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Abstract 23 

The interaction between the El Niño-Southern Oscillation (ENSO) and Antarctic 24 

stratospheric ozone represents an important tropical-polar coupling mechanism. Using 25 

satellite-based observations, reanalysis datasets, and simulations from the global three-26 

dimensional chemical-transport (TOMCAT) and chemistry-climate (WACCM) models, 27 

this study investigates how sea surface temperature anomalies (SSTA) associated with 28 

ENSO influence ozone variability. The results show that the peak phase of ENSO 29 

significantly impacts the interannual variability of Antarctic spring (September-October) 30 

stratospheric ozone in decaying years. Specifically, during the decaying year of El Niño 31 

(or La Niña), lower stratospheric ozone depletion is reduced (or enhanced) in Antarctic 32 

springtime. During the peak phase of El Niño, tropical SSTA intensifies convection and 33 

weakens upper tropospheric winds over the central and eastern equatorial Pacific, 34 

allowing more wave momentum fluxes from the troposphere into the stratosphere. In 35 

the decaying years, anomalous wave trains in both the troposphere and stratosphere link 36 

the tropical lower-atmospheric dynamics with the mid-high latitude stratospheric 37 

dynamics. Moreover, in the Southern Hemisphere under El Niño, the enhanced upward 38 

propagation of planetary waves accelerates the Brewer-Dobson circulation (BDC) and 39 

decelerates the mid-latitudes stratospheric zonal wind. Concurrently, polar stratospheric 40 

warming destabilizes the polar vortex in the decaying year, suppressing Antarctic 41 

springtime ozone depletion. In contrast, following La Niña, these coupling mechanisms 42 
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typically reverse, leading to mid-latitude stratospheric zonal wind acceleration and 43 

polar stratospheric cooling, which strengthen the polar vortex and thus enhance ozone 44 

depletion. These findings advance understanding of ENSO-ozone teleconnections and 45 

inform ozone recovery predictions. 46 

 47 
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 49 

1. Introduction 50 

The interannual variability of the Antarctic ozone hole is influenced by various 51 

coupled processes influencing stratospheric chemistry and dynamics (Newman, 2010; 52 

Tung et al., 1986). Antarctic ozone fluctuations not only affect the local stratospheric 53 

environment but also exert a profound influence on the Southern Hemisphere (SH) 54 

climate via atmospheric circulation (Fogt and Marshall, 2020; Polvani et al., 2011; Yook 55 

et al., 2022). During Antarctic winter-spring, persistent cold stratospheric temperatures 56 

and a stabilized vortex facilitate the formation of polar stratospheric clouds (PSCs), 57 

sustaining seasonal ozone depletion (Newman, 2010; Solomon, 1999). Since the 58 

implementation of the Montreal Protocol and the regulation of ozone-depleting 59 

substances (ODSs), the Antarctic ozone layer is displaying a recovering trend in spring 60 

(Chipperfield et al., 2017; Kuttippurath and Nair, 2017; Solomon et al., 2016). Under 61 

relatively stabilized ODS concentrations, dynamical processes, such as the Brewer-62 

Dobson circulation (BDC), planetary wave propagation, sudden stratospheric warmings 63 

(SSWs), and Quasi-Biennial Oscillation (QBO), gradually dominate ozone hole 64 

variability (Kessenich et al., 2023; Orr et al., 2012), mainly by perturbing polar vortex 65 

stability and photochemistry. El Niño-Southern Oscillation (ENSO) is another key 66 

factor affecting stratospheric ozone, with well-documented impacts on the long-term 67 

ozone variability (Jeong et al., 2023; Li et al., 2023; Lin and Qian, 2019; Xie et al., 68 

2014). 69 

As the leading mode of the global interannual climate variability, ENSO triggers 70 

a series of large-scale wave trains through atmospheric thermal and dynamical 71 

processes, significantly influencing extreme events such as precipitation, drought, and 72 

tropical cyclones, with impacts extending to the stratosphere via planetary wave upward 73 

propagation (Chang et al., 2024; Domeisen et al., 2019; Eichler and Higgins, 2006; 74 

Sheng et al., 2025). The influence of ENSO on tropical troposphere-stratosphere 75 

interactions has been widely reported (Benito-Barca et al., 2022; Calvo et al., 2008; 76 

