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Abstract. In this study we examine the cross–seasonal effects of boreal winter sea surface temperature (SST)
anomalies over the tropical central Pacific (Niño 4 region) on Antarctic stratospheric circulation and ozone
transport during the subsequent austral winter using ERA5 reanalysis of 45 years (1980–2024). Our analyses
show that warm (cold) SST anomalies in the Niño 4 region during December–February are associated with mid-
and high-latitude stratospheric warming (cooling), a contracted (expanded) stratospheric polar vortex (SPV),
and enhanced (suppressed) polar ozone concentrations in the subsequent July–September period. This delayed
response is mediated by the Pacific–South America (PSA) teleconnection pattern, which excites planetary waves
that propagate upward into the stratosphere, thereby modifying the Brewer–Dobson circulation and enhancing
ozone poleward transport, ultimately warming polar stratosphere. In addition, as the influence of the Niño 4 SST
anomalies on the PSA teleconnection pattern diminishes during July–September, surface heat feedback at mid-
and high-latitude becomes critically important for planetary waves. For example, persistent southeastern Pacific
SST warming and sea–ice loss over the Amundsen and Ross Seas reinforce planetary waves by releasing heat
from ocean into atmosphere. A multivariate regression statistical model using factors of boreal winter Niño 4 SST
and June PSA indices explains approximately 32 % of the variance in austral winter stratospheric temperatures.
These findings highlight a previously underexplored pathway through which tropical Pacific SST anomalies
modulate Antarctic stratospheric dynamics on cross-seasonal timescales.

1 Introduction

The Antarctic stratospheric circulation is largely governed by
the wintertime Stratospheric Polar Vortex (SPV), which is
a major driver of weather and climate variability across the
Southern Hemisphere (Baldwin et al., 2021). Compared to
its Northern Hemisphere counterpart, the Antarctic SPV is
generally more stable, owing to weaker thermal contrasts be-
tween the ocean and land. Despite this stability, the Antarctic

SPV exhibits considerable interannual variability (Domeisen
et al., 2019; Baldwin et al., 2021). Therefore, the Antarc-
tic stratosphere plays a crucial role in modulating weather
and climate in the Southern Hemisphere through the seasonal
evolution of SPV and its dynamics processes and interaction
with ozone chemistry (Thompson et al., 2005; Solomon et
al., 2016).

Previous studies revealed large interannual variations and
long-term trends in the SPV, stratospheric temperatures,
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and ozone concentrations (Karpetchko et al., 2005; Hu et
al., 2022). Superimposed on the long-term trends of SPV are
substantial interannual variations and extreme events (Shen
et al., 2020; Zi et al., 2025; Lim et al., 2026). For instance,
exceptionally weak SPV episodes triggered by sudden strato-
spheric warmings (SSWs) occurred respectively in 2002,
2010, 2019, and 2024 (Thompson and Solomon, 2002; Es-
ler et al., 2006; Laat and Weele 2011; Shen et al., 2020; Zi
et al., 2025; Lim et al., 2026), and an unusually strong SPV
event driven by the pronounced ozone depletion occurred in
2020 (Lim et al., 2024).

Several natural factors contribute to the above-mentioned
SPV variability. The phase of the Quasi–Biennial Oscilla-
tion (QBO), for instance, modulates planetary wave propaga-
tion and can either strengthen or weaken the SPV (Kuroda et
al., 2007). El Niño–Southern Oscillation (ENSO) events also
leave distinct warm- and cold-year signatures on Antarctic
stratospheric temperatures through changes in tropospheric
wave forcing and the Brewer–Dobson (B–D) circulation
(Yang et al., 2015; Stone et al., 2022; Rao et al., 2023; Wang
et al., 2025). Previous studies also suggest sea–ice can have
significant impact on the SPV (Rea et al., 2024; Song et
al., 2025; Sun et al., 2015), with implications for Southern
Hemisphere climate variability. In addition, solar-cycle vari-
ability contributes to interannual modulation by altering ul-
traviolet irradiance and stratospheric heating rates (Kuroda
et al., 2007). Alongside these natural drivers, fluctuations in
the atmospheric burdens of ozone-depleting substances and
greenhouse gases continue to influence both the magnitude
and nature of Antarctic stratospheric variability (Singh and
Bhargawa, 2019).

ENSO is the most prominent mode of interannual cli-
mate variability (Wang, 2018). Developing in boreal autumn
and peaking in winter, ENSO influences the global weather
patterns through atmospheric teleconnections (McPhaden et
al., 2006). It also modulates the SPV primarily via the
Pacific–North America (PNA) and the Pacific–South Amer-
ica (PSA) wave trains (Garfinkel and Hartmann, 2008; Ine-
son and Scaife, 2009; Barriopedro and Calvo, 2014; Polvani
et al., 2017; Song and Son, 2018; Zhang et al., 2022). In
the Northern Hemisphere, El Niño events enhance tropical
convection and amplify the PNA pattern, strengthening the
Aleutian Low, which in turn increases upward wave activity
and weakens the SPV (Garfinkel and Hartmann, 2008; But-
ler and Polvani, 2011; Zhang et al., 2022). In the Southern
Hemisphere, central Pacific (CP-type) El Niño events dur-
ing September–February enhance convection near the South
Pacific Convergence Zone (SPCZ), which triggers the PSA
wave trains that can weaken the Antarctic SPV, resulting in
polar stratospheric warming and enhanced ozone concentra-
tion (Hurwitz et al., 2011a, b; Yang et al., 2015; Manatsa and
Mukwada, 2017; Domeisen et al., 2019; Ma et al., 2022). In
contrast, Eastern Pacific (EP-type) El Niño events have been
found to produce weaker Antarctic stratospheric responses
(Hurwitz et al., 2011a; Zubiaurre and Calvo, 2012).

Although many studies have examined the Antarctic
stratosphere’s simultaneous or 1–2 months lagged responses
to ENSO from September to February of following year
(L’Heureux and Thompson, 2006; Silvestri and Vera, 2009;
Hu and Fu, 2010; Fogt et al., 2011; Lin et al., 2012; Kim
et al., 2017; Ma et al., 2022), our knowledge remains very
limited on the ENSO’s cross-seasonal and delayed effects
(Manatsa and Mukwada, 2017; Niu et al., 2023). Some pre-
vious studies have found that delayed ozone responses occur
in the year following an ENSO event (Lin and Qian, 2019),
while others have suggested that tropical sea surface temper-
ature (SST) anomalies as early as June can influence strato-
spheric circulation later in the year (Grassi et al., 2008; Ev-
tushevsky et al., 2015; Lim et al., 2018; Stone et al., 2022).
Yang et al. (2015) examined correlations between ENSO and
Antarctic stratospheric temperatures during July–September,
but these were primarily interpreted as concurrent responses.
Despite these studies, the physical mechanisms by which
ENSO events in boreal winter influence the Antarctic strato-
sphere during the following austral winter (July–September)
remain poorly understood. During the austral winter, the SPV
reaches its maximum strength and is also particularly sus-
ceptible to dynamical disturbances. Consequently, a deeper
understanding of the delayed impacts of El Niño is crucial
for improving prediction of Antarctic stratospheric extreme
events (Lin et al., 2009; Thompson et al., 2011).

The primary objective of this study is to examine how
the boreal winter tropical central Pacific SST anomalies
(SSTa) influence the Antarctic stratosphere during the fol-
lowing austral winter, with particular emphasis on the mech-
anisms through which tropical central Pacific SSTa modulate
Antarctic stratospheric dynamics, and associated planetary
wave propagation and mid-latitude sea–air interactions. The
structure of this paper is as follows. Section 2 describes the
data and methodology; Sect. 3 quantifies the relationship be-
tween the tropical central Pacific SST and Antarctic strato-
sphere; Sect. 4 examines the underlying dynamical mecha-
nisms; Sect. 5 presents the multivariate regression analysis;
Sect. 6 evaluates CMIP6 model validation; Sect. 7 provides
a summary and conclusion.

