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Abstract. 9 

This study analyzes the Japanese 55-year Reanalysis (JRA-55) dataset from 2002 to 2019 to examine the sudden 10 

stratospheric warming event that occurred in the Southern Hemisphere (SH) in 2019 (hereafter referred to as SSW2019). 11 

Strong warming at the polar cap and decelerated westerly winds were observed, but since there was no reversal of westerly 12 

winds to easterly winds at 60°S in the middle to lower stratosphere, the SSW2019 is classified as a minor warming event. 13 

The results show that quasi-stationary planetary waves of zonal wavenumber 1 developed during the SSW2019. The 14 

strong vertical component of the Eliassen–Palm flux with zonal wavenumber 1 is indicative of pronounced propagation of 15 

planetary waves to the stratosphere. The wave driving in September 2019 shows that the values are larger than those of the 16 

major SSW event in 2002 (hereafter referred to as SSW2002). Since there was no pronounced preconditioning (as in SSW2002) 17 

and the polar vortex was already strong before the SSW2019 occurred, a major disturbance of the polar vortex was unlikely to 18 

have taken place. The strong wave driving in SSW2019 occurred in high latitudes. Waveguides (i.e., positive values of the 19 

refractive index) are found at high latitudes in the upper stratosphere during the warming period, which provided favorable 20 

conditions for quasi-stationary planetary waves to propagate upward and poleward. 21 

 22 

1 Introduction 23 

Sudden stratospheric warmings (hereafter referred to as SSWs) are extraordinary events that are regularly observed 24 

in the Arctic polar region during winter. Strong westerly winds associate with the polar vortex in the mid-to-high latitudes 25 

decelerate, and temperatures increase by several tens of Kelvins within a few days in the polar region during a SSW (Labitzke 26 

and van Loon, 1999; Andrews et al., 1987; Iida et al., 2014; Baldwin et al., 2021). Many studies have examined the underlying 27 

mechanisms of these events. SSWs are caused by enhanced quasi-stationary planetary waves that propagate from the 28 

troposphere to the stratosphere (Matsuno, 1971). The occurrence of SSWs is common in the Northern Hemisphere (NH) 29 

(Charlton and Polvani, 2007) but rare in the Southern Hemisphere (SH) (Roscoe et al., 2005; Naujokat and Roscoe, 2005) due 30 

to the relatively weak wave activity there resulting from the ocean–land distribution and small wave perturbations (Andrews 31 

et al., 1987). 32 
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 1 

SSWs during mid-winter are classified as either major or minor warmings (Julian, 1967; Labitzke, 1968). Major 2 

warming events are defined by rapid temperature increases between 60° latitude and the pole, and a breakdown of the polar 3 

vortex, where zonal-mean zonal winds at 10 hPa poleward of 60° latitude reverse from westerly to easterly. In contrast, minor 4 

warming events refer to high temperatures at the pole without a reversal of zonal-mean zonal winds poleward of 60° latitude 5 

at 10 hPa. Moreover, major warmings can be classified as being of the “vortex-displacement” or “vortex-split” type depending 6 

on the structure of the polar vortex during the onset of the warming event (Charlton and Polvani, 2007). Planetary waves with 7 

zonal wavenumbers 1 and 2 (PW1, PW2) play an important role in the preconditioning of the polar vortex (Labitzke, 1981; 8 

Bancalá et al., 2012). 9 

 10 

In the SH, minor warming events have occasionally been observed in mid-winter (i.e., Godson 1963; Labitzke and 11 

van Loon 1965; Barnett 1974; Al-Ajmi et all., 1985; Hirota et al., 1990; Shiotani et al., 1993), whilst only one major SSW 12 

event has been detected in 2002 (Roscoe et al., 2005; Naujokat and Roscoe, 2005). Before the onset of SSW2002, a sequence 13 

of amplified planetary-wave activity was observed, which played an important role in weakening the polar night jet (PNJ) 14 

(Krüger et al., 2005). Then, the polar vortex broke down in September and split into two. The strong eastward-traveling waves, 15 

consisting primarily of PW2, led to wave-mean flow interactions that weakened the PNJ, whilst the amplified quasi-stationary 16 

waves caused the disruption of the polar vortex and abruptly increased the polar temperature. The SSW2002 was classified as 17 

a major warming event of the “vortex-split” type applying the criteria of Charlton and Polvani (2007). The SSW2002 in the 18 

