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Arctic stratospheric ozone as a precursor
of ENSO events since 2000s
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Variability in Arctic stratospheric ozone (ASO) has significant implications for surface climate. Using
observational reanalysis datasets and Ozone Monitoring Instrument data, we found that the
springtime ASO variations since the 2000s can serve as a precursor to El Nifio—Southern Oscillation in
the subsequent winter. Springtime ASO variability has become pronounced, particularly over Eurasia,
due to the asymmetric structure of the Arctic stratospheric polar vortex. With the return of solar
radiation to the Arctic in spring, elevated ASO increases solar absorption over Eurasia, contributing to
localized stratospheric heating. This heating induces an upper-tropospheric cyclonic circulation over
Siberia, facilitating wave energy propagation toward the tropical Pacific. Consequently, upper-level
easterly and low-level westerly wind anomalies emerge over the equatorial Pacific, favoring El Nifio
development (cf. La Nifa for decreased ASO). These results highlight the importance of
chemical-radiative-dynamical processes in the Arctic stratosphere for understanding tropospheric

climate variability.

Stratospheric ozone plays two primary roles in the Earth system. First, it
protects both plants and animals by absorbing harmful ultraviolet radiation,
which can be detrimental to their health and survival ™. Second, by
absorbing solar radiation, it helps regulate large-scale atmospheric
circulations”®, which in turn influence global hydrological cycles’". That s,
the influence of stratospheric ozone extends beyond ecosystems, affecting
climate and weather patterns. In this context, the significant depletion of
stratospheric ozone—primarily caused by the use of chlorofluorocarbons
(CFCs)—has been a major concern and the focus of extensive research®>'*™**
since its first detection over Antarctica in 1984'**, an event commonly
referred to as the ozone hole.

For the Arctic, ozone depletion events have been reported since the
mid-1990s* . Particularly, the recent Arctic stratospheric ozone (ASO)
depletion that occurred in 2020 approached levels relatively close to
those observed in the Antarctic ozone hole (~220DU), despite the generally
higher background ozone concentrations in the Northern Hemisphere.
However, both the intensity and frequency of ozone depletion in the Arctic

are typically lower and more irregular than in the Antarctic, resulting in
substantial ASO variability. The difference between the two poles arises
from the greater atmospheric variability in the Arctic, primarily associated
with the stratospheric polar vortex (SPV)* and the Brewer-Dobson cir-
culation (BDC)™.

The SPV and BDC are also thermodynamically interconnected™; that
is, a strong (weak) SPV is generally associated with a weak (strong) BDC. A
strong SPV inhibits air mixing into the vortex and reduces ozone transport
from the tropics and the summer hemisphere to the Arctic via the BDC™.
Furthermore, when the SPV strengthens, extremely cold temperatures
(below 195 K) often develop, enhancing chemical ozone depletion due to
increased concentrations of active chlorine and bromine on polar strato-
spheric clouds (PSCs). In short, ASO is more likely to be depleted when the
SPV is strong and the BDC is weak, and vice versa.

The variability of ASO has been reported to influence surface climate
and weather patterns, particularly during spring when solar radiation
returns to the Arctic” . A previous study demonstrated that depleted
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springtime ASO contributed to Arctic sea ice reduction by increasing both
sea ice export toward the Atlantic Ocean and surface net heat fluxes™.
Additionally, extreme ASO depletion reduces upper-tropospheric stability,
leading to an increase in high clouds. This increase in high clouds can
amplify surface warming over the Siberian Arctic through a positive long-
wave cloud radiative effect during boreal spring”. ASO variability also
affects sea surface temperature (SST) anomalies in the North Pacific via
atmospheric teleconnections”. Notably, Xie et al.™ proposed that a decrease
(increase) in springtime ASO leads to El Nifio (La Nifia) events with a lag of
approximately 20 months, mediated by the North Pacific Oscillation and the
Victoria mode (a.k.a., North Pacific Gyre Oscillation), based on the analysis
of the reanalysis dataset from 1986 to 2015.