2 Data and methods

2.1 Data

The 6 hourly and monthly-mean atmospheric variables over
the 45-year period (1980–2024) extracted from the ERA5
reanalysis (Hersbach et al., 2023a, b) are used in this
study. This reanalysis with a horizontal resolution of 1°×
1° was generated by the European Centre for Medium-
Range Weather Forecasts (ECMWF). These atmospheric
variables include the geopotential height, horizontal and ver-
tical winds, temperature and ozone mass mixing ratio with
37 vertical pressure levels; sea level pressure (SLP), total col-
umn ozone (TCO3), net surface downward short-wave radia-
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tion flux, net surface upward long-wave radiation flux, latent
and sensible heat fluxes, outgoing long-wave radiation flux
(OLR) with single level. The monthly sea surface tempera-
ture (SST) and sea–ice concentration (SIC) during the same
study period were also extracted from ERA5 reanalysis.

Several indices (such as Niño 3, Niño 3.4, and Niño 4)
based on SST anomalies averaged over a given region have
been used to monitor the dynamic activities in the tropic Pa-
cific (Bamston et al., 1997; Trenberth, 1997). The Niño 3
index represents the SST anomalies averaged over 5° N–5° S
and 150–90° W, and is used for monitoring and predicting El
Niño and La Niña events (Trenberth, 1997). The Niño 3.4
index is the SST anomalies averaged over 5° N–5° S and
170–120° W, and is used as the primary index for monitor-
ing ENSO due to its ability to capture basin-scale variability
(Bamston et al., 1997). The Niño 4 index is the SST anoma-
lies averaged over 5° N–5° S and 160° E–150° W, which is
used to monitor SST anomalies in the tropical central Pa-
cific. In this study, the SST indices for Niño 3, Niño 3.4, and
Niño 4 were obtained from the HadISST1.1 dataset (Rayner
et al., 2003).

The Pacific–South America pattern (PSA) index is used
to examine stratosphere and troposphere interactions, and is
derived by projecting area-weighted SLP anomalies south of
20° S onto the second Empirical Orthogonal Function (EOF)
mode (Mo and Higgins, 1998). All anomalies are calculated
relative to the 1991–2020 daily and monthly climatology,
and all data have been detrended. Since results obtained af-
ter filtering the decadal component are similar, no filtering
has been applied. Statistical significance is assessed using the
Student’s t test.

2.2 Method

2.2.1 Eliassen–Palm flux

The Eliassen–Palm (E–P) flux is used to diagnose interac-
tions between eddies and the zonal–mean flow in both the
stratosphere and troposphere (Andrews et al., 1987). The E–
P flux (F ) and its divergence (∇ ·F ) are defined as:

F = (F ϕ,F p)= r0 cosϕ

{
−[u′v′],
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θp
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1
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where u and v are the zonal and meridional wind compo-
nents, respectively, and θ is the potential temperature. ϕ and
p denote latitude and pressure, respectively. f is the Coriolis
parameter, and r0 is Earth’s radius. Square brackets [ ] indi-
cate zonal averages, and primes (′) denote deviations from
the zonal mean.

2.2.2 Takaya–Nakamura wave activity flux

The Takaya–Nakamura (2001) wave activity flux (TN01
flux) is used to determine the horizontal propagation of
quasi-stationary Rossby waves in a zonally varying back-
ground flow (Takaya and Nakamura, 2001). The zonal (Fx)
and meridional (Fy) components of TN01 are defined as:
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where ψ represents the stream function, λ and ϕ denote lon-
gitude and latitude, respectively, and |U×| is the magnitude
of the total horizontal wind velocity. U and V are the cli-
matological mean zonal and meridional wind components,
respectively, while p is pressure, and r0 is Earth’s radius.

2.2.3 Residual mean meridional circulation

The Transformed Eulerian-Mean (TEM) formulation pro-
posed by Andrews and McIntyre (1976, 1978) has widely
been used to diagnose large-scale circulation in the mid-
dle atmosphere. Unlike the conventional Eulerian mean, the
TEM framework accounts for eddy heat and momentum
fluxes, thereby providing a more accurate representation of
actual mass transport. In particular, the residual mean merid-
ional circulation captures the net effect of both mean flow
and wave-induced eddy motions, making it especially useful
for diagnosing stratospheric processes, such as B–D circula-
tion and wave-driven anomalies associated with stratospheric
warming. It is defined as:

[v]∗ = [v] −
1
ρ0

∂

∂z

(
ρ0[v

′θ ′]

[θz]

)
, (5)

[w]∗ = [w] −
1

r0 cosϕ
∂

∂ϕ

(
cosϕ[v′θ ′]
[θz]

)
, (6)

where [v]∗ and [w]∗ denote the meridional and vertical
components of the residual velocity, respectively. The ver-
tical coordinate z is the log-pressure height defined as
z=−H log p

1000 hPa , where H is the scale height (≈ 7 km).
All other variables are consistent with those defined in
Eqs. (1)–(4).

2.2.4 Quasi-geostrophic wave refraction index

The quasi-geostrophic wave refraction index (n2) is also
used to diagnose the propagation characteristics of planetary

https://doi.org/10.5194/acp-26-2117-2026 Atmos. Chem. Phys., 26, 2117–2140, 2026



2120 Y. Zi et al.: Cross-Seasonal Impact of Tropical Central Pacific Ocean SST on the Antarctic Stratosphere

waves (O’Neill and Youngblut, 1982). In general, planetary
waves tend to propagate toward regions with a larger value
of the refraction index. The formula is given as follows:

n2
=

[
qϕ

r0(u− c)
−

(
k

r0 cosϕ

)2

−

(
f

2NH

)2
]
r2

0 , (7)

where the meridional gradient of the zonal mean potential
vorticity qϕ is (Albers and Birner, 2014):
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where u is the zonal-mean zonal wind; NH , k, f , ϕ, r0 and
� are the buoyancy frequency, scale height, zonal wave num-
ber, the Coriolis parameter, latitude, Earth’s radius and angu-
lar frequency of Earth, respectively. The subscripts indicate
derivatives with respect to the corresponding variables (ϕ and
p) and the prime denotes deviation from the zonal mean.

2.2.5 CMIP6 datasets

To validate the observational results against model sim-
ulations, output from Phase 6 of the Coupled Model
Intercomparison Project (CMIP6) are examined. Historical
simulations were performed using fully coupled sea–air
models forced with observed external drivers, including
greenhouse gases, aerosols, volcanic eruptions, and solar
variability. The analysis focuses on monthly mean SST, SIC,
and temperature at 10 hPa over the period 1950–2014. A to-
tal of 24 fully coupled CMIP6 models are included: CESM2,
CESM2-FV2, CESM2-WACCM, CESM2-WACCM-FV2,
E3SM-1-0, E3SM-1-1, E3SM-2-0, E3SM-2-1, CanESM5,
CanESM5-1, HadGEM3-GC31-LL, HadGEM3-GC31-
MM, CNRM-CM6-1, CNRM-ESM2-1, EC-Earth3-Veg,
EC-Earth3-AerChem, ACCESS-CM2, BCC-CSM2-MR,
CAS-ESM2-0, FIO-ESM-2-0, IPSL-CM6A-LR, NESM3,
MRI-ESM2-0, and MPI-ESM-1-2-HAM. Because the
selected CMIP6 models differ in their horizontal resolu-
tions, all fields are interpolated onto a uniform 1°× 1°
latitude–longitude grid to ensure consistency across datasets.

3 Impacts of SST anomalies on stratospheric
atmospheric circulation

To quantify the cross-seasonal response of the Antarctic
stratospheric circulation to tropical Pacific SST anomalies,
we first correlate three ENSO indices: Niño 4, Niño 3.4,
and Niño 3, with the stratospheric temperature (T10−30) and
zonal wind (U10−30) over Antarctica during the subsequent
July–September period. Here, T10−30 refers to the zonal-
mean temperature averaged over 60–90° S at 10–30 hPa, and
U10−30 refers to the zonal-mean zonal wind averaged over
40–50° S at the same pressure levels (Table 1).

