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Abstract
The asymmetric impacts of El Niño and La Niña on the Pacific–North American teleconnection
pattern in boreal winter have important implications for the surface air temperature and
precipitation anomalies in North America. Previous studies have shown that the varying tropical
convective heating contributes to the zonal shift of the teleconnection pattern during different
El Niño/Southern Oscillation phases. In this study, using reanalysis, atmospheric general
circulation model (AGCM) simulations, and a linear baroclinic model, we further present that the
discrepancy of the subtropical jet stream (STJ) during El Niño and La Niña also contributes to the
asymmetry. The atmospheric anomalies readily extract kinetic energy and effectively develop at the
exit of the STJ. During El Niño (La Niña) years, as the central-eastern tropical Pacific warms up
(cools down), the meridional temperature gradient in central subtropical Pacific increases
(decreases), leading to the eastward (westward) shift of the STJ. The movement of the STJ leads to
the shift of the location where disturbance develops most efficiently, ultimately contributing to the
asymmetry of the teleconnection pattern.

1. Introduction

As the dominant interannual air-sea coupledmode in
the tropical Pacific, the El Niño/Southern Oscillation
(ENSO) has profound effects on global climate vari-
ability, and is themajor seasonal predictability source,
especially for North America (Horel and Wallace
1981, Hoerling et al 1997, Trenberth et al 1998, Liu
and Alexander 2007, Tao et al 2016, Xie et al 2016,
Adames and Wallace 2017, Hu et al 2019, Yang and
Huang 2021). The predictability mainly takes roots
in the tropical convection and the associated Pacific–
North American (PNA) teleconnection pattern. The
teleconnection pattern triggered by ENSO in boreal
winter features a wave structure from the tropical
Pacific to North America, modulating the strength of
the Aleutian Low and high-pressure center in western

Canada, and causing extreme weather events over
North America (Horel and Wallace 1981, Hoerling
et al 1997, Trenberth et al 1998, Liu and Alexander
2007, Johnson and Kosaka 2016).

Many previous studies have found that the
impacts of El Niño and La Niña on the PNA tele-
connection pattern are not symmetric (Hoerling
et al 1997, Mo et al 1998, Rao and Ren 2016,
Trascasa-Castro et al 2019). Hoerling et al (1997)
presented that the wave exhibits a westward shift dur-
ing La Niña years relative to that during El Niño
years, which further leads to significant differences
in the regions influenced by ENSO in the United
States. The zonal movement of anomalous tropical
deep convection is considered to be responsible for
the zonal shift. Besides, the atmospheric responses
during El Niño years are found to be stronger than
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that during La Niña. Utilizing idealized symmetric
sea surface temperature (SST) anomalies with the
same spatial distribution, Trascasa-Castro et al (2019)
found that atmospheric anomalies forced by La Niña
are four times weaker than that forced by El Niño of
the equivalent magnitude. The nonlinear responses
of convective activities to positive and negative SST
anomalies play an important role in the inconsist-
ent intensities of atmospheric responses (Gadgil et al
1984, Hoerling et al 1997, Rao and Ren 2016).

The aforementioned studies highlight the import-
ance of tropical convective anomalies to the zonal
movement of the teleconnection pattern. Are there
other factors that also contribute to the zonal move-
ment of the atmospheric circulations? The Rossby
wave trains triggered by ENSO are influenced not
only by tropical convective heating, but also by the
basic mean flow (Simmons et al 1983, Hoskins et al
1985, Ting and Yu 1998, Held et al 2002, Kosaka
and Nakamura 2006, Hu et al 2019). Simmons et al
(1983) pioneered that the subtropical jet stream (STJ)
plays an important role in the development of the
Rossby wave trains in the subtropics. Ting and Yu
(1998) further presented that the STJ could anchor
the zonal location of the tropical heating-excitedwave
train. Besides, observed evidence shows that ENSO
strongly affects the STJ. The STJ intensifies and shifts
equatorial-ward during ElNiñowinters and vice versa
in La Niña winters (Seager et al 2003, Hu et al 2021).
Do the different responses of the STJ to La Niña and
El Niño further affect the ENSO teleconnection?

