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Abstract Using the extended ERAS reanalysis and three state-of-the-art models, this study explores how
El Nifio-Southern Oscillation (ENSO) can influence the total frequency, seasonal cycle and preconditioning

of sudden stratospheric warmings (SSWs). Reanalysis data shows that in the last seven decades, winters with
SSWs were more common than winters without, regardless El Nifio (EN) or La Nifia (LN) occurrence or the
ENSO/SSW definitions. In agreement with previous studies, our models tend to simulate a linear ENSO-SSW
relationship, with more SSWs for EN, around mid-winter (January—February) as in reanalysis, and less for

LN when compared to neutral conditions. Independently of ENSO, the main tropospheric precursor of SSWs
appears to be an anomalous wave-like pattern over Eurasia, but it is dominated by wavenumber 1 (WN1) for
EN and shows an enhanced wavenumber 2 (WN2) for LN. The differences in this Eurasian wave pattern,
which is largely internally generated, emerge from the distinct configuration of the background, stationary
wave pattern induced by ENSO in the North Pacific, favoring a stronger WN1 (WN2) component during EN
(LN). Our results suggest that the ENSO-forced signal relies on modulating the seasonal-mean polar vortex
strength, becoming weaker and more displaced (stronger and more stable) for EN (LN), while ENSO-unforced
wave activity represents the ultimate trigger of SSWs. This supports the view that ENSO and SSWs are distinct
sources of variability of the winter atmospheric circulation operating at different time-scales and may reconcile
previous findings in this context.

Plain Language Summary Sudden stratospheric warmings (SSWs) are extreme events of the
stratospheric polar vortex that consist in its deceleration and breakdown for several days, with implications

on surface weather for several weeks. On the other hand, the atmospheric response to El Nifio-Southern
Oscillation (ENSO) has been shown to weaken the stratospheric polar vortex during El Nifio and strengthen

it during La Nifia winters, and hence, potential modulation of the occurrence of SSWs by ENSO is expected.
Reanalysis data shows that in the last seven decades, winters with SSWs were more frequent than winters
without regardless of ENSO, and instead of having an impact on the SSW total frequency, El Nifio seems to
favor events in mid-winter (January—February). The main mechanism driving SSWs is thought to be anomalous
upward wave activity from the troposphere into the stratosphere, reaching and perturbing the polar vortex.
Independently of the ENSO phase, enhanced wave activity before SSWs is here found over Eurasia, thus
pointing to this region as the main precursor of SSWs. While ENSO modulates the polar vortex at monthly/
seasonal time-scales, SSWs do so at daily/weekly time-scales, representing distinct sources of variability of the
polar vortex.

1. Introduction

The impact of El Nifio-Southern Oscillation (ENSO) on the seasonal-mean state of the boreal winter stratosphere
is relatively well accepted (see Domeisen et al., 2019 for a review). During El Nifio (EN) winters, a weakening of
the polar vortex and a warming in the stratosphere is observed in reanalysis (e.g., Garfinkel & Hartmann, 2007;
Van Loon and Labitzke, 1987) and models (e.g., Cagnazzo et al., 2009; Garcia-Herrera et al., 2006; Sassi
et al., 2004). On the contrary, La Nifia (LN) winters are associated with a strengthening and cooling of the
stratospheric polar vortex (Hardiman et al., 2019; Iza et al., 2016; Manzini et al., 2006). This canonical signal
is also captured at monthly time-scales, but it can be enhanced for EN and reduced for LN if a sudden strat-
ospheric warming (SSW) occurs. Major SSWs are rapid disruption events, mainly occurring in the Northern
Hemisphere, that imply a strong decay of the polar vortex strength with a consequent explosive warming in
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the polar stratosphere (Matsuno, 1971). Although the influence of SSWs can persist several weeks in the lower
stratosphere influencing surface weather/climate (Baldwin & Dunkerton, 2001; Charlton-Perez et al., 2013), their
impact on the middle stratosphere reduces to some days, that is, the time needed for the polar vortex to recover
(Limpasuvan et al., 2004). Thus, distinct from the ENSO impact on the seasonal-mean stratosphere, the life cycle
of SSWs operates from daily to weekly time-scales. Because SSWs are extreme states of the polar vortex with the
same sign as the EN signature, it is expected that EN winters potentially increase SSW occurrence while a reduc-
tion is presumed for LN winters. This idea has been intensively addressed and updated in consecutive studies
using reanalysis data but conclusions were not always consistent, evidencing the effect of sampling in the short
observational record and other sources of uncertainty such as the reanalysis product (see Table 2, Trascasa-Castro
et al., 2019) or how SSWs and ENSO are defined (Song & Son, 2018). Yet, there is certain evidence of more
SSWs occurring during EN than neutral conditions, while results for LN are more controversial (e.g., Polvani
et al., 2017). Considering the most up-to-date records, Domeisen et al. (2019) concluded that SSW occurrence is
favored during both phases of ENSO, but Song and Son (2018) showed that the LN effect on SSWs is not statisti-
cally significant, and using 65°N for detection instead of 60°N, SSWs occur with the same frequency during LN
and neutral winters. Likewise, while models tend to confirm the positive impact of EN on SSW frequency (C.
J. Bell et al., 2009; Oehrlein et al., 2019), they show a different behavior for LN, usually contributing negatively
to the frequency of SSWs or not having any influence (Domeisen et al., 2015; Garfinkel et al., 2012; Song &
Son, 2018; Taguchi & Hartmann, 2006; Trascasa-Castro et al., 2019).

