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Reply to the queries and comments of Referee #2 

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. 

The paper provides what the title is implying (in the best sense of the words) – a description 

of the SSW in the SH during 2019. This might not sound much, but the authors try to provide 

a comprehensive comparison to the 2002 SSW (a more “severe” event) and they attempt to 

provide an explanation for how such events can develop in the SH – here, in particular a wave 

guide explanation is explored for the 2019 event and could presumably play a slightly more 

prominent role in the discussion to provide the paper with a more unique selling point. I do 

not have any mayor concern regarding the paper – however, it does need some revision 

(clarifications and twists) before final publication in ACP. 

We appreciate the reviewer’s positive overall response to our work and for the valuable 

suggestions provided. All referee’s comments will be answered in detail when we submit a 

revised version of our paper. 

Point-by-point – based on the abstract: 

The paper uses JRA-55 from 2002 to 2019. Thus, the extremes “flank” the base-line analysis 

period. There should be an explanation why this is sensible – why not use earlier data as well? 

Thank you for important comments about the abstract. We modified the starting year of 

analysis period from 2002 to 1979. Since there are limited observations in the upper 

stratosphere especially at high latitudes in the SH before 1979, we only use data from 1979-

2019, at P3, L23. In addition, the satellite observations were included in the JRA-55 

reanalysis data after 1979. The climatology mean is calculated over 41 years (1979-2019), at 

P3, L24-25. 

We provide more material to explain the reason why we focus on the comparison between 

2002 and 2019 in this study. Here we show Figure 1R below which is the same Figure as 

Figure 9 but with a long analysis period (1979-2019; please note we have changed the order 

of Figure 8 and 9 in the revision). In Figure R1 the values of planetary wave driving in 2002 
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and 2019 are much larger than other years in the analysis period. As this point, it is of high 

interest for comparing the SSWs in 2002 and 2019 in the SH. 

 

Figure 1R: The same as Fig.9 but for from 1979 to 2019. 

 

Phrases like “strong warming” should be avoided – “rapid temperature increase” (or similar) 

would be more appropriate. 

We modified “strong warming” to “rapid temperature increasing” in the revision, at P1, L14. 

Thank you. 

The way 2002 is compared with 2019 seems sometimes rather arbitrary. Maybe just state 

initially that 2002 has been explored extensively (in other papers) and summarise two key 

messages. Followed by a more complete/complex description of the 2019 event, in particular 

the unique role of PW1 and the waveguide point. 

Accepted. We modified the order of the abstract following your advice, at P1, L10-16. 

Point-by-point – based on the main text: 

p1, l25: associated 
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Corrected, at P1, L28. 

p1, l28: is this always causal? If the displacement starts first, the strengthening of the Z1/PW1 

would happen without a source in the troposphere … 

Thank you for the comment. We provided a precise description in the revision as follows. 

“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).”, at P1, L31-32. 

p1, l31: weak wave activity is ambiguous – the definition should be clearer … 

We modified the definition to clarify this as follows. “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).”, at 

P2, L2-4. 

p2, l8: preconditioning should be briefly explained (beyond the citation) … 

We provided explanations about preconditioning in the revision as follows. “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 1 concurrently with a minimum of the zonal wavenumber 2 (Labitzke1977; 

Labitzke1981; Bancalá 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).”, at P2, L13-19. 

 

p3, l1: plausible factors – what does this mean? A proposed mechanism for the initiation of 

the SSW in 2019? Please explain! 
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We intend to give possible factors that may explain the cause of SSW2019. We have rewritten 

the last paragraph in the introduction section in the revision, at P3, L14-17. 

p3, l6: uses 

Corrected, at P3, L21. 

p3, l7: Please provide a rational for the time period chosen (see above)! 

We have used the period from 1979 to 2019 for climatological analysis, at P3, L23. In 

addition, the following sentence was added to the current manuscript, “The climatological 

mean is calculated over 41 years (1979-2019).”, at P3, L24-25. 

As we explained above in Figure R1. As the extraordinary features of planetary wave driving 

in 2002 and 2019 during the analysis period (1979-2019), we believe the study of the two 

years can help better to understanding the SSW in the SH.  

 

p3, l14: employ; What kind of wave forcing? Presumably some kind of “effective wave 

forcing” as the quantities are calculated from the gridded data and not the tendencies in the 

model - already daily averages are used? 

Thank you for the comments. Corrected (P3, L31); The wave forcing here is referred as the 

forcing by planetary waves with zonal wavenumbers from 1 to 3 (the planetary scale) that 

could affect the zonal-mean circulation in the stratosphere (P3, L30-31); We used daily 

averaged gridded data and not the tendencies in the model. 

p3, l21: steady zonal flow? Is this the zonal mean of quantity X (zonal wind, geopotential, 

etc.) based on the daily averaged data? 

Corrected, at P4, L5. Yes, we refer to zonal-mean zonal wind, geopotential, etc based on the 

daily averaged data. 

p3, l26: presumably “u overbar” is the zonal mean zonal wind (and not the horizontal basic 

flow)? 
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“u over bar” represents the zonal-mean zonal wind. Corrected in the revision, at P4, 11-12. 

Thank you. 

p3, l29: explain briefly the Fourier transform and how you will derive the fluxes associated 

with the waves (basically slightly more detail would be nice) … 

Thank you for the comment. We provide more details about the Fourier transformation used 

in our study in the revision, at P4, L5-7. 

p4, l1: Overview of SSW 2019 – I would suggest an overview of the 20002 event first (as the 

baseline case), followed by a description of the 2019 event – also it would be nice to provide 

a direct comparison of the temporal evolution (timing) of the warmings – the figures exist, 

but the logic is not quite obvious to me … (thus the suggestion to start with 2002, the literature 

and your descriptive plots of 2002 and to contrast those facts with 2019 and afterwards 

detailing 2019 …) 

Thank you for the comment. We modified the paragraph following your suggestion in the 

revision, at P4, L17- P5, L6. 

p4, l8: what is “pronounced high temperature”? 

Here we refer to high temperature at the South Pole than that in 60S (positive ∆") in from 

late August to early September. We revised the description in the revision, at P4, L30. 

p4, l26: warm air becomes warmer sounds too colloquial – presumably this could be phrased 

differently. 

We modified the phrase following your suggestion, at P5, L12. 

p4, l28: presumably you could explain why this is obvious – in the current structure wave 

amplitudes are introduced in figure 4 (much later) … 

We have deleted the “Corresponding to the amplified PW1” in the revision to avoid 

misunderstanding, at P5, L12. Thank you. 

p5, l2: “daily changes” sound like a derivative … the figure shows a time series of daily data 
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Thank you for the comment. The word “daily” has been deleted. We revised the sentence as 

follows in the revision, “Figure 3a shows zonal-mean temperatures at 90°S and 10 hPa from 

1 June to 31 October.”, at P5, L20. 

p5, l14: I don’t understand the second part of the sentence – the chosen location is 

representative of the PNJ (close to the climatological maximum of the PNJ)? 

In order to avoid misunderstanding, we have deleted the second part of the sentence in the 

revision, at P5, L30. As mentioned in the introduction (P2, L6-10), we followed the definition 

of a major or minor SSW that whether a reversal of zonal-mean zonal winds occurs at 60S 

and 10 hPa. 

p5, l28: “daily changes” sound like a derivative … the figure shows a time series of daily data 

The words “daily changes” has been deleted in the revision. The revised sentence is as follows. 

