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

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

waves to propagate upward and poleward.

1 Introduction

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

stationary planetary waves propagate from the troposphere
to the stratosphere and interact with the zonal mean flow
(Matsuno, 1971). The occurrence of SSWs is common in the
Northern Hemisphere (NH) (Charlton and Polvani, 2007) but
rare in the Southern Hemisphere (SH) (Roscoe et al., 2005;
Naujokat and Roscoe, 2005). One of the reasons that SSWs
rarely occur in the SH is the distribution of ocean—land and
orography, which leads to smaller planetary wave amplitudes
in the SH (Andrews et al., 1987; Newman and Nash, 2005).
The SSWs during mid-winter are classified as either ma-
jor or minor warming events (Julian, 1967; Labitzke, 1968).
Major warming events are defined by rapid temperature in-
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creases between 60° latitude and the Pole, and a breakdown
of the polar vortex, where zonal-mean zonal winds at 10 hPa
poleward of 60° latitude reverse from westerly to easterly. In
contrast, minor warming events refer to high temperatures at
the Pole without a reversal of zonal-mean zonal winds pole-
ward of 60° latitude at 10 hPa. Moreover, major warmings
can be classified as being of the “vortex-displacement” or
“vortex-split” type depending on the structure of the polar
vortex during the onset of the warming event (Charlton and
Polvani, 2007).

It has been reported that minor SSWs characteristically
precede major SSWs as “preconditioning”. The preceding
minor SSWs are associated with planetary waves amplifica-
tion of zonal wavenumber 1 concurrently with a minimum of
the zonal wavenumber 2 (Labitzke, 1977, 1981; Bancala et
al., 2012). The “preconditioning” also changes in the zonal
flow that weakens the polar night jet (PNJ) 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 po-
lar vortices become vulnerable and lead to the cause of ma-
jor warmings. The presence of preconditioning is a necessary
condition for a major SSW to occur but not a sufficient con-
dition (Limpasuvan et al., 2004).

In the SH, minor warming events have occasionally been
observed in mid-winter (i.e., Godson, 1963; Labitzke and
van Loon, 1965; Barnett, 1974; Al-Ajmi et all., 1985; Hi-
rota et al., 1990; Shiotani et al., 1993), whilst only one
major SSW event has been detected in 2002 (Roscoe et
al., 2005; Naujokat and Roscoe, 2005). Before the onset of
SSW2002, a sequence of amplified planetary wave activity
was observed, which played an important role in weaken-
ing the PNJ (Kriiger et al., 2005). Then, the polar vortex
broke down in September and split into two. The strong
eastward-traveling waves, consisting primarily of planetary
waves of zonal wavenumber 2, led to wave-mean flow inter-
actions that weakened the PNJ, whilst the amplified quasi-
stationary waves caused the disruption of the polar vortex
and abruptly increased the polar temperature. The SSW2002
was classified as a major warming event of the “vortex-split”
type applying the criteria of Charlton and Polvani (2007).
The SSW2002 in the SH also significantly impacted the in-
terannual variability of the Antarctic ozone hole (Weber et
al., 2003). The warm air and particularly strong wave activ-
ity during SSW2002 disrupted the depletion of ozone over
Antarctica, leading to the smallest ozone hole since 1988
(Allen et al., 2003; Newman and Nash, 2005; Stolarski et
al., 2005).