The accepted mechanism to explain the EN impact on SSWs consists in a deepening of the Aleutian Low by the
SST-forced wavetrain that constructively interferes with the climatological wave pattern, leading to positive eddy
heat flux over this region and upward wave injection into the polar stratosphere (Garfinkel & Hartmann, 2008).
While this mechanism would be consistent with an increased SSW frequency during EN, the SST-forced wave-
train is of opposite sign during LN and the Aleutian Low becomes weaker; hence, a different process might
be at play to favor SSWs during LN. Using reanalysis and models, Garfinkel et al. (2012) suggested that the
precursor region of SSWs is actually located in the northernmost part of the Bering Sea, surrounding the Russian
Coast, and that this region is influenced by negative geopotential height anomalies during both ENSO phases.
However, it does not reconcile how LN can strengthen the polar vortex and trigger SSWs simultaneously. Another
ENSO impact on SSWs may involve the modulation of their precursors. Using reanalysis data, Barriopedro and
Calvo (2014) found that SSWs occurring during EN (LN) are preceded by Atlantic and European (Pacific and
Siberian) blocking that enhance different wavenumbers (WNs). This was in agreement with the modeling conclu-
sions from Taguchi and Hartmann (2006) showing a preference for WN1 (WN2) amplification during EN (LN).

Timing is a potential issue in the ENSO-SSW relationship that has not yet been fully considered. Van Loon and
Labitzke (1987) already noted that the ENSO signal on the stratosphere does not develop until January, and more
recent studies show that the strongest stratospheric response to EN establishes by January (Ineson & Scaife, 2009;
Manzini et al., 2006), concurrent with the full development of the tropospheric wavetrain in mid-winter (Bladé
et al., 2008; King et al., 2018). Since SSW occurrence is associated with strong upward wave activity from the
upper troposphere/lower stratosphere, modulating the seasonal cycle of this quantity may also alter the seasonal
cycle of SSWs. In fact, Palmeiro et al. (2020) have shown a clear link between the intra-seasonal evolution of the
meridional eddy heat flux at 100 hPa and SSW frequency.

The aim of this study is to differentiate the SST-forced response of the stratospheric polar vortex from internal
variability, in order to identify the ENSO-related influence on the frequency, timing and tropospheric precursor
structure of SSWs. To isolate the ENSO signal, a multi-model set of atmosphere-only sensitive experiments
with prescribed ENSO-like SST patterns will be used, in addition to reanalysis data. Note that our multi-model
approach is a novelty in this framework (cf. C. J. Bell et al., 2009; Taguchi & Hartmann, 2006; Trascasa-Castro
et al., 2019) and provides an added value for robustness.

2. Data and Methodology

The fifth generation ECMWF atmospheric reanalysis (ERAS5; B. Bell et al., 2021; Hersbach et al., 2020) covering
71 winters from 1950/1951 to 2020/2021 is used. Note that the date of SSWs in ERAS has not yet been reported
elsewhere (see Table 1), thus providing a novelty for the community, completing the SSW compendium (Butler
et al., 2017) and results in Domeisen et al. (2019), their Table 1. In addition, three state-of-the-art atmosphere
models contributing to the multi-model ensemble of the ERA4CS-funded MEDSCOPE project are employed:
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:33;2: Stratospheric Warmings Dates Using U5570, U60 and the Corresponding ENSO Phase

Winter SSW (U5570) SSW (U60) ENSO phase
1950/1951 22 December 1950; 27 January 1951 09 February 1951 NEU/NEUO5
1951/1952 08 February 1952 18 February 1952 NEU/ENO05
1952/1953 11 November 1952; 17 January 1953 19 November 1952 NEU/NEUO5
1953/1954 - - NEU/ENO5
1954/1955 10 January 1955 12 January 1955 NEU/LNOS
1955/1956 - - LN
1956/1957 04 February 1957 04 February 1957 NEU/NEUO5
1957/1958 27 January 1958 07 February 1958 EN
1958/1959 - - EN
1959/1960 10 January 1960 17 January 1960 NEU/NEUO05
1960/1961 - - NEU/NEUOS
1961/1962 - - NEU/NEUO05
1962/1963 25 January 1963 26 January 1963 NEU/NEUO05
1963/1964 - - EN
1964/1965 - - NEU/LNO5
1965/1966 01 December 1965; 18 February 1966 16 December 1965; 22 February 1966 EN
1966/1967 - - NEU/NEUOS
1967/1968 06 January 1968 07 January 1968 NEU/NEU05
1968/1969 24 November 1968; 12 March 1969 28 November 1968; 13 March 1969 EN
1969/1970 01 January 1970 01 January 1970 NEU/ENO5
1970/1971 12 January 1971; 16 March 1971 18 January 1971; 19 March 1971 LN
1971/1972 - - NEU/LNO5
1972/1973 30 January 1973 31 January 1973 EN
1973/1974 - - LN
1974/1975 - - NEU/LNO5
1975/1976 - - LN
1976/1977 22 November 1976; 25 December 1976 09 January 1977 NEU/ENO05
1977/1978 - - NEU/ENO5
1978/1979 05 December 1978; 25 January 1979; 21 Feb 1979 22 February 1979 NEU/NEUO05
1979/1980 - 01 March 1980 NEU/ENO05
1980/1981 05 February 1981 04 March 1981 NEU/NEUO05
1981/1982 03 December 1981 04 December 1981 NEU/NEUO05
1982/1983 - - EN
1983/1984 21 February 1984 23 February 1984 NEU/LNO5
1984/1985 29 December 1984 31 December 1984 LN
1985/1986 - - NEU/NEUO05
1986/1987 22 January 1987 22 January 1987 EN
1987/1988 06 December 1987 07 December 1987; 14 March 1988 NEU/ENO5
1988/1989 17 February 1989 21 February 1989 LN
1989/1990 - - NEU/NEUO05
1990/1991 02 February 1991 - NEU/NEUO5
1991/1992 - - EN
1992/1993 - - NEU/NEUO05
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Continued
Winter SSW (U5570) SSW (U60) ENSO phase
1993/1994 01 January 1994 - NEU/NEUOS
1994/1995 22 January 1995 - EN
1995/1996 - - NEU/LNO5
1996/1997 22 November 1996 - NEU/NEUOS
1997/1998 27 December 1997 - EN
1998/1999 15 December 1998; 25 February 1999 15 December 1998; 25 February 1999 LN
1999/2000 - - LN
2000/2001 21 November 2000; 01 February 2001 11 February 2001 NEU/LNOS
2001/2002 26 December 2001; 16 February 2002; 26 March 2002 30 December 2001; 17 February 2002 NEU/NEUOS
2002/2003 17 January 2003; 17 February 2003 18 January 2003 NEU/ENO05
2003/2004 02 January 2004 05 January 2004 NEU/NEUO05
2004/2005 - - NEU/ENO5
2005/2006 12 January 2006 20 January 2006 NEU/LNOS
2006/2007 22 February 2007 24 February 2007 NEU/ENO0S
2007/2008 21 February 2008 22 February 2008 LN
2008/2009 23 January 2009 24 January 2009 NEU/LNO5
2009/2010 24 January 2010 09 February 2010; 23 March 2010 EN
201072011 - - LN
2011/2012 14 January 2012; 4 February 2012 - NEU/LNO5
2012/2013 04 December 2012; 05 January 2013 06 January 2013 NEU/NEUO0S5
2013/2014 - - NEU/NEUO5
2014/2015 04 January 2015 - NEU/ENO5
2015/2016 - - EN
2016/2017 23 November 2016; 01 February 2017; 25 February 2017 - NEU/NEUOS
2017/2018 11 February 2018 11 February 2018 NEU/LNO5
2018/2019 30 December 2018 01 January 2019 NEU/ENOS5
201972020 - - NEU/NEUO05
2020/2021 03 January 2021; 29 January 2021 04 January 2021 LN
ALL 8.9 6.3
NEU/NEUO5 9.2/10 5.8/5.0
EN/ENO5 8.3/8.0 7.5/7.2
LN/LNO5 8.2/8.8 7.216.7