“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).”, 

at P6, L10-11. Thank you. 

p5, l33: Clear phrasing: PW1 and 2 refer to the actual wave and Z1 and Z2 are the 

corresponding amplitudes (the wave phase is not discussed – only indirectly with the fluxes) 

… 

We modified the phrase following your comments, at P6, L13-14. Thank you. 

p6, l20: “high latitudes of the stratosphere” is not very precise, please provide a latitude and 

altitude range … 

We modified the phrase “high latitudes of the stratosphere” to “about 60°S and in the range 

from 5 to 1 hPa” in the revision, at P6, L34. Thank you. 

p6, l32: what is actually propagating? Presumably one would distinguish features that 

apparently “move” and waves that propagate – just a note of caution … 

Thank you for the comment. As previous studies show that the E-P flux is a useful diagnostic 

for evaluating the propagation of waves in the stratosphere. The E-P flux vectors represent 
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the direction of planetary wave group velocity, and the divergence (convergence) relates to 

the acceleration (deceleration) of the westerly zonal-mean zonal wind. Here we use the E-P 

flux to diagnose planetary wave propagation in the stratosphere. We have restructured the 

paragraph in the revision, at P7, L13-16. 

p7, l1: be more precise – what do you call wave activity in this context? (This is a request to 

be more precise when referring to the quantities in the figures …) 

We modified the sentence as follows “In contrast to the PW1, the PW2 is relatively weak 

during the warming period (Fig. 6b).” in the revision, at P7, L17-18. The word “activity” has 

been deleted to avoid misunderstanding. 

p7, l4: as the point before – and: is there a corresponding plot in a “proper” publication? 

We thank you for your comments. Baldwin et al. (2003) present the evolution of planetary 

wave activity in SSW2002. We cited the reference in the revision, at P7, L21. The new 

reference has been added in the reference list, at P13, L13-14. 

p7, l25: More framing would be nice – this is actually the best part of the paper. Do provide 

the reader with a better feeling for your hypothesis! 

We appreciate your helpful comment. We added the following sentences at P9, L2-7. 

“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.” 
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p7, l28: Figure 8 actually shows a time series – from this time series the reader can take (with 

your help) information regarding the interannual variability and the unique characteristics of 

2002 and 2019 … 

Thank you for the comment. We modified the description of Figure 9, at P8, L27-28. Please 

note that we have changed the order of Figure 8 and Figure 9 in the revision. 

p8, l2: If you would provide more information about the concept of preconditioning earlier 

(as suggested above), you could come back to it here and provide the case specific detail in 

more depth. 

Thank you for the comment. We added one paragraph to provide description on 

preconditioning in the introduction section (P2, L13-19). 

p8, l7: I was wondering if the eastward travelling wave point would merit some more detail 

… (depends a bit on how the preconditioning will be explained in more detail) 

Thank you for the comment. We cited the studies of Krüger et al. (2005), which discussed 

the importance of eastward-traveling PW2 in 2002. We provide results of the eastward-

traveling PW2 in 2019, at P6, L17-19. A discussion of eastward-travelling PW2 in 2019 are 

made, at P9, L14-17. 

p8, l15: what is meant with “abrupt occurrence”? An increase in amplitude (in conjunction 

with the preconditioning)? 

Because of the comment on the structure of discussion section, we have totally restructured 

the discussion section. Please note that the paragraph involved the phrase “abrupt occurrence” 

has been deleted in the revision in order to avoid misunderstanding. In the previous version, 

we intended to express the occurrence of the increased amplitude of planetary wave which 

begins in late August in 2019. 

p8, l17: I do not disagree, but the mechanism as such should be explained in more detail … 
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Thank you. We have added one paragraph to carefully discuss the refractive index squared in 

SSW2019, at P10, L4-13. Please note that we have restructured the discussion section in the 

revision, the results on the refractive index squared are presented in P8, L8-20. 

p8, l28: This seems a central point. Alas, the current phrasing is not very clear and some more 

explanation and a better description would be nice. This seems to be the “nugget” of the paper 

and it would be nice to give it the prominence it deserves. Also, how does this compare to 

2002? Or is a direct comparison (due to the different timing of the events) not possible? A 

comment along those lines would be useful. 

Thank you very much. As the mentioned above, in order to provide clear explanation of the 

“nugget” of our paper, we have separated the results (P8, L8-20) and discussion (P10, L4-13) 

of the refractive index squared for SSW2019. 

We compared the refractive index squared for 2002 here (Figure 2R, 3R) as supply material, 

but not in the manuscript. As you said, due to the different timing of the events, we provide 

monthly mean latitude-height cross section in July, August, and September. Firstly, the 

positive values of refractive index squared in August and September 2019 around 60S from 

lower to higher stratosphere are large. This provides a better environment for propagation of 

planetary waves into the stratosphere in 2019. Furthermore, an apparent poleward shift of the 

positive refractive index squared is found in September 2019. Large positive values of the 

refractive index squared are found in the stratosphere, but similar shifts towards the pole is 

not clear in 2002. 

p8, l32: The “Summary and Conclusion” needs adjusting to the changes triggered by the 

above … 

We have restructured the summary and conclusion section according to the changes in the 

previous sections, at P10, L30-P11, L30. Thank you. 

Figure 1: Do provide coherent labelling (delta T <-> T gradient) – the gradient is actually not 

a gradient – it is a temperature difference between two latitudes – please remind the reader 

how JRA provides the zonal mean at the pole … (if possible, please add units to the colour 

bars) 



 10 

Corrected. The grid values at the Pole in JRA-55 contains the same value with the same 

format as in other latitudes with the same grid number in East-west (zonal) direction. Thank 

you. 

Figure 2: You average three days (averaged from 6 hourly data), and you do this subsequently 

for all three-day periods within your analysis period – “every three days” is also “over three 

days” – just make sure the description is as precise as possible … (if possible, please add unit 

to the colour bar) 

“Every three days” is modified to “for successive 3-day mean” in the revision, at P18, L3. 

Unit are added in the color bar. Thank you for your comment. 

Figure 3: Please include a colour key in the figure (just describing it in the text is prone to 

error). Aside: This figure is obviously useful to mention the timing of the warmings, when 

discussing it. 

Corrected. 

Figure 4: y-labels for the bottom plots are missing, colour keys should be provided in the plot, 

presumably clarity of the description could be improved by avoiding the “verbal colour key”. 

Corrected.  

Figure 5: Please see comment for figure 3; labels at y-axis, if possible … 

Corrected. 

Figure 6: Labels at y-axis, if possible; unit at colour bar, if possible … (Why WN here? 

Everywhere else PW …) 

Corrected. 

Figure 7: Labels at y-axis, if possible 

Corrected. 
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Figure 8: Time series of … (see comment above); in September – exact definition, please; 

colour key in the plot would be nice … 

Thank you for the comments. Color key is added. 

The reason that we use the wave driving due to E-P flux divergence in September is that both 

in 2002 and 2019 the planetary wave become active in September which could be seen in 

Figure 4. Furthermore, as we also added the following sentence in the revision to explain the 

use of September. “Because upward propagation of planetary waves from the troposphere to 

the stratosphere develop from July and peaks in September (Lim et al., 2021).”, at P8, L22-

24. 

As we have explained in Figure R1, compared with other years the extraordinary features of 

planetary wave driving can be observed in 2002 and 2019. In order to display clearly, we 

chose the short time period (2002-2019) figure to present.  

 

 

Figure 9: Labels at y-axis, if possible 

Corrected. Thank you. 
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Figure 2R: The same as Fig.8 but for July, August, and September 2019. 

   

   

Figure 3R: The same as Fig.2R but for July, August, and September 2002. 
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Abstract. 9 

 A major strong sudden stratospheric warming (SSW) occurred in the Southern Hemisphere (SH) stratosphere in 2002 10 

(hereafter referred to as SSW2002), which is one of the most unusual winter in the SH. Following several warmings, the polar 11 

vortex breakdown in midwinter. Eastward-travelling waves and their interaction with quasi-stationary planetary waves played 12 

an important role during this event. This study analyzes the Japanese 55-year Reanalysis (JRA-55) dataset to examine the SSW 13 

event that occurred in the SH in 2019 (hereafter referred to as SSW2019). In 2019, a rapid temperature increasing and 14 

decelerated westerly winds were observed at the polar cap, but since there was no reversal of westerly winds to easterly winds 15 

at 60°S in the middle to lower stratosphere, the SSW2019 is classified as a minor warming event. 16 

The results show that quasi-stationary planetary waves of zonal wavenumber 1 developed during the SSW2019. The 17 

strong vertical component of the Eliassen–Palm flux with zonal wavenumber 1 is indicative of pronounced propagation of 18 

planetary waves to the stratosphere. The wave driving in September 2019 was larger than that of the major SSW event in 2002. 19 