In September 2019, a strong SSW (SSW2019) occurred
in the SH (Yamazaki et al., 2020; Hendon et al., 2019;
Eswaraiah et al., 2020). Rao et al. (2020) investigated the
predictability of an SSW event that occurred in the SH in
2019 based on subseasonal to seasonal (S2S) models and
identified favorable conditions, such as easterly equatorial
quasi-biennial oscillation (QBO) winds at 10 hPa, solar min-
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imum, and positive Indian Ocean Dipole (IOD) sea surface
temperatures that may have led to its occurrence. Following
SSW2019, a significant reduction of the ozone hole area was
detected during the peak ozone depletion period based on
the Aura Microwave Limb Sounder (MLS) of Aura satellite
and Global Earth Observing System model simulations (War-
gan et al., 2020). Safieddine et al. (2020) showed that the
total ozone poleward of 45°S increased during September
to November 2019 using the Infrared Atmospheric Sounding
Interferometer. Shen et al. (2020) suggested that the origin
of planetary waves of zonal wavenumber 1 was in the tro-
posphere and implied this to be a potential but unlikely di-
rect cause of the tropical easterly phase of the QBO in the
upper stratosphere in facilitating the weakening of polar vor-
tex. Quasi 6 d waves in the mesospheric winds were detected
during the SSW2019 in low latitudes, which was attributed
to instability in the SH high latitude mesosphere (Lee et al.,
2021).

The purpose of this study was to investigate the dynamical
evolution of the SSW2019 and compare it with the SSW2002
event in the SH. The data and analysis methods are described
in Sect. 2, followed by a discussion of the evolution and dy-
namical features of SSW2019 in Sect. 3. We describe the fea-
tures of SSW2019 in Sect. 3 and discuss the effect of reflec-
tive index squared of stationary planetary waves in Sect. 4.
We present a summary and conclusion in Sect. 5.

2 Data and analysis methods

2.1 The JRA-55 reanalysis data

In this paper we used horizontal winds, temperature, and
geopotential height from the Japanese 55-year reanalysis
(JRA-55) dataset provided by the Japan Meteorological
Agency. Because major SSWs were not observed in the SH
before 2002, the analysis period was from 1979 to 2019
as there are limited observations at high latitudes in the
SH before 1979 and the grid resolution is 1.25° x 1.25° in
the longitude—latitude directions. We used daily averages
of the original 6-hourly data. The climatological mean was
calculated over 41 years (1979-2019). Details of the data
are described in Kobayashi et al. (2015). The Stratosphere-
troposphere Processes and their Role in Climate (SPARC)
Reanalysis Intercomparison Project (S-RIP) gives an evalua-
tion of individual reanalysis datasets (Fujiwara et al., 2017).

2.2 Analysis methods

To analyze the wave-mean flow interaction, we considered
planetary wave with zonal wavenumbers from 1 to 3 (i.e.,
planetary scales) based on the Transformed Eulerian Mean
equations. We employ the Eliassen—Palm flux (E-P) to study
the effect of the wave forcing on the zonal mean circulation.
The vector of the E-P flux represents the direction of wave
energy propagation in the zonal-mean circulation system.
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Figure 1. Time-height cross-sections of the temperature difference (K) between 60° S and the South Pole (a, ¢) and the zonal-mean zonal
wind (m s_l) at 60° S (b, d) from 1 June to 31 October for 2019 (a, b) and 2002 (¢, d). The contour intervals are 5K for temperature and

10ms~! for zonal wind, respectively.

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

UNq;Z } , (1)

where Fy and F; represent the meridional and vertical com-
ponents of the E-P flux, respectively. The zonal and merid-
ional winds are denoted by u and v, respectively, and the
prime denotes small perturbations to zonal mean flow. In this
study, Fourier-analyzed amplitudes of planetary waves of dif-
ferent zonal wavenumbers are calculated as well as the wave
components of the E-P flux and its divergence. The radius of
the earth, the buoyancy frequency, density, latitude, vertical
gradient of geopotential height, and the Coriolis parameter
are represented by a, N, p, 0, ¢,, and f, respectively.

To study wave propagation, the distribution of the refrac-
tive index squared is analyzed based on
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where n(z) is the refractive index squared, g, is the merid-
ional gradient of zonal mean potential vorticity, u denotes
zonal-mean zonal winds, and H is the scale height. For more
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details, see Andrews et al. (1987). Waves can propagate in re-
gions of positive refractive index squared and are evanescent
in the negative regions.