Meanwhile, significant changes in the characteristics of the SPV
have been observed since the 2000s™*, coinciding with Arctic climate
changes" ™. The SPV has weakened due to factors such as Arctic sea ice
loss**® and increased snow cover*”*, and now tends to exhibit a more
asymmetric structure’®”. This altered structure of the SPV is expected to
influence the spatiotemporal distribution of ASO***”*’. Then, in boreal
spring, when solar radiation returns to the Arctic, the modified ASO
distribution changes the absorption of solar radiation, potentially trig-
gering weather and climate responses that differ from those observed in
previous decades™. However, research on these feedback processes
remains limited and warrants further investigation.

As noted earlier, a previous study™ reported a negative correlation
between ASO and ENSO through pathways in the North Pacific with a lag of
approximately 20 months during 1986-2015. Based on the previous find-
ings, the present study revisits the mechanism by which ASO influences the
tropical Pacific, focusing on the post-2000s in the context of recent changes
in the SPV. We analyzed two observational reanalysis datasets—ECMWEF
Reanalysis Version 5 (ERA5) for the main figures and Modern-Era Retro-
spective Analysis for Research and Applications, Version 2 (MERRAZ2) for
the supplementary figures—as well as data from the Ozone Monitoring
Instrument (OMI). The consistency across these datasets suggests that
springtime ASO has the potential to act as a precursor to ENSO events in the
following winter, with a lag of approximately 8 months, through atmo-
spheric teleconnections extending across the Eurasian continent. We dis-
cuss the implications of these findings for understanding how the
stratosphere influences the troposphere and contributes to the development
of ENSO events in recent decades.

Results

An emerging connection between spring ASO and the following
winter ENSO since 2000

To examine the decadal modulation of the ASO-ENSO relationship during
1980-2023, we conducted a 252-month running lead-lag correlation ana-
lysis between monthly ASO and ENSO indices. The monthly ASO index
was obtained by averaging ozone concentrations over 70-90°N at
100-200 hPa (i.e., upper troposphere-lower stratosphere, UTLS). The
Nifio3.4 index (cf, 120-170°W, 5°S-5°N) was adopted as the monthly
ENSO index. For the ASO index, the UTLS altitude was selected, rather than
higher altitudes where ozone concentrations are greater, as our focus was on
climatic responses in the troposphere. However, we note that similar results
were obtained even when the ASO index was calculated instead at a higher
altitude (50-150 hPa), as shown in Supplementary Fig. 1. To highlight
variability, both the climatological mean and linear trend were removed
from the monthly ASO and ENSO indices within each 252-month running
window, although this detrending had minimal effect on our results due to
the small magnitude of the trend.

The results of the lead-lag correlation analysis are illustrated in Fig. 1a
(refer to Supplementary Fig. 2 for MERRA2). On the x-axis, negative values
indicate how many months ASO precedes ENSO, while positive values
indicate how many months ENSO precedes ASO. Overall, correlations
where ENSO precedes ASO are mostly positive but statistically insignificant
throughout the analysis period. In contrast, correlations where ASO pre-
cedes ENSO undergo a marked change around the early 2000s. Before this

period, ASO preceded ENSO with a negative correlation at a lag of
approximately 20 months, with the strongest signals occurring in the mid-
to late 1990s. The negative correlation indicates that stratospheric condi-
tions with increased ozone concentrations tended to precede La Nifa about
20 months later, consistent with the findings of Xie et al.*®. However, these
negative ASO-preceding-ENSO signals gradually weakened over time,
while positive ASO-preceding-ENSO signals with an 8-month lag emerged
after the early 2000s.

