feng et al. 2019). In comparison,

the Rossby wave train can reach to the Bellingshausen Sea,

even to the South Atlantic, if ENSO and the IOD coexist

(Chan et al. 2008; Cai et al. 2011).
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The above studies have advanced further our understand-

ing of the tropics–Antarctic connections. However, the IOD

exhibits different features in CP El Niño and EP El Niño.
Most of the previous studies only focused on the impacts of

the tropical Pacific SST variability associated with the two

types of El Niño on the Antarctic sea ice. Whether EP El

Niño (or CP El Niño) and the IOD might work together to

influence the sea ice is not well documented. Thus, the pur-

pose of this study aims to explore the different impacts of two

types of El Niño when each co-occurs with the IOD on the sea

ice in the West Antarctic. We mainly focus on austral spring

when the impacts of El Niño and IOD on the atmospheric

circulation in the Southern Hemisphere are greatest (Jin and

Kirtman 2009; Cai et al. 2011).

2. Datasets and methods

a. Datasets

Monthly sea ice concentration (SIC), with a horizontal

resolution of 1.08 3 1.08 and a time span from January 1870

to the present, comes from the Met Office’s Hadley Centre

(Rayner et al. 2003). Monthly zonal and meridional sea ice

velocities are obtained from the European Centre for Medium-

RangeWeather Forecasts (ECMWF)Ocean Reanalysis System

version 5 (ORAS5) (Zuo et al. 2019). The ORAS5 has a hori-

zontal resolution of 1.08 3 1.08, and covers the period from

January 1979 to December 2018. The monthly optimum in-

terpolation SST V2 product with a horizontal resolution

of 1.08 3 1.08 for the period of December 1981–December

2019 is provided by the National Oceanic and Atmospheric

Administration (NOAA) (Reynolds et al. 2002). Monthly

mean interpolated outgoing longwave radiation (OLR)

from June 1974 to the present with a horizontal resolution

of 2.58 3 2.58 is obtained from the NOAA (Liebmann and

Smith 1996).

Monthly sea level pressure (SLP), air temperature at 2 m,

horizontal wind fields at 10 m and at 300 hPa, 300-hPa geo-

potential height and potential vorticity, surface sensible heat

(SH) and latent heat (LH) fluxes, surface net longwave (LW)

and shortwave (SW) radiation fluxes, surface specific humidity,

and medium and low cloud covers are obtained from the fifth-

generation ECMWF reanalysis (ERA5; C3S 2019). All the

variables have horizontal resolutions of 0.258 3 0.258 and time

spans from January 1979 to the present. Besides, monthly spe-

cific humidity data at 2 m with 2.58 3 2.58 horizontal resolution
from the National Centers for Environmental Prediction–

National Center for Atmospheric Research (NCEP–NCAR)

Reanalysis I through January 1948 to December 2019 are also

used (Kalnay et al. 1996).

b. T-N wave activity flux

To examine the Rossby wave pathway, the horizontal wave

activity flux or W vector formulation, which is derived from

the conservation of wave-activity momentum by Takaya and

Nakamura (2001), referred to as the T-N wave activity flux, is

calculated. The zonal and meridional components of the T-N

wave activity flux can be written as
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where c is the geostrophic streamfunction, which is defined

as F/f (F and f are the seasonal mean geopotential height

anomaly and Coriolis parameter, respectively); U and V are

the mean zonal and meridional climatological winds, respec-

tively; and jUj is the magnitude of the mean horizontal winds.

Derivatives are computed using centered differences on sea-

sonal anomalies. Here W vector divergence (convergence)

indicates that a Rossby wave is emitted (absorbed)—that is, a

wave source (sink) (Takaya and Nakamura 2001; Henderson

et al. 2016).

c. Princeton atmospheric general circulation model

To verify the atmospheric circulation responses to the

tropical forcing, several numerical experiments are conduct-

ed by using a dry version of the Princeton atmospheric gen-

eral circulation model (AGCM) (Held and Suarez 1994). This

AGCM is a primitive equation model based on the sigma

(s 5 p/ps) coordinate, which was constructed based on the

dynamic core of the Geophysical Fluid Dynamic Laboratory

AGCM with a horizontal resolution of T42 and five evenly

distributed sigma levels ranging from the bottom level at s 5

0.9 to the top level at s 5 0.1 with an interval of 0.2 (Wang

et al. 2003; Jiang and Li 2005). No topography is prescribed.

In the model, the basic equations include momentum, tem-

perature, and logarithm of surface pressure equations to-

gether with the diagnostic equation for the vertical velocity,

the detailed expression of which can be found in Jiang and

Li (2005).

This anomaly AGCM is linearized by a specified three-

dimension seasonal mean basic state, which is similar to the

one used by Ting and Yu (1998). Thus, one may examine how

the atmosphere responds to a specific anomalous heating in the

presence of an idealized or realistic mean state (Wang et al.

2003; Jiang and Li 2005). The perturbation equations retain full

nonlinearity and are interpreted as the response to the pre-

scribed forcing. In the present study, a realistic austral spring

[September–November (SON)] mean state, which is obtained

from the long-term mean of ERA5 is prescribed as the model

basic state.

To mimic the planetary boundary layer dissipation, a

Rayleigh friction with the damping rate of 1 day21 at the

lowest model level (s 5 0.9) and then linearly decaying to

0.1 day21 at the level of s 5 0.7 is applied to the momentum

equations, while a Newtonian cooling with an e-folding time

scale of 15 days is applied to all the model levels in both

momentum and heat equations. In addition, the same bi-

harmonic diffusion is applied to the momentum and tem-

perature equations with a dissipating rate of 0.1 day21 for the

smallest resolvable scale in this model. With this dissipation
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and diffusion, a steady-state response is realized after about

20 days. The average of the last 20 days of the 40-day inte-

gration is used to estimate the steady responses to the tropical

heating.

In the study, the analysis period is 40 years from 1980 to

2019. Monthly anomalies are computed relative to the monthly

climatology of 1981–2010. We classified CP El Niño and EP El

Niño events according to Ren and Jin (2011), that is,

(
N

EP
5N

3
2aN

4

N
CP

5N
4
2aN

3

, a5

(
2/5 , N

3
N

4
. 0

0, otherwise
, (3)

where N3 and N4 denote the Niño-3 and Niño-4 indices—that

is, the averaged SST anomalies over the regions 58N–58S, 1508–
908Wand 58N–58S, 1708–1208W, respectively. Based onEq. (3),

six CP El Niño (1994/95, 2002/03, 2004/05, 2009/10, 2014/15,

and 2018/19) and five EP El Niño (1982/83, 1991/92, 1997/98,

2006/07, and 2015/16) events are selected during 1980–2019

(Table 1). Note that the 1986–88 El Niño was removed because

it started as an EP El Niño but continued as a CP type (Wang

et al. 2018). The IOD event is monitored by the dipole mode

index (DMI), which is defined as the difference between the

averaged SST anomalies over the western (108N–108S, 508–
708E) and eastern (08–108S, 908–1108E) equatorial Indian

Ocean (Saji et al. 1999). Additionally, the Southern Ocean

around the Antarctic is divided into six sectors: the Ross Sea

(1608E–1308W), Amundsen Sea (1308–1008W), Bellingshausen

Seas (1008–608W), Weddell Sea (608W–208E), Indian Ocean

(208–908E), and western Pacific (908–1608E) based on previous

studies (Parkinson and Cavalieri 2012; Parkinson 2019), as

shown in Fig. 1.