Major SSWs tend to accompany preceding minor warmings, preconditioning, which changes the zonal flow that weaken the 20 

polar night jet as seen in SSW2002. A similar preconditioning was hardly observed in SSW2019. The strong wave driving in 21 

SSW2019 occurred in high latitudes. Waveguides (i.e., positive values of the refractive index squared) were found at high 22 

latitudes in the upper stratosphere during the warming period, which provided favorable conditions for quasi-stationary 23 

planetary waves to propagate upward and poleward. 24 

 25 

1 Introduction 26 

Sudden stratospheric warmings (SSWs) are extraordinary events that are regularly observed in the Arctic polar region 27 

during winter. Strong westerly winds associated with the polar vortex in the mid-to-high latitudes decelerate, and temperatures 28 

increase by several tens of Kelvins within a few days in the polar region during an SSW (Labitzke and van Loon, 1999; 29 

Andrews et al., 1987; Iida et al., 2014; Baldwin et al., 2021). Many studies have examined the underlying mechanisms of these 30 

events. The essential dynamical mechanism of the development of the SSWs is that enhanced quasi-stationary planetary waves 31 

propagate from the troposphere to the stratosphere and interact with the zonal mean flow (Matsuno, 1971). The occurrence of 32 
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SSWs is common in the Northern Hemisphere (NH) (Charlton and Polvani, 2007) but rare in the Southern Hemisphere (SH) 1 

(Roscoe et al., 2005; Naujokat and Roscoe, 2005). One of the reasons that SSWs rarely occur in the SH is the distribution of 2 

ocean–land and orography, which leads to smaller planetary wave amplitude in the SH (Andrews et al., 1987; Newman and 3 

Nash, 2005). 4 

 5 

SSWs during mid-winter are classified as either major or minor warmings (Julian, 1967; Labitzke, 1968). Major 6 

warming events are defined by rapid temperature increases between 60° latitude and the Pole, and a breakdown of the polar 7 

vortex, where zonal-mean zonal winds at 10 hPa poleward of 60° latitude reverse from westerly to easterly. In contrast, minor 8 

warming events refer to high temperatures at the Pole without a reversal of zonal-mean zonal winds poleward of 60° latitude 9 

at 10 hPa. Moreover, major warmings can be classified as being of the “vortex-displacement” or “vortex-split” type depending 10 

on the structure of the polar vortex during the onset of the warming event (Charlton and Polvani, 2007). 11 

 12 

It has been reported that minor SSWs characteristically precede major SSW as “preconditioning”. The preceding 13 

minor SSWs are associated with planetary waves amplification of zonal wavenumber 1 concurrently with a minimum of the 14 

zonal wavenumber 2 (Labitzke1977; Labitzke1981; Bancalá et al., 2012). The “preconditioning” also changes in the zonal 15 

flow that weakens the polar night jet and thus favors the upward and poleward propagation of planetary waves (Andrews et 16 

al., 1987; Labitzke, 1981; Manney et al., 2009). Following the poleward propagating planetary waves, the polar vortices 17 

become vulnerable that lead to the causing major warmings. The presence of precondition is a necessary condition for a major 18 

SSW to occur but not a sufficient condition (Limpasuvan et al., 2004). 19 

 20 

In the SH, minor warming events have occasionally been observed in mid-winter (i.e., Godson 1963; Labitzke and 21 

van Loon 1965; Barnett 1974; Al-Ajmi et all.� 1985; Hirota et al., 1990; Shiotani et al., 1993), whilst only one major SSW 22 

event has been detected in 2002 (Roscoe et al., 2005; Naujokat and Roscoe, 2005). Before the onset of SSW2002, a sequence 23 

of amplified planetary-wave activity was observed, which played an important role in weakening the polar night jet (PNJ) 24 

(Krüger et al., 2005). Then, the polar vortex broke down in September and split into two. The strong eastward-traveling waves, 25 

consisting primarily of planetary waves of zonal wavenumber 2, led to wave-mean flow interactions that weakened the PNJ, 26 

whilst the amplified quasi-stationary waves caused the disruption of the polar vortex and abruptly increased the polar 27 

temperature. The SSW2002 was classified as a major warming event of the “vortex-split” type applying the criteria of Charlton 28 

and Polvani (2007). The SSW2002 in the SH also significantly impacted the interannual variability of the Antarctic ozone hole 29 

(Weber et al., 2003). The warm air and particularly strong wave activity during SSW2002 disrupted the depletion of ozone 30 

over Antarctica, leading to the smallest ozone hole since 1988 (Allen et al., 2003; Newman and Nash, 2005; Stolarski et al., 31 

2005). 32 

 33 
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In September 2019, a strong SSW (SSW2019) occurred in the SH (Yamazaki et al., 2020; Hendon et al., 2019; 1 

Eswaraiah et al., 2020). Rao et al. (2020) investigated the predictability of an SSW event that occurred in the SH in 2019 based 2 

on subseasonal to seasonal (S2S) models and identified favorable conditions such as easterly equatorial quasi-biennial 3 

oscillation (QBO) winds at 10 hPa, solar minimum, and positive Indian Ocean Dipole (IOD) sea surface temperatures that may 4 

have led to its occurrence. Following SSW2019, a significant reduction of the ozone hole area was detected during the peak 5 

ozone depletion period based on the Aura Microwave Limb Sounder (MLS) of Aura satellite and Global Earth Observing 6 

System model simulations (Wargan et al., 2020). Safieddine et al. (2020) showed that the total ozone poleward of 45°S 7 

increased during September to November 2019 using the Infrared Atmospheric Sounding Interferometer. Shen et al. (2020) 8 

suggested the original of planetary waves of zonal wavenumber 1 in the troposphere and implied a potential but unlikely to be 9 

a direct cause of the tropical easterly phase of the QBO in the upper stratosphere in facilitating the weakening of polar vortex. 10 

Quasi 6-day waves in the mesospheric winds were detected during the SSW2019 in low latitude, which is attributed to 11 

instability in the SH high latitude mesosphere (Lee et al., 2021).  12 

 13 

The purpose of this study is to investigate the dynamical evolution of the SSW2019 and compare it with the SSW2002 14 

event in the SH. The data and analysis methods are described in Section 2, followed by a discussion of the evolution and 15 

dynamical features of SSW2019 in Section 3. We describe the features of SSW2019 in Section 3 and discuss the effect of 16 

reflective index squared of stationary planetary waves in �ection 4. We present summary and conclusion in Section 5. 17 

 18 

2 Data and Analysis Methods 19 

2.1 The JRA-55 reanalysis data 20 

In this paper we use horizontal winds, temperature, and geopotential height from the Japanese 55-year Reanalysis 21 

(JRA-55) dataset provided by the Japan Meteorological Agency. Because major SSW is not observed in the SH before 2002, 22 

the analysis period is from 1979 to 2019 since there are limited observation at high latitudes in the SH before 1979 and the 23 

grid resolution is 1.25° × 1.25° in the longitude–latitude directions. We use daily averages of the original 6-hourly data. The 24 

climatological mean is calculated over 41 years (1979-2019). Details of the data are described in Kobayashi et al. (2015). The 25 

Stratosphere-troposphere Processes And their Role in Climate (SPARC) Reanalysis Intercomparison Project (S-RIP) gives an 26 

evaluation of individual reanalysis datasets (Fujiwara et al., 2017). 27 

 28 

2.2 Analysis methods 29 

To analyze the wave-mean flow interaction, we consider planetary wave with zonal wavenumbers from 1 to 3 (i.e., 30 

planetary scales) based on the Transformed Eulerian Mean equations. We employ the Eliassen–Palm flux (E–P) to study the 31 

effect of the wave forcing on the zonal mean circulation. The vector of the E–P flux represents the direction of wave energy 32 

propagation in the zonal-mean circulation system. Moreover, the total wave forcing can be represented by the divergence 33 
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(convergence) of the E–P flux, which is related to the acceleration (deceleration) of the westerly zonal-mean circulation 1 

(Andrews and McIntyre, 1976; Andrews et al., 1987). The E–P flux methodology in the quasi-geostrophic form is given by: 2 

