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Abstract
By conducting sensitivity experiments with the Whole Atmosphere Community Climate Model, this study reveals the inter-
ference of the sea surface temperature (SST) forcing in the southern winter stratosphere between the tropical Indian Ocean 
(TIO) and tropical Pacific Ocean (TPO) during ENSO. Similar to the variance pattern of zonal-mean zonal winds with two 
maximum centers on both flanks of the southern polar night jet, the southern circumpolar zonal wind responses to TPO and 
TIO SST forcings also exhibit a dipole pattern, indicating their meridional shifting effect on the polar jet. However, a warm 
TPO SST favors an equatorward shift of the polar jet, while a warm TIO SST induces a poleward shift. This has resulted in 
an observed weaker ENSO signal in the southern winter stratosphere than that purely forced by the ENSO TPO SST. Further 
diagnosis indicates that the interference between the TIO and TPO is dynamically associated with the destructive interfer-
ence of the wave train forced by the TIO with the Pacific–South America-like wave train pattern forced by the TPO. As a 
result, the southern extratropical wavenumber-1 response to the TPO is nearly out of phase with that to the TIO throughout 
the troposphere and stratosphere. While upward propagation of planetary waves is significantly suppressed in midlatitudes 
but enhanced in high latitudes when warm SST anomalies are confined over the TPO, the opposite pattern is observed when 
warm anomalies are confined over the TIO. Furthermore, the significant destructive interference between the TIO and TPO 
in their forcings in the southern winter stratosphere is also confirmed in reanalysis data.

Keywords Southern winter stratosphere · ENSO · Tropical Indian Ocean · Pacific–South America pattern · Cancelling-out 
effect

1 Introduction

The El Niño–Southern Oscillation (ENSO) is not only one 
of the major sources of interannual variability in the tropo-
sphere, but also in the stratosphere. Evidence from both rea-
nalysis data and model results confirms a robust relationship 
between ENSO and the northern extratropical stratospheric 
circulation variability (Manzini et al. 2006; García-Herrera 
et al. 2006; Taguchi and Hartmann 2006; Xie et al. 2012; 
Rao and Ren 2016a, b, c; Zhou et al. 2018). It has been 
reported that the warm ENSO forcing tends to induce a 
Pacific–North America (PNA)–like pattern (e.g., Manzini 
et al. 2006; Garfinkel and Hartmann 2007; Rao and Ren 
2018; Rao et al. 2019a, b) in the troposphere and strengthens 
the wavenumber-1 (WN-1) in the extratropical stratosphere, 
thus resulting in an anomalous warming in the Arctic strato-
sphere during the late winter and subsequent early spring of 
El Niño years.
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Previous studies have indicated that the PNA-like tel-
econnection is intimately related to diabatic heating over 
the tropical Pacific, and acts as a bridge linking the ENSO 
sea surface temperature (SST) forcing to the extratropical 
atmospheric variability (Jin and Hoskins 1995; Newman 
and Sardeshmukh 1998; Annamalai et al. 2007; Fletcher 
and Kushner 2011). Similarly, the diabatic heating over the 
Indian Ocean can also induce a PNA-like pattern, but with 
the opposite sign to that forced by the diabatic heating 
over the tropical eastern Pacific (Barsugli and Sardesh-
mukh 2002; Annamalai et al. 2007; Fletcher and Kushner 
2011). This indicates a possible interference in the PNA-
like responses to prescribed tropical SST forcing between 
the Indian Ocean and the eastern Pacific (Annamalai et al. 
2007; Domeisen et al. 2019). Based on this, Rao and Ren 
(2016a) further identified a destructive effect on warm 
ENSO’s impact on the extratropical stratosphere in north-
ern winter by the accompanying warm SST forcing in the 
tropical Indian Ocean (TIO) during ENSO.

Unlike the strong land–sea contrast in the Northern 
Hemisphere, the Southern Hemisphere is mostly cov-
ered by ocean waters, which largely determines the much 
weaker climatological planetary waves in the southern 
extratropics. As a result, the stratospheric Antarctic vor-
tex is much stronger and more stable than the stratospheric 
Arctic vortex (Ren and Cai 2008). As a counterpart of the 
PNA pattern in the Northern Hemisphere, the tropical dia-
batic heating can also generate a Pacific–South America 
(PSA) teleconnection pattern in the Southern Hemisphere 
(e.g., Karoly 1989; Ghil and Mo 1991; Cai et al. 2011). 
Nevertheless, it has been reported that the ENSO-related 
PSA pattern is barely identifiable, and ENSO’s effects on 
the southern extratropical stratosphere are fairly weak and 
insignificant (Hurwitz et al. 2011a; Lin et al. 2012). Spe-
cifically, based on composites of several ENSO events in 
recent decades, Hurwitz et al. (2011a) reported that the 
canonical eastern Pacific (EP) El Niño seldom influences 
the temperature in the Antarctic stratosphere. Meanwhile, 
other studies have indicated that the intensified and south-
ward-shifted convergence zone over the South Pacific 
during central Pacific (CP) El Niño events can enhance 
planetary wave activity significantly (Larkin and Harrison 
2005; Ashok et al. 2007; Kug et al. 2009) and lead to an 
anomalously weaker and warmer stratospheric Antarctic 
vortex (Hurwitz et al. 2011b; Lin et al. 2012; Zubiaurre 
and Calvo 2012; Evtushevsky et  al. 2015). Maximum 
covariance analysis by Lin et al. (2012) also indicated that 
CP El Niño events are related to enhanced stratospheric 
planetary wave activity and an eastward shift of the strato-
spheric stationary planetary waves. These results indicate 
an even more effective influence of CP ENSO than EP 
ENSO on the southern extratropical stratosphere, though 
the latter has a much larger amplitude than the former.

The PNA pattern is usually projected onto a WN-1 pat-
tern that is generally in phase with the climatological WN-1 
in the northern extratropics to enhance planetary wave activ-
ity and to disturb the northern stratospheric polar vortex 
(Manzini et al. 2006; Garfinkel and Hartmann 2007, 2008; 
Calvo et al. 2009; Xie et al. 2012; Rao and Ren 2017, 2018; 
Domeisen et  al. 2019). However, we still do not know 
whether this mechanism is also applicable to the South-
ern Hemisphere to explain the relationship between ENSO 
(especially EP ENSO) and the southern stratospheric polar 
vortex. If so, can we expect a similar interference effect 
from TIO SST forcing on ENSO’s impact in the southern 
stratosphere? Is the observed even-weaker-than-CP ENSO 
effect of the EP ENSO on the southern extratropical strat-
osphere related to a possible stronger interference by the 
TIO forcing? To comprehensively answer these questions, 
this paper uses the Whole Atmosphere Community Climate 
Model (WACCM) to decompose the “total” stratospheric 
perturbation during EP ENSO into the direct contribution 
from the warm SST anomalies in the eastern tropical Pacific 
Ocean (TPO) and that from the accompanying warm SST 
anomalies in the TIO.