3. Observed links between the tropics and
Antarctic sea ice

Figure 2 shows the composite of seasonal mean SIC anom-

alies for the five EP El Niño and six CP El Niño events

(Table 1). In austral spring (SON) during the developing year

of EP El Niño, the distribution of SIC anomalies in the West

Antarctic exhibits a dipole pattern, with negative anomalies

over the eastern Ross–Amundsen Seas (588–708S, 1508–1058W)

and positive anomalies over the Bellingshausen–Weddell Seas

(558–708S, 808–208W) (Fig. 2a). In the following austral summer

[December to the following February (DJF)] and autumn

[March–May (MAM)], no obvious SIC anomalies can be

observed around the Antarctic (Figs. 2b,c). In addition, these

SIC anomalies are not statistically significant. In austral winter

[June–August (JJA)], the distribution of SIC anomalies in the

West Antarctic bears a resemblance to that in austral spring,

but only negative SIC anomalies are statistically significant at

the 95% confidence level (Fig. 2d).

In comparison, only strong positive SIC anomalies centered

in the Bellingshausen Sea (608–708S, 1058–558W) are observed

in austral spring during the developing year of CP El Niño
(Fig. 2e), which are quite distinct from that of EP type.

However, in the following austral summer and autumn, the SIC

anomalies have similar spatial structures to that of EP El Niño
(Figs. 2f,g). In contrast, the distribution of SIC anomalies in

austral winter is quite different from that of EP type (Fig. 2h).

Only weak but significant positive SIC anomalies occur in the

western Ross Sea, the Bellingshausen Sea, and part of the

Weddell Sea. The above indicates that both EPEl Niño and CP
El Niño have dominant but significant different impacts on the

SIC anomalies in the West Antarctic in austral spring com-

pared with the other seasons. In addition, the standard devia-

tions of SIC anomalies in the West Antarctic in austral spring

are much higher than the other seasons (Figs. 2i–l). This mo-

tivates us to mainly focus on the impacts of the two types of El

Niño on the sea ice in austral spring in the present study.

In EP El Niño, the tropical SST anomalies appear as a zonal

dipole between the eastern equatorial Pacific and western

equatorial Pacific/Maritime Continent (Fig. 3a). Maximum

positive SST anomalies typically occur in the central and

eastern equatorial Pacific. In addition to the tropical Pacific

SST variability, a significant positive phase of IOD can be

observed in the equatorial Indian Ocean. Note that all the five

selected EP El Niño co-occur with the positive phase of IOD

(Table 1). In austral spring, the Niño-3.4 index is significantly

TABLE 1. Selected cases of EP El Niño and CP El Niño events

during 1980–2019. An asterisk (*)means that theEl Niño co-occurs
with the positive phase of the Indian Ocean dipole (IOD).

EP El Niño CP El Niño

1982/83* 1994/95*

1991/92* 2002/03

1997/98* 2004/05

2006/07* 2009/10

2015/16* 2014/15

2018/19*

FIG. 1. Identification of six sectors around the Antarctic: Ross

Sea (1608E–1308W), Amundsen Sea (1308–1008W), Bellingshausen

Sea (1008–608W), Weddell Sea (608W–208E), Indian Ocean (208–
908E), and western Pacific (908–1608E).
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FIG. 2. Composite of sea ice concentration (SIC) anomalies obtained from the Hadley Centre in austral (a),(e) spring (SON), (b),(f)

summer (DJF), (c),(g) autumn (MAM), and (d),(h) winter (JJA) for (a)–(d) EP El Niño (1982/83, 1991/92, 1997/98, 2006/07, and 2015/16)

and (e)–(h) CP El Niño (1994/95, 2002/03, 2004/05, 2009/10, 2014/15, and 2018/19) events. September–December and January–August are

the months in developing and decaying years of El Niño, respectively. (i)–(l) Standard deviations of seasonal mean SIC anomalies

calculated based on the period of 1980–2018. The dark green and black stippled areas indicate that the results are statistically significant at

the 90% and 95% confidence levels, respectively. The blue (588–708S, 1508–1058W) and red (558–708S, 808–208W) boxes in (a) and the red

box (608–708S, 1058–558W) in (e) indicate the sea ice areas that we focus on.
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correlated with the DMI, with a significant correlation of 0.60

during the period of 1982–2019, indicating that EP El Niño
covaries with the positive phase of IOD (Luo et al. 2010).

In the tropics, the upper-tropospheric circulation is very

sensitive to the subtle changes of SST; hence the upper-level

divergence associated with the tropical forcing plays a key role

indriving tropical–extratropical teleconnections (e.g., Sardeshmukh

and Hoskins 1988; Ding et al. 2012). At 300 hPa, in response to

the tropical SST anomalies associated with EP El Niño, an
anomalous divergence occurs over the central and eastern

tropical Pacific (Fig. 3c). Meanwhile, an anomalous conver-

gence occurs over the eastern tropical Indian Ocean and

western tropical Pacific. The anomalous convergence and di-

vergence are separated by the international date line. At

850 hPa, the distribution of velocity potential anomalies is

generally opposite to that at 300 hPa (Fig. 3d). This configu-

ration indicates that the tropical SST anomalies force an

anomalous ascent over the central and eastern tropical Pacific

along with an anomalous descent over theMaritime Continent.

As a result, large-scale deep convection develops over a broad

latitudinal band within 108N–108S across the central and east-

ern equatorial Pacific (Fig. 3b). Consistent with the previous

studies, the tropical forcing associated with EP El Niño shifts

the ascending branch of the Walker circulation eastward and

suppresses the convection over the Maritime Continent and

the southeastern tropical Indian Ocean, resulting in strong

positive OLR anomalies there (Wang et al. 2003).

In comparison, the CP El Niño is characterized by maximum

positive SST anomalies in the central equatorial Pacific (Fig. 2e).

The magnitudes of these positive SST anomalies are much

smaller than that of EP El Niño. In addition, only a weak

positive phase of IOD appears in the tropical Indian Ocean. In

the six selected CP El Niño, only two events co-occur with the

positive phase of IOD (i.e., the 1994/95 and 2018/19 CP El

Niño; Table 1). At the upper level, the anomalous divergence is

centered in the central tropical Pacific, with 208–308 of

FIG. 3. Composite of (a),(e) NOAA sea surface temperature anomalies (SSTA; unit: 8C) and (b),(f) NOAA

outgoing longwave radiation (OLR) anomalies (unit: Wm22), together with the divergent wind (vectors; unit:

m s21) and velocity potential (contours; unit: 106 m2 s21; interval: 0.25 3 106m2 s21) at (c),(g) 300 and (d),(h)

850 hPa, which are calculated by using ERA5, for (left) EP and (right) CP El Niño events. Positive OLR anomaly

indicates downward. Red solid, black solid, and blue dashed lines for velocity potential indicate the positive, zero,

and negative anomalies, respectively. The dark green stippled areas (and light gray shading) and black stippled

areas (and dark gray shading) indicate that the results are statistically significant at the 90% and 95% confidence

levels, respectively.
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westward shifting compared with that associated with EP El

Niño (Fig. 3g). As a result, the anomalous positive convection

induced by the warm SST anomalies is mainly confined to the

central Pacific. Similar to EP El Niño, an anomalous sinking

also appears over the Maritime Continent (Figs. 3f–h). Both

the anomalous positive and negative convection anomalies

associated with CP El Niño are much weaker than those as-

sociated with EP type. This indicates that, in addition to the

tropical Pacific variability, the IOD might be another key

factor contributing to the different spatial distributions of SIC

anomalies in the West Antarctic between the two types of

El Niño.
Previous studies have shown that the warm SST anomalies in

the tropical Pacific associated with El Niño, even the

descending anomalies in the regions across the southeastern

tropical Indian Ocean and Maritime Continent and South

Pacific convergence zone (SPCZ), can act as effective Rossby

wave sources that excite Rossby wave trains at the upper tro-

posphere in both the Southern andNorthernHemispheres, and

therefore transport the effects of tropical variability into higher

latitudes (e.g., Karoly and Hoskins 1983; Wang et al. 2003;

Clem and Renwick 2015; Clem et al. 2019). The PSA pattern

is a part of the Rossby wave train in the Southern Hemisphere.

