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ABSTRACT: El Niño–Southern Oscillation (ENSO) has a huge influence on Antarctic climate variability via Rossby
wave trains. In this study, the asymmetry of the ENSO teleconnection in the Southern Hemisphere, together with the
mechanisms involved, is systematically investigated. In four reanalysis datasets, the composite atmospheric circulation
anomaly in austral winter over the Amundsen Sea during La Niña is situated more to the west than during El Niño. This
asymmetric feature is reproduced by ECHAM5.3.2 forced with both composite and idealized symmetric sea surface tem-
perature anomalies. Utilizing a linear baroclinic model, we find that ENSO-triggered circulation anomalies in the subtrop-
ics can readily extract kinetic energy from the climatological mean flow and develop efficiently at the exit of the
subtropical jet stream (STJ). The discrepancy in the location of the STJ between El Niño and La Niña causes asymmetric
circulation responses by affecting the energy conversion. During El Niño years, anomalous tropical convective precipitation
increases the meridional temperature gradient, which in turn leads to the strengthening of the STJ and the eastward movement
of the jet core and jet exit in the Pacific. With the movement of the STJ exit, the wave train tends to develop over the eastern
region. The opposite is the case during La Niña when the westward shift of the jet exit favors the development of the wave
train in the western region. Our findings expand the current understanding regarding ENSO teleconnection.

KEYWORDS: Rossby waves; Southern Hemisphere; Kinetic energy; Atmosphere-ocean interaction; ENSO; Asymmetry

1. Introduction

El Niño–Southern Oscillation (ENSO) is the dominant interan-
nual air–sea coupling mode in the tropical Pacific. Its climatic
impacts are not limited to the tropical Pacific, but also reach other
tropical and extratropical regions, thereby impacting global cli-
mate variability (Hoerling et al. 1997; Trenberth et al. 1998; Gong
et al. 2015; Tao et al. 2015; Xie et al. 2016; Jiang et al. 2017; Hu
et al. 2017; Gong et al. 2018; Tao et al. 2018; Liu et al. 2019; Cai
et al. 2019). ENSO modulates the extratropical climate through
both zonally symmetric and asymmetric pathways. During El
Niño years, the equatorial central-eastern Pacific warms, and the
angular momentum delivered from the equator to the subtropics
increases. Correspondingly, the Hadley cell (HC) strengthens and
contracts with the equatorward shift and intensification of the sub-
tropical jet stream (STJ; Rind et al. 2001; Robinson 2002; Lu et al.
2008). The opposite is the case with La Niña. Apart from the
direct thermal response, ENSO also has an effect on the propaga-
tion and intensity of transient eddies, which induce poleward
energy transport in the midlatitudes, leading to a zonally symmet-
ric response as well (Seager et al. 2003; Lau et al. 2005). Many pre-
vious works have connected ENSO to the southern annular mode
via the above mechanism (Seager et al. 2003; L’Heureux and
Thompson 2006; Fogt et al. 2011).

Moreover, ENSO is capable of regulating the extratropical
climate by zonally asymmetric stationary waves (Trenberth
et al. 1998; Held et al. 2002; Liu and Alexander 2007). Anom-
alous tropical sea surface temperatures (SSTs) excite station-
ary Rossby wave trains that extend to extratropical regions
(Held and Kang 1987). In the Northern Hemisphere, ENSO
excites the Pacific–North America (PNA) teleconnection pat-
tern, which manifests as a wave train structure from the tropi-
cal Pacific to North America, modulates the intensity of the
Aleutian low and the high pressure center in western Canada,
and favors extreme weather events over the southern United
States (Hoerling et al. 1997). Likewise, an ENSO-related
Pacific–South America (PSA) wave train is observed in the
Southern Hemisphere (Karoly 1989; Mo and Higgins 1998;
Mo and Paegle 2001). Previous studies have presented two
PSA patterns in quadrature as being part of a propagating
wave that can be excited by anomalous tropical convection
(Mo and Higgins 1998; Mo and Paegle 2001).

The first PSA pattern is obtained from the second empirical
orthogonal function mode of sea level pressure (SLP) or
500-hPa geopotential height in the Southern Hemisphere (Mo
and Higgins 1998; Mo and Paegle 2001) and has a close rela-
tionship with ENSO (e.g., Schneider et al. 2012). The PSA
wave train features three alternating anomalous pressure cen-
ters in the extratropics, extending from New Zealand to South
America. The circulation anomalies of the wave train furtherCorresponding author: Gang Huang, hg@mail.iap.ac.cn
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influence the Amundsen Sea low, leading to a dipole pattern
of surface air temperature anomalies over the Antarctic Peninsula
and West Antarctica (Yuan and Martinson 2000; Yuan 2004;
Ding et al. 2011; Li et al. 2014; Li et al. 2015; Wang et al. 2020).
Previous studies have shown that the wave train is highly season-
ally dependent, being more pronounced and intense in austral
spring and winter than in summer (Jin and Kirtman 2009;
Schneider et al. 2012; Ding et al. 2012; Yiu and Maycock 2019).
According to Jin and Kirtman (2009), the PSA wave train’s sea-
sonal variation is primarily due to seasonal variation in the STJ,
which favors the formation of the Rossby wave source.