The results in Fig. 1a reveal the emergence of a previously undocu-
mented ASO-ENSO relationship since the early 2000s, characterized by
elevated ozone concentrations preceding El Niflo events in recent decades.
To further investigate this lead-lagged relationship, we examined the
lead-lag correlations between ASO and ENSO for the recent period
(2002-2023), which corresponds to the second half of the full analysis
period (1980-2023). Similar to Fig. 1a, the x-axis in Fig. 1b denotes how
many months the ASO index precedes the ENSO index, while the y-axis
indicates the calendar month of ASO from November (bottom) to October
(top). The figure shows that ASO-preceding-ENSO signals are statistically
significant when ASO in March-April precedes ENSO by 2-10 months. The
highest correlation coefficient is 0.63 when ASO in April precedes ENSO in
the following November. These results suggest that springtime ASO has
consistently preceded ENSO events in the following winter since the
early 2000s.

Based on Fig. 1b, we defined a March-April (MA) ASO index and a
November-December (ND) ENSO index by averaging the monthly ASO
and ENSO values over March-April and November-December, respec-
tively. Figure 1c displays both the MA-ASO and ND-ENSO indices, which
exhibit a correlation coefficient of 0.57, statistically significant at the 99%
confidence level.

In addition to the reanalysis datasets, we utilized satellite-based ozone
data from OMI/Aura Ozone (OMTO3; see “Methods”). Although OMTO3
provides total column ozone (TCO), rather than three-dimensional ozone
fields and has a relatively short temporal coverage (2005-2023), TCO serves
as a reliable proxy for stratospheric ozone because the highest number
concentrations occur in the lower stratosphere (20-30 km). Following the
same method applied to the ASO index, we derived an Arctic TCO index by
averaging TCO over 70-90°N during March-April, after removing the
climatological mean and linear trend (Fig. 1c). The correlation coefficient
between MA-Arctic-TCO and MA-ASO indices is 0.79 (0.80 for MERRA2;
Supplementary Fig. 2), significant at the 99% confidence level. Similarly, the
correlation coefficient between the MA-Arctic TCO and the ND-ENSO
indices is 0.52 (also 0.52 for MERRA2; Supplementary Fig. 2), significant at
the 95% confidence level. These findings are consistent with the results from
the reanalysis datasets, supporting the reliability of the observational rea-
nalysis data since the 2000s.

How does springtime ASO affect the development of ENSO in the
following winter?

To investigate how springtime ASO is linked to the subsequent wintertime
ENSO events since the early 2000s, we performed regression analyses of
ozone concentration, air temperature, and wind anomalies at 200 hPa from
February-March (FM) to June-July (JJ) (Fig. 2), and of wind anomalies at
850hPa and SST anomalies from March-Aprii (MA) to
November-December (ND) (Fig. 3), onto the MA-ASO index (Supple-
mentary Figs. 3 and 4 for MERRA?2). Note that the results remain largely
unchanged even when simultaneous ENSO-relevant signals are linearly
removed from the ASO index using a regression method (Supplementary
Fig. 5). This indicates that the findings are not artifacts of ENSO auto-
correlation. Additionally, consistent results were obtained from a composite
analysis based on events where the normalized ASO index exceeded 0.5 or
fell below —0.5 (Supplementary Fig. 6).

In February-March (Fig. 2a), ozone concentrations are significantly
elevated across the Arctic, with large-scale anomalous warming and cir-
cumpolar easterly wind anomalies. These results are indicative of a wea-
kened SPV and a strengthened BDC. The strengthened BDC promotes
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Fig. 1 | Interdecadal modulation of the relationship between ASO and ENSO.
a 252-month (21-year) running lead-lagged correlation coefficients between the
ASO and Nifio3.4 indices for the period 1980-2023 (y-axis). Negative and positive
values on the x-axis indicate leads of ASO and Nifio3.4 at monthly timescales,
respectively. Hatching denotes values significant at the 95% confidence level, based
on a two-tailed Student’s t-test, with degrees of freedom set to 60 to account for
temporal autocorrelation. b Lagged correlation between the ASO and Nifio3.4
indices for the period 2002-2023, where the x-axis indicates the number of months
by which the ASO index precedes the Niflo-3.4 index; the y-axis indicates the period
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of November to the following October. The negative maximum is found at 7 (x-axis)
during April (y-axis), indicating that the ASO in April negatively precedes ENSO
with a lag of 7 months. Hatching indicates the 95% confidence level using a two-
tailed Student’s t-test (degree of freedom: 20). ¢ Red and black lines indicate the
March-April (MA) ASO index and the November-December (ND) Nifi03.4 index
from 2002-2023. The correlation coefficient between them is 0.57, significant at the
99% confidence level by student's ¢-test (degree of freedom: 20). Herein, the purple
line indicates the March-April (MA) Arctic total column ozone (TCO) index,
obtained by averaging TCO over 70-90°N using OMI (2005-2023).