In EP El Niño, the distributions of 300-hPa geopotential height

anomalies are characterized by a PSA pattern emanating from the

southwestern subtropical Pacific and propagating southeastward

into the southeastern Pacific, with a positive (southwestern

tropical Pacific)–negative (far east of New Zealand)–positive

FIG. 4. Composite of (a),(e) 300-hPa geopotential height (HGT300) anomalies (contours; unit: m; interval: 10m),

(c),(g) zonal wind anomalies (shading; unit: m s21), and (d),(h) potential vorticity (PV) anomalies (shading; unit:

Km2 kg21 s21) for (left) EP and (right) CP El Niño events. All the variables are obtained from ERA5. The black

and green lines in (c) and (g) indicate the 30m s21 contours of climatological and composite raw zonal wind,

respectively. The dark green stippled areas (and light gray shadings) and black stippled areas (and dark gray

shadings) indicate that the results are statistically significant at the 90% and 95% confidence levels, respectively.

Red and blue boxes in (a) and (e) are as in Figs. 2a and 2e. (b),(f) The T-N wave activity flux (vectors; unit: m2 s22),

together with 300-hPa streamfunction (contours; interval: 106m s22). Red solid, black solid, and blue dashed lines

indicate the positive, zero, and negative anomalies, respectively.
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(Amundsen–Bellingshausen Seas) center structure (Fig. 4a).

This upper-level PSA pattern is a part of the Rossby wave train

and is equivalent barotropic in the Southern Hemisphere (Cai

et al. 2011).

As for CP El Niño, the 300-hPa geopotential height field

bears a resemblance to that in EP El Niño (Fig. 4e). However,

the PSA pattern is much weaker in amplitude and has a

westward shift compared with EP El Niño, especially for the

anomalous positive center in the eastern Ross–Amundsen

Seas. In EP El Niño, in addition to the PSA pattern in the

South Pacific, a Rossby wave train with a positive–negative–

positive–negative center structure, which emanates from the

equatorial Indian Ocean and propagates southeastward into

the ADP region, can also be found in the southeastern Indian

Ocean (Fig. 4a). This IOD-generated Rossby wave train finally

merges with the Rossby wave train that forced by EP El Niño
in the ADP region. However, no such Rossby wave train ap-

pears in the south Indian Ocean in CP El Niño (Fig. 4e).

To further examine the Rossby wave pathway, the hori-

zontal T-N wave activity fluxes associated with the two types of

El Niño are calculated based on Eqs. (1) and (2). From Fig. 4b,

it is clear that the tropical heat sources associated with EP El

Niño and IOD excite two branches of Rossby wave trains

that propagate southeastward, resulting in a positive and neg-

ative anomaly center at upper level over the eastern Ross–

Amundsen–Bellingshausen Seas and the Weddell Sea, respec-

tively. In comparison, only one Rossby wave train emanating

from the central tropical Pacific is observed in CP El Niño
(Fig. 4f), which results in a positive anomaly center in the eastern

Ross–Amundsen Seas, 208 west of that caused by EP El Niño.
This indicates that both EP El Niño and IOD can work together

to affect the sea ice in theWestAntarctic viaRossbywave trains.

Although a weak IOD occurs in CP El Niño, the tropical Indian
Ocean variability might not be strong enough to induce an

equivalent Rossby wave train propagating southeastward.

In a case of El Niño, locations of tropical heat sources play
an important role in modulating the location and pathway of

the Rossby wave train in the Southern Hemisphere (e.g.,

Ashok et al. 2007b; Hitchman and Rogal 2010). Positive SST

anomalies in the tropical Pacific can enhance tropical convec-

tion and themeridional equator-to-polar thermal gradient, and

thus strengthen and contract the Hadley cell in the South

Pacific (e.g., Yuan 2004). As a result, the subtropical jet in the

South Pacific is strengthened and shifted equatorward. In EP

El Niño, the center of tropical Pacific anomalous convection is

located in 1608–1208W (Figs. 3b–d). Accordingly, the sub-

tropical jet located to the east ofAustralia along 308S latitude is
strengthened and has an eastward extension comparedwith the

climatological subtropical jet (Fig. 4c). In addition, weak and

strong negative potential vorticity (PV) anomalies occur in the

north and south of the subtropical jet, respectively (Fig. 4d).

Such a gradient of PV anomalies along the subtropical jet to-

gether with the eastward extension of the subtropical jet pro-

vides favorable conditions for the Rossby wave generation and

southeastward propagation, which allows the Rossby wave to

pass through 308S latitude within 1608–1208W (Figs. 4a,b).

In CP El Niño, the anomalous tropical convection is only

confined in the western equatorial Pacific, 208–308 west of that

caused by EP El Niño (Figs. 3f–h). The corresponding sub-

tropical jet is relatively weak with its location shifts westward

by 208 in longitude (ends at 1008W) compared with EP El

Niño (Fig. 4g). Similar to EP El Niño, weak and strong neg-

ative PV anomalies occur in the north and south of the subtrop-

ical jet, respectively, with their locations shifting southwestward

(Fig. 4h). In particular, the strong negative PV anomalies are

centered in the southeast of New Zealand, which locate far

southwest of those associated with EP El Niño. Therefore, the
Rossby wave pathway generated by CPEl Niño has a westward
shift compared with EP El Niño, thus resulting in a westward

shifted anomalous positive center in the eastern Ross–Amundsen

Seas. This also indicates that the different longitudinal loca-

tions of the anomalous positive centers associated with two

types of El Niño in the West Antarctic can be attributed to the

different locations of the tropical heat sources. In addition to

the Pacific subtropical jet, a polar front jet centered near 508S,
can also be found in the south Indian Ocean (Figs. 4c,g). In EP

El Niño, the polar front jet extends eastward to 1508E, which
locates far east compared with CP El Niño (ends in 1208E).
This indicates that the eastward extension polar front jet as-

sociated with EP El Niño might provide a favorable condition

for the Rossby wave generated by IOD to propagate into the

South Pacific.

The above analysis suggests that the different distributions

of tropical heat sources between the two types of El Niño play

important roles in causing the different spatial distributions

of SIC anomalies in the West Antarctic. To further verify the

links between the tropics and Antarctic sea ice, the maximum

covariance analysis (MCA) is employed to capture the

dominant coupled modes between SST anomalies in the

tropical Indian and Pacific Oceans (158N–158S, 408E–708W)

and 300-hPa geopotential height anomalies in the Southern

Hemisphere (08–908S) during the period of 1982–2018. Results

derived from MCA consist of pairs of spatial modes and corre-

sponding time series, which represent covarying tropical SST

and geopotential height structures (e.g., Ding et al. 2011).

Similar to previous studies, MCA between these two fields is

achieved by performing singular value decomposition on the

temporal covariance matrix (e.g., Bretherton et al. 1992; Ding

et al. 2011; Okumura et al. 2012). After decomposing, the geo-

potential height modes can be physically interpreted as the re-

sponse to the associated tropical SST modes (Ding et al. 2012).