In this study, we will investigate whether the
asymmetric PNA-like teleconnection patterns excited
by El Niño and La Niña are related to the STJ, and
how the STJmodulates thewave train from the energy
conversion perspective. The rest of this study is organ-
ized as follows, section 2 introduces data and models.
Section 3 presents the observed asymmetric ENSO
teleconnections. The mechanism that leads to the
asymmetry will be presented in section 4. Section 5
provides a summary.

2. Data andmodels

In this study, monthly mean geopotential height and
surface air temperature (SAT) are derived from the
National Centers for the Environmental Prediction-
Department of Energy (NCEP-DOE) atmospheric
Reanalysis 2 (NCEP2; Kanamitsu et al 2002) at a
resolution of 2.5◦ × 2.5◦ from 1979 to 2015. The
global gridded monthly (SST) datasets from exten-
ded reconstructed sea surface temperature (ERSST.v5
SST) are utilized (Huang et al 2017). ENSO is
measured by the December–January–February (DJF)
mean Niño3.4 (5 ◦S–5 ◦N, 170 ◦W–120 ◦W) SST
index. An El Niño (A La Niña) event is defined
when the DJF Niño3.4 index is greater (less) than 0.5
(−0.5) ◦C. Strong ENSO events with Niño3.4 index
greater (less) than 1 (−1) ◦C are selected in this study,

as the atmospheric response to strong ENSO events
is more pronounced than weak ENSO events (e.g.
Jia et al 2016). The composite analysis is used in the
study, and the statistical significance is evaluated by
the two-tailed Student’s t-test.

The Max Planck Institute for Meteorology atmo-
spheric general circulation model (ECHAM5.3.2) is
employed in this study, with a triangular truncation at
zonal wave-number 63 (T63; equivalent to 1.9◦ hori-
zontal resolution) and 31 vertical levels extending to
10 hPa. Amore detailed description of this model can
be found in Roeckner et al (2003).

The linear baroclinic model (LBM) used in this
study is based upon the primitive equations linear-
ized at a given state. We utilize a T42L20 dry ver-
sion of LBM, with a horizontal resolution of T42 and
20 sigma levels, a horizontal and vertical diffusion,
Rayleigh friction, andNewtonian damping. The hori-
zontal diffusion has an e-folding damping time scales
of 6 h for the smallest wave, and the Rayleigh fric-
tion and Newtonian damping have a scale of 1 day−1

for σ < 0.9, 5 day−1 for σ < 0.89, 15 day−1 for sigma
level of σ < 0.83, 30 day−1 for 0.03< σ < 0.83, and
1 day−1 for σ > 0.89. More details of the model are
presented in Watanabe and Kimoto (2000). To pro-
duce a stable atmospheric response to the heating for-
cing, the model is integrated for 50 d, and averages
from 20 to 50 d are used.