The rest of the paper is organized as follows: Following 
this introduction, the model, experimental design, data, and 
analysis methods are described in Sect. 2. Section 3 presents 
the different stratospheric responses in the Southern Hemi-
sphere extratropics to prescribed SST anomalies related to 
ENSO over the TPO and TIO during the southern winter, 
separately. We analyze the mechanism and dynamics link-
ing the TPO and TIO forcing to the circulation responses 
throughout the troposphere and the stratosphere in Sect. 4. 
Observational evidence of the TIO thermal forcing on the 
southern winter stratosphere is provided in Sect. 5. Finally, 
a summary is presented in Sect. 6.

2  Model, experiments, data and methods

2.1  Model description and experimental design

The stratosphere-resolving model, WACCM, version 4 
(WACCM4), developed by the National Center for Atmos-
pheric Research (NCAR; Garcia et al. 2007; Marsh et al. 
2013) is used in this study. Based on the Community Atmos-
phere Model, version 4, this high-top model has been incor-
porated into the NCAR Community Earth System Model 
(Neale et al. 2013). WACCM has 67 atmospheric layers, 
with the model top at 5.1 × 10−6 hPa (~ 150 km). Using a 
finite volume dynamical framework, this model has a hori-
zontal resolution of 1.9° × 2.5° (latitude × longitude; fv19). 
Compared with WACCM3, WACCM4 includes updated 
physical parameterization schemes. For example, grav-
ity waves are well resolved in the model, including both 
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orographic and non-orographic waves (Garcia et al. 2007; 
Richter et al. 2010; Marsh et al. 2013). It has recently been 
reported that the mean state and variability of the strato-
spheric circulation are well reproduced by WACCM4 (e.g., 
Calvo and Marsh 2011; Hegyi et al. 2014; Rao and Ren 
2016a, b, c, 2018; Rao et al. 2019a, b; Ren et al. 2019).

As in Rao and Ren (2016a, 2018), we also perform one 
control experiment and four sensitivity experiments in 
this study. Table 1 lists experimental designs for the five 
runs. For the control experiment (“ClmSST”), the model 
is forced by the long-term mean state of SST (1950–2010), 
with the SST varying with month but not with year. We 
continuously integrate WACCM4 for 32 consecutive years, 
discard the first 2 years, and use the remaining 30 years to 
obtain the model climatology. The four sensitivity experi-
ments, named “ENSO”, “TPO”, “TIO” and “TAO”, are 
carried out by adding an idealized evolution of quadrennial 
ENSO SST anomalies on the climatological SSTs (Fig. 1b, 
c), respectively, over all tropical ocean basins (0°–360° E, 
30° S–30° N) (Fig. 1a) (“ENSO”), only over the tropical 
Pacific basin (135° E–70° W, 30° S–30° N) (“TPO”), only 
over the TIO basin (30°–135° E, 30° S–30° N) (“TIO”), 
and only over the tropical Atlantic basin (70° W–10° E, 30° 
S–30° N) (“TAO”). The outputs from the ClmSST run pro-
vide 30 initial conditions (i.e., restart files on 1 January) for 
the four sensitivity experiments. Every sensitivity experi-
ment is restarted 30 times and has 30 ensemble members, 
and each member is continuously integrated for 4 years with 
a quasi-quadrennial SST cycle forcing (Fig. 1). All the model 
results are based on the ensemble mean of the 30 members 
for each sensitivity experiment and their significance levels 
are estimated with the Student’s-t test.

2.2  Atmospheric reanalysis and SST data

The reanalysis data used in this study include the European 
Centre for Medium-Range Weather Forecasts (ECMWF) 
Interim reanalysis (ERA-Interim; Dee et al. 2011) during 

1979–2015 and the National Centers for Environmental Pre-
diction (NCEP) and Department of Energy (DOE) reanalysis 
II covering the period 1979–2015 (Kanamitsu et al. 2002). 
The SST data used to force WACCM are provided by the 
Hadley Centre (HadISST; Rayner et al. 2003). We define the 
northern winter (December–January–February, DJF) when 
ENSO is in its mature phase, denoted by a superscript “0”. 
The southern winter refers to the successive three-month 

Table 1  Details of the SST forcing experiments

See Sect. 2 for further information

Experimental run Experimental design details

ClmSST A climatological SST run with prescribed long-term mean state of SST during 1950–2010, where SST varies only with 
month and is linearly interpolated to daily data in the model

ENSO A sensitivity run with the SST anomalies following ENSO in Fig. 1a added to the SST climatology in the three tropical 
ocean basins (0°–360° E, 30° S–30° N)

TPO A sensitivity run with the SST anomalies following ENSO in Fig. 1a added to the SST climatology in the tropical Pacific 
Ocean basin (135° E–70° W, 30° S–30° N)

TIO A sensitivity run with the SST anomalies following ENSO in Fig. 1a added to the SST climatology in the tropical Indian 
Ocean basin (30°–135° E, 30° S–30° N)

TAO A sensitivity run with the SST anomalies following ENSO in Fig. 1a added to the SST climatology in the tropical Atlantic 
Ocean basin (70° W–10° E, 30° S–30° N)

Fig. 1  a Spatial pattern of the regressed SST anomalies in the ENSO 
mature phase (units: K) against the northern winter-mean Niño3 
(150°–90° W, 5° S–5° N) index. b Evolutions of the equatorial SST 
anomalies area-averaged in the 5° S–5° N latitude band by regressing 
the SST anomalies against the northern winter-mean Niño3 index at 
lead times of − 12 to 35 months (January in year 0 to December in 
year 3). c Evolutions of regressed SST anomalies area-averaged in the 
Niño3 region (left ordinate), in the TIO [(40°–110° E, 30° S–30° N), 
right ordinate], and in the TAO [(70° W–10° E, 30° S–30° N), right 
ordinate], against the northern winter-mean Niño3 index at lead times 
of − 12 to 35 months
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June–July–August (JJA) mean. The ENSO developing and 
decaying years are marked by a superscript “0” and “1”, 
respectively.

