Reply to the queries and comments of Referee #3

We first thank the referee’s efforts in considering our manuscript and making suggestions for
improvement. In our detailed reply below, we reproduce the reviewer’s comments in blue

standard font, while our replies are in black standard font.

In their paper, Liu et al. present an analysis of the 2019 minor SSW in comparison with the
2002 major SSW. The paper is well written and nicely describes the dynamical situation of
the 2019 SSW. Unfourtunately, the study is not very thorough and does not provide many
new insights. The main result that the wave guide may be the decisive feature for the
generation of the SSW is interesting, but neither pointed out well enough in the paper, nor it
is analysed in any detail (see below in the major points). Furthermore, I think some
restructuring of the paper is required and possibly also some compressing, as a few points
are repetitive. In general, I agree with reviewer #1 who writes that the paper can be
published, but extensive revision should be made before that. I want to add a few points to

those of reviewer #1, though, please see below.

We appreciate the reviewer’s valuable suggestions provided. All the comments will be

considered in detail when we submit a revised version of our paper.

On a different page I want to make the authors, but also the ACP editorial aware of the fact
that for these type of purely dynamical studies there is since a good while the new
copernicus journal Weather and Climate Dynamics (WCD). I don’t think that journal stands
in competition to ACP, rather it is complementary and in my opinion better suited for
papers like this one, which actually does not include any chemical analysis and the physics
is largely limited to dynamics. My point is, if my thinking on this is correct, the editors
should probably deflect these type of papers from ACP to WCD.

We would like to leave it to the editor's judgment, but the authors think that ACP has more
readers and dynamic discussion is also possible. As this topic is of high interest for the

ozone hole evolution in the SH, we believe it fits better to ACP.
Major issues:

All in all, I think not all figures add significant value to the story. E.g. Fig. 5 does not really

provide more information than what had already been shown in Fig. 4 and moreover, some



of the panels are more or less repeated in Fig. 9. So I’d say that one is obsolete. I have a
similar feeling about Fig. 7, which does not really add anything to what had already been
told in Fig. 4 and Fig. 6.

Thank you for instructive comments on the paper and figures. We think that detailed
information on latitude-height sections of zonal-mean zonal winds and wave driving as

presented are necessary for understanding the characteristics of the SSW2019.

I think the authors should go through the paper again and reconsider what is really
necessary to tell the story and what is maybe only a side note. Section 4 “Discussion” needs
to be seriously restructured. Only the middle part of it actually is a discussion (P8L1-13).
The beginning and the end are further results parts and should treated as such. Instead, some

of the real discussion seems to be in Sect. 5, e.g. P9L26-31.

Thank you for instructive comments. We reconsidered and restructured the discussion
section, at P9, L2-P10, L27. All the analysis results are provided in the results section, at
P4, L17-P8, L33.

The paper “only” compares the two SSW events. In the SH, several other minor SSWs have
taken place, mainly in the early 2000s and in the 80s. Why do you not compare the 2019

event to those as well?

This is a very good comment. The main reason that we only compare the SSWs in 2019 and
2002 in this study is that SSW2002 is the only observed major SSW ever in the SH, even
though the SSW2019 could be regarded as a minor SSW, but with a large impact. It led to
an anomalous small ozone hole and significant reduction of the ozone total column in 2019
(Safieddine et al., 2020; Wargan et al., 2020). The classification of the SSW2019 is
important, but also the impacts on the stratosphere. However, the other minor warmings in
the SH did not bring such impact on the stratosphere as SSW2019 did. Here we provide
more material to explain, Figure R1 shows the same figure as Figure 9 including the
analysis period (1979-2019) below, showing also other events for the analysis period. We
use the data after 1979 because of there are limited observations at high latitudes in the SH
before that year. In addition, the satellite observations were included in the JRA-55
reanalysis data after 1979. The big difference in the values of planetary wave driving
between 2002/2019 and other 39 years can easily observe. As this point, it is of high interest
for comparing the SSWs in 2002 and 2019 in the SH.
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Figure 1R: The same as Fig.9 but for from 1979 to 2019.

Moreover, you give a quick reference to the S-RIP data. Can you elaborate on how clear
and robust your findings are with regard to your JRA-55 data set. Are the results similar in

other reanalysis data sets?

Kawatani et al. (2016, ACP, https://doi.org/10.5194/acp-16-6681-2016) and Kawatani et al.
(2020, ACP, https://doi.org/10.5194/acp-20-9115-2020) compared various reanalysis data
for the presentation of the QBO and SAO in the connection with the S-RIP and showed that
the standard deviation of zonal wind and temperature fields among reanalysis data was
overall small throughout the stratosphere except near the Equator. Thus, the other reanalysis

data are expected to give similar results to the current analysis.

In particular, as the wave guide is your main result, that should probably be consolidated
with at least one other reanalysis data set or a model that reproduces the minor 2019 SSW.
The study ends just where things start to become intersting, this is very disappointing. It is
interesting how the different waves act together in 2002 and they don’t in 2019. It is

obvious that wave generation and wave propagation must be analysed in the next step.

Thank you for your comment on the waveguide that we discussed in the paper. Further
analyses are needed, for example the origin of the planetary wave as you have mentioned.

In Yamazaki et al. (2020), they suggest the possible origins of the planetary waves, we also



provide our considered future analyses for SSW2019 in discussion section (P10, L25-27).
We agree with your comment on using a different dataset to make a comparison in the

future study.

Special situations for wave generation have not been mentioned at all. The wave guide
change is a nice result, but now it would be interesting how and why the refractive index
(RI) forms this way. To my knowledge, the RI mainly depends on winds and temperatures.
So can the preconditioning with the strong winds be responsible for the way the wave guide
forms? Is wave forcing prior to the SSW event responsible for the formation of that? If the
authors refuse to make more analyses on this, I would at least expect some discussion and
speculation in this direction, such that this study can be taken up as a starting point for a

deeper analysis.