3 Results

3.1 Overview of SSW2019

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

In 2019, regular oscillation of warmings (positive AT') oc-
cur in the upper stratosphere (~ 5 to 1hPa) from June to

Atmos. Chem. Phys., 22, 3493-3505, 2022



3496

the first half of July. Except for a short warming period in
the upper stratosphere in mid-August, temperatures over the
South Pole are lower than those at 60° S until late August.
After a couple of warming pulses from late August to early
September, conspicuous warming pulses (positive AT") occur
in the upper stratosphere at the South Pole, which correspond
to the SSW occurrence. The positive AT with values of
about 15 K propagates downward to the middle stratosphere
(~20hPa) until late October. Zonal-mean zonal winds are
regularly weakened in the upper stratosphere corresponding
to the warmings from June to the first half of July. From late
August to early September there are two substantial weaken-
ing periods of the PNJ from values exceeding 80 to 20 m s ™!
in the upper stratosphere (~ 5 to 1 hPa). A reversal of the
zonal-mean zonal winds from westerlies to easterlies occurs
in mid-September in the upper stratosphere. Subsequently,
weak westerlies occur in the upper stratosphere, which last
until mid-October. Easterly winds occur again in the upper
stratosphere in the second half of October, leading to the
gradual transition to the summer circulation. Since the rever-
sal of zonal-mean zonal winds from westerlies to easterlies
does not occur at 10hPa and 60° S , SSW2019 is classified
as a minor SSW.

3.2 Synoptic evolution

Figure 2 shows the synoptic evolution of temperature and
geopotential height at 10 hPa on selected days in 2019. Dur-
ing the period 25-27 August, the cold polar vortex locates
over the South Pole. It is partly surrounded by an anticy-
clone, with warm air on the edge of the polar vortex near
southern Africa. During the period 28-30 August, the tem-
perature around the Pole begins to increase and the anti-
cyclone in the south of Australia begins to develop. From
31 August to 2 September the high temperature region be-
comes larger, while the low temperature region shifts off the
South Pole. From 3-5 September, the temperatures decrease
at the edge of the polar vortex while the vortex itself weak-
ens further. The low temperature region shifts off the centers
of the vortices, indicating baroclinic conditions. Between 6
and 8 September, the high temperature stretches poleward,
almost reaching the South Pole. The warming culminates on
11 September with a weakening of the polar vortex. The an-
ticyclone also strongly develops during this period. After the
peak warming, the warm air remains over the South Pole
from 12 to 20 September and the anticyclone moves to the
southwest of Australia.

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

Figure 3b shows the zonal-mean zonal winds at 60°S
and 10 hPa. The climatological zonal-mean zonal wind peaks
in August and decreases afterward, with large interannual
variability. In 2019, a pronounced deceleration of the west-
erly winds to ~61ms~! occurs on 31 August, in accor-
dance with the warming in late August. The westerly wind
reaches a value of ~26ms~! on 11 September, coincid-
ing with a warming peak in the temperature. The decrease
in the magnitude of the wind (AU) is ~35ms~! during
the warming period. The deceleration continues until mid-
September, with the minimum westerly winds occurring on
17 September (~ 11ms~!). The magnitude of the weak-
ening is ~ 50 ms~! between 31 August and 17 September
2019. In 2002, the zonal-mean zonal winds reverse to east-
erly winds on 27 September (~ 20ms~!), resulting in a dif-
ference of ~ 72ms~! from 24 August, when the first warm-
ing pulse occurs. Like the temperature evolution in 2019, the
zonal-mean zonal winds are well outside the standard devia-
tion of the climatology during September. There is no occur-
rence of the zonal-mean zonal wind reversal in 2019, which
is one of the differences compared with SSW2002.