However, the spatial pattern of the PSA wave train excited
by ENSO seems to be nonstationary. Fogt and Bromwich
(2006) indicated that the PSA mode moved eastward by 208
longitude in the 1990s owing to the eastward shift of the tropical
convective position. In addition, Wilson et al. (2014, 2016) and
Ciasto et al. (2015) found that the different types of ENSO can
contribute to the wave shift. Specifically, Rossby waves excited
by central Pacific (CP)-type El Niño shift westward owing to the
westward movement of the tropical diabatic heating.

In this paper, the zonal asymmetry of the PSA wave train’s
response to different ENSO phases and the underlying mech-
anisms involved are further studied. The asymmetry has been
noted by a few previous studies (e.g., Hitchman and Rogal
2010) but has not been systematically investigated using mul-
tiple sets of reanalysis and model data. The tropical heating
regions are primarily regarded in previous studies as an
important factor contributing to the asymmetry (Hoerling
et al. 1997; Mo et al. 1998; Fogt and Bromwich 2006; Ciasto
et al. 2015). However, it remains unclear if other pathways
would lead to the zonal movement of the wave trains.

Simmons et al. (1983) demonstrated that the STJ plays an
important role in the development of the disturbance in the
subtropics via barotropic energy conversion. Subsequently, a
number of studies have further reported that the STJ exit
region might anchor the location of the tropical heating–ex-
cited wave train (e.g., Ting and Yu 1998). In this paper, we
investigate whether the asymmetry of the ENSO teleconnec-
tion is related to the STJ, and how the STJ leads to the asym-
metry from the perspective of energy conversion (Simmons
et al. 1983; Kosaka and Nakamura 2006; Hu et al. 2019). As
the present study mainly focuses on how the STJ modulates
the wave train, the austral winter season}when the STJ is
strongest and closest to the equator}is chosen. Similar results
are also identified in austral spring (figures not shown).

The rest of the paper is organized as follows. Section 2 introdu-
ces the data andmodels. Section 3 presents the observed asymmet-
ric ENSO-excited teleconnection waves, as well as those simulated
by atmospheric general circulation model (AGCM) experi-
ments. The mechanism that leads to the asymmetry is presented
in section 4. Section 5 provides a summary of our key findings.

2. Data and models

In this study, the monthly mean geopotential height data
are from the NCEP–DOE AMIP-II reanalysis (NCEP-2; res-
olution: 2.58 3 2.58; Kanamitsu et al. 2002) and ECMWF

interim reanalysis (ERA-Interim; resolution: ∼0.78 3 0.78;
Berrisford et al. 2011) from 1979 to 2015, and the ECMWF’s
first atmospheric reanalysis of the twentieth century (ERA-
20C; Poli et al. 2016) from 1920 to 2010. The global gridded
monthly SST datasets from the Hadley Centre Sea Ice and
Sea Surface Temperature (HadISST) dataset for the period
1920–2015 (Rayner et al. 2003) are also utilized. As we mainly
focus on the impact of ENSO on the PSA wave train in austral
winter, ENSO is measured by the June–August (JJA) mean
Niño-3.4 (58S–58N, 1708–1208W) SST index. For the reanalysis
datasets in the contemporary era (1979 to date), ENSO events
are identified following the criteria used by NCEP’s Climate Pre-
diction Center. For ERA-20C (1920–2010), an El Niño event is
defined as when the Niño-3.4 index is greater than one standard
deviation of the SST anomalies, and a La Niña event as when
the index is less than one standard deviation. Composite analysis
and Pearson correlation coefficients are used in the study, and
the statistical significance is evaluated by the two-tailed Stu-
dent’s t test and bootstrap testing with 1000 resamplings.

The Max Planck Institute for Meteorology AGCM
(ECHAM5.3.2) is employed in this study, with triangular trunca-
tion at zonal wavenumber 63 (T63; equivalent to a horizontal res-
olution of 1.98) and 31 vertical levels. ECHAM5.3.2 has been
proven to perform well in the simulation of ENSO-related cli-
mate anomalies (e.g., Liu et al. 2018, 2019). A detailed descrip-
tion of the model can be found in Roeckner et al. (2003).