Note. Black, red, and blue colors stand for neutral, El Nifio and La Nifia conditions, respectively. Note that the decadal frequencies reported below are not statistically
different between ENSO phases regardless of the ENSO/SSW definition according to a ¢-test at 95% confidence level.

the European Consortium EC-EARTH version 3.2 (Davini et al., 2017), whose atmospheric component is the
ECMWEF Integrated Forecasting System (IFS) cycle 36r4 with a horizontal resolution of ~80 km and 91 vertical
levels up to 0.01 hPa; CNRM-CM6-1 (Roehrig et al., 2020; Voldoire et al., 2019), here referred to as CNRM,
that includes ARPEGE-Climat version 6.3 as atmospheric component with ~100 km horizontal resolution and
top at 0.01 hPa with 91 vertical levels; and, CMCC-SPS3 (Sanna et al., 2017), hereinafter CMCC, that uses
CAM version 5.3 as atmospheric component with ~110 km horizontal resolution and 46 vertical levels up to
0.3 hPa. All experiments have fixed radiative forcing to year 2000 (present-day conditions) and HadISST2.2
(Titchner & Rayner, 2014) has been used to produce the boundary conditions. Three experiments of 50 ensemble
members each have been performed: a control simulation (CTL) prescribing climatological SST computed over
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1981-2010, and EI Nifio (EN) and La Nifia (LN) experiments superimposing SST anomalies upon the clima-
tology, built using linear regression of detrended monthly SST anomalies onto the winter (DJF) Nifio3.4 index
and amplified to reach a maximum of +2.7°C during DJF similar to Taguchi and Hartmann (2006). The same
patterns but with opposite sign are imposed for EN and LN, and restricted to 20°S—20°N. These SST anomalies,
prescribed for a complete ENSO cycle from 1st June (year 0) to 31st May (year 1), are representative of strong
canonical, eastern Pacific EN/LN episodes. Further details of the experimental set-up can be found in Mezzina,
Garcia-Serrano, et al. (2022).

SSWs are detected when the zonal-mean zonal wind at 10 hPa becomes easterly at any latitude within the range
55-70 N (U5570; Palmeiro et al., 2015) to maximize SSW properties (Butler & Gerber, 2018) and to avoid possi-
ble biases in the stratospheric polar vortex edge. Events are separated with at least 21 days of westerlies and every
winter's last wind reversal (i.e., the final warming), marking the transition to the summer circulation, is discarded.
For a fair comparison to previous studies, when reporting SSW frequency, the traditional SSW definition consid-
ering zonal-mean zonal wind at 60N has been also used (U60; Charlton & Polvani, 2007). The observed ENSO
events are selected from Table 1 in Domeisen et al. (2019) that considers the December-January-February
Oceanic Nifio Index (ONI). A comparison of results using strong events with a threshold of +1 SD (standard
deviation) or including also moderate events with +£0.5 SD (as in Domeisen et al. (2019)) is included in some
parts of the analysis, namely EN/LN (strong) or ENO5/LNOS (strong + moderate). Neutral winters are defined as
those not classified as El Nifio or La Nifia (NEU and NEUOS).

Daily fields of meridional wind (v) and temperature (7) are used to compute the meridional eddy heat flux in the
lower stratosphere (v*T* at 100 hPa), where the asterisks denote departures from the zonal mean. This is used as a
measure of vertical wave propagation, sometimes referred to as wave injection, being proportional to the vertical
component of the conventional Eliassen-Palm flux (e.g., Nishii et al., 2009).

To extract the ensemble-mean response to ENSO, namely the ENSO-forced response, differences EN-CTL and
LN-CTL are computed. To be comparable, a similar approach is followed for ERAS5 by subtracting the composite
of neutral winters from El Nifio or La Nifia composites. The different significance tests are reported in the figure
captions.

3. Results

Table 1 shows the ENSO phase and the SSW dates of occurrence in the ERAS record using two SSW definitions
(see Section 2): U5570 (Palmeiro et al., 2015) and U60 (Charlton & Polvani, 2007), although the former will
be our benchmark due to its dynamical benefits (Butler & Gerber, 2018; Palmeiro et al., 2015). The frequency
in ALL winters over the 1950-2021 period is 8.9 SSWs per decade and it is relatively similar under neutral
(NEU), El Nifio (EN) or La Nifia (LN) conditions (9.2, 8.3, and 8.2, respectively; see end of Table 1). These
results remain to some extent when using the traditional U60 definition: the frequencies in ERAS for ALL (NEU)
winters, EN and LN are 6.3 (5.8), 7.5, and 7.2 SSWs per decade, respectively. However, while U5570 detects
less SSWs during ENSO than neutral conditions, the opposite occurs for U60, being the ENSO impact on SSW
frequency sensitive to the SSW definition, albeit not statistically significant. When a less restrictive definition
of ENSO episodes is used (+0.5 SD), the relative frequencies for ENSO winters are almost unaffected, regard-
less the SSW definition, and are not statistically distinguishable. It follows that, based on a large sampling, the
observed occurrence of SSWs is similar under EN and LN conditions, which is consistent with recent observa-
tional collections (Butler et al., 2017; Domeisen et al., 2019).

