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Does the coupling of the mesospherie semiannual oscillation with the
quasi-biennial oscillation provide predictability of Antarctic sudden
stratospheric warmings?
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Abstract. During September 2019 there-was-a-a minor sudden stratospheric warming ever-Antaretica;-which-brought-took place
over the Southern Hemisphere (SH), bringing disruption to the usually stable winter vortex. The mesospheric winds reversed
and temperatures in the stratosphere rose by over 50 K. Whilst this-was-only-thesecond-SSW in the Southern-Hemisphere (SH
)-the-other-SH are rare, with the only major SSW having occurred in 2002, its-Nerthern-counterpart-the Northern Hemisphere
experiences about six per decade. Currently;-an-amplification-Amplification of atmospheric waves during winter is thought to
trigger-SSWsbe one of the possible trigger SSWs, although other mechanisms are also possible. Our understanding, however,

remains incomplete, especially with regards to its-SSW occurrence in the SH. Here, we investigate the interaction-effect of
two equatorial atmospheric modes, the Quasi Biennial Oscillation (QBO) at 10 hPa and the Semiannual Oscillation (SAO) at
1 hPa during the SH winters of 2019 and 2002. Using MERRA-2 reanalysis data we find that the two-medes-interact-easterly
wind patterns resembling the two modes merge at low latitudes during-their-easterty-phases-in the early winter, forming a
zero wind line that stretches from the lower stratosphere into the mesosphere. This influences the meridional wave guide,
resulting in easterly momentum being deposited in the mesosphere-polar atmosphere throughout the polar winter, reducing-the

magnitude-of-the-westerly—winds-decelerating the westerly winds in the equatorward side of the polar vortex. As the winter
progressesthese-features-deseend-, the momentum deposition and wind anomalies descend further down into the stratosphere;

unti-SSW-eonditions-are-reached. We find similar behaviour in two-other-yearsleading-to-delayed-dynamical-disruptionslate

in-the-spring—The-timing-and-other years with early onset SH vortex weakening events. The magnitude of the SAO and the
extent-timing of the upper stratospheric (10 hPa) easterly QBO signal, thatresults-in-the-SAO-QBO-interaction;-was found
to be unique in these years, when compared to the years with a similar QBO phase. We were able to identify the SSW/weak
vortex years from the early winter location of the zero wind line at 1 hPa together with Eliassen-Palm flux divergence in the
upper stratosphere at 40°S-50°S. We propose that this early winter behaviour may-be-a-keyphysical-process-in-decelerating
the-mesospherie-winds-which-resulting in deceleration of the polar winds may precondition the Southern atmosphere for a
SSWlater enhanced wave forcing from the troposphere, resulting in a SSW/vortex weakening event. Thus the early winter

equatorial upper stratosphere-mesosphere together with the polar mesesphere-may-provide-eritical-upper atmosphere may
provide early clues to an imminent SH SSW.
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1 Introduction

During the austral winter of 2019, the Southern Hemisphere (SH)-experienced—a—rare-atmospherie-disruptionknown—as—a
experienced a minor sudden stratospheric warming (SSW) (fer-arecent-comprehensive review-on-SSWs-see Baldwin-et-al5-2021)
—(for a recent comprehensive review on SSWs see Baldwin et al., 2021, and references therein): Between September 5-11 tem-

peratures in the Antarctic stratosphere at 10 hPa warmed by 50 K (Yamazaki et al., 2020). Furthermore, the polar mesospherie
zonal mean zonal winds reversed, and the easterlies around 60°S at 10 hPa reached ~60 m%&ans:Vly around September 16 (Rao
et al., 2020c). The SSW-s-aftermath-drivers of this minor SSW have been attributed to enhanced stationary planetary wave

The impacts of SSWs can influence the atmosphere from the polar region to mid-latitudes for months (see e.g. Baldwin and Dunkerton, 2/

- For example, SSWs contribute to the size of the ozone hole via two different mechanisms. First, the warming of the
stratosphere suppresses the formation of polar stratospheric clouds (Shen et al., 2020), which play a critical part in stratospheric
ozone depletion (Solomon, 1999). Furthermore, the weakening of the vortex allows the mixing of ozone rich mid-latitude air
into the pole. Both these effects in combination lead to a smaller ozone hole (Solomon et al., 1986). The anomalous winds
from SSWs can also influence stratosphere-troposphere coupling, impacting the Southern and Northern Annular Modes (SAM.
and NAM) (Taguchi and Hartmann, 2005; Shen et al., 2020; Baldwin et al., 2021; Rao et al., 2020a).

In 2019, the SSW’s influence cascaded down through the atmosphere for months following its occurrence. The 26+9-minor

SSW pushed the Seuthera-Annual-Mode(SAM-)-SAM into a negative phase (Rao et al., 2020c), which-signifies-signifying

a shift of polar westerlies towards the equator (Doddridge and Marshall, 2017). This movement of strong westerly winds is

believed to have impacted the Australian wildfires, which began in the following November (Lim et al., 2019). Furthermore,

the changes in polar temperatures and winds shrunk the ozone hole to its smallest size ever observed (Eswaraiah et al., 2020a).
Most of our understanding about SSWs comes from their occurrence over the-Aretie-in the Northern Hemisphere (NH), where
they take place almost every other year (Charlton and Polvani, 2007). Fhistatest SH-SSW-is-only-one-of two-thathas-eceurred

sinee-record-keeping-began{(Rae-etal;2020e)-and-Due to the rarity of SH SSW events (Rao et al., 2020c), the 2019 case
provides a unique opportunity to investigate the triggers-ef-SH-SSWs—atmospheric conditions leading up to SH SSWs.
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SSWs in the Southern Hemisphere are infrequent. The most notable occurred in September 2002-—-Here;-2002 (Allen et al., 2003

. when the vortex shifted off the pole and eventually spiltsplit into two. Later, one piece reformed into a weakened polar vortex