Wang et al., 2011). For example, in the tropical troposphere, ENSO directly alters 77 

tropical ozone distribution, while at mid-high latitude stratosphere, it modulates ozone 78 

by altering planetary wave propagation and the strength of the BDC (Garfinkel et al., 79 

2018; Oman et al., 2013; Zhang et al., 2015). In the Arctic, El Niño-related stratospheric 80 

warming and polar vortex weakening have been identified. The stratospheric signals of 81 

ENSO and QBO represent a linear superposition, with different phase combinations 82 

producing distinct polar vortex responses (Garfinkel and Hartmann, 2008; Wang et al., 83 

2024a; Wang et al., 2024b). ENSO has also been found to impact stratospheric ozone 84 

differently across hemispheres (Li et al., 2023), yet its specific influence on Antarctic 85 



stratospheric ozone remains less understood. 86 

For the Antarctic, the ENSO teleconnection disturbs temperature at mid-high 87 

latitude stratosphere in the SH and has a significant impact on the ozone in the polar 88 

region by modulating the stratospheric circulation (Domeisen et al., 2019; Sigmond et 89 

al., 2011), with previous studies highlighting event-dependent responses. For instance, 90 

Yang et al. (2015) discovered that neutral and Central Pacific (CP) El Niño events show 91 

distinct impacts on Antarctic stratospheric temperature and planetary waves, while Rao 92 

and Ren (2020) found that warming SSTA in the tropical Pacific favours the southward 93 

displacement of the winter polar vortex and the eastward movement of the southern 94 

circumpolar westerly jet. This indicates that ENSO is closely related to the variations 95 

of planetary waves and the SH stratosphere, and the wave flux accumulated in the SH 96 

autumn-spring causes lead-lag responses. More recently, Niu et al. (2023) found that 97 

sea surface temperature anomalies (SSTA) caused by the ENSO Modoki in September-98 

October drive Antarctic stratospheric ozone anomalies in October-November. However, 99 

the broader lagged impacts of unclassified ENSO events on Antarctic ozone have not 100 

been clearly explained. This study focuses on the lagged effects of ENSO on the 101 

interannual variability of Antarctic spring ozone. 102 

Although ozone recovery has been evident across various latitudes since 2000, the 103 

Antarctic ozone hole remains a major concern, requiring ongoing monitoring to ensure 104 

sustained overall recovery (Chehade et al., 2014; Kuttippurath et al., 2013; Weber et al., 105 

2022). In particular, springtime recovery is sensitive to stratospheric ozone changes. 106 

Kessenich et al. (2023) found that ozone reduction dominated the stratosphere in 107 

October since 2004, emphasizing the role of dynamic processes. The mechanism 108 

pathways between dynamic processes such as stratospheric circulation anomalies 109 

caused by ENSO and the ozone depletion in the Antarctic spring require further 110 

understanding. Stone et al. (2022) identified a stratospheric pathway that links ENSO 111 

to SH circulation during austral summer. Through diagnostic examination of tropical 112 

convection anomalies, vertical propagation of planetary waves, and stratospheric 113 

dynamic processes, this study quantifies the 9-12 month lagged effect of ENSO and 114 

proposes an ENSO teleconnection pathway through which ENSO events modulate 115 

Antarctic spring stratospheric ozone. 116 

This study is organized as follows: Section 2 presents datasets and analysis 117 

methodologies. Section 3 analyzes the relationship between ENSO and Antarctic spring 118 

stratospheric ozone. Section 4 describes the mechanism behind the lagged effect of 119 

ENSO on Antarctic springtime ozone through stratosphere-troposphere dynamical and 120 

chemical processes. Section 5 summarizes the major conclusions. 121 

 122 

2. Data and methods 123 

2.1. Data 124 

Ozone profile datasets used here comprise the Microwave Limb Sounder (MLS), 125 

Stratospheric Water and Ozone Satellite Homogenized (SWOOSH), Modern-Era 126 

Retrospective Analysis for Research and Applications, version 2 (MERRA2) from 127 

satellite observation and reanalysis, as well as the global three-dimensional chemical-128 



transport (TOMCAT/SLIMCAT 3-D chemical transport model) and chemistry-climate 129 

