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Abstract

Temperatures are usually very low in the austral winter due to there being less
wave forcing, with variations in temperature possibly influencing stratospheric ozone
concentrations. This thesis focuses on dynamical aspects of sudden stratospheric warming
(SSW), especially the occurrence in September 2019. It also considers year-to-year
variations in stratospheric ozone levels and their relationship with stratospheric warming,
based on reanalysis and satellite data.

An unusual SSW was observed in the Southern Hemisphere (SH) in 1952
(Scherhag 1952). During such an event, a rapid deceleration or reversal of the westerly
polar vortex and a sudden increase in temperature (by tens of degrees K) occurs over a
period of a few days. Theoretical studies have noted that enhanced quasi-stationary
planetary waves propagate upward from the troposphere to cause an SSW event (Matsuno
1971). Reversals of the meridional temperature gradient between latitudes of 90°S and
60°S and zonal-mean zonal winds at 10 hPa and 60°S may result in major or minor SSW
events (Julian 1967; Labitzke 1968). SSW events are common in the Northern
Hemisphere (NH) but rarely occur in the SH due to its geography, topography, and land—
sea temperature contrast.

The unusual SH SSW event of September 2019 (hereinafter referred to as
SSW2019) was studied using Japanese 55-year Reanalysis (JRA-55) data, which indicate

a temperature reversal over 90°S—60°S and decelerated 10 hPa westerly winds at 60°S.



Asreversal of the 10 hPa westerly winds was not observed at 60°S, SSW2019 is classified
as a minor warming event.

Detailed analysis of SSW2019 reveals remarkable development of quasi-
stationary planetary waves of zonal wavenumber 1 that caused a disturbance of the polar
vortex. The strong vertical component of the Eliassen—Palm flux with zonal wavenumber
1 propagated into the stratosphere during SSW2019. Strong wave forcing occurs when
zonal-mean zonal winds decelerate at high latitudes. Wave forcing in September was the
strongest recorded during the 2002—-2019 analysis, even stronger than that during a major
SSW event in 2002. Wave propagation is controlled by the refractive index, which has
positive values in the upper stratosphere at high latitudes during the warming period,
implying favorable conditions for quasi-stationary planetary wave propagation upward
and poleward.

The Antarctic ozone hole of 2019 and its relationship with stratospheric
temperature, planetary wave evolution, and other dynamical fields were also studied. The
Antarctic ozone hole undergoes major interannual changes, with that during 2017 and
2019 being at the smallest levels. Ozone profile data from the Aura Microwave Limb
Sounder (MLS) were used to explain the dynamical factors that caused the small ozone
hole during those years, including an investigation of daily downward motion changes
and ozone transport by residual meridional circulation. It was found that intermittent

surges in downward motion occurred in the mid stratosphere during the austral winter of



both years, with these causing increased downward advection of ozone-rich air, leading

to smaller ozone holes.
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1. Introduction

Sudden stratospheric warming (SSW) is an extraordinary event that is regularly
observed in the Arctic polar region during the boreal winter, when the strong westerly jet
associated with the polar vortex at middle-high latitudes decelerates and polar
stratospheric temperatures increase by several tens of degrees K within a few days (e.g.,
lida et al. 2014). SSW events are caused by enhanced quasi-stationary planetary waves
propagating from troposphere to stratosphere. They occur more frequently in the
Northern Hemisphere (NH) than in the Southern Hemisphere (SH) because of the
relatively weak wave activity in the latter due to the ocean—land distribution and small
wave perturbation there.

Mid-winter SSW events are classified as major or minor warming events (Julian
1967; Labitzke 1968). Major warming events involve polar vortex breakdown whereby
the mean wind speed in the longitudinal direction (the “zonal-mean” zonal wind speed)
poleward of 60°S reverse from westerly to easterly at the 10 hPa level with a simultaneous
reversal of temperature between 60°S and the Pole. Minor warming events involve high
temperatures at the Pole without reversal of 10 hPa zonal-mean zonal wind poleward of
60°S. Major warming events are classified as “vortex-displacement” or “vortex-split”
types, based on the structure of the polar vortex during the warming event (Charlton and

Polvani 2007). The amplification of planetary waves of zonal wavenumbers (the number



of waves in a distance 27) 1 and 2 (PW1 and PW2) plays an important role in vortex—
vortex-split events (Kriiger et al. 2005).

Minor mid-winter warming events have occasionally been observed in the SH. The
first recorded major SSW event occurred in 2002 (hereinafter referred to as SSW2002)
(Newman and Nash 2005). Before the onset of SSW2002, a sequence of amplified
planetary-wave activity was observed, which played an important role in the weakening
of the polar night jet (PNJ). The polar vortex broke down in September and split into two
components. The strong eastward-traveling waves (mainly PW2) led to wave—flow
interactions that weakened the PNJ with the amplified quasi-stationary waves disrupting
the polar vortex, abruptly increasing the temperature. The SSW2002 event was classified
as a major warming event of a vortex-split type based on criteria of Charlton and Polvani
(2007). The SSW2002 event significantly impacted the interannual variation of the
Antarctic ozone hole. The warm temperatures and particularly strong wave activity
associated with SSW2002 reduced the depletion of Antarctic ozone, leading to the
smallest ozone hole recorded since 1988 (Stolarski et al. 2005).