(Ricaud et al., 2005). This impacted the ozone hole, which experienced 20% less ozone loss compared to previous years (Hop-

peletal., 2003). An earlier SSW has been reported to have occurred in August-September 1988 (Schoeberl et al., 1989; Kanzawa and Kawa

. While it is unclear if this even filled the The World Meteorological Organization (WMOQ) criteria for major or minor

Charlton and Polvani, 2007) SSW, Thompson et al. (2005); Kwon et al. (2020) have found this event to be one of the larger.

carly polar vortex weakening events.
In September 2019 a SSW occurred again. Within days, temperatures in the stratosphere increased by 50 K (Yamazaki et al.,

2020).
atlower-altitudes;-as-we-will-shew-here—Whilst the 2002 SSW was classified as major, according to the WMO definition, the
2019 event was minor (Yamazaki et al., 2020). Due to their rarity, the causes of a SSW in the SH are not well understood.
Eswaraiah et al. (2016, 2020a, b) have further reported of-atess-well-known;-a minor SH warming in September 2010. Whilst
the 2019 and 2010 are both deemed minor, their dynamics were very different. The 2010 event had-included a reversal of the

temperature gradient poleward of 60°S from September 15, and the temperature increased by about 30 K at 80°S and 10 hPa
(Eswaraiah et al., 2018). The zonal winds at 60°S at 10 hPa weakened by only 20-25 m/s{Eswaraiah-et-al;2016)—Heneeit
unlike those in 2002 and 2019, which-beth-experienced rapid-warming-because in the latter two years, rapid warmings and
polar vortex weakening events. showing that these happen more frequently than SSW events and with an increasing occurrence

frequency since the 2000s.
It is widely aceepted-thought that SSW's are the product of an interaction between planetary waves and the atmospheric mean

flow (Matsuno, 1971). Fhe-Aretic-experiences-more-SSWs-due-to-its-geography-The North-Pole-is-ringed-by-mountain-range
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NH has higher winter planetary wave activity and variability than the SH, thus leading to higher SSW occurrence in the
NH. de la Camara et al. (2019) have reported that about one third of sudden stratospheric deceleration events (events similar to
SSWs) are preceded by anomalous wave activity from the troposphere. In two thirds of the events, the anomalous amplification

of wave activity in the stratosphere that lead to the events, did not originate from the troposphere, but was likely linked to
dynamics in the lower stratosphere and vortex geometry. As discussed by the recent comprehensive review of Baldwin et al.

(2021, and references therein), the occurrence of SSW may be linked to various large scale oscillation modes in the atmosphere,
including the Quasi-Biennial Oscillation (QBO, see e.g. Anstey and Shepherd (2014)), the Semiannual Oscillation (SAO), the
El Nind-Southern Oscillation (ENSO, see e.g. Domeisen et al. (2019b)), and-the Madden Julian Oscillation (MJO, see e.g.

Wheeler and Hendon (2004); Schwartz and Garfinkel (2017))-, solar cycle, and extratropical blockings. Rao et al. (2019) also

discuss these in detail, and provide an analysis of how each provided favourable conditions in the case of the NH 2019 SSW.
Here, we will focus on interactions-between-the QBO and SAO in the SH context, and will not consider the ENSO-and-MIO

others in detail.

The QBO is manifested in the reversal of zonal winds in the equatorial stratosphere. The east-eastward and westward winds
alternate every 22-34 months, with an average period of 28 months (Baldwin et al., 2001). This oscillation dominates the
variability of the equatorial stratosphere, however, its influence stretches to both poles (Baldwin et al., 2001). The phases of
the QBO have been found to influence the polar vortex and occurrence of NH SSWs. Holton and Tan (1980) were the first
to propose that the QBO at 40-50 hPa modulates the subtropical zero wind line, which influences the propagation on waves
in the stratosphere — a phenomenon known as the Holton-Tan effect (see Watson and Gray, 2014, and references therein). It
was later discovered (concerning the NH) that the easterly QBO phase coincides with more SSWs (Richter et al., 2011). Other
known nonlinear interactions with the QBO and SSW occurrence in the NH include those with the solar cycle (Labitzke, 2005)
(for QBO at 45 hPa). Due to the scarcity of SH SSW events, similar relationships connecting the solar cycle, QBO and SSW
occurrence have not been identified.

The Semiannual Oscillation is a-switehing-an alternation of zonal winds in the equatorial mesosphere(Brasseur;2005). These
winds swap between westerly and easterly, with a complete cycle taking six months. These wind shears descend down from
above the mesopause into the upper stratosphere (Kawatani et al., 2020). The SAO amplitude has two peaks: one near the
stratopause (1 hPa) and another close to the mesopause (0.01 hPa) (Kawatani et al., 2020). Westerlies near the stratopause
maximise close to the equinoxes, whilst the easterlies maximise near the solstices(Brasseur;2005). The SAO maxima at 1 hPa
exhibit a seasonal asymmetry, where the ’first cycle’, which begins in December with the NH easterly phase, is stronger than the
’second cycle’, which starts with the SH easterly, roughly in June (Garcia et al., 1997; Pefia-Ortiz et al., 2010). This behaviour
arises from differences in extra tropical wave forcing, which is generally understood to be stronger in the NH winter (Garcia
etal., 1997). The drivers of the SAO are not well understood. The prevailing theories suggest that the westerly accelerations, in

March and September, are caused by Kelvin and high frequency gravity waves{Brasseur;2005), whilst the easterlies maximise,
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during December and June, from advection of easterly momentum across the Equator, by the upper branch of the Brewer-
Dobson circulation (Smith et al., 2020).