2.3  Analysis methods

The quasi-geostrophic Eliassen–Palm (EP) flux in two-
dimensional (2D) spherical and logarithm-pressure coordi-
nates can be used to indicate the propagation of planetary 
waves, and its divergence is a good estimate of wave ori-
gin and wave dissipation (Andrews et al. 1987). This study 
applies EP flux and its divergence to explore the planetary 
wave anomalies related to specific tropical SST forcings for 
all the sensitivity experiments. The two components (Fy, Fz) 
of the EP flux are expressed as

where ρ0, a, φ, R, f, H, and N are the air density, Earth’s 
radius, the latitude, the gas reference constant, the geos-
trophic deflecting force parameter, the reference scale height 
(7 km), and the buoyancy frequency, respectively; u and v 
are the two horizontal wind components; and T is the abso-
lute temperature. The overbar denotes the zonal average, 
and the prime denotes the zonal deviation relative to the 
zonal average. The EP flux divergence explains the dynami-
cal acceleration or deceleration of the zonally averaged zonal 
wind:

The 2D EP flux can only diagnose the propagation of 
planetary waves on the latitude–height plane, so Plumb’s 
(1985) three-dimensional (3D) wave activity flux is also used 
to diagnose the stationary wave activities in 3D space. The 
3D wave activity flux with a quasi-geostrophic assumption in 
spherical and logarithm-pressure coordinates is expressed as

where Fx, Fy and Fz are the three components of the Plumb 
wave activity flux along the longitude, the latitude, and the 
logarithm-pressure, respectively; p is the pressure, and ψ is 
the quasi-geostrophic stream function; the primes denote 
the perturbation relative to the zonal mean; and other vari-
ables (e.g., a, f, N, λ, φ, and z) are identical to those in the 
2D EP flux.

(1)
Fy = − �0a cos�u

�v�

Fz = �0a cos�
Rf

HN2
T �v�,

(2)DF =
∇ ⋅ F⃗

𝜌0acos𝜑
=

𝜕
(
Fycos𝜑

)
∕acos𝜑𝜕𝜑 + 𝜕Fz∕𝜕z

𝜌0acos𝜑
.

(3)F⃗s =

⎛⎜⎜⎝

Fx

Fy

Fz

⎞⎟⎟⎠
=

pcos𝜑

1000hPa

⎛
⎜⎜⎜⎜⎜⎝

1

2a2cos2𝜑

��
𝜕𝜓 �

𝜕𝜆

�2

− 𝜓 � 𝜕
2𝜓 �

𝜕𝜆2

�

1

2a2cos2𝜑

�
𝜕𝜓 �

𝜕𝜆

𝜕𝜓 �

𝜕𝜑
− 𝜓 � 𝜕

2𝜓 �

𝜕𝜆𝜕𝜑

�

f 2

2N2acos𝜑

�
𝜕𝜓 �

𝜕𝜆

𝜕𝜓 �

𝜕z
− 𝜓 � 𝜕

2𝜓 �

𝜕𝜆𝜕z

�

⎞
⎟⎟⎟⎟⎟⎠

,

3  Destructive interference between the TPO 
and TIO in their forcing in the southern 
winter extratropical stratosphere 
during ENSO

3.1  Model validation and stratospheric variability

Figure 2 displays the northern winter and southern sum-
mer climatology and the interannual variation of the zon-
ally averaged temperature and the zonally averaged zonal 
wind from ERA-Interim and the WACCM climatological 
SST run (i.e., ClmSST). In the northern wintertime, the 
cold center at 50 hPa over the Arctic and its interannual 
variation are reproduced well by WACCM (Fig. 2a, c). 
Both observation and model results show that the interan-
nual variation of zonal-mean temperature in the tropics 
is much less than that in the extratropics. The intensities 
and the geographic positions of the northern stratospheric 
polar night jet (20 m s−1, 65° N) and the northern tropo-
spheric subtropical jet (40 m s−1, 30° N) are successfully 
reproduced (Fig. 2b, d). The maximum interannual vari-
ability for the zonally averaged zonal wind is situated near 
the westerly jets: the stratospheric circumpolar region and 
tropospheric subtropical region (Fig. 2b). The maximum 
variability center near the polar night jet is fairly well 
reproduced by WACCM, although the maximum center 
near the subtropical jet is underestimated (Fig. 2b, d).

In the Southern Hemisphere summer, the interannual 
variation of Antarctic temperature is largely overestimated 
by WACCM (Fig. 2a, c). By the thermal wind theorem, 
the interannual variation of the circumpolar westerlies in 
WACCM is stronger than in ERA-Interim (Fig. 2b, d). The 
cold center over the Antarctic is situated below 200 hPa in 
ERA-Interim (Fig. 2c), whereas it is situated at 200 hPa in 
WACCM (Fig. 2c). Therefore, the southern extratropical 
westerlies extend higher in the model than in the obser-
vation (Fig. 2b, d); besides, the southern subtropical jet 
is ~ 5° of latitude farther poleward in WACCM (55° S) than 
in ERA-Interim (50° S).

Similarly, the southern winter and northern summer 
climatology and interannual variation are displayed in 
Fig. 3. In the Northern Hemisphere summer, the maximum 
interannual variation of the zonal mean temperature is still 
situated above 200 hPa in ERA-Interim, whereas it disap-
pears in WACCM (Fig. 3a, c). The general patterns of the 
zonally averaged temperature and zonally averaged zonal 
wind in the Northern Hemisphere are simulated well in the 
model, except that the northern subtropical jet is underesti-
mated (Fig. 3b, d). Specifically, the maximum zonal wind 
speed is ~ 20 m s−1 in ERA-Interim, while it decreases 
to ~ 15 m s−1 in WACCM. The stratospheric polar east-
erly in the northern summer is narrower in WACCM than 
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Fig. 2  Northern winter and southern summer (DJF) climatology 
(contours) of the zonally averaged temperature (units: K, left) and 
zonally averaged zonal wind (units: m  s−1, right) and their standard 

deviation (shading;  quasi-biennial oscillation  removed) from ERA-
Interim (top row) and the control experiment run (ClmSST, bottom 
row)

Fig. 3  As in Fig. 2 but for southern winter and northern summer (JJA)
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in ERA-Interim: it widens from 30° N at 100 hPa to the 
Arctic Pole at 10 hPa in ERA-Interim, whereas it is only 
situated in the mid–low latitudes in WACCM.

In the Southern Hemisphere winter, the problem of an 
“overly cold” stratospheric polar vortex (Fig. 3a, c; cf. 185 K 
vs 180 K) and “overly strong” polar night jet (Fig. 3b, d; 
cf. 70 m s−1 vs 90 m s−1) exists in the model, although the 
altitude of the stratospheric cold center over the Antarctic 
(50–20 hPa) and the geographical position of the maximum 
westerlies (60° S) are almost identical between WACCM and 
ERA-Interim. It is apparent from the observation that the 
maximum temperature variability is situated in the circum-
polar region (Fig. 3a); two maximum wind variation cent-
ers form on both flanks of the stratospheric polar night jet 
(Fig. 3b). The maximum standard deviation of temperature 
that is not located in the polar cold center is simulated well 
by WACCM, although the modeled amplitude is overesti-
mated (Fig. 3c). This is also true for the two maximum cent-
ers for the westerly variations. In short, WACCM can gener-
ally reproduce the climatology and interannual variation of 
the circulation and temperature, although small biases exist.