A later SH SSW event occurred in September 2019 (Lim et al. 2020), classified as
minor on the basis of Modern-Era Retrospective analysis for Research and Applications
Version 2 (MERRA-2) reanalysis data and Aura Microwave Limb Sounder (MLS) data
(Yamazaki et al. 2020). Rao et al. (2020) investigated the predictability of the occurrence

of SSW2019 on the basis of sub-seasonal to seasonal models and described favorable



conditions that might have caused the event. Changes in zonal winds in the mesosphere
over the polar region during SSW2019 were investigated using Meteor Radar and
MERRA-2 reanalysis data (Eswaraiah et al., 2020). A significant reduction in ozone hole
area was observed during the peak ozone depletion period as a result of SSW2019, based
on analysis of Aura MLS data and Global Earth Observing System model simulation
(Wargan et al. 2020). These analyses indicated that the total ozone poleward of 45°S
increased during September—November 2019, as supported by Infrared Atmospheric
Sounding Interferometer (IASI) data (Safieddine et al. 2020).

This thesis comprises two main parts including (1) an investigation of features and
mechanisms of SSW2019 compared with SSW2002, and (2) analysis of ozone variations

in the SH during SSW2019 in relation to dynamical transport.



2. Theoretical background

Here we focus on stratospheric dynamics, for the region extending from tropopause
to stratopause at about the 1 hPa level (~50 km altitude). The stratosphere and the region
above it, up to 80—90 km altitude (i.e., the mesosphere) is generally termed the “middle
atmosphere”. While temperature decreases with increasing height in the troposphere, it
increases with height in the stratosphere because of the existence of the ozone layer.

Useful equations and theories describing the relevant dynamical processes are
described as follows.

2.1 TEM equations

Quasi-geostrophic transformed Eulerian-mean (TEM) equations (Andrews et al.
1987), Quasi-Geostrophic flow, and Eulerian means are described here.

The geostrophic balance describes the balance between Coriolis forces and horizontal
pressure—gradient forces. Quasi-geostrophic flow was introduced to investigate the time
development of large-scale, low-frequency geostrophic flow at mid-latitudes.

It is helpful to interpret many mid-atmospheric phenomena through the interaction of
mean flow and disturbance (“wave” or “eddy”) in terms of zonal-mean and disturbance
factors, respectively. For example, for wind in the longitudinal direction u(A, ¢, z, t), the

mean flow is represented by the zonal mean of the u(4, ¢, z, t), denoted by an overbar:

2T
a2, t) = 2m)" j u(h b, 2, £)dA
0
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The mean definition above is an example of a Eulerian mean. A disturbance is represented
by departure from the zonal mean, denoted by a prime:

u'A,¢,z,t) =u, ¢,z t) —u(p, z,t)
with the contribution of mean vertical velocity to adiabatic temperature change being
canceled in the Eulerian-mean approach. An alternative approach involves the TEM,
which provides a better diagnostic of eddy forcing by considering residual circulation
(Andrews and MclIntyre 1976). Residual mean circulation (v*,w*) is defined as

follows:

1 0 [ pyv'6’
pf =17 — —— = 2.1
V=7 podz\ 08 (2.1)
0z
1 0 [ cospv'’
w*=w+ ¢ (2.2)

acos¢ 9 il
0z

On the basis of residual circulation, the TEM equations in spherical log(pressure)

coordinates are as follows:

W -x=—L _pp (23)
ot 1Y "~ poacos¢p ' '
00 06,
S W 5 —0=0 (2.4)
1 Jd(v*cos 1 d(pow*
(r"cosd) | 1 9Go®) _ 25
acos¢ d¢ po 0z
6ﬁ+R _%66__0 26)
f 9z aH® "9z '

Here u isthe zonal-mean zonal wind speed and f = 2Qsing¢ is the Coriolis parameter;

pPo = pse H is the basic density where p; = ps/RTs; H is scale height; ¢ is latitude;
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@ is apotential temperature; and 6, = H R‘le%d%,z is a reference potential temperature.
The Earth radius, rotation rate, and gas constant for dry air are given by a, (1, and R,
respectively. X and Q denote the unspecified horizontal components of friction or
other non-conservative mechanical forcing, and a diabatic heating term, respectively.
k = R/c, is the ratio of the gas constant to specific heat at constant pressure; ¢, is the
specific heat of dry air at constant pressure.

A zonal average is denoted by an overbar, and a disturbance component is represented
by departure from the zonal mean, as denoted by a prime.