(Whole Atmosphere Community Climate Model) model. 130 

The MLS onboard the NASA Aura satellite has been providing global data on 131 

composition, temperature, and humidity from the upper troposphere to the mesosphere 132 

since August 2004. MLS offers good coverage of ozone distribution and profiles 133 

(Dhomse et al., 2022; Livesey et al., 2008). 134 

The SWOOSH ozone dataset from 1984 to present is processed from limb 135 

sounding and solar occultation satellites (Davis et al., 2016). Processing yields monthly 136 

means, variances, and uncertainty estimates for individual sources and merged datasets. 137 

The SWOOSH dataset, with its monthly resolution, is well-suited for analyzing long-138 

term ozone changes, trends, and seasonal variations in the troposphere-stratosphere (Li 139 

et al., 2023; Szelą g et al., 2020; Zhang et al., 2021). Its data are used primarily to 140 

analyze the zonal distribution of ozone. The data are available at 141 

https://csl.noaa.gov/groups/csl8/swoosh. 142 

The Whole Atmosphere Community Climate Model, version 6 (WACCM6), 143 

developed by the National Center for Atmospheric Research, is a global climate model. 144 

WACCM6 can well reproduce the dynamical and chemical processes between the 145 

troposphere and stratosphere and provides a basis for daily forecasts (Davis et al., 2023; 146 

Gettelman et al., 2019). It extends from the Earth's surface to about 140 km in altitude, 147 

enabling comprehensive analysis of ozone profiles and distribution. 148 

TOMCAT/SLIMCAT 3-D chemical transport model (TOMCAT) is a global 149 

chemical transport model (CTM) containing a detailed stratospheric chemistry scheme 150 

(Chipperfield, 2006). TOMCAT CTM is forced with ERA5 reanalysis data, ensuring 151 

state-of-the-art past meteorological information is used for consistency to simulate 152 

ozone transport driven by the BDC, QBO, and planetary wave perturbations. The model 153 

setup is similar to the one used in Zhou, X. et al. (2024). Briefly, the model uses time-154 

varying lower boundary conditions for ODSs and greenhouse gases (GHGs) from 155 

WMO (2022). It also includes time-varying solar fluxes and stratospheric sulphate 156 

aerosol area density (SAD) until 2024 as described in Dhomse et al. (2016); Dhomse et 157 

al. (2015). TOMCAT, as a global model, can simulate long-term ozone change and 158 

spatial distribution with good results. Table 1 compares the ozone datasets. 159 

Zonal wind, temperature, and geopotential height data with horizontal resolution 160 

of 0.25° × 0.25° and 37 vertical levels were obtained from the ERA5 reanalysis dataset. 161 

Outgoing Longwave Radiation (OLR) data were obtained from the Top net thermal 162 

radiation in the ERA5 reanalysis dataset. Sea surface temperature (SST) data are from 163 

the Hadley Centre Sea Ice and Sea Surface Temperature dataset (HadISST), developed 164 

by the Hadley Centre for Climate Change at the UK Met Office. The Oceanic Niño 165 

Index (ONI) from the National Weather Service Climate Prediction Center. It 166 

represents the 3-month running mean of ERSST.v5 sea surface temperature anomalies 167 

in the Niño 3.4 region (5°N-5°S, 120°-170°W). The data can be accessed 168 

(http://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php). 169 

 170 

Table 1 171 



Ozone dataset. 172 

Dataset Start and 
end year 

Temporal 
resolution 

Spatial resolution 

TOMCAT 1979-2024 Monthly Horizontal resolution of 2.8° × 2.8° and 
32 vertical levels (about 0-60km) 

MERRA2 1980-2024 Monthly Horizontal resolution of 0.5° × 0.625° and 
42 vertical levels (1000-0.1hPa) 

MLS 2004-2024 Monthly Horizontal resolution of 2.8° zonal mean 
with 37 vertical levels(1000-0.1hPa) 

WACCM6 1980-2014 Monthly Horizontal resolution of 1.875° × 2.5° and 
88 vertical levels (about 0-140km) 