Thank you for positive comment on the result of refractive index square. Because of the
insufficient explain in the paper, the special structure of refractive index square in 2019
results from the zonal-mean zonal winds structure as what you mentioned. That is the exact
reason why we provide the latitude-height section of zonal-mean zonal winds during the
same time periods in the bottom in Figure 8. We followed your comment on restructuring
the discussion and summary/conclusion sections. In the revision, we present all the results
of the refractive index square in P8, L8-20. We also provide a new paragraph for discussion
of refractive index square in SSW2019, at P10, L4-13.

And that brings me to my last major point:The paper does not provide any implications or
outlook, or ideas for further studies how to get deeper into understanding this and
especially, how to use your results to improve predictability on S2S time scales. Can for
example the wave guide be predicted, are there any implications? A discussion on that

should round up the paper in my eyes

Predictability about the SSW2019 on the S2S models is a nice comment. We mentioned the
related study by Rao et al. (2020) in the introduction section (at P3, L.2-5). In the current
study, we focus on analyzing the SSW2019 in the reanalysis data set and compare it with
the only major SSW observed in the SH. Implications like predictability of SSW2019 on
S28 is beyond the scope of the current paper, that will be the near future study.

Minor and technical issues:



* P1L16: With “the values are larger”, do you mean the wave driving was stronger? If so,

write it.

Thank you for the comment. Here “the values are larger” refer to the planetary wave driving

was stronger. We rephrased it in the revision, at P1, L19.

P1L24 remove “hereafter referred to as”
Removed. Thank you.
P1L25 associated

Corrected, at P1, L.28. Thank you.

P1L26 during an SSW
Corrected, at P1, L.29. Thank you.

P1L17-19: This sentence is not really comprehensible this way when you are not already

clear about the situation. Hence, please rephrase it.

Thank you for the comment. We rephrased it in the following way. “Major SSWs tend to
accompany preceding minor warmings, preconditioning, which changes the zonal flow that
weaken the polar night jet as seen in SSW2002. A similar preconditioning was hardly
observed in SSW2019.”, at P1, L20-21.

“the ocean-land and orography distribution®, plus, remove ’and small wave perturbations

Corrected, at P2, L2-4. Thank you.

It looks to me like the recent literature on the topic has not fully been addressed. I think for
example the studies by Lee et al. (2020) and by Shen et al. (2020) have dealt with the topic
too and their results could add value to this one (10.1029/2020JA029094 and
10.1029/2020GL089343)



Thank you for the comments. We added relevant literatures including Shen et al. (2020) and
Lee et al. (2020) in the introduction section in the revision, at P3, L8-12. These references
have been added in the reference list, at P14, L.28-31; P15, L22-23.

P5SL3: change "normal* to "average”

Corrected, at P5, L.19. Thank you.
In P8L17-19 you state that you provide a plausible mechanism (the wave guide), but you

provide the mechanism only afterwards. Turn that around!

Thank you for comment. We restructured the whole discussion section in the revision (P9,
L2- P10, L27). The results of refractive index square (the waveguide) are presented in the
results section (P8, L8-20). We added one paragraph for the discussion of the refractive index

square in the discussion section (P10, L4-13).

On P8L17-18 the sentence “wave guide propagation from the troposphere to the strato- sphere

is controlled by the index of refraction” is written as if this would be a new result.

But to that end this is just common theory. Please rephrase this.

Corrected. We rephrased the discussion section in the revision (P10, L4-13). We deleted
“wave guide propagation from the troposphere to the stratosphere is controlled by the index

of refraction” as this is a common theory in the revision. Thank you.

P5L28 Figure 4 shows time series of daily data of the geopotential....

The fact that you see daily changes of PW1 and PW2 amplitudes can be put below in L31

Oor SO.

Corrected, at P6, L10-11. Thank you.

Add labels to the colour bars at figures 1, 2, 5,6, 7,9

Corrected. Please refer to the new figures in the revision. Please note that we changed the

order of Figure 8 and 9 in the revision. Thank you.

Add legends to fig. 3, 4, 8



Corrected.

P3L6: In this study, we use...
Corrected, at P3, L21.

Fig.1: add “al1} ” to the 60S in the titles

We cannot understand your comment because of the unclear display. Presumably your
comment is that change 60S into “60°S”. We changed 60S to “60°S” in the revision.

P18L3: What amplitude?

We modified “amplitude” to “planetary waves amplitudes”, at P20, L4.

Fig.6: Bad choice of colour bar values. Rather choose smaller max and min values, such that

something can actually be seen here.

We thank you for the comment. We modified the color bar and its values in the revision, at
P22.
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Abstract.

A major strong sudden stratospheric warming (SSW) occurred in the Southern Hemisphere (SH) stratosphere in 2002
(hereafter referred to as SSW2002), which is one of the most unusual winter in the SH. Following several warmings, the polar
vortex breakdown in midwinter. Eastward-travelling waves and their interaction with quasi-stationary planetary waves played
an important role during this event. This study analyzes the Japanese 55-year Reanalysis (JRA-55) dataset to examine the SSW
event that occurred in the SH in 2019 (hereafter referred to as SSW2019). In 2019, a rapid temperature increasing and
decelerated westerly winds were observed at the polar cap, but since there was no reversal of westerly winds to easterly winds
at 60°S in the middle to lower stratosphere, the SSW2019 is classified as a minor warming event.

The results show that quasi-stationary planetary waves of zonal wavenumber 1 developed during the SSW2019. The
strong vertical component of the Eliassen—Palm flux with zonal wavenumber 1 is indicative of pronounced propagation of
planetary waves to the stratosphere. The wave driving in September 2019 was larger than that of the major SSW event in 2002.
Major SSWs tend to accompany preceding minor warmings, preconditioning, which changes the zonal flow that weaken the
polar night jet as seen in SSW2002. A similar preconditioning was hardly observed in SSW2019. The strong wave driving in
SSW2019 occurred in high latitudes. Waveguides (i.c., positive values of the refractive index squared) were found at high
latitudes in the upper stratosphere during the warming period, which provided favorable conditions for quasi-stationary

planetary waves to propagate upward and poleward.