F in equation (2.3) is the Eliassen—Palm (E—P) flux. DF denotes divergence or
convergence of E-P flux and represents wave driving. The E-P flux in spherical and
log(pressure) coordinates is as follows:

—__poacospfv'e’

F = |0,—pyacospv’u’, (2.7)
602

The E—P flux can be related to wave activity density 4 under Wentzel-Kramers—
Brillouin (WKB) conditions as follows (Edmon et al. 1980):
A (2.8)

A=— (2.9)
u-—=c¢

where ¢, represents group velocity, and E and c¢ are the wave energy density and
phase velocity, respectively. For more information on WKBJ The E-P flux vector is
proportional to the group velocity of planetary waves and represents the direction of wave

energy propagation in the meridional plane.
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A generalized Eliassen-Palm theorem can be defined by:

v F=D+0@) (2.10)
where A is the “wave-activity density”, the time derivative of which represents wave-
transience effects. The quantity D accounts for frictional and diabatic effects. O(a3)
represents nonlinear wave effects.

The quasi-geostrophic beta-plane E-P is are given by:

S v'e’
F = lO, —pov’u’,m\ (2.11)
602

For further discussion of TEM equations see Andrews et al. (1987).
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2.2 Non-acceleration theorem
The divergence of the Eliassen—Palm flux in (Eq. 2.11) vanishes in the case of linear,
steady, conservative planetary waves with a purely zonal basic flow (Eliassen and Palm
1961):
V-F=0 (2.12)

Together with approximate boundary conditions, a possible mean flow satisfying TEM
equation is given by

U, =0,=v"=w"=0 (2.13)
which is known as the “non-acceleration theorem” (Charney and Drazin 1961). This
constraint should be approximately satisfied by stationary waves in the stratospheric PNJ

under undisturbed situations.
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2.3 Refractive Index
A modified linearized quasi-geostrophic potential vorticity equation in spherical

coordinates with an ageostrophic term takes the form

(a+ ﬁ a> i+ algar =0 (2.14)
ot " acosp ar)den T d eV = '
where
v' = (facosp)1d) (2.15)
, 1| @y | f? (cosp ) f2a* (po®;
= oM 2.1
o) fa? coszq,')+cosq,’>( 2 A ¢+ N2 (216)
and
(cosp)g|  a [pof?
Gy = /=== -= 7 2.17
dp = 20cos¢ acosd |, " po\ N2 i, Z (2.17)

and (¢, z) is the basic zonal flow; A is the longitude; and @&’ is the geopotential
disturbance.

®' = e3ARe Y(¢p,z)es* (2.18)
where W is the amplitude; and s is the zonal wave number.
The simplified vorticity equation
f2

‘P¢> + mlpzz +n2¥¢ =0 (2.19)
)

f? (cosqb

a’cosp \ f?
is then obtained.
To assess the behavior of wave packets, the distribution of refractive index is analyzed

on the basis of

15



n2=q—¢— f
" aii  4NZ2H?

(2.20)

where n? is the “squared refractive index”; de is the meridional gradient of mean
potential vorticity; @ is horizontal basic flow; and N is the buoyancy frequency. For

more details, see Andrews et al. (1987).
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2.4 Sudden Stratospheric Warming
The SSW process can be understood in terms of the interaction between zonal-mean
zonal winds and eddy potential vorticities. During an SSW event, planetary wave
amplitudes increase rapidly with wave transience and dissipation, with the no wave-
driven mean-flow acceleration for “non-acceleration theorem” being violated as
introduced in Section 2.2. This may be explained by the interaction between mean flow
and waves (Andrews et al. 1987). The wave activity density in the generalized Eliassen—
Palm theorem (Equation 2.10) can be expressed as
A==ponqy (2.21)
where 71’ represents northward parcel displacement and g, northward mean potential
vorticity gradient.
When waves are linear and conservative, Equation 2.10 becomes V- F = —dA/dt. This
implies a negative force per unit mass on the zonal-mean flow. In response to that,
deceleration occurs in the vicinity of the area with negative V- F. This deceleration is
partly opposed by the induced Coriolis term with residual meridional drift (f7*), and by
vertical circulation as required by continuity. A temperature increases then occurs in the

polar stratosphere.
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2.5 Ozone dynamical transport
The relationship between zonal mean ozone tendency and dynamic variability is
given by the transformed TEM continuity equation (Andrews et al. 1987):
%=—ﬁ*;zy—w*;zz+v-1\7+s' (2.22)
where Y is the zonal mean mixing ratio, (v*,w*) represents the mean meridional
circulation, V- M is an eddy transport term, and S represents a chemical source/sink
term. A schematic representation of residual circulation of the atmosphere is given in
Figure 2.1. Meridional circulation of the stratosphere, “Brewer-Dobson circulation”,
includes upwelling at the tropics and downwelling in the lower stratosphere at mid and
high latitudes in both hemispheres, and upwelling at the tropics and downwelling at high
latitudes during winter in the middle and upper stratosphere (Plumb 2002). These
circulations are interpreted as being “residual mean circulation” (Andrews et al. 1987).
During winter, the stratosphere is dominated by large-amplitude, planetary-scale Rossby
waves propagating upward from the troposphere. These waves drive poleward flow,
upwelling in the tropics and downwelling in the vortex, thus explaining the poleward flow
in the winter stratosphere (Plumb 2002). Latitude—height cross sections of the zonal mean
volume mixing ratios of ozone for July are shown in Figure 2.2, indicating that maximum
values occur in the low-latitude stratosphere, with high winter values over the Pole. At