Recent work by Gray et al. (2020) noted the importance of the equatorial mesosphere and upper stratosphere on forecasting
Northern Hemisphere SSWs. Their modelling study found-showed that SSWs were only reproduced wet-realistically when the
flow in the equatorial upper stratosphere was constrained, simulating the two atmospheric modes in this region, the SAO and
the QBO. Similar results were previously presented by Pascoe et al. (2006): In a troposphere-stratosphere-mesosphere global
circulation model with forced QBO and SAO like variability, the timing of the NH mid winter warming advanced by about one
month.

Whilst many studies have investigated the troposphere for answers to the questions raised by SSWs, we are new-beginning
to-see-suggestions—that-we-should-alse-belooking-at-here following suggestions that the upper atmosphere may be key to
understand the drivers of SSWs. The works of Pascoe et al. (2006) and Gray et al. (2020) discussed above, draws-draw

attention to the upper atmosphere in the formation of a SSW, with a focus on the NH.

Here—~we-report-on—the-interaction-In the present study, we analyze the behaviour of the QBO and SAO in the Southern
Hemisphere during the winters of 2002 and 2019 (the-twe-years-with-SH-SSWs)and two additional weak vortex event years,

based on reanalysis data. Beth-yearsexhibited-cleareasterly QBO-conditions-during-the-polar-winterleading to-acomparison

2 Data and Methods

2.1 MERRA-2

The second Modern-Era Retrospective analysis for Research and Applications (MERRA Version 2, MERRA-2) is a National
Aeronautics and Space Administration (NASA) atmospheric reanalysis product that begins in 1980 (Bosilovich et al., 2016).
MERRA-2 has a horizontal resolution of 0.5° x 0.625° with 42 verticaHevels-levels in the vertical from the surface to 0.01 hPa
(Gelaro et al., 2017).

To investigate the connections between the SAO, QBO and SSW we used the four-times-daily zonal wind, geopotential

height and temperature information of MERRA-2, averaged into daily means. We focus on the vertical pressure range of

550 to 0.1 hPa and the austral winter (June-July-August-September-October; HASO)June-September). Our analysis focuses
mainly on the years 2019 and 2002, when SSW events took place in the Southern Hemisphere.




165

170

175

180

185

190

2.2 Semiannual Oscillation

Here, we focus our investigation on the easterly SAO maxima that occurs in the upper stratosphere, close to 1 hPa. The SAO
is WWMWknown to have a period of six months, but it has appreciable
inter-annual variability (Smith et al., 2020). Here

Smith et al. (2017) report from multiyear satellite observations that the first easterly maxima, which occurs during the Northern
Hemisphere winter has climatological equatorial zonal mean zonal winds between 20-30 m/s at 1hPa hPa, while the second

maxima, occurring during the Southern Hemisphere winter-, these peak between 0-20 m/s.
At 1 hPa MERRA-2 has been found to represent the easterly SAO in quahtatlve agreement with satellite derived winds

(Kawatani et al., 2020);—giving—confiden
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data and observations above 20 hPa. For the months considered here (June-September), Kawatani et al. (2020) show that the
interannual variability in MERRA-2 SAQ is comparable to other reanalysis data sets, suggesting that for our analysis, changes
from year to year should be captured at a reasonable level.

For our analysis, will calculate the SAQ equatorial wind amplitude at I hPa level by averaging over the equatorial latitudes
3°8-5°N from June to September. We will further estimate how far into the Southern Hemisphere the easterly wind pattern
extends by finding the latitudinal location where the easterly winds turn westerly.

2.3 Quasi-biennial Oscillation

To-analyse-SAO-and-QBO-interactions—in-the-upper-stratosphereHere, we focus on years with easterly QBO (eQBO) phase
speetfically-in the equatorial upper stratosphere in-the-MERRA-2-zonal mean zonal wind —Analegous—during June-July.
Analogously to Rao et al. (2020c), we take the QBO phase at the 10 hPa pressure level, which Rae-et-at—Rao et al. (2020¢)
have shown to provide predictability-in-the-SHSSW-easesfavourable conditions for SSW occurrence the SH. QBO structure
and dynamics in MERRA-2 reanalysis is-are discussed in detail by Coy et al. (2016), who conclude that MERRA-2 displays a
realistic QBO behaviourin-zonal-winds. We verified this by contrasting te-sonde-observations-ef zonal-wind-the zonal winds to
radiosonde measurements from Singapore and found the two to be consistent, as expected (Coy et al., 2016).

For this study, eQBO is taken to be present if the mean June—July 10 hPa equatorial (5°S-5°N) zonal mean flow is east-

erlyduring-the-austral-winter-menths-of June/July-Both-years 2049-and-. The years fulfilling these conditions are 1980, 1983
1985, 1988, 1990, 1993, 1995, 1997, 1999, 2002ka

ARRRAARLRARAARLL AR LA RS

--------- e when-the i siratosphere-exhibits-a-westerly-QBO-phase—, 2004, 2006

ARRARTIARR

2008, 2011, 2014, 2017, and 2019. We will discuss magnitudes of the eQBO winds during the eQBO years in the followin

sections.




To contrast the two-SSW-years-SSW years of 2019 and 2002 to others with similar large scale equatorial flow conditions,
195 other years with equivalent, i.e. €QBO phase, conditions during the austral winter months were analysed —The-as a reference.
Additionally, for the reference dataset, we leave out the early onset date (August onset) weak vortex years of 1988 and 2017
(Kwon et al., 2020). Thus, the 13 reference eQBO years in the MERRA-2 perlod were-are 1980, 1983, 19881985, 1990, 1993,
1995, 1997, 1999, 2004, 2006, 2008, 2011, i
stream:—+e-—1980,1983,1985-and
200 < 3 > >

The-All years were initially analysed separately to check for conditions similar to year 2002 and 2019. As noted above, the
years 1988 and 2017 a o i ; : : N

-were considered separately from the
205 othereQBO-years—teference data set, due to the early vortex weakening events. In 2017 the polar vortex has been reported to
have experienced a disruption due to enhanced planetary wave activity throughout winter (Klekociuk et al., 2020). This lead to

a smaller than average spring ozone hole (Klekociuk et al., 2020). There have also been reports of an-a SSW occurrence in 1988

