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Abstract
It is well established that the anomalous sea surface temperatures caused by the El Niño-Southern Oscillation (ENSO) can 
impact polar stratospheric ozone concentrations in 2–3 months. In recent years, the climatic impact of stratospheric ozone has 
received widespread attention. Some studies even suggest that Arctic stratospheric ozone (ASO) can affect the intensity of 
ENSO. So, is there a potential bidirectional feedback loop between ENSO and ASO? Based on observational and reanalysis 
data, this study confirms the possible existence of this two-way feedback. Furthermore, we have found that this feedback may 
be influenced by climate change. Compared the feedback between ENSO and ASO during two periods: 1984–2000 (P1) and 
1984–2022 (P2), we found that the two-way feedback between ENSO and ASO has weakened during P2 compared to P1. 
This weakening may be attributed to changes in the Arctic Oscillation anomalies associated with ASO during P2, which led 
to a significant reduction in the relationship between ASO and North Pacific sea surface temperatures. In the future, if the 
relationship between ASO and the Arctic Oscillation strengthens again, this feedback loop could become more pronounced. 
In addition, we evaluated the capability of several CMIP6 models with high model top to simulate the feedback loop between 
ENSO and ASO. The findings reveal that, apart from the IPSL-CM6A-LR, most models fail to accurately reproduce this 
feedback. This may be one of the reasons for the significant discrepancies between the simulated and observed interannual 
variations in ENSO and ASO in the current CMIP6 models.
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1  Introduction

The El Niño-Southern Oscillation (ENSO) represents a 
principal driver of interannual variability in the global 
climate (Bjerknes 1969; Ropelewski and Halpert 1987; 
Bove et al. 1998; Alexander et al. 2002; McPhaden et al. 
2006). Although ENSO originates in the tropical Pacific, 
it influences not only tropospheric weather and climate but 
also exerts a significant impact on stratospheric climate by 

altering atmospheric waves and circulation patterns (García‐
Herrera et al. 2006; Calvo et al. 2017; Domeisen et al. 2019; 
Rao and Ren 2016).Extensive research, based on observa-
tions and model simulations, has confirmed that ENSO can 
influence the stratospheric climate by altering wave activity 
and modifying wave fluxes entering the stratosphere, which 
impacts the strength of the Arctic stratospheric vortex and 
the Brewer-Dobson (BD) circulation (García‐Herrera et al. 
2006; Calvo et al. 2017; Domeisen et al. 2019; Xia et al. 
2021b). Specifically, the El Niño signal (the warm phase 
of ENSO) propagates from the tropical Pacific to the polar 
stratosphere via atmospheric Rossby waves. During the 
Northern Hemisphere winter, the anomalous tropical sea 
surface temperatures (SST) associated with El Niño can 
deepen the Aleutian Low, which enhances the planetary 
waves entering the stratosphere (i.e., linear interference). 
The enhanced Rossby wave propagation in the stratosphere 
weakens the Arctic stratospheric vortex and strengthens 
the BD circulation (García‐Herrera et al. 2006; Calvo et al. 
2017; Domeisen et al. 2019). Conversely, La Niña (the cold 
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phase of ENSO) leads to a stronger Arctic stratospheric vor-
tex, weakened BD circulation, and lower polar stratospheric 
temperatures (Iza et al. 2016).

Due to prevailing environmental conditions, the polar 
stratosphere largely lacks the capacity to produce substan-
tial amounts of ozone, therefore, ozone distribution and 
variability in this region are primarily governed by meridi-
onal transport from the tropical stratosphere, the extent of 
mixing within polar regions, and local chemical depletion 
processes (Weber et al. 2011; Lubis et al. 2017; Hong and 
Reichler 2021; He et al. 2024). Given ENSO’s ability to 
modulate both the stratospheric polar vortex and BD circula-
tion, ENSO plays a crucial role in controlling the interannual 
variability of stratospheric ozone. Specifically, ENSO not 
only influences ozone concentrations in tropical and mid-
latitude stratospheres but also significantly affects ASO 
variability (Brönnimann et al. 2004; Eyring et al. 2006; 
Cagnazzo et al. 2009; Lu et al. 2019; Xie et al. 2020; Niu 
et al. 2023). Brönnimann et al. (2004) did report the accu-
mulation of unusually high total ozone columns over the 
Arctic and mid-latitudes during the strong and prolonged 
El Niño events of 1940–1942. Numerous studies have indi-
cated that ozone changes in the lower tropical stratosphere 
are primarily driven by advection effects due to tropical 
upwelling anomalies (Calvo et al. 2010; Xie et al. 2014). 
While in the middle and high latitudes, stratospheric ozone 
changes associated with ENSO are produced by advection 
changes caused by BD circulation and horizontal mixing 
changes associated with polar vortex anomalies caused by 
Rossby wave breaking. During El Niño events, increased 
planetary wave flux into the Arctic stratosphere weakens the 
polar vortex. This weakening of the polar vortex enhances 
the stratospheric meridional circulation (BD circulation), 
transporting more tropical ozone from the source region to 
the Arctic. Additionally, the weakened polar vortex further 
enhances the horizontal mixing of ozone, both of which con-
tribute to the increase in ASO concentration (Benito-Barca 
et al. 2022).

As a key component of the climate system, stratospheric 
ozone plays a crucial role not only in maintaining radiative 
balance and protecting the Earth from harmful solar ultra-
violet radiation (Kerr and McElroy 1993; Chipperfield et al. 
2015; Xia et al. 2018), but also in influencing stratospheric 
temperature and circulation through radiative heating. The 
behavior of the polar vortex is particularly sensitive to varia-
tions in stratospheric ozone, as changes in ozone distribution 
can modify the thermal structure of the stratosphere, influ-
encing atmospheric circulation patterns. When the ozone 
layer is depleted, it can weaken the polar vortex, leading 
to its destabilization and splitting, which will significantly 
impact tropospheric weather and climate (e.g., Baldwin and 
Dunkerton 2001; Cagnazzo et al. 2009; Ineson and Scaife 
2009; Thompson et al. 2011; Byrne and Shepherd 2018).