low latitudes, stratospheric ozone is produced photochemically, but during the polar night

ozone is transported by the residual mean circulation over the Pole.
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TROPOSPHERE

SUMMER EQUATOR
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Figure 2.1. Schematic diagram illustrating residual circulation of the atmosphere. Shaded
“S”, “P”, and “G” areas denote regions with breaking waves due to synoptic, planetary-
scale waves, and gravity waves, respectively. (Adapted from Plumb (2002),

Meteorological Society of Japan).
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Figure 2.2. Cross section of the zonal mean volume mixing ratio of ozone (parts per

million by volume, ppmv), as a function of latitude and height, for July.
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3. Data
3.1 Long-term reanalysis data

In this study, zonal wind, meridional wind, temperature, and geopotential height were
obtained from the Japanese 55-year Reanalysis (JRA-55) dataset provided by the Japan
Meteorological Agency. JRA-55 has provided a continuous, up-to-date reanalysis dataset
since 1958, with a 6-hour average temporal coverage and 1.25° longitude X 1.25°
latitude horizontal spatial coverage. In the vertical direction, the pressure-level file
provides 37 pressure levels from 1000 to 1 hPa. Our analysis period was 1 June to 31
October for each year during 2002-2019, with daily data averaged from original 6-h data

being used. Dataset details are provided by Kobayashi et al. (2015).
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3.2 Ozone

In this study, we used stratospheric profiles of ozone volume-mixing-ratio data
(version 4) obtained by the Earth Observing System (EOS) Microwave Limb Sounder
(MLS) instrument and total-column ozone data from the Ozone Monitoring Instrument
(OMI), with both systems being aboard the US National Aeronautics and Space
Administration (NASA) Aura spacecraft platform. Aura was launched in July 2004 and
has been providing data since August 2004. The spacecraft is at 705 km altitude in a sun-
synchronous polar orbit, with a 13.45 (£ 15 minutes) Equator-crossing time.

The MLS remotely measures temperature, ozone, and other constituents, providing
continuous data between 82°S and 82°N, day and night, with a useful vertical range of
261-0.02 hPa. Original orbital data were gridded to 5° latitude x 5° longitude by
averaging data over three-day intervals, with data processing following the
recommendations of Livesey et al. (2018). The details of the MLS instrument are
provided by Water et al. (2006).

The OMI is an ultraviolet—visible nadir-viewing spectrometer that measures solar
radiation backscattered by Earth’s atmosphere and surface. It measures total-column
ozone with near global coverage in a single day with a spatial resolution of 13 x 24 km.
A detailed description of the instrument is provided by Levelt et al. (2006). The OMI also
measures BrO, NO., and other trace gas concentrations in the troposphere and

stratosphere (Levelt et al. 20006).
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4. Minor Sudden Stratospheric Warming, September 2019
4.1 Overview of the austral winter, 2019

Figure 4.1 illustrates vertical time cross sections of the zonal-mean temperature
gradients, AT, between 60°S and the South Pole, with a comparison of zonal-mean zonal
wind speed at 60°S in 2019 and 2002. In the austral winter of 2019, regular oscillations
of AT were evident in the upper stratosphere (5—1 hPa) from June to early July. In the
SSW2002 event, intermittent warming was first observed in the upper stratosphere at the
South Pole from mid-August, before the major warming in September. Except for a short
warming period in the upper stratosphere in mid-August 2019, temperatures over the
South Pole were lower than that at 60°S until late August. However, after two warming
pulses during late August to early September, the pronounced high temperature at the
South Pole began propagating downward to about 30 hPa from 19 September. The
warming conditions then remained over the South Pole with regular oscillations in the
mid—upper stratosphere (20—1 hPa) until late October.

Zonal-mean winds in the stratosphere were disturbed during SSW2019. From
early June to late August, these winds are regularly strengthened in the mid—upper
stratosphere (20—1 hPa) with two maxima in late July and late August. During the
SSW2002 event, the regular oscillation of westerly winds in the mid—upper stratosphere
caused a weakening of the PNJ before the zonal-mean wind reversal from westerlies to

easterlies in September (Kriiger et al. 2005). From late August to early September 2019,

23



there were two substantial weakening periods of the PNJ, from 60 ms™!' to ~20 m s™! in
the upper stratosphere (5—1 hPa). After considerable deceleration of the westerly winds,
areversal of zonal-mean zonal wind to easterlies occurred in mid-September above 5 hPa,
before the winds reversed to weak westerlies until mid-October. Easterly winds occurred
again in the upper—middle stratosphere (10—1 hPa) after mid-October, leading to a gradual
transition to summer circulation. As the reversal of zonal-mean zonal winds did not occur
at 10 hPa and below 60°S, SSW2019 was classified as a minor SSW event (Butler et al.