Figure 1a shows the intraseasonal distribution of SSW occurrence from November to March during ALL winters
(black) and the subsets of El Nifio (blue) and La Nifia (red) in ERAS. Considering first ALL SSWs, they mostly
occur from late December to February, similar to what would result by combining the “historical” (1958-1978)
and the “comparison” (1979-2012) periods in Ayarzagiiena et al. (2019) using the WMO definition (similar to
U60). Interestingly, there is a peak of SSW occurrence in late January—early February during EN (solid red)
and a minimum during LN (solid blue); although they are not significantly different. As described in Palmeiro
et al. (2020), the seasonal cycle of the latitudinally integrated meridional eddy heat flux v*T* at 100 hPa (see
Section 2) can be used as a proxy for the wintertime distribution of SSWs, regardless the wave activity comes from
the troposphere (as traditionally considered) or is partially triggered from the tropopause (Boljka & Birner, 2020).
This analysis of v*T* is based on daily means from the composited ENSO years, not on daily averages around
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Figure 1. Seasonal distribution of (a—d) SSWs per decade, detected with U5570, in a [—10, 10]-day window around the SSW date and (e-h) daily mean of the
meridional eddy heat flux (v*7*) zonally averaged over 60—75°N at 100 hPa for ALL (black), El Nifio (red) and La Nifia (blue) winters in ERAS. Filled (empty) circles
in red and blue curves indicate statistically significant differences between ENSO (EI Nifio) and NEU (La Nifia) at the 95% confidence level using a #-test. Time-series
are smoothed with a 7-day running-mean. Numbers shown in the legend of the top panels indicate the decadal frequency and standard deviation of SSWs per winter; in
ERAS the standard deviation is estimated for ALL.

SSW dates. Comparison between Figures la and le confirms the relationship depicting maximum/minimum
amplitude in mid-winter for EN/LN, respectively, which in this case are statistically distinguishable. Similar to
the SSW distribution, the difference in v*7* becomes more prominent for EN/LN (solid) as compared to ENO5/
LNO5 (dashed).

To isolate the ENSO-forced potential effect on SSW frequency, three different experiments of 50 complete winters
have been performed and analyzed (see Section 2): CTL, with prescribed climatological SST, and EN (LN)
superimposing strong El Nifio-(La Nifia-)like SST anomalies in the tropical Pacific. In general, the models show
SSW frequencies close to ERAS. In CTL, these are 9.4, 7.4, and 8.6 SSW per decade in EC-EARTH, CNRM
and CMCC, respectively (cf. legends in Figure 1 and the U5570 column in Table 1 for NEU/NEUOS5). Although
CNRM shows the lowest frequency, it depicts the most realistic intraseasonal distribution (cf. black lines in
Figures 1a and 1c). The simulated SSW frequencies appear to be sensitive to ENSO, where the models show the
typical, previously reported (e.g., Song & Son, 2018; Taguchi & Hartmann, 2006; Trascasa-Castro et al., 2019),
linear relationship with fewer SSWs during LN and more SSWs during EN, particularly CNRM and CMCC. The
exception is EC-EARTH for EN, showing a similar frequency to LN and less SSWs than CTL, which could be
explained by the difficulty of the model to properly capture the El Nifio teleconnection to the polar stratosphere
(Mezzina, Garcia-Serrano, et al., 2022; Mezzina, Palmeiro, et al., 2022). CNRM is highly sensitive to EN and
shows a strong peak of SSWs in late January—early February (Figure 1c), which is also consistent with a concom-
itant increase of v*T* (Figure 1g) as seen for ERAS (Figure 1, left column, red). To a lesser extent, the mid-winter
peak is also reproduced by CMCC, displaying also more SSWs (Figure 1d) and significantly more wave injection
(Figure 1h) than both CTL and LN. Note that its SSW difference in November is not found in reanalysis and could
be related to model biases reported in Portal et al. (2022). EC-EARTH shows stronger wave activity (Figure 1f)
and more SSWs in EN than in LN (Figure 1b) in late December—early January, but not distinguishable from CTL.
Overall, with the exception of CNRM, the models do not correctly simulate the observed intraseasonal timing of
SSWs and integrated eddy heat flux related to ENSO (Figure 1, left column). Notwithstanding, it is worth noting
the consistent mirrored behavior of the SST-forced v*T*, particularly in the three models (Figure 1, bottom).

To further inspect the ENSO-forced signal, anomalies in the tropospheric circulation and wave injection are now
considered for mid-winter (January—February), when the atmospheric response to ENSO is fully established
(e.g., Toniazzo & Scaife, 2006; see also Section 1).