3.3 Dynamical evolution

The quasi-stationary planetary waves of zonal wavenumber
1 (PW1) play an important role in the dynamical evolution
of SSW2019. Figure 4 shows planetary wave amplitudes of
PWI1 and PW2 at 60°S and 10hPa (top) and upward E-
P fluxes for PW1-3 at 60° S and 50 hPa (bottom) for 2019
(left) and 2002 (right). The largest amplitude of PW 1 exceeds
2000 m on 8 September (~ 2137 m). Yamazaki et al. (2020)
reported that this is the highest value of amplitude of PW1
that has been observed since August 2004 by Aura MLS in
the SH. Large values of amplitude of PW1 can also be found
in late August and the first half of September. These large
amplifications of PW1 disturb the polar vortex, leading to
a weakening of the PNJ (Eswaraiah et al., 2020). The large
growth of PW1 could be associated with the easterly phase
of the quasi-biennial oscillation in the SH Tropics (Shen et
al., 2020; Rao et al., 2020). In comparison with the predomi-
nant role of PW1, PW2 in SSW2002, PW2 appears to be less
dominant during the warming period in SSW2019. Further-
more, the eastward-traveling PW?2 presents around 31 July,
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Figure 2. Polar stereographic map of temperatures (K) (color shading) and geopotential heights (m) (contours) in the Southern Hemisphere
at 10 hPa for successive 3 d mean from 25 August to 20 September 2019. Contour intervals are 250 m.

10 August, and 20 September 2019 at 10hPa (not shown)
but is not as pronounced as in 2002 (Kriiger et al., 2005).
The vertical component of the E-P flux is a useful diag-
nostic for evaluating the vertical propagation of planetary
waves into the stratosphere (e.g., Harada and Hirooka, 2017).
Here we decompose the E-P flux into components of zonal
wavenumbers 1-3 to gain a deeper understanding of indi-
vidual contributions of the planetary waves during SSW2019
and SSW2002 in the stratosphere. In Fig. 4b, d, the total E-P
flux at S0hPa for all wavenumbers is shown by gray shad-
ing, along with the individual contributions from PW1-3 by
colored lines. The total E-P flux in 2019 indicates a high
activity of planetary waves propagating into the stratosphere
beginning in late August and attaining peak values in the first
half of September, in accordance with the increasing temper-
atures at the South Pole and the weakening westerly winds.
In addition, the peak value of the total E-P flux in 2019 does
not surpass that in 2002. Furthermore, the contribution of
PW1 is considerably large in 2019. SSW2019 is character-
ized by the large growth of PW1 activity that disturbed the
polar vortex during the warming period. In contrast to the
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role of PW1, PW2, and PW3 in SSW2002, PW2 and PW3
appear to be less pronounced during the warming period in
SSW2019.

Figure 5 shows the latitude height cross-sections of zonal-
mean zonal winds on several selected days. During the pe-
riod 25-27 August, the PNJ core located in about 60° S and
in the range from 5 to 1hPa. As mentioned above, large-
amplitude waves occurred from late August to the first half of
September. During the period 28 to 30 August, anticyclones
and temperatures around the Pole begin developing and in-
creasing as seen in Fig. 2. During that period the core of the
PNJ is also considerably weakened to about 70ms~! from
a value exceeding 90 ms~! between 25 and 27 August. Due
to the large wave activity starting in late August, a substan-
tial deceleration of the PNJ takes place from 31 Augustto 11
September. Except for a slight strengthening of the PNJ from
3 to 5 September, the PNJ is continually weakened during the
warming period, in line with the large temperature increase
observed in Fig. 3. Furthermore, the core of the PNJ prop-
agates downward and the axis shifts poleward in the strato-
sphere during SSW2019. After the substantial deceleration
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Figure 3. Time series of temperature (K) at 90° S and 10hPa
(a) and zonal-mean zonal wind (m sfl) at 60°S and 10hPa,
(b) from 1 June to 31 October. Climatological values (blue) from
2002 (green) to 2019 (red) are represented with one standard devi-
ation shown by error bars.

of the PNJ, westerly winds remain relatively weak from 12
to 20 September and the characterized poleward shift of the
PNJ axis exists below 10hPa. The deceleration of the PNJ
from 12 to 20 September is in accordance with the warming
over the South Pole observed in Fig. 2. The poleward shift of
the westerly PNJ indicating the baroclinic conditions as seen
in Fig. 2.