2017; Charlton and Polvani 2007).
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Figure 4.1. Time—altitude cross sections of the temperature gradients (AT, K) between
60°S and the South Pole (a, ¢) and zonal-mean zonal wind speed (m s™") at 60°S (b, d)
for 1 June to 31 October 2019 (left) and 2002 (right). Contour intervals are 10 K for

temperature and 5 m s~! for zonal wind speed, respectively.
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4.2 Synoptic features

The synoptic evolution of temperature and geopotential height at 10 hPa is shown in
Figure 4.2 for selected days. During 25-27 August 2019, the polar vortex with low
temperatures was located over the South Pole, partly surrounded by an anticyclone with
warm air on its edge near South Africa. During 28 August to 2 September, the warm air
became warmer and the low-temperature region began to be pushed off the South Pole.
The anticyclone located to the south of Australia began to strengthen, with a
corresponding amplification of planetary waves of PWI1. During 3-5 September,
temperatures decreased on the edge of the polar vortex, with the vortex weakening further.
Centers of low temperatures were shifted off the vortex centers, indicating baroclinic
conditions. During 6—8 September, the high temperature regions were elongated, almost
reaching the South Pole. A pronounced warming occurred on 11 September, with a
weakened cold vortex and with the anticyclone developing strongly during that period.
During 12-20 September, after pronounced warming, the warm air remained over the
South Pole and the anticyclone moved to the southeast of Australia.

Figure 4.3 (top) presents the daily changes of zonal-mean temperatures at 90°S and
10 hPa. The climatological temperature reached its minimum around June, with relatively
little interannual variability. After that, the temperature increased gradually with
increasing variability, especially for the period September to October. Temperatures in

the mid stratosphere at high latitudes were higher than normal during late August to
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September 2019 (red line, Figure 4.3). For comparison, the evolution of zonal-mean zonal
winds in 2002, when the major SSW occurred, is shown by the green line in Figure 4.3.
In 2019, the temperature was near climatological levels until mid-August when the SSW
commenced. There were several episodes of warming in late August, and pronounced
warming events on 31 August and 11 September 2019, with the temperature increase (AT)
reaching ~40K from 31 August to 11 September (referred to hereinafter as the “warming
period”). A slight temperature decrease occurred after the large increase, but high
temperature conditions extended beyond one more week. The temperature finally attained
a peak value of ~275K on 19 September, ~10 days earlier than in 2002. The magnitude
of the warming peak over the South Pole in September 2019 extended well beyond plus

one standard deviation of the mean.
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Figure 4.2. Polar stereo maps of temperatures (K, color) and geopotential heights (m,
contours) in the Southern Hemisphere at 10 hPa, based on three-day averages from 25

August to 20 September, 2019. The contour interval is 250 m.
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Details of changes in zonal-mean zonal winds were acquired. Figure 4.3 (bottom)
displays zonal-mean zonal winds at 60°S and 10 hPa (red line) in the region near the peak
of the of the PNJ maximum. Climatological values (blue line) are shown together with
daily standard deviations of interannual variability (shaded region). The change during
the major SSW2002 event is depicted by a green line. The climatological zonal-mean
zonal wind speed peaked in August before decreasing with large interannual variability.
In 2019, a pronounced deceleration of the westerly wind occurred on 31 August (to ~61
m s~ ), corresponding to the warming of late August. The westerly wind speed reached a
value of ~26 m s™! on 11 September, with a temperature warming peak. The magnitude
(AU) of wind weakening was ~35 m s™! with the deceleration continuing until mid-
September, to ~11 m s™! on 17 September. The wind speed decreased by ~50 m s
between 31 August and 17 September, 2019. In 2002, the PNJ was converted to easterly
winds on 27 September (=20 m s™!), contrasting with 24 August when a warming pulse
occurred with wind speeds decreasing by ~72 m s™!. Similar to the temperature changes,
the zonal-mean zonal wind weakened to well below minus one standard deviation of the
mean during September. However, in contrast to the major SSW of 2002, there was no

zonal wind reversal in 2019.
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Figure 4.3. Time series of temperature (K) at 90°S, 10 hPa (a) and zonal-mean zonal
wind speed (m s™') at 60°S, 10hPa (b) from 1 June to 31 October. The red and green lines
indicate 2019 and 2002, respectively. Climatological values for 2002-2019 are

represented by blue lines with the standard deviations as shown.
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4.3 Dynamical features

Daily changes of wave amplitudes, the Fourier-analyzed geopotential heights Z
of wave numbers 1 (Z1) and 2 (Z2) (the geopotential height waves of PW1 and 2), at
60°S and 10 hPa (top) and 50 hPa upward E-P fluxes of zonal PW from 1 to 3 (bottom),
as defined by Equation (2.11), are shown in Figure 4.4 for 2019, with corresponding
quantities in 2002 shown in the right panels for comparison.