adiabatic warming and enhances ozone transport from the tropics to the
Arctic. Simultaneously, the weakened SPV suppresses chemical ozone
depletion. Herein, ozone transport by the BDC is expected to dominate over
chemical loss processes, given the relatively high Arctic temperatures
(mostly above 195 K), which inhibit the formation of polar stratospheric
clouds (PSCs) (Supplementary Fig. 7). During this season, radiative heating
from ozone absorption is minimal due to weak solar insolation (c.f., polar
night). Thus, circulation-driven processes are likely the primary driver of the
observed anomalies in February-March.

As the SPV weakens and contracts from winter to spring, significant
easterly wind anomalies are confined to the high latitudes of Eurasia during
March-April (Fig. 2b). Simultaneously, localized warming over these
regions emerges, likely driven by subsidence associated with the BDC during
the late-winter to early-spring transition and partly linked to the final
stratospheric warming. Ozone concentrations remain elevated across the
Arctic; however, the anomalies become increasingly concentrated over the
Eurasian sector (~80 ppbm at 60°N), in spatial alignment with the warming
pattern. This elevated ozone concentration tilting toward the Eurasian
continent becomes more pronounced at higher altitudes (~160 ppbm at
150 hPa). The elevated ozone is inferred to enhance localized warming
through increased absorption of solar radiation, as sunlight begins to return
to the Arctic in spring following the polar night. Around this time, a cyclonic
circulation anomaly begins to form south of the easterly wind anomalies and
appears to propagate southeastward toward East Asia (see also Supple-
mentary Figs. 3 and 5).

In April-May (Fig. 2¢), as increased solar radiation reaches the high-
latitudes, the upper-tropospheric cyclonic circulation anomaly over Siberia
intensifies. This is accompanied by anomalous stratospheric warming
(~1°C) and enhanced ozone concentrations (~100 ppbm). This localized
warming is particularly pronounced at higher altitudes (e.g., 100-150 hPa),
but is absent at lower levels (e.g., 300 hPa), suggesting that ozone-induced
heating leads to vertical thermal expansion centered in the stratosphere
(Supplementary Fig. 8). This vertical thermal expansion is expected to
generate a dipolar response in circulation: a cyclonic anomaly below,
associated with increased potential vorticity, and an anticyclonic anomaly
aloft, associated with reduced potential vorticity.

Based on the above results, we further examined the baroclinic structure
of the atmospheric circulation induced by ozone heating, focusing on the
relationships among ozone, temperature at 150 hPa, and geopotential heights
at 30 and 250 hPa over Siberia, where ozone concentrations are highest. We
selected 150 hPa as the representative altitude for ozone, as it corresponds to
the midpoint of the ASO index, which is defined by averaging ozone con-
centrations between 100 and 200 hPa. A scatter plot of ozone versus tem-
perature at 150 hPa (Fig. 4a) shows a positive correlation, with a slope of
approximately 1 °C per 100 ppbm of ozone. We then examined how changes
in ozone and temperature at 150 hPa affect upper- and lower-level geopo-
tential heights. As ozone and temperature increase, the geopotential height at
30 hPa increases (Fig. 4b, c), whereas geopotential height at 250 hPa decreases
(Fig. 4d, e). These results suggest that the upper-tropospheric cyclonic cir-
culation anomaly over Siberia is attributable to ozone heating.
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Fig. 2 | Evolution of anomalous atmospheric variables at 200 hPa in terms of the
springtime ASO. a Regressed air temperature (shaded, °C; shading bar at bottom),
ozone concentration (contour, interval: 20 ppbm), and wind anomaly (vector) at