The linear baroclinic model (LBM) used in this study is based
upon primitive equations linearized over a given basic state. A
dry version of the LBM with a horizontal resolution of T42 and
20 sigma levels and schemes for horizontal and vertical diffusion,
Rayleigh friction, and Newtonian damping is utilized. More
details of the model are presented in Watanabe and Kimoto
(2000). To yield a stable atmospheric response to the heating
source, the model is integrated for 50 days, and averages from
20 to 50 days are adopted for investigation.

3. Asymmetric responses of El Niño and La Niña

a. Reanalysis

Figure 1a shows the composite JJA 200-hPa geopotential
height anomalies during El Niño years (1982, 1987, 1991,
1997, 2002, 2004, 2009, and 2015). A Rossby wave train–like
pattern can be observed over the southern Pacific. The wave
train propagates southward to the subtropics and then south-
eastward to the Antarctic Peninsula. The structure and path-
way are in good agreement with the PSA teleconnection pattern
proposed in many previous studies (Karoly 1989; Mo and Hig-
gins 1998; Mo and Paegle 2001). Similar to El Niño, the atmo-
spheric response in La Niña years (1985, 1988, 1998, 1999, 2000,
2007, 2010, and 2011) presents a PSA-like wave but for an almost
opposite phase (Fig. 1b). However, the location of geopotential
height anomalies around the Amundsen Sea and downstream
regions are not symmetrical between El Niño and La Niña years.
The anomalous center during El Niño is situated far to the east
relative to La Niña (Figs. 1a,b). Similar asymmetric features are
captured by using ERA-Interim and ERA5 data (figures not
shown), albeit with some discrepancies in the intensity of the
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geopotential height anomalies between ERA-Interim and
NCEP-2. When further analyzing the ERA-20C data from 1920
to 2010, more robust zonal-movement features can be identified
(Figs. 1c,d). The difference between the two composites is statis-
tically significant (p , 0.01) as tested by the bootstrap method,
suggesting the asymmetry is robust. Moreover, with the long-
term dataset, we find the shift of the wave train is not limited to
the high latitudes but emerges from the subtropics.

The asymmetric responses of the PSA pattern in turn cause
asymmetric climate patterns in Antarctica. Figure 2 shows the
composite SAT anomaly for both positive and negative phases
based on ERA-20C. During El Niño years, a dipole in SAT
anomalies exists between West Antarctica and the Antarctic Pen-
insula. Anomalous southerly winds advect cold air that cools the
peninsula, and anomalous northerly winds advect warm air that
warmsWest Antarctica. In contrast, during La Niña, the Antarctic
Peninsula experiences only a minor temperature change. The dif-
ference is mainly attributable to the westward shift of the anoma-
lous center in the Amundsen Sea during La Niña years.

b. AGCM solution
Utilizing ECHAM5.3.2, five sets of experiments with differ-

ent boundary conditions are designed to investigate the asym-
metric nature. The control run (CTL) is forced by the fixed
climatological boundary conditions, including the climatologi-
cal monthly SST and sea ice from 1980 to 2005. The other
four experiments are the El Niño composite SST experiment
(EN_composite), La Niña composite SST experiment
(LA_composite), El Niño idealized SST experiment (EN_id),
and La Niña idealized SST experiment (LA_id). The
EN_composite experiment is forced by the SSTs that add
monthly composite SST anomalies (Fig. 3a) for the selected
El Niño years to the climatological SST for every calendar
month. The same is the case for the LA_composite experi-
ment, except for being forced by La Niña composite SST
(Fig. 3b). EN_id and LA_id experiments are forced by posi-
tive and negative idealized symmetric SST anomalies (Fig. 4)
following Trascasa-Castro et al. (2019), which are imposed as
follows:

DT l,w( ) 5 a arctan
l 2 1808

6

( )
exp 2 0:03 w2

( )[ ]
, if 1808#l# 2858 and 2108#w# 108

0, otherwise
:

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩ (1)

FIG. 1. Composites of the JJA-mean 200-hPa geopotential height (colors; unit: m) during (a),(c) El Niño and
(b),(d) La Niña years, showing results for (left) NCEP-2 and (right) ERA-20C. The dots show where the composites
are significantly different from the climatology at the p, 0.01 confidence level based on a bootstrap test. The vertical
lines indicate the longitudes of the anomalous centers in the mid- and high latitudes in the Pacific and South Atlantic.
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The constant a in Eq. (1) is a scaling factor that controls
the intensity of the SST anomalies. In the EN_id run, a is set
to 1.15, yielding an El Niño–like pattern with the Niño-3.4
index equaling 1.5 K. In the LA_id run, meanwhile, the La
Niña–like pattern with the Niño-3.4 index equaling 21.5 K is
generated by setting a to 21.15. Although the SSTs are
imposed with an idealized function, they have a high degree
of similarity to the observed ENSO SST (Trascasa-Castro
et al. 2019; Yiu and Maycock 2019). Each experiment is inte-
grated for 21 years, with the final 20 years utilized for analysis.
Thus, each simulation is equivalent to a 20-member ensemble
run.