SWOOSH 1984-2024 Monthly Horizontal resolution of 5° × 20° and 31 
vertical levels (316hPa-1hPa) 

 173 

2.2. Methods 174 

Following the National Oceanic and Atmospheric Administration's (NOAA) ONI 175 

classification protocol, this analysis uses ONI to delineate the ENSO from 1979 to 2023 176 

(Bamston et al., 1997). An event is defined as El Niño (La Nina) when ONI is ≥0.5℃ 177 

(≤-0.5℃) for at least five consecutive months (Fig. 1). ENSO also includes single-year 178 

and multi-year events. Multi-year events, persisting for two or more years (e.g., 179 

September 2014–April 2016 El Niño), tend to produce cumulative effects. To isolate 180 

the lagged effects of ENSO events, multi-year events are excluded in this study. 181 

Observational results combined with the recharge oscillation theory and delayed 182 

oscillator theory show that the peak phase of ENSO occurs around the Northern 183 

Hemisphere (NH) winter. The decay phase of ENSO occurs around the SH autumn, and 184 

its occurrence year is defined as the decaying year. According to Fig. 2b, the decaying 185 

year of ENSO is identified as the primary impact year. The occurrence and impact of 186 

ENSO years are summarized in Table 2. 187 

 188 



189 

Fig. 1. The Oceanic Niño Index (ONI) time series from 1979 to 2023. 190 

 191 

Table 2 192 

Years of ENSO occurrence and impact. 193 

Event Occurrence years Impact year 

El 
Niño 

1982-1983, 1991-1992, 1994-1995, 1997-1998, 

2002-2003, 2004-2005, 2009-2010, 2018-2019 

1983, 1992, 1995, 1998, 

2003, 2005, 2010, 2019 

La 
Niña 

1983-1984, 1984-1985, 1988-1989, 1995-1996, 

2005-2006, 2007-2008, 2008-2009, 2010-2011, 

2011-2012, 2017-2018, 2020-2021 

1984, 1985, 1989, 1996, 

2006, 2008, 2009, 2011, 

2012, 2018, 2021 

 194 

To characterize wave propagation, we use the Eliassen-Palm (E-P) flux, which is 195 

an approximate proxy for the strength of the upward-propagating waves that drive the 196 

stratospheric circulation. The zonal (𝐹𝑦) and vertical (𝐹𝑧) components of the E-P flux, 197 

as well as the E-P flux divergence (𝐷𝐹), are calculated using the method for quasi-198 

geostrophic 2-D E-P flux (Andrews et al., 1987). The formulae are as follows: 199 𝐹𝑦 =  −𝜌0𝛼 cos 𝜑 𝑢′𝑣′̅̅ ̅̅ ̅ 200 𝐹𝑧 =  −𝜌0𝛼 cos 𝜑 𝑅𝑓𝐻𝑁2 𝑣′𝑇′̅̅ ̅̅ ̅ 201 

𝐷𝐹 = ∇ ∙ 𝐹𝜌0𝛼 cos 𝜑 =  𝜕(𝐹𝑦 cos 𝜑) 𝛼 cos 𝜑 𝜕𝜑 +  𝜕𝐹𝑧 𝜕𝑧⁄⁄𝜌0𝛼 cos 𝜑 (1) 202   203 

where 𝜌0 is air density; α is Earth's radius; φ is latitude; u and v are the zonal and 204 

meridional components of the wind; R is the gas constant; f is the Coriolis parameter; 205 



H is atmospheric altitude (km); T is temperature. The overline indicates the zonal mean, 206 

and the prime indicates deviation from the zonal mean. 207 

 208 

3. Response between Antarctic ozone and ENSO 209 

The core area of ozone depletion in the Antarctic ozone hole lies in the lower 210 

stratosphere, so this study investigates long-term variations in Antarctic spring 211 

stratospheric ozone using multiple observational datasets (60°S–90°S; 10–100 hPa; 212 