Figure 2 (top) shows the ensemble-mean response to EN in geopotential height at 500 hPa (Z500). The simulated
patterns (Figures 2b—2d) rightly project on the observational composite (Figure 2a), all depicting the well-known
extratropical response to El Nifio, with a wavetrain signature that includes the deepening of the Aleutian Low
(e.g., Trenberth et al., 1998). Associated with this anomalous, stationary wave-like pattern, the three models
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[m]

Figure 2. Anomalies of (top) geopotential height at 500 hPa and (bottom) meridional eddy heat flux (v*7*) at 100 hPa for El Nifio in January—February, computed as
composite difference EN-NEU in ERAS (left) and as ensemble-mean difference EN-CTL in the models (EC-EARTH, CNRM, CMCC). Statistically significant areas at
95% confidence level based on a two-tailed #-test for difference of means are shaded.

show a strengthening accompanied by an eastward shift of the climatological center of positive v¥T* over eastern
Eurasia-western North Pacific (Newman & Nash, 2000), which leads to a dipole-like structure of v¥T* over the
Aleutian Islands (Figures 2f—2h). This El Nifio-forced dipolar anomaly in wave injection has been reported to be
skilfully predicted by seasonal forecast systems (Portal et al., 2022) and linearly related to both the Nifio3.4 index

LN-CTL
b) EC-EARTH CNRM

o
[m]

Figure 3. Same as Figure 2, but for La Nifia.
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(Portal et al., 2022) and the Pacific-North American pattern (Orsolini et al., 2009) in reanalysis. This anomalous
wave injection is likely related to the El Nifio perturbation of the polar vortex in the middle-upper stratosphere
(e.g., Orsolini et al., 2008), namely the seasonal-mean weakening and displacement toward Scandinavia (see
Figure 4). The stratospheric seasonal-mean response to ENSO in this set of experiments is extensively analyzed
in Mezzina, Palmeiro, et al. (2022).

Similarly, Figure 3 (top) shows the expected Northern Hemisphere tropospheric response to La Nifia, with a wave-
train opposite in sign to that of El Nifio (Figure 2, top), implying a weakening of the Aleutian Low. This anomalous
wave-like pattern is weaker and shifted westward with respect to the extratropical response to EN in both ERAS
(Figure 3a) and the three models (Figures 3b—3d), in agreement with previous observational (e.g., Ayarzagiiena
et al., 2018; Deser et al., 2017) and modeling (e.g., Jiménez-Esteve & Domeisen, 2019; Trascasa-Castro
et al., 2019) studies (see discussion in Mezzina, Garcia-Serrano, et al. (2022)). The ensemble-mean v*T*
(Figures 3f-3h) do not show any clear difference as compared to CTL, consistent with the results in Figure 1,
although there are hints of negative anomalies as in ERAS (Figure 3e), that is, suppression of wave activity over
the eastern North Pacific, but weak and marginally significant. Even so, the three models yield a seasonal-mean
state of the polar vortex that is colder and stronger than CTL (Mezzina, Palmeiro, et al., 2022; see Figure 4).

In order to explore the relationship between the SST-forced atmospheric response to ENSO (Figures 2 and 3) and the
occurrence of SSWs (Figure 1), Figure 5 shows the composite of Z500 anomalies over the [—10, 0]-day period before
SSWs in all events from ERAS (Figure 5a) and the CTL simulations (Figures 5b—5d), and separately for EN/LN years
(Figures 5e and 5i1) and the sensitivity experiments (Figures 5f, 5g, 5h, 5j, 5k, and 51). Most precursor patterns include
or are dominated, in fact, by the same wave-like structure over Eurasia, which projects on the EU1 pattern (Barnston
& Livezey, 1987) later identified as the Scandinavian pattern, that constitutes a prominent mode of internal varia-
bility associated with Rossby wave propagation dynamics and maintained by transient-eddy feedback (e.g., Bueh &
Nakamura, 2007; Liu et al., 2014). This Eurasian wave pattern consists of a high-pressure system over Scandinavia
and a low-pressure system downstream over Siberia (see Appendix A), extracting cold air from polar latitudes over
central Eurasia and advecting warmer air from mid-latitudes over eastern Eurasia and the northern North Pacific. As
a consequence, the Eurasian wave pattern shows positive eddy heat flux over the latter regions (Figure 6), construc-
tively interfering with the two main climatological areas of wave injection at 100 hPa (e.g., Newman & Nash, 2000).
Although part of this eddy heat flux could be associated with processes at the tropopause/lower stratosphere (Boljka

EC-EARTH CNRM CMCC

Figure 4. January—February ensemble-mean differences in geopotential height at 30 hPa for EN-CTL (top) and LN-CTL (bottom) in the models (EC-EARTH, CNRM,
CMCQC). Statistically significant areas at 95% confidence level based on a two-tailed #-test for difference of means are shaded.
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Figure 5. Anomalies of geopotential height at 500 hPa over the [—10, 0]-day period before SSWs in (from left to right) ERAS, EC-EARTH, CNRM, and CMCC for
ALL/CTL (top), EN (middle) and LN (bottom). Statistically significant areas at 95% confidence level according to a 1,000-trial Monte Carlo test are shaded. Numbers
in the bottom-right corner of each panel are the events included in the composite.

& Birner, 2020; de la Camara et al., 2019), the anomalous wave-like pattern over Eurasia is indeed in phase with
the two centers of action where climatological WN1 and WN2 coincide in sign (Garfinkel et al., 2010; see Figure 9
below). For CTL, in addition to the Eurasian wave pattern, the SSW precursors in EC-EARTH (Figure 5b) and
CNRM (Figure 5c) include wave-like anomalies in the North Pacific-American sector and what probably is mixed
with the SSW impact, a negative NAO-like anomaly in the Euro-Atlantic sector. In ERA5 (Figure 5a) and CMCC
(Figure 5d), the Eurasian wave pattern is more isolated. For ENSO, the SSW precursory signals in ERAS (Figures 5e
and 5i) additionally show a distorted version of the large-scale wavetrain; but in general they are noisier. When the
sampling is increased by considering also moderate events (ENO5/LNOS; Domeisen et al., 2019), the Eurasian wave
pattern comes out more cleanly (Figures 7a and 7c). But interestingly, in the EN/LN experiments, where the ENSO
forcing is prescribed, the three models consistently display the anomalous wave-like pattern over Eurasia as the most
robust SSW precursor (Figures 5f, 5g, 5h, 5j, 5k, and 51). These results suggest that the ENSO-forced atmospheric
response (Figures 2 and 3) is not primarily responsible for the SSWs occurring under El Nifio and La Nifia conditions.