Figures 5a and 5b show the 200-hPa geopotential height
anomalies of EN_composite minus CTL and LA_composite
minus CTL, respectively. In response to El Niño SST anoma-
lies, there is a positive Gill pattern in the tropical Pacific and
an arch-like wave train from the central Pacific to the Antarc-
tic Peninsula and to the South Atlantic. The 200-hPa circula-
tion pattern in response to La Niña SST anomalies also
features an arch-like wave train from the central Pacific to the
South Atlantic, but shifts westward relative to the pattern
excited by El Niño. The result suggests that the AGCM
can capture the asymmetric response of the PSA pattern to

El Niño and La Niña SST anomalies. Nevertheless, the com-
posite SST anomalies vary in both distribution and intensity
(Fig. 3c); the intensity of El Niño events is 0.1–0.4 K larger
over the eastern Pacific relative to La Niña, leading to difficulties
in attribution. Several studies have shown that the different types

FIG. 2. Composites of JJA-mean SAT anomalies (colors; unit: 8C)
during (a) El Niño and (b) La Niña years in ERA-20C.

FIG. 3. Composite JJA SST (HadISST) anomalies during (a) El Niño
(1982, 1987, 1991, 1997, 2002, 2004, 2009, 2015) and (b) La Niña
(1985, 1988, 1998, 1999, 2000, 2007, 2010, 2011) years. (c) Sum of the
composite SST anomalies between El Niño and La Niña events. The
dots in (a) and (b) show where the SST is significantly different from
the climatology at the 5% confidence level, while the dots in (c) show
where the SST composites are significantly different between El Niño
and La Niña events at the 5% confidence level as tested by the boot-
strap method.

FIG. 4. The imposed (a) 1.5-K El Niño and (b)21.5-K La Niña per-
turbations in the EN_id and LA_id experiments, respectively.
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of ENSO spatial pattern (e.g., CP and eastern Pacific El Niño)
and intensity (e.g., moderate and extreme El Niño) result in
vastly different atmospheric responses (e.g., Ciasto et al. 2015;
Johnson and Kosaka 2016). Thus, we use EN_id and LA_id
experiments to determine whether the asymmetry results solely
from the phase change of the SST anomalies.

Figure 6 presents the 200-hPa geopotential height and SLP
anomalies for EN_id run minus CTL run and LA_id run
minus CTL run. Similar to the reanalysis data, the experi-
ments identify baroclinic Gill-like patterns in the tropics and
barotropic PSA-like teleconnections over the extratropics

(Fig. 6). The similarity between the simulated and observed
wave trains indicates that the ECHAM5.3.2 experiments
imposed by idealized SSTs are applicable to study the
observed atmospheric responses to ENSO in the Southern
Hemisphere.

Furthermore, the model results reproduce the asymmetric
atmospheric responses to El Niño and La Niña. In the EN_id
experiment, the subtropical Pacific geopotential height anom-
aly extends more to the east relative to the LA_id run
(Figs. 6a,b). In the downstream region, the anomaly distrib-
uted over the Amundsen Sea extends to the western flank of
the Antarctic Peninsula, which is far to the east compared
with that in the LA_id run (Figs. 6c,d). The eastward move-
ment of the atmospheric responses in the Amundsen Sea and
Atlantic sector in the EN_id run is consistent with that in the
reanalysis (Fig. 1). Note that the shift is not limited to local
areas at high latitudes as it is in NCEP-2 with limited samples
(Fig. 1), but instead originates from the subtropics in the
model results, which is in agreement with the long-term rean-
alysis (ERA-20C). The differences between the composites
are statistically significant (p , 0.05) over anomalous centers
as determined by the Student’s t test. The above model exper-
iment results confirm the asymmetric responses of the PSA
wave train to El Niño and La Niña.

4. Mechanisms of asymmetry

a. Asymmetric response of the STJ to El Niño and
La Niña

Previous works have demonstrated the critical role of the
STJ in the growth of Rossby waves excited by ENSO (Sim-
mons et al. 1983; Jin and Kirtman 2009; Ji et al. 2016; Yiu and
Maycock 2019). Figures 7a and 7b present the zonal-mean
zonal wind anomalies during El Niño and La Niña years in
the NCEP-2 data. The responses of the zonal-mean zonal
winds to ENSO bear close resemblance to previous studies

FIG. 5. JJA-mean 200-hPa geopotential height anomalies (unit:
m) in the (a) EN_composite and (b) LA_composite experiments
forced with composite SSTAs. The dots show where the atmo-
spheric anomalies are significantly different from CTL at the
p, 0.05 confidence level according to the Student’s t test.