As shown in Fig. 5, the first MCA mode (mode 1) explains

75.6% of the total covariance. The tropical SST mode appears

as a zonal tripole pattern with positive SST anomalies over the

western Indian Ocean and the central and eastern tropical

Pacific and negative SST anomalies over the southeastern

tropical Indian Ocean and Maritime Continent and western

equatorial Pacific, bearing a resemblance to the distribution of

composite SST anomalies associated with EPEl Niño (Fig. 5a).
Similar to the composite geopotential height pattern, the cor-

responding geopotential height mode is dominated by a

structure of two wave trains in the Southern Hemisphere: one

from the southwestern subtropical Pacific and one from the

eastern equatorial Indian Ocean (Fig. 5a). Both the wave

trains propagate southeastward and culminate to produce a

positive and a negative anomaly center over the eastern Ross–
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Amundsen–Bellingshausen Seas and the Weddell Sea, re-

spectively. This geopotential height mode closely resembles

the distribution of composite geopotential height anomalies

associated with EP El Niño. In addition, the spatial pattern of

correlations between the time series of the tropical SST mode

(red line in Fig. 5b) and 300-hP geopotential height anomalies

agrees well with both the geopotential height mode obtained

from MCA and the distribution of composite geopotential

height anomalies (Figs. 4a, 5a, and 6a). This indicates that the

anomalous circulation in the Southern Hemisphere can be at-

tributed to the tropical forcing. The high correlation (r5 0.92)

between the two time series associated with mode 1 can also

verify the links between the tropical SST anomalies and anom-

alous atmospheric circulation in the Southern Hemisphere

(Fig. 5b). It is worth noting that the time series of the tropical

SST mode show significant negative and positive correlations

with SIC anomalies over the eastern Ross–Amundsen Seas and

the Bellingshausen–Weddell Seas, respectively, which are con-

sistent with the composite analysis (Fig. 6c). This further con-

firms that both EP El Niño and IOD can work together to

influence the sea ice through Rossby wave trains.

The second MCAmode (mode 2) explains 9.9% of the total

covariance. In contrast with mode 1, the strongest signal in the

tropical SST mode is a warming in the central tropical Pacific,

with the corresponding geopotential height mode displaying a

poleward-arching wave train structure in the South Pacific

(Fig. 5c). No obvious wave train can be found in the south

IndianOcean. Similar to the composite analysis, the wave train

structure in the South Pacific is much weaker in amplitude and

has a westward shift compared with that associated with mode

1. As a result, a relative weak positive anomaly center occurs in

the eastern Ross–Amundsen Seas with its location shift

westward by 208 in longitude. The spatial pattern of correla-

tions between the time series of the tropical SST mode (red

line in Fig. 5d) and 300-hPa geopotential height anomalies

bears a resemblance to both the geopotential height mode

and the pattern of composite geopotential height anoma-

lies (Figs. 4e, 5c, and 6d). In addition, significant positive

correlations between this time series and SIC anomalies

can be observed in the Bellingshausen Sea, which agree

well with the composite result (Fig. 6f). However, in ad-

dition to these positive correlations, the time series is also

significantly negatively correlated with the SIC anomalies

in the western Ross Sea and positively correlated with

those in the Weddell Sea, where significant and insignifi-

cant positive SIC anomalies, respectively, can be seen in

the composite analysis. Despite the difference between the

MCA and composite analysis, the mode 2 overall can also

verify the impacts of CP El Niño on the Antarctic sea ice,

especially the westward shift of the Rossby wave train.

Considering the fact that no two El Niño events as well as

their impacts are exactly alike due to the diversity and com-

plexity of ENSO (e.g., Timmermann et al. 2018; Okumura

2019). We also examine the uncertainties of the composite

analysis which might be caused by individual El Niño events

(figure not shown). As for EP El Niño, 1982/83, 1997/98, and
2015/16 El Niños are the three strongest events. Therefore, the
amplitudes and domains of positive SST anomalies in the

tropical Pacific associated with these three events are much

larger than those associated with 1991/92 and 2006/07 El Niño.
The 1997/98 and 2006/07 El Niños are accompanied by rela-

tively strong positive phase of IOD compared with the other

three events. In the West Antarctic, the intensities of negative

SIC anomalies in the eastern Ross–Amundsen Seas (i.e., the

FIG. 5. (a),(c) Patterns and (b),(d) time series associated with the first and second modes (modes 1 and 2) ob-

tained from the maximum covariance analysis (MCA) of detrended SST in the tropical Indian and Pacific Oceans

(158N–158S, 408E–708W; shading) and 300-hPa geopotential height anomalies in the Southern Hemisphere

(08–908S; contours; interval: 0.1) during austral spring for the period of 1982–2018. In (a) and (b), black solid and

dashed lines indicate the positive and negative anomalies, respectively. Red and blue boxes are same as in Figs. 2a

and 2e. The values in the top-right corner in (a) and (c) are the explained variances of mode 1 and mode 2,

respectively, and in (b) and (d) are the correlation coefficients between the two time series.
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west pole of the SIC dipole pattern) associated with the 1982/83,

1997/98, and 2006/07 ElNiños are stronger than those associated
with the other two events. In the Bellingshausen–Weddell Seas

(i.e., the east pole of the SIC dipole pattern), the intensities of

positive SIC anomalies associatedwith the 1991/98, 1997/98, and

2015/16 El Niños are stronger than those associated with the

other two events, especially for 2015/16 El Niño in which the

positive SIC anomalies are strongest. Besides, the impacts of in-

dividual EPElNiño events are characterized by large uncertainties
outside the West Antarctic. For examples, strong positive SIC

anomalies occur in the western Pacific sector during the 1982/83,

2006/07, and 2015/16 El Niños, whereas only weak negative and

weak positive SIC anomalies occur during 1991/92 and 1997/98 El

Niños, respectively. In addition, strong positive SIC anomalies

occur in the Indian Ocean sector during 2006/07 El Niño, whereas
no obvious or only weak negative SIC anomalies occur during the

other four events. The above analysis indicates that the distribu-

tions of the tropical SSTanomalies associatedwith the five selected

EP El Niño are similar. Although these EP El Niño events behave
with small differences in amplitudes and areas of SST anomalies,

they have similar impacts on the sea ice in the West Antarctic.

As for CP El Niño, the positive SST anomalies are centered

near the international date line in 1994/95, 2002/03, 2004/05,

and 2009/10 El Niño. In 2002/03 El Niño, the intensities of SST
anomalies are the strongest. In comparison, in 2014/15 and

2018/19 El Niño the entire equatorial region is dominated by

weak positive SST anomalies. Besides, no obvious IOD events

can be found in the Indian Ocean except the 1994/95 and

2018/19 El Niños, which co-occurred with weak positive phase

of the IOD. In theWest Antarctic, all the selected six CP El Niño
events can cause positive SIC anomalies in the Bellingshausen

Sea but with different amplitudes. The positive SIC anomalies

associated with the 2004/05 El Niño are relatively small com-

pared with the other five events. Different impacts can be ob-

served in other regions. For instance, almost entire Antarctic is

dominated by positive SIC anomalies in the 2009/10, 2014/15,

and 2018/19ElNiños, while in other events only several parts are
characterized by positive anomalies. The above indicates that

CP El Niños have similar impacts on the SIC anomalies in the

Bellingshausen Sea. Overall, all the five selected EP El Niño or

six selected CP El Niños have similar impacts on the SIC

anomalies in the West Antarctic in spite of the differences in

amplitude of these SIC anomalies. This can also be verified by

the significate test of composite analysis passing 90% or 95%

confidence levels, and thus further confirms that the composite

results are robust.