The quasi-stationary PW1 played an important role in the dynamical evolution of
the SSW2019 event. The amplitude of Z1 exceeded 2000 m on 8 September (~2137 m).
Large Z1 amplitudes occurred from late August to mid-September, consistent with the
warming period. Yamazaki et al. (2020) reported that this was the highest value for Z1
observed since August 2004 by the Aura MLS in the SH. Another large amplification of
Z1 occurred in late August. These large amplifications of PW1 disturbed the polar vortex,
leading to a reduction of the PNJ (Eswaraiah et al. 2020). The large increase in PW1 may
be associated with the easterly phase of the quasi-biennial oscillation in the tropics
(Eswaraiah et al. 2020; Rao et al. 2020). Contrasting with the dominant role of PW1,
PW2, and PW3 in the major SSW2002, Z2 appeared less dominant during the warming
period from late-August to early-September in SSW2019.

Hovmoller diagrams of geopotential height (Z) were studied to identify dominant
wave modes, with diagrams for Z1 and Z2 in the SH for 2019 and 2002 at 10 hPa being

shown in Figure 4.5. Z1 amplitudes became dominant in the stratosphere from around 10
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August to 20 September 2019, while the eastward-traveling Z2 waves appeared on 31
July, 10 August, and 20 September at 10 hPa. In 2002, the Z1 amplitudes strengthened
from mid-August to mid-September with Z2 waves travelling eastward from mid-July to
mid-September. The Z1 and Z2 amplitudes increased alternately, becoming dominant
during mid-September when the major SSW occurred (Kriiger et al. 2005). However, in
2019, the Z1 amplitudes became dominant in the stratosphere during the SSW.

The vertical component of the E-P flux (EPFz hereinafter) is a useful diagnostic
for evaluating the vertical propagation of planetary waves to the stratosphere (Harada and
Hirooka 2017). In Fig. 4.4(b, d), the daily evolution of the total EPFz at 50 hPa for all
three wavenumbers are indicated by gray shading, together with the EPFz of PW1-3
(colored lines). Upward-propagating waves originate in the troposphere and propagate
into the stratosphere, so the EPFz in the lower stratosphere was used to investigate wave
propagation. The total EPFz in 2019 depicts active planetary waves propagating to the
stratosphere, beginning in late August and peaking in the first half of September,
corresponding to increasing temperature at South Pole and weakening westerly winds.
The contribution of the zonal wavenumber 1 component was considerably larger than that
of other wavenumber components. However, the PW1, PW2, and PW3 components
played an important role in SSW2002 (Kriiger et al. 2005). Furthermore, the peak value

of total EPFz did not exceed that of 2002. The SSW2019 event was characterized by a
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large increase in wave activity of PW1, which disturbed the polar vortex before and

during the SSW.
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Figure 4.4. Time series of geopotential height (Z, m) at 10 hPa, 60°S, (a, ¢) and the
vertical componets of E-P flux [x 10* kg s72] at 50 hPa, 60°S, (b, d) for 1 June to 31
October 2019 (left) and 2002 (right). Red, blue, and green lines indicate zonal wave
numbers 1, 2, and 3, respectively. Grey shading denotes the vertical componets of the E—

P flux for all zonal wave numbers.
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Latitude—height cross sections of zonal-mean zonal winds are shown for selected
days in Figure 4.6. During 25-27 August 2019, there were westerly winds in the
stratosphere at high latitudes with large amplitudes and wave activities occurring from
late August to early September. The PNJ strength weakened considerably during 28-30
September 2019, with the core peak wind speed decreasing to ~65 m s! from >90 m s!
during 25-27 August 2019. Due to the high wave activity after late August, a substantial
deceleration of PNJ was observed during the period 28 August 2019 to 2 September 2019.
After slight strengthening of PNJ during 3—5 September 2019, the PNJ weakened with its
core propagating downward during 611 September 2019, corresponding to the large
temperature increase (Figure 4.2). After the substantial deceleration of the PNJ, westerly
winds remained relatively weak during 12-20 September 2019 and were characterized by
a poleward shift of the westerly jet axis below 10 hPa. The deceleration of the PNJ during

12-20 September 2019 corresponded to warming over the South Pole (Figure 4.2).
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Figure 4.6. Latitude-height cross sections of zonal-mean wind speed (m s™'; three-day

averages) for 25 August to 20 September 2019. The contour intervals are 5 m s,
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The development of wave propagation from troposphere to stratosphere was
considered by examination of the E-P flux. Time-height cross sections of E-P flux
vectors and the divergence for PW1 and 2 at 60°S are shown in Figure 4.7. In the case of
PW1 for SSW2019, there was a large upward propagation from troposphere to
stratosphere and strong convergence of the E-P flux in the upper stratosphere in late
August and early September (Figure 4.7a). In contrast to the large wave activities of PW1,
those of PW2 were fairly weak during that period (Figure 4.7b). This suggests that the
strong upward-propagating PW1 waves and the strong convergence played an important
role in the occurrence of SSW2019.