* = ,-!, -"/ = 0−23 456 7 8#9#::::::, 23 456 7 ;
9#<"#::::::
=$ > (1) 3 

where -!  and -"  represent the meridional and vertical components of the E–P flux, respectively. The zonal and 4 

meridional winds are denoted by u and v, respectively, and the prime denotes small perturbations to zonal mean flow. In this 5 

study, Fourier-analyzed amplitude of planetary waves of different zonal wavenumbers are calculated as well as the wave 6 

components of the E–P flux and its divergence. The radius of the earth, the buoyancy frequency, density, latitude, vertical 7 

gradient of geopotential height, and the Coriolis parameter are represented by a, N, 2, 7, <",	and f, respectively. 8 

To study wave propagation, the distribution of the refractive index squared is analyzed based on 9 

B%$ =
C:&
38: −

;$

4=$E$ (2) 10 

where B%$ is the refractive index squared; C:& is the meridional gradient of zonal mean potential vorticity; 8:  denotes zonal-mean 11 

zonal winds; and E is the scale height. For more details, see Andrews et al. (1987). Waves can propagate in regions of positive 12 

refractive index squared and are evanescent in the negative regions. 13 

 14 

3 Results 15 

3.1 Overview of SSW2019 16 

We present an overview of the SSW2019 and SSW2002. Figure 1 shows the time-height cross-sections of the zonal-17 

mean temperature difference, ∆G, between 60°S and the South Pole, and the zonal-mean zonal winds at 60°S in 2019, and 18 

2002 for comparison. Firstly, intermittent warmings (positive ∆G) occur in the upper stratosphere (~5 to 1 hPa) from mid-19 

August to mid-September 2002. A clearly visible warming (a positive ∆G) emanates down to 100 hPa in late-September. 20 

Secondly, intermittent warmings lead to weakening of zonal-mean zonal winds in the upper stratosphere. Periodic weakening 21 

and strengthening of westerlies appear from mid-August to mid-September. A reversal of the zonal-mean zonal winds from 22 

westerlies to easterlies reaching down below 10 hPa appears at 60°S  in late-September, which fulfills the World 23 

Meteorological Organization (WMO) criterion of a major SSW (e.g., WMO, 1978). �asterlies appear again in late-October 24 

after the westerlies. The observational description of the SSW2002 has been well reported by Krüger et al. (2005). 25 

 26 

In 2019, regular oscillation of warmings (positive ∆G) occur in the upper stratosphere (~5 to 1 hPa) from June to the 27 

first half of July. Except for a short warming period in the upper stratosphere in mid-August, temperatures over the South Pole 28 

are lower than those at 60°S until late August. After a couple of warming pulses from late August to early September, 29 

conspicuous warming pulses (positive ∆G) occur in the upper stratosphere at the South Pole, which correspond to the SSW 30 

occurrence. The positive ∆G with values of about 15K propagates downward to the middle stratosphere (~20 hPa) until late 31 

October. Zonal-mean zonal winds are regularly weakened in the upper stratosphere correspond to the warmings from June to 32 
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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 1 

exceeding 80 m s–1 to 20 m s–1 in the upper stratosphere (~5 to 1 hPa). A reversal of the zonal-mean zonal winds from westerlies 2 

to easterlies occurs in mid-September in the upper stratosphere. Subsequently, weak westerlies occur in the upper stratosphere, 3 

which lasts until the mid-October. Easterly winds occur again in the upper stratosphere in second half of October, leading to 4 

the gradual transition to the summer circulation. Since the reversal of zonal-mean zonal winds from westerlies to easterlies 5 

does not occur at 10 hPa and 60°S, SSW2019 is classified as a minor SSW. 6 

3.2 Synoptic evolution 7 

Figure 2 shows the synoptic evolution of temperature and geopotential height at 10 hPa on selected days in 2019. 8 

During the period 25–27 August, the cold polar vortex locates over the South Pole. It is partly surrounded by an anticyclone, 9 

with warm air on the edge of the polar vortex near southern Africa. During the period 28-30 August, the temperature around 10 

the Pole begins increasing and the anticyclone in the south of Australia begins to develop. From 31 August to 2 September, 11 

the high temperature region becomes larger, whilst the low temperature region shifts off the South Pole. From 3–5 September, 12 

the temperatures decrease at the edge of the polar vortex while the vortex itself weakens further. The low temperature region 13 

shifts off the centers of the vortices, indicating baroclinic conditions. Between 6 and 8 September, the high temperature 14 

stretches poleward, almost reaching the South Pole. The warming culminates on 11 September with a weakening of the polar 15 

vortex. The anticyclone also develops strongly during this period. After the peak warming, the warm air remains over the 16 

South Pole from 12 to 20 September and the anticyclone moves to the southwest of Australia. 17 

 18 

The temperatures in the middle stratosphere are higher than average during the period from late August to September 19 

2019. Figure 3a shows zonal-mean temperatures at 90°S and 10 hPa from 1 June to 31 October. The climatological temperature 20 

reaches its minimum around June and the interannual variability is relatively small at that time. After that, the temperature 21 

gradually increases and the interannual variability becomes larger, especially from September to October. In 2019, the 22 

temperature is close to the average until mid-August. Several warmings occur in late August, with pronounced warmings on 23 

31 August and 11 September. The temperature increase (∆G) between 31 August and 11 September is ~40 K (hereafter referred 24 

to as the warming period). After the large temperature increase, a slight decrease occurs, but the high temperatures last for 25 

around one more week. Finally, the temperature attains a peak value of ~275 K on 19 September, which is about 10 days 26 

earlier than in 2002 (green line). The magnitude of the warming peak over the South Pole in September 2019 is well outside 27 

the standard deviation of the climatological temperature. 28 

 29 

Figure 3b shows the zonal-mean zonal winds at 60°S and 10 hPa. The climatological zonal-mean zonal wind peaks 30 

in August and decreases afterward, with large interannual variability. In 2019, a pronounced deceleration of the westerly winds 31 

to ~61 m s–1 occurs on 31 August, in accordance with the warming in late August. The westerly wind reaches a value of ~26 32 

m s–1 on 11 September, coinciding with a warming peak in the temperature. The decrease in the magnitude of the wind (∆I) 33 
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is ~35 m s–1 during the warming period. The deceleration continues until mid-September, with the minimum westerly winds 1 

occurring on 17 September (~11 m s–1). The magnitude of the weakening is ~50 m s-1 between 31 August and 17 September 2 

2019. In 2002, the zonal-mean zonal winds reverse to easterly winds on 27 September (~20 m s–1), resulting in a difference of 3 

~72 m s–1 from 24 August, when the first warming pulse occurs. Like the temperature evolution in 2019, the zonal-mean zonal 4 

winds are well outside the standard deviation of the climatology during September. There is no occurrence of the zonal-mean 5 

zonal wind reversal in 2019, which is one of the differences compared with SSW2002. 6 

 7 

3.3 Dynamical evolution 8 

The quasi-stationary planetary waves of zonal wavenumber 1 (PW1) plays an important role in the dynamical 9 

evolution of SSW2019. Figure 4 shows planetary wave amplitudes of PW1 and PW2 at 60°S and 10 hPa (top) and upward E–10 

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 11 

m on 8 September (~2137 m). Yamazaki et al. (2020) reports that this is the highest value of amplitude of PW1 that has been 12 

observed since August 2004 by Aura MLS in the SH. Large values of amplitude of PW1 also be found in late August and the 13 

first half of September. These large amplifications of PW1 disturb the polar vortex, leading to a weakening of the PNJ 14 

(Eswaraiah et al., 2020). The large growth of PW1 could be associated with the easterly phase of the quasi-biennial oscillation 15 

in the SH tropics (Shen et al., 2020; Rao et al., 2020). In comparison with the predominant role of PW1, PW2 in SSW2002, 16 

PW2 appears to be less dominant during the warming period in SSW2019. Furthermore, the eastward-traveling PW2 presents 17 

around 31 July, 10 August, and 20 September 2019 at 10 hPa (not shown) but is not as pronounced as in 2002 (Krüger et al., 18 