SH also significantly impacted the interannual variability of the Antarctic ozone hole (Weber et al., 2003). The warm air and 19 

particularly strong wave activity during SSW2002 disrupted the depletion of ozone over Antarctica, leading to the smallest 20 

ozone hole since 1988 (Allen et al., 2003; Newman and Nash, 2005; Stolarski et al., 2005). 21 

 22 

In September 2019, a strong SSW occurred in the SH (Yamazaki et al., 2020; Hendon et al., 2019; Eswaraiah et al., 23 

2020). Rao et al. (2020) investigated the predictability of an SSW event that occurred in the SH in 2019 based on subseasonal 24 

to seasonal (S2S) models and identified favorable conditions such as easterly equatorial quasi-biennial oscillation (QBO) winds 25 

at 10 hPa, solar minimum, and positive Indian Ocean Dipole (IOD) sea surface temperatures that may have led to its occurrence. 26 

Following SSW2019, a significant reduction of the ozone hole area was detected during the peak ozone depletion period based 27 

on the Aura Microwave Limb Sounder (MLS) of Aura satellite and Global Earth Observing System model simulations 28 

(Wargan et al., 2020). Safieddine et al. (2020) showed that the total ozone poleward of 45°S increased during September to 29 

November 2019 using the Infrared Atmospheric Sounding Interferometer. 30 

 31 

The purpose of this study is to investigate the dynamical evolution of the SSW2019 and compare it with the SSW2002 32 

event in the SH. The data and analysis methods are described in Sect. 2, followed by a discussion of the evolution and 33 
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dynamical features of SSW2019 in Sect. 3. Section 4 discusses the plausible factors that may have contributed to the occurrence 1 

of SSW2019. A summary and conclusion are presented in Sect. 5. 2 

 3 

2 Data and Analysis Methods 4 

2.1 The JRA-55 reanalysis data 5 

This study used horizontal winds, temperature, and geopotential height from the Japanese 55-year Reanalysis (JRA-6 

55) dataset provided by the Japan Meteorological Agency. The analysis period is from 2002 to 2019 and the grid resolution is 7 

1.25° × 1.25° in the longitude–latitude directions. We used daily averages of the original 6-hourly data. Details of the data are 8 

described in Kobayashi et al. (2015). The Stratosphere-troposphere Processes And their Role in Climate (SPARC) Reanalysis 9 

Intercomparison Project (S-RIP) gives an evaluation of individual reanalysis datasets (Fujiwara et al., 2017). 10 

 11 

2.2 Analysis methods 12 

To analyze the wave-mean flow interaction, we consider planetary–scale waves based on the Transformed Eulerian 13 

Mean equations. We employed the Eliassen–Palm flux (E–P) to study the effect of the wave forcing on the zonal mean 14 

circulation. The vector of the E–P flux represents the direction of wave energy propagation in the zonal-mean circulation 15 

system. Moreover, the total wave forcing can be represented by the divergence (convergence) of the E–P flux, which is related 16 

to the acceleration (deceleration) of the westerly zonal-mean circulation (Andrews and McIntyre, 1976; Andrews et al., 1987). 17 

The E–P flux methodology in the quasi-geostrophic form is given by: 18 

𝑭 = ,𝐹., 𝐹01 = 2−𝜌𝑎 𝑐𝑜𝑠 𝜃 𝑢;𝑣;======, 𝜌𝑎 𝑐𝑜𝑠 𝜃 𝑓
𝑣;𝜙0;======
𝑁A B (1) 19 

where 𝐹. and 𝐹0 represent the meridional and vertical components of the E–P flux, respectively. The zonal and meridional 20 

winds are denoted by u and v, respectively, and the prime denotes small perturbations to a steady zonal flow. The radius of the 21 

earth, the buoyancy frequency, density, latitude, vertical gradient of geopotential height, and the Coriolis parameter are 22 

represented by a, N, 𝜌, 𝜃,𝜙0,	and f, respectively. 23 

To study wave propagation, the distribution of the refractive index is analyzed based on 24 