September–October mean). Fig. 2a shows the long-term time series of Antarctic 213 

stratospheric partial column ozone (PCO) from 1979 to 2023. PCO declined steadily 214 

until around 2000, when international regulations on halogenated ozone-depleting 215 

substances halted the trend. Despite this stabilization, PCO continues to fluctuate 216 

significantly between 90 and 150 Dobson Units (DU), with consistent interannual 217 

variability across multiple datasets of different temporal coverage. Notably, the time 218 

series also captures distinct ozone anomalies caused by exceptional stratospheric events, 219 

such as the SSWs in 2002 and 2019. Previous studies attribute the 2019 SSW to factors 220 

such as the equatorial QBO and the central Pacific SSTA (Rao et al., 2020). 221 

Fig. 2b illustrates the lag correlation between Antarctic spring stratospheric ozone 222 

and ONI. To reduce limitations in data coverage and continuity, lag correlation analysis 223 

was performed using the TOMCAT dataset, which offers an extensive temporal span, 224 

global coverage, high spatial resolution, and robust continuity. Analysis reveals a 225 

statistically significant correlation, with the ENSO leading Antarctic stratospheric 226 

ozone by 9-12 months. Phase relationships demonstrate that the peak phase of ENSO 227 

influences Antarctic spring ozone anomalies in the decaying year. 228 

 229 



 230 

Fig. 2. Antarctic spring stratospheric ozone variability (1979-2023): (a) Multi-dataset 231 

comparison of partial column ozone (10-100 hPa, September-October mean); (b) Lag 232 

correlation between TOMCAT ozone and ONI. Red dashed line: 90% t-test, blue dashed 233 

line: 85% t-test. 234 

 235 

Fig. 3 shows the ozone difference between ENSO composite events (El Niño 236 

composite minus La Niña composite, El-La), revealing a significant positive ozone 237 

anomaly in the 20-50 hPa layer of the Antarctic spring stratosphere. This indicates that 238 

ozone concentrations during the decaying year of El Niño are significantly higher than 239 

those following La Niña events. In contrast, the tropical stratosphere exhibits 240 

predominantly negative ozone anomalies. The results are consistent across multiple 241 

datasets. 242 

 243 



 244 

Fig. 3. Composite differences of zonal mean ozone (unit: ppmv) in the decaying year 245 

(September–October mean in the SH spring) between El Niño and La Niña years (El-246 

La) for different datasets: (a) MERRA2, (b) SWOOSH, (c) MLS. Significant anomalies 247 

above the 90% confidence level according to the Monte Carlo test are indicated by the 248 

grey areas. 249 

 250 

Fig. 4 presents zonal mean temperature anomalies during the peak phases of ENSO 251 

(December–March) based on the ERA5 dataset, with the grey areas indicating statistical 252 

significance. During the peak phase of ENSO, El Niño events are associated with 253 

positive temperature anomalies in the equatorial troposphere, resulting in significantly 254 

higher mean temperatures than La Niña. This anomaly can persist until March and 255 

extends from the tropical troposphere to the mid-latitude lower stratosphere, with a 256 

positive temperature anomaly reaching 1 K. Such significant temperature anomalies 257 

further affect the stratospheric residual circulation through abnormal tropical 258 

convection and planetary wave propagation. 259 

 260 



 261 

Fig. 4. Composite differences in zonal mean temperatures (unit: K) for El-La. (a) 262 

December, (b) January, (c) February, (d) March. Significant anomalies above the 90% 263 

confidence level according to the Monte Carlo test are indicated by the grey areas. 264 

 265 

Convective activity is an important source of thermal structure and zonal wind 266 

changes in the upper atmosphere. Fig. 5 shows OLR from the peak to the decay period 267 

of El-La, with significant anomalies in the equatorial region. The OLR shows a negative 268 

pattern in the central and eastern equatorial Pacific, which also indicates enhanced 269 

convective activity above during El Niño events than during La Niña events. 270 

 271 



272 

Fig. 5. Composite differences in OLR (unit: J m-2) for El-La. (a) December, (b) January, 273 

(c) February, (d) March. Significant anomalies above the 90% confidence level 274 

according to the Monte Carlo test are indicated by the grey areas. 275 

 276 

The equatorial zonal wind is often defined as the average zonal wind between 5°S 277 

and 5°N (Zhou, T. et al., 2024). Fig. 6 shows the differences in this quantity during 278 