To gain understanding of the dynamics prior to SSWs, the precursors (Figures 5e—51) are decomposed using zonal
Fourier transform into WN1 (Figure 8, black contours) and WN2 (Figure 8, green contours), since there is the notion
that the ENSO-SSW relationship is associated with an amplification of WN1 (WN2) during El Nifio (La Nifia)
(see Section 1). In line with this, WN1 clearly dominates the Eurasian wave pattern for EN in the three models
(Figures 8b—8d), while WN2 has a much larger amplitude, comparable to WN1, for LN (Figures 8f—8h). The results
hold for ERAS (Figures 8a and 8e), but the patterns are noisier (as in Figures 5e and 5i); again, ENOS/LNOS, with
more sampling, smooth the signals (Figures 7b and 7d). The question that then emerges is how the same SSW
precursor, that is, the anomalous wave-like pattern over Eurasia, considering it is internally generated and not forced
by ENSO (cf. Figures 2, 3, and 5), can be modulated and project onto different WNs depending on the ENSO phase.
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Figure 6. Same as Figure 5, but for the meridional eddy heat flux (v*T*) at 100 hPa.

Recall that the ENSO-forced atmospheric response does not show circulation anomalies over Eurasia. The hypothesis
is that ENSO modifies the background wave pattern upon which the SSW-related anomalous wave pattern overlays.

Figure 9, first, displays the background, full stationary wave pattern (top) and its WN components (middle-bottom)
from the ERAS climatology and CTL experiments. Overall, the models properly simulate the stationary eddy struc-
ture, with small biases in the amplitude (Figures 9a—9d). The amplitude and location of the climatological WN1
are also well simulated (Figures 9e—9h), with the exception of CNRM (Figure 9g) that underestimates its magni-
tude at the expense of overestimating WN2 compared to the other models (Figure 9k). EC-EARTH (Figure 9j)
and CMCC (Figure 91) correctly simulate the climatological WN2 as compared to reanalysis (Figure 9i). On the
other hand, as it is well known (see Domeisen et al., 2019 for review): El Nifio tends to strengthen and expand the
Aleutian Low, here illustrated with the full eddy-Z500 from the EN composite in ERAS and the ensemble-mean
of EN experiments (Figures 10a—10d, shading); while La Nifia tends to weaken and contract the Aleutian Low,
as shown in the LN composite and the ensemble-mean of LN experiments (Figures 10e—10h, shading). Note that
these ENSO-forced circulation changes in the North Pacific are associated with the corresponding tropospheric
wavetrain triggered from the tropical Pacific (Figures 2 and 3). More importantly, the El Nifio-forced deepening
of the Aleutian Low and anomalous cyclonic circulation over the eastern North Pacific lead the WN1 compo-
nent of the stationary eddy (Figure 10 black contours) to have a ~30% larger amplitude for EN (Figure 10, top)
than LN (Figure 10, bottom). Arithmetically, the corresponding mirrored signature over western Eurasia also
strengthens. Under La Nifia conditions, the WN1 (black contours) and WN2 (green contours) components of
the stationary wave pattern have comparable amplitude. Further, the La Nifla-forced anomalous anticyclonic
circulation over the eastern North Pacific shifts the WN2 component of the stationary eddy westward, namely
clockwise, in LN (Figure 10, bottom) with respect to EN (Figure 10, top). Arithmetically, that shift leads to a
stronger projection over eastern Eurasia (negatively) and Scandinavia (positively), although the amplitude is
unaffected (see also Appendix A).

PALMEIRO ET AL.

10 of 18



A7t |

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres 10.1029/2022JD037607

1
[m]

Figure 7. Anomalies of geopotential height at 500 hPa over the [—10, 0]-day period before SSWs in ERAS for ENO5 (top)
and LNOS (bottom). (Left) same as in Figures Se and 5i, but for ENO5 (LNOS). (Right), WN1 (black contours) and WN2
(green contours) components superimposed over the anomalies (shading). Note that contours in the left column correspond to
the shading in the right column. Statistically significant areas at 95% confidence level according to a 1000-trial Monte Carlo
test are shaded (dotted) in left (right) column.

In summary, the results suggest that there is no clear link between the wavetrain response to ENSO in the North
Pacific and the dominant SSW precursor, that is, the Eurasian wave pattern (Figures 2—5); with the former being
ENSO-forced and the latter internally generated. Thus, the ENSO-SSW relationship appears to be limited to a
modulation of the seasonal-mean polar vortex state, whereas the occurrence of SSWs is largely triggered by
ENSO-unrelated wave activity over Eurasia (Figures 5 and 6). Interestingly, the dominant SSW precursor has a
stronger WN1 component during El Nifio (Figure 8, top), and a strengthened amplitude of WN2 but similar to
WNI1 during La Nifa (Figure 8, bottom). It is hypothesized that ENSO modifies the background, stationary wave
pattern, via changes of the Aleutian Low, in a way that the anomalous Eurasian wave pattern projects differently
depending on the ENSO phase.

4. Discussion and Conclusions

The ERAS reanalysis and three state-of-the-art models, EC-EARTH, CNRM, and CMCC have been used to
explore the ENSO modulation of SSW occurrence.

Results indicate that in the observational record, 1950-2021, winters with SSWs have been more frequent
compared to winters without. This is particularly evident using a more general SSW definition (U5570, Palmeiro
et al., 2015), which increases the sampling but maximizing the key properties of SSWs (Butler & Gerber, 2018),
than the traditional U60 (Charlton & Polvani, 2007). Whether ENSO favors SSW occurrence as compared to
neutral conditions (being less with U5570 and more with U60) depends on how SSWs are defined, but similar
SSW frequencies are obtained for El Nifio and La Nifia regardless of the SSW definition. These results agree with
previous studies considering a shorter period (1958-2017; e.g., Domeisen et al., 2019) also independently of the
SST threshold (+1SD or +0.5SD). Even so, considering the substantial uncertainty in the observational records
(e.g., Butler & Polvani, 2011; Song & Son, 2018), this question remains unclear. In the sensitivity experiments,
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Figure 8. Same as Figure 7 (right) but in (from left to right) ERAS, EC-EARTH, CNRM, and CMCC for EN (top) and LN (bottom).

compared to CTL (with climatological SSTs), the models tend to show an increase of SSWs during EN and a
decrease during LN although not statistically significant. This linear relationship between ENSO and SSWs has
been typically found in climate models (Domeisen et al., 2015; Garfinkel et al., 2012; Polvani et al., 2017; Song
& Son, 2018; Weinberger et al., 2019), and in similar atmosphere-only experiments to those described here
prescribing ENSO forcings (Garfinkel et al., 2012; Taguchi & Hartmann, 2006; Trascasa-Castro et al., 2019)
or only El Nifio-like SST anomalies (C. J. Bell et al., 2009; Oehrlein et al., 2019). Nevertheless, caution is
advised when comparing reanalysis with model outputs as the simulated/prescribed SST forcing may not repre-
sent the observed skewness of ENSO, particularly with respect to the amplitude of La Nifia (e.g., Timmermann
et al., 2018), but might in future climate (Hardiman et al., 2019).