𝑛GA =
𝑞=I
𝑎𝑢= −

𝑓A

4𝑁A𝐻A (2) 25 

where 𝑛GA is the squared refractive index; 𝑞=I is the meridional gradient of mean potential vorticity; 𝑢= denotes a horizontal basic 26 

flow; and 𝐻 is the scale height. For more details, see Andrews et al. (1987). Waves can propagate in regions of positive 27 

refractive index and are evanescent in the negative regions. 28 

The present study investigates planetary-scale waves with zonal wavenumbers 1 to 3 by calculating the spatial Fourier 29 

transform in the longitudinal direction. 30 

 31 

3 Results 32 
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3.1 Overview of SSW2019 1 

First, we present an overview of the SSW2019. Figure 1 shows the time-height cross-sections of the zonal-mean 2 

temperature gradient, ∆𝑇, between 60°S and the South Pole, and the zonal-mean zonal winds at 60°S in 2019, and 2002 for 3 

comparison. In austral winter 2019, regular oscillations of ∆𝑇 occur in the upper stratosphere (~5 to 1 hPa) from June to the 4 

first half of July. In the SSW2002, intermittent warming of the South Pole first occurs in the upper stratosphere from mid-5 

August, which is followed by a large warming in September. Except for a short warming period in the upper stratosphere in 6 

the middle of August 2019, the temperatures over the South Pole are lower than that at 60°S until late August. However, after 7 

a couple of warming pulses from late August to early September, the pronounced high temperature at the South Pole starts 8 

propagating downward to about 30 hPa from 19 September. After that, the warm conditions over the South Pole continue with 9 

regular warming pulses in the middle to the upper stratosphere (~20 to 1 hPa) until late October. 10 

 11 

The zonal-mean zonal winds in the stratosphere are disturbed during SSW2019. From the beginning of June to late 12 

August, the zonal-mean zonal winds are regularly strengthened in the middle to the upper stratosphere (~20 to 1 hPa) with two 13 

maxima in late July and late August. In SSW2002, due to the regular oscillation of westerly winds in the middle to the upper 14 

stratosphere (~20 to 1 hPa), the PNJ is considerably weakened before the reversal of the zonal-mean zonal winds in September 15 

(see also Krüger et al., 2005). From late August to early September 2019, there are two substantial weakening periods of the 16 

PNJ from over 80 m s–1 to about 20 m s–1 in the upper stratosphere (~5 to 1 hPa), first from 26 August to 30 August and again 17 

from 1 September to 3 September (Figure 1). After the considerable deceleration of the westerly winds, a reversal of the zonal-18 

mean zonal winds from westerlies to easterlies occurs in the middle of September above 5 hPa. Subsequently, there is another 19 

reversal to weak westerlies, lasting until the middle of October. Easterly winds occur again in the upper stratosphere (~5 to 1 20 

hPa) after mid-October, leading to the gradual transition to the summer circulation. Since the reversal of zonal-mean zonal 21 

winds from westerlies to easterlies does not occur at 10 hPa and 60°S, SSW2019 is classified as a minor SSW. 22 

3.2 Synoptic evolution 23 

Figure 2 shows the synoptic evolution of temperature and geopotential height at 10 hPa on selected days in 2019. 24 

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

with warm air on the edge of the polar vortex near southern Africa. From 28 August to 2 September, the warm air becomes 26 

warmer, whilst the low temperature region begins to push towards the South Pole. The anticyclone in the south of Australia 27 

begins to strengthen, corresponding to the amplified PW1. From 3–5 September, the temperatures decrease at the edge of the 28 

polar vortex while the vortex itself weakens further. The low temperature region is shifted off the centers of the vortices, 29 

indicating baroclinic conditions. Between 6 and 8 September, the high temperature stretches poleward, almost reaching the 30 

South Pole. The warming culminates on 11 September with a weakening of the polar vortex. The anticyclone also develops 31 

strongly during this period. After the peak warming, the warm air remains over the South Pole from 12 to 20 September and 32 

the anticyclone moves to the southwest of Australia. 33 
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 1 

Figure 3a shows daily changes of zonal-mean temperatures at 90°S and 10 hPa from 1 June to 31 October. The 2 

temperatures in the middle stratosphere in high latitudes are higher than normal during the period from late August to 3 

September 2019 (red line). The climatological temperature (blue line) reaches its minimum around June and the interannual 4 

variability is relatively small at that time. After that, the temperature gradually increases and the interannual variability 5 

becomes larger, especially from September to October. In 2019, the temperature is close to the climatology until mid-August. 6 