Planetary wave activity during the SSW2002 event was well documented
(Baldwin et al. 2003). Regular strengthening of planetary waves from troposphere to
stratosphere for both PW1 and 2 are shown in Figure 4.7¢, d. Strong convergence of the
E—P flux appeared intermittently in the upper stratosphere for both PW 1 and 2, indicating
that the PNJ was weakened in 2002 by the intermittently strong wave activities prior to
the SSW, pre-conditioning, and the weakened polar vortex. As a result, the polar vortex
was broken down by large wave activity in late September, with reversal of zonal winds

at 60°S, 10 hPa (Figure 4.3D).
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Figure 4.7. Time-height cross sections of the E-P flux vectors (kg s2) at 60°S for

wavenumber 1 (a, ¢) and 2 (b, d), and divergence (shading) from 1 June to 31 October in

2019 (left) and 2002 (right). The right-ward direction of the horizontal component vector

indicates pole-ward movement. Blue and red shading denotes convergence and

divergence of the E-P flux, respectively.
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Figure 4.8 shows meridional cross sections of E-P flux vectors (F) and wave
driving (divergence/convergence of E-P flux; DF) related to the acceleration/deceleration
of zonal-mean zonal winds for the days shown in Figure 4.6, where F and DF are the
terms defined in the TEM equation (Eq. 2.3). Wave transience would result in E-P flux
convergence or divergence, leading to westerly wind deceleration or acceleration
(Andrews et al. 1978). Pulses of strong wave-forcing occurred in the stratosphere at high
latitudes from late August to early September, 2019.

During 28-30 August 2019, the waves were propagating strongly upward and
poleward at 60°S. Strong convergence occurred in the upper stratosphere, corresponding
to the highly amplified waves and leading to deceleration of the PNJ. The waves
propagated upward and Equator-ward, with E-P flux convergence occurring in the upper
stratosphere extra-tropically during 31 August to 5 September 2019. During 6-8
September 2019, a second maximum of E—P flux convergence occurred with upward
wave propagation from troposphere to upper stratosphere at around 60°S. This
contributed to the occurrence of SSW2019 through deceleration of the PNJ and warming
over the polar ice-cap. After the considerably high wave activity, E-P flux convergence
persisted at high latitudes at around 10 hPa until 20 September 2019, corresponding to

the continuous warming and weakening of the PNJ as seen in Figures 4.2 and 4.6.
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4.4 Planetary wave propagation and its effect on SSW2019

In September 2019, the polar vortex was weakened by strong PW1 forcing (Figures
4.2 and 4.4). Wave—flow interaction with acceleration or deceleration of zonal flow was
considered in terms of divergence/convergence of the E—P flux. The interannual variation
of divergence/convergence of the E-P flux with WN1 and 2 components in September
for 30°S-90°S at 10 hPa, for 20022019, is shown in Figure 4.9. Convergence of the E—
P flux in 2019 was the highest of the past 18 years, and its divergence for PW1 was the
highest in 2019 (Figure 4.9). However, apart from 2019, the E-P flux divergence in 2002
was the second lowest during the analysis period. The PW1 and PW2 components thus
played an important role in SSW2002, consistent with results of Kriiger et al. (2005).

A striking difference between the unusual major SSW2002 and minor SSW2019
events in the SH is that the zonal-mean zonal winds did not reverse in 2019.
Preconditioning is considered a characteristic of major SSW events (Labitzke 1981) with
many studies having demonstrated its importance in SSW2002 (Allen et al. 2003;
Baldwin et al. 2003; Newman and Nash 2005). Kriiger et al. (2005) highlighted the
importance of the interaction of the eastward-traveling PW2 with the quasi-stationary
PW1, which weakened the PNJ prior to the major SSW events. For SSW2019, the
planetary wave activity was not large (amplified) until late August. Furthermore,
compared with that in 2002, the eastward-traveling PW2 was less active and pronounced

before SSW2019 (Figure 4.5). The September SSW2019 event occurred when the PNJ
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still had strong westerly wind conditions, but the wind speed deceased to ~50 m s~! from
late August to early September (Figure 4.3). The strong divergence of the E-P flux did
not result in reversal of zonal winds at 10 hPa (Figure 4.3). However, similar or even
smaller magnitudes of deceleration may result in reversal of zonal winds, as observed for
the major NH SSW in winter of 2018/2019 (Rao et al. 2020). The weakening of westerly
winds by ~50 m s! at 60°N, 10 hPa, may lead to a major NH SSW (Wargan et al. 2020).