1 Introduction

Sudden stratospheric warmings (SSWs) are extraordinary events that are regularly observed in the Arctic polar region
during winter. Strong westerly winds associated with the polar vortex in the mid-to-high latitudes decelerate, and temperatures
increase by several tens of Kelvins within a few days in the polar region during an SSW (Labitzke and van Loon, 1999;
Andrews et al., 1987; Iida et al., 2014; Baldwin et al., 2021). Many studies have examined the underlying mechanisms of these
events. The essential dynamical mechanism of the development of the SSWs is that enhanced quasi-stationary planetary waves

propagate from the troposphere to the stratosphere and interact with the zonal mean flow (Matsuno, 1971). The occurrence of

1
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SSWs is common in the Northern Hemisphere (NH) (Charlton and Polvani, 2007) but rare in the Southern Hemisphere (SH)
(Roscoe et al., 2005; Naujokat and Roscoe, 2005). One of the reasons that SSWs rarely occur in the SH is the distribution of
ocean—land and orography, which leads to smaller planetary wave amplitude in the SH (Andrews et al., 1987; Newman and

Nash, 2005).

SSWs during mid-winter are classified as either major or minor warmings (Julian, 1967; Labitzke, 1968). Major
warming events are defined by rapid temperature increases between 60° latitude and the Pole, and a breakdown of the polar
vortex, where zonal-mean zonal winds at 10 hPa poleward of 60° latitude reverse from westerly to easterly. In contrast, minor
warming events refer to high temperatures at the Pole without a reversal of zonal-mean zonal winds poleward of 60° latitude
at 10 hPa. Moreover, major warmings can be classified as being of the “vortex-displacement” or “vortex-split” type depending

on the structure of the polar vortex during the onset of the warming event (Charlton and Polvani, 2007).

It has been reported that minor SSWs characteristically precede major SSW as “preconditioning”. The preceding
minor SSWs are associated with planetary waves amplification of zonal wavenumber | concurrently with a minimum of the
zonal wavenumber 2 (Labitzke1977; Labitzke1981; Bancala et al., 2012). The “preconditioning” also changes in the zonal
flow that weakens the polar night jet and thus favors the upward and poleward propagation of planetary waves (Andrews et
al., 1987; Labitzke, 1981; Manney et al., 2009). Following the poleward propagating planetary waves, the polar vortices
become vulnerable that lead to the causing major warmings. The presence of precondition is a necessary condition for a major

SSW to occur but not a sufficient condition (Limpasuvan et al., 2004).

In the SH, minor warming events have occasionally been observed in mid-winter (i.e., Godson 1963; Labitzke and
van Loon 1965; Barnett 1974; Al-Ajmi et all., 1985; Hirota et al., 1990; Shiotani et al., 1993), whilst only one major SSW
event has been detected in 2002 (Roscoe et al., 2005; Naujokat and Roscoe, 2005). Before the onset of SSW2002, a sequence
of amplified planetary-wave activity was observed, which played an important role in weakening the polar night jet (PNJ)
(Kriiger et al., 2005). Then, the polar vortex broke down in September and split into two. The strong eastward-traveling waves,
consisting primarily of planetary waves of zonal wavenumber 2, led to wave-mean flow interactions that weakened the PNJ,
whilst the amplified quasi-stationary waves caused the disruption of the polar vortex and abruptly increased the polar
temperature. The SSW2002 was classified as a major warming event of the “vortex-split” type applying the criteria of Charlton
and Polvani (2007). The SSW2002 in the SH also significantly impacted the interannual variability of the Antarctic ozone hole
(Weber et al., 2003). The warm air and particularly strong wave activity during SSW2002 disrupted the depletion of ozone
over Antarctica, leading to the smallest ozone hole since 1988 (Allen et al., 2003; Newman and Nash, 2005; Stolarski et al.,
2005).
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In September 2019, a strong SSW (SSW2019) occurred in the SH (Yamazaki et al., 2020; Hendon et al., 2019;
Eswaraiah et al., 2020). Rao et al. (2020) investigated the predictability of an SSW event that occurred in the SH in 2019 based
on subseasonal to seasonal (S2S) models and identified favorable conditions such as easterly equatorial quasi-biennial
oscillation (QBO) winds at 10 hPa, solar minimum, and positive Indian Ocean Dipole (IOD) sea surface temperatures that may
have led to its occurrence. Following SSW2019, a significant reduction of the ozone hole area was detected during the peak
ozone depletion period based on the Aura Microwave Limb Sounder (MLS) of Aura satellite and Global Earth Observing
System model simulations (Wargan et al., 2020). Safieddine et al. (2020) showed that the total ozone poleward of 45°S
increased during September to November 2019 using the Infrared Atmospheric Sounding Interferometer. Shen et al. (2020)
suggested the original of planetary waves of zonal wavenumber 1 in the troposphere and implied a potential but unlikely to be
a direct cause of the tropical easterly phase of the QBO in the upper stratosphere in facilitating the weakening of polar vortex.
Quasi 6-day waves in the mesospheric winds were detected during the SSW2019 in low latitude, which is attributed to

instability in the SH high latitude mesosphere (Lee et al., 2021).

The purpose of this study is to investigate the dynamical evolution of the SSW2019 and compare it with the SSW2002
event in the SH. The data and analysis methods are described in Section 2, followed by a discussion of the evolution and
dynamical features of SSW2019 in Section 3. We describe the features of SSW2019 in Section 3 and discuss the effect of

reflective index squared of stationary planetary waves in Section 4. We present summary and conclusion in Section 5.