Since the concept of the “Antarctic ozone hole” was 
first introduced by British scientist Joe Farman and his col-
leagues in 1985 (Farman et al. 1985), the destruction of 
stratospheric ozone and its climatic impacts have drawn 
widespread attention. Although the multi-decadal depletion 
of Arctic stratospheric ozone (ASO) is far less pronounced 
than that of the Antarctic (Montzka et al. 2011), the interan-
nual variability of ASO is comparable to, and even stronger 
than, that of the Antarctic (Montzka et al. 2011). Therefore, 
the climatic impact of ASO cannot be overlooked (Xia et al. 
2021a). Smith and Polvani (2014) reported the impacts of 
extreme ASO depletion events on tropospheric circulation, 
precipitation, and surface temperature. Calvo et al. (2015), 
using the coupled global atmospheric model (WACCM4), 
demonstrated that ASO variations significantly impact mid- 
to high-latitude tropospheric circulation and sea level pres-
sure (SLP) anomalies in the Northern Hemisphere, affecting 
tropospheric winds, temperature, and precipitation. Studies 
by Xie et al. (2018) and Ma et al. (2019) showed that ASO 
can influence precipitation in central China and northwest-
ern North America. Hu et al. (2019) found that ASO deple-
tion leads to increased humidity in the subtropics and shifts 
the northern boundary of the Hadley circulation toward the 
equator. Research by von der Gathen et al. (2021) revealed 
that climate warming will increase seasonal ozone loss in the 
Arctic, leading to greater variability in atmospheric and sur-
face climate patterns. Friedel et al. (2022), through atmos-
pheric chemistry model analysis, found that ASO depletion 
can significantly influence Northern Hemisphere climate 
modes, including warming over the Eurasian continent and 
increased dryness in central Europe, emphasizing the criti-
cal role of stratospheric ozone in regulating surface climate.

Beyond these impacts, Xie et  al. (2016, 2017) also 
pointed out that ASO can significantly influence tropical 
SST. The radiative balance anomalies induced by ASO vari-
ations lead to abnormal stratospheric circulation, particularly 
affecting the dynamics of the polar vortex. Disturbances in 
the vortex initiate changes in stratosphere-troposphere cou-
pling, which, through the downward control mechanism, 
affect large-scale atmospheric circulation patterns, such as 
the North Pacific Oscillation (NPO, Rogers 1981) patterns 
over the North Pacific. The NPO can modulate tropical SST 
through two pathways:

(1) The negative NPO anomaly and the induced positive 
Victoria mode (VM, Bond et al. 2003) can, through the sea-
sonal footprinting mechanism (Vimont et al. 2001, 2003), 
significantly modulates tropical SST, with effects emerg-
ing approximately 20 months later (Alexander et al. 2010; 
Ding et al. 2015; Xie et al. 2016; Chen et al. 2018, 2024). 
(2) The other is by triggering the North Pacific Meridional 
Mode (NPMM, Chiang and Vimont 2004), which subse-
quently affects SST. NPO can trigger the NPMM through 
wind-evaporation-SST feedback (Xie 1999). The NPMM 
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propagates SST anomalies from the subtropics to the equa-
tor, initiating the development of ENSO events, a process 
that spans about one year (Chang et al. 2007; Zhang et al. 
2009; Yu and Kim 2011; Larson and Kirtman 2013; Ding 
et al. 2022). These studies proposed a mechanism through 
which ASO variations influence ENSO via the high-latitude 
stratosphere-troposphere pathways and extratropical-tropical 
climate teleconnections, revealing the potential predictive 
value of ASO for ENSO.

As discussed above, ENSO and ASO are two key factors 
influencing weather and climate, and numerous studies have 
demonstrated the strong linkage between them. On the one 
hand, ENSO can substantially influence ASO variability; 
on the other hand, ASO variability can markedly impact 
the occurrence and development of ENSO. This suggests 
a potential bidirectional interaction or dynamic feedback 
between ASO and ENSO. However, previous studies have 
often focused on only one aspect, neglecting the integrated 
relationship between ENSO and ASO, which hampers accu-
rate forecasting of their future evolution.

Therefore, this paper constructs the two-way feedback 
relationship between ENSO and ASO based on observa-
tional and reanalysis data, and we select 12 models from 
the CMIP6 historical experiments for validation, aiming to 
evaluate the models’ simulation capabilities. The remain-
der of this paper is organized as follows: Sect. 2 provides 
a detailed description of the data and methods used in this 
study. Section 3 discusses the observed interactions between 
ENSO and ASO and proposes a potential two-way feedback 
loop. Section 4 analyzes the key mechanisms driving this 
two-way feedback and compares the simulation results from 
the 12 CMIP6 models. Finally, Sect. 5 summarizes and dis-
cusses the findings of the study.

2 � Data and methods

2.1 � Observational and reanalysis data

In this study, we selected the region of 60–90°N and 
100–50 hPa, where ozone concentration changes and deple-
tion are most significant in the Northern Hemisphere (Man-
ney et al. 2011). The ASO index is defined as the monthly 
mean ozone concentration in this region, after removing the 
climatological seasonal cycle. The ENSO index is derived 
from the NINO3.4 index, compiled by the Climate Pre-
diction Center of the National Oceanic and Atmospheric 
Administration (NOAA). To compare and validate the reli-
ability of the results, we used one observational ozone data-
set and two reanalysis ozone datasets, covering the period 
from January 1984 to December 2022.