2005). 19 

 20 

The vertical component of the E–P flux (hereafter EPFz) is a useful diagnostic for evaluating the vertical propagation 21 

of planetary waves into the stratosphere (e.g., Harada and Hirooka, 2017). Here we decompose the EPFz into components of 22 

zonal wavenumbers 1–3 to gain a deeper understanding of individual contributions of the planetary wave during SSW2019 23 

and SSW2002 in the stratosphere. In Fig. 4b, d, the total EPFz at 50 hPa for all wavenumbers is shown by gray shading, along 24 

with the individual contributions from PW1–3 by colored lines. The total EPFz in 2019 indicates a high activity of planetary 25 

waves propagating into the stratosphere beginning in late August and attaining peak values in the first half of September, in 26 

accordance with the increasing temperatures at the South Pole and the weakening westerly winds. In addition, the peak value 27 

of the total EPFz in 2019 does not surpass that in 2002. Furthermore, the contribution of PW1 is considerably large in 2019. 28 

SSW2019 is characterized by the large growth of PW1 activity that disturbed the polar vortex during the warming period. In 29 

contrast to the role of PW1, PW2, and PW3 in SSW2002, PW2 and PW3 appear to be less pronounced during the warming 30 

period in SSW2019. 31 

 32 

Figure 5 shows the latitude-height cross-sections of zonal-mean zonal winds on several selected days. During the 33 

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-34 
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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 1 

temperatures around the Pole begin developing and increasing as seen in Figure 2. During that period the core of the PNJ is 2 

also considerably weakened from to about 70 m s–1 from a value exceeding 90 m s–1 between 25 and 27 August. Due to the 3 

large wave activity starting in late August, a substantial deceleration of the PNJ takes place from 31 August to 11 September. 4 

Except for a slight strengthening of the PNJ from 3 to 5 September, the PNJ is continually weakened during warming period, 5 

in line with the large temperature increase observed in Figure 3. Furthermore, the core of the PNJ propagates downward and 6 

the axis shift poleward in the stratosphere during SSW2019. After the substantial deceleration of the PNJ, westerly winds 7 

remain relatively weak from 12 to 20 September and the characterized poleward shift of the PNJ axis exists below 10 hPa. The 8 

deceleration of the PNJ from 12 to 20 September is in accordance with the warming over the South Pole observed in Figure 2. 9 

The poleward shift of the westerly PNJ indicating the baroclinic conditions as seen in Figure 2. 10 

 11 

We have examined the evolution of planetary wave from the troposphere to the stratosphere in terms of the E–P flux. 12 

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 13 

vectors pointing to the right and up directions represent poleward and upward, respectively. From Fig. 6a, in addition to a 14 

pronounced upward and poleward propagation of PW 1, strong convergence of the E–P flux could be found in the upper 15 

stratosphere in late August and the first half of September. The strong convergence in the upper stratosphere leads to the sudden 16 

warming by weakening the polar vortex. In contrast to the PW1, the PW2 is relatively weak during the warming period (Fig. 17 

6b). This suggests that strong upward and poleward propagation of PW1 and strong convergence played an important role in 18 

triggering the SSW2019. 19 

 20 

The evolution of planetary waves for SSW2002 has been well documented by Baldwin et al. (2003, their Fig. 6). Our 21 

Figure 6c, d confirms that both PW1 and PW2 periodically strengthens and propagates from the troposphere to the stratosphere 22 

by late September. Strong convergence of the E–P flux appears intermittently in the upper stratosphere for both PW1 and PW2 23 

by September. This suggests that the PNJ and polar vortex were weakened by the intermittently strong planetary waves, 24 

preconditioning the stratosphere before the occurrence of SSW2002 in late September as mentioned earlier (Krüger et al., 25 

2005). Subsequently, the polar vortex broke down due to the large planetary waves in late September, which resulted in the 26 

reversal of the zonal-mean zonal wind at 60°S and 10 hPa, as shown in Figure 3b. 27 

 28 

Figure 7 shows the latitude-height cross-sections of the E–P flux and the E–P flux divergence (convergence), which 29 

is related to the acceleration (deceleration) of the zonal-mean zonal winds, on the same selected days as for Figure 5. Pulses 30 

of strong wave forcing are observed in the stratosphere at high latitudes from late August to the first half of September 2019. 31 

From 28 to 30 August 2019, the planetary waves strongly propagate upward and poleward from 60°S. Strong convergence is 32 

observed in the upper stratosphere, which corresponds to the strongly amplified planetary waves that lead to the deceleration 33 

of the PNJ mentioned above. From 31 August to 11 September, the waves propagate upward and equatorward, and the E–P 34 
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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 1 

convergence occurs, with wave propagation from the troposphere to the upper stratosphere at around 60°S. This convergence 2 

contributes to the occurrence of SSW2019 by decelerating the PNJ and warming the polar cap. Following the warming period 3 

with considerably strong planetary waves, regions of the E–P flux convergence remain in the high latitudes around 10 hPa 4 

until 20 September. The long duration of the E–P flux convergence corresponds to the continuously warming and weakening 5 

PNJ shown in Figures 2 and 5. 6 

 7 

The propagation of planetary waves in the stratosphere play an important role in triggering SSW2019. As mentioned 8 

previously, strong propagation of planetary waves took place in high latitudes from late August to the first half of September 9 

2019. To understand the strong propagation of the planetary waves from the troposphere to the stratosphere in high latitudes, 10 

we have examined the refractive index squared that conducive to planetary wave propagating in the stratosphere (Newman 11 

and Nash, 2005). Figure 8 shows the meridional cross-sections of the refractive index squared B%$ before, during, and after the 12 

warming period. From 31 August to 11 September 2019 (during the SSW2019), a wide waveguide (i.e., positive B%$) form 13 

from the troposphere to the stratosphere around 60°S. As planetary wave packets tend to propagate in regions with a large 14 

positive value of B%$, planetary waves are allowed to propagate upward into the stratosphere through this waveguide. Because 15 

the existence of the waveguide during the warming period, the PNJ reduces to about 55 m s–1 from the period before the 16 

warming. On the other hand, the waveguide forms toward the polar stratosphere with height during the SSW2019. This 17 

poleward waveguide provides the poleward planetary wave propagation as mentioned previously. After the warming period, 18 

the persistent waveguide in high latitudes present until 20 September. This waveguide allows the continuous propagation of 19 

planetary waves from the troposphere to the stratosphere to continually warm the polar region by weakening the PNJ.  20 

 21 

As shown in Figures 4 and 7, there are large amplifications of planetary waves and strong wave driving represented 22 

by the convergence of the E–P flux in the stratosphere in September 2019. Because the upward propagation of planetary waves 23 

from the troposphere to the stratosphere develop from July and peaks in September (Lim et al., 2021). To compare the total 24 

planetary wave forcing on the zonal flow in the analysis period as well as contributions from the wave forcing of zonal 25 

wavenumber 1 and 2, we have examined the divergence (convergence) of the E-P flux that is related to the acceleration 26 

(deceleration) of the westerly zonal-mean circulation. Figure 9 shows time series of the divergence (convergence) of the E–P 27 

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 28 

convergences of the E–P flux is larger in 2019 than in any other year within the past 18 years, which means strong westerly 29 

deceleration in 2019 than other years. In addition, SSW2019 is predominantly driven by planetary wave forcing of zonal 30 

wavenumber 1. Also, the magnitude of the convergence (westerly deceleration) of the E–P flux in 2002 is the second largest 31 

within the analysis period. Moreover, in contrast to the predominant of PW1 in 2019, both PW1 and PW2 contribute the wave 32 

forcing on the zonal flow in 2002.  33 

 34 
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4 Discussion 1 

Even though SSW2019 did not fulfil the criterion of a major SSW, the large increasing temperature in high latitudes 2 

still has a significant impact on the stratosphere. Due to the remarkable increased polar stratospheric temperature, slowing 3 

down catalytic chemical reaction on polar stratospheric clouds that suppress the formation of the Antarctic ozone hole in austral 4 

spring. Indeed, a diminished Antarctic ozone hole area is observed in 2019 (Wargan et al., 2020; Safieddine et al. (2020). As 5 

described in previous section, SSW2019 resulted from the pronounced planetary wave forcing especially the contribution from 6 

zonal wavenumber 1. In this section, we consider such unusual features in SSW2019 and compare it with SSW2002. 7 