ENSO composite events to reveal the impact of tropical SSTA on stratospheric 279 

dynamics processes. In the upper troposphere, westerly winds during El Niño are 280 

weaker than during La Niña over the central and eastern equatorial Pacific. The 281 

difference in zonal wind from December to the following March shows that the Walker 282 

circulation during El Niño events is weaker than during La Niña events over the 283 

equatorial Pacific (140°E -100°W). The weakening of the Walker circulation during El 284 

Niño periods has also been confirmed. The weaker upper tropospheric winds during the 285 

El Niño period mean that more wave momentum flux is transmitted to the stratosphere 286 

(Kawatani et al., 2019). 287 

 288 



 289 

Fig. 6. Composite differences in zonal wind (unit: m s-1) for El-La in the equatorial 290 

region (5°S-5°N) for (a) December, (b) January, (c) February, and (d) March. 291 

Significant anomalies above the 90% confidence level according to the Monte Carlo 292 

test are indicated by the grey areas. 293 

 294 

A weakened (enhanced) Walker circulation leads to a shortened (lengthened) QBO 295 

period during El Niño (La Niña). Zonal wind anomalies persist into the decay phase of 296 

ENSO, indicating that the sustained SSTA significantly impacts the troposphere and the 297 

stratosphere. Fig. 7 shows the geopotential height anomalies at 200 hPa during the 298 

decay phases of ENSO (April–July), revealing wave propagation pathways from 299 

tropical to mid-high latitudes. April–July composite maps show alternating positive and 300 

negative centres of geopotential height anomaly over the South Pacific, forming a wave 301 

train that extends from the subtropical Pacific to the polar region. The gradual 302 

southward shift of the negative geopotential height anomaly centres indicates enhanced 303 

planetary wave anomalies propagation from the tropics to mid-high latitudes through 304 

the troposphere. During El Niño, the geopotential wave train is statistically significant, 305 

with more planetary waves propagating to the mid-high latitude stratosphere of the SH. 306 

 307 



 308 

Fig. 7. Composite differences in geopotential heights (unit: m2 s-2) at 200 hPa for El-La 309 

in the decaying year. (a) April, (b) May, (c) June, and (d) July. Significant anomalies 310 

above the 90% confidence level according to the Monte Carlo test are indicated by the 311 

grey areas. 312 

 313 

Considering the persistent impact of upward wave propagation on the polar region 314 

during the SH autumn-winter, this study analyzes the responses of zonal mean 315 

temperature and zonal wind anomalies to the SSTA during ENSO composite events 316 

from July to September. Figs. 8a-c show positive stratospheric anomalies in SH mid-317 

high latitudes during spring and winter, reaching 3.5 K in July and intensifying to 7.5 318 

K over the polar region by September. Figs. 8d-e reveal a clear negative zonal wind 319 

anomaly in the mid-latitude stratosphere, with a deceleration of up to 5 m/s. Combined 320 

with the thermal wind balance, the negative anomalous zonal wind in the mid-latitude 321 

stratosphere corresponds to the positive anomalous temperature at high latitudes. 322 

Collectively, in the SH spring-winter, temperature anomalies move towards the poles 323 

along with zonal wind anomalies. 324 

 325 



 326 

Fig. 8. Composite differences in (a-c) zonal mean temperature (unit: K) and (d-e) zonal 327 

winds (unit: m s-1) for El-La in the decaying year. (a) and (d) July, (b) and (e) August, 328 

(c) and (f) September. Significant anomalies above the 90% confidence level according 329 

to the Monte Carlo test are indicated by the grey areas. 330 

 331 

4. Discussion 332 

4.1 Planetary Wave Activity 333 

ENSO-forced planetary wave propagation anomalies modulate stratospheric 334 

circulation, and ozone redistribution is controlled by meridional circulation changes 335 

and planetary wave dissipation. Yang et al. (2015) reported intensified planetary wave 336 

activity in the SH stratosphere from July to September during most CP El Niño years. 337 