Unlike the uncertain influence on the total SSW frequency, the intraseasonal distribution of SSWs in ERAS
suggests that ENSO can have an impact during mid-winter (January—February), which is not unexpected since
the ENSO signal on the mean-state of the stratosphere reaches its maximum at this time of the year (Cagnazzo
& Manzini, 2009; Ineson & Scaife, 2009; Manzini et al., 2006; Sassi et al., 2004; Van Loon and Labitzke, 1987).
It is found that mid-winter SSWs have occurred more (less) frequently in EN (LN) years (using +1 SD to define
ENSO events; Figure 1a). ERAS and the ensemble-mean response show significant eddy heat flux anomalies
over the eastern North Pacific for EN (Figure 2), related to the Rossby wavetrain and the eastward shift of the
climatological center of positive v¥T* over the Aleutian Islands, in agreement with previous studies (e.g., Portal
et al., 2022). The anomalies have opposite sign for LN (Figure 3), but the amplitude of z500 is much weaker and
the statistical significance of v¥T* is limited, also consistent with previous studies (e.g., Mezzina, Garcia-Serrano,
et al., 2022; Mezzina, Palmeiro, et al., 2022).

On the other hand, the dominant precursor signal of SSWsin ERAS, CTL simulations, and particularly during observed
EN/LN winters and in the EN/LN experiments, corresponds to a wave-like pattern over Eurasia (Figures 5 and 7)
that strongly resembles the variability mode referred to as the Scandinavian pattern (e.g., Bueh & Nakamura, 2007,
Liu et al., 2014). This Eurasian wave pattern has been consistently reported in previous studies as the primary SSW
precursor (e.g., Cohen & Jones, 2011; Diaz-Duran et al., 2017; Hurwitz et al., 2012; Limpasuvan et al., 2004;
Marshall & Scaife, 2010; Nakagawa & Yamazaki, 2006; Orsolini et al., 2011), as well as the tropospheric circulation
preceding the NAO through a stratospheric pathway (e.g., Garcia-Serrano et al., 2015, 2017; Kuroda & Kodera, 1999;
Peings, 2019; Ruggieri et al., 2016, 2017; Takaya & Nakamura, 2008). Note that the cyclonic precursory signal over
the western North Pacific reported by Garfinkel et al. (2012) could represent the downstream anomaly of the wave-
like pattern over Siberia. The Eurasian wave pattern projects both onto the climatological WN1 and WN2 (Figure 9),
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Figure 9. January—February climatological eddy geopotential height at 500 hPa (top) and its wavenumber decomposition into WN1 (middle) and WN2 (bottom)
components in (from left to right) ERAS, EC-EARTH, CNRM, and CMCC (CTL experiments).

where the two coincide in sign (Garfinkel et al., 2010), hence likely letting it be more excited than other configura-
tions. This could explain the prevalence of this SSW precursor regardless of ENSO conditions. Further, the eddy heat
flux associated with the Eurasian wave pattern (Figure 6) projects onto the climatological centers of positive v*T*
over central Eurasia and the Aleutian Islands (Newman & Nash, 2000), which are both expected to increase wave
injection into the stratosphere before SSWs (e.g., Matsuno, 1971; Polvani & Waugh, 2004).

Despite their similar signal as SSW precursor, a wavenumber decomposition of the Eurasian wave pattern reveals
that it is dominated by WN1 for EN whereas WN2 is amplified, becoming comparable to WN1, for LN (Figures 7
and 8). This is consistent with previous studies (Barriopedro & Calvo, 2014; Garfinkel et al., 2012; Song & Son, 2018;
Taguchi & Hartmann, 2006) showing the enhancement of WN1 (WN2) before SSWs under EN (LN) conditions. Yet,
it is counterintuitive that the same SSW precursor, which in principle is internally generated and so ENSO-unforced,
projects onto different wavenumbers depending on the ENSO phase. It is hypothesized here that ENSO modifies the
background, stationary wave pattern upon which the SSW-related Eurasian wave pattern superimposes (Figure 10):
El Nifio (La Nifia) leads to a strengthening and anti-clockwise expansion (weakening and clockwise contraction) of
the Aleutian Low that favors WN1 (WN2) in the North Pacific; and, by its intrinsic symmetry (namely arithmeti-
cally), the wavenumber decomposition of the stationary eddy is affected yielding a reinforcement of WN1 (WN2)
over Eurasia. This ENSO modulation of the background wave pattern is robust across models and found in ERAS.
Our results outline a framework to understand the potential influence of ENSO on SSW occurrence and, perhaps,
to reconcile previous conflicting evidence. Note that it is still not clear why El Nifio can dynamically lead to more
SSWs while La Nifia cannot dynamically lead to less SSWs (Domeisen et al., 2019). Moreover, if the wave driving
forced by ENSO were directly responsible for triggering SSWs, why do SSWs not occur every El Nifio winter? (e.g.,
Oehrlein et al., 2019). Our results suggest that the ENSO-forced wavetrain over the North Pacific mainly modulates the
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Figure 10. January-February composite-/ensemble-mean eddy geopotential height at 500 hPa for EN (top) and LN (bottom) in (from left to right) ERAS, EC-EARTH,
CNRM, and CMCC; WNI (black contours) and WN2 (green contours) components are superimposed.