 8 

As mentioned above, one striking difference between the unusual major SSW2002 and minor SSW2019 in the SH is 9 

that the zonal-mean zonal winds did not reverse to easterly winds in 2019. Preconditioning is considered as a characteristic of 10 

major SSWs (Labizke, 1981) and many studies have demonstrated the importance of preconditioning in SSW2002 (Allen et 11 

al., 2003; Baldwin et al., 2003; Newman and Nash, 2005). Krüger et al. (2005) highlighted the importance of the interaction 12 

of eastward-traveling PW2 with quasi-stationary PW1, which considerably weakened the PNJ before the major SSW. However, 13 

the quasi-stationary PW1 in 2019 is not amplified (nor large) before late August as in 2002 except for June (Figure 4). In 14 

addition, the eastward-traveling PW2 is less active and pronounced before the occurrence of SSW in 2019 (not shown). As 15 

necessary condition for a major SSW, preconditioning before the warming and interaction between the eastward-travelling 16 

PW2 with the quasi-stationary PW1 are not pronounced in 2019. 17 

 18 

The SSW2019 occurs when the PNJ still has strong westerly winds, which is one of the reasons that a reversal of the 19 

zonal-mean zonal winds does not occur at 10 hPa and below. Except for the periods in June and mid-August, westerly winds 20 

are stronger than or close to the normal throughout austral winter in 2019. In addition to the strong westerly winds, unlike the 21 

periodic weakening and strengthening of the zonal-mean zonal winds before the SSW occurs in 2002, the strength of the PNJ 22 

is less disturbed in 2019. Because the strong convergence of the E–P flux in the high latitudes, westerly winds are decreased 23 

by at least about 50 m s–1 by mid-September (see Figure 3). Similar or even smaller magnitudes of deceleration can result in a 24 

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; 25 

Wargan et al., 2020).  26 

 27 

 Because the strong planetary wave forcing in high latitude during the warming period, a substantial decreasing of the 28 

westerly winds is found in the stratospheric high latitude. In contrast with the reversal from westerly winds to easterly winds 29 

in the stratosphere in the SSW2002 (Newman and Nash, 2005). Following with the westerly winds decreasing, a characterized 30 

poleward shift of the PNJ axis is found in the SSW2019. The poleward shift of the PNJ axis suggests baroclinic conditions in 31 

the stratosphere, which is considered as be attributed to exiting the planetary waves in the stratosphere as studied by Yamazaki 32 

et al. (2020). The core of the PNJ is close to the Pole in SSW2002, which suggests that the refractive index squared also shifts 33 
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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 1 

the planetary waves propagation into the stratosphere as will be discussed afterward. 2 

 3 

Newman and Nash (2005) suggested that the refractive index squared facilitates the propagation of planetary wave in 4 

the stratosphere in SSW2002. During SSW2019, a wide waveguide is found from the troposphere to the stratosphere in high 5 

latitudes. Because planetary waves tend to propagate in large positive values of the refractive index squared, planetary waves 6 

are considered to propagate upward through this waveguide. This is consistent with the strong upward propagating wave as 7 

seen in Figures 6 and 7. On the other hand, the waveguide shifts poleward with height during SSW2019. This is considered as 8 

be attributed to the baroclinic condition in the stratosphere in 2019. It suggests that the poleward waveguide facilitates planetary 9 

wave propagation to the polar region, which produces to the warming in the polar region. Newman and Nash (2005) suggested 10 

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 11 

the baroclinic condition the PNJ and the waveguide shift toward the Pole with height during the warming. The wide poleward 12 

shift of waveguide is considered to facilitate the propagation of planetary waves to the stratosphere that produce SSW2019. 13 

 14 

The values of total planetary wave forcing and PW1 are the largest in September 2019 during the analysis period. 15 

The second largest values of the total forcing in September are found in 2002 when the major SSW occurs. For both 2019 and 16 

2002, the warmings and strong westerly decelerations are attributed to the large wave forcing. In 2019, the wide waveguide at 17 

high latitude facilitates the planetary wave propagation from the troposphere to the stratosphere as shown in Figure 8. Beside 18 

the dominant role of PW1 in weakening the PNJ, PW2 is relatively weak in SSW2019. As mentioned previously, the strong 19 

waves of zonal wavenumber 1 to 3 before the warming lead to a weakening of the PNJ, the preconditioning, plays an important 20 

role in the occurrence of SSW2002, which is considered as favor the propagation of PW2 as studied by Krüger et al. (2005). 21 

Even though the strongest wave forcing and PW1 are observed, unpronounced preconditioning before the warming and 22 

insufficient presence of other zonal wavenumbers are two reasons that the major SSW did not happen in 2019. Shen et al. 23 

(2020) suggested the persistent of anomalous convection in the troposphere over the South Pacific as the source of the PW1. 24 

On the other hand, Yamazaki et al. (2020) suggested that the source of the pronounced planetary waves was attributed to the 25 

barotropic condition in the stratosphere. Hence, further studies are still required on the occurrence of preconditioning of 2019 26 

and the lack of planetary waves of other zonal wavenumbers than zonal wavenumber 1 in 2019. 27 

 28 

5 Summary and Conclusion 29 

In this study, the evolution of the Sudden Stratospheric Warming 2019 (SSW2019) in the Southern Hemisphere (SH) 30 

was analyzed using the JRA-55 meteorological reanalysis. Large increased temperatures and decelerated westerly winds were 31 

observed in the southern polar region in September 2019. Even though large increasing temperatures happened, a reversal 32 

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 33 

major SSW but as a minor SSW. 34 
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 1 

Temperatures increased strongly in the first part of September following a couple of warmings in late August. The 2 

temperatures at the South Pole were well above the climatological average and out of the standard deviation during most of 3 

September. In accordance with the pronounced warming at the Pole, the westerly winds decelerated significantly in the 4 

stratosphere at high latitude from late August. The decreased westerly winds were well below the average and out of the 5 

standard deviation during September. Although a reversal of zonal-mean zonal winds from westerlies to easterlies was 6 

observed in the upper stratosphere in early September, this reversal did not reach down to 10 hPa at 60°S. 7 

 8 

The present study has shown that there was a pronounced amplification of the quasi-stationary PW1 during SSW2019. 9 

The propagation of planetary waves into the stratosphere was investigated using the vertical component of the E–P flux. Strong 10 

planetary waves with a large contribution of PW1 propagated into the stratosphere in high latitude. Strong planetary wave 11 

driving, represented by the convergence of E–P flux, occurred in the upper stratosphere during SSW2019, which led to the 12 

weakening of the PNJ and warming the Pole. In contrast to the regular occurrence of the eastward-traveling PW2 during 13 

SSW2002, the quasi-stationary PW1 played a dominant role in SSW2019. By studying the interannual variability of the wave 14 

forcing in September, we showed that the total wave forcing and the contribution of PW1 was larger in 2019 than in any other 15 

year during the analysis period (1979–2019). 16 

As the large-amplitude wave occurred from late August to the first half of September, a substantial deceleration of 17 

the PNJ took place during the warming period. In addition, the core of the PNJ propagated downward and poleward shift of 18 

the PNJ axis existed during the warming period and last until late September. The poleward shift of the westerly PNJ indicated 19 

the baroclinic conditions in the stratosphere in 2019. Large planetary wave forcing represented by the convergence of the E-P 20 

flux were found in the stratosphere during the warming period in high latitude. The large planetary wave forcing decelerated 21 

the westerly winds and produced the warming in the high latitude in 2019. 22 

 23 

The refractive index squared analysis showed that during SSW2019, planetary waves propagated upward to the 24 

stratosphere through an open waveguide in the high latitudes. We found that a wide waveguide appeared in high latitudes from 25 

the lower to the upper stratosphere during SSW2019, which allowed planetary waves to propagate through the stratosphere. 26 

In addition, the waveguide is formed to be inclined toward the Pole with height, which facilitates the poleward propagation of 27 

planetary waves. Moreover, because the waveguide existed after the pronounced warming, it allowed planetary waves to 28 

propagate upward to continually weaken the PNJ. This revealed that strong and long-lasting quasi-stationary PW1 propagated 29 

to the stratosphere during SSW2019.  30 

 31 

Data availability  32 

The JRA-55 data set used in this paper is available on the JMA Data Dissemination System (https://jra.kishou.go.jp/JRA-33 