2 Data and Analysis Methods
2.1 The JRA-55 reanalysis data

In this paper we use horizontal winds, temperature, and geopotential height from the Japanese 55-year Reanalysis
(JRA-55) dataset provided by the Japan Meteorological Agency. Because major SSW is not observed in the SH before 2002,
the analysis period is from 1979 to 2019 since there are limited observation at high latitudes in the SH before 1979 and the
grid resolution is 1.25° X 1.25° in the longitude—latitude directions. We use daily averages of the original 6-hourly data. The
climatological mean is calculated over 41 years (1979-2019). Details of the data are described in Kobayashi et al. (2015). The
Stratosphere-troposphere Processes And their Role in Climate (SPARC) Reanalysis Intercomparison Project (S-RIP) gives an

evaluation of individual reanalysis datasets (Fujiwara et al., 2017).

2.2 Analysis methods

To analyze the wave-mean flow interaction, we consider planetary wave with zonal wavenumbers from 1 to 3 (i.e.,
planetary scales) based on the Transformed Eulerian Mean equations. We employ the Eliassen—Palm flux (E—-P) to study the
effect of the wave forcing on the zonal mean circulation. The vector of the E-P flux represents the direction of wave energy

propagation in the zonal-mean circulation system. Moreover, the total wave forcing can be represented by the divergence
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(convergence) of the E-P flux, which is related to the acceleration (deceleration) of the westerly zonal-mean circulation
(Andrews and Mclntyre, 1976; Andrews et al., 1987). The E-P flux methodology in the quasi-geostrophic form is given by:
e

F={F,F}= {—pa cosOu'v',pacosf f (D

where F, and F, represent the meridional and vertical components of the E-P flux, respectively. The zonal and
meridional winds are denoted by u and v, respectively, and the prime denotes small perturbations to zonal mean flow. In this
study, Fourier-analyzed amplitude of planetary waves of different zonal wavenumbers are calculated as well as the wave
components of the E-P flux and its divergence. The radius of the earth, the buoyancy frequency, density, latitude, vertical
gradient of geopotential height, and the Coriolis parameter are represented by a, N, p, 8, ¢,, and f, respectively.

To study wave propagation, the distribution of the refractive index squared is analyzed based on

4y f?
2 v _ 1
™ = T aNZH? ©

where n3 is the refractive index squared, g 1s the meridional gradient of zonal mean potential vorticity; 4 denotes zonal-mean
zonal winds; and H is the scale height. For more details, see Andrews et al. (1987). Waves can propagate in regions of positive

refractive index squared and are evanescent in the negative regions.

3 Results
3.1 Overview of SSW2019

We present an overview of the SSW2019 and SSW2002. Figure 1 shows the time-height cross-sections of the zonal-
mean temperature difference, AT, between 60°S and the South Pole, and the zonal-mean zonal winds at 60°S in 2019, and
2002 for comparison. Firstly, intermittent warmings (positive AT) occur in the upper stratosphere (~5 to 1 hPa) from mid-
August to mid-September 2002. A clearly visible warming (a positive AT) emanates down to 100 hPa in late-September.
Secondly, intermittent warmings lead to weakening of zonal-mean zonal winds in the upper stratosphere. Periodic weakening
and strengthening of westerlies appear from mid-August to mid-September. A reversal of the zonal-mean zonal winds from
westerlies to easterlies reaching down below 10 hPa appears at 60°S in late-September, which fulfills the World
Meteorological Organization (WMO) criterion of a major SSW (e.g., WMO, 1978). Easterlies appear again in late-October
after the westerlies. The observational description of the SSW2002 has been well reported by Kriiger et al. (2005).

In 2019, regular oscillation of warmings (positive AT) occur in the upper stratosphere (~5 to 1 hPa) from June to the
first half of July. Except for a short warming period in the upper stratosphere in mid-August, temperatures over the South Pole
are lower than those at 60°S until late August. After a couple of warming pulses from late August to early September,
conspicuous warming pulses (positive AT) occur in the upper stratosphere at the South Pole, which correspond to the SSW
occurrence. The positive AT with values of about 15K propagates downward to the middle stratosphere (~20 hPa) until late

October. Zonal-mean zonal winds are regularly weakened in the upper stratosphere correspond to the warmings from June to
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the first half of July. From late August to early September, there are two substantial weakening periods of the PNJ from values
exceeding 80 m s~! to 20 m s ! in the upper stratosphere (~5 to 1 hPa). A reversal of the zonal-mean zonal winds from westerlies
to easterlies occurs in mid-September in the upper stratosphere. Subsequently, weak westerlies occur in the upper stratosphere,
which lasts until the mid-October. Easterly winds occur again in the upper stratosphere in second half of October, leading to
the gradual transition to the summer circulation. Since the reversal of zonal-mean zonal winds from westerlies to easterlies

does not occur at 10 hPa and 60°S, SSW2019 is classified as a minor SSW.

3.2 Synoptic evolution

Figure 2 shows the synoptic evolution of temperature and geopotential height at 10 hPa on selected days in 2019.
During the period 25-27 August, the cold polar vortex locates over the South Pole. It is partly surrounded by an anticyclone,
with warm air on the edge of the polar vortex near southern Africa. During the period 28-30 August, the temperature around
the Pole begins increasing and the anticyclone in the south of Australia begins to develop. From 31 August to 2 September,
the high temperature region becomes larger, whilst the low temperature region shifts off the South Pole. From 3-5 September,
the temperatures decrease at the edge of the polar vortex while the vortex itself weakens further. The low temperature region
shifts off the centers of the vortices, indicating baroclinic conditions. Between 6 and 8 September, the high temperature
stretches poleward, almost reaching the South Pole. The warming culminates on 11 September with a weakening of the polar
vortex. The anticyclone also develops strongly during this period. After the peak warming, the warm air remains over the

South Pole from 12 to 20 September and the anticyclone moves to the southwest of Australia.