The ozone observational data are from the Stratospheric 
Water and Ozone Satellite Homogenized (SWOOSH) 

dataset, while the reanalysis data are from the Japanese 
55-year Reanalysis (JRA-55, Kobayashi et al. 2015) and 
the European Centre for Medium-Range Weather Forecasts 
(ECMWF) Fifth Generation Global Reanalysis dataset 
(ERA5). Among these datasets,

The SWOOSH database is a merged zonal-mean 
monthly-mean dataset which contains observations from 
the SAGE II (v7.0; Stratospheric Aerosol and Gas Experi-
ment), SAGE III (v4), HALOE (v19; Halogen Occultation 
Experiment), UARS MLS (v5; Upper Atmosphere Research 
Satellite) and EOS Aura MLS (v4.2; Earth Observing Sys-
tem) instruments. In this study, we used version 2.6 of the 
SWOOSH dataset, which has a horizontal resolution of 2.5° 
latitude and a vertical resolution of 31 pressure levels from 
1 to 316 hPa, covering the period from January 1984 to the 
present. We specifically used the “combinedo3q” product.

JRA-55 has a horizontal resolution of 2.5° × 2.5° and 
37 pressure levels with the top at 1 hPa. In JRA-55, ozone 
observations are not assimilated directly. Before 1979, 
a monthly-mean climatology for the 1980–1984 period 
is used. From 1979 onwards, ozone fields are produced 
using an offline chemistry– climate model (MRI-CCM1; 
Meteorological Research Institute) that assimilates TCO 
observations from NASA’s TOMS (Total Ozone Mapping 
Spectrometer) until 2004 and Aura OMI afterwards using a 
nudging scheme (Shibata et al. 2005).

ERA5 has a horizontal resolution of 0.5° × 0.5° and a 
vertical resolution spanning 37 pressure levels from 1000 
to 1 hPa. The ozone data were assimilated through the 
ECMWF Integrated Forecasting System (IFS) by incorpo-
rating a range of observational data, ensuring high accuracy 
and consistency.

In addition to ozone data, SST and SLP data were 
obtained from the HadSST and HadSLP datasets, respec-
tively, provided by the Hadley Centre for Climate Predic-
tion and Research at the UK Met Office. Zonal wind (U), 
temperature (T), and other data were sourced from the ERA5 
dataset.

2.2 � CMIP6 historical experiment simulation data

To evaluate the models’ capability to simulate the two-way 
feedback between ENSO and ASO, we selected 12 high-top 
models (models with a high model top) from the CMIP6 
historical experiments that include ozone output. For each 
model, we selected the “r1i1p1f1” ensemble member and 
utilized the monthly mean temperature, wind, and surface 
temperature data from the atmospheric component (due 
to the unavailability of SST data in some models, we used 
surface temperature data as a substitute). Additionally, we 
used the monthly mean ozone data simulated by the atmos-
pheric chemistry component. Detailed information about the 
selected models is provided in Table 1.
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2.3 � Statistical significance testing

We calculated the statistical significance of the correlation 
between two autocorrelated time series using the two-tailed 
Student’s t-test and the effective number of degrees of freedom 
Neff(Bretherton et al. 1999). For this study, Neff was deter-
mined by the following approximate method:

where N is the sample size, �XX and �YY are the autocorrela-
tion coefficients of the two series X and Y  , respectively, at 
time lag  j.

2.4 � Eliassen‑palm (E‑P) flux calculation

We evaluated the propagation of wave activity using the fol-
lowing formulas. The method of calculating the quasi-geos-
trophic two-dimensional Eliassen-Palm (E-P) flux was given 
by (Andrews et al. 2016), the meridional ( Fy ) and vertical ( Fz ) 
components of the E-P flux and the E-P flux divergence ( DF ) 
are expressed as:

where �
0
 is the density of air; � is the latitude; a is the 

radius of the Earth; R is the gas constant; f  is the Coriolis 
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parameter; H is the atmospheric-scale altitude (km); u and 
v are the zonal and meridional components of the wind, 
respectively; and T nis the temperature. The overline denotes 
the zonal mean. Superscript symbols indicate deviations 
from the zonal mean.

3 � Observed interactions between ENSO 
and ASO

Previous studies have shown that ENSO can influence 
Northern Hemisphere stratospheric ozone with a lag of 
2–3 months (Brönnimann et al. 2004; Eyring et al. 2006; 
Cagnazzo et al. 2009), and Northern Hemisphere strato-
spheric ozone can, in turn, influence the occurrence and 
development of ENSO with a lag of 20 months (Xie et al. 
2016), suggesting the potential two-way feedback loop 
between them. To establish the aforementioned loop, this 
study analyzed the lead-lag correlation between the ASO 
index and the ENSO index (Fig. 1). Figure 1a shows the 
lead-lag results between SWOOSH ozone and ENSO during 
the period 1984–2000 (P1). It can be observed that there is 
indeed a cyclic correlation between ENSO and ASO. When 
ENSO leads ASO by 3–4 months, the positive correlation 
coefficient is 0.28, significant above the 95% confidence 
level. When ENSO lags ASO by approximately 20 months, 
a negative correlation above the 95% confidence level is 
observed, with the correlation coefficient reaching − 0.52. 
Figure 1d, similar to Fig. 1a, but it shows the results for the 
period 1984–2022 (P2). Compared to P1, the lead-lag cor-
relations between ENSO and ASO during P2 have signifi-
cantly weakened. When ENSO precedes ASO, the maximum 
positive correlation is 0.13. When ENSO follows ASO, the 
maximum negative correlation drops to − 0.25, which is 
significantly lower than that observed in P1.