FIG. 6. Correlations between the time series of SST mode (red lines in Figs. 5b,d) associated with the MCA

(left) mode 1 and (right) mode 2 and (a),(d) 300-hPa geopotential height anomalies (contour; interval: 0.2),

(b),(e) sea level pressure (SLP) anomalies (contour; interval: 0.1), and (c),(f) SIC anomalies. SLP and geo-

potential height fields are obtained from ERA5, and SIC is obtained from the Hadley Centre. Red solid, black

solid, and blue dashed lines indicate the positive, zero, and negative anomalies, respectively. The dark green

stippled areas (and light gray shading) and black stippled areas (and dark gray shading) indicate that the

results are statistically significant at the 90% and 95% confidence levels, respectively. Red and blue boxes are

as in Figs. 2a and 2e.
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4. Possible mechanism

Previous studies have shown that anomalous wind associ-

ated with the atmospheric circulation plays important roles in

affecting the distribution of sea ice (e.g., Wassermann et al.

2006; Holland and Kwok 2012). First, the wind-driven sea ice

drift effect (i.e., atmospheric dynamic effects) modulates the

sea ice motion and thus leads to the sea ice growth or melting

(e.g., Ding et al. 2011; Holland and Kwok 2012; Wang et al.

2019b). Second, the anomalous wind can affect sea ice via the

horizontal heat advection (i.e., the atmospheric thermal ef-

fects; Turner et al. 2017). Both cold air in the Antarctic and

warmer air or SST in the lower latitudes can be advected into

the ADP region by the anomalous wind (Naveira Garabato

et al. 2016; Pellichero et al. 2018; Vernet et al. 2019).

In EP El Niño, the tropical heat sources associated with EP

El Niño and IOD excited two branches of Rossby wave trains

that propagated southeastward, acting as weakening the ASL

and resulting in a positive and negative SLP anomaly center

(i.e., the anomalous anticyclone and cyclone, respectively)

over the eastern Ross–Amundsen–Bellingshausen Seas and

Weddell Sea, respectively (Fig. 7a). Strong northerly and

southerly wind anomalies appear to the west and east of the

anomalous anticyclone, respectively, where significant nega-

tive and positive SIC anomalies can be observed (Figs. 2a and

7b). In comparison, the CP El Niño only causes a relative weak

anticyclone anomaly in the eastern Ross–Amundsen Seas, with

208 of westward shifting compared with that caused by EP El

Niño (Fig. 7d). The result is consistent with the previous study

(Clem et al. 2017), which suggested that SST anomalies cen-

tered in the tropical Pacific can force a westward shifted cir-

culation anomaly in the South Pacific compared to the SST

anomalies located in the eastern tropical Pacific. Significant

southerly wind anomalies appear to the east of the anomalous

anticyclone in which positive SIC anomalies occur (Figs. 2e

and 7e). These indicate that the anomalous meridional wind

associated with the anomalous anticyclone is a key factor to

cause different impacts of EP El Niño and CP El Niño on the

SIC anomalies in the West Antarctic.

Figure 7 also shows the anomalous sea ice velocity associ-

ated with the two types of El Niño. In EP El Niño, strong
southerly wind anomalies appear to the east of the anomalous

anticyclone, providing a favorable condition for the offshore move-

ment of sea ice in the Bellingshausen–Weddell Seas (Fig. 7c). This

FIG. 7. Composite of (a),(d) SLP anomalies (interval: 1 hPa; unit: hPa), (b),(e) anomalous winds (vectors) to-

gether with wind speed anomalies (shading) at 10m (unit: m s21), and (c),(f) anomalous sea ice velocity (vectors)

together with its meridional component (shading; unit: cm s21) for (left) EP and (right) CP El Niño events. SLP and

wind fields are obtained from ERA5, and sea ice velocity is obtained fromORAS5. Red solid, black solid, and blue

dashed lines in (a) and (d) indicate the positive, zero, and negative anomalies, respectively. The dark green stippled

areas (and light gray shading) and black stippled areas (and dark gray shading) indicate that the results are sta-

tistically significant at the 90%and 95%confidence levels, respectively. Red and blue boxes are as in Figs. 2a and 2e.
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indicates that part of the increased sea ice in the Bellingshausen–

Weddell Seas can be attributed to the enhanced northward sea

ice drifts driven by the strong southerly wind anomalies. In

contrast, significant northerly wind anomalies occur to the west

of the anomalous anticyclone. These northerly wind anomalies

generate a very strong southward sea ice transport and thus

contribute to the sea ice loss in the eastern Ross–Amundsen

Seas. As for CP El Niño, anomalous southerly wind to the east

of the anomalous anticyclone plays an important role in

causing the positive SIC anomalies in the Bellingshausen Sea,

which similar to the role of the anomalous southerly wind

caused by EP El Niño in the Bellingshausen–Weddell Seas.

Therefore, the atmospheric dynamic effects play important

roles in causing the different distributions of sea ice in the two

types of El Niño via the wind-driven sea ice drift effect.

In addition to the atmospheric dynamic effects, the atmo-

spheric thermal effects could also modulate the sea ice in the

West Antarctic through the wind-induced horizontal heat ad-

vection. Figure 8 shows the temperature anomalies at 2m

(T2m) and at the surface (SST) together with the specific hu-

midity anomalies at 2m (qa) and at the surface (qs). In EP El

Niño, the distributions of both the temperature and specific

humidity anomalies are characterized by dipole structures in

the ADP region, with a positive anomaly center in the eastern

Ross–Amundsen Seas and a negative anomaly center in

Bellingshausen–Weddell Seas (Figs. 8a–d), which agree well

with the dipole distribution of SIC anomalies.

In the Pacific sector of theAntarctic (i.e., the west pole of the

SIC dipole pattern) during EP El Niño, warmer and wetter air

together with warmer SST appear in the lower latitudes of the

FIG. 8. Composite of (a),(e) temperature anomalies at 2m (Ta; unit: 8C), (b),(f) SST anomalies (Ts), and specific

humidity anomalies (unit: g kg21) at (c),(g) 2m (qa) and (d),(h) the surface (qs) for (left) EP and (right) CP El Niño
events. T2m and qs are obtained from ERA5, and qa is obtained from the NCEP–NCAR I. The dark green and

black stippled areas indicate that the results are statistically significant at the 90% and 95% confidence levels,

respectively. Red and blue boxes are as in Figs. 2a and 2e.
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South Pacific (Figs. 8a–d). These warmer anomalies play two

important roles in shaping the negative SIC anomalies in the

eastern Ross–Amundsen Seas. First, both the warmer air and

SST in lower latitudes can be advected into the eastern Ross–

Amundsen Seas by the strong northerly wind anomalies to the

west of the anomalous anticyclone, acting as melting sea ice

there. Second, the amplitudes of T2m and qa anomalies

(Figs. 8a,c) in the regions with negative SIC anomalies (i.e., the

area in the blue box) are greater than that of SST and qs

anomalies (Figs. 8b,c). This indicates that the warmer and

wetter air can also result in an increase in surface SH and

LH fluxes, respectively, in the eastern Ross–Amundsen Seas

(Figs. 9a,b). The increased surface SH and LH fluxes further

cause surface warming and thus result in negative SIC

anomalies. From Fig. 10, we can find that both the positive

surface SH and LH flux anomalies contribute to the sea

ice loss in the eastern Ross–Amundsen Seas, especially the

surface SH flux.

FIG. 9. Composite of surface (a),(f) sensible heat (SH) and (b),(g) latent heat (LH) flux anomalies, and (c),(h) net

longwave (LW) and (d),(i) net shortwave (SW) radiation flux anomalies, and (e),(j) total surface heat flux

anomalies for (left) EP and (right) CP El Niño events. All the surface heat fluxes are obtained from the ERA5

reanalysis. Total surface heat flux anomalies are equal to the sum of LH, SH, net LW, and net SW anomalies.