The temperatures in the middle stratosphere are higher than average during the period from late August to September
2019. Figure 3a shows zonal-mean temperatures at 90°S and 10 hPa from 1 June to 31 October. The climatological temperature
reaches its minimum around June and the interannual variability is relatively small at that time. After that, the temperature
gradually increases and the interannual variability becomes larger, especially from September to October. In 2019, the
temperature is close to the average until mid-August. Several warmings occur in late August, with pronounced warmings on
31 August and 11 September. The temperature increase (AT) between 31 August and 11 September is ~40 K (hereafter referred
to as the warming period). After the large temperature increase, a slight decrease occurs, but the high temperatures last for
around one more week. Finally, the temperature attains a peak value of ~275 K on 19 September, which is about 10 days
earlier than in 2002 (green line). The magnitude of the warming peak over the South Pole in September 2019 is well outside

the standard deviation of the climatological temperature.

Figure 3b shows the zonal-mean zonal winds at 60°S and 10 hPa. The climatological zonal-mean zonal wind peaks
in August and decreases afterward, with large interannual variability. In 2019, a pronounced deceleration of the westerly winds
to ~61 m s™! occurs on 31 August, in accordance with the warming in late August. The westerly wind reaches a value of ~26

m s~ on 11 September, coinciding with a warming peak in the temperature. The decrease in the magnitude of the wind (AU)

5
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is ~35 m s! during the warming period. The deceleration continues until mid-September, with the minimum westerly winds
occurring on 17 September (~11 m s™). The magnitude of the weakening is ~50 m s! between 31 August and 17 September
2019. In 2002, the zonal-mean zonal winds reverse to easterly winds on 27 September (~20 m s™!), resulting in a difference of
~72 m s™! from 24 August, when the first warming pulse occurs. Like the temperature evolution in 2019, the zonal-mean zonal
winds are well outside the standard deviation of the climatology during September. There is no occurrence of the zonal-mean

zonal wind reversal in 2019, which is one of the differences compared with SSW2002.

3.3 Dynamical evolution

The quasi-stationary planetary waves of zonal wavenumber 1 (PW1) plays an important role in the dynamical
evolution of SSW2019. Figure 4 shows planetary wave amplitudes of PW1 and PW2 at 60°S and 10 hPa (top) and upward E—
P fluxes for PW1-3 at 60°S and 50 hPa (bottom) for 2019 (left) and 2002 (right). The largest amplitude of PW1 exceeds 2000
m on 8 September (~2137 m). Yamazaki et al. (2020) reports that this is the highest value of amplitude of PW1 that has been
observed since August 2004 by Aura MLS in the SH. Large values of amplitude of PW1 also be found in late August and the
first half of September. These large amplifications of PW1 disturb the polar vortex, leading to a weakening of the PNJ
(Eswaraiah et al., 2020). The large growth of PW1 could be associated with the easterly phase of the quasi-biennial oscillation
in the SH tropics (Shen et al., 2020; Rao et al., 2020). In comparison with the predominant role of PW1, PW2 in SSW2002,
PW?2 appears to be less dominant during the warming period in SSW2019. Furthermore, the eastward-traveling PW2 presents
around 31 July, 10 August, and 20 September 2019 at 10 hPa (not shown) but is not as pronounced as in 2002 (Kriiger et al.,
2005).

The vertical component of the E-P flux (hereafter EPFz) is a useful diagnostic for evaluating the vertical propagation
of planetary waves into the stratosphere (e.g., Harada and Hirooka, 2017). Here we decompose the EPFz into components of
zonal wavenumbers 1-3 to gain a deeper understanding of individual contributions of the planetary wave during SSW2019
and SSW2002 in the stratosphere. In Fig. 4b, d, the total EPFz at 50 hPa for all wavenumbers is shown by gray shading, along
with the individual contributions from PW1-3 by colored lines. The total EPFz in 2019 indicates a high activity of planetary
waves propagating into the stratosphere beginning in late August and attaining peak values in the first half of September, in
accordance with the increasing temperatures at the South Pole and the weakening westerly winds. In addition, the peak value
of the total EPFz in 2019 does not surpass that in 2002. Furthermore, the contribution of PW1 is considerably large in 2019.
SSW2019 is characterized by the large growth of PW1 activity that disturbed the polar vortex during the warming period. In
contrast to the role of PW1, PW2, and PW3 in SSW2002, PW2 and PW3 appear to be less pronounced during the warming
period in SSW2019.

Figure 5 shows the latitude-height cross-sections of zonal-mean zonal winds on several selected days. During the

period 25-27 August, the PNJ core located in about 60°S and in the range from 5 to 1 hPa. As mentioned above, large-
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amplitude wave occurred from late August to the first half of September. During the period 28 to 30 August, anticyclone and
temperatures around the Pole begin developing and increasing as seen in Figure 2. During that period the core of the PNJ is
also considerably weakened from to about 70 m s™! from a value exceeding 90 m s™' between 25 and 27 August. Due to the
large wave activity starting in late August, a substantial deceleration of the PNJ takes place from 31 August to 11 September.
Except for a slight strengthening of the PNJ from 3 to 5 September, the PNJ is continually weakened during warming period,
in line with the large temperature increase observed in Figure 3. Furthermore, the core of the PNJ propagates downward and
the axis shift poleward in the stratosphere during SSW2019. After the substantial deceleration of the PNJ, westerly winds
remain relatively weak from 12 to 20 September and the characterized poleward shift of the PNJ axis exists below 10 hPa. The
deceleration of the PNJ from 12 to 20 September is in accordance with the warming over the South Pole observed in Figure 2.

The poleward shift of the westerly PNJ indicating the baroclinic conditions as seen in Figure 2.