Table 1   12 CMIP6 models used 
in this study

CMIP6 Models Institution Top height (hPa) Resolution 
(longitude/
latitude)

CESM2-WACCM NCAR​ 4.5 × 10–6 288 × 192
EC-Earth3-AerChem EC-Earth-Consortium 0.01 512 × 256
MRI-ESM2-0 MRI 0.01 320 × 160
UKESM1-1-LL MOHC NERC

NIMS-KMA NIWA
0.01 192 × 144

UKESM1-0-LL
MPI-ESM-1-2-HAM HAMMOZ-Consortium 0.01 192 × 96
CNRM-ESM2-1 CNRM-CERFACS 0.01 128 × 256
CNRM-CM6-1
IPSL-CM6A-LR IPSL 0.01 96 × 96
IPSL-CM5A2-INCA
E3SM-2-0 E3SM-Project 0.01 512 × 256
MPI-ESM1-2-LR MPI 0.01 192 × 96
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To improve the reliability of the results, this study 
repeated the above calculations using two reanalysis 
ozone datasets, ERA5 (Fig. 1b, e) and JRA-55 (Fig. 1c, 
f), alongside the ENSO index. The lead-lag correlations 
obtained from these two datasets are highly consistent 
with those from SWOOSH, indicating that the results are 
scarcely affected by the source of the ozone data and are 
thus reliable. This confirms the existence of a two-way 
cyclic feedback between ENSO and ASO, with a signifi-
cant weakening of this feedback after 2000, which reflects 
clear interdecadal variability.

To better illustrate the variations of the lead-lag cor-
relations between the ASO and ENSO indices before and 
after 2000, we constructed two aligned time series plots. 
Figure 2a shows the time series of the ASO and ENSO indi-
ces, with the time axis for ENSO shifted 4 months forward 
to represent the observed leading of ENSO. For 1984 to 
2000, the correlation between the series is moderate, with a 
coefficient of 0.28. However, this correlation decrease sig-
nificantly during 2000 to 2022, dropping to -0.10 and even 
becomes negative. Figure 2b shows these two series after 
ASO × − 1, with the time axis for ASO shifted 20 months 
forward to represent the observed lead of ASO. After 
ASO × − 1, the alignment between the sequences can be 
compared more intuitively. From 1984 to 2000, the two 
series match well, with a correlation coefficient of − 0.53. 
While for 2000–2022, the correlation weakens substantially, 
dropping to − 0.10. These results further support a signifi-
cant change in this relationship around 2000.

Interrelated time series often exhibit similarities in their 
periodic distributions. To better compare the interdecadal 
changes in the relationship between ENSO and ASO, spec-
tral analyses were conducted on the ASO and ENSO indices 
for P1 and P2 periods respectively (Fig. 2b–e). During P1, 
the ASO and ENSO time series show similar low-frequency 
spectra in the 1 to 6-year band (Fig. 2b, d), indicating a 
strong connection. However, during P2, the spectra of ASO 
and ENSO shows significant differences. These results fur-
ther support the weakening relationship between ENSO and 
ASO after 2000.

The interdecadal variability in the cyclic feedback rela-
tionship between ENSO and ASO may stem from two 
underlying causes. On the one hand, numerous studies have 
demonstrated that the interaction between ENSO and the 
Arctic stratospheric polar vortex exhibits significant inter-
decadal variability. Over the past two decades, the influence 
of ENSO on the Arctic stratospheric polar vortex has mark-
edly diminished or even become negligible (e.g., Chen and 
Wei 2009; Yu et al. 2015; Hu et al. 2017; Domeisen et al. 
2019; Garfinkel et al. 2019; Zhang et al. 2022). One possible 
mechanism driving this change is climate change, which has 
modified low-frequency climate modes, such as the Pacific 
Decadal Oscillation (PDO) (Hu et al. 2018; Rao et al. 2019) 
and the Atlantic Multidecadal Oscillation (AMO). These 
low-frequency climate modes play an important modulating 
role in the pathway through which ENSO affects the Arctic 
stratospheric polar vortex (e.g., Feldstein 2002; Screen and 
Simmonds 2014). Since changes in the strength of the polar 

Fig. 1   Lead-lag correlation coefficients between the ASO and 
ENSO indices over different periods, based on three ozone datasets: 
SWOOSH (a, d), ERA5 (b, e), and JRA-55 (c, f). The top row cor-
responds to the period P1, and the bottom row represents the period 
P2. Positive values on the horizontal axis indicate that ASO precedes 

ENSO, while negative values indicate that ENSO precedes ASO. The 
bolded sections indicate correlation coefficients that pass the 95% sig-
nificance test. The ENSO index is derived from the NINO3.4 index, 
compiled by NOAA’s Climate Prediction Center
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vortex induced by ENSO significantly contribute to the ASO 
concentration variability, the influence of ENSO on ASO 
also exhibits interdecadal variation. On the other hand, Wang 
et al. (2023) found that ASO influences North Pacific SST 
through its effects on the Arctic Oscillation. However, after 
2000, the impact of ASO on North Pacific SST significantly 

weakened. This is attributed to two changes in the positive 
phase of the Arctic Oscillation: first, the positive geopoten-
tial height anomalies over high-latitude Asia weakened; sec-
ond, abnormal westerlies in the mid-latitudes of the North 
Pacific will weaken the easterly anomalies over the North 
Pacific (He et al. 2022). These two changes significantly 