FIG. 6. JJA-mean 200-hPa geopotential height anomalies (unit: m) in (a) EN_id and (c) LA_id experiments, and the
SLP anomalies (unit: hPa) in (b) EN_id and (d) LA_id ECHAM5.3.2 simulations. The dots show where the atmospheric
anomalies are significantly different from CTL at the p, 0.05 confidence level according to the Student’s t test.
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(Lu et al. 2008; Robinson 2002). During El Niño years, the
upper-level zonal winds intensify near the equatorial flank of
the STJ, leading to a strengthening and equatorial movement
of the jet, whereas in La Niña years the jet is weakened and
shifts poleward owing to the weakening of the zonal wind
near the equatorial flank of the STJ. The right-hand panels in
Fig. 7 show the zonal-mean zonal wind anomalies in EN_id
and LA_id experiments. The results are highly similar to those
based on NCEP-2, showing a strengthening and equatorial shift
of the STJ in the EN_id run and a weakening and poleward shift
in the LA_id run. Note that the simulated wind anomalies in the
model are stronger than those seen in the reanalyses. The differ-
ence mainly comes from the varying intensity of the composite
observed SST and the idealized SST imposed in the model. The
latter is about 0.5 K larger than the former.

The responses of the zonal-mean zonal winds coincide with
the variations of the HC. Figure 8a displays the differences in
the zonal-mean mass streamfunction between El Niño and La
Niña during JJA in NCEP-2. The climatological HC is seen in
the winter hemisphere, accompanied by the anomalous upward
branch at 108N and downward branch at 308S. In El Niño, the
HC is enhanced and contracted owing to the anomalous positive
convective heating in the tropics, and is weakened and expanded
because of the negative convective heating during La Niña,
which is in agreement with previous studies (e.g., Lu et al. 2008;
Rind et al. 2001). The model experiments successfully capture
the characteristics of the HC’s response to El Niño and La Niña
(Fig. 8b). The enhanced HC coincides well with the strengthen-
ing of the STJ in Fig. 7, whereas the weakened HC coincides
with the weakened STJ, indicating enormous differences in the

FIG. 7. JJA-mean 200-hPa zonal-mean zonal wind anomalies (colors; unit: m s21) in (a),(c) El Niño and (b),(d) La Niña
(contour lines show the climatology) based on (a),(b) NCEP-2 and (c),(d) EN_id and LA_id simulations. The dots showwhere
anomalies are significantly different from the climatology at the p, 0.05 confidence level according to the Student’s t test.
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structure of large-scale atmospheric circulation during El Niño
and La Niña.

The spatial distribution of the 200-hPa zonal winds for EN_id
and LA_id experiments is shown in Fig. 9, and the composite
maps of zonal winds in NCEP-2 (figures not shown) are similar to

the model simulations. For the EN_id experiment, the STJ in the
Pacific is intensified, with the strongest zonal winds (u. 50 m s21)
extending eastward to near 1508W. For the LA_id run, the STJ
weakens and the jet core shifts 308 longitude to the west relative
to the EN_id run. The change in the STJ during El Niño and

FIG. 8. Differences in JJA zonal-mean mass streamfunction (colors; unit: 1010 kg s21) between El Niño and La Niña in
(a) NCEP-2 and (b) ECHAM5.3.2 simulations forced by idealized SST. The contour lines show the climatology.

FIG. 9. JJA-mean 200-hPa zonal winds (colors; unit: m s21) and precipitation (contours; unit: mm day21) in
(a) EN_id and (b) LA_id runs in ECHAM5.3.2, and JJA-mean 500-hPa temperature anomalies (contours)
and meridional temperature gradient (colors; unit: 8C) in (c) EN_id and (d) LA_id runs. The dots show where
atmospheric anomalies are significantly different from CTL at the p , 0.05 confidence level according to the
Student’s t test.
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La Niña is consistent with the HC (Fig. 8) and the zonal-mean zonal
winds (Fig. 7). The responses of the Pacific STJ core to ENSO are
consistent with many previous studies in the Northern Hemisphere
(Yang andWebster 1990; Hoerling et al. 1997; Mo et al. 1998).