3.2  Zonal mean responses

The composite responses of the DJF-mean temperature and 
zonal wind to SST anomalies over different tropical ocean 
basins are shown in Fig. 4. The cancelling out of the impact 
of ENSO on the northern wintertime stratosphere by warm 
SST anomalies in the TIO (Fig. 4e, f) has been reported pre-
viously in Rao and Ren (2016a); here, the southern summer 
stratospheric response to ENSO and SST anomalies over 
different tropical ocean basins is also clear. During warm 
ENSO, the tropical troposphere is dominated by warm sig-
nals, resulting from the enhanced convection and the related 
latent heating release over tropical ocean basins; and mean-
while, the tropical stratosphere is anomalously cold, caused 
by enhanced adiabatic upwelling of dry air. Similar to the 
Arctic stratosphere, the Antarctic stratosphere is also anoma-
lously warm during the peak phase of warm ENSO, which 
is explained by the enhanced extratropical wave activities 
(Fig. 4a). According to the thermal wind theorem, the north-
ern and southern circumpolar westerlies are decelerated, 
whereas the subtropical jet intensity in both hemispheres 
increases (Fig. 4b).

Comparing the zonal mean responses to SST anomalies 
over the three tropical ocean basins in the northern winter 
and southern summer, the general circulation pattern dur-
ing the warm ENSO mature phase is dominated by the TPO 
forcing (Fig. 4c, d), whereas the role TIO plays is quite dif-
ferent between both hemispheres (Fig. 4e, f) in modulat-
ing the total “ENSO” pattern (Fig. 4a, b). Specifically, the 
warm TIO SST anomalies induce a decrease in the Arctic 
stratospheric temperature (Fig. 4e) and acceleration of the 

northern circumpolar night jet (Fig. 4d), cancelling out part 
of the total stratospheric “ENSO” signal. In contrast, such 
a cancelling-out effect of the TIO forcing is not found in 
the Southern Hemisphere: the Antarctic lower stratosphere 
is anomalously warm, albeit insignificantly (Fig. 4e); and 
meanwhile, the southern circumpolar westerlies are deceler-
ated (Fig. 4f). The winter mean response to the TAO forcing 
is fairly weak (Fig. 4g, h). The difference between Fig. 4a–d 
confirms the destructive interference effect of the TIO SST 
forcing on the northern winter stratospheric response to 
ENSO, while the southern summer response to ENSO is 
consistently contributed by the TPO and TIO.

However, in the northern summer and southern win-
ter following the mature ENSO, the role the TIO plays in 
modulating the zonal mean total “ENSO” signal has not yet 
been explored. Figure 5 shows the zonal mean responses to 
ENSO and SST forcing over different tropical ocean basins 
in the southern winter. In the northern summer, the strato-
spheric circulation is usually stable: the polar vortex has 
broken down and the polar easterlies dominate. Overall, the 
zonally averaged zonal wind anomalies and zonally aver-
aged temperature anomalies in the Arctic stratosphere are 
fairly weak, but the tropical responses are still very strong. 
The maximum tropical atmospheric response to ENSO does 
not appear in the ENSO mature phase, but lags by several 
months (cf. Figs. 4a, 5a; 1.2 K vs. 1.6 K). However, the 
model shows that in the southern wintertime, the Antarctic 
stratospheric polar vortex is significantly affected by ENSO 
(Fig. 5a, b). Specifically, a dipole temperature response 
appears poleward of 60° S: the temperature in the southern 
circumpolar region and over the Antarctic responds differ-
ently to ENSO (Fig. 5a). Meanwhile, a tripole zonal wind 
response appears in the southern extratropics: an anomalous 
westerly center at 35° S and 200 hPa, an anomalous easterly 
center at 70° S and 10 hPa, and another westerly center in 
the Antarctic troposphere (Fig. 5b). Different from the Arctic 
polar night jet response to ENSO that uniformly weakens 
(Fig. 4b), the Antarctic polar night jet shifts farther equator-
ward from the climatological geographical position during 
warm ENSO (Fig. 5b), consistent with the double maximum 
centers for the interannual variation of zonal wind in the 
southern winter circumpolar region (Fig. 3b, d).

It has been revealed that the maximum center for the 
interannual variation of zonal mean temperature in the 
southern winter stratosphere is not simply situated over 
the Antarctic, but near 70° S, which is quite different from 
that in the northern winter stratosphere (cf. Figs. 2a, c, 3a, 
c). Comparing the southern winter stratospheric response 
to SST anomalies in different tropical oceans, the “off-
Antarctic” pattern is explained well by the thermal forc-
ing over the TPO, TIO and TAO, respectively (Fig. 5c, e, 
g). Warm SST anomalies from the TPO induce the polar 
vortex off the Antarctic, leading to warm anomalies in the 
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Antarctic stratosphere but cold anomalies in the southern 
midlatitudes. Similar to the northern winter stratospheric 
response, the southern winter stratospheric response to 
ENSO is also dominated by that to the TPO warm SST 
anomalies (Fig. 5c). The total ENSO signal in the south-
ern winter stratosphere also tends to be cancelled out by 
warm SST forcing from the TIO, which excites anomalous 

warming in the southern extratropical stratosphere cen-
tered near 70° S (Fig. 5e). Warm SST anomalies in the 
TAO contribute positively to cooling in the southern cir-
cumpolar region (Fig. 5g). Therefore, the cancelling-out 
effect on the southern winter stratospheric total ENSO sig-
nal derives mainly from the contribution of the TIO, which 

Fig. 4  Left: Composite northern 
winter and southern summer 
zonally averaged temperature 
responses (units: K) in the a 
ENSO, c TPO, e TIO, and g 
TAO experiment runs relative 
to the ClmSST control run, 
respectively. The ENSO run 
minus the TPO run difference 
is shown in i for the zonally 
averaged temperature. Right: 
As in the left-hand column but 
for the zonally averaged zonal 
wind responses (units: m s−1) 
in b, d, f, h the four sensitivity 
runs, respectively, relative to 
the ClmSST control run. The 
ENSO run minus the TPO run 
difference is shown in j for the 
zonally averaged zonal wind. 
The significant responses (a–h) 
and differences (i, j) are shaded 
with light (dark) colors at the 
90% (95%) confidence level 
based on the Student’s t test
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can be further verified by the similarity of Fig. 5e and the 
“ENSO minus TPO” difference (Fig. 5i).