Positive anomalies indicate downward. Units areWm22. The dark green and black stippled areas indicate that the

results are statistically significant at the 90% and 95% confidence levels, respectively. Red and blue boxes are the

same as in Figs. 2a and 2e.
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In addition, the increased net SW radiation flux is another

important contributor in shaping the negative SIC anomalies,

which play a comparable role with that of the increased surface

SH flux (Figs. 9d and 10). In the eastern Ross–Amundsen Seas,

the induced warm SST anomalies also play an important role in

reducing the cloud covers in the lower and middle levels of

the troposphere (Wu and Kinter 2010). As shown in Fig. 11a,

significant negative cloud coves anomalies can be observed

in the region covered by negative SIC anomalies. As a re-

sult, this reduced cloudiness favors an increase in the net

SW radiation flux, and thus in turn strengthens the SST

warming. This indicates that the positive feedback between

SST, net SW radiation flux, and clouds also contributes to

the sea ice melting in the eastern Ross–Amundsen Seas

through the enhanced SST warming. In comparison, the

contribution of net LW radiation flux is small and negligible

(Figs. 9c and 10).

As for the Atlantic sector of the Antarctic (i.e., the east pole

of the SIC dipole pattern), the significant southerly wind

anomalies to the east of the anomalies anticyclone play opposite

roles compared with the northerly wind anomalies to the west.

Cold and dry advection to the east of the anomalous anticyclone

generates cold temperatures in the Bellingshausen–Weddell

Seas through the reduced surface SH and LH heat fluxes,

which leads to a positive SIC anomaly (Figs. 8a–d, 9a–e, and

10). In addition, the negative net SW radiation flux anomalies

contribute a large fraction to the total surface heat flux anomaly,

which acts to increase the SIC anomalies in the Bellingshausen–

Weddell Seas (Figs. 9d and 10). This is because that the

negative SST anomalies can lead to an increase in cloud

cover, which reduces the net SW and in turn strengthens the

SST cooling. As a consequence, sea ice is increased. However,

the role of net LW radiation flux is less important compared

with the other radiation flux heat fluxes (Figs. 9c and 10).

Therefore, the warm and wet (cold and dry) advection to the

west (east) of the anomalous anticyclone associated with EP

El Niño plays important roles in shaping the SIC dipole

pattern in the West Antarctic.

In CP El Niño, the anomalous convection in the tropical

Pacific has a westward shift compared with that caused by EP

El Niño. Consequently, the Rossby wave train forced by the

anomalous heating also shifts to the west, resulting in a

westward-shifted anomalous anticyclone in the eastern Ross–

Amundsen Seas (Fig. 7d), 208 west of that caused by EP El

Niño. As a result, unlike the dipole pattern of SIC anomalies

generated by EP El Niño, only positive SIC anomalies occur in

the Bellingshausen Sea (Fig. 2e). Anomalous southerly wind to

the east of the anomalous anticyclone centered in theAmundsen

Sea plays an important role in causing these positive SIC

anomalies (Fig. 7e), similar to the role of the anomalous

southerly wind caused by EP El Niño in the Bellingshausen–

Weddell Seas. Cold advection to the east of the anomalous an-

ticyclone yields negative temperature anomalies through the

reduced surface SH flux (Figs. 8e,f and 9f), which contributes to

the sea ice growth in the Bellingshausen Sea (Figs. 9j and 10). In

addition, significant positive cloud cover anomalies appear in the

Bellingshausen Sea due to the significant negative SST anoma-

lies (Fig. 11b). These increased cloud covers in turn cool the

ocean surface through the reduced net SW radiation flux, which

ultimately contribute to the positive SIC anomalies in the

Bellingshausen Sea (Figs. 9i and 10). In comparison, the surface

LH flux and net LW radiation flux contributions are minor

(Figs. 9g,h and 10). Therefore, the reduced surface SH flux and

net SW radiation flux are the two key factors for generating the

positive SIC anomalies in the Bellingshausen Sea.

FIG. 10. Contributions of SH (pink bars), LH (orange bars),

net LW (brown bars), and net SW (light blue bars) together with

the total surface heat flux (gray bars) to the distributions of SIC

anomalies associated with EP El Niño and CP El Niño. The
contributions are estimated by the averaged anomalies over the

blue (EP_west) and red (EP_east) boxes in Figs. 9a–e for EP El

Niño, and the red box (CP) in Figs. 9f–j for CP El Niño. Units

are Wm22.

FIG. 11. Composite of the sum of ERA5 medium and low cloud-cover anomalies for (a) EP and (b) CP El Niño
events. The dark green and black stippled areas indicate that the results are statistically significant at the 90% and

95% confidence levels, respectively. Red and blue boxes are as in Figs. 2a and 2e.
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5. Responses of atmospheric circulation to the
tropical heating

The above shows that both EP El Niño and CP El Niño can

affect the sea ice in the West Antarctic through Rossby wave

trains (Fig. 4). To verify the responses of atmospheric circu-

lation in the Southern Hemisphere to the anomalous tropical

heating associated with the two types of El Niño, a dry version
of the Princeton AGCM was used (Wang et al. 2003; Jiang

and Li 2005). We conducted six experiments with the AGCM

(Table 2). In the first and second experiments, the AGCM was

initiated with the anomalous heating associated with EP El

Niño and CP El Niño, respectively, in both the tropical Indian

Ocean and Pacific (208N–208S, 408E–808W); these experiments

are called Ex_EP and Ex_CP, respectively. Anomalous dia-

batic heating prescribed in the AGCM is based on the OLR

pattern during austral spring (Figs. 3b,f). The OLR anomalies

were scaled by the value of OLR anomaly with the maximum

amplitude within 208N–208S, 408E–808W during the two types

of El Niño (i.e., the maximum amplitude of diabatic heating is

1), as shown in Figs. 12a and 13a. No heating source (diabatic

heating 5 0) was prescribed in other regions. To estimate the

individual role of the tropical Indian Ocean and the tropical

Pacific, the third and fourth experiments were initiated with

the anomalous heating associated with EP El Niño in the

tropical Indian Ocean alone (208N–208S, 408–1208E; Ex_

EPInd), and the tropical Pacific alone (208N–208S, 1208E–808W;

Ex_EPPac), respectively (Figs. 12b,c and Table 2). The fifth and

sixth experiments are similar to the third and fourth experi-

ments, but initiated with the anomalous heating associated

with CP El Niño, and are called Ex_CPInd and Ex_CPPac, re-

spectively (Figs. 13b,c, and Table 2).

When initiated with the anomalous heating in both the

tropical Indian Ocean and Pacific, the atmospheric circulation

responses in the Ex_EP and Ex_CP experiments bear resem-

blances to the results obtained from the composite analysis,

especially in the Ex_EP experiment (Figs. 14a,d). This indi-

cates that the tropical heating is the primary factor forcing

the anomalous atmospheric circulations. In the Ex_EP

TABLE 2. Six experiments conducted with the dry version of the

Princeton AGCM.