The sudden occurrence of wave propagation in the stratosphere also played an
important role in the occurrence of SSW2019. As mentioned in Section 4.3, strong
upward planetary wave propagation occurred from late August to early September 2019.
A possible mechanism for wave propagation to the stratosphere involves the refractive
index and meridional potential vorticity being strongly correlated in the SH near the
tropopause, and with wave propagation from troposphere to stratosphere being controlled

by the refractive index (Dickinson 1968; Newman and Nash 2005).
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Figure 4.9. Interannual variation of the divergence of E-P flux (m s™! day ') at 10 hPa
averaged over 30°S—90°S in September for WN 1 (red line) and WN 2 (blue line), 2002—

2019. All wave numbers are indicated by the gray bars.
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Meridional cross sections of the squared refractive index (n3), as defined in Section
2.3, before, during, and after SSW2019 are shown in Figure 4.10. From 28 August to 11
September (during the SSW), a wide waveguide (positive refractive index) occurred from
troposphere to stratosphere at around 60°S. Planetary waves were able to propagate
upward to the stratosphere through this waveguide, consistent with strong wave
propagation during the warming period (Figure 4.8). The waveguide persisted at high
latitudes until 20 September, with its duration allowing wave-energy propagation from
troposphere to stratosphere possibly with weakening of the PNJ. Furthermore, the
waveguide propagated downward at high latitudes during the period 12 September to 20
September (after the SSW). Planetary wave packets propagate mainly in regions with a
large positive squared refractive index (n3) value with no propagation in negative-value
regions. During the period 28 August to 11 September, refractive index values were high
at high latitudes and up to ~5 hPa. Westerly wind speed reduced to ~55 m s™! at ~65°S
and 10 hPa, suggesting that planetary waves may propagate in moderate environments
from the upper troposphere at up to ~5 hPa (Naoe et al., 2020). During this period, strong
upward-propagating planetary waves and convergence of the E-P flux occurred at about
65°S and 10 hPa (Figure 4.8). An open waveguide persisted during 12-20 September at
high latitudes after the pronounced warming in early September. This suggests that the

existence of an open waveguide allows planetary-wave propagation from troposphere to
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stratosphere, with downward propagation of core westerly winds occurring when the

waveguide and E-P flux convergence extend below about 30 hPa.
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5. Relationship between the ozone hole and dynamical processes
5.1 Introduction

The extreme ozone depletion phenomenon occurs during the austral spring in the
lower stratosphere over Antarctica. The resulting Antarctic ozone hole has been observed
since the late 1970s (Chubachi 1984; Farman et al. 1985; Komhyr et al. 1986; Solomon
1999; Stolarski et al. 1986). Current understanding of the Antarctic ozone hole involves
mainly photochemical O3 destruction by catalytic cycles involving Cl- and Br-bearing
compounds, with meteorological conditions promoting their transport to the stratosphere.

Severe ozone depletion in the austral spring in the Antarctic is understood to be a
result of the chlorine catalytic cycle with heterogeneous depletion reactions occurring in
polar stratospheric clouds (PSCs) that form only at extremely low temperatures (Solomon
1999). Chlorine compounds are converted from reservoir species such as HCl and
CIONO: to more reactive species such as Cl, and HOCI (Brasseur and Solomon 2005).
Because there is less planetary wave activity in the SH, the polar vortices are stable and
temperatures are usually low enough to form PSCs during the austral winter. The ozone
hole has therefore formed in the SH during every austral winter since its discovery.

Some studies have suggested a decrease in atmospheric chlorine levels may prevent
ozone depletion (Salby et al. 2012). The evolution of atmospheric concentrations of
selected chlorofluorocarbons (CFC-11, CFC-12 and CFC-13) in the SH are shown in

Figure 5.1, indicating the decrease in CFC levels resulting from the Montreal Protocol
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regulations (Solomon et al. 2016). However, chlorine and bromine levels in the
stratosphere are still high enough to cause severe ozone depletion. For example, even
though the 2012 ozone hole was the second-smallest observed since 1988, depletion was
still evident during August and early September due to chlorine reactions in the ozone
hole area (Kramarova et al. 2014). This indicates the influence of wave dynamics on the
ozone hole and its influence on stratospheric temperatures (Weber et al. 2003). Transport
of ozone from the tropics to middle—high latitudes involves the meridional Brewer-
Dobson circulation (Section 2). In the stratospheric winter, propagation of planetary
waves into the stratosphere leads to upwelling at tropical latitudes and downwelling at
middle-high latitudes.

The ozone hole area, which is defined as the region with total-column ozone values
of <220 Dobson units (one Dobson unit (DU) corresponds to a column ozone thickness
of 10 um at 273K and 1 atmosphere pressure.) and is located south of 40°S, is a primary