Among the three indices, the Niño 4 index shows the
strongest correlation with Antarctic stratospheric circula-
tions (Table 1). In particular, the Niño 4 index exhibits a
significant positive correlation (R ≥ 0.30, p < 0.05) with
the subsequent July–September T10−30 index, with corre-
lations from September–March reaching the 95 % confi-
dence level. The largest correlation occurs during the bo-
real winter (December–February), with the January Niño 4
index showing the highest correlation with August T10−30
(R = 0.43, p < 0.01). Additionally, the December–February
Niño 4 index is significantly negatively correlated with
the July–September U10−30 index, with the strongest neg-
ative correlation between the January Niño 4 and August
U10−30 (R =−0.40, p < 0.01). These correlations are con-
sistent with stratospheric warming (cooling) and a weakened
(strong) Stratospheric polar vortex (SPV) associated with
warm (cold) SSTa in the tropical central Pacific.

In comparison with the Niño 4 index, the Niño 3.4 in-
dex shows weaker correlations with stratospheric tempera-
ture and zonal wind. The January and February Niño 3.4
indices have the highest correlation with July T10−30 (R =
0.38, p < 0.01), while the correlation with September T10−30
is not statistically significant. Similarly, its correlation with
U10−30 is weak, with only a marginally significant negative
correlation between the January–March Niño 3.4 index and
August U10−30 at the 90 % confidence level. However, the
Niño 3 index exhibits the weakest correlations with polar
stratospheric temperature and zonal wind. While a moder-
ate correlation with T10−30 is observed during July–August,
correlations in September are very weak and do not exceed
the 90 % significance threshold.

We next examine the relationship between ENSO phases
in the preceding boreal winter and the Antarctic stratospheric
circulation anomalies in July–September over the 45-year
period 1980–2024 (Table 2). A warm (cold) stratospheric
year is defined as one in which the July–September mean
T10−30 index is ≥ 0.5 (≤−0.5) standard deviations (σ ) or
the U10−30 index is ≤−0.5σ (≥ 0.5σ ). During the study pe-
riod, 14 boreal winter El Niño years occur, of which 8 are
followed by stratospheric warming events and 4 by cool-
ing events, corresponding to occurrence rates of 57 % and
28.5 %, respectively. Notably, 6 of these 8 warming cases oc-
cur after central Pacific El Niño events. The remaining two
cases, 2015/2016 and 2023/2024, are classified as eastern Pa-
cific El Niño events, but are also accompanied by warm SSTa
in the tropical central Pacific. By comparison, among 17 bo-
real winter La Niña years, 11 are followed by stratospheric
cooling events and 4 by warming events, corresponding to
occurrence rates of 65 % and 23.5 %, respectively. Of the 13
ENSO-neutral years, four are associated with stratospheric
warming and another four with cooling, indicating no clear
preference during neutral years.

Correlation coefficients between the July–September
mean T10−30 index and the global SST field from the pre-
ceding boreal winter are shown in Fig. 1a. The highest corre-
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Table 1. Correlation coefficients between the Niño 4, Niño 3.4 and Niño 3 indices and the zonal-mean temperature index (T10−30) averaged
over 60–90° S as well as the zonal wind index (U10−30) averaged over 40–50° S at 10–30 hPa.

T10−30_Jul T10−30_Aug T10−30_Sep U10−30_Jul U10−30_Aug U10−30_Sep

Niño 4_Sep 0.37∗∗∗ 0.36∗∗ 0.32∗∗ −0.26∗ −0.31∗∗ −0.30∗∗

Niño 4_Oct 0.35∗∗ 0.36∗∗ 0.34∗∗ −0.22 −0.29∗ −0.32∗∗

Niño 4_Nov 0.37∗∗∗ 0.40∗∗∗ 0.32∗∗ −0.22 −0.32∗∗ −0.31∗∗

Niño 4_Dec 0.38∗∗∗ 0.42∗∗∗ 0.35∗∗ −0.24 −0.37∗∗∗ −0.34∗∗

Niño 4_Jan 0.42∗∗∗ 0.43∗∗∗ 0.30∗∗ −0.31∗∗ −0.40∗∗∗ −0.33∗∗

Niño 4_Feb 0.41∗∗∗ 0.41∗∗∗ 0.31∗∗ −0.30∗∗ −0.38∗∗∗ −0.32∗∗

Niño 4_Mar 0.38∗∗∗ 0.39∗∗∗ 0.30∗∗ −0.23 −0.34∗∗ −0.28∗

Niño 3.4_Sep 0.34∗∗ 0.26∗ 0.20 −0.20 −0.21 −0.20
Niño 3.4_Oct 0.32∗∗ 0.27∗ 0.24 −0.19 −0.21 −0.23
Niño 3.4_Nov 0.34∗∗ 0.29∗ 0.23 −0.20 −0.23 −0.23
Niño 3.4_Dec 0.37∗∗∗ 0.31∗∗ 0.25∗ −0.19 −0.24 −0.23
Niño 3.4_Jan 0.38∗∗∗ 0.32∗∗ 0.21 −0.24 −0.26∗ −0.21
Niño 3.4_Feb 0.38∗∗∗ 0.32∗∗ 0.21 −0.25∗ −0.26∗ −0.21
Niño 3.4_Mar 0.36∗∗ 0.35∗∗ 0.25∗ −0.23 −0.28∗ −0.23

Niño 3_Sep 0.33∗∗ 0.22 0.14 −0.18 −0.17 −0.16
Niño 3_Oct 0.31∗∗ 0.21 0.18 −0.17 −0.16 −0.18
Niño 3_Nov 0.32∗∗ 0.23 0.19 −0.17 −0.18 −0.18
Niño 3_Dec 0.35∗∗ 0.25∗ 0.21 −0.16 −0.18 −0.18
Niño 3_Jan 0.35∗∗ 0.25∗ 0.16 −0.20 −0.19 −0.16
Niño 3_Feb 0.36∗∗ 0.27∗ 0.16 −0.20 −0.19 −0.15
Niño 3_Mar 0.29∗ 0.31∗∗ 0.20 −0.21 −0.23 −0.19

Note: asterisks indicate statistical significance: ∗∗∗ represent 99 % confidence level, ∗∗ for 95 %, and ∗ for 90 %.

lation coefficients are observed in the central Pacific, partic-
ularly over the Niño 4 region. Additionally, significant posi-
tive correlations appear over the North Indian Ocean and the
South Pacific, likely reflecting remote responses to ENSO
(Alexander et al., 2002).

The most pronounced impacts of SSTa over the Niño 4 re-
gion occur, however, above 100 hPa during the austral winter
of the following year. Figure 1b and c present the correlations
between the boreal winter Niño 4 index and the Antarctic
daily zonal-mean temperature (averaged over 60–90° S) and
zonal-mean zonal wind (averaged over 40–50° S) from June–
September of the following year. The Niño 4 index exhibits
significant positive correlations with stratospheric tempera-
ture and negative correlations with zonal wind during July–
September (Fig. 1b and c), consistent with the stratospheric
warming and weakened SPV.

To further examine the impacts of the Niño 4 SST anoma-
lies on the stratospheric temperatures and the SPV, 17 warm
years and 14 cold years defined by ±0.5σ of the Niño 4 in-
dex are selected to calculate composite differences in vertical
zonal-mean temperature and zonal wind (Fig. 2). The±0.5σ
of threshold value is chosen to capture relatively strong warm
and cold events, but the results are not sensitive to the spe-
cific threshold value. In June, warming is primarily observed
in the upper polar stratosphere and the tropical troposphere,
with the strongest signal at 1–5 hPa (Fig. 2a). As the sea-

son progresses, the warming intensifies and gradually propa-
gates downward and poleward, with peak anomalies centered
around ∼ 50°S in July–August (Fig. 2b and c). This warm-
ing reaches its maximum at 10 hPa over 70–90° S in Septem-
ber (Fig. 2d).