The cancelling-out effect of the TIO on the southern 
winter stratospheric total ENSO signal can also be seen 
in the zonal wind response (Fig. 5d, f, j, h). Specifically, 
warm SST anomalies in the TPO favor an equatorward shift 
for the southern winter polar night jet (Fig. 5d), whereas 

those in the TIO favor a poleward shift (Fig. 5f). Again, 
it is shown that the TAO warm SST anomalies contribute 
positively to the equatorward shift for the southern winter 
polar night jet (Fig. 5h). The difference between the ENSO 
and TPO experiments confirms that the cancelling-out effect 
is indeed caused by thermal forcing in the TIO (Fig. 5j). It 
can be concluded that the cancelling-out effect of the TIO 

Fig. 5  As in Fig. 4 but for 
southern winter and northern 
summer
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on the stratospheric ENSO signal is not only confined to the 
northern winter, but also identifiable in the southern winter, 
albeit the zonal mean response patterns are different in both 
hemispheres’ wintertime.

4  Interpretation of the destructive 
interference between TPO and TIO

4.1  The tropical latent heating response 
and the southern tropospheric response

The cancelling-out effect of the TIO on the northern win-
ter stratospheric ENSO signals takes place mainly through 
exciting a negative PNA-like response in the extratropical 
troposphere, which is generally out phase with the positive 
PNA pattern during warm ENSO (Rao and Ren 2016a). Fig-
ure 8 shows the southern winter height response at 200 hPa 
to ENSO and SST anomalies in the TPO and TIO basins, 
respectively. In general, the geopotential height response to 
ENSO in the wintertime hemisphere is much stronger than 
that in the summertime hemisphere (Fig. 6c–j). Specifically, 
the tropical convections in the eastern and central equato-
rial Pacific are markedly enhanced during the warm ENSO 
decaying phase (cf. shading in Fig. 6a, c); and meanwhile, 
the geopotential height at 200 hPa rises uniformly in the 
tropics (Fig. 6c, d), with two positive centers on both sides 
downstream of the maximum latent heating (Fig. 6c). In the 
Southern Hemisphere winter, a positive PSA-like pattern 
forms during warm ENSO: a maximum height lobe over 
the southern tropical Pacific, a minimum height lobe far to 
the east of New Zealand, and another maximum height lobe 
over the Antarctic Peninsula. The wave train-like response 
is quite clear (Fig. 6c), but the annular mode–like response 
is fairly weak (Fig. 6d).

The PSA-like pattern is also clearly identifiable in the 
TPO experiment, which means that warm SST anomalies 
in the TPO primarily dominate the PSA-like response in 
the southern extratropics (Fig. 6e). The annular mode–like 
response to the TPO thermal forcing is also trivial (Fig. 6f). 
The positive height response to the TPO over the Antarc-
tic Peninsula is generally in phase with the climatological 
ridge there (cf. Fig. 6a, e), strengthening the climatologi-
cal waves. However, the southern extratropical response to 
the TIO (Fig. 6g, h) is different from that to the TPO. The 
convective activity over the TIO in the TPO experiment is 
suppressed, while it is enhanced in the TIO experiment (cf. 
Fig. 6e, g). As a consequence, the latent heating anomalies 
are centered in the central tropical Pacific Ocean in the TPO 
experiment, whereas it is centered in the western TIO in 
the TIO experiment. The geopotential height response in 
the southern oceans to the warm SST anomalies in the TIO 
is generally out of phase with that to the TPO warm SST 

anomalies. For example, a geopotential height low anom-
aly center forms over Madagascar, following a height high 
anomaly center in the southern Indian Ocean and a height 
low anomaly center off the south coast of Australia over 

(b)

(d)

(f)

(h)

(j)

Fig. 6  a Climatological spatial patterns of the vertical column-mean 
latent heating from 1000 to 100 hPa (shading; units: K  day−1) and the 
200-hPa geopotential height zonal deviation (contours; units: gpm) 
in the ClmSST control run during the southern winter and northern 
summer. c, e, g Spatial patterns of the geopotential height responses 
in the three sensitivity experiment runs, respectively, relative to the 
ClmSST control run. i ENSO run minus TPO run differences for 
the latent heating and geopotential height. The zonal average of the 
geopotential height fields in the left-hand panels are displayed in the 
right-hand panels
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the southern ocean in the TPO experiment (Fig. 6e), which 
favors the eastward shift of the southern extratropical clima-
tological waves (Fig. 6a). However, the opposite appears to 
be true in the TIO experiment (Fig. 6g), which can also be 
confirmed by the ENSO run minus the TPO run difference 
(Fig. 6i, j). In the southern Pacific, the height high anomaly 
response over the Antarctic Ross Sea to the TPO thermal 
forcing (Fig. 6c, e) is replaced by the height low anomaly 
response in the TIO experiment (Fig. 6g, i).

Compared with the northern winter extratropical response 
to warm SST anomalies in the TPO and TIO runs (Rao and 
Ren 2016a), the southern winter extratropical response 
has its own unique aspects. In the northern winter, both 
the zonal wave response and the annular mode response to 
ENSO and TIO warm SST anomalies are significant (Rao 
and Ren 2016a); whereas, in the southern winter, the zonal 
wave response can still be clearly seen (left column in Fig. 6) 
but the annular mode response is fairly trivial (right column 
in Fig. 6). The northern winter climatological extratropical 
eddy height displays a WN-2 pattern, while the southern 
winter climatological extratropical eddy height displays a 
WN-1 pattern (Fig. 6a). The climatological wave differences 

are caused by the distribution of land and sea: Eurasia and 
North America in the northern extratropics, but only South 
America in the region poleward of 50° S. The PNA-like 
response in the northern winter is in phase (TPO SST) or out 
of phase (TIO SST) with the climatological waves, while the 
wave centers in the southern winter do not coincide with the 
climatological wave centers.

4.2  Wave train response in the southern 
extratropics

Figure 7 shows the southern winter and northern summer 
response of wave activity fluxes at 200 hPa to SST forcing 
in the TPO and in the TIO. Clearly, the summer hemisphere 
wave activity flux is relatively weaker than that in the win-
ter hemisphere. In the southern wintertime, a Rossby wave 
train–like response is primarily emanant from the central 
TPO, throughout all the PSA lobes related to warm ENSO 
(Fig. 7a). Therefore, the PSA response is caused by the 
enhanced convection in the TPO, which creates strong diver-
gence in the upper troposphere (not shown). The large wave 
activity flux is generated in the tropics and arcs downstream 

Fig. 7  a–c Spatial patterns of the wave activity flux and geopotential 
height responses at 200 hPa to the different SST forcings in the three 
sensitivity experiments, respectively. Vectors indicate the horizontal 
components of the wave activity flux (units:  m2  s−2), shading denotes 

the vertical component of the wave activity flux (units:  10−2  m2  s−2), 
and contours are the geopotential height responses (units: gpm). d 
ENSO run minus TPO run differences for the wave activity flux and 
geopotential height
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gradually. Strong wave activities associated with the positive 
height center over South Africa also appear in the southern 
extratropical Indian Ocean.