55/index_en.html). 34 



12 
 

 1 

Author contribution 2 

TH, NE, and KK designed the study, provided guidance and in the interpretation of the results, and reviewed the manuscript. 3 

GL performed the analysis and wrote the manuscript with contributions from TH, NE, and KK. 4 

 5 

Competing interests 6 

The authors declare that they have no conflicts of interest. 7 

 8 

Acknowledgments 9 

This study was partially supported by Grant-in-Aid for “2019 Initiative for Realizing Diversity in the Research Environment” 10 

through the “Diversity and Super Global Training Program for Female and Young Faculty (SENTAN-Q)”, Kyushu University 11 

from MEXT and by JSPS KAKENHI Grant numbers JP18H01280, JP18H01270, and JP20H01973. The GFD-DENNOU 12 

Library was used for graphical output. 13 

  14 



13 
 

References 1 

Al-Ajmi, D. N., Harwood, R. S. and Miles, T.: A sudden warming in the middle atmosphere of the southern hemisphere, 2 

Quart. J. Roy. Meteor. Soc., 111, 359-389, 1985. 3 

Andrews, D. G. and McIntyre, M. E.: Planetary waves in horizontal and vertical shear: The generalized Eliassen-Palm 4 

relation and the mean zonal acceleration, J. Atmos. Sci., 33, 2031–2048, 1976. 5 

Andrews, D. G., Holton, J. R., and Leovy, C. B.: Middle Atmosphere Dynamics, vol. 40 of International Geophysics Series, 6 

Academic Press, San Diego, USA, 1987. 7 

Allen, D. R., Bevilacqua, R. M., Nedoluha, G. E., Randall, C. E., and Manney, G. L.: Unusual stratospheric transport and 8 

mixing during the 2002 Antarctic winter, Geophys. Res. Lett., 30� 1599, https://doi.org/10.1029/2003GL017117, 2003. 9 

Baldwin, M. P., Ayarzagüena, B., Birner, T., Butchart, N., Butler, A. H., Charlton-Perez, A. J., Domeisen, D. I. V., Garfinkel, 10 

C. I., Garny, H., Gerber, E. P., Hegglin, M. I., Langematz, U., and Pedatella, N. M.: Sudden Stratospheric Warmings, 11 

Rev. Geophys., 59, e2020RG000708, https://doi.org/10.1029/2020RG000708, 2021. 12 

Baldwin, M. P., Hirooka, T., O'Neill, T., and Yoden, S.: Major stratospheric warming in the Southern Hemisphere in 2002: 13 

Dynamical aspects of the ozone hole split, SPARC Newsletter, 20, 24–26, 2003. 14 

Bancalá, S., Krüger, K., and Giorgetta, M.: The preconditioning of major sudden stratospheric warmings, J. Geophys. Res., 15 

117, D04101, https://doi.org/10.1029/2011JD016769, 2012. 16 

Barnett, J. J.: Large sudden warming in the southern hemisphere, Nature, 255, 387-389, 1974. 17 

Charlton, A. J. and Polvani, L. M.: A new look at stratospheric sudden warmings. part i: Climatology and modeling 18 

benchmarks, J. Climate, 20, 449–469, https://doi.org/10.1175/JCLI3996.1, 2007. 19 

Eswaraiah, S., Kim, J. -H., Lee, W., Hwang, J., Kumar, K. N., and Kim, Y. H.: Unusual Changes in the Antarctic Middle 20 

Atmosphere During the 2019 Warming in the Southern Hemisphere, Geophys. Res. Lett., 21 

https://doi.org/10.1029/2020GL089199, 2020. 22 

Fujiwara, M., Wright, J. S., Manney, G. L., Gray, L. J., Anstey, J., Birner, T., Davis, S., Gerber, E. P., Harvey, V. L., 23 

Hegglin, M. I., Homeyer, C. R., Knox, J. A., Krüger, K., Lambert, A., Long, C. S., Martineau, P., Molod, A., Monge-24 

Sanz, B. M., Santee, M. L., Tegtmeier, S., Chabrillat, S., Tan, D. G. H., Jackson, D. R., Polavarapu, S., Compo, G. P., 25 

Dragani, R., Ebisuzaki, W., Harada, Y., Kobayashi, C., McCarty, W., Onogi, K., Pawson, S., Simmons, A., Wargan, 26 

K., Whitaker, J. S., and Zou, C.-Z.: Introduction to the SPARC Reanalysis Intercomparison Project (S-RIP) and 27 

overview of the reanalysis systems, Atmos. Chem. Phys., 17, 1417–1452, https://doi.org/10.5194/acp-17-1417-2017, 28 

2017. 29 

Godson, W. L.: A comparison of middle-stratosphere behaviour in the Arctic and Antarctic, with special reference to final 30 

warmings, Proc. Int. Symp. on Stratospheric and Mesospheric Circulation, Berlin, Germany, 161-206, 1963. 31 



14 
 

Harada, Y. and Hirooka, T.: Extraordinary features of the planetary wave propagation during the boreal winter 2013/2014 1 

and the zonal wave number two predominance, J. Geophys. Res. -Atmos., 122, 11374-11387, https://doi.org/10. 2 

1002/2017JD027053, 2017. 3 

Hendon, H. H., Thompson, D. W. J., Lim, E.	P., Butler, A. H., Newman, P. A., Coy, L., Scaife, A., Polichtchouk, 4 

I., Garreaud, R. S., Shepherd, T. G., and Nakamura, H.: Rare forecasted climate event under way in the Southern 5 

Hemisphere, Nature, 573, 495–495, https://doi.org/10.1038/d41586-019-02858-0, 2019. 6 

Hirota, I., Kuroi, K., and Shiotani, M.: Midwinter warmings in the Southern hemisphere stratosphere in 1988, Q. J. Roy. 7 

Meteor. Soc., 116, 929-941, 1990. 8 

Iida, C., Hirooka, T., and Eguchi, N.: Circulation changes in the stratosphere and mesosphere during the stratospheric sudden 9 

warming event in January 2009, J. Geophys. Res. -Atmos., 119, 7104–7115, https://doi.org/10.1002/2013JD021252, 10 

2014. 11 

Julian, P. R.: Midwinter stratospheric warmings in the Southern Hemisphere: General remarks and a case study, J. Appl. 12 

Meteor., 6, 557–563, 1967. 13 

Kobayashi, S., Ota, Y., Harada, Y., Ebita, A., Moriya, M., Onoda, H., Onogi, K., Kamahori, H., Kobayashi, C., Endo, H., 14 

Miyaoka, K., and Takahashi, K.: The JRA-55 Reanalysis: general specifications and basic characteristics, J. Meteorol. 15 

Soc. Jpn., 93, 5–48, https://doi.org/10.2151/jmsj.2015-001, 2015. 16 

Krüger, K., Naujokat, B., and Labitzke, K.: The Unusual Midwinter Warming in the Southern Hemisphere Stratosphere 17 

2002: A Comparison to Northern Hemisphere Phenomena, J. Atmos. Sci., 62, 603–613, https://doi.org/10.1175/JAS-18 

3316.1, 2005. 19 

Labitzke, K.: Midwinter warmings in the stratosphere and lower mesosphere, Zeitschr. Geophys., 34, 555–561, 1968. 20 

Labitzke, K.: The amplification of height wave 1 in January 1979: A characteristic precondition for the major warming in 21 

February, Mon. Weather Rev., 109, 983-989, 1981. 22 

Labitzke, K.: Interannual variability of the winter stratosphere in the Northern Hemisphere, Mon. Weather Rev., 105, 762-23 

770, 1977. 24 

Labitzke, K. and van Loon, H.: The stratosphere: phenomena, history, and relevance, Springer Verlag, Berlin, 197, 1999. 25 

Labitzke, K. and van Loon, H.: A note on stratospheric midwinter warmings in the Southern Hemisphere, J. Appl. Meteor., 26 