Fig. 2   a The time series of ASO 
index (blue line) and ENSO 
index (red line), with the ENSO 
time axis shifted 4 months 
forward. b The time series of 
ASO × − 1 index (blue line) 
and ENSO index, with the ASO 
time axis shifted 20 months 
forward. The year 2000 and the 
correlation coefficients of these 
two series before and after 2000 
are marked in the corresponding 
positions in (a, b). The numbers 
labeled in (a, b) indicate that 
the maximum correlation 
between these two series during 
the corresponding period. c and 
d show the spectral analysis of 
the ENSO series for the periods 
P1 and P2, respectively. The 
black line denotes the spectral 
distribution, while the green 
and red lines represent the 95% 
confidence level and the red 
noise spectrum, respectively. 
e and f are the same as (c) and 
(d) but for the ASO index. 
The ozone data in (a, b) are 
from SWOOSH. Due to many 
missing values in the SWOOSH 
data, spectral analysis could not 
be performed; therefore, JRA-
55 ozone data were used for Fig 
(e) and (f). The ENSO index 
is derived from the NINO3.4 
index, compiled by NOAA’s 
Climate Prediction Center
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weakened the relationship between ASO and North Pacific 
SST after 2000. Together, these studies provide two possible 
explanations for the significant weakening of the two-way 
feedback between ENSO and ASO after 2000.

Considering the interdecadal variability in the relation-
ship between ENSO and ASO, this is why the study uses 
2000 as a dividing line. We focus specifically on reconstruct-
ing the two-way feedback relationship between ENSO and 
ASO during P1. It is important to note that many studies 
have already discussed the possible mechanisms behind 
the significant weakening of their relationship after 2000 
(e.g., Garfinkel et al. 2019; Zhang et al. 2022; Wang et al. 
(2023), and many others), therefore, the specific mechanisms 
of this change are not included in the scope of this paper’s 
discussion.

4 � The driving mechanisms of the two‑way 
feedback between ENSO and ASO

4.1 � ENSO’s impact on ASO variability

It is noteworthy that due to the significant feedback loop 
between ENSO and ASO during P1, our study primarily 
focuses on the feedback loop during this period. Figure 3 
shows the correlation distribution between ENSO and SLP 
(Fig. 3a) as well as zonal wind and temperature (Fig. 3b) 
respectively, with a one-month lag.

In the Indian Ocean and western Pacific regions, SLP 
positively correlates with the NINO3.4 index, while in the 
eastern Pacific and along the western coast of South Amer-
ica, SLP is negatively correlated with the NINO3.4 index 
(Fig. 3a). This correlation pattern is consistent with typical 
pressure characteristics during El Niño events, implying that 

the El Niño can signal deepens the Aleutian Low, which 
favorably interferes with the climatology quasi-stationary 
planetary wave pattern, increasing the planetary waves flux 
entering the stratosphere and thereby affecting the zonal 
wind and temperature in the Arctic stratosphere. Figure 3b 
shows that in the mid-latitudes, zonal wind negatively cor-
relates with the NINO3.4 index, indicating westerly anoma-
lies, while in the high latitudes, it positively correlates with 
temperature, indicating significant warm anomalies. These 
correlation distributions demonstrate that ENSO events can 
alter SLP and atmospheric circulation patterns.

Given that El Niño is strongest during the winter, which 
is around January. We use the January ENSO intensity as 
the basis for the composite analysis. To further analyze the 
impact of ENSO on ASO, we conducted a composite analy-
sis of mean ozone concentration, zonal wind, temperature, 
and E-P flux during early spring (February–March, FM) 
for El Niño and La Niña events. Through lead-lag analy-
sis, it can be observed that ENSO affects the ASO through 
atmospheric teleconnection mechanisms approximately 
3–4 months in advance, so during FM, atmospheric wave 
activities can be observed, to explain the changes in ASO. 
To eliminate the interference from the Quasi-Biennial Oscil-
lation (QBO), a linear regression method was used to remove 
the QBO signal from the time series before conducting the 
composite analysis. The analysis shows that during El Niño, 
ozone concentration in the Arctic stratosphere increases 
significantly, showing a positive ASO anomaly (Fig. 4a), 
which aligns with the characteristic changes in ASO during 
El Niño. Correspondingly, there is a significant increase in 
stratospheric temperature at high latitudes, accompanied by 
a weakening of the zonal wind (Fig. 4c). These changes in 
temperature and wind suggest that El Niño events enhance 
the transmission of E-P flux from the tropics to high latitudes 

Fig. 3   During P1, the one-month lagged correlation distribution 
between the ENSO index and a SLP, and b zonal wind (U, black con-
tours) and temperature (T, shaded). The contour interval is 0.1. Only 

areas passing the 95% significance test are shown in (a). Stippling 
and red contours in (b) indicate areas where the correlation with tem-
perature and zonal wind passes the 95% significance test, respectively
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(Fig. 4e) and cause convergence of wave activity in the high-
latitude stratosphere. This leads to a weaker polar vortex, 
stronger BD circulation, and increased ozone transport 
from tropical regions to the poles. Concurrently, enhanced 
horizontal mixing of ozone due to wave breaking leads to 
a higher ASO concentration (Fig. 4a). In contrast, during 
La Niña, the ozone concentration in the Arctic stratosphere 

significantly decreases, showing a negative ASO anomaly 
(Fig. 4b), with a decrease in upper stratospheric tempera-
ture at high latitudes (Fig. 4d) and a strengthening of the 
zonal wind. These variations in temperature and wind sug-
gest that La Niña events weaken wave activity, leading to 
downward divergence of E-P flux in the high-latitude strato-
sphere (Fig. 4f). The weakening of wave activity results in 

Fig. 4   After removing QBO 
events via linear regression, 
the composite distribution of 
FM-mean anomalies during P1 
for a-b ozone (mg/kg), c–d U 
(black contours) and T (shaded), 
and e–f E-P flux anomalies 
(vectors, scaled by 10⁻4) and 
divergence anomalies. These 
figures represent El Niño (left) 
and La Niña (right) events, 
respectively. Due to extensive 
missing data in SWOOSH, 
JRA-55 ozone data were used 
for Fig. 4a and b. The contour 
interval is 1 m/s. Stippling and 
red contours mark areas where 
the composite anomalies of 
ozone, temperature, and zonal 
wind pass the 95% significance 
test
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a stronger polar vortex, weaker BD circulation, and reduced 
ozone transport from tropical regions to the poles. At the 
same time, weaker horizontal mixing of ozone leads to a 
decrease in ASO concentration.