200 hPa in February-March (t-1) against the springtime (March-April: t +- 0) ASO
index for the period 2002-2023. Anomalous air temperature is marked as significant

Regression - O,, T & Wind : 200hPa [MJ (T+2) ]

90N
75N
60N

(d) 45N
30N "
4 .
15N 4 &4 b v:Y:(:-:ﬁf‘w/«e xx
0 .x*‘*:«i-«v«d.««—(—k« _':'\(' - -
g e etk
L NSRS CIISS K
T T T T T T T T K
30E 60E 90E 120E 150E 180 150W  120W 0W
SON Regression - O;, T & Wind : 200hPa [JJ (T+3)]
75N
60N
(e) 45N
30N

f kR
15N \ & “w KK
" Pk e ettt
- CeC et T et
0 4 e iy
- Ayah % i v
T

T f
30E 60E 90E 120E

150E 180 150W  120W 0W
[ i -
15 -1.2 09 0.6 -0.3 03 06 09 12 15 -
Temperature (°C) 3ms’

at the 95% confidence level according to the Student’s t-test. For winds, areas
satisfying the 95% and 85% confidence levels according to the Student’s t-test are
marked in black and gray, respectively. b-e show similar figures to (a), but for
March-April (t 4+ 0), April-May (t + 1), May-June (t + 2), and June-July (t + 3),
respectively. For the Student’s t-test, the degrees of freedom were fixed at 20.

Notably, this springtime cyclonic circulation anomaly generates
atmospheric waves that propagate southeastward, creating a sequence of
anticyclonic, cyclonic, and anticyclonic circulations over East Asia, the
western North Pacific, and the subtropical North Pacific, respectively (Fig.
2¢). In other words, the wave train extends from Siberia to the tropical
Pacific. As a result, upper-level easterly wind anomalies emerge along the
western to central equatorial Pacific and persist into May-June and
June-July (Fig. 2d, e). These upper-level easterly wind anomalies are
expected to couple with the lower-level westerly wind anomalies, reflecting a
baroclinic vertical structure over the equatorial Pacific’”, which is con-
ducive to the initiation of El Nifio development.

Meanwhile, Fig. 3 illustrates SST and 850hPa wind anomalies from
March-April through November-December, in association with the MA-
ASO index. In March-April (Fig. 3a), easterly and northeasterly wind
anomalies appear over the high latitudes of Eurasia and western Siberia. By
April-May (Fig. 3b), these wind anomalies develop into a cyclonic anomaly
over Siberia. This cyclonic circulation is accompanied by an anticyclonic
anomaly over the Korea-Japan region and another cyclonic anomaly over
the tropical western North Pacific, forming a wave-like pattern. These
results suggest a tropospheric pathway linking the high latitudes of Eurasia
to the tropical Pacific, with vertical coupling driven by upper-level
circulations.

Over the tropical Pacific, low-level westerly wind anomalies begin to
develop in the western tropical Pacific from March-April through
May-June (Fig. 3a—c), accompanied by upper-level easterly wind anomalies.
This vertical circulation connection is confirmed by the anomalous Walker

circulation pattern (Supplementary Fig. 9). Subsequently, these low-level
westerly wind anomalies initiate anomalous SST warming along the equa-
torial Pacific through the Bjerknes feedback, driving the development of El
Nifo from spring through winter (Fig. 3d, e). Thus, these processes establish
the observed 8-month lagged relationship between ASO and ENSO.