3. Asymmetric responses of El Niño and
La Niña

3.1. The asymmetry in reanalysis andmodel
simulations
Figures 1(a) and (b) present the composite upper-
level geopotential height anomalies in boreal winter
during El Niño years (1982/1983, 1986/1987,
1991/1992, 1994/1995, 1997/1998, 2009/2010) and
La Niña years (1984/1985, 1988/1989, 1998/1999,
1999/2000, 2007/2008, 2010/2011). Note that only
strong ENSO events with Niño3.4 index greater (less)
than 1 (−1) ◦C are selected (see section 2). Dur-
ing El Niño (La Niña) years, as the tropical east-
ern Pacific warms up (cools down), the upper-level
atmospheric circulation forms an equatorially sym-
metric high (low) anomaly in the tropics. Anom-
alies further develop in extratropics, with low (high)
centers in the north Pacific, and high (low) cen-
ters in North America, featuring a wave fluctuation.
The pattern correlation coefficient (PCC) among
0 ◦N∼ 60 ◦N and 180 ◦W∼ 40 ◦Wof the composites
with the PNA wave train (figure S1 (available online
at stacks.iop.org/ERL/16/114040/mmedia), defined
as the second empirical orthogonal function (EOF)
mode of 200 hPa geopotential height in the Northern
Hemisphere) is 0.90 and −0.96, respectively. Area
weight is considered in calculating PCC. In addition
to the similarity of the spatial pattern revealed by
the PCC, the wave active flux (WAF) shows similar
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Figure 1. Composite DJF geopotential height anomalies (shading; m) and WAF (vector; m2 s−2) during (a) El Niño and (b) La
Niña, and (c) the summation of standardized composites in 200 hPa of NCEP2. DJF geopotential height anomalies and
summations in model simulations forced with composite SST (middle panels) and idealized symmetric SST (right panels). The
first row is during El Niño, the middle row is during La Niña and the third row is the summation. The dots denote that the
confidence level reaches 95%. The numbers in the upper right corner are PCCs. PCC in the left column denote the PCC of the
composites with the PNA wave train, in the middle and right columns represents the PCC of the model responses with the
corresponding observed composites.

characteristics of wave propagation from the subtrop-
ical Pacific to North America during different ENSO
phases.

The composites during El Niño and La Niña
years share similar spatial pattern and wave propaga-
tion characteristics. However, the extratropical atmo-
spheric responses to El Niño are more eastward rel-
ative to La Niña (figures 1(a) and (b)). In the sub-
tropical North Pacific, the atmospheric anomaly is
centered at 150 ◦W (160 ◦W) in El Niño (La Niña).
The downstream positive atmospheric anomalies
mainly distribute in the Mideast of Canada during
El Niño (figure 1(a)), accompanied by the anom-
alous high SAT (figure S2(a)). The corresponding
negative geopotential height anomalies over North
America in La Niña shift about 30-longitude degrees
westward relative to their counterparts in El Niño
(figure 1(b)), and pronounced cooling is found over
Alaska andwesternCanada (figure S2(b)). Figure 1(c)
presents the summation of the two composites stand-
ardized by dividing the composite anomalies by the
maximum or minimum value of the anomaly center
over the North Pacific (between 30 ◦N−60 ◦N and
160 ◦W−120 ◦W). The summation shows signific-
ant negative geopotential height anomalies along the

west coast of North America and positive anomalies
over the central North Pacific, further indicating the
asymmetric responses of atmospheric circulation to
El Niño and La Niña. Given the asymmetric mod-
ulation of ENSO teleconnection by the interdecadal
Pacific oscillation (IPO; Dong et al 2018), we also
composite geopotential height after the component
linearly related to the IPO index (Henley et al 2015)
is removed (figure S3). The movement of the ENSO
teleconnection is still significant, indicating that the
result is robust.

ECHAM5.3.2 simulations forced with compos-
ite SST anomalies (figure S4) have been conduc-
ted to further investigate the mechanism involved in
the asymmetric circulation responses. Three sets of
experiments with different boundary conditions have
been conducted to investigate the issue. The con-
trol run (hereafter CTL) is forced by the climato-
logical SST and sea ice for the period 1980–2005.
The other two sensitive experiments are El Niño run
and La Niña run. We first composite the DJF sea-
sonal mean SST anomalies in El Niño years, and then
add them to climatological SST for every calendar
month to force the El Niño run, so does that in the La
Niña run. Each experiment is integrated for 21 years,
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the final 20 years were utilized for analysis. Thus,
each simulation is equivalent to 20member ensemble
runs. Ensemble-mean results for DJF calculated as
the deviations from CTL are analyzed. The observed
asymmetric atmospheric responses to El Niño and
La Niña are well reproduced by model simulations
(figures 1(d)–(f)).