We have examined the evolution of planetary waves from
the troposphere to the stratosphere in terms of the E-P flux.
Figure 6 shows the time-height cross-sections of E-P flux
vectors and the divergence for PW1 and PW2 at 60° S. The
E-P flux vectors pointing to the right and up directions rep-
resent poleward and upward, respectively. From Fig. 6a, in
addition to a pronounced upward and poleward propagation
of PW 1, strong convergence of the E-P flux could be found
in the upper stratosphere in late August and the first half of
September. The strong convergence in the upper stratosphere
leads to the sudden warming by weakening the polar vortex.
In contrast to the PW1, the PW2 is relatively weak during the
warming period (Fig. 6b). This suggests that strong upward
and poleward propagation of PW1 and strong convergence
played an important role in triggering the SSW2019.

The evolution of planetary waves for SSW2002 has been
well-documented by Baldwin et al. (2003, their Fig. 6). Our
Fig. 6¢c, d confirms that both PW1 and PW2 periodically
strengthen and propagate from the troposphere to the strato-
sphere by late September. Strong convergence of the E-P flux
appears intermittently in the upper stratosphere for both PW1
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and PW2 by September. This suggests that the PNJ and po-
lar vortex were weakened by the intermittently strong plan-
etary waves, preconditioning the stratosphere before the oc-
currence of SSW2002 in late September, as mentioned earlier
(Kriiger et al., 2005). Subsequently, the polar vortex broke
down due to the large planetary waves in late September,
which resulted in the reversal of the zonal-mean zonal wind
at 60° S and 10 hPa, as shown in Fig. 3b.

Figure 7 shows the latitude height cross-sections of the E—
P flux and the E-P flux divergence (convergence), which is
related to the acceleration (deceleration) of the zonal-mean
zonal winds, on the same selected days as for Fig. 5. Pulses
of strong wave forcing are observed in the stratosphere at
high latitudes from late August to the first half of Septem-
ber 2019. From 28 to 30 August 2019, the planetary waves
strongly propagate upward and poleward from 60° S. Strong
convergence is observed in the upper stratosphere, which cor-
responds to the strongly amplified planetary waves that lead
to the deceleration of the PNJ mentioned above. From 31 Au-
gust to 11 September, the waves propagate upward and equa-
torward, and the E-P flux converges in the upper stratosphere
extratropically. During the period 6-8 September, a second
maximum in the E-P flux convergence occurs, with wave
propagation from the troposphere to the upper stratosphere at
around 60° S. This convergence contributes to the occurrence
of SSW2019 by decelerating the PNJ and warming the polar
cap. Following the warming period with considerably strong
planetary waves, regions of the E-P flux convergence remain
in the high latitudes around 10 hPa until 20 September. The
long duration of the E-P flux convergence corresponds to the
continuously warming and weakening PNJ shown in Figs. 2
and 5.