We have examined the evolution of planetary wave from the troposphere to the stratosphere in terms of the E-P flux.
Figure 6 shows the time-height cross-sections of E-P flux vectors and the divergence for PW1 and PW2 at 60°S. E-P flux
vectors pointing to the right and up directions represent poleward and upward, respectively. From Fig. 6a, in addition to a
pronounced upward and poleward propagation of PW 1, strong convergence of the E-P flux could be found in the upper
stratosphere in late August and the first half of September. The strong convergence in the upper stratosphere leads to the sudden
warming by weakening the polar vortex. In contrast to the PW1, the PW2 is relatively weak during the warming period (Fig.
6b). This suggests that strong upward and poleward propagation of PW1 and strong convergence played an important role in

triggering the SSW2019.

The evolution of planetary waves for SSW2002 has been well documented by Baldwin et al. (2003, their Fig. 6). Our
Figure 6¢, d confirms that both PW1 and PW2 periodically strengthens and propagates from the troposphere to the stratosphere
by late September. Strong convergence of the E-P flux appears intermittently in the upper stratosphere for both PW1 and PW2
by September. This suggests that the PNJ and polar vortex were weakened by the intermittently strong planetary waves,
preconditioning the stratosphere before the occurrence of SSW2002 in late September as mentioned earlier (Kriiger et al.,
2005). Subsequently, the polar vortex broke down due to the large planetary waves in late September, which resulted in the

reversal of the zonal-mean zonal wind at 60°S and 10 hPa, as shown in Figure 3b.

Figure 7 shows the latitude-height cross-sections of the E-P flux and the E-P flux divergence (convergence), which
is related to the acceleration (deceleration) of the zonal-mean zonal winds, on the same selected days as for Figure 5. Pulses
of strong wave forcing are observed in the stratosphere at high latitudes from late August to the first half of September 2019.
From 28 to 30 August 2019, the planetary waves strongly propagate upward and poleward from 60°S. Strong convergence is
observed in the upper stratosphere, which corresponds to the strongly amplified planetary waves that lead to the deceleration

of the PNJ mentioned above. From 31 August to 11 September, the waves propagate upward and equatorward, and the E-P
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flux converges in the upper stratosphere extratropic. During the period 6—8 September, a second maximum in the E-P flux
convergence occurs, with wave propagation from the troposphere to the upper stratosphere at around 60°S. This convergence
contributes to the occurrence of SSW2019 by decelerating the PNJ and warming the polar cap. Following the warming period
with considerably strong planetary waves, regions of the E-P flux convergence remain in the high latitudes around 10 hPa
until 20 September. The long duration of the E-P flux convergence corresponds to the continuously warming and weakening

PNJ shown in Figures 2 and 5.

The propagation of planetary waves in the stratosphere play an important role in triggering SSW2019. As mentioned
previously, strong propagation of planetary waves took place in high latitudes from late August to the first half of September
2019. To understand the strong propagation of the planetary waves from the troposphere to the stratosphere in high latitudes,
we have examined the refractive index squared that conducive to planetary wave propagating in the stratosphere (Newman
and Nash, 2005). Figure 8 shows the meridional cross-sections of the refractive index squared n3 before, during, and after the
warming period. From 31 August to 11 September 2019 (during the SSW2019), a wide waveguide (i.e., positive n3) form
from the troposphere to the stratosphere around 60°S. As planetary wave packets tend to propagate in regions with a large
positive value of n3, planetary waves are allowed to propagate upward into the stratosphere through this waveguide. Because
the existence of the waveguide during the warming period, the PNJ reduces to about 55 m s™!' from the period before the
warming. On the other hand, the waveguide forms toward the polar stratosphere with height during the SSW2019. This
poleward waveguide provides the poleward planetary wave propagation as mentioned previously. After the warming period,
the persistent waveguide in high latitudes present until 20 September. This waveguide allows the continuous propagation of

planetary waves from the troposphere to the stratosphere to continually warm the polar region by weakening the PNJ.

As shown in Figures 4 and 7, there are large amplifications of planetary waves and strong wave driving represented
by the convergence of the E-P flux in the stratosphere in September 2019. Because the upward propagation of planetary waves
from the troposphere to the stratosphere develop from July and peaks in September (Lim et al., 2021). To compare the total
planetary wave forcing on the zonal flow in the analysis period as well as contributions from the wave forcing of zonal
wavenumber 1 and 2, we have examined the divergence (convergence) of the E-P flux that is related to the acceleration
(deceleration) of the westerly zonal-mean circulation. Figure 9 shows time series of the divergence (convergence) of the E-P
flux for PW1 and PW2 between 30°S and 90°S at 10 hPa in September. Firstly, it is evident that the magnitude of the
convergences of the E-P flux is larger in 2019 than in any other year within the past 18 years, which means strong westerly
deceleration in 2019 than other years. In addition, SSW2019 is predominantly driven by planetary wave forcing of zonal
wavenumber 1. Also, the magnitude of the convergence (westerly deceleration) of the E-P flux in 2002 is the second largest
within the analysis period. Moreover, in contrast to the predominant of PW1 in 2019, both PW1 and PW2 contribute the wave

forcing on the zonal flow in 2002.
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4 Discussion

Even though SSW2019 did not fulfil the criterion of a major SSW, the large increasing temperature in high latitudes
still has a significant impact on the stratosphere. Due to the remarkable increased polar stratospheric temperature, slowing
down catalytic chemical reaction on polar stratospheric clouds that suppress the formation of the Antarctic ozone hole in austral
spring. Indeed, a diminished Antarctic ozone hole area is observed in 2019 (Wargan et al., 2020; Safieddine et al. (2020). As
described in previous section, SSW2019 resulted from the pronounced planetary wave forcing especially the contribution from

zonal wavenumber 1. In this section, we consider such unusual features in SSW2019 and compare it with SSW2002.