In general, the stratospheric warming anomalies are ac-
companied by a significant weakening of the stratospheric
westerlies. Under climatological conditions, the polar night
jet typically forms and strengthens gradually from June–July,
centered near 1 hPa and around 45° S (Fig. 2e, and f). The
jet core then migrates poleward and downward in August
and weakens in September (Fig. 2g and h). However, dur-
ing warm Niño 4 years, anomalous easterlies emerge north
of 45° S and anomalous westerlies develop south of 45° S
as early as June (Fig. 2e), while anomalous easterlies pro-
gressively shift poleward from July to September, substan-
tially weakening the climatological westerlies (Fig. 2f–h), in-
dicating a notable poleward contraction and shift of the SPV
(Fig. 2f–h). This pattern reflects a delayed yet robust strato-
spheric response to warm SST anomalies in the tropical cen-
tral Pacific.

Moreover, the atmospheric responses exhibit the maxi-
mum stratospheric warming over the Indian Ocean during
June–September, while no significant warming is observed
in the South Pacific (Fig. 3a–d). This warming pattern tends
to weaken mid-latitude baroclinicity, producing a westerly
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Table 2. Relationship between ENSO phases in the preceding boreal winter and Antarctic stratospheric temperature (AST) anomalies during
July–September over the 45 year period (1980–2024).

Year Event Type AST Year Event Type AST
(DJF) Anomalies (DJF) Anomalies

1980–1981 Neutral Cold (C) 2002–2003 El Niño (CP) C
1981–1982 Neutral C 2003–2004 Neutral W
1982–1983 El Niño (EP) C 2004–2005 El Niño (CP) W
1983–1984 La Niña Warm(W) 2005–2006 La Niña C
1984–1985 La Niña Normal (N) 2006–2007 El Niño (CP) W
1985–1986 Neutral W 2007–2008 La Niña C
1986–1987 El Niño (CP) C 2008–2009 La Niña C
1987–1988 El Niño (CP) W 2009–2010 El Niño (CP) W
1988–1989 La Niña C 2010–2011 La Niña C
1989–1990 Neutral N 2011–2012 La Niña W
1990–1991 Neutral C 2012–2013 Neutral N
1991–1992 El Niño (CP) W 2013–2014 Neutral N
1992–1993 Neutral N 2014–2015 El Niño (CP) C
1993–1994 Neutral N 2015–2016 El Niño (EP) W
1994–1995 El Niño (CP) N 2016–2017 La Niña W
1995–1996 La Niña W 2017–2018 La Niña C
1996–1997 Neutral W 2018–2019 El Niño (CP) W
1997–1998 El Niño (EP) C 2019–2020 Neutral C
1998–1999 La Niña C 2020–2021 La Niña C
1999–2000 La Niña C 2021–2022 La Niña C
2000–2001 La Niña C 2022–2023 La Niña N
2001–2002 Neutral W 2023–2024 El Niño (EP) W

El Niño La Niña Neutral
Total: 14 Total: 17 Total: 13
Warm (CP)/Cold Warm/Cold Warm/Cold
8 (6)/4 4/11 4/4
57 %/28.5 % 23.5 %/65 % 31 %/31 %

anomaly at high-latitude and easterly anomalies in the mid-
latitude in stratosphere, indicative of a contraction of the jet
stream (Fig. 3e and h). Meanwhile, the stratospheric geopo-
tential height show a zonal wave-1 pattern, with a positive
center over the Indian Ocean and a negative center over the
Pacific and Atlantic, suggesting a role of planetary wave
(Fig. 3i–l). The responses intensify from June–September
and gradually propagate eastward and poleward (Fig. 3). For
example, the maximum westerly anomalies extend into the
Pacific polar region by September, while pronounced easterly
anomalies develop over the mid-latitude Pacific (Fig. 3h).

Following previous studies (Rao et al., 2020; Baldwin et
al., 2021; Zi et al., 2025; Lim et al., 2026), the Antarctic
stratospheric temperature index (T10−30) is used to examine
the stratospheric response. Although the strongest and most
statistically significant correlations between the December–
February Niño 4 index and the subsequent July–September
Antarctic stratospheric temperature are found over the re-
gion spanning approximately 30° E–160° W and 55–75° S
(Fig. 3b–d), the T10−30 index provides a robust and represen-
tative diagnostic of Antarctic stratospheric warming, exhibit-

ing a high correlation coefficient (R = 0.93) with the temper-
ature index averaged over 30° E–160° W and 55–75° S.

Figure 4a and b present time series of the boreal win-
ter Niño 4 index alongside the July–September mean T10−30
and U10−30 indices from 1980–2024. The Niño 4 index ex-
hibits a significant positive correlation with the T10−30 in-
dex (R = 0.43, p < 0.01) (Fig. 4a) and a significant negative
correlation with the U10−30 index (R =−0.38, p < 0.01)
(Fig. 4b), both significant at the 99 % confidence level, in-
dicating that a warm (cold) Niño 4 SSTa is typically associ-
ated with a warmer (colder) polar stratosphere and contracted
(expanded) SPV. Notably, several prominent sudden strato-
spheric warming (SSW) events (e.g., 1988, 2019, 2024) co-
incide with positive Niño 4 SSTa (Fig. 4a). The associated
stratospheric changes also influence Antarctic ozone con-
centrations (Wang et al., 2025). For instance, TCO3 index
shows a strong positive correlation with both the T10−30 in-
dex (R = 0.56, p < 0.01) and the boreal winter Niño 4 in-
dex (R = 0.36, p < 0.01), both statistically significant at the
99 % confidence level (Fig. 4c). This relationship suggests
that warm (cold) Niño 4 events enhance (suppress) poleward
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Figure 1. (a) Correlation coefficients between the July–September mean T10−30 index and January–March mean SST, (b) Correlation
coefficients between the December–February mean Niño 4 index and daily Temperature averaged over 60–90° S, and (c) same as (b), but for
the zonal-mean zonal wind averaged over 40–50° S. Black dots represent the 95 % confidence level.

ozone transport, thereby increasing (decreasing) ozone con-
centrations over Antarctica.

4 Effects of anomalous planetary waves

4.1 Stratospheric temperature and zonal wind

Previous studies have suggested that polar stratospheric
warming is primarily driven by the upward propagation of
planetary waves from the troposphere, which disturb the SPV
through wave-mean flow interactions (Baldwin et al., 2021).
To evaluate the effect of planetary wave activity on Antarc-
tic stratospheric temperature anomalies during different Niño
4 SST anomalies events, composite differences of key atmo-

spheric variables are calculated between warm and cold Niño
4 years, averaged over consecutive 3-month periods from
January to September of the following year.

During the mature phase of El Niño (January–March),
positive SST anomalies develop in the tropical central and
eastern Pacific (Fig. 5a). As SSTa increases, convection in-
tensifies in the central Pacific (Fig. 5d), accompanied by a
negative SLP anomalies and a positive geopotential height
anomalies at 250 hPa over the tropical central Pacific, indi-
cating a baroclinic response (Fig. 5g and j). Furthermore,
the convection anomaly triggers a southward-propagating
teleconnection wave train at 250 hPa, as suggested by the
TN01 flux (Vector, Fig. 5j). This wave train, known as the
PSA teleconnection (Mo and Higgins, 1998), features a pos-
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Figure 2. Composite differences between warm and cold Niño 4 years for (a, e) June, (b, f) July, (c, g) August, and (d, h) September. (a–
d) Zonal–mean temperature (shaded, unit: K), and (e–h) zonal-mean zonal winds (shaded, unit: ms−1), where the zonal-mean zonal wind
climatology is the long-term mean averaged over 1991–2020 (contour, unit: ms−1). Black dots indicate regions statistically significant at the
95 % confidence level.

itive geopotential height anomaly over the southeastern Pa-
cific (near 110° W, 60° S) and a negative geopotential height
anomaly over the southwestern Pacific (near 150° W, 40° S)
(Fig. 5j). The warm Niño 4 SSTa and their associated con-
vection responses over the tropical central Pacific persist into
April–June (Fig. 5b, e, h and k). Although the amplitude of
the positive and negative height centers over the southeastern
and southwestern Pacific weakens, the PSA wave train re-
mains active (Fig. 5k). By July–September (austral winter),
however, the warm Niño 4 SSTa and their associated baro-
clinic responses begin to dissipate (Fig. 5c, i and l). Never-
theless, the negative and positive height centers persists in the
southwestern and southeastern Pacific regions, respectively,
as indicated by the TN01 flux (Fig. 5l).