The propagation of planetary waves in the stratosphere
plays an important role in triggering SSW2019. As men-
tioned previously, strong propagation of planetary waves
took place in high latitudes from late August to the first half
of September 2019. To understand the strong propagation
of the planetary waves from the troposphere to the strato-
sphere in high latitudes, we have examined the refractive
index squared that is conducive to planetary waves propa-
gating in the stratosphere (Newman and Nash, 2005). Fig-
ure 8 shows the meridional cross-sections of the refractive
index squared n(z) before, during, and after the warming pe-
riod. From 31 August to 11 September 2019 (during the
SSW2019), a wide waveguide (i.e., positive n(z)) form from
the troposphere to the stratosphere around 60° S. As plane-
tary wave packets tend to propagate in regions with a large
positive value of n(z), planetary waves are allowed to prop-
agate upward into the stratosphere through this waveguide.
Because the existence of the waveguide during the warming
period, the PNJ reduces to about 55ms~! from the period
before the warming. On the other hand, the waveguide forms
toward the polar stratosphere in height during the SSW2019.
This poleward waveguide provides the poleward planetary
wave propagation as mentioned previously. After the warm-
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Figure 4. Time series of planetary wave amplitudes (m) at 10 hPa and 60° S (a, ¢) and the vertical component of the E-P flux (x 104 kg 5—2)
at 60° S and 50hPa (b, d) from 1 June to 31 October for 2019 (a, b) and 2002 (c, d). The red, blue, and green lines denote the zonal
wavenumbers 1, 2, and 3, respectively. In the bottom panels, gray shading shows the vertical component of the E-P flux of all wavenumbers.

ing period, the persistent waveguide in high latitudes are
present until 20 September. This waveguide allows the con-
tinuous propagation of planetary waves from the troposphere
to the stratosphere to continually warm the polar region by
weakening the PNJ.

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

https://doi.org/10.5194/acp-22-3493-2022

4 Discussion

Even though SSW2019 did not fulfill the criterion of a ma-
jor SSW, the large increasing temperature in high latitudes
still has a significant impact on the stratosphere. The remark-
ably increased polar stratospheric temperature slows down
the catalytic chemical reaction on polar stratospheric clouds
that suppress the formation of the Antarctic ozone hole in the
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 sections, SSW2019
resulted from the pronounced planetary wave forcing, es-
pecially the contribution from zonal wavenumber 1. In this
section, we consider such unusual features in SSW2019 and
compare them with SSW2002.

As mentioned above, one striking difference between the
unusual major SSW2002 and minor SSW2019 in the SH
is that the zonal-mean zonal winds did not reverse to east-
erly winds in 2019. Preconditioning is considered as a char-
acteristic of major SSWs (Labizke, 1981) and many stud-
ies have demonstrated the importance of preconditioning in
SSW2002 (Allen et al., 2003; Baldwin et al., 2003; Newman
and Nash, 2005). Kriiger et al. (2005) highlighted the im-
portance of the interaction of eastward-traveling PW2 with
quasi-stationary PW1, which considerably weakens the PNJ
before the major SSW. However, the quasi-stationary PW1
in 2019 is not amplified (nor large) before late August as
in 2002 except for June (Fig. 4). In addition, the eastward-
traveling PW2 is less active and pronounced before the oc-
currence of SSW in 2019 (not shown). As necessary condi-
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Figure 5. Latitude height cross-sections of zonal-mean zonal wind (m s7h averaged every 3d from 25 August to 20 September 2019.

Contour intervals are 5ms™~!.

tions for a major SSW, preconditioning before the warming
and interaction between the eastward-traveling PW2 with the
quasi-stationary PW1 are not pronounced in 2019.

The SSW2019 occurs when the PNIJ still has strong west-
erly winds, which is one of the reasons that a reversal of the
zonal-mean zonal winds does not occur at 10hPa and be-
low. Except for the periods in June and mid-August, westerly
winds are stronger than or close to the normal throughout
the Austral winter in 2019. In addition to the strong westerly
winds, unlike the periodic weakening and strengthening of
the zonal-mean zonal winds before the SSW occurs in 2002,
the strength of the PNJ is less disturbed in 2019. Because
the strong convergence of the E-P flux in the high latitudes,
westerly winds are decreased by at least about S0ms~! by
mid-September (see Fig. 3). Similar or even smaller magni-
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tudes of deceleration can result in a reversal of the zonal-
mean zonal winds, as was observed for the major SSW in
the NH winter of 2018/2019 (Rao et al., 2020; Wargan et al.,
2020).