Note that the composite El Niño SST anomalies
are stronger and somewhat more eastward relative
to that during La Niña (figure S4). As many studies
have shown that the diversity of ENSO spatial pat-
terns (e.g. ‘Central Pacific’ and ‘Eastern Pacific’ El
Niño) and intensity (e.g. moderate and extreme El
Niño) cause highly different atmospheric responses
(e.g. Ciasto et al 2015, Yu and Kao 2007, Johnson
and Kosaka 2016), the ideal symmetric SST anom-
alies (figure S5) similar to those used in Trascasa-
Castro et al (2019) are further used for El Niño (here-
after EN) and La Niña (hereafter LA) simulations.
Similar asymmetric features of the PNA-like pattern
are still detected (figures 1(g)–(i)), suggesting that
the asymmetric circulation responses are robust and
mainly arise from the opposite ENSO phases them-
selves rather than the discrepancy of spatial pattern
and magnitude of ENSO forcing.

4. Mechanisms of the asymmetry

4.1. The asymmetric response of the STJ to El Niño
and La Niña
Previous studies have mainly emphasized that the
asymmetric impacts of El Niño and La Niña are
attributable to the tropical convective heating (e.g.
Hoerling et al 1997). The convective rainfall anom-
alies along the equator are located east of the dateline
during El Niño, but west during La Niña, due to
the active convection threshold (Gadgil et al 1984,
Johnson and Kosaka 2016). Besides, some studies
have stated that the STJ plays an important role
in forming the ENSO-induced teleconnection pat-
tern (Simmons et al 1983). Therefore, the follow-
ing questions can be raised that how the STJ varies
in different ENSO phases, and how the discrepancy
of STJ responses modulates asymmetric atmospheric
responses.

Figures 2(a) and (b) display composite zonal
mean zonal wind anomalies in boreal winter dur-
ing El Niño and La Niña years in NCEP2 reana-
lysis. The climatological STJ is located around 30 ◦N.
During El Niño, the zonal mean zonal winds in
200 hPa intensify (weaken) near the equatorial (pole-
ward) flank of the STJ, leading to a strengthening
and equatorward contract of the jet. While during La
Niña, the jet is weakened and moves poleward due
to the weakening (strengthening) of the zonal mean
zonal wind near the equatorial (poleward) flank of
the STJ. The responses of upper-level zonal winds
to ENSO are consistent with the anomalous Had-
ley cell (HC). In a warm (cold) phase of ENSO,

the HC is strengthening (weakening) and contracted
(expanded) owing to the anomalous positive (neg-
ative) convective heating in the tropics (figure S6).
Figures 2(c) and (d) show the horizontal distribu-
tion of upper-level composite zonal winds. The STJ
intensifies (weakens) in EN (LA), which corresponds
to the changes of zonal mean zonal winds, and the jet
core moves eastward (westward) compared to the cli-
matology. The shift of the STJ has been noticed by
previous studies (e.g. Rasmusson and Wallace 1983,
Yang and Webster 1990, Mo et al 1998). According
to Yang and Webster (1990) and Rind et al (2001),
themeridional temperature gradient (figures 2(e) and
(f)) largely contributes to the zonal movement of the
STJ. Anomalous tropical precipitation in the cent-
ral and eastern Pacific (figures 2(c) and (d)) causes
an increase in the meridional temperature gradient
in central subtropical Pacific around 30 ◦N, leading
to STJ strengthening and eastward movement of the
jet exit in the subtropics during El Niño. While for
La Niña, the negative precipitation anomalies induce
a decrease in the meridional temperature gradient.
Thus the zonal winds in the subtropical Pacific simul-
taneously decrease. The result is consistent with Rind
et al (2001) which concluded that the STJ is mainly
determined by meridional temperature gradient in
the subtropical Pacific but not by the sign of SST
anomalies in the tropics.

4.2. The impacts of the asymmetric STJ on the
zonal shift of ENSO teleconnection
Simmons et al (1983) pioneered the idea that baro-
tropic energy conversion between basic mean flow
and perturbations at the exit of the STJ plays an
important role in the formation of the PNA pattern.
In this section, the contribution of the STJ to the
asymmetric responses of PNA to El Niño and La Niña
is further investigated from the perspective of baro-
tropic energy conversion.