The geopotential height anomalies extends into the
lower stratosphere and remain statistically significant at
100 hPa (Fig. 6a–f). The climatological geopotential height
at 100 hPa is characterized by a wave-1 pattern, featuring
a positive height center over the South Pacific and a nega-
tive height center over the South Atlantic Ocean and South
Indian Ocean sectors (contour lines in Fig. 6a–f). During
January–February–March (JFM) (austral summer), geopo-
tential height anomalies associated with warm tropical cen-
tral Pacific SSTa form a wave train, with two positive centers
over the southeastern Indian Ocean and southeastern Pacific,
and two negative centers over the southwestern Pacific and

the southern Atlantic (Fig. 6a). However, the wave-1 pat-
tern at high-latitude is not statistically significant (Fig. 6d).
Although the wave-1 component of the geopotential height
shows a westward tilt with altiqtude and broadly resembles
the climatological structure, this vertical alignment is only
statistically significant below 500 hPa (Fig. 6g). As a result,
planetary waves are not substantially amplified in the lower
stratosphere, primarily due to the prevailing easterly winds
in the upper stratosphere over Antarctica during JFM (con-
tours, Fig. 7a), which inhibit upward propagation of plane-
tary waves (Baldwin et al., 2021). This interpretation is fur-
ther supported by the E–P flux vectors, which show that plan-
etary wave propagation is largely confined below 50 hPa in
the mid- and low-latitudes (Fig. 7a).

During April–May–June (AMJ), the positive geopoten-
tial height center over the southeastern Pacific and the neg-
ative center over the southern Atlantic become more pro-
nounced (Fig. 6b), aligning more closely with the climato-
logical wave-1 pattern (Fig. 6e). This alignment contributes
to a westward tilt of the geopotential height field with altitude
(Fig. 6h). However, this vertical tilt is only statistically sig-
nificant below 100 hPa (Fig. 6h). During this period, strato-
spheric zonal winds gradually transition to a westerly regime,
but large portions of the upper polar stratosphere continue
to experience weak westerlies or even easterlies (contours,
Fig. 7b). As a result, a significant portion of the planetary
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Figure 3. Composite differences between warm and cold Niño 4 years for (a, e, i) June, (b, f, j) July, (c, g, k) August, and (d, h, l) September.
(a–d) Temperature averaged over 10–30 hPa (shaded, unit: 2 K), (e–h) zonal wind averaged over 10–30 hPa (shaded, unit: 5 m s−1), and (i–
l) geopotential height averaged over 10–30 hPa (shaded, unit: 10 dagpm). Black dots indicate regions statistically significant at the 95 %
confidence level.

waves is refracted equatorward, and their ability to disturb
the polar stratosphere remains limited (Fig. 7b).

During July–August–September (JAS), the positive height
center over the southeastern Pacific weaken, while the pos-
itive height center over the southern Indian Ocean strength-
ens significantly (Fig. 6c). This spatial pattern enhances the
climatological wave-1 trough and ridge structure (Fig. 6f)
and exhibits a westward tilt of the geopotential height field
with altitude, which becomes statistically significant in the
stratosphere (Fig. 6i). Although the wave-2 pattern exhibits a
strong amplitude, it is nearly orthogonal to the climatologi-
cal wave-2 phase (figures not shown). Therefore, the wave-2
component is not reinforced, and the process is mainly dom-
inated by the wave-1 pattern. During this period, the polar
regions enter the polar night, with minimal solar heating,
which increases baroclinicity in the mid- and high-latitude.
The stratosphere becomes largely dominated by westerly
winds, creating favorable conditions for upward propaga-
tion of planetary waves into the polar stratosphere (contour

lines, Fig. 7c). In addition, the wave reflection index ex-
hibits a significant negative anomaly south of 30° S in the
upper stratosphere (Fig. 7i). This further indicates that plan-
etary waves are strongly refracted toward the mid- and high-
latitude stratosphere (Fig. 7c). Based on the E–P flux theorem
(Matsuno, 1971), when E–P flux convergence occurs in the
mid-latitudes, the jet stream tends to weaken and poleward
heat transport increases. During this stage, the strong SPV
inhibits the poleward propagation of planetary waves, result-
ing in relatively weak polar warming and stronger warming
in the subpolar and mid-latitude regions. As a result, signif-
icant mid- and high-latitude warming and contraction of the
SPV are observed (Fig. 3).

This relationship is reversed under cold Niño 4 SSTa con-
ditions. Specifically, when cold SSTa occur in the central
tropical Pacific, planetary wave activity and their associated
disturbances to the stratosphere are suppressed, leading to
polar stratospheric cooling and a extended SPV.
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Figure 4. Time series of standardized Niño 4 index (blue line),
along with (a) the July–September mean T10−30 index (red line),
(b) the July–September mean U10−30 index (red line, multiplied by
−1), and (c) the July–September mean TCO3 index (red line) from
1981–2024. R in the upper right corner denotes the correlation co-
efficient between the Niño 4 index and the T10−30, U10−30, and
TCO3 indices, respectively.

4.2 Mid-latitude sea–air interactions

4.2.1 Ocean responses

The Niño 4 SSTa influence mid-latitude SSTa through atmo-
spheric teleconnections. During JFM, a positive Niño 4 SSTa
trigger a PSA teleconnection pattern, resulting in a posi-
tive geopotential height anomaly centered near 110° W, 60° S
over the southeastern Pacific (Figs. 5j and 7g). The associated
poleward surface winds and adiabatic subsidence warm the
lower troposphere (Fig. 8a and d). Therefore, the ocean gains
heat, as indicated by the negative net heat flux anomaly, lead-
ing to a localized SST warming (Fig. 8g). Here net heat flux
is defined as the sum of latent and sensible heat fluxes, long-
wave radiation and short-wave radiation (Fig. 8m). Simulta-
neously, there is a modest reduction in SIC in the Amundsen
and Ross Seas (Fig. 8j).

A similar pattern persists during AMJ (Fig. 8b and e). The
PSA pattern associated with warm Niño 4 SSTa remains ev-
ident (Fig. 5k), although the area of negative net heat flux
contracts (Fig. 8n), and continues to support SST warming

in the southeastern Pacific through ongoing sea–air heat ex-
change (Fig. 8h). As a result, SIC in the Amundsen and the
Ross Seas declines further (Fig. 8k). Additionally, sustained
tropospheric warming enhances geopotential height anoma-
lies in both the troposphere and lower stratosphere (Fig. 8b
and e).

4.2.2 Ocean feedback to the atmosphere

The tropospheric warming center is located between 500 and
850 hPa during JFM, while the maximum warming shifts be-
low 850 hPa in AMJ and JAS, suggesting an enhanced influ-
ence from the ocean surface (Fig. 8d–f). During JAS, Niño
4 SST anomalies weaken (Fig. 5c), indicating a reduced in-
fluence of tropical central Pacific SST forcing. Nevertheless,
owing to the ocean’s large heat capacity, warm SST anoma-
lies in the southeastern Pacific persist (Fig. 8i). As the ampli-
tude of Niño 4 SST anomalies declines, the accumulated heat
in the southeastern Pacific is gradually released (Fig. 8o).
This heat is transported upward by atmospheric transient ed-
dies and planetary waves generated by enhanced local baro-
clinicity in the lower troposphere, thereby influencing upper-
atmospheric circulation (Nakamura et al., 2008; Sampe et
al., 2010). Consequently, a pronounced positive geopotential
height anomaly associated with the PSA pattern persists over
this region (Fig. 5l).