Because of the strong planetary wave forcing in high lat-
itudes during the warming period, a substantial decreasing
of the westerly winds is found in the stratospheric high lat-
itudes. This is in contrast with the reversal from westerly
winds to easterly winds in the stratosphere in the SSW2002
(Newman and Nash, 2005). Following the decreasing west-
erly winds, a characteristic poleward shift of the PNJ axis is
found in the SSW2019. The poleward shift of the PNJ axis
suggests baroclinic conditions in the stratosphere, which are
considered as be attributed to exiting the planetary waves in
the stratosphere as studied by Yamazaki et al. (2020). The

https://doi.org/10.5194/acp-22-3493-2022
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core of the PNJ is close to the Pole in SSW2002, which sug-
gests that the refractive index squared also shifts toward the
South Pole (Newman and Nash, 2005). The poleward shift
of the PNJ axis with height in the SSW2019 also impacts the
planetary waves propagation into the stratosphere as is dis-
cussed later.

Newman and Nash (2005) suggested that the refractive in-
dex squared facilitates the propagation of planetary waves
in the stratosphere in SSW2002. During SSW2019, a wide
waveguide is found from the troposphere to the stratosphere
in high latitudes. Because planetary waves tend to propagate
in large positive values of the refractive index squared, plan-
etary waves are considered to propagate upward through this
waveguide. This is consistent with the strong upward prop-
agating waves as seen in Figs. 6 and 7. On the other hand,
the waveguide shifts poleward with height during SSW2019.
This is considered to be attributable to the baroclinic condi-
tions in the stratosphere in 2019. It suggests that the poleward
waveguide facilitates planetary waves propagation to the po-
lar region, which produces the warming in the polar region.
Newman and Nash (2005) suggested that as the core of PNJ
shifts to the Pole the refractive index squared also shifts to-
ward the Pole in 2002. In SSW2019 due to the baroclinic
conditions the PNJ and the waveguide shift toward the Pole
with height during the warming. The wide poleward shift of
the waveguide is considered to facilitate the propagation of
planetary waves to the stratosphere that produce SSW2019.

https://doi.org/10.5194/acp-22-3493-2022

The values of total planetary wave forcing and PW1 are
the largest in September 2019 during the analysis period. The
second largest values of the total forcing in September are
found in 2002 when the major SSW occurs. For both 2019
and 2002, the warming and strong westerly decelerations are
attributed to the large wave forcing. In 2019, the wide waveg-
uide at high latitude facilitates the planetary waves propa-
gation from the troposphere to the stratosphere as shown in
Fig. 8. Besides the dominant role of PW1 in weakening the
PNIJ, PW2 is relatively weak in SSW2019. As mentioned
previously, the strong waves of zonal wavenumbers 1-3 be-
fore the warming lead to a weakening of the PNJ and the
preconditioning plays an important role in the occurrence of
SSW2002, which is considered to favor the propagation of
PW2 as studied by Kriiger et al. (2005). Even though the
strongest wave forcing and PW1 are observed, inconspicuous
preconditioning before the warming and insufficient pres-
ence of other zonal wavenumbers are two reasons why the
major SSW did not happen in 2019. Shen et al. (2020) sug-
gested the persistence of anomalous convection in the tro-
posphere over the South Pacific as the source of the PW1.
On the other hand, Yamazaki et al. (2020) suggested that the
source of the pronounced planetary waves was attributed to
the barotropic conditions in the stratosphere. Hence, further
studies are still required on the occurrence of precondition-
ing of 2019 and the lack of planetary waves of other zonal
wavenumbers than zonal wavenumber 1 in 2019.

Atmos. Chem. Phys., 22, 3493-3505, 2022
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5 Summary and conclusion

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

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

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

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

Atmos. Chem. Phys., 22, 3493-3505, 2022
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