Two LBM experiments are conducted to investig-
ate this issue. Both experiments share the same heat
source in the central equatorial Pacific, but different
basic states. The horizontal distribution and the ver-
tical profile of the prescribed heat source are presen-
ted in figure 3. The only difference between the two
is the basic mean flow. As a linearized model, all cli-
matological dynamical and thermodynamical vari-
ables are prescribed in the model, e.g. winds, temper-
ature. Climatological winter (DJF) basic states from
the NCEP–national center for atmospheric research
reanalysis for the period 1980–2005 are utilized in
the first experiment (hereafter EXP1), while the basic
flow shifts 20-longitude degrees westward in the
second experiment (hereafter EXP2). The basic flow
in the LBM keeps constant, making it easier to study
how the atmospheric circulation responds to tropical
heating under different background states.

Figure 4 presents the atmospheric responses in
200 hPa to tropical heating sources under different
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Figure 2. Composite DJF zonal mean zonal wind anomalies in (a) EN and (b) LA, contour lines denote the climatology.
Composite DJF zonal winds in 200 hPa during (c) El Niño and (d) La Niña, green contour lines denote the precipitation. The
meridional temperature gradient (shading; ◦C) and the temperature anomalies in 500 hPa in (e) El Niño and (f) La Niña. The
dots denote that the confidence level reaches 95%.

basic mean flow. Upper-level anticyclonic anomalies
in tropics and the wave-like disturbances from the
subtropical Pacific to North America are well repro-
duced in EXP1, in high agreement with the observed
PNA teleconnection pattern (PCC = 0.83). In EXP1,
the atmospheric anomaly in the subtropical north

Pacific mainly concentrated at 150 ◦W and the
downstream anticyclone at 120 ◦W in North Amer-
ica (figure 4(a)). While in EXP2, the subtropical
and the downstream anomalies move 20-longitude
degrees westward (figure 4(b)), accompanied by the
movement of the prescribed basic mean flow. Note
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Figure 3. (a) Horizontal distribution and (b) vertical profile of imposed atmospheric adiabatic heating (k day−1) in central
Pacific in the two LBM experiments.

Figure 4. 200 hPa geopotential height responses in (a) EXP1 and (b) EXP2. Red contour lines present the imposed background
zonal winds in 200 hPa. Local CKx (×10−6 m2 s−3, contours) and ∂U

∂x
(shading) at 200 hPa in (c) EXP1 (d) and EXP2 with

contour interval 7 (−8,−1, 6, …).

that the downstream anticyclone located in western
America in EXP2 is more northward relative to that
in EXP1. The discrepancy mainly originates from
the idealized change of the basic state in EXP2. The
movement of the basic state may influence the wave
propagation in the downstream region. However, as
we are primarily concerned with the overall move-
ment of the wave trains in this study, the discrep-
ancy would not have a significant impact on the
findings and conclusions. To further investigate how
the asymmetric STJ contributes to the movement of
the PNA patterns, barotropic energy conversion is
introduced.

As Kosaka and Nakamura (2006), the barotropic
growth of the local kinetic energy (KE) associated
with perturbations from the basic state is given by:

∂KEH

∂t
≈

(
v ′2− u ′2)

2

(
∂ub
∂x

− ∂vb
∂y

)
︸ ︷︷ ︸

CKx

− u ′v ′
(
∂ub
∂y

+
∂vb
∂x

)
︸ ︷︷ ︸

CKy

(1)
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here u ′ and v ′ are the anomalous zonal and meri-
dional winds. ub and vb denote the climatological
winds. KEH is horizontal perturbed kinetic energy,
and CK (the sum of CKx and CKy) is the conver-
sion of local kinetic energy from the basic state to
perturbations. Based on equation (1), the dominant
pathways bywhich the atmospheric anomalies extract
kinetic energy from the basic state can be described
in term of two terms: CKx and CKy. At the exit of
the jet, where the zonal wind converges into a broad
region, ∂ub∂x is strong negative. Thus, zonally elongated

circulation anomalies (u ′2 > v ′2) can readily extract
positive CKx in the STJ exit region according to
equation (1).