As reported by Yang and Webster (1990) and Rind et al.
(2001), the change in the STJ is largely controlled by the con-
vective precipitation anomalies and meridional temperature
gradient in the tropics (Fig. 9). Specifically, the precipitation
anomalies during El Niño induce positive anomalous diabatic
heating in the central and eastern Pacific, increasing the
meridional temperature gradient in the central subtropical
Pacific, which results in positive zonal winds in this region;
During La Niña, the negative diabatic heating induces a
decrease in the meridional temperature gradient, and the
zonal winds in the central subtropical Pacific simultaneously
decrease. With the shift of the strongest zonal winds, the
Pacific jet exit region where the zonal winds are confluent
accordingly moves in the zonal direction (Fig. 10).

b. Effect of the asymmetric STJ on the movement of the
PSA teleconnection pattern

The asymmetry of the PSA teleconnection pattern is
accompanied by the movement of the STJ core and jet exit
region (Figs. 9a,b), suggesting a potential relationship between
the STJ and PSA pattern. Simmons et al. (1983) pioneered the
idea that barotropic energy conversion between the basic mean
flow and perturbations in the Pacific STJ exit region plays an
important role in the formation of the PNA pattern. The present
study investigates the contributions of the STJ to the asymmetric
response of the PSA to El Niño and La Niña from a barotropic
energy conversion perspective.

As explained in Kosaka and Nakamura (2006), the baro-
tropic growth of the local kinetic energy (KE) associated with
perturbations from the basic state can be given by

KEH
t

≈ y ′2 2 u′2( )
2

ub
x

2
yb
y

( )
︸︷︷︸

CKx

2 u′y′
ub
y

1
yb
x

( )
︸︷︷︸

CKy

, (2)

where KEH is horizontal perturbed kinetic energy, and CK is
the conversion of local kinetic energy from the basic state to

FIG. 10. JJA-mean U=x of (a) CTL, (b) EN_id and (c) LA_id
experiments in ECHAMN5.3.2 at 200 hPa. Solid lines present the
200-hPa zonal winds.

FIG. 11. (a) Horizontal distribution and (b) vertical profile of imposed atmospheric diabatic heating (K day21) in the
central Pacific in the two LBM experiments.
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perturbations, u′ and y ′ represent the anomalous zonal and
meridional winds, respectively, and ub and yb denote the cli-
matological winds. As discussed in Simmons et al. (1983), CK
can be represented with good accuracy as CK5 E · =Hu,
where E 5 (y ′2 2 u′2, 2u′y ′) is the extended Eliassen–Palm
(EP) vector (Hoskins et al. 1983).

Based on Eq. (2), the dominant processes by which the
growing disturbances extract KE from the basic state (CK)
can be described by two conversion terms: CKx and CKy. In
the jet exit, where the zonal wind diverges into a broad
region, ub=x is strongly negative. Thus, zonally elongated
circulation anomalies (u′2 . y ′2) can readily extract positive
CKx in the STJ exit region according to Eq. (2). Similarly,
northeast–southwest-tilted circulation anomalies are condu-
cive to the extraction of positive CKy in the northern vicinity
of the STJ where ub=y is strongly negative. Hence, the con-
version of KE depends on both the distribution of the mean
circulation and the morphology of the disturbance. As the
upstream disturbance is mostly zonally elongated, CKx is more
important than CKy, which has also been confirmed by previous
studies for the Northern Hemisphere (e.g., Kim et al. 2020).

Figure 10 presents the horizontal distribution of U=x and
zonal winds at 200 hPa. In Fig. 10a, the minimum of U=x in
the subtropics is distributed between 1508 and 1108W in the
climatological STJ exit region. As the STJ moves eastward,
the region with the minimum value of U=x in which anoma-
lies could develop most efficiently shifts eastward, indicating
that the disturbance is more prone to growing over the south-
eastern Pacific in the EN_id run (Fig. 10b). The movements
of the STJ and PSA are coupled with each other in the EN_id
run, whereas for the LA_id run the region with the minimum
value of U=x moves westward, matching the westward shift
of the perturbation in Fig. 6b. Similar results are obtained
based on NCEP-2 data (figures not shown).

Note that the locations of both the STJ exit and the anoma-
lous tropical precipitation vary between the observations and
ECHAM5.3.2 simulations. It is difficult to identify which fac-
tor contributes to the movement of the wave train. We can
easily change the background state of the LBM model, which
is linearized over a fixed basic state, in order to study the
causal mechanism by which varying STJ contributes to differ-
ent atmospheric responses forced by the same heating source.
As the basic mean state is kept constant, we can examine the
role of the barotropic energy conversion in the STJ exit in the
development of the disturbance over the Southern Hemi-
sphere in JJA.