Based on the above analysis, we have reconstructed the 
specific mechanism by which ENSO events alter strato-
spheric temperature and atmospheric circulation, affecting 
the transmission and divergence of E-P flux, thereby altering 
ASO concentration.

4.2 � ASO modulates ENSO event

Following the mechanisms proposed by Xie et al. (2016) 
and Wang et al. (2023), which describe how ASO influences 
ENSO through a high-latitude stratosphere-troposphere 
pathway and extratropical-tropical teleconnection, we first 
reconstructed the pathway from ASO to SLP through the 
high-latitude stratosphere-troposphere route.

To better illustrate the correlation between ASO vari-
ability and SLP fields, we used the negative ASO values in 
our calculations. We found a significant correlation between 
ASO and the NPO (Fig.  5). The possible mechanism 
behind this correlation is that lower ASO concentrations 
reduce shortwave heating, thereby cooling the lower Arctic 
stratosphere, increasing the meridional temperature gradi-
ent, and strengthening the polar vortex. This strengthened 
stratospheric circulation can extend into the troposphere 
through coupling, triggering a positive Arctic Oscillation 
(AO) anomaly, accompanied by positive geopotential height 
anomalies over high-latitude Asia. These anomalies propa-
gate eastward, affecting mid-latitude circulation over the 
North Pacific, leading to a negative NPO anomaly (Fig. 5).

Research indicates that negative NPO weakens the sub-
tropical northeasterly trade winds, reducing evaporation in 
the northeastern subtropical Pacific and causing sea surface 
warming. This warming further weakens the trade winds, 

initiating a positive thermodynamic feedback between sea 
surface winds, evaporation, and temperature, known as the 
wind-evaporation-sea surface temperature (WES) feedback 
(Ding et al. 2022). Previous studies have proposed several 
pathways linking the NPO with tropical SST, the two most 
significant are: (1) The negative NPO influences surface heat 
flux and ocean temperature advection, resulting in a positive 
VM in SST. Xie et al. (2016) established an extratropical-
tropical teleconnection based on the link between negative 
NPO and positive VM, and the VM’s ability to modulate 
ENSO development via the seasonal footprinting mecha-
nism (Chen et al. 2013; Ding et al. 2015). This teleconnec-
tion process spans approximately one and a half years. (2) 
In addition to the VM mode, the North Pacific Meridional 
Mode (NPMM) is another pathway through which the NPO 
influences ENSO variability. Studies have demonstrated that 
the NPO can trigger the wind-evaporation-sea surface tem-
perature feedback in the northeastern subtropical Pacific, 
which in turn triggers the NPMM. The NPMM propagates 
SST anomalies from the subtropics to the equator, initiating 
the development of ENSO events, a process that spans about 
one year (Ding et al. 2022).

Given that ASO exhibits the greatest variability during 
winter, we use the November-December-January (NDJ) 
monthly mean ASO intensity (with December as a repre-
sentative month) as the basis for the composite analysis. Fig-
ure 6 shows the composite analysis of SST fields lagging the 
November-December-January (NDJ) monthly mean ASO by 
different months. Using low ASO years (left column) as an 
example, when SST lags the winter ASO by 3 months (i.e., 
March SST field), a clear positive VM pattern emerges. The 
negative NPO signal is effectively linked to the positive 
VM anomaly (Fig. 6a). As positive VM evolves, it triggers 
westerly anomalies in the northeastern subtropical Pacific 
through the wind-evaporation-sea surface temperature feed-
back. These westerly anomalies, through air-sea interactions, 

Fig. 5   The correlation distribu-
tion between ASO × − 1 and 
SLP during P1. Only areas pass-
ing the 95% significance test are 
shown. The ozone data are from 
SWOOSH
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alter the zonal SST gradient in the central-western tropical 
Pacific, which, in turn, trigger additional westerly anomalies, 
eventually leading to an El Niño event (Fig. 6c). Previous 
studies suggest that the NPO/VM leads ENSO by over a 
year and a half (Ding et al. 2015). The results for high and 
low ASO years exhibit symmetry. Thus, when ASO leads 
ENSO by about 20 months, they exhibit a significant nega-
tive correlation.

4.3 � CMIP6 simulations of the two‑way feedback 
between ASO and ENSO

In the previous sections, we identified the possible two-
way feedback processes and mechanisms between ASO 
and ENSO using observational and reanalysis data. To 
further explore how well CMIP6 models capture the 
ASO-ENSO relationship, we selected 12 high-top models 
with ozone output from the CMIP6 historical experiments 
(see Table 1). For comparison with observational results, 
we selected the corresponding model data during P1 and 

calculated the ASO and NINO3.4 indices for each model. 
The remaining calculation methods were the same as those 
used in the observational analysis.

Figure 7 presents the ENSO-ASO correlation results 
for each of the 12 models. The results can be grouped 
into three categories: (1) Models that capture the two-
way feedback loop, but with peak correlation occurring 
in different months than observed, such as IPSL-CM6A-
LR, UKESM1-0-LL, IPSL-CM5A2-INCA, E3SM-2–0, 
UKESM1-1-LL, and CNRM-ESM2-1 (Fig.  7d–i); (2) 
Models whose simulated results are nearly opposite to 
the observational results, such as CESM2-WACCM, EC-
Earth3-AerChem, and MPI-ESM1-2-LR (Fig. 7a–c); and 
(3) Models that fail to reproduce similar results, such as 
MRI-ESM2-0, CNRM-CM6-1, and MPI-ESM-1-2-HAM 
(Fig. 7i–l). Notably, almost no model could fully replicate 
the observed two-way feedback between ASO and ENSO, 
either in the shape of the correlation or the timing of the 
peak correlation. Moreover, the relationship depicted by 
the models is much weaker than observed.