#(Schoeberl et al., 1989; Kanzawa and Kawa.
however, Thompson et al. (2005); Kwon et al. (2020) find this year to rather correspond to a weak vortex, wather than fulfillin

210 SSW criteria.

2.4 Wave propagation

We %}GHMWIWEhaSSCH -Palm flux (EP flux) frem-MERRA2fields-to visualise wave propagatlon

and momentum
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e-The convergence (negative

values) and divergence (positive values) of the EP flux correspond the-to deceleration and acceleration of zonal westerly winds
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{Holton;2612)—The-upeoming respectively. The EP flux results shown here were calculated from the MERRA-2 data fields:
temperatare;—eastward-wind;-and-noerthward-wind-(54;v)-according to Edmon et al. (1980), with the-additional scaling for
display purposes as described by Bracegirdle (2011).

3  Results

2.1 Miner-warmingof2019

Figures-22-and-22-show-the-different behaviour-of Figure 1 presents the 7-day averages of zonal mean zonal wind (ms~"),
EP flux (arrows, m?s”2, reference arrow _shown in the first panel) and EP flux divergence (grey contours, £2 ms” day "
contours levels included) averaged for the reference years 1980, 1983, 1985, 1990, 1993, 1995, 1997, 1999, 2004, 2006, 2008,
2011, and 2014 The MERRA-2 zonal mean zonal wind reaches westerly velocities of over 100 ms™" in the polar vortex in

the upper stratosphere (2-hPa—Figure2?)and-the-middlestratosphere(40around 1 hPa in June-July, after which the wind
maximum descents down towards 10 hPa, Figure-22);-as-seen-in-the-geopotentiat-height of the-two-pressure tevels- During

~with peak velocities of 70 ms”! by
mid-September. Consistent with the selection of eQBO years, we can see the easterly wind signature at 10 hPa at the equator,
persisting throughout the time period and remaining well below the 1 hPa level. The easterly SAO wind pattern presents at
around 1 hPa from June to early July, after which it subsides as the SAO annual cycle shifts to westerlies (Kawatani et al., 2020)
- There is no clear merging of the cQBO and SAO wind structures. The figures also indicate the location where the zonal winds
changes from easterly to westerly with a black solid contour (0 ms” ", zero wind line). Propagation of stationary waves requires
westerly flow, thus the zero wind line forms a barrier for stationary wave propagation.

The EP flux and its divergence indicate that from June to early-July the waves are generally acting to accelerate the zonal
flow in the poleward side of the polar vortex and decelerating it on the equatorward side. This deceleration happens more
consistently from mid-July onwards, at the same time as wave propagation upwards and equatorwards is enhanced above
100 hPa. The zero wind line at 10 hPa is initially located between 10°S-20°S, extending to 30°S from mid-August.

3 Results

3.1 SH polar winter 2019

Figure 22-2 shows how the 7 day averaged zonal mean zonal wind (eeleured;filled-contours)-evolves with time, along with
the propagation of planetary scale waves during the austral winter of 2019, with the EP flux arrows illustrating the direction of

wave movement. Fhe-Presentation and timing is analogous to Figure 1. As before, the location of the zero-wind-zero wind line
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(contour of 8-m/s-) ms ' zonal mean zonal winds

ton;-) is indicated

black line. The EP flux divergence

as a thick white line- Furthermore, the EP-flux convergence (dashed line contour)-indicate
is shown with the grey dashed line indicating where the waves dissipate and deposit easterly momentum to atmospheric flow,

acting to decelerate it —The-austral-winterof 2049-saw-the-at a rate of 2 ms 'day !, and the grey solid line indicating where

acceleration is taking place at arate of 2 ms”'day !,

Throughout the winter, the equatorial atmosphere around 10 hPa shows a easterly zonal mean zonal wind structure, with
peak velocities of 30-40 ms~!, indicating the presence of QBO in the easterly deseending phaseat+0-hPa-(Figure-2?a)Neote
here-that-the-phase. This eQBO wind signal already-exists-is present around 10 hPa from early June, and is not initiated by
the descending easterly SAO (seen here above 1 hPa), as may happen with wQBO (Kuai et al., 2009). During-late June-the

arlvphaceofthe SAO ieprecentinthemesospherelBicure Dolaward-ofthe- SAO cion A the SH mesosphere—_aacte

OContrasting to the reference (Figure 1), the equatorial SAO around
1 hPa is evident from mid-June, with zonal mean zonal winds of up to -20-30 ms—*. The easterly wind structure extends further
into the Southern Hemisphere (20° io i

5 vV g V W—W o \/ \ \ g s

behaviour of the EP-frux-arrows-persists into mid-July, when it merges with the easterly wind structure that originates from the
10 hPa eQBO easterly wind structure.

From mid-June onwards, enhanced upwards wave propagation is taking place above 10 hPa and the wave convergence is
driving enhanced deceleration on the equatorward side of the polar vortex. This can be seen clearly in Figure 3, which presents

sreference mean ("Figure 2" -

. Unlike in late-August, when enhanced upwards wave flux originating from the troposphere (Eswaraiah et al., 2020a; Shen et al.

June, enhanced easterly momentum deposition is taking place between 40°E-to140S-60°W-and-from-140S, decelerating the

flow above 1 hPa. This extends downwards and equatorwards, resulting in consistent deceleration of the upper stratospheric
flow between 20°W-t0-468-50° ' i i four |
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the-shifted-vortex—. This leads to a more vertically aligned structure of the westerlies-shift-towards-South-Amertca-andreverse

eveiuche—peleﬂﬁeefr olar vortex zonal mean zonal wind, rather than the typical structure, which we can see in Figure 22b;

-1, tilted towards equator in the upper stratosphere. This appears
to correspond a vortex shape Albers and Birner (2014) found typical for NH split type SSW events.