The role of ASO-relevant forcing in modulating atmospheric
circulation

We showed that stratospheric warming over Siberia associated with the
ASO in spring accompanies an upper-tropospheric cyclonic circulation
anomaly, which serves as a source of atmospheric waves propagating toward
the tropical Pacific™*. To examine how this upper-level cyclonic circulation
over Siberia generates atmospheric waves extending toward the tropical
Pacific, we employed the stationary wave model (SWM)—a simplified
atmospheric general circulation model (Methods). In this experiment, the
climatological mean atmospheric state during spring over 2002-2023 was
used as the background atmospheric condition. Then, vorticity forcing over
Siberia, resembling the upper-level cyclonic circulation anomaly in Fig. 2c,
was imposed to assess its effect on the stationary wave response.

Figure 5a illustrates the horizontal and vertical structure of the pre-
scribed atmospheric vorticity forcing, peaking at the 0.17 sigma level. Figure
5b shows the corresponding anomalous stationary atmospheric response at
the same level. Notably, this response remains robust even when the hor-
izontal or vertical placement of the vorticity forcing is slightly altered. In Fig.
5b, the atmospheric response exhibits a series of cyclonic and anticyclonic
circulations over Siberia, the western North Pacific, the subtropical western
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Student’s ¢-test (degree of freedom: 20). b-e shows similar figures to (a), but in
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North Pacific, and the tropical Pacific, under the background atmospheric
state of April-May. A similar wave propagation pattern is also reproduced
under the background atmospheric state of March-April (Supplementary
Fig. 10). This stationary wave train closely resembles the observed atmo-
spheric circulation anomalies regressed onto the MA-ASO index (Fig. 2c).
Thus, these SWM experiment results suggest that ASO-induced vorticity
forcing over Siberia can generate atmospheric waves propagating toward the
tropical Pacific, potentially contributing to the onset of ENSO.

To diagnose the direction of wave propagation associated with upper-
tropospheric cyclonic circulation over Siberia during spring (Fig. 2b, ¢), we
analyzed the wave activity flux (WAF)™ at 200 hPa for April-May (Fig. 5¢;
Supplementary Fig. 10 for March-April) under enhanced springtime ASO.
The WAF analysis reveals that the wave activity propagates from Siberia,
through East Asia, to the western North Pacific. Together, the results from
the SWM experiment and WAF analysis underscore the key role of
springtime ASO in modulating upper-tropospheric circulation via atmo-
spheric wave responses to stratospheric heating.

The role of SPV changes in the ASO-ENSO relationship

Figure 1a shows that the lagged ASO-ENSO relationship has undergone a
noticeable change since the early 2000s. This shift coincides with prominent
Arctic changes, such as a significant decline in sea ice extent (cf. polar
amplification). Given these changes, it is essential to investigate how the
climatological mean state changes have influenced the ASO-ENSO rela-
tionships. Previous studies have reported that the SPV has weakened since
the 2000s, accompanied by an increase in Eurasian snow cover and
enhanced vertical propagation of planetary waves'**. Moreover, the SPV

has undergone structural changes, shifting from a symmetric and circular
configuration to more asymmetric forms—such as a Eurasia-tilted or a split
“peanut-shaped” structure—which have occurred more frequently in recent
decades.

To investigate SPV changes after the 2000s, we analyzed 21 years of
data divided into two periods: the first half period (1980-2001) and the
second half period (2002-2023). Figure 6 shows the zonal wind, geopo-
tential height, and temperature at 100 hPa for February-March and
March-April, regressed onto the zonal wind index, which is defined by
averaging the zonal wind at 100 hPa over 60-90°N in February (Supple-
mentary Fig. 11 for MERRA2). These results capture SPV-related variability
in zonal wind, GPH, and temperature in the mid-to-lower stratosphere.
Note that similar patterns are also evident at higher altitudes where the SPV
is climatologically strongest (Supplementary Fig. 12).