Fig. 9 demonstrates the composite anomalies of E-P flux divergence based on ERA5 338 

datasets, revealing intensified vertical planetary wave propagation in SH mid-high 339 

latitudes under El Niño. Enhanced wave dissipation perturbs stratospheric westerlies 340 

through momentum flux convergence anomalies, inducing mid-latitude zonal wind 341 

deceleration (Fig. 8d–f) and BDC intensification. 342 

Previous studies have shown that Central Pacific (CP) El Niño events increase 343 

stratospheric temperatures in the SH during spring and winter, weakening the polar 344 

vortex and enhancing the BDC (Hurwitz et al., 2011; Xie et al., 2012; Yang et al., 2015). 345 

More planetary waves are transmitted into the stratosphere, increasing polar 346 

temperatures (Fig. 8a-c). Such temperature anomalies play an important role in 347 

stratospheric ozone, as anomalous temperatures during El Niño weakened the polar 348 



vortex stability and decreased ozone depletion (Fig. 3). 349 

 350 

 351 

Fig. 9. Composite differences in E-P fluxes (vectors) and E-P flux divergence (contours) 352 

for El-La in the decaying year. (a) July, (b) August, and (c) September. Significant 353 

anomalies above the 90% confidence level according to the Monte Carlo test are 354 

indicated by the grey areas. 355 

 356 

Studies show that ENSO modulates stratospheric ozone mainly through (1) 357 

planetary wave upward propagation efficiency and (2) BDC strength, quantified by the 358 

cumulative eddy heat flux (EHF) at 100hPa in spring (Newman et al., 2001; Weber et 359 

al., 2011). In the SH from March to September, the wave flux accumulated at mid-high 360 

latitudes propagates upward to the stratosphere, affecting the BDC and the stratospheric 361 

polar vortex. As shown in Table 3, the EHF of El Niño begins higher than that of La 362 

Niña in the SH autumn, and the difference gradually increases and peaks in spring. 363 

These results indicate stronger planetary wave activity in the SH stratosphere during 364 

the decaying years of El Niño compared to La Niña, consistent with Domeisen et al. 365 

(2019), who suggested El Niño significantly modulates planetary wave activity and its 366 

interaction with the stratospheric polar vortex. 367 

 368 

Table 3 369 

Mean Eddy Heat Flux (45°–75°S) at 100 hPa: The Years of ENSO in March-May, June-370 

August, and September-October. 371 

 El Niño La Niña 

March-May -6.28 -6.09 

June-August -8.76 -7.60 

September-

October 

-15.66 -13.42 

 372 

4.2 Chemical-dynamical coupling 373 

The mechanism of ENSO teleconnection on Antarctic stratospheric ozone is 374 

closely related to the chemical and dynamical processes of the coupled stratosphere-375 



troposphere system caused by SSTA. From July to September, a positive temperature 376 

anomaly was observed in the mid-high latitude stratosphere. PSCs were present from 377 

June to September, associated with cold temperatures below 195 K (Solomon, 1999). 378 

Fig. 10 shows the daily average temperature of Antarctica (60°S–90°S, 100 hPa) from 379 

July to September in the decaying year. During El Niño events (Fig. 10a), temperatures 380 

typically drop below the PSC threshold (195 K) by late July but rise above it by 381 

September. On the contrary, during most La Niña events, temperatures remain below the 382 

threshold for a longer period (Fig. 10b). The PSCs area expands throughout early winter, 383 

and its variations are closely linked to the duration of low average temperatures (Roy et 384 

al., 2024). During El Niño, higher temperatures and shorter cold periods lead to a reduced 385 

PSC area, thereby decreasing ClO-catalyzed ozone depletion. 386 

 387 

 388 

Fig. 10. The daily average temperature (unit: K) of Antarctica (60°S–90°S) from July 389 

to October in the decaying year at 100hpa. (a) El Niño, (b) La Niña. The black dotted 390 

line represents 195 K. 391 

 392 

4.3 Teleconnection pathways 393 

The ENSO teleconnection mechanism directly links ENSO-forced 394 

tropospheric anomalies to springtime polar ozone variability via a stratospheric 395 

dynamics transport pathway. Combined SSTA and OLR anomalies suggest that 396 



warming (cooling) of the tropical sea surface leads to weakening (strengthening) of the 397 

westerly winds during El Niño (La Niña), affecting the Walker circulation. A weakened 398 