During JAS, surface net heat flux is largely driven by sea–
ice loss in the Amundsen and Ross Seas (Fig. 8l and o).
Specifically, the sustained warm SSTa drive substantial sea–
ice loss. Comparison between surface heat flux (Fig. 8o) and
SIC (Fig. 8l) shows sea–ice loss has a pronounced impacts
on surface heat flux. During JAS, solar short-wave radia-
tion reaches its minimum, and its contribution to the net heat
flux is relatively small (Fig. 8r). Meanwhile, the contribution
from longwave radiation also is relatively weak (Fig. 8u).
The primary contributions come from turbulence heat fluxes
(Fig. 8x) and temperature advection (Fig. 8i).

During this stage, northerly anomalies dominate the re-
gion over 40–60° S, 90–140° W, which transport warm air
advection from tropical regions to the mid-latitudes and en-
hance ocean heat uptake from atmosphere. Although the neg-
ative net heat flux anomalies persist north of 60° S, their
intensity is relatively weak. In contrast, significant oceanic
heat is released to the atmosphere in the regions where sea–
ice has retreated (Fig. 8o), warming the lower troposphere
(Fig. 8f). In addition, the enhanced heat in the lower tropo-
sphere is transported upward, sustaining the positive geopo-
tential height anomaly through the upward displacement of
isobaric surfaces (Fig. 8c), consistent with previous studies
(Honda et al., 2009; Kim et al., 2014; Yang et al., 2016; Hoshi
et al., 2017).

Moreover, near-surface heating associated with sea–ice
loss acts as an effective source of planetary wave under win-
tertime background conditions, contributing to the amplifi-
cation of zonal wave patterns and enhanced planetary wave
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Figure 5. Composite differences between warm and cold Niño 4 years. The panels show 3-month means for January–March (left column),
April–June (middle column), and July–September (right column). (a–c) Sea surface temperature (SST, shaded, unit: K), (d–f) outgoing
longwave radiation (OLR, shaded, unit: 1.5× 106 Wm−2), (g–i) sea level pressure (SLP, shaded, unit: 300 Pa), (j–l) Geopotential heights
(shaded, unit: 5 dagpm) and TN01 flux (vector, unit: 0.1 m2 s−2) at 250 hPa. Black dots indicate regions statistically significant at the 95 %
confidence level.

propagation (Kim et al., 2014; Nakamura et al., 2015). No-
tably, while net heat flux is dominated by ocean heat uptake
during JFM and AMJ, the influence of sea–ice loss becomes
predominant in JAS, resulting in net heat release from the
ocean to the atmosphere (Fig. 8m–o). This positive feedback
reinforces the Southern Hemisphere zonal-wave pattern and
amplifies the planetary wave anomalies (Zi et al., 2025). Re-
cent modeling studies also suggest that sea–ice loss in the
Amundsen Sea and the broader Antarctic region can have
pronounced impacts on the SPV (Song et al., 2025). There-
fore, the sea–ice loss tends to sustain the influence of the
Niño 4 SSTa on stratospheric temperatures during JAS by
enhancing surface heat fluxes (Fig. 8).

4.3 Ozone transport

The enhanced planetary wave associated with the warm Niño
4 SSTa not only warms the polar stratosphere but also signif-
icantly alters the B–D circulation and polar ozone transport
(Wang et al., 2025). Figures 7d–f present the composite dif-

ferences in the zonal-mean residual circulation and ozone
mass mixing ratio between warm and cold Niño 4 years,
averaged over consecutive 3-month periods from January–
September of the following year.

During JFM, convective anomalies in the tropical Pacific
Ocean drive changes in the residual circulation (Fig. 5d), re-
sulting in decreased ozone mass mixing ratio in the tropical
lower stratosphere and increased values in the mid-latitude
lower stratosphere (Fig. 7d). However, upward–propagating
planetary waves are largely confined below 50 hPa in the
mid- and low-latitude (Fig. 7a), strengthening the residual
circulation primarily north of 60° S. As a result, ozone trans-
port to higher altitudes and into the polar region remains lim-
ited (Fig. 7d). During AMJ, although convective anomalies
in the tropical Pacific Ocean persist and planetary wave in-
creases in the upper stratosphere (Fig. 7b), many of the waves
are refracted equatorward, resulting in only modest enhance-
ment of polar ozone transport (Fig. 7e). During JAS, how-
ever, upward–propagating planetary waves are strongly re-
fracted toward mid- and high-latitude, enhancing the residual
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Figure 6. Composite differences between warm and cold Niño 4 years. The panels show 3-month means for January–March (left column),
April–June (middle column), and July–September (right column). (a–c) Geopotential heights at 100 hPa (shaded, unit: 5 dagpm), (d–f) wave-
1 of geopotential heights at 100 hPa (shaded, unit: 5 dagpm), and (g–i) wave-1 of geopotential heights averaged over 45–75° S at 1000–1 hPa
(shaded, unit: 30 dagpm). The climatological geopotential height is the long-term mean averaged over 1991–2020 (contours, unit: dagpm).
Black dots indicate regions statistically significant at the 95 % confidence level.

circulation and promoting poleward ozone transport (Fig. 7f).
The increased poleward ozone transport enhances solar ra-
diation absorption, playing an important role in the po-
lar stratospheric warming through dynamical–chemical cou-
pling (Solomon et al., 2016). In addition, adiabatic warming
associated with descending motion in the residual circulation
further contributes to the stratospheric warming over the po-
lar region.

5 Multivariate regression model

The preceding analyses reveal that boreal winter Niño 4 SSTa
exert a significant lagged influence on the Antarctic strato-
spheric circulation during the subsequent austral winter. This

finding has important implications for the seasonal predic-
tion of stratospheric variability. However, although the boreal
winter Niño 4 index is significantly correlated with the July–
September mean T10−30 index, it accounts for only 18.5 % of
the variance in stratospheric temperature (R2

= 0.185). To
better interpret variability in the Antarctic stratosphere, addi-
tional factors need to be considered.

Previous studies have found that the PSA teleconnection
associated with the Niño 4 SSTa is a key mechanism influ-
encing the Antarctic stratosphere. The PSA pattern is repre-
sented by the second EOF mode of monthly SLP anomalies
(Fig. 9). The corresponding PSA index is defined as the time
series of this EOF mode. During boreal winter, the PSA index
is significantly and simultaneously correlated with the Niño 4

Atmos. Chem. Phys., 26, 2117–2140, 2026 https://doi.org/10.5194/acp-26-2117-2026



Y. Zi et al.: Cross-Seasonal Impact of Tropical Central Pacific Ocean SST on the Antarctic Stratosphere 2129

Figure 7. Composite differences between warm and cold Niño 4 years. The panels show 3-month means for January–March (left col-
umn), April–June (middle column), and July–September (right column). (a–c) E–P flux (vector: m2 s−2) and its divergence (shaded, unit:
60 ms−1 d−1), where the zonal-mean zonal wind climatology is the long-term mean averaged over 1991–2020 (contours, unit: ms−1), (d–
f) ozone mass mixing ratio (shaded, unit: 3× 10−6 kgkg−1) and residual mean circulation (vector, unit: ms−1), and (g–i) wave reflective
index (shaded, unit: %). Black dots indicate regions statistically significant at the 95 % confidence level.

index (R = 0.40, p < 0.01), suggesting that the Niño 4 SSTa
modulate the PSA pattern. However, the correlation between
the June PSA index and the boreal winter Niño 4 index is
relatively weak (R = 0.28, p < 0.05). In addition, the June
PSA index is significantly correlated with May–June mean