Two LBM experiments are set up to examine whether the
position of the STJ exit affects the movement of the distur-
bance. The settings of the two experiments are identical
except for the basic mean circulation. The observed JJA cli-
matology is used for the mean circulation in the first experi-
ment (EXP1). In the second experiment (EXP2), the
climatological basic flow is shifted 208 to the west, similar to
the westward shift of the Pacific STJ in La Niña years. The
prescribed heating source has a cosine elliptical pattern, with
a peak of 23 K day21 at the 0.45 sigma level, mimicking the
effect of the anomalous negative heating during La Niña sum-
mers. The horizontal distribution and the vertical profile of

the heating source are presented in Fig. 11. Other heating
sources with different intensities and locations (e.g., centered
on 1708W) are also tested, and similar results are obtained
(figures not shown).

Figure 12 describes the 200-hPa wind responses in the two
experiments. The wind responses in both experiments feature
a PSA-like wave train in the negative phase. An anticyclonic
circulation is distributed in the tropics, followed by a wave
train propagating southward from the subtropics, causing an
anticyclonic anomaly in the vicinity of the Antarctic Penin-
sula. The result is similar to that in observations and the
AGCM. Furthermore, we find that the disturbance in the
subtropics moves westward as the STJ shifts 208 to the west
(Fig. 12b). In EXP1, forced with the climatological mean cir-
culation, the subtropical disturbance is located between 1508
and 1108W, at the exit of the STJ, while in EXP2, in which the
basic flow is shifted 208 to the west, the disturbance shifts
westward to between 1708 and 1308W.

To further investigate the relationship between the STJ and
the disturbance, the CK is calculated. The CK and CKx at

FIG. 12. The 200-hPa wind (vectors; unit: m s21) responses and
the climatological zonal winds (contours; unit: m s21) in LBM
experiments with (a) the climatological basic flow and (b) the basic
flow shifted 208 to the west. The solid circle represents the cen-
ter of the 200-hPa tropical geopotential height response and the
open circle represents the center of the downstream extratropi-
cal system. The areas with statistically significant (p , 0.05) dif-
ferences in the wind responses according to the Student’s t test
are displayed.
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200 hPa in the LBM experiments are presented in Fig. 13. CK
is positive in the tropics and subtropics but weakly negative in
the midlatitudes over the Pacific sector in EXP1 (Fig. 13a).
Pronounced positive CK in the tropical Pacific results from
the southwest–northeast-tilted anomalies (u′y ′ . 0) at the
northern flank of the STJ u=y

( )
, 0

[ ]
, which indicates that

CKy is dominant in the tropics. The southwest–northeast-
tilted anomalies (u′y ′ . 0) in the tropics are also manifested
by E pointing to southern regions. The positive CK in the sub-
tropics is primarily contributed by CKx in the exit region of
the STJ (Fig. 13b). In this exit region u=x

( )
, 0

[ ]
, where the

minimum of u=x is distributed, the zonally elongated anom-
alies induce positive CK (E is pointing to the west). The con-
sistency of the distribution of the strong positive CKx and the
anomaly indicates that the positive barotropic energy conver-
sion, especially CKx, contributes to the development of the
disturbance in the STJ exit region. The results are further con-
firmed in EXP2 in which the basic flow is shifted 208 to the
west. In the tropics, the CK in EXP2 (Fig. 13c) is similar to
that in EXP1, suggesting that CKy is largely unchanged, which
corresponds to the consistent tropical responses in both

experiments (Fig. 12). However, the CKx distributed in the
subtropics is situated more to the west compared with that in
EXP1, extending to the date line (Fig. 13d). The westward
movement of CKx is consistent with the shift of the Pacific
STJ and the related exit region u=x

( )
, 0

[ ]
. As the STJ

shifts westward, the disturbance is more likely to extract KE
from the western region, leading to the westward movement
of the atmospheric anomalies (Fig. 12b).

c. Role of the asymmetric location of anomalous
convective precipitation

The above results demonstrate that the shift of the Pacific
STJ exit region induces the movement of the tropical heating–
excited wave trains. With many previous studies indicating that
varying tropical heating locations play a significant role in the
zonal shift of the ENSO teleconnection (e.g., Hoerling et al.
1997; Mo et al. 1998), one might ask which contributes more to
the movement of the wave train}the heating source, or the
STJ exit region? An additional LBM experiment is established
to further investigate how heating sources with different loca-
tions impact the wave trains. The heating source imposed in

FIG. 13. (a),(c) Local barotropic energy conversion (contours;31026 m2 s23) at 200 hPa and (b),(d) CKx with con-
tour intervals of 5 (210,25, 0, … ), forced with (a),(b) the climatological basic flow and (c),(d) the basic flow shifted
208 to the west. The extended EP vector (arrows with scaling at the top of each panel) and u=x of the climatology
[colors in (b) and (d)] are also presented.
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this extra experiment (EXP3) moves 208 to the west, centered
on 1708W, but shares the same mean circulation as EXP1. Fig-
ure 14 presents the atmospheric responses in EXP1 and EXP3.
With the shift of the heating source, the tropical Gill pattern
moves substantially to the west in EXP3 relative to EXP1.
However, the position of the extratropical anomaly remains
anchored in the STJ exit region, consistent with that in EXP1.
Moreover, another experiment with the heating source cen-
tered at 1608W is performed for comparison. The longitudes of
the geopotential height centers in the tropics and extratropics
are displayed in Table 1. As the heating source gradually
moves westward, the tropical response moves accordingly.
However, the downstream center barely moves, and is still
located at the exit of the STJ.