The TPO experiment confirms once again that the PSA-
like wave train is mainly generated by enhanced convection 
over the TPO, but the wave train emanating from the TIO 
moves downstream, merging into the PSA (Fig. 7b). As the 
convection over the Southern Hemisphere TIO is enhanced 
in the TIO experiment (Fig. 6c), large wave activity flux 
can also be seen in the southern Indian Ocean (Fig. 7c). The 
TPO-generated PSA response disappears in the TIO experi-
ment, but the TIO-generated wave train moves along an arc 
in the southern Indian Ocean and downstream Pacific (cf. 
Fig. 7b, c). In contrast, a negative height response to the east 
of New Zealand and positive height response over the Ant-
arctic Ross Sea to warm SST anomalies in the TPO (Fig. 7b) 
change the sign in the TIO experiment (Fig. 7c), but the 
horizontal direction of the wave activity flux is similar. The 
“ENSO minus TPO” difference (Fig. 7d) is highly similar 
to Fig. 7c: the wave train spanning the southern Indian and 
Pacific oceans is once again clear, which merges into the 
PSA response in the Pacific sector during warm ENSO.

The upward passageway for the enhanced wave activities 
is also different in the TPO and TIO experiments. Two pas-
sageways in the southern extratropics are identifiable during 
warm ENSO: one over South Africa and the other over the 
southeast Pacific (Fig. 7a). The former passageway is mainly 
induced by warm SST anomalies in the TPO (Fig. 7b), while 
the latter is intimately associated with the TIO positive SST 
anomalies (Fig. 7c, d).

4.3  Modulation of the planetary wave distribution 
in the southern extratropics by the TPO and TIO 
forcing

Figure 8 presents the longitude–height distribution of the 
southern extratropical zonal wave responses to the TPO 
and TIO warm SST anomalies and the corresponding zonal 
wave climatology from the ClmSST experiment. Unlike the 
PNA response, which enhances the climatological waves in 
the northern winter, the PSA response interferes relatively 
less with the climatological waves (Fig. 8a–c). The extra-
tropical eddy height response is situated farther east with 
respect to the climatological stratospheric eddy peak and 
crest during warm ENSO (Fig. 8a). Further decomposition 
on the zonal wavenumbers reveals that the WN-1 response is 
almost orthogonal with, and leads, its climatology (Fig. 8b), 
whilst the WN-2 response and its climatology are out of 
phase (Fig. 8c).

The eastward shift of the southern extratropical eddy 
height response with respect to its climatology during 
warm ENSO is mainly attributable to the TPO warm SST 
anomalies (Fig. 8d). The WN-1 response pattern, which is 

in quadrature with its climatology throughout the tropo-
sphere and the stratosphere, is even clearer in the TPO 
experiment than in the ENSO experiment (cf. Fig. 8b, e). In 
addition, the WN-2 response related to the TPO warm SST 
anomalies is also simply out of phase with its climatology 
(Fig. 8f).

However, the eddy height response in the southern extra-
tropics to the TIO forcing is nearly opposite to that to the 
TPO forcing, except that the height response over the Ant-
arctic Peninsula and Drake Passage is positive in both exper-
iments (cf. Fig. 8d, g). Specifically, the eddy height response 
distribution is westward-biased with respect to its climatol-
ogy in the TIO experiment (Fig. 8g). Similar to the response 
to the TPO forcing, the WN-1 response to the TIO warm 
SST anomalies is also nearly orthogonal with its climatology 
and lags it (Fig. 8i). The WN-2 response to the TIO forcing 
also lags the climatological WN-2 (Fig. 8i), but its amplitude 
is much smaller than that of WN-1. The difference between 
“ENSO” and “TPO” also verifies the cancelling out effect 
of the TIO on the wave response to ENSO (Fig. 8j–l). The 
general westward bias of the southern extratropical eddy 
height response with respect to its climatology (Fig. 8j) and 
the orthogonal patterns of the WN-1 (Fig. 8k) and WN-2 
(Fig. 8l) responses with their climatology are all verified by 
the difference.

4.4  Brief comparison of the polar stratospheric 
responses between the two hemispheres

The above analysis reveals a generally opposite impact 
of the TPO and TIO forcing on the southern extratropics. 
In this subsection, we compare the southern winter and 
northern winter stratospheric polar vortex variations and 
their responses to the TPO and TIO warm SST anomalies. 
Figure 9 presents the zonally averaged zonal wind and EP 
flux responses to the prescribed TPO and TIO warm SST 
forcings in the northern winter and southern summer. Fig-
ure 2 has already revealed that the interannual variation of 
the northern wintertime polar vortex in the stratosphere is 
dominated by its uniform pattern. Similarly, the response 
of the northern wintertime polar vortex in the stratosphere 
to the TPO and TIO forcing also exhibits a uniform pat-
tern (Fig. 4): the polar night jet is consistently decelerated, 
related to increased activities of planetary waves and their 
enhanced upward propagation, in the “ENSO” and “TPO” 
runs (Fig. 9a, b); whereas, it is consistently accelerated, 
related to decreased activities of planetary waves and their 
suppressed upward propagation, in the “TIO” run (Fig. 9c, 
d). It is also apparent that the zonal wind responses to the 
TPO and TIO are identical in the southern summer: easterly 
anomalies appear in the circumpolar region, and westerly 
anomalies exist in the subtropics.
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However, the southern winter stratospheric vortex is much 
stronger and more stable than its northern winter counter-
part. Its interannual variation is mainly dominated by a zonal 
wind variance pattern with both extreme centers on both 
flanks of the southern polar night jet (Fig. 3). Similarly, its 
response to the TPO and TIO also exhibits a dipole pattern, 
with two centers on both flanks of the southern polar west-
erly jet stream (Fig. 5). Figure 10 further shows the EP flux 
response and its divergence in the southern winter and north-
ern summer to the prescribed SST anomalies in different 

tropical ocean basins. It is clear that the vertical propagation 
of the extratropical planetary waves in the southern win-
tertime stratosphere also displays a dipole pattern, being 
enhanced in high latitudes but suppressed in mid–low lati-
tudes during warm ENSO (Fig. 10a). EP flux convergence 
anomalies form in the circumpolar region, explaining the 
easterly response; and meanwhile, EP flux divergence anom-
alies appear in mid–high-latitude regions, corresponding to 
the westerly response. Obviously, the dipole responses of 
the EP flux as well as those of its divergence are primarily 

Fig. 8  a–i Vertical cross-sections of the geopotential height zonal 
deviation (left column), the geopotential height zonal wavenum-
ber-1 component (middle column), and the geopotential height zonal 
wavenumber-2 component (right column) averaged in the south-
ern mid–high-latitude band, 45°–75° S, during the southern winter 
from the three sensitivity experiments. Contours are the geopotential 

height responses (units: gpm) in the three sensitivity runs relative to 
the ClmSST control run, and shading shows the height climatology 
(units: gpm) in the ClmSST control run. The ENSO run minus TPO 
run difference is shown in the last row for the geopotential height 
zonal deviation and waves (contours; units: gpm)
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controlled by the TPO forcing (Fig. 10b). In contrast, it is 
verified once again that the TIO plays a negative role in 
producing the dipole response of EP flux and its divergence 
(Fig. 10c). Specifically, the EP flux response points upward 
in midlatitudes but downward in high latitudes. The EP flux 
response to the TIO is generally contrary to that to the TPO, 
explaining the opposite zonal wind responses (cf. Fig. 10b, 
c). The “ENSO minus TPO” difference is largely similar to 
the response in the TIO experiment (Fig. 10d).