As CKx is dominant in the subtropics especially
at the exit region of the STJ, only CKx is presented
in this study. The spatial pattern and magnitude of
CK highly resembles CKx. Figures 4(c) and (d) dis-
play the CKx and ∂ub

∂x in EXP1 and EXP2, respect-
ively. Pronounced positive CKx distributes between
170 ◦E ∼ 140 ◦W, at the exit of the STJ in both
experiments, where ∂ub

∂x is strong negative. In this
region, the zonal elongated disturbance can extract
barotropic energy (CKx) from the basic flow and thus
efficiently develops (figure 4). Compared with EXP1,
in EXP2 where the basic flow is shift 20-longitude
degrees westward, the zonal wind convergent region
and the associated strong positive CKx correspond-
ingly move about 20-longitude degrees westward. As
a result, the region where disturbance easily extracts
kinetic energy also shifts to the west, leading to the
westward movement of the PNA-like pattern. The
consistency of strong positive CKx and atmospheric
anomaly suggests that the strong barotropic energy
conversion contributes to the development of dis-
turbance in the STJ exit region, and could anchor the
location of the related wave trains.

The above results demonstrate that, besides the
convection location, the STJ exit could anchor the
location of the extratropical teleconnection. One
might ask, which has more influence on the move-
ment of the wave train, the tropical convective posi-
tion or the STJ? Another experiment (hereafter EXP3)
forced by the same climatological basic state as EXP1,
but different heating source centering in 170 ◦W is
performed to investigate the issue. As shown in figure
S7, the tropical Gill-like response shifts westward in
EXP3 relative to EXP1. However, the extratropical
perturbation has little change and still anchors at the
exit of the STJ. The result is somewhat unexpected
but is consistent with the landmark work of Simmons
et al (1983) and Ting and Yu (1998). Another exper-
iment with negative heating is also conducted, and
similar results are obtained (figure S7(c)). Note that
LBM is only a linear dry model without moist process
and nonlinear feedback, so the above results should
be cautiously explained.

5. Conclusions and discussion

This study investigates the asymmetry of ENSO-
related waves in the Northern Hemisphere in boreal
winter and the involved physical and dynamical basis
from the perspective of energy conversion. In boreal
winter, the extratropical atmospheric responses dur-
ing El Niño years are more eastward compared to
La Niña, which leads to significant differences in the
regions influenced by ENSO in the United States. The
asymmetric features are highly reproduced by atmo-
spheric general circulation model (AGCM) exper-
iments forced with composite SST and idealized
symmetric SST, indicating the asymmetric impact
is robust and mainly arises from difference ENSO
phases rather than different spatial patterns and
intensity of the forcing.

Different from previous studies that focus on
tropical convective heating, the study presents that
the asymmetric STJ in El Niño and La Niña con-
tributes to the zonal movement of the ENSO-
triggered teleconnection pattern. From the perspect-
ive of energy conversion, the atmospheric anomalies
readily extract kinetic energy and develop efficiently
at the exit of the STJ. As the central-eastern tropical
Pacific warms up (cools down) and the meridional
temperature gradient increases (decreases), the STJ
shifts eastward (westward) accordingly. The move-
ment of the STJ leads to the shift of the location where
disturbance develops most efficiently, ultimately con-
tributing to the asymmetry of the teleconnection
pattern.

LBM experiments suggest that the role of varying
STJ may be greater than the movement of the loca-
tion of the heat source. However, as LBM is only a
linear drymodel withoutmoist process and nonlinear
feedback, the results should be cautiously explained.
More experiments by linearmodels and comprehens-
ive models should be conducted to further investigate
the issue.

In addition, some other variabilities (e.g. ‘Arctic
Oscillation’, ‘Atlantic Multi-decadal Oscillation’) may
also modulate PNA-like wave trains (e.g. Zhang and
Delworth 2007, Pinto et al 2011). The effects of other
variabilities on the PNA wave train should be further
investigated in the future.
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