Antarctic sea–ice (R = 0.49, p < 0.01), suggesting that the
June PSA pattern may be maintained by sea–ice anomalies
and other factors. Furthermore, correlations between the PSA
index from December through the following September and
the July–September mean T10−30 index shows that the June
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Figure 8. Composite differences between warm and cold Niño 4 years. The panels show 3-month means for January–March (left column),
April–June (middle column), and July–September (right column). (a–c) Geopotential heights (shaded, unit: 5 dagpm), averaged over 45–
75° S, (d–f) temperatures (shaded, unit: K), averaged over 45–75° S, (g–i) SST (shaded, unit: K), SLP (contours, unit: 1000 Pa), and 10 m
winds (vector, unit: 2 ms−1), (j–l) sea ice concentration (SIC, unit: 30 %), (m–o) net upward total heat flux (the sum of turbulence heat
flux, upward long-wave heat flux and net downward short-wave radiation, shaded, unit: 3 Wm−2), (p–r) net downward short-wave radiation
(shaded, unit: 3 Wm−2), (s–u) upward long-wave radiation (shaded, unit: 3 Wm−2), and (v–x) turbulence heat flux (the sum of latent and
sensible heat flux; shaded, unit: 3 Wm−2). Black dots indicate regions statistically significant at the 95 % confidence level.
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Figure 9. PSA teleconnection pattern represented by the second EOF mode of monthly SLP.

Table 3. Correlation coefficients between the July–September mean
T10−30 index and the SIC index (SICAR) averaged over the Amund-
sen and Ross Seas (180–90° W), the SST index over the South Pa-
cific (SSTSP) and the PSA index.

SICAR SSTSP PSA

January −0.18 0.25 0.32∗∗

February −0.08 0.27∗ 0.21
March −0.18 0.29∗ 0.28∗

April −0.24 0.30∗∗ −0.12
May −0.38∗∗∗ 0.27∗ 0.10
June −0.44∗∗∗ 0.32∗∗ 0.47∗∗∗

July −0.23 0.30∗∗ 0.03
August −0.28∗ 0.30∗∗ 0.29∗

September −0.31∗∗ 0.29∗ 0.05

Note: asterisks denote statistical significance: ∗∗∗ represent
99 % confidence level, ∗∗ for 95 %, and ∗ for 90 %.

PSA index exhibits the strongest relationship with Antarctic
stratospheric temperature during JAS (R = 0.47, p < 0.01,
Table 3).

As a result, a multivariate linear regression (MLR) model
is used to quantitatively assess the linear relationship be-
tween the stratospheric temperature index (T10−30) and po-
tential factors including the Niño 4 and PSA indices. We have

T10−30 = β0+β1Niño4+β2PSA+ ε, (9)

where β0 is the intercept, β1, β2 are the regression coeffi-
cients associated with each factor, and ε denotes the residual
error term. Prior to the regression analysis based on Eq. (9),
all input time series are standardized. The regression anal-
ysis is performed using MATLAB’s fitlm function, which
yields estimates of regression coefficients, standard errors,
t statistics, and p values, along with overall model diagnos-
tics, such as the coefficient of determination (R2) and the
F -statistic. To evaluate the significance of individual factors,
three confidence levels are adopted: 90 %, 95 %, and 99 %,

corresponding to p-value thresholds of 0.1, 0.05, and 0.01,
respectively. Factors with p values below these thresholds
are considered statistically significant. The overall perfor-
mance and goodness-of-fit of the model are assessed using
the R2 metric.

To better predict the July–September mean T10−30 index,
the boreal winter Niño 4 (Niño4_DJF) index and the June
PSA (PSA_Jun) index are used as predictors in Eq. (9). The
resulting regression relationship is

T10−30 = 0.324Niño4_DJF+ 0.384PSA_Jun+ ε, (10)

where β0 = 0. This linear regression model yields a coeffi-
cient of determination (R2) of 0.321, indicating that the pre-
dictors collectively explain approximately 32 % of the vari-
ance in the July–September mean T10−30 index. The model’s
F -statistic is 9.71 with a corresponding p value of 0.00035,
which is significant at the 99 % confidence level. Among
the predictors, the Niño4_DJF and PSA_Jun exhibit statis-
tically significant regression coefficients (p = 0.0201 and
p = 0.0065, respectively), confirming their dominant roles
in modulating stratospheric temperature variability.

To assess model performance, the regression–based fitted
index (referred to as NPfit) is compared with the observed
July–September mean T10−30, U10−30, and TCO3 (Fig. 10).
The NPfit index shows significant correlation with the ob-
served values for T10−30 (R = 0.57, p < 0.01), U10−30 (R =
−0.55, p < 0.01), and TCO3 (R = 0.32, p < 0.05). The cor-
relations are stronger than those obtained using the Niño 4
index alone for T10−30 and U10−30 (R = 0.43 and −0.38, re-
spectively), except for TCO3 (R = 0.36), which the improve-
ment is modest (Fig. 4). While the boreal winter Niño 4 index
plays a key role in Antarctic stratospheric temperature vari-
ability, incorporating the June PSA index further improves
the representation of this variability. This underscores the im-
portance of both tropical forcing and extratropical feedback
processes in modulating polar stratospheric circulation.
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Figure 10. Time series of the standardized NPfit index (blue line),
along with (a) the July–September mean T10−30 index (red line),
(b) the July–September mean U10−30 index (red line, multiplied by
−1), and (c) the July–September mean TCO3 index (red line) from
1981–2024. R in the upper right corner is the correlation coefficient
between NPfit index and T10−30, U10−30, and TCO3 indices, re-
spectively.

6 CMIP6 results

To further assess the cross-seasonal effects of tropical central
Pacific SSTa on Antarctic stratospheric temperature, we an-
alyze 24 CMIP6 historical fully coupled model simulations
covering the period 1951–2014. For each model, the Niño 4
index is first calculated following the same procedure used
in the observational analysis. Warm and cold Niño 4 years
are identified using a threshold of ±0.5σ . Composite differ-
ences between warm and cold years are then constructed for
DJF mean SST (Fig. 11), JAS mean temperatures at 10 hPa
(Fig. 12), JAS mean SST (Fig. 13), and JAS mean Antarctic
SIC (Fig. 14).

In the DJF mean SST, significant warm SSTa con-
sistently emerge over the tropical central Pacific in all
models (Fig. 11). Consistent with the observational re-
sults, warm SSTa over the tropical central Pacific during
the boreal winter are significantly associated with Antarc-
tic stratospheric warming in the subsequent austral winter
(Fig. 12). Although the magnitude of the JAS mean Antarc-

tic stratospheric warming at 10 hPa varies among models,
for example, relatively stronger warming is simulated in
CanESM5, CanESM5-1, HadGEM3-GC31-LL, ACCESS-
CM2, and MPI-ESM-1-2-HAM (Fig. 12i, j, k, q and x),
whereas weaker warming is evident in models such as
E3SM-1-1, CNRM-CM6-1, and EC-Earth3-Veg (Fig. 12f, m
and o). Nevertheless, most models exhibit statistically sig-
nificant warm anomalies. Moreover, consistent with the ob-
servations, the warming signal in most models is predomi-
nantly located in the Eastern Hemisphere (Figs. 12 and 3b–
d), with only a few models (e.g., CNRM-CM6-1, FIO-ESM-
2-0, and MRI-ESM2-0) showing warming maxima in the
Western Hemisphere (Fig. 12m, t and w).

In addition, the July–September mean SST exhibits a sta-
tistically significant positive anomalies over the southeast-
ern Pacific (Fig. 13). Similarly, Antarctic SIC shows pro-
nounced negative anomalies over the Amundsen Sea and
Ross Sea sectors (Fig. 14), indicating reduced sea–ice con-
centration. Although a small number of models (e.g., E3SM-
2-0, BCC-CSM2-MR, and MPI-ESM-1-2-HAM) display rel-
atively weaker sea–ice loss (Fig. 14g, r and x), the overall
response is consistent across models.