Several warmings occur in late August, with pronounced warmings on 31 August 2019 and 11 September 2019. The 7 

temperature increase (∆𝑇) between 31 August and 11 September is ~40 K (hereafter referred to as the warming period). After 8 

the large temperature increase, a slight decrease occurs, but the high temperatures last for around one more week. Finally, the 9 

temperature attains a peak value of ~275 K on 19 September, which is about 10 days earlier than in 2002 (green line). The 10 

magnitude of the warming peak over the South Pole in September 2019 is well outside the standard deviation of the 11 

climatological temperature. 12 

 13 

Figure 3b shows the zonal-mean zonal winds at 60°S and 10 hPa, where the wind speed exhibits near the peak of the 14 

PNJ maximum. The climatological zonal-mean zonal wind (blue line) peaks in August and decreases afterward, with large 15 

interannual variability. In 2019 (red line), the zonal-mean zonal wind changes by mid-August. A pronounced deceleration of 16 

the westerly winds to ~61 m s–1 occurs on 31 August, in accordance with the warming in late August. The westerly wind 17 

reaches a value of ~26 m s–1 on 11 September, coinciding with a warming peak in the temperature. The decrease in the 18 

magnitude of the wind (∆𝑈) is ~35 m s–1 from 31 August to 11 September 2019. The deceleration continues until mid-19 

September, with the minimum westerly winds occurring on 17 September (~11 m s–1). The magnitude of the weakening is ~50 20 

m s-1 between 31 August and 17 September 2019. In 2002 (green line), the PNJ reverses to easterly winds on 27 September 21 

(~20 m s–1), resulting in a difference of ~72 m s–1 from 24 August, when the first warming pulse occurs. Similar to the 22 

temperature evolution, the zonal-mean zonal wind is well outside the standard deviation of the climatology during September. 23 

However, there is no occurrence of the zonal-mean zonal wind reversal in 2019, which is one of the major differences compared 24 

with SSW2002. 25 

 26 

3.3 Dynamical evolution 27 

Figure 4 shows daily changes of the amplitudes of PW1 and PW2 in the geopotential height field (Z1,2) at 60°S and 28 

10 hPa (top) and the 50 hPa upward E–P fluxes for zonal wavenumbers 1–3 (bottom) in 2019 (left panels) and 2002 (right 29 

panels). 30 

The quasi-stationary PW1 plays an important role in the dynamical evolution of SSW2019 (Fig. 4a). The largest Z1 31 

exceeded 2000 m on 8 September (~2137 m). Yamazaki et al. (2020) reported that this was the highest value of Z1 that has 32 

been observed since August 2004 by Aura MLS in the SH. Large values of Z1 also occurred from late August to the first half 33 

of September, which is consistent with the warming period. Another large amplification of Z1 occurs in late August (Figure 34 
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4). These large amplifications of PW1 disturbed the polar vortex, leading to a weakening of the PNJ (Eswaraiah et al., 2020). 1 

The large growth of PW1 could be associated with the easterly phase of the quasi-biennial oscillation in the SH tropics 2 

(Eswaraiah et al., 2020; Rao et al., 2020). In comparison with the predominant role of PW1, PW2, and PW3 in SSW2002, Z2 3 

appears to be less dominant during the warming period from late August to the first half of September in SSW2019 (Figure 4). 4 

Furthermore, the eastward-traveling wave Z2 presents around 31 July, 10 August, and 20 September 2019 at 10 hPa (not shown 5 

here), but is not as regular and pronounced as in 2002 (Krüger et al., 2005). 6 

 7 

The vertical component of the E–P flux (hereafter EPFz) is a useful diagnostic for evaluating the vertical propagation 8 

of planetary waves into the stratosphere (e.g., Harada and Hirooka, 2017). Here we decompose the EPFz into contributions 9 

from zonal wavenumbers 1–3 to gain a deeper understanding of the wave activity during SSW2019 and SSW2002 in the 10 

stratosphere. In Fig. 4b, d, the daily evolution of the total EPFz at 50 hPa for all wavenumbers is shown by gray shading, along 11 

with the individual contributions from PW1–3 by colored lines. The total EPFz in 2019 indicates a high activity of planetary 12 