From late-June

the direction of wave propagation in the upper stratosphere is guided by the easterly wind structure near 1 hPa. By early-Jul
the convergence of the EP flux contributes to deceleration of the stratospheric flow above 10 hPa around 20°S-20°Sis-shown

in-JulyS, leading to a structure that resembles merging of the previously separate easterly wind structures of the SAQ and
eQBO. The formed zero wind line guides more wave upwards. Through out July and into August the zonal mean zonal wind
is consistently weaker by 10-20 ms™" across the stratosphere between latitudes of 60°S and 40°S. By late-August, when we
observe enhanced upwards wave propagation from the troposphere, the zonal flow is further rapidly decelerated above 10 hPa,

leading to the SSW conditions in September.
3.2 Majer-warmingof2002
3.2 SH polar winter 2002

Figures 4 and S are analogous to Figures 2 and 3 but now for the austral winter of 2002. Again the-QBO-is-easterly-we observed
the eQBO wind structure at 10 hPa from early June, similar to 2019. BetweenJune-8-+4-an-From June 8 onwards, the easterly

oscillation of the SAO is present in

WW%WW%WMMWWW@@PM@E
stratosphere above 100 hPa. Between about 40°S and 60°S seading-enhanced easterly momentum deposition throughout the
atmosphere above 10 hPa, lead to deceleration of the zonal winds in this region throughout the time period. In-Figure-2?b-(June
+5-2h-the-As in the case of the winter of 2019, we see a merging of the previously separate easterly wind structures of the
SAO and eQBOwind-patterns-interseet; simtlar-to-. This now takes place mid-June, approximately four weeks earlier than in
2019. The zero wind line of the zonal mean zonal wind, formed as a result, extends to 30°S, cutting across ~0.4-30 hPa.

resulting-the latitudinal location of the zero wind line extends—from-roughly-36-hPa-te-0-3-hPa<closeto-between 1-50 hPa is

10
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In both cases, the merging of the two
initially separate easterly wind patterns, the resulting shift in the zero wind line across the month of July, well before the SSW.
onsets took place in September, and the enhanced zonal flow deceleration above 10 hPa appear notable.

Quverall, the atmospheric response above 10 hPa is remarkably similar to 2019: Both years show sustained wave driven
deceleration of zonal mean wind between 40°S—from-S-60°S from June, throughout July, and simultaneous acceleration

between about 60°S-70°S. By early to mid-August the zonal winds have decelerated across the polar region above 1 hPa.

Identical analysis for the previously identified early weak vortex event years of 1988 and 2017 show that a similar equatorial
easterly wind pattern mergers took place during both winters (figures included as supplement). In 2017 this happened in late

June, accompanied by enhanced upwards EP flux, and followed by a poleward shift in the equator(Figure-22¢)pushing-the
zero wind line with— i i o .

the-polar-atmesphere-have-deeelerated;-latitudinal location. In 1988 this happened much later, from 20 July onwards. In 1988
however, there is no indication of enhanced upwards wave propagation in thelead-up-to-the-SSW—InFigure-22dwe-see-the

was the case for 2002stratospherie-warming, 2017, and 2019.

O-hPa;cotnetding-with-the-June, as

3.3 Weak vortex events in context of other eQBO years

When analysing all the eQBO years individually the type of equatorial wind pattern merger reported above either did not take
place, or took place much later, and, like in 1988 was not accompanied by enhanced upwards wave flux.

Based on these results it appears that for the SSW cases and the weak vortex cases, there is an interplay of early winter wave
forcing and the wave guide formed by the zonal mean zonal wind structures to do with the equatorial easterly winds related to
the SAQ around | hPa and the equatorial easterly winds related to the QBO around 10 hPa. We will now proceed to investigate
if these factors together provide predictability for the weak vortex events.

The time-top left panel in Figure 6 presents the temporal evolution of the zonral-mean—winds-at1+57-day mean magnitude

of the equatorial zonal mean zonal wind averaged over 5°S-20S-5°S-duringJune-July-N for the 1 hPa level, representin

the upper stratospheric SAO. The years 1988, 2002is—shown—inFigure—22Here—wesee-the eQBO-and-easterly-SAO—-wind
patterns-interacting-somewhat-earlier-that-for-, 2017, and 2019 (Fi 2 starting : —have been

labeled separately, while all other eQBO years are shown as grey lines. Years 2002, 2017, and 2019 have some of the

highest easterly wind velocities reaching 10 ms™! and higher in June. In this context we should note again that the results
of Kawatani et al. (2020) suggest that interannual variability in MERRA-2 is consistent with other reanalysis datasets, but that
MERRA-2 has a westerly bias above 20 hPa. The year when the June velocities reach —30 ms_! corresponds to the first
MERRA-2 year, 1980.
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in-The bottom

left panel presents a similar zonal wind temporal evolution (averaged over 5°S-5°N), but now for the QBO level of 10 hPa.

Again, the years 2002, 2017, and 2019
WM@%W&WMSM
is known to occur regularly, but with appreciable inter-annual variability (Smith et al., 2020)-Fhe-, as we seen in Figure 6, the
QBO on the other hand has an average period of 28 months.