As mentioned above, one striking difference between the unusual major SSW2002 and minor SSW2019 in the SH is
that the zonal-mean zonal winds did not reverse to easterly winds in 2019. Preconditioning is considered as a characteristic of
major SSWs (Labizke, 1981) and many studies have demonstrated the importance of preconditioning in SSW2002 (Allen et
al., 2003; Baldwin et al., 2003; Newman and Nash, 2005). Kriiger et al. (2005) highlighted the importance of the interaction
of eastward-traveling PW2 with quasi-stationary PW1, which considerably weakened the PNJ before the major SSW. However,
the quasi-stationary PW1 in 2019 is not amplified (nor large) before late August as in 2002 except for June (Figure 4). In
addition, the eastward-traveling PW?2 is less active and pronounced before the occurrence of SSW in 2019 (not shown). As
necessary condition for a major SSW, preconditioning before the warming and interaction between the eastward-travelling

PW2 with the quasi-stationary PW1 are not pronounced in 2019.

The SSW2019 occurs when the PN still has strong westerly winds, which is one of the reasons that a reversal of the
zonal-mean zonal winds does not occur at 10 hPa and below. Except for the periods in June and mid-August, westerly winds
are stronger than or close to the normal throughout austral winter in 2019. In addition to the strong westerly winds, unlike the
periodic weakening and strengthening of the zonal-mean zonal winds before the SSW occurs in 2002, the strength of the PNJ
is less disturbed in 2019. Because the strong convergence of the E-P flux in the high latitudes, westerly winds are decreased
by at least about 50 m s™! by mid-September (see Figure 3). Similar or even smaller magnitudes of deceleration can result in a
reversal of the zonal-mean zonal winds, as was observed for the major SSW in the NH winter of 2018/2019 (Rao et al., 2020;

Wargan et al., 2020).

Because the strong planetary wave forcing in high latitude during the warming period, a substantial decreasing of the
westerly winds is found in the stratospheric high latitude. In contrast with the reversal from westerly winds to easterly winds
in the stratosphere in the SSW2002 (Newman and Nash, 2005). Following with the westerly winds decreasing, a characterized
poleward shift of the PNJ axis is found in the SSW2019. The poleward shift of the PNJ axis suggests baroclinic conditions in
the stratosphere, which is considered as be attributed to exiting the planetary waves in the stratosphere as studied by Yamazaki

et al. (2020). The core of the PN1J is close to the Pole in SSW2002, which suggests that the refractive index squared also shifts
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toward the South Pole (Newman and Nash, 2005). The poleward shift of the PNJ axis with height in the SSW2019 also impacts

the planetary waves propagation into the stratosphere as will be discussed afterward.

Newman and Nash (2005) suggested that the refractive index squared facilitates the propagation of planetary wave in
the stratosphere in SSW2002. During SSW2019, a wide waveguide is found from the troposphere to the stratosphere in high
latitudes. Because planetary waves tend to propagate in large positive values of the refractive index squared, planetary waves
are considered to propagate upward through this waveguide. This is consistent with the strong upward propagating wave as
seen in Figures 6 and 7. On the other hand, the waveguide shifts poleward with height during SSW2019. This is considered as
be attributed to the baroclinic condition in the stratosphere in 2019. It suggests that the poleward waveguide facilitates planetary
wave propagation to the polar region, which produces to the warming in the polar region. Newman and Nash (2005) suggested
that as the core of PNJ shifts to the Pole the refractive index squared also shifts toward the Pole in 2002. In SSW2019 due to
the baroclinic condition the PNJ and the waveguide shift toward the Pole with height during the warming. The wide poleward

shift of waveguide is considered to facilitate the propagation of planetary waves to the stratosphere that produce SSW2019.

The values of total planetary wave forcing and PW1 are the largest in September 2019 during the analysis period.
The second largest values of the total forcing in September are found in 2002 when the major SSW occurs. For both 2019 and
2002, the warmings and strong westerly decelerations are attributed to the large wave forcing. In 2019, the wide waveguide at
high latitude facilitates the planetary wave propagation from the troposphere to the stratosphere as shown in Figure 8. Beside
the dominant role of PW1 in weakening the PNJ, PW2 is relatively weak in SSW2019. As mentioned previously, the strong
waves of zonal wavenumber | to 3 before the warming lead to a weakening of the PNJ, the preconditioning, plays an important
role in the occurrence of SSW2002, which is considered as favor the propagation of PW2 as studied by Kriiger et al. (2005).
Even though the strongest wave forcing and PW1 are observed, unpronounced preconditioning before the warming and
insufficient presence of other zonal wavenumbers are two reasons that the major SSW did not happen in 2019. Shen et al.
(2020) suggested the persistent of anomalous convection in the troposphere over the South Pacific as the source of the PW1.
On the other hand, Yamazaki et al. (2020) suggested that the source of the pronounced planetary waves was attributed to the
barotropic condition in the stratosphere. Hence, further studies are still required on the occurrence of preconditioning of 2019

and the lack of planetary waves of other zonal wavenumbers than zonal wavenumber 1 in 2019.

5 Summary and Conclusion

In this study, the evolution of the Sudden Stratospheric Warming 2019 (SSW2019) in the Southern Hemisphere (SH)
was analyzed using the JRA-55 meteorological reanalysis. Large increased temperatures and decelerated westerly winds were
observed in the southern polar region in September 2019. Even though large increasing temperatures happened, a reversal
from westerly winds to easterly winds did not take place at 60°S and 10 hPa, SSW2019 in the SH cannot be classified as a
major SSW but as a minor SSW.
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Temperatures increased strongly in the first part of September following a couple of warmings in late August. The
temperatures at the South Pole were well above the climatological average and out of the standard deviation during most of
September. In accordance with the pronounced warming at the Pole, the westerly winds decelerated significantly in the
stratosphere at high latitude from late August. The decreased westerly winds were well below the average and out of the
standard deviation during September. Although a reversal of zonal-mean zonal winds from westerlies to easterlies was

observed in the upper stratosphere in early September, this reversal did not reach down to 10 hPa at 60°S.