Fig. 6   Composite SST anomalies for NDJ monthly mean ASO 
leading SST by varying months in high and low ASO years during 
P1. a 3 months (March SST), b 12 months (December SST), and c 

21 months for low ASO years. d–f correspond to the high ASO years. 
Stippling indicates areas passing the 95% significance test. Ozone is 
based on SWOOSH data, and SST data are from the HadSST dataset
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Relatively speaking, models in the first category perform 
better, as they can capture the general patterns of the lead-
lag relationships between ENSO and ASO (Fig. 7d–i). The 
common feature of the models in the first category is that, 
on one hand, when ENSO leads ASO by 4–12 months, the 
maximum positive correlation between these two occurs, 
taking longer than observed. On the other hand, when ASO 
leads ENSO by 6–10 months, the maximum negative corre-
lation occurs, which is quicker than observed. Given the spa-
tiotemporal complexity of atmospheric-oceanic processes, 
we believe that the temporal deviations in the above model 
results are related to the inability of these models to accu-
rately simulate the ocean–atmosphere processes. Despite the 
discrepancies, the aforementioned model results still provide 
valuable insights.

Comparatively, the IPSL-CM6A-LR model (Fig. 7d) per-
formed the best among the 12 models, successfully simu-
lating ENSO influencing ASO with a 3-month lead time 
and a correlation coefficient of 0.265, almost identical to 
the observations. However, the simulation of ASO influenc-
ing ENSO occurred faster, with the highest correlation of 
− 0.26 when ASO led ENSO by about 10 months, which is 
lower than the observed result. When ASO leads ENSO by 
20–24 months, the model shows a statistically significant 
positive correlation, contrary to the observed results.

To further explore the simulation of ENSO and ASO 
interactions in the IPSL-CM6A-LR model, we selected the 
key results from Figs. 4 and 6, which represent the main 
mechanisms identified in observational data, and replicated 
them in the model, as shown in Figs. 8 and 9. The results in 

Fig. 7   Similar to Fig. 1, but based on the lead-lag correlation between 
ASO and ENSO indices during P1 from CMIP6 models. In the fig-
ures, positive values indicate ASO leading ENSO, while negative val-

ues indicate ENSO leading ASO. Model names are indicated above 
the corresponding subplots, and bold sections represent correlation 
results that pass the 95% significance test
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Fig. 8 are similar to those in Fig. 4, but the key difference 
is that during El Niño, the height of the maximum ASO 
anomaly in the model is lower than in the observations 
(Figs. 8a and 4a). The temperature anomaly location and 
values are also lower in the model compared to the observa-
tions. In the observations, the maximum warming at high 
latitudes occurs in the upper to middle stratosphere, with 
a temperature anomaly of 1.96 K (Fig. 4c). In the model, 
however, the maximum warming at high latitudes is in the 
lower to middle stratosphere, with a temperature anomaly of 
1.47 K. Meanwhile, the maximum zonal wind anomaly in 
the model is 2.56 m/s (Fig. 8c), which is much smaller than 
the observed 4.37 m/s (Fig. 4c). As a result, the E-P flux 
transmission from the tropics to high latitudes is somewhat 
weaker in the model (Fig. 8e), but it still causes significant 
disturbances to the stratospheric circulation, weakening the 
polar vortex, strengthening the BD circulation, and increas-
ing ASO concentration. Additionally, the model also simu-
lates opposite conditions during La Niña compared to El 
Niño (Fig. 8b, d, f).

Figure 9 analysis shows that the IPSL-CM6A-LR model 
successfully simulates the pattern where, during low (/high) 
ASO years, the SST composite map, lagging NDJ monthly 
mean ASO by 3 months (March), shows positive (/negative) 
SST anomalies extending southwestward from the north-
eastern subtropical Pacific, resembling the positive (/nega-
tive) phase of NPMM (Fig. 9a/d). This phase maintains 
positive (/negative) SST anomalies for approximately two 
seasons, extending towards the equator (Fig. 9b/e) and even-
tually causing warming (/cooling) of the equatorial Pacific 
(Fig. 9c/f). This process involves an extratropical-tropical 
teleconnection, aligning with the previously discussed sec-
ond pathway linking temperate NPO with tropical SST. 
Here, negative NPO triggers positive NPMM, propagating 
positive SST anomalies to the equatorial Pacific after two 
seasons, influencing El Niño events. We found that when 
ASO leads ENSO by 10 months, the strongest negative cor-
relation occurs (Fig. 7d). This suggests that while the model 
can simulate the NPMM process, its duration is shorter than 
observed, indicating the need for further adjustment.

Figure 10 illustrates the two-way feedback relationship 
between ASO and ENSO established in this study to explain 
the dynamic evolution of their connection. Assuming that El 
Niño affecting ASO marks the beginning of the cycle, and 
given that El Niño is strongest during the winter, the entire 
cycle starts around January of the winter season. We denote 
the year when this feedback first develops as year (0), and 
the following years labeled sequentially as year (1), year 
(2), and so forth. Around February–March, El Niño induces 
an increase in ASO concentrations. After approximately 
20 months, this elevated ASO concentration leads to a cool-
ing of SST in the equatorial central-eastern Pacific, causing 

a La Niña event in year (2). This cycle continues to develop. 
The specific mechanisms are described as follows:

Step 1: An El Niño event in the tropical Pacific deep-
ens the Aleutian Low, increasing wave flux into the Arctic 
stratosphere, weakening the polar vortex, and strengthening 
the BD circulation. Through this mechanism, the distant El 
Niño event increases ASO concentration after two to three 
months.