3.3.1 SAO-QBO-interactionin1988-and2017

We can see this in the temporal evolution of the equatorial 10 hPa winds: in some cases the winds remain westerly for much of
June before shift to the easterly phase, while in 1988, the phase changes from easterly to westerly in July.

hand side of Figure 6 show the mean and median latitudinal locations of the zero wind line (zero ) at 1 hPa (top) and 10 hPa
(bottom). The grey error bars indicate one standard deviation (1 x o) around the mean latitudinal location. As before the

ears 1988, 2002, 2017, and 2019 an
separately.

meﬁe%sﬁme%ﬂu*emwefgaweﬂmﬂﬁ%&&m $ 2002, 2017, and 2019 is-taking-place—The-SAC-and-QBO
all show significant (beyond 2 x o)
southward shift of the location where winds turn from westerly to easterly in the meridional direction. While the mean location
remains close to the equator, for 2002, 2017, and 2019 we see a shifts to locations between 15°S-from-40-hPa-to-0:3-hPa
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410

415

420

A&gus%%%-%epfembeﬁé—aver&ged—fe%%heﬁeafwgg%%s and about 27°S. This takes place in June, +985-and1+990-1n

at a time when there is in general more variability as shown by the large 1 x ¢ bar.
At 10 hPa there is not as clear of a shift as we see at 1hPa-—Fi

W@WIMMWM
June-July. i i i -wi
WM%MIM%WMWWMWMMQ
phase during the polar winter.

Considering the shift in the location of the zero wind line in-b

%%%WMMWWWMW
edge (see Figure 1), averaged between 1-10 hPa and between latitudes 50°S-40°S (in units of ms™'day™") versus the average
latitude of the zero wind line at 1 hPa. Both variables are averaged from mid-June to mid-July, identified as a potential key
timing from Figure 6. In Figure 7b) the averaging period is shifted by 14 days to 29 June-26 July. For each of the following
panels the zero wind line averaging time periods remain the same in the respective columns, while the averaging period of the
EP flux divergence changes, as given in the panel title. Panels ¢) to f) correspond to the lower stratospheric EP flux divergence,
again on the equator side of the polar vortex edge, now averaged for the-ye igure??
SAO-n-the-mesosphere-in-Junessimilar to-50-70 hPa and 60°S-40°S.

In mid-June to mid-July in the upper stratos
the equator, but has moved clearly southward in 2002 and 2649-TFhe-SAO-and-QBO-show-signs-of early-interactionbut-this
is-not-sustained-2019, with EP flux divergence between —3 to —2.5 ms™'day™ ', We also see a large southward shift of over
107 in 1980, 1990, and 2017, but these years no not exhibit similar zonal flow deceleration from wave forcing. As discussed
earlier, the year 1980 had the largest amplitude of the SAO zonal wind (Figure 2?byin-tate JutyFhis results ina-zero-wind tine
between-roughty-6), and upon further investigation, the year 1990 is also amongst the large June amplitude SAQ wind years,
M&WWQ&%WMMM&% 10and-+-hPa--smaller verticalextent than-the
twoinhPa QBO phase in June, unlike 2002an i
to-the-NH-as-austral-winterfades-into-spring—

here (Figure 7a) in mid-June to mid-July the zero wind line is located north of
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440

445

450

455

2d—which show eQBO
from start of June. This suggest that the SAO amplitude alone is not sufficient to understand later vortex weakening events, but
should be viewed in context of the QBO phase in early winter.

Shifting the time period later

Figure 7b), now shows a similar response for the year 2017, with an average zonal flow deceleration of over 4 ms 'day !

along with a shift in the zero wind line latitude to south of 20°S.

In the lower stratosphere the early winter period (Figure 7¢) now clearly separates the weak vortex years of 2002, 2017,
and 2019 by southward shift of the zero wind line location accompanied by EP flux convergence. In the later time period
(Figure 7d), we find the years overall much more scattered, with no clear distinction of the weak vortex events.

Finally, we examined if the early winter zero wind line at 1 hPa could be used to identify the SSW_years based on the
August-September EP flux divergence in the lower stratosphere. Figures 7e)-f) show the EP flux divergence averaged for the
time period of 10 August=6 September, while the zero wind line time period remains consistent with the previous panels. We
can now see that the years 2002 and 2019 i i

o d-oxtan A O—in-the-mecosphe

have a very close resemblance

to the early winter in the upper stratosphere (Figure 7a), being clearly separated from the other years both in the zero wind

did-net-produee-a-, however. Kwon et al. (2020) report the 2017 vortex weakening onset date as August 22. We proceeded to

1 1

test delayed time periods for the EP flux divergence, but these did not indicate change beyond the roughly —1 ms™ *day—
range for the year 2017.
We also tested the used of the 10 hPa zero wind line similar-to-the SSW-years—The2010s-had-alarge eQBO--with-a-smaller

: < 5 <
O-which did-inters - v ovsravar no VARSI adin-Saentambe ™ cop ot mot ooy oy tha ool

i i se)s 3 ¢ location to see if a measure of the e wind pattern horizontal extent would provide
similar results (not shown). As could be expected from Figure 6, this was unsuccessful and the years were simply separated b
the difference in EP flux divergence (identical to Figure 7 separation on the y-axis).
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While the EP flux convergence, particularly in the upper stratosphere, in early winter would on its own provide some
redictability for later conditions, the zero wind line location at 1 hPa appears to add additional separation, particularly when
used for the lower stratospheric EP flux divergence (Figure 7c¢).

460 4 Discussion

The sudden stratospheric warmings over Antarctica in 2002 and 2019 both have an early winter equatorial SAG-QBO-SAO-QBO-like
wind pattern interaction and coinciding easterly momentum depesits-deposition in the polar mesosphereatmosphere, as indicated
by the EP flux convergence. For both years the SAO is a-elearpresents as a feature of easterly winds (of over 10 ms ') extending
into the SH before-itreachest+-hPa—Thisshiftfrom-(polar)-westerly-to-(low-latitude)-easterly-winds-changesfrom early winter.
465 Change in the latitudinal location where winds shift from westerly to casterly influences the waveguide in the mesosphere;

whieh-results-upper stratosphere-lower mesosphere, resulting in easterly momentum being deposited in-the-mesosphere-on
the equatorward side of the polar vortex from early winter. When the QBO and SAO easterly wind features merge, they

generate a zero wind line that stretches from the lower stratosphere into the mesosphere (~30 hPa to 0.3 hPa) near 30°S

latitude, now modulating the wave guide across the whole vertical range. This QBO-feature-thencontintesextendingfeature
470 continues to be extended towards the pole into August, with continued easterly momentum depesit-deposition in the polar

mesosphereatmosphere, decelerating the mesespheri

reversal-of-mesospherie-winds:—The-year prevailing westerlies on the equatorward side of the polar vortex. In 2002saw-; the
zonal mean zonal winds between about 40°S-60°S decelerate down to below 10hPa-Hewever hPa, eventually triggering major
SSW conditions. In contrast, in 2019, the mesespherie-zonal mean zonal wind reversal links-acrosstatitudesfrom-the-pole-to