waves propagating into the stratosphere beginning in late August and attaining peak values in the first half of September, in 13 

accordance with the increasing temperatures at the South Pole and the weakening westerly winds. In addition, the contribution 14 

of zonal wavenumber 1 is considerably larger than the other zonal wavenumber components. However, the peak value of the 15 

total EPFz in 2019 does not surpass that in 2002. The SSW2019 is characterized by the large growth of PW1 activity that 16 

disturbed the polar vortex during the warming period. 17 

 18 

Figure 5 shows the latitude-height cross-sections of zonal-mean zonal winds on several selected days. During the 19 

period 25–27 August, the westerly winds are located in the high latitudes of the stratosphere. As mentioned above, large-20 

amplitude wave activity occurred from late August to the first half of September. The strength of the PNJ is considerably 21 

weakened from 28 to 30 September to about 65 m s–1 from a value exceeding 90 m s–1 between 25 and 27 August. Due to the 22 

large wave activity starting in late August, a substantial deceleration of the PNJ takes place from 28 August to 2 September. 23 

After a slight strengthening of the PNJ from 3 to 5 September, the PNJ weakens again and the core propagates downward 24 

during the period 6–11 September, in line with the large temperature increase observed in Figure 2. After the substantial 25 

deceleration of the PNJ, westerly winds remain relatively weak from 12 to 20 September and are characterized by a poleward 26 

shift of the westerly jet axis below 10 hPa. The deceleration of the PNJ from 12 to 20 September is in accordance with the 27 

warming over the South Pole observed in Figure 2. 28 

 29 

We now examine the evolution of wave propagation from the troposphere to the stratosphere through the E–P flux. 30 

Figure 6 shows the time-height cross-sections of the E–P flux vectors and the divergence for PW1 and PW2 at 60°S. From 31 

Fig. 6a (PW1 during SSW2019), we see a pronounced upward propagation from the troposphere to the stratosphere and strong 32 

convergence of the E–P flux in the upper stratosphere in late August and the first half of September. In contrast to the large 33 
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PW1 activity, the PW2 activity is fairly weak during the analysis period (Fig. 6b). This suggests that strong upward propagation 1 

of PW1 and strong convergence played an important role in triggering the SSW2019. 2 

 3 

The planetary wave activity for SSW2002 has been well documented by Baldwin et al. (2003, their Fig. 6). Our Figure 4 

6c, d confirms that both PW1 and PW2 periodically strengthens and propagates from the troposphere to the stratosphere. 5 

Strong convergence of the E–P flux appears intermittently in the upper stratosphere for both PW1 and PW2. This suggests that 6 

the PNJ and polar vortex were weakened by the intermittently strong wave activity, preconditioning the stratosphere before 7 

the occurrence of SSW2002 as mentioned earlier (Krüger et al., 2005). Subsequently, the polar vortex broke down due to the 8 

large wave activity in late September, which resulted in the reversal of the zonal-mean zonal wind at 60°S and 10 hPa, as 9 

shown in Figure 3b. 10 

 11 

Figure 7 shows the latitude-height cross-sections of the E–P flux and the E–P flux divergence (convergence), which 12 

is related to the acceleration (deceleration) of the zonal-mean zonal winds, on the same selected days as for Figure 5. Pulses 13 

of strong wave forcing are observed in the stratosphere at high latitudes from late August to the first half of September 2019. 14 

From 28 to 30 August 2019, the waves strongly propagate upward and poleward from 60°S. Strong convergence is observed 15 

in the upper stratosphere, which corresponds to the strongly amplified planetary waves that lead to the deceleration of the PNJ 16 

mentioned above. From 31 August to 5 September, the waves propagate upward and equatorward, and the E–P flux converges 17 

in the upper stratosphere extratropic. During the period 6–8 September, a second maximum in the E–P flux convergence occurs, 18 

with wave propagation from the troposphere to the upper stratosphere at around 60°S. This convergence contributes to the 19 

occurrence of SSW2019 by decelerating the PNJ and warming the polar cap. Following this period of considerably large wave 20 

activity, regions of E–P flux convergence remain in the high latitudes around 10 hPa until 20 September. The long duration of 21 

E–P flux convergence corresponds to the continuously warming and weakening PNJ shown in Figures 2 and 5. 22 