During 1980-2001 (Fig. 6a, b), the SPV remained strong and relatively
symmetric in February-March, although it slightly weakened in
March-April. In contrast, during 2002-2023 (Fig. 6¢, d), the SPV preserved
a symmetric structure in February-March, but became more asymmetric in
March-April, exhibiting increased variability toward both Eurasia and
North America. Notably, the tilt toward the Eurasian continent became
more pronounced™", providing a favorable condition for strong ozone
variability over this region compared to other regions (Supplementary Fig.
13). This altered ozone variability is, in turn, expected to exert distinct
impacts on regional weather and climate patterns™.

In summary, the changes in SPV characteristics after the 2000s have
created favorable conditions for enhanced springtime ozone variability over
Eurasia. This enhanced variability, in turn, contributes to the generation of
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Fig. 4 | Ozone-induced heating and its relationship with circulation. Scatter plots
of 150 hPa-ozone, 150 hPa-temperature, 250 hPa-GPH, and 30 hPa-GPH over
Siberia (70-130°E, 50-70°N) during spring (March-April) 2002-2023. a 150 hPa-
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ozone and temperature. b 150 hPa-ozone and 30 hPa-GPH. ¢ 150 hPa-temperature
and 30 hPa-GPH. d 150 hPa-ozone and 250 hPa-GPH. e 150 hPa-temperature and
250 hPa-GPH.
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the April-May mean atmospheric state. ¢ Geopotential height anomalies at 200 hPa
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(<15°N) is conventionally masked out, due to the small Coriolis force.
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Fig. 6 | Comparison between SPV variability between 1980-2001 and 2002-2023.
a Geopotential height (contour, m*/s”), temperature (shading, °C), and wind (vec-
tors, m/s) anomalies at 100 hPa in February—March regressed onto the zonal wind

2002-2023
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index (100 hPa, February; see manuscript) during 1980-2001. b Similar to (a), but
for March-April. ¢, d are similar to (a, b), but for 2002-2023.

atmospheric waves propagating toward the tropical Pacific, thereby facil-
itating the emergence of the ASO-ENSO correlation observed in recent
decades.

Discussion

A previous study by Xie et al.”, which analyzed observational reanalysis data
from 1986 to 2015, identified a negative relationship between springtime
ASO variability and the occurrence of ENSO events approximately
20 months later, through a North Pacific pathway. Building on these

findings, we revisited the ASO-ENSO relationship over the extended period
of 1980-2023, during which substantial Arctic climate changes have
occurred. Our analysis reveals a shift toward a positive ASO-ENSO rela-
tionship during 2002-2023, where increases (decreases) in ASO lead to the
development of El Nifio (La Nifa) with an 8-month lag via a Eurasian
pathway. We primarily attribute this shift to changes in the horizontal
structure of ASO, shaped by altered characteristics of the SPV.

Since the characteristics of the SPV influence the horizontal distribu-
tion of ASO, it is reasonable to hypothesize a potential link between SPV
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variability and subsequent ENSO events. However, our analysis indicates
that ASO has a closer connection to ENSO than the SPV does (Supple-
mentary Fig. 14). Additionally, when we defined a Siberian ozone index by
averaging ozone concentration over Siberia (50-75°N, 70-130°E)—where
ozone variability is pronounced (Fig. 2c)—and conducted a lead-lag cor-
relation analysis similar to Fig. 1a, the relationship between Siberian ozone
and ENSO exhibited similar decadal variations (Supplementary Fig. 15).
These findings highlight the importance of considering the horizontal
structure of ASO, in conjunction with SPV characteristics, for a better
understanding of how stratospheric processes affect tropospheric atmo-
spheric circulation.

Meanwhile, the ASO index in Fig. 1c appears to exhibit a biennial
periodicity, which may be related to the influence of the Quasi-Biennial
Oscillation (QBO), characterized by its typical cycle of 24-28 months™*.
To assess this potential influence, we removed the QBO signal from the ASO
index using linear regression and re-evaluated the ASO-ENSO relationship.
The results indicate that the relationship remains statistically significant
even after accounting for the QBO influence, suggesting that the QBO has
only a limited effect on the ASO-ENSO connection (Supplementary
Fig. 16).