The present study has shown that there was a pronounced amplification of the quasi-stationary PW1 during SSW2019.
The propagation of planetary waves into the stratosphere was investigated using the vertical component of the E-P flux. Strong
planetary waves with a large contribution of PW1 propagated into the stratosphere in high latitude. Strong planetary wave
driving, represented by the convergence of E-P flux, occurred in the upper stratosphere during SSW2019, which led to the
weakening of the PNJ and warming the Pole. In contrast to the regular occurrence of the eastward-traveling PW2 during
SSW2002, the quasi-stationary PW1 played a dominant role in SSW2019. By studying the interannual variability of the wave
forcing in September, we showed that the total wave forcing and the contribution of PW1 was larger in 2019 than in any other
year during the analysis period (1979-2019).

As the large-amplitude wave occurred from late August to the first half of September, a substantial deceleration of
the PNJ took place during the warming period. In addition, the core of the PNJ propagated downward and poleward shift of
the PNJ axis existed during the warming period and last until late September. The poleward shift of the westerly PNJ indicated
the baroclinic conditions in the stratosphere in 2019. Large planetary wave forcing represented by the convergence of the E-P
flux were found in the stratosphere during the warming period in high latitude. The large planetary wave forcing decelerated

the westerly winds and produced the warming in the high latitude in 2019.

The refractive index squared analysis showed that during SSW2019, planetary waves propagated upward to the
stratosphere through an open waveguide in the high latitudes. We found that a wide waveguide appeared in high latitudes from
the lower to the upper stratosphere during SSW2019, which allowed planetary waves to propagate through the stratosphere.
In addition, the waveguide is formed to be inclined toward the Pole with height, which facilitates the poleward propagation of
planetary waves. Moreover, because the waveguide existed after the pronounced warming, it allowed planetary waves to
propagate upward to continually weaken the PNJ. This revealed that strong and long-lasting quasi-stationary PW1 propagated
to the stratosphere during SSW2019.

Data availability
The JRA-55 data set used in this paper is available on the JMA Data Dissemination System (https://jra.kishou.go.jp/JRA-
55/index_en.html).
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Figure 1. Time-height cross-sections of the temperature difference [K] between 60°S and the South Pole (a,c) and the zonal-
mean zonal wind [m s™'] at 60°S (b,d) from 1 June to 31 October for 2019 (left) and 2002 (right). The contour intervals are 5

K for temperature and 10 m s~ for zonal wind, respectively.
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25-27 August 2019 28-30 August 2019 31Aug—2Sep 2019

12—14 September 2019

2 Figure 2. Polar stereographic map of temperatures [K] (colour shading) and geopotential heights [m] (contours) in the Southern

3 Hemisphere at 10 hPa for successive 3-day mean from 25 August to 20 September 2019. Contour intervals are 250 m.
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Figure 3. Time series of temperature [K] at 90°S and 10 hPa (a) and zonal-mean zonal wind [m s7!] at 60°S and 10hPa, (b)
from 1 June to 31 October. Climatological values (blue) from 2002 (green) to 2019 (red) are represented with one standard

deviation shown by error bars.
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Figure 4. Time series of planetary waves amplitudes [m] at 10 hPa and 60°S (a,c) and the vertical component of the E-P flux
[x 10* kg s 2] at 60°S and 50 hPa (b,d) from 1 June to 31 October for 2019 (left) and 2002 (right). The red, blue, and green

lines denote the zonal wavenumbers 1, 2, and 3, respectively. In the bottom panels, grey shadings show the vertical component

of the E-P flux of all wavenumbers.
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3 Figure 5. Latitude-height cross-sections of zonal-mean zonal wind [m s™!] averaged every three days from 25 August to 20

4 September 2019. Contour intervals are 5 m s~
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Figure 6. Time-height cross-sections of the E-P flux [kg s2] (vectors) at 60°S for zonal wavenumber 1 (a, ¢) and 2 (b, d) and
the wave driving due to its divergence [m s! day™'] (colour shading) from 1 June to 31 October in 2019 (left) and 2002 (right).
E-P flux vectors pointing to the right direction corresponds to the poleward. The blue (red) shading denotes the zonal wind

deceleration (acceleration).
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Figure 7. Same as Fig. 5 but for E-P flux [kg s2] (vectors) and the wave driving due to its divergence [m s™! day™'] (colour

shading). Contour intervals are 5 m s! day .

23



10—20 August 2079 3TAug—T1Sep 2019 12—-20 September 2079
Y PR S S N S S 3 Ly 1 P ! 0
2
34
5
© ] © °
o 10 o o
£ = =
L 30 o L £
- 3 =3
2 50 a ?
L o o
a 100 A a o
300 3
850 &
90S 80S 70S 60S 50S 40S 30S 20S 10S EQ 90S 80S 70S 60S 50S 40S 30S 20S 10S EC 90S 80S 70S 60S 50S 40S 30S 20S 10S EQ
T0—-20 August 2079 3TAug—11Sep 2079 12-20 September 2079
1 1 " 3 5
2 2
3 3
5 5
S 10 CERD) 9
o a
< kS e
L 30 L 30 &
— 2 3
o 50 - 2 50 a
o [0} b
& 100 & 100 a
300 300
850 § czccas, i 850 & T T T T T
90S 80S 70S 60S 50S 40S 30S 20S 10S EQ 90S 80S 70S 60S 50S 40S 30S 20S 10S EC 90S 80S 70S 60S 50S 40S 30S 20S 10S EQ

(=) NV, B VS )

Figure 8. Same as Fig. 5 but for the quasi-geostrophic refractive index squared (dimensionless, colour shading, top) and zonal-
mean zonal wind ([m s™'], bottom) averaged over 10-20 August (before the warming), 31 August—11 September (during the

warming), and 12-20 September 2019 (after the warming). Black lines in the top panels denote the zero-wind speed contour.
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Figure 9. Interannual variations in wave driving due to E-P flux divergence [m s! day'] averaged over 30°-90°S at 10 hPa in

September for zonal wavenumber 1 (red) and 2 (blue) from 2002 to 2019. Gray bars show the results for all wavenumbers.
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