The results suggest the importance of the STJ exit region in
anchoring the location of the wave trains. Note that the LBM is
only a linear dry model without a moist process or nonlinear feed-
back, and thus the above results should be taken with caution.
Actually, some differences are apparent in the extratropical anom-
alies. The extratropical anomaly in EXP3 is weaker than
that in EXP1, indicating that different heating locations do affect
the wave trains. More experiments with AGCMs and coupled

general circulation models should be conducted to further investi-
gate this issue.

5. Conclusions

This study investigates the asymmetry of ENSO-related
waves in the Southern Hemisphere in JJA and further
explores the mechanisms from an energy conversion perspec-
tive. First, we systematically reveal the asymmetric nature of
the ENSO teleconnection in the Southern Hemisphere using
reanalysis datasets and model simulations. Composite analysis
of the JJA 200-hPa geopotential height anomalies in both
NCEP-2 and ERA-20C shows that anomalies over the
Amundsen Sea in El Niño and La Niña years are not symmet-
rical (Fig. 1). During La Niña years, the anomaly is situated
more to the west relative to that in El Niño years. The asym-
metry of the ENSO-excited Rossby wave trains is reproduced
by ECHAM5.3.2 forced with both composite and idealized
symmetric SSTs (Figs. 5 and 6), implying that the result is
robust and mainly arises from different ENSO phases. The
asymmetric responses of the PSA pattern in turn cause asym-
metric SAT anomalies in Antarctica.

Second, in addition to the traditional view that the asymme-
try is attributable to differences in the tropical convective
position, we find that the STJ can affect the location of the
ENSO-excited PSA wave train teleconnection via barotropic
energy conversion. During El Niño years, anomalous convec-
tive precipitation induces positive diabatic heating in the
central and eastern Pacific, increasing the meridional temper-
ature gradient, which in turn leads to strengthening of the STJ
and eastward movement of the jet core and exit region
(Fig. 9). With the STJ exit and its associated confluent region
shifted eastward, the wave train tends to develop over the
eastern region. The opposite is the case during La Niña when
a westward shift of the jet exit favors the development of the
wave train in the western region.

The above mechanism is further verified by LBM experi-
ments (Figs. 12 and 13). We find that at the exit of the STJ,
the zonally elongated anomalies can readily extract KE from
the basic flow and develop efficiently in both experiments. In
EXP1 with climatological circulation, the subtropical distur-
bance is located between 1508 and 1108W, at the exit of the
STJ; in EXP2, in which the basic flow is shifted to the west by
208, the disturbance is more likely to extract KE from the
western region, leading to westward movement of the atmo-
spheric anomalies.

FIG. 14. The 200-hPa wind (vectors; unit m s21) responses and
the climatological zonal winds (contours; unit: m s21) in (a) EXP1
and (b) EXP3. The solid circle represents the center of the 200-hPa
tropical geopotential height response and the open circle represents
the center of the downstream extratropical system. The areas with
statistically significant (p , 0.05) differences in the wind responses
according to the Student’s t test are displayed.

TABLE 1. Longitudes of the minimum center of the tropical
response and the maximum center of the extratropical response
of 200-hPa geopotential height for three experiments. The
location of the imposed heating source in the three experiments
is 1508, 1608, and 1708W, respectively.

Atmospheric response
Heating
at 1508W

Heating
at 1608W

Heating
at 1708W

Tropics (208S–08, 1808–1208W) 1468W 1558W 1668W
Extratropics (408S–208S, 1508–1108W) 1328W 1328W 1358W
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Moreover, based on the LBM model, we find that the STJ
plays a more important role than the tropical convective heat-
ing in the wave movement. Although this comparison should
be viewed with caution because of the model’s idealized con-
figuration, it nonetheless adds a new dimension to our under-
standing of the observed movement of the wave train. More
experiments with AGCMs and coupled general circulation
models should be conducted to further investigate this issue
in the future. As both tropical anomalous convective heating
(e.g., Zhou et al. 2014) and the STJ (e.g., Lu et al. 2008)
change under global warming, it would be interesting to
examine how and why ENSO teleconnections might change
in the future.
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