4, 292-295, 1965. 27 

Lee, W., Song, I. -S., Kim, J. -H., Kim, Y. H., Jeong, S. -H., Eswaraiah, S., and Murphy, D. J.: The observation and SD-28 

WACCM simulation of planetary wave activity in the middle atmosphere during the 2019 Southern Hemispheric 29 

sudden stratospheric warming, J. Geophys. Res. -Space, 126, e2020JA029094, https://doi.org/10.1029/2020JA029094, 30 

2021. 31 

Lim, E. P., Hendon, H., Butler, A., Thompson, D. W., Lawrence, Z., Scaife, A., Shehperd, T., Polichtchouk, I., Nakamura, 32 

H., Kobayashi, C., Comer, R., Coy, L., Dowdy, A., Garreaud, R., Newman, P., and Wang, G.: The 2019 southern 33 



15 
 

hemisphere stratospheric polar vortex weakening and its impacts, B. Am. Meteorol. Soc., 1 

https://doi.org/10.1175/BAMS-D-20-0112.1, 2021. 2 

Limpasuvan, V. Thompson, D. W. J., and Hartmann, D. L.: The life cycle of the Northern hemisphere sudden stratospheric 3 

warming, J. Climate, 17, 2584-2596, 2004. 4 

Matsuno, T.: A dynamical model of the stratospheric sudden warming, J. Atmos. Sci., 28, 1479–1494, 1971. 5 

Manney, G. L., Schwartz, W. H., Krüger, K., Santee, M. L. Pawson, S., Lee, J. N., Daffer, W. H., Fuller, R. A., and Livesey, 6 

N. J.: Aura Microwave Limb Sounder observations of dynamics and transport during the record-breaking 2009 Arctic 7 

stratospheric major warming, Geophys. Res. Lett., https://doi.org/10.1029/2009GL038586, 2009. 8 

Naujokat, B. and Roscoe, H. K.: Evidence against an Antarctic stratospheric vortex split during the periods of pre-IGY 9 

temperature measurements, J. Atmos. Sci., 62, 885-889, 2005. 10 

Newman, P. A. and Nash, E. R.: The Unusual Southern Hemisphere Stratosphere Winter of 2002, J. Atmos. Sci., 62, 614–11 

628, https://doi.org/10.1175/JAS-3323.1, 2005. 12 

Rao, J., Garfinkel, C. I., White, I. P., and Schwartz, C.: The Southern Hemisphere Minor Sudden Stratospheric Warming in 13 

September 2019 and its Predictions in S2S Models, J. Geophys. Res. -Atmos., 125, e2020JD032723, 14 

https://doi.org/10.1029/2020JD032723, 2020. 15 

Roscoe, H. K., Shanklin, J. D., and Colwell, S. R.: Has the Antarctic vortex split before 2002?, J. Atmos. Sci., 62, 581–588,  16 

https://doi.org/10.1175/JAS-3331.1, 2005. 17 

Safieddine, S., Bouillon, M., Paracho, A. C., Jumelet, J., Tencé, F., Pazmino, A., Goutail, F., Wespes, C., Bekki, S., 18 

Boynard, A., Hadji-Lazaro, J., Coheur, P. F., Hurtmans, D., and Clerbaux, C.: Antarctic Ozone Enhancement During 19 

the 2019 Sudden Stratospheric Warming Event, Geophys. Res. Lett., 47, e2020GL087810, https://doi.org/ 20 

10.1029/2020gl087810, 2020. 21 

Shen, X., Wang, L., and Osprey, S.: Tropospheric forcing of the 2019 Antarctic sudden stratospheric warming, Geophys. 22 

Res. Lett., 47, e2020GL089343, https://doi.org/10.1029/2020GL089343, 2020. 23 

Shiotani, M., Shimoda, N., and Hirota, I.: Inter-annual variability of the stratospheric circulation in the Southern Hemisphere, 24 

Q. J. R. Meteorol. Soc., 119, 531–546, 1993. 25 

Stolarski, R. S., McPeters, R. D., and Newman, P. A.: The ozone hole of 2002 as measured by TOMS, J. Atmos. Sci., 62, 26 

716–720, 2005. 27 

Wargan, K., Weir, B., Manney, G. L., Cohn, S., and Livesey, N. J.: The anomalous 2019 Antarctic ozone hole in the GEOS 28 

Constituent Data Assimilation System with MLS observations, J. Geophys. Res.-Atmos., 125, e2020JD033335, 29 

https://doi.org/10.1029/2020JD033335, 2020. 30 

Weber, M., Dhomse, S., Wittrock, F., Richter, A., Sinnhuber, B.-M., and Burrows, J. P.: Dynamical Control of NH and SH 31 

Winter/Spring Total Ozone from GOME Observations in 1995–2002, Geophys. Res. Lett., 30, 1853-1854,  32 

https://doi.org/10.1029/2002GL016799, 2003. 33 



16 
 

WMO: Abridged final report of the seventh session of the Commission for Atmospheric Sciences. WMO Rep. 509, 113 pp., 1 

1978. 2 

Yamazaki, Y., Matthias, V., Miyoshi, Y., Stolle, C., Siddiqui, T., Kervalishvili, G., Laštovička, J., Kozubek, M., Ward, W., 3 

Themens, D. R., Kristoffersen, S., and Alken, P.: September 2019 Antarctic sudden stratospheric warming: quasi-6-4 

day wave burst and ionospheric effects, Geophys. Res. Lett., 47, e2019GL086577, 5 

https://doi.org/10.1029/2019GL086577, 2019. 6 

  7 



17 
 

  

  
 1 

Figure 1. Time–height cross-sections of the temperature difference [K] between 60°S and the South Pole (a,c) and the zonal-2 

mean zonal wind [m s–1] at 60°S (b,d) from 1 June to 31 October for 2019 (left) and 2002 (right). The contour intervals are 5 3 

K for temperature and 10 m s–1 for zonal wind, respectively.  4 
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 1 

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

Hemisphere at 10 hPa for successive 3-day mean from 25 August to 20 September 2019. Contour intervals are 250 m.  3 
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 1 

Figure 3. Time series of temperature [K] at 90°S and 10 hPa (a) and zonal-mean zonal wind [m s–1] at 60°S and 10hPa, (b) 2 

from 1 June to 31 October. Climatological values (blue) from 2002 (green) to 2019 (red) are represented with one standard 3 

deviation shown by error bars.  4 
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 3 

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 4 

[× 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 5 

lines denote the zonal wavenumbers 1, 2, and 3, respectively. In the bottom panels, grey shadings show the vertical component 6 

of the E-P flux of all wavenumbers.   7 
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 2 

Figure 5. Latitude–height cross-sections of zonal-mean zonal wind [m s–1] averaged every three days from 25 August to 20 3 

September 2019. Contour intervals are 5 m s–1.  4 
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 1 

Figure 6. Time–height cross-sections of the E-P flux [kg s–2] (vectors) at 60°S for zonal wavenumber 1 (a, c) and 2 (b, d) and 2 

the wave driving due to its divergence [m s-1 day-1] (colour shading) from 1 June to 31 October in 2019 (left) and 2002 (right). 3 

E-P flux vectors pointing to the right direction corresponds to the poleward. The blue (red) shading denotes the zonal wind 4 

deceleration (acceleration).  5 
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 1 

Figure 7. Same as Fig. 5 but for E-P flux [kg s–2] (vectors) and the wave driving due to its divergence [m s–1 day–1] (colour 2 

shading). Contour intervals are 5 m s–1 day–1.  3 
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 2 

Figure 8. Same as Fig. 5 but for the quasi-geostrophic refractive index squared (dimensionless, colour shading, top) and zonal-3 

mean zonal wind ([m s–1], bottom) averaged over 10–20 August (before the warming), 31 August–11 September (during the 4 

warming), and 12–20 September 2019 (after the warming). Black lines in the top panels denote the zero-wind speed contour. 5 
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 1 
Figure 9. Interannual variations in wave driving due to E-P flux divergence [m s–1 day–1] averaged over 30°-90°S at 10 hPa in 2 

September for zonal wavenumber 1 (red) and 2 (blue) from 2002 to 2019. Gray bars show the results for all wavenumbers. 3 
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