 23 

4 Discussion 24 

We now discuss the mechanisms that generated the SSW2019. 25 

In September 2019, the polar vortex is weakened mostly by strong PW1 forcing (Figures 2 and 4). To understand the 26 

wave-mean flow interaction with the acceleration (deceleration) of the zonal flow, we now consider the wave driving due to 27 

the divergence (convergence) of the E–P flux. Figure 8 shows the interannual variation in the divergence (convergence) of the 28 

E–P flux for PW1 and PW2 in September between 30°S and 90°S at 10 hPa from 2002 to 2019. Firstly, it is evident that the 29 

magnitude of the divergence of the E–P flux is larger in 2019 than in any other year within the past 18 years. In addition, this 30 

is predominantly driven by PW1. The magnitude of the divergence of the E–P flux in 2002 is the second largest within the 31 

analysis period. Here, we find that PW1, PW2, and PW3 all play an important role in SSW2002 (Figure 4). This is consistent 32 

with the study by Krüger et al. (2005).  33 

 34 
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One striking difference between the unusual major SSW2002 and minor SSW2019 in the SH is that the zonal-mean 1 

zonal winds did not reverse to easterly winds in 2019, as already mentioned above. Preconditioning is considered to be a 2 

characteristic of major SSWs (Labizke, 1981) and many studies have demonstrated the importance of preconditioning in 3 

SSW2002 (Allen et al., 2003; Baldwin et al., 2003; Newman and Nash, 2005). Krüger et al. (2005) highlighted the importance 4 

of the interaction of the eastward-traveling PW2 with the quasi-stationary PW1, which weakened the PNJ before the major 5 

SSW. For SSW2019, the planetary wave activity was not amplified (nor large) until late August. Moreover, compared with 6 

2002, the eastward-traveling PW2 was less active and less pronounced before SSW2019 (not shown). In addition, the 7 

September SSW2019 occurred when the PNJ still had strong westerly winds. During SSW2019, westerly winds decreased by 8 

about 50 m s–1 from late August to the middle of September (see Figure 3). Despite the strong divergence of the E–P flux, it 9 

did not result in a reversal of the zonal-mean zonal winds at 10 hPa and below (Figure 8). However, similar or even smaller 10 

magnitudes of deceleration can result in a reversal of the zonal-mean zonal winds, as was observed for the major SSW in the 11 

NH winter of 2018/2019 (Rao et al., 2020). Here, the magnitude of weakening westerly winds could lead to major warming in 12 

the NH (Wargan et al., 2020). 13 

 14 

The abrupt occurrence of wave propagation in the stratosphere played an important role in triggering SSW2019. As 15 

mentioned previously, strong upward planetary wave propagation took place from late August to the first half of September 16 

2019. Here we offer a plausible mechanism underlying this phenomenon, namely that wave propagation from the troposphere 17 

to the stratosphere is controlled by the index of refraction, given that the refractive index and the meridional potential vorticity 18 

are highly correlated in the SH near the tropopause (Newman and Nash, 2005). 19 

 20 

Figure 9 shows the meridional cross-sections of the refractive index before, during, and after SSW2019. From 28 21 

August to 11 September 2019 (during the SSW2019), a wide waveguide (i.e., a positive refractive index) is formed from the 22 

troposphere to the stratosphere around 60°S. As planetary wave packets tend to propagate in regions with a large positive value 23 

of 𝑛GA, planetary waves propagate upward to the stratosphere through this waveguide. From 28 August to 11 September, there 24 

are high values of the refractive index in the high latitudes up to about 5 hPa. In addition, the strong PNJ before the SSW 25 

reduce from over 80 m s–1 to about 55 m s–1. This is consistent with the strong wave propagation during the warming period 26 

shown in Figure 7. Some study suggests that planetary waves may propagate from the upper troposphere (see also Naoe et al., 27 

under review). After the pronounced warming occurred in late August to the first half of September, the persistent open 28 

waveguide in the high latitudes present until 20 September (after SSW2019). This allows the wave energy propagating from 29 

the troposphere to the stratosphere to continually weaken the PNJ.  30 

 31 

5 Summary and Conclusion 32 

In this study, the evolution of the Sudden Stratospheric Warming 2019 (SSW2019) in the Southern Hemisphere (SH) 33 

was analyzed using the JRA-55 meteorological reanalysis. An unusually large warming and decelerated westerly winds were 34 
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observed in the southern polar region in September 2019. However, since a reversal from westerly winds to easterly winds did 1 

not take place at 60°S and 10 hPa, SSW2019 in the SH was classified as a minor SSW. 2 