Step 2: The increase in ASO concentration absorbs more 
solar radiation, warming the lower Arctic stratosphere and 
weakening circulation. The weakened stratospheric circula-
tion extends into the troposphere through coupling, trigger-
ing a negative Arctic Oscillation (AO) anomaly and a nega-
tive geopotential height anomaly over high-latitude Asia. 
These anomalies extend eastward, affecting mid-latitude 
circulation over the North Pacific, leading to a positive NPO 
anomaly. This results in a negative VM-like SST anomaly, 
which propagates to the tropical Pacific via the seasonal 
footprinting mechanism, eventually triggering a La Niña 
event under suitable conditions. This process takes more 
than a year and a half.

Step 3: The La Niña event subsequently decreases ASO 
concentration.

Step 4: The negative ASO anomaly then influences an El 
Niño event through the same mechanism.

5 � Summary and discussion

This study, based on observational and reanalysis data, sug-
gests that there may be a two-way feedback loop between 
ENSO and ASO. However, changes in the positive phase 
of the Arctic Oscillation associated with ASO have led 
to a weakening of this feedback since 2000. Amid global 
warming, as the positive phase of the AO associated with 
ASO strengthens, this potential two-way feedback loop may 
continue to influence the interannual variability of ENSO 
and ASO. We also evaluated the ability of several CMIP6 
models to simulate the feedback processes between ENSO 
and ASO. We found that, except for the IPSL-CM6A-LR 
model performed well, most models failed to capture this 
feedback accurately. The MPI-ESM-1-2-HAM model per-
formed the worst, failing to simulate the variations between 
ASO and ENSO. Overall, the results can be grouped into 
three categories: (1) models with simulated results nearly 
opposite to observational results; (2) models that capture the 
two-way feedback loop, but with peak correlation occurring 
in different months than observed; (3) models that almost 
entirely fail to reproduce similar results. In summary, nearly 
no model was able to fully replicate the observed two-way 
feedback between ASO and ENSO.

Harari et al. (2019) used the latest models from the 
Chemistry-Climate Model Initiative (CCMI) to simulate 
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Fig. 8   Same as Fig. 4, but for the corresponding results from the IPSL-CM6A-LR model
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the two-way feedback between ENSO and ASO. Most 
CCMI models captured the correlation between ASO and 
stratospheric temperature, though a few performed slightly 
weaker than actual observations. However, the correlation 
between ASO and polar surface pressure was weak, while 

the correlation with polar 100 hPa geopotential height was 
strong, suggesting that ASO’s influence on the troposphere 
primarily operates through the polar vortex. The study 
found no evidence of ASO’s regulatory effect on ENSO 
in the CCMI models. Harari et al. (2019) suggested that 

Fig. 9   Composite SST anomalies for low ASO years in the IPSL-CM6A-LR model, with NDJ mean ASO leading SST by a 3 months (i.e., 
March SST), b 6 months, and c 9 months. (Panels d–f) showing the same time lags, but correspond to high ASO years

Fig. 10   Schematic diagram of 
the two-way feedback between 
ENSO and ASO. The red oval 
and blue oval correspond to El 
Niño and La Niña, respectively, 
while the red square and blue 
square correspond to ASO 
increase and decrease, respec-
tively. The horizontal axis rep-
resents the temporal evolution, 
and the vertical axis represents 
different temperature zones. 
The light gray and dark gray 
backgrounds correspond to the 
troposphere and stratosphere, 
respectively
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internal model variability and complex dynamic processes 
might be key factors affecting the simulation results. This 
study also found that the performance of the 12 models, 
along with their differences, suggests that most models 
may inadequately simulate the atmospheric and oceanic 
processes through which ENSO affects ASO and NPO 
affects ENSO, making it unlikely for this relationship to 
exist in most CMIP6 models. The reasons why most mod-
els cannot reproduce the possible feedback relationship 
between ENSO and ASO, as identified in observational 
data, need more detailed researches in the future. Models’ 
ability to simulate interannual climate variability can be 
enhanced by addressing this issue.

ENSO can also influence Antarctic stratospheric ozone 
changes. While many studies have shown that Antarctic 
stratospheric ozone has a strong climate impact (e.g.Son 
et al. 2008; Gerber and Son 2014), no research indicates 
that it does significantly influence ENSO so far. This may 
be because the Southern Hemisphere is predominantly oce-
anic, lacking stable extratropical-tropical teleconnection 
pathways (Xie et al. 2016). Therefore, a two-way feedback 
loop between Antarctic stratospheric ozone and ENSO can-
not be established.

Observational and reanalysis data both show a similar 
lead-lag relationship between ENSO and ASO, confirm-
ing its reliability. The poor performance of most CMIP6 
models further highlights the difficulty in simulating this 
relationship, possibly due to their ability to capture ENSO’s 
spatial pattern but not its variability. Establishing the two-
way feedback between ENSO and ASO allows for a more 
systematic and accurate understanding of their connection, 
improves models’ ability to simulate and predict ENSO, and 
enhances our capacity to respond to climate change amid 
global warming. However, several factors can influence this 
two-way feedback, and due to the nonlinear interactions 
among these factors, accurately predicting how this feedback 
will evolve in the future remains difficult. We will investi-
gate this issue in greater depth in future work. While this 
study focuses on establishing the two-way feedback between 
ENSO and ASO, the broader framework and ideas presented 
here can be applied to various other issues in climate change 
research.
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