In short, the southern winter stratospheric response to 
tropical forcing exhibits a dipole pattern for the zonal wind 
field, indicating that the southern stratospheric polar vortex 
is likely to move away from, or move towards, the South 
Pole (shift of its position), accompanied by a meridional 
shift of the polar night jet. This is different from the north-
ern winter stratospheric response to tropical forcing, which 
shows a uniform variation centered on the polar westerly 
jet stream, indicating a change in the polar vortex intensity. 
The responses of the stratospheric polar vortices in both 
hemispheres’ wintertime to the tropical forcing are highly 

consistent with the pattern of interannual variation, which 
means the tropical ocean forcing is an important source for 
the interannual variation of the stratosphere.

5  Validation of the destructive interference 
between TPO and TIO in reanalysis data

5.1  Difficulty and endeavor in separating TPO 
and TIO forcing from observations

The model results have revealed that the TIO is an important 
zone where the thermal forcing accounts for the interannual 
variation of the southern winter stratosphere. But can we 
extract from the observations the contribution of the TIO to 
the interannual variation of the southern wintertime strato-
sphere quantitatively? Following Rao and Ren (2017, 2018), 
the linear fitting method is used to extract the impacts of 
the tropical stratospheric quasi-biennial oscillation (QBO) 
and the quasi 11-year solar activity on the stratosphere. The 

Fig. 9  a–c Vertical cross-sections of the scaled EP flux responses 
(vectors;Fy∕�0 , Fz∕�0 ; units:  m3  s−2) and the EP flux divergence 
responses (shading; units: m  s−1  day−1) during the northern winter 
and southern summer in the three sensitivity experiment runs, respec-
tively, relative to the ClmSST control run. Contours are the cor-
responding zonally averaged zonal wind responses (units: m  s−1). d 

ENSO run minus TPO run differences for the scaled EP flux, the EP 
flux divergence, and the zonally averaged zonal wind. Both compo-
nents of the EP flux are scaled by air density and the vertical compo-
nent of the EP flux is also zoomed in 50 times to clearly show the EP 
flux vectors
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QBO index is defined as the equatorial (5° S–5° N) zonal-
mean zonal wind at 30 hPa, and the 11-year solar cycle index 
is denoted by the solar radio flux at 2800 MHz, 10.7 cm 
wavelength (ftp.ngdc.noaa.gov/STP/space-weather/solar-
data/solar-features). Then, the impact of the QBO (i.e., the 
regression coefficient against the QBO for a variable of 
interest × the QBO index) and the impact of the solar cycle 
(i.e., the regression coefficient against the solar cycle for a 
variable of interest × the solar cycle index) are subtracted 
from the anomaly data to filter their interferences. Since 
the tropical SST variations are dominated by ENSO on the 
interannual timescale, it is not easy to extract independent 
and pure impacts of the TIO thermal forcing on the southern 
wintertime stratosphere. We use the TPO basin (180°–250° 
E, 30° S–30° N) and the TIO basin (40°–110° E, 30° S–30° 
N) outgoing longwave radiation (OLR) to denote the latent 
heating forcing associated with tropical convection there, 
since warm SST anomalies are sometimes a passive response 
to the atmospheric variability.

Considering that the available winter sample size from 
ERA-Interim is very limited (1979–the present day), 
which substantially affects the robustness of the compos-
ite, we select the austral winter months rather than sea-
sons for the composite analysis. The austral winter months 

with a Niño3 index greater than half its standard devia-
tion (0.5σ) are selected as the El Niño months (18 months 
in total), and those with a Niño3 index less than − 0.5σ 
are selected as the La Niña months (24 months in total). 
The austral winter months with weak TPO convection are 
selected if the OLR anomaly over the TPO is greater than 
0.5σ (30 months in total), and austral winter months with 
strong TPO convection are selected if the OLR anomaly 
over the TPO is less than − 0.5σ (26 months in total). 
Similarly, austral winter months with weak and strong TIO 
convection are also selected using the OLR anomaly over 
the TIO (43 and 37 months in total, respectively). Because 
three consecutive austral winter months can be selected in 
several years, the effective degrees of freedom are usually 
much smaller than their size. One-third of the total month 
size for every group pairing (i.e., El Niño and La Niña, 
weak and strong TPO convection, or weak and strong TIO 
convection) is used as an estimate of the effective degrees 
of freedom for simplicity. Note that the ENSO months 
are selected without other complementary conditions, 
but the weak and strong TPO (TIO) convection months 
are selected with the TIO (TPO) OLR anomalies falling 
between − 0.5σ and 0.5σ to avoid a mixture of TIO and 
TPO forcings.

Fig. 10  As in Fig. 9 but for southern winter and northern summer
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5.2  Observed cancellation of the TIO forcing 
with ENSO’s effects in the southern winter 
extratropical stratosphere

The composite differences in zonal mean temperature and 
zonal wind anomalies from ERA-Interim between El Niño 
and La Niña, between strong and weak TPO convection, and 
between strong and weak TIO convection, are separately 
shown in Fig. 11. Consistent with Hurwitz et al. (2011a) 
and Lin et al. (2012), the impact of ENSO on the south-
ern winter stratospheric temperature is very weak and the 
maximum temperature anomaly in the Antarctic stratosphere 
is ~ 0.5 K (Fig. 11a). However, the warm temperature anom-
alies associated with the TPO forcing (note that the TIO 
forcing is excluded when the OLR anomalies over the TIO 
fall between − 0.5σ and 0.5σ) are much larger in the Antarc-
tic stratosphere (~ 2 K) than those associated with the total 
ENSO forcing (Fig. 11a, c). In contrast, the maximum warm 
anomaly center shifts to the southern circumpolar region if 
the TIO convection is enhanced without the TPO forcing 
(i.e., the TPO OLR anomalies fall between − 0.5σ and 0.5σ; 
Fig. 11e).