475 the-equaterial-QBOis less focused, taking place across a wider range of latitudes, and major SSW conditions are not fulfilled.
In our zonal mean analysis, this suggests that vertical wave propagation from the source regions at high and mid-latitudes is

significantly affected, with the movement of the zero wind line creating a barrier for #pwards-wave propagation.
The-SSW-like-We found that the weak vortex years of 1988 and 2017 show a similar SAO-QBO interaction-wind pattern like
merging in July. Whi i i i i
480  However, neither of these years show a poleward shift in the zero wind line location as early as was seen for 2002 ) theredoes

not-appear-to-be-a-rapid-warmingsimilarto-2019-and 2002-Altheugh;-2019. Causes of these differences could be investigated
further in a detailed study. We note that in 2017, the changes in dynamics were enough to stifle the growth of the ozone hole

(Klekociuk et al., 2020). Causes of these ditferences should be-investigated furtherina detailed-study of these V-like vea

485 Our analysis of all other years with similar background QBO conditions in MERRA-2 did not reveal similar behaviour with

early winter moemen
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495

500

505

510

515

520

mesespheric-wind-reversals—in-September—sustained momentum deposition
wind patterns in early winter.
Recently, Gray et al. (2020) reported that in order to accurately simulate-predict NH SSWs in an atmospheric model, not

only-was-is-it was necessary to constrain the model’s global tropospheric winds and temperatures, butfurtherconstraining-of
and to further constrain the zonal wind in the equatorial atmosphere above 5 hPa to reanalysis fieldswas-also-needed. These

WEeVvert; <

and similar merging of SAO-QBO-like easterl

model results further emphasize those of Gray (2003) who showed similar results for a middle atmosphere only model: that
the high altitude equatorial atmosphere plays an important role in NH extreme-eventsSSWs. Although our analysis focuses
on the SH SSWs in 2002 and 2019, our results present a possible physieal-mechanism for this connection. The early winter

equatorial SAO-QBO interaction-wind pattern interaction with the simultaneous EP flux convergence, and subsequent mod-
ulation of the wave-guide-waveguide, reflects mid-latitude waves up and pole-ward, resulting in easterly-momentum-depeosit
in-the-mesosphere—The SAO-QBO-interaction-is-deceleration of the equatorward side of the polar vortex above 100 hPa. The
SAO-QBO-like interaction was not unique to 2019 and 2002 and was found to happen during other easterly QBO years. How-
ever rapart-from-the-two-SSW-like-years-of 1988-and-2017-the-the early timing and extent of the zero wind line was-netfeund
to-polerward shift did not occur in these other years. We-Our results suggest that this may be a reflection of variations not only
in QBO, but also in the amplitude and descent pattern-of the SAO, the latter of which, to our knowledge, are not well under-
stood (see e.g. Moss et al., 2016; Kawatani et al., 2020). While we focused particularly in scarce SH SSW/weak vortex events
here, the the seasonal evolution of the SH polar vortex and predictability of related climate patterns has been investigated for

We propose that this early winter behaviour may be-a-keyphysical-process-in-decelerating-the-mesespherie-aid in identifying
conditions that lead to deceleration of the polar winds, which may-could then precondition the atmosphere for a SSW. For
example in 2019, when there was enhanced upwards wave flux in August (Shen et al., 2020), the modulated waveguide in
the stratosphere and above may have provided further optimal conditions for large disturbance to take place. It may also help
partially explain why SSWs are less common in the Southern Hemisphere: if the early and large SAO-QBO-interaction—is
dependent-on-both-SAO-QBO:like merging contributes to optimal conditions for SSW, not only s this dependent the QBO
being in the correct phase, and-the-SAO-appears-to-need-to-have-but also the SAO having a large amplitude and-descend-down
intothe-stratosphere-during the early-mid winter. The SH winter typically experiences smaller amplitude SAO easterlies, while
the NH winter experiences much larger easterly winds (Smith et al., 2017). However, this hypothesis would need to be tested
separately for the NH. It is also important to note again that the NH has higher winter planetary wave activity and variability
than the SH.

As we find that the-early-key-these early patterns start occurring 2-3 months before the SSW eventor vortex weakening events,
the behaviour of the equatorial middle atmosphere along with the polar response at this stage may heed-signal an imminent

SSW event, potentially providing predictability beyond the earrent-20-30-typical 10-15 day window in SSW prediction en
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525

signals possibly appearing as early as 30 days in advance (Lawrence and Manney, 2020). As reported by Rao et al. (2020¢),
for the 2019 SH minor SSW, the predictive limit from forecast models was 18 days. The results reported here could potentially
aid subseasonal to seasonal (S2S) prediction (Pemeisen-etal;264+9a)(Domeisen et al., 2019a, 2020). However, this-would-as

the motivation for this study was to better understand early signals for the 2019 SH event, this will need to be tested in
530 detail for the NH atmosphere first. We note that the results presented by Gray et al. (2020) (their Figures 3-4) suggest that

coupling of the SAO and QBO zonal wind patterns, similar to our SH cases, took place in their simulation approximately
2 months before the onset of the NH January 2009 SSW. As noted by Gray et al. (2020), the atmospheric region where the
SAO originates (mesosphere), tends to be neglected in model development. Our results provide further evidence that these
mesospheric-altitudes are not only important for understanding the NH but also the SH extreme dynamical events. As noted by