 3 

Temperatures increased strongly in the first part of September following a couple of abrupt warmings in late August. 4 

The temperatures at the South Pole were well below the climatological average and out of the standard deviation during most 5 

of September. The westerly winds decelerated abruptly in the stratosphere from late August. Although a reversal of zonal-6 

mean zonal winds from westerlies to easterlies was observed in the upper stratosphere in early September, this reversal did not 7 

reach down to 10 hPa. In addition, the polar night jet (PNJ) was greatly weakened in the SSW2019. 8 

 9 

The present study has shown that there was a pronounced amplification of the quasi-stationary planetary wave 1 10 

(PW1) during SSW2019. The propagation of planetary waves to the stratosphere was investigated using the vertical component 11 

of the Eliassen–Palm (E–P) flux. High activity of planetary waves with a large contribution of PW1 propagated into the 12 

stratosphere at high latitude. Strong wave driving, represented by the convergence of the E–P flux, occurred in the upper 13 

stratosphere during the SSW2019, which led to the deceleration of the westerly winds. By studying the interannual variability 14 

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

than in any other year during the analysis period (2002–2019). 16 

 17 

The waveguide analysis showed that during the SSW2019, planetary waves propagated upward to the stratosphere 18 

through an open waveguide in the high latitudes. We found that a wide waveguide appeared at high latitudes from the lower 19 

to the upper stratosphere during SSW2019, which allowed planetary waves to propagate through the stratosphere. Moreover, 20 

because the waveguide existed after the pronounced warming, it allowed the planetary waves propagating upward to 21 

continually weaken the PNJ. This analysis revealed that strong and long-lasting quasi-stationary PW1 propagated to the 22 

stratosphere during the SSW2019. In contrast to the regular occurrence of the eastward-traveling PW2 during the SSW2002, 23 

the quasi-stationary PW1 played a dominant role in SSW2019. 24 

 25 

The occurrence of preconditioning before the major warming in SSW2002 has been widely reported by many studies. 26 

However, similar preconditions were not found in SSW2019. This may be one of the reasons why the reversal of the zonal-27 

mean zonal winds did not appear in SSW2019 at 10 hPa and below. Even though SSW2019 does not fulfil the criterion of a 28 

major SSW, the large increasing temperature at high latitudes still had a significant impact on the stratosphere, in particular 29 

on the formation of the Antarctic ozone hole in austral spring. Indeed, a diminished Antarctic ozone hole area has been 30 

observed in 2019. 31 

 32 
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 1 

Figure 1. Time–height cross-sections of the temperature gradient [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 averaged every three days from 25 August to 20 September 2019. Contour intervals are 250 m.  3 
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1 

 2 
 3 

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) 4 

from 1 June to 31 October. Red and green lines show values for 2019 and 2002, respectively. Climatological values from 2002 5 

to 2019 are represented by blue lines, with the standard deviation shown by error bars.  6 
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 1 

 2 

Figure 4. Time series of the amplitude [m] at 10 hPa and 60°S (a,c) and the vertical component of the E-P flux [× 10S kg s–2] 3 

at  60°S and  50 hPa (b,d) from 1 June to 31 October for 2019 (left) and 2002 (right). In the top panels, red and blue lines 4 

denote the zonal wavenumbers 1 and 2, respectively. In the bottom panels red, blue, and green lines denote the zonal 5 

wavenumbers 1, 2, and 3, respectively. Grey shadings show the vertical component of the E-P flux of all wavenumbers.   6 
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 1 

 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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 1 
Figure 8. 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 line) and 2 (blue line) from 2002 to 2019. Gray bars show the results for all 3 

wavenumbers. 4 
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 1 

Figure 9. Same as Fig. 5 but for the quasi-geostrophic refractive index (dimensionless, colour shading, top) and zonal-mean 2 

zonal wind ([m s–1], bottom) averaged over 10–20 August (left), 28 August–11 September (middle), and 12–20 September 3 

2019 (right). Black lines in the top panels denote the zero-wind speed contour. 4 
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