Chemistry-climate models project that the BDC will increase under
global warming™ ', in which a weak and asymmetric structure of the SPV is
expected. As long as the recent ASO-ENSO correlation seems to be con-
nected to the weakening and asymmetric structure of the SPV and
strengthened BDC, their relationship is expected to remain significant in
future climates. Nonetheless, to gain deeper insight, it will be essential to
compare historical data with global warming scenarios from various climate
models, while considering the underlying chemical, radiative, and dynamic
processes. This approach will be critical for understanding future climate
variability and change.

Finally, our results in this study are mainly based on observational
analysis with a relatively short period and a simple atmospheric general
circulation model (SWM). That is, more discussion on the exact role of ASO
in the climate system is necessary. Regarding this, further validation using
coupled chemistry—climate models would be beneficial in the near future.

Methods

Stationary wave model (SWM)

The SWM is a nonlinear baroclinic model with a dry dynamical core and 14
vertical levels on sigma coordinates. Its horizontal resolution is truncated at
rhomboidal 30. This model was devised to understand how atmospheric
stationary waves propagate given atmospheric perturbations. To perform
SWM experiments, the (mostly monthly or seasonal) background atmo-
spheric state is first fixed. Then, under the fixed background state, steady
atmospheric vorticity or heating forcings are prescribed until stationary
atmospheric waves are obtained (mostly 30-60 days). The response to the
forcing shown in Fig. 4 is averaged for 55 days, since the steady forcing is
exerted. Further details of the model equations or information can be found
in Ting and Yu” and Wang and Ting".

Data availability

Reanalysis datasets: we utilized the ECMWF Reanalysis v5 (ERA5)* and the
Modern-Era Retrospective analysis for Research and Applications, version 2
(MERRA-2)*. ERA5 is the fifth generation of ECMWE reanalysis for global
climate and weather for the past 4-7 decades, produced using 4D-Var data
assimilation in CY41R2 of ECMWF's Integrated Forecast System (IES), with
137 hybrid sigma/pressure levels in the vertical, with the top level at 0.01
hPa. MERRA?2 is a global atmospheric reanalysis produced by the NASA
Global Modeling and Assimilation Office (GMAO). It spans the satellite
observing era from 1980 to the present. The goals of MERRA2 are to provide
a regularly-gridded, homogeneous record of the global atmosphere, and to
incorporate additional aspects of the climate system, including trace gas
constituents (stratospheric ozone), and improved land surface representa-
tion, and cryospheric processes. MERRA?2 is also the first satellite-era global
reanalysis to assimilate space-based observations of aerosols and represent

their interactions with other physical processes in the climate system. In this
study, the satellite ozone dataset is also utilized. The OMTO3e" dataset was
selected, which is a Level-3 Aura/OMI product providing global gridded
data of TOMS-like total column ozone (TCO). It features a spatial resolution
of 0.25° latitude by 0.25° longitude. The OMTO3e product is generated by
selecting the highest-quality level-2 total column ozone data (OMTO3) for
each grid cell, prioritizing pixels with the shortest path length. Each
OMTO3e file includes daily measurements of total column ozone, radiative
cloud fraction, and solar and viewing zenith angles, derived from approxi-
mately 15 satellite orbits. The above datasets can be downloaded from open
URLs: ERAS: https://cds.climate.copernicus.eu/datasets; MERRA2: https://
gmao.gsfc.nasa.gov/reanalysis/MERRA-2/data_access/; OMTO3: https://
disc.gsfc.nasa.gov/datasets/ OMDOAO3e_003/summary.

Code availability

Codes used in the manuscript are available upon reasonable request from J.-
H. Park (jhp11010@gmail.com).
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