Walker circulation leads to a shortened QBO period during El Niño. Wang et al. (2022) 399 

found that the QBO impacts on ozone are mainly through dynamic transport and related 400 

to temperature-dependent chemical processes. Yamashita et al. (2018) further identified 401 

enhanced upward planetary wave in the lower stratosphere during the westerly QBO as 402 

a key pathway connecting the QBO with the SH stratospheric polar vortex. These 403 

findings indicate that ENSO influences dynamic processes such as the BDC through 404 

upward wave propagation, thus regulating the transport efficiency of stratospheric 405 

ozone and polar vortex stability (Garfinkel and Hartmann, 2008; Lim et al., 2018). 406 

The equatorial SSTA perturbation stimulates convective activities, altering upper 407 

atmosphere temperatures and tropical zonal winds. Decelerated (accelerated) tropical 408 

zonal winds facilitate increased (reduced) upward transmission of wave momentum 409 

flux into the stratosphere (Fig. 6). Evtushevsky et al. (2019) reported interacting 410 

tropospheric and stratospheric pathways of the teleconnection to strongly enhance the 411 

central tropical Pacific impact. The teleconnection mechanism between ENSO and the 412 

SH stratosphere still needs to be clarified. Stone et al. (2022) found that the 413 

stratospheric circulation acts as an intermediary linking ENSO to tropospheric 414 

variability during SH spring and summer. Based on this, a novel teleconnection 415 

pathway by which ENSO influences Antarctic ozone variability with a lag of 9–12 416 

months is proposed (Fig. 11). 417 

 418 

 419 



Fig. 11. Lagged ENSO teleconnection pathways driving Antarctic ozone variability 420 

(time lag: 9-12 months). 421 

 422 

Fig. 11 summarizes the stratosphere-troposphere pathways through which ENSO 423 

modulates Antarctic spring ozone interannual variability. Dynamically, ENSO-forced 424 

planetary wave propagation anomalies modulate stratospheric circulation and 425 

stratospheric zonal wind anomalies in the mid-latitudes. BDC strengthens (weakens), 426 

directly enhances (suppresses) meridional ozone transport from the tropics. Zonal 427 

winds and BDC anomalies in the mid-high latitude stratosphere further modulate 428 

stratospheric temperature and polar vortex stability, thus influencing the PSCs area and 429 

stratospheric ozone depletion. The peak phase of ENSO significantly impacts Antarctic 430 

spring stratospheric ozone through cross-seasonal and interhemispheric dynamical 431 

pathways. 432 

 433 

5. Conclusions 434 

This study integrates satellite-based observations, reanalysis datasets, as well as 3-435 

D chemical-transport and chemistry-climate model simulations to explore the impact 436 

of ENSO on Antarctic spring stratospheric ozone and analyzes the teleconnection 437 

mechanisms of the tropical SSTA effect on Antarctic ozone. Analysis reveals ENSO 438 

exerts a 9-12 month lagged influence on Antarctic spring stratospheric ozone during its 439 

decaying year, reducing ozone depletion following El Niño and enhancing it following 440 

La Niña. This result agrees with previous findings that ozone anomalies over Antarctica 441 

occur one year after ENSO (Lin and Qian, 2019). 442 

Our study proposes a novel stratosphere-troposphere teleconnection pathway 443 

between ENSO and Antarctica spring ozone interannual variability. ENSO, represented 444 

by tropical SSTA, affects upward propagation of planetary waves and associated 445 

stratospheric dynamics in the SH, thereby modulating the spring polar ozone depletion 446 

during the decaying year. In particular, El Niño (La Niña) events strengthen (weaken) 447 

the BDC and decrease (increase) zonal winds at middle latitudes, affecting the polar 448 

temperatures and ozone depletion. This mechanism advances the mechanistic 449 

understanding of ENSO teleconnections in the SH stratosphere. 450 

In addition, the stratospheric pathway proposed has significant implications for the 451 

Southern Hemisphere circulation and regional climate. These findings provide critical 452 

dynamic factor references for ozone recovery prediction. Nevertheless, the influence 453 

and mechanisms of different ENSO types (e.g., Eastern Pacific vs. Central Pacific El 454 

Niño) and multi-year events (e.g., the 2014–2016 El Niño) affecting Antarctic ozone 455 

warrant further investigation. 456 
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