Consistent with the temperature response, the cir-
cumpolar zonal wind response to ENSO in the southern 

stratosphere is also weak: the amplitude of the circumpolar 
easterly anomalies is ~ 0.5 m s−1 (Fig. 11b). When the TPO 
convection is enhanced, the dipole wind pattern appears 
in the southern extratropical stratosphere (Fig. 11d). The 
easterly anomalies dominate in the subpolar stratosphere, 
while the westerly anomalies form in the midlatitude 
stratosphere. Therefore, the circumpolar westerly jet tends 
to shift equatorward for the enhanced TPO convection. 
The zonal-mean zonal-wind response to the enhanced 
TIO forcing is mainly dominated by easterly anomalies in 
mid–low latitudes, whereas westerly anomalies are also 
observed in the circumpolar stratosphere (Fig. 11f). Such 
a dipole pattern for the TIO forcing is generally opposite 
to that for the TPO forcing. In short, the cancelling-out 
effect of the TIO thermal forcing on the southern winter 
stratospheric response to ENSO SST anomalies modeled 
by WACCM is clearly identifiable in the observations. It 
can be concluded that the southern winter stratospheric 
polar vortex response to the TIO forcing is not an elusive 
signal in the model, but a true signal also identifiable in 
observations.

Fig. 11  Observational evidence 
for the cancelling out of the 
effects of ENSO on the southern 
winter stratosphere by the TIO 
thermal forcing. Composite 
southern winter-mean (left) 
zonally averaged temperature 
differences (shading; units: K) 
and (right) zonally averaged 
zonal wind differences (shad-
ing; units: m s−1) from ERA-
Interim (a, b) between El Niño 
(Niño3 ≥ 0.5σ) and La Niña 
(Niño3 ≤ -0.5σ) in austral winter 
months, (c, d) between austral 
winter months with strong TPO 
convection (OLR ≤ − 0.5σ) and 
those with weak TPO convec-
tion (OLR ≥ 0.5σ), and (e, f) 
between austral winter months 
with strong TIO convection 
(OLR ≤ − 0.5σ) and those 
with weak TIO convection 
(OLR ≥ 0.5σ). Contours are the 
90% and 95% confidence levels 
for the composite difference
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6  Summary

Previous studies have demonstrated a destructive inter-
ference between the TPO and TIO in their forcings in 
the northern winter stratospheric during ENSO. Specifi-
cally, the northern wintertime polar vortex response in the 
stratosphere to the prescribed thermal forcing in the TIO 
interferes destructively with that to the thermal forcing in 
the TPO. The ENSO signal obtained in the northern winter 
stratosphere is a net balance of thermal forcing from dif-
ferent tropical ocean basins. However, the impact of the 
TIO thermal forcing on the southern winter stratosphere 
has not yet been widely reported. By performing differ-
ent sensitivity experiments with a stratosphere-resolving 
model, WACCM, this study further reveals the interference 
of the TIO forcing with the ENSO forcing from TPO in the 
southern wintertime stratosphere.

It is revealed that the interannual variations of the north-
ern and southern winter stratospheric polar vortices are 
different in the observations—a finding also verified in the 
model. The Arctic polar cap temperature variance is a mono-
pole centered at 50–30 hPa; and meanwhile, the zonal wind 
variance of the circumpolar region in the northern winter-
time stratosphere is maximized at the location of the polar 
westerly jet stream. The general monopole pattern of zonally 
averaged temperature and zonal wind variances in the north-
ern wintertime stratosphere mainly denotes changes in the 
northern winter stratospheric polar vortex intensity. By con-
trast, the maximum temperature variance center in the south-
ern winter stratosphere is shifted to the mid–high latitudes; 
and meanwhile, a dipole pattern forms for the extratropical 
zonal wind variance, with the two centers on both flanks of 
the polar westerly jet. Therefore, the interannual variations 
of the southern wintertime polar vortex cold center and the 
polar westerly jet in the stratosphere are mainly dominated 
by changes in their positions.

Similarly, the responses of the zonally averaged strato-
spheric temperature and zonal wind to TPO and TIO warm 
SST forcings largely manifests their interannual variabili-
ties. The northern wintertime polar vortex in the strato-
sphere responds to the TPO and TIO thermal forcing with 
change in its intensity, whereas the southern winter strato-
spheric polar vortex does so with change in its position. 
The TIO thermal forcing interferes with the TPO thermal 
forcing in modulating the southern winter stratospheric 
total ENSO signal. The TPO warm SST anomalies favor 
an off-Antarctic displacement of the southern wintertime 
polar vortex in the stratosphere and an equatorward move-
ment of the southern circumpolar westerly jet, whereas the 
TIO warm SST anomalies induce anomalous stratospheric 
warming in the mid–high-latitude regions and a poleward 
shift of the southern circumpolar westerly jet.

The cancelling-out effect of the TIO warm SST anomalies 
on the southern winter stratospheric total ENSO signal is 
dynamically linked to different height responses in the tropo-
sphere to the TPO and TIO, which are nearly opposite in the 
southern extratropics. A PSA-like height pattern is excited 
in the southern winter extratropics in the TPO experiment, 
which is dynamically related to the wave train emanating 
from the TPO. However, the geopotential height response 
pattern in the TIO run is nearly contrary to that in the TPO 
run, which is related to the wave train emanating from the 
TIO. The wave train emanating from the TIO can interfere 
with the PSA wave train, weakening the height response in 
the PSA region.

The tropospheric wave train modulates the climatological 
waves, especially WN-1, which can propagate to the strato-
sphere. The extratropical responses to thermal forcing over 
the TPO and TIO tend to cancel each other out, both causing 
a zonal shift of the WN-1 climatology throughout the tropo-
sphere and the stratosphere: eastward in the TPO experiment 
but westward in the TIO experiment. The mid–high-latitude 
EP flux response to the TIO and TPO thermal forcing is non-
uniform in the southern winter, unlike the northern winter. 
The upward propagation of planetary waves is suppressed in 
midlatitudes but enhanced in high latitudes when warm SST 
anomalies are confined to the TPO, whereas the opposite is 
true when warm anomalies are confined to the TIO.

Finally, it is again verified, by using the composite 
method with the QBO and solar cycle signals removed, that 
the significant impact of the TIO thermal forcing on the 
southern wintertime polar vortex in the stratosphere is not 
an elusive signal, but a true one also found in observations. 
Our results have further clarified the dynamical processes 
linking the tropical thermal forcings following ENSO with 
the stratospheric response in both hemispheres’ extratrop-
ics. The dynamical roles played by different tropical oceans 
in their contributions to the overall effects of ENSO on the 
circulation in the extratropics have become gradually clearer.
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