Expt Initiated heating

Ex_EP Tropical IndianOcean and Pacific (208N–208S, 408E–
808W) of EP El Niño

Ex_EPInd Tropical IndianOcean alone (208N–208S, 408–1208E)
of EP El Niño

Ex_EPPac Tropical Pacific alone (208N–208S, 1208E–808W) of

EP El Niño
Ex_CP Tropical Indian Ocean and Pacific (208N–208S,

408E–808W) of CP El Niño
Ex_CPInd Tropical IndianOcean alone (208N–208S, 408–1208E)

of CP El Niño
Ex_CPPac Tropical Pacific alone (208N–208S, 1208E–808W) of

CP El Niño

FIG. 12. Responses of (d)–(f) 850-hPa wind field (unit: m s21) and (g)–(i) 850-hPa temperature (unit: 8C) to the (a)–(c) anomalous

diabatic heating associatedwith EPEl Niño in (top) both the tropical IndianOcean and Pacific (208N–208S, 408E–808W;Ex_EP), (middle)

the tropical Indian Ocean alone (208N–208S, 408–1208E; Ex_EPInd), and (bottom) the tropical Pacific alone (208N–208S, 1208E–808W;

Ex_EPPac). The shading in (a)–(c) indicates the initiated anomalous diabatic heating associated with EP El Niño, and in (d)–(f) denotes

850-hPameridional wind anomalies. Anomalous diabatic heating is calculated based on theOLRpattern during austral spring (Figs. 3b,f).

The OLR anomalies are scaled by the value of OLR anomaly with maximum amplitude within 208N–208S, 408E–808W during the two

types of El Niño, i.e., the maximum amplitude of diabatic heating is 1. No heating source (diabatic heating 5 0) is prescribed in other

regions. These three experiments are conducted with the dry version of the Princeton AGCM. Red and blue boxes are as in Fig. 2a.
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experiment, the diabatic heating associated with positive phase

of IOD and EP El Niño excites two branches of Rossby wave

trains at 300 hPa that propagate southeastward, resulting in an

anomalous anticyclone at lower level in the eastern Ross–

Amundsen–Bellingshausen Seas (Figs. 12d and 14a). As a re-

sult, strong northerly and southerly wind anomalies occur

to the west and east of the anomalous anticyclone, re-

spectively (Fig. 12d). Therefore, warm and cold advection

to the west and east of the anomalous anticyclone generate

positive and negative temperature anomalies in the east-

ern Ross–Amundsen Seas and Bellingshausen–Weddell

Seas, resulting in a sea ice loss and growth, respectively

(Figs. 12d,g). This indicates the both the IOD and EP El

Niño can work together to cause the SIC dipole pattern in

the West Antarctic.

In the Ex_EPInd experiment initiated with the anomalous

heating in the tropical Indian Ocean alone, a wave train–like

structure in the 300-hPa geopotential height responses, which

emanates from the tropical Indian Ocean and dissipates in the

eastern Ross–Amundsen Seas, can be observed (Fig. 14b).

Although no evident responses of the wind field and tem-

perature were observed in the ADP region (Figs. 12e,h), this

IOD-induced Rossby wave train can generate less positive

geopotential height anomalies in the eastern Ross–Amundsen

Seas (Fig. 14b), which might contribute to the occurrence of

the anomalous anticyclone (Fig. 4a). When initiated with the

tropical Pacific heating (i.e., the Ex_EPPac experiment), an

evident Rossby wave train that extends from the central

tropical Pacific to the ADP region can be observed (Fig. 14c).

This indicates that EP El Niño plays a more important role in

generating the dipole structure in SIC anomalies compared

with the positive phase of the IOD. Besides, a clear Rossby

wave train emanating from the eastern tropical Indian Ocean

and propagating southward was captured, indicating that the

EP El Niño can first affect the tropical Indian Ocean and then

influence the Antarctic sea ice. In other words, the effects of

the IOD on the SH are strengthened by EP El Niño, in

agreement with previous studies showing that the Rossby wave

train can reach to the Bellingshausen Sea, even to the South

Atlantic, if the ENSO and IOD events coexist (Cai et al. 2011;

Chan et al. 2008). This is because that the tropical Pacific and

the tropical Indian Ocean can be connected via the Walker

circulation (e.g., Li et al. 2003; Cai et al. 2019). The positive

SST anomalies in the tropical Pacific shift the Walker circula-

tion eastward and suppress convection over the southeastern

tropical IndianOcean and theMaritime Continent. As a result,

the positiveOLR anomalies in theMaritime Continent and the

southeastern tropical Indian Ocean are strengthened, which

further strengthen theRossby source associated with IOD. The

above shows that both the IOD and EP El Niño can help to

generate the anomalous anticyclone in the eastern Ross–

Amundsen Seas by exciting Rossby wave trains, but that EP El

Niño plays the dominant role.

As for CP El Niño, no evident difference in responses can be

found between the Ex_CP and Ex_CPPac experiments, although

they are initiated with different anomalous heating (Figs. 14d,f).

Both the Ex_CP and Ex_CPPac experiments reproduced the

strong southerly wind anomalies and negative temperature

anomalies in the Bellingshausen Sea (Figs. 13d,f,g,i), which re-

sult in positive SIC anomalies there. However, in the Ex_CPInd

experiment, only a very weak Rossby wave train is forced by the

anomalous heating in the tropical IndianOcean alone (Fig. 14e).

This Rossby wave train wasmuchweaker than that generated by

the IOD associated with EP El Niño (Figs. 14b). In addition, no

response was found in the Bellingshausen Sea (Figs. 13e,h). This

further verifies that theweakpositive IODassociatedwithCPEl

FIG. 13. As in Fig. 12, but for CP El Niño. The three experiments are initiated with the anomalous heating associated with CPEl Niño in
(top) both the tropical IndianOcean and Pacific (Ex_CP), (middle) the tropical IndianOcean alone (Ex_CPInd), and (bottom) the tropical

Pacific alone (Ex_CPPac). Red boxes are as in Fig. 2e.
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Niño has no significant impact on generating positive SIC

anomalies in the Bellingshausen Sea.

6. Conclusions

In this study, we found that theCPElNiño andEPElNiñohave
distinctive impacts on the spatial distributions of SIC anomalies in

theAntarctic during austral spring. TheEPElNiño caused a dipole
distribution of SIC anomalies in the West Antarctic, with negative

SIC anomalies in the eastern Ross–Amundsen Seas and positive

SIC anomalies in the Bellingshausen–Weddell Seas, which is re-

ferred to as the Antarctic dipole (ADP) (Yuan and Martinson

2001). In comparison, the CP El Niño only generated a positive
SIC anomaly center in the Bellingshausen Sea. The physical

mechanism responsible for such different impacts between

the two types of El Niño was investigated through observa-

tional data analysis and idealized modeling experiments.

For EP El Niño, all the five selected events co-occurred

with a strong positive phase of the IOD. The diabatic heating

associated with the positive phase of the IOD and EP El Niño
excited two branches of Rossby wave trains that emanated

from the tropical Indian Ocean and central tropical Pacific,

respectively, and both propagated southeastward. These two

Rossby wave trains combined in the South Pacific, resulting in

an anomalous anticyclone and an anomalous cyclone over the

eastern Ross–Amundsen–Bellingshausen Seas and the Weddell

Sea, respectively (Fig. 7a).

As a result, anomalous northerly and southerly wind to the

west and east of the anomalous provide favorable conditions

for the poleward and offshore movements of sea ice, respec-

tively, which act as decreasing and increasing the sea ice in

the eastern Ross–Amundsen Seas and the Bellingshausen–

Weddell Seas. In addition to the wind-driven sea ice drift ef-

fect, the atmospheric thermal effects also play important roles.