As mentioned earlier, much work has been done in understanding both causes and implications of SSWs, particularly in

the NH. B+

v-Many interactions
with large scale atmospheric modes that-or external forcing have been found to influence NH SSW occurrence, including the
QBO, the ENSO, solar cycle, and the MJO. Due to the scarcity of SH SSW events we were unable to investigate the poten-
540 tial individual influences of these. However, we note that ENSO conditions, based on the Multivariate ENSO Index (MEL.v2,
were neutral, while the MJO index MWMM%WMMWMW\W
was positive, during both 2002 and 2019. Note that the MJO index amplitude corresponds to v/ RMM12 + RMM?2?, as defined

by Wheeler and Hendon (2004), and does not account for the MJO phase. For the SSW-like-weak vortex years of 1988 and
545 2017 the MJO was generally variable during the austral winter, while the ENSO index was negative, and thus opposite to the

two generally recognised SSW years. These difference-differences could signal the importance of teleconnections in the SH

polar responses.

5 Conclusions

Sudden stratospheric warmings are disruptions to the seasonal cycle of the polar winds. Only two well-documented ones have

550 occurred over Antarctica: ene-a major SSW in 2002 and anretherin-20+9-a minor one in 2019, although Kwon et al. (2020)

have noted an increasing trend in the number of southern stratospheric polar vortex weakening events in the last two decades.
Here we present results based on the MERRA-2 reanalysis, showing that during both years, 2002 and 2019:

1. From early winter, waves are depositing momentum in the polarmesosphere-equatorward side of the upper-stratospheric—lower
mesospheric polar vortex in a manner that is consistent with the equatorial SAOG-pushing-the-wave guide-upper stratospheric
555 SAO-like wind structure pushing the waveguide boundary into the SH —extratropics.
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580
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2. An-early-winterSAO-and-QBO-interaetIn early winter, SAO and QBO-like wind patterns merge in the equatorial atmo-
sphere, driving further momentum depesitdeposition, and thus zonal wind deceleration, in the polar mesesphere-vortex.

3. Changing zonal winds—furtherinflueneing-wind further influences wave propagation conditions, ultimately transfer-

ring the signal to the stratesphere-and-triggering-SSW-eenditions-lower stratosphere, likely contributing to favourable
ropagation conditions for enhanced tropospheric wave forcing later in the winter, resulting in the observed SSWs.

%ﬂ%ﬂ%&mﬁ%ﬁ—hﬂ&fbﬂﬁ&&mmme lower-stratosphere-into-the-mesosphere—near
30°S;-modulatingthe-wave-guideearly onset vortex weakening event year of 2017, all depict some of the highest easterly.
equatorial upper stratospheric SAQ zonal mean zonal winds (Uinp, < 10 ms™") in June. These are accompanied by a
to (equatorial) easterly. Along with the high amplitude SAO winds, these years also show easterly 10 hPa QBO throughout
June (=35 ms " < Usgnps < 20 ms_ ). suggesting that the SAO amplitude alone is not sufficient to understand these SH
vortex weakening events, but the QBO phase in early winter also plays a role.

Previous work focused on the more frequent NH SSWs has pointed to the role of the equatorial upper stratosphere and
mesosphere particularly when simulating-predicting the timings of NH SSW (Gray et al., 2020). Our analysis of the two SH
SSWs suggest that, at least for the Southern Hemisphere, the interaction-of-the-QBO-and-the-SAO-merging of the eQBO and
the SAO-like wind patterns in the equatorial upper stratosphere-mesosphere seems critical in triggering the polar disturbances.
The SAO-QBO-interactions-wind pattern in 2002 and 2019 are-is not unique, however, the-coupling-and-extentof the-equatorial
wind-patterns-oeeur-this occurs much earlier in the season and-resultin-atongerthan other easterly QBO years, leading to early
winter deposition of momentum, as indicated by the EP flux divergence, that decelerates the winds in the equatorward side of
the polar vortex by —3 to —2.5 ms™ ‘day” " from mid-June onwards.

When considering the early winter EP flux divergence together with the latitudinal location of the zero wind line when
at 1 hPa, we were able to identify the SSW/early onset vortex

weakening event years up to 60 days before the events. We postulate that this early winter behaviour may be a key physical pro-
cess in decelerating the mesospherie-polar vortex winds, leading to preconditioning of the polar atmosphere for a SSW. The oc-

currence of these patterns in the equatorial atmosphere and in the polar me%e%phemm&&gggpker&durmg early winter could
provide extended predictability of SSWs from the eu
MMMQWWWWMMBM

As our present analysis is based-en-SSWs-focused on events that took place in the SH, further work would be needed to test

to what extent SAO-QBO-interactions-these SAO-QBO-like patterns might play a role in NH SSWs. This future work may
help shed light on the different roles background flow and wave enhancement have on triggering the SH and NH SSWs, which

may help explain why SH SSWs occur less frequently than NH SSWs.
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Figure 1. 7-day-7-day average zonal mean zonal wind (filed-contours, interval 10 1 ms_l)aﬂek,NEliassen—Palm (EP) flux (arrows, m2s_2&

reference arrow shown in first panel) and EP flux divergence (2 ms ‘day ', convergence indicated by dashed grey lines, divergence

indicated by solid grey lines) for the austral-winterreference eQBO years (excluding 1988, 2002, 2017 and 2019fremMERRA-2). Each
figure covers the latitudinal range of 90°S to 9910°N and the vertical range of 550 hPa to 0.1 hPa. The time-periods{exact-dates-as-given-in

EP-flux-convergenee is-indicated-with-dashedtine—Fhe-solid white-blagk line shows the location of the zero wind line. First day of averaging
in each figure is given in the title.
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Figure 9. Supplement: As Figure 22-1 but averaged-over20H-and-20+4—TFime periodsfor the 7-day-averagesas-given-in-the-figure-tittes:year

2017,
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