Therefore, these results are consistent with observations
and support the existence of a cross-seasonal linkage be-
tween tropical central Pacific SSTa and Antarctic strato-
spheric polar temperature anomalies.

7 Conclusions and discussions

The cross-seasonal influence of tropical central Pacific sea
surface temperature (SST) on Antarctic stratospheric circula-
tion has been investigated in this study using 45 years (1980–
2024) ERA5 reanalysis. Our analysis reveals that warm
(cold) SSTa in the Niño 4 region (Central Pacific) during
boreal winter are followed by significantly warming (cool-
ing) of the Antarctic stratosphere in the subsequent austral
winter (July–September), accompanied by a contracted (ex-
panded) stratospheric polar vortex (SPV). Among the ENSO
indices examined (Niño 3, Niño 3.4, Niño 4), the boreal
winter Niño 4 index exhibits the strongest and most robust
correlation with the July–September polar stratospheric tem-
perature (T10−30) index, reaching R ≈ 0.43 (p < 0.01). In
contrast, correlations with the Niño 3.4 and Niño 3 indices
(Eastern Pacific) are substantially weaker, suggesting that the
Niño 4 SSTa are the primary drivers of the observed Antarc-
tic stratospheric responses. In addition to the observational
analyses, fully coupled simulations from 24 CMIP6 models
also reproduce the cross-seasonal linkage between tropical
central Pacific SSTa and Antarctic stratospheric temperature
variability, providing further evidence for the robustness of
the identified teleconnection.

In this study, both the tropical central Pacific SST and the
Antarctic stratospheric indices exhibit notable variability on
decadal timescales (Fig. 4a). To account for the influence of
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Figure 11. Composite differences in December–February mean SST (shaded, unit: K) between warm and cold Niño 4 years in 24 CMIP6
experiments. Black dots indicate regions statistically significant at the 95 % confidence level.

the decadal variability, a 10-year low-pass filter is applied
to the Niño 4 and T10−30 indices to extract their decadal
components (Fig. 15a). The interannual components are then
obtained by subtracting the decadal signals from the origi-
nal time series (Fig. 15b). The decadal components exhibit a
much stronger correlation of 0.82 (p < 0.01), indicating that
a pronounced decadal-scale relationship exists between the
two indices. Importantly, the interannual components also re-
main significantly correlated, with a correlation coefficient of
0.41 (p < 0.01). Although this correlation is slightly weaker
than that of the original series (Fig. 4a), it remains statisti-
cally robust, demonstrating the tropical central Pacific SSTa
exert a significant influence on Antarctic stratospheric tem-
perature variability at interannual timescales.

The underlying dynamics involve the Pacific–South Amer-
ica (PSA) teleconnection pattern triggered by the Niño 4

SSTa and mediated through wave-mean flow interactions.
During boreal winter, warm SSTa in the Niño 4 region
enhance convection near the dateline, exciting a Rossby
wave train that propagates poleward and eastward across
the Southern Hemisphere. This wave activity generates a
positive geopotential height anomaly over the southeastern
South Pacific and a negative anomaly over the South At-
lantic, thereby reinforcing the climatological wave-1 ridge
and trough structure. As the seasonal transition toward aus-
tral summer and winter progresses, the Antarctic strato-
spheric circulation shifts toward a predominantly westerly
regime, creating favorable conditions for the upward prop-
agation of planetary waves into the polar stratosphere. Sub-
sequent convergence of Eliassen–Palm (E–P) flux, followed
by wave breaking, induces stratospheric warming and a de-
celeration of the SPV.
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Figure 12. Composite differences in July–September mean temperature (shaded, unit: K) at 10 hPa between warm and cold Niño 4 years in
24 CMIP6 experiments. Black dots indicate regions statistically significant at the 95 % confidence level.
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Figure 13. Composite differences in July–September mean SST (shaded, unit: K) between warm and cold Niño 4 years in 24 CMIP6
experiments. Black dots indicate regions statistically significant at the 95 % confidence level.
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Figure 14. Composite differences in July–September mean SIC (shaded, unit: 30 %) between warm and cold Niño 4 years in 24 CMIP6
experiments. Black dots indicate regions statistically significant at the 95 % confidence level.
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Figure 15. Time series of standardized Niño 4 index (blue line)
and the July–September mean T10−30 index (red line). Panels (a)
and (b) show the decadal and interannual components, respectively.
The value R in the upper right corner denotes the correlation coef-
ficient between the Niño 4 and T10−30 indices.

It is also found that warm SSTa in the South Pacific and
sea–ice loss over the Amundsen and Ross Seas can reinforce
the mid- and high-latitude zonal wave train through sea–
air interactions. Specially, the PSA teleconnection associated
with Niño 4 warming drives ocean heat uptake and rising
SSTa in the southeast Pacific from January–March through
April–June. With progression of seasons, this remote tropical
forcing weakens during June–September, and a local sea–air
feedback becomes dominant. Persistent warm waters accel-
erate sea–ice melt, and the subsequent oceanic heat release
sustains the positive geopotential height anomalies, thereby
strengthening the planetary wave response.

Furthermore, stronger planetary wave anomalies induced
by warm Niño 4 SSTa play a crucial role in modulating
Antarctic ozone transport. These waves enhance the Brewer–
Dobson circulation, facilitating the ozone transport from the
tropics to the polar stratosphere and leading to elevated
ozone concentrations over Antarctica. The increased ozone
concentrations enhance ultraviolet absorption, further am-
plifying stratospheric warming. Simultaneously, the warmer
stratosphere inhibits the formation of polar stratospheric
clouds (PSCs), thereby suppressing the heterogeneous chem-
ical reactions responsible for ozone depletion and mitigating
Antarctic ozone loss (Solomon et al., 2016).

To synthesize these processes, Fig. 16 provides a
schematic of the proposed physical mechanism. It illus-
trates how boreal winter Niño 4 SST anomalies trigger a

Figure 16. Schematic diagram illustrating the proposed physical
mechanism linking boreal winter Niño 4 SST anomalies to Antarc-
tic stratospheric warming in the subsequent austral winter.

sequence of dynamical and thermodynamical responses, in-
cluding enhanced tropical convection, the PSA teleconnec-
tion, planetary wave propagation, mid-latitude air–sea feed-
backs, strengthened Brewer–Dobson circulation, and ozone
transport, which collectively lead to Antarctic stratospheric
warming during the subsequent austral winter.

A multivariate regression statistical model was used in
this study to quantify the linear relationship between strato-
spheric temperature variations and Niño 4 SSTa. The bo-
real winter Niño 4 index alone accounts for approximately
18 % of the variance in July–September polar stratospheric
temperatures. However, including the June PSA index nearly
doubles the explained variance to 32 %. This highlights the
combined role of tropical forcing and mid-latitude atmo-
spheric responses in shaoing stratospheric temperature vari-
ability. Nonetheless, a substantial portion of stratospheric
variability remains unexplained. This reflects the internal in-
fluence of atmospheric internal dynamics, as well as contri-
butions from other drivers such as the Quasi-Biennial Os-
cillation (QBO), solar activity, and mid-latitude tropospheric
wave sources. Additional factors may be identified through a
range of approaches, including numerical modeling, machine
learning, and causal inference.

Code and data availability. The ERA5 reanalysis data are avail-
able from the European Centre for Medium–Range Weather
Forecasts at https://doi.org/10.24381/cds.bd0915c6 (Hersbach et
al., 2023a) and https://doi.org/10.24381/cds.adbb2d47 (Hersbach et
al., 2023b). The Niño 4 index came from National Oceanic and
Atmospheric Administration (https://psl.noaa.gov/data/timeseries/
month/DS/Nino4/, last access: 31 December 2025; https://psl.noaa.
gov/data/timeseries/month/DS/Nino3/, last access: 31 December
2025, and https://psl.noaa.gov/data/timeseries/month/DS/Nino34/,
last access: 31 December 2025). The code used in this article is
accessible from the corresponding author.
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