In the west pole of the SIC dipole pattern, warmer and wetter

air together with warmer SST in the lower latitudes of the

South Pacific are advected into the eastern Ross–Amundsen

Seas by the strong northerly wind anomalies to the west of the

anomalous anticyclone, causing increases in surface SH and

LHfluxes, which acted asmelting the sea ice due to the induced

surface warming. In addition, the enhanced SST warming also

caused a reduction in cloud covers, which in turn strengthened

the SST warming via increasing the net SW radiation flux and

thus contributed to sea ice melting. In contrast, the significant

southerly wind anomalies to the east of the anticyclone played

an opposite role. Cold and dry advection to the east of the

anomalous anticyclone generated surface cooling in the

Bellingshausen–Weddell Seas through the reduced surface

SH and LH fluxes and net SW radiation flux, which resulted

in positive SIC anomalies. Therefore, the strong northerly

FIG. 14. Responses of 300-hPa geopotential height (contours; unit: m; interval: 10m) to the anomalous heating

associated with EP El Niño in (a) both the tropical Indian Ocean and Pacific, (b) the tropical Indian Ocean alone,

and (c) the tropical Pacific alone. (d)–(f) As in (a)–(c), but for the responses associated with CP El Niño. To aid

comparison, the composite 300-hPa geopotential height anomalies associated with EP El Niño (Fig. 4a) and CP El

Niño (Fig. 4e) are shown again in (a)–(c) and (d)–(f), respectively, with shading (interval: 10m) rather than con-

tours. Red and blue boxes are as in Figs. 2a and 2e.
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and southerly wind anomalies to the west and east of the

anomalous anticyclone caused by EP El Niño play impor-

tant roles in shaping the dipole pattern in SIC anomalies in

the West Antarctic.

In CP El Niño, the anomalous heating to the west of the

international date line in the tropical Pacific excited a Rossby

wave train that propagated southeastward. Unlike EP El Niño,
no Rossby wave train was generated by the weak positive

phase of IOD. Therefore, the weak IOD co-occurred with

CP El Niño had no impact on the SIC in the West Antarctic.

Similar to EP El Niño, the Rossby wave train generated by the

anomalous heating in tropical Pacific also caused an anomalous

anticyclone in the eastern Ross–Amundsen Seas, 208 west of
that caused by EP El Niño (Fig. 7d). Anomalous southerly

wind to the east of the anomalous anticyclone played an im-

portant role in causing the positive SIC anomalies in the

Bellingshausen Sea. Part of the increased sea ice can be at-

tributed to the wind-driven sea ice drift effect, as southerly

anomalies in the region would provide a favorable condition

for the offshore movement of sea ice in the Bellingshausen Sea.

In addition, the reduced surface SH flux, especially the reduced

net SW radiation flux, also contributed to the positive SIC

anomalies through the induced surface cooling.

The different longitudinal locations of the anomalous anti-

cyclone associated with two types of El Niño in the West

Antarctic can be attributed to the different locations of tropical

heating sources. In EP El Niño, the anomalous convection

occurred in the western Pacific, leading to a strengthened and

eastward-extended subtropical jet along 308S latitude. Weak

and strong negative PV anomalies occurred in the north and

south of the subtropical jet, respectively. Such gradient of PV

anomalies together with the eastward-extended subtropical jet

provide favorable conditions for the Rossby wave to pass

through the 308S latitude within 1608–1208W. In comparison,

the anomalous tropical convection associated with CP El Niño
has a westward shift, 208–308west of that associated with EP El

Niño. The corresponding subtropical jet is relatively weak

with its location shifts westward by 208 in longitude compared

with EP El Niño. Therefore, the Rossby wave pathway gen-

erated by CP El Niño has a westward shift, resulting in a

westward shifted anomalous anticyclone in the eastern Ross–

Amundsen Seas.

To further prove the robustness of the composite results, the

MCA was employed to capture the dominant coupled modes

between the tropical SST anomalies and 300-hPa geopotential

height anomalies in the Southern Hemisphere. The first and

second MCAmodes can well capture the coupled tropical SST

anomalies and geopotential height anomalies in the Southern

Hemisphere associated with EP El Niño and CP El Niño, re-
spectively. In addition, we also calculated correlations between

the time series of the tropical SST modes obtained from MCA

and SIC anomalies, geopotential height anomalies, SLP anom-

alies, temperature anomalies, specific humidity anomalies, sur-

face heat fluxes, and clouds (parts of them are shown in Fig. 6).

The special distributions of these correlations agreewell with the

composite analysis and thus confirm that the composite analysis

is robust, although different characteristics exist between indi-

vidual El Niño events.

In addition, a dry version of the Princeton AGCM was used

to verify the links between the two types of El Niño and the SIC
in the West Antarctic. The responses of atmospheric circula-

tion in the Southern Hemisphere to the anomalous heating

associated with the two types of El Niño bore resemblances to

the observed results. When the observed anomalous heating

associatedwithEPElNiño and IODwas specified, two branches

ofRossbywave trains emanating from the tropical IndianOcean

and Pacific, respectively, and propagating southeastward

were observed. This indicates that IOD and EP El Niño
can work together to cause an anomalous anticyclone in the

eastern Ross–Amundsen–Bellingshausen Seas through Rossby

wave trains. Furthermore, we also estimated the individual roles

of the tropical IndianOcean and Pacific. The EP El Niño played
the dominant role in shaping the dipole pattern in SIC anomalies

in the West Antarctic. Although no obvious responses of the

wind fields and temperatures to the anomalous heating in the

tropical Indian Ocean alone can be found, the IOD-induced

Rossby wave train can still generate less positive geopotential

height anomalies in the eastern Ross–Amundsen Seas, which

contributed to the occurrence of the anomalous anticyclone.

Besides, the results also showed that the EP El Niño can first

affect the tropical Indian Ocean, and then influence the

Antarctic sea ice. In other words, the effects of IOD on the

SHwas strengthened by EPEl Niño. In CP El Niño condition,
the anomalous heating in tropics only forced a relative weak

Rossby wave train emanating from the tropical Pacific, com-

pared with EP El Niño. No responses of wind fields or tempera-

tures in the West Antarctic to the anomalous heating associated

with the weak positive phase of IOD can be observed. This fur-

ther verifies that the positive SIC anomalies in the Bellingshausen

Sea were caused by CP El Niño through the Rossby wave train,

rather than the weak IOD. Note that the numerical experiments

conducted in this study did not perfectly reproduce the composite

analysis. For example, the simulated wave train patterns shift

westward compared with the composite analysis, especially for

the simulated Rossby wave trains in Ex_EPInd and Ex_CPInd.

Why the simulations have westward shifts in the Southern

Hemisphere is not resolved and remains for further research.

However, to a large extent, these experiments do support the

conclusion that the tropical heating sources associated with EPEl

Niño and IODcan excite two branches of Rossbywave trains and

those associated with CP El Niño excite only one Rossby wave

train. In addition, the longitudinal shifting of the Rossby wave

trains and anomalous anticyclone can be well captured by

the AGCM.

In the study, there are three main reasons that why we focus

on the impacts of CP El Niño and EP El Niño on the Antarctic

sea ice in austral spring, rather than in other seasons. First of

all, IOD tends to peak in austral spring and exhibits different

features in CPEl Niño and EPEl Niño. However, the potential

impact of IOD on the sea ice during EP El Niño and CP El

Niño is unclear. In this study, we found that the positive phase

of IOD also played an important role in contributing to the

occurrence of the dipole distribution of sea ice anomalies

during EP El Niño, whereas no impact was observed during CP

El Niño. This is the novelty of our study. Second, the SIC

anomalies in the West Antarctic are characterized by higher
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variability in austral spring than in other seasons. Third, the

impacts of El Niño on the atmospheric circulation in the

Southern Hemisphere and specifically on the Antarctic sea ice

are the strongest in austral spring (e.g., Jin and Kirtman 2009;

Song et al. 2011; Yuan et al. 2018). Besides, the impacts of the

two types of El Niño in other three seasons have been well

documented in several previous studies (e.g., Ding et al. 2011;

Song et al. 2011; Wilson et al. 2014; Ciasto et al. 2015) and

therefore would not be extended in the present study.
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