seasonal-mean polar vortex, being weaker and more displaced (stronger and more stable) during El Nifio (La Nifia),
particularly in mid-winter/January—February, but it is not the ultimate trigger of the SSWs occurring in those winters.
Eventually, the ENSO-unforced wave-like pattern over Eurasia provides the wave injection responsible for those SSWs,
with an amplification of WN1 (WN2) for El Nifio (La Nifia). Note that this framework does not exclude wave driving
from other tropospheric precursors (e.g., Garfinkel et al., 2010; Orsolini et al., 2009) or SSWs internally generated
in the stratosphere (e.g., Birner & Albers, 2017; de la Camara et al., 2019). This hypothesis, which might be further
assessed, is in line with recent studies (Oehrlein et al., 2019; Polvani et al., 2017) considering that SSWs and ENSO are
distinct sources of variability, since in this framework SSWs are essentially not triggered by ENSO and indeed operate
at different time-scales, that is, daily weekly the former and monthly seasonally the latter. It is indeed consistent with
Garfinkel et al. (2012) who showed that the seasonal-mean stratospheric response to ENSO is largely unrelated to the
relative frequency of SSWs during ENSO. Also, in light of these results, and assuming that the temporal variability of
the Eurasian wave pattern is unaltered by ENSO, it might be argued that El Nifio (La Nifia) could increase (decrease)
the frequency of SSWs relying on its modulation of the polar vortex strength, as less (more—either bursted or accu-
mulated) wave activity would be needed to trigger SSWs under a weaker (stronger) polar vortex. This is in accord-
ance with the linear ENSO-SSW relationship found in our sensitivity experiments and generally simulated in models
(Domeisen et al., 2015; Garfinkel et al., 2012; Polvani et al., 2017; Song & Son, 2018; Taguchi & Hartmann, 2006;
Trascasa-Castro et al., 2019), but contrasts with some statistics reported in reanalysis (see Section 1). However, consid-
ering the large uncertainty in the observational records and Taguchi and Hartmann's argument that climate modeling
can overcome important limitations such as isolating the ENSO forcing and having enough sampling for robustness, it
could be argued that the linear ENSO-SSW relationship is dynamically consistent and that some statistics from reanal-
ysis are dominated by internal variability (also in Weinberger et al. (2019); Trascasa-Castro et al. (2019)). This line
of research definitely deserves further evaluation. Support to the linear dynamical framework in which ENSO mainly
modulates the seasonal-mean state of the polar vortex but it is not directly associated with the precursor of SSWs can
be found in Hurwitz et al. (2012) who obtained similar results but for North Pacific SSTs.

Finally,inordertoexploitthe ENSO-SSW relationshipinclimate forecasting, particularly in subseasonal-to-seasonal
prediction, efforts could be focused on correctly simulating and interpreting the different wave dynamics at play
(over the North Pacific and Eurasia) and eddy heat flux in the lower stratosphere, with special attention to its
seasonal cycle. Likewise, forecast quality assessment should also try to be dynamics-oriented, going beyond
standard skill scores.
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Appendix A

The leading variability modes of wave activity over Eurasia are reported and their projection onto the SSW
precursors (Figure 5) quantified. NDJFM-daily data over the Eurasian sector 30°E—150°E/20°N-80°N (Bueh &
Nakamura, 2007) is considered. The first two leading modes of variability (EOFs) are shown in Figure A1 for all
years (ALL) in ERAS and the control experiment (CTL) in the models. The EOFs for EN and LN experiments are
almost identical. Note that these two daily EOFs project on the leading seasonal EOF, namely the Scandinavian/
Eurasian wave pattern (not shown).

EC-EARTH PC1xZ500 [18.81%] CNRM PC1xZ500 [20.27%] CMCC PC1xZ500 [19.4%]

[m]

ooc]

EC-EARTH PC2xZ500 [14.88%] CNRM PC2xZ500 [14.49%]

CMCC PC2xZ500 [14.28%]

[m]

[o50]

Figure A1l. First (top) and second (bottom) leading variability mode of daily geopotential height anomalies at 500 hPa over Eurasia for NDJFM. The fraction of
explained variance in each mode is indicated in brackets. Spatial correlations between ALL/CTL (black), EN (red), and LN (blue) SSW precursors (Figure 5) and the

EOF patterns are shown.

The similarity between these EOFs and the precursor anomalies of Figure 5 is estimated by the pattern correla-
tion coefficient (numbers in black, red, blue for CTL, EN, LN, respectively). For ALL/CTL, the SSW precursor
projects on both EOFs, although dominated by EOF2 with spatial correlations equal or larger than 0.7, except
in CMCC for which the contribution of EOF1 is minimal. Interestingly, while for EN the projection of the SSW
precursor onto EOF2 is even stronger, for LN the spatial correlation is more equally distributed among EOF1 and
EOF2. This result applies to both ERAS and the models. The distinct spatial projection of the SSW precursors
with respect to Eurasian wave activity (EOF1/EOF2) is consistent with the distinct decomposition into wavenum-
bers reported in the manuscript. Following the modification of the background flow by ENSO (Figure 10), where
EN (LN) favors a stronger WN1 (WN2) component: note that the anticyclonic anomaly of EOF2—whose spatial
projection is higher for EN—is located more over Scandinavia/western Eurasia, which also has a larger amplitude
of WNI1 for EN (Figures 10a—10d). On the other hand, for LN, the amplitude of WN1 and WN2 over Eurasia is
similar (Figures 10e—10h), and so the spatial projection of the SSW precursor onto EOF1 and EOF2.

Data Availability Statement

The ERAS data set (Hersbach et al., 2020) was downloaded from the Copernicus Climate Change Service (C3S)
Climate Date Store (https://cds.climate.copernicus.eu).
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Erratum

In the originally published version of this article, in Table 1, the thirty-second row of the first column contained a
typographical error. The years “1981/19182” should be “1981/1982.” The error has been corrected, and this may
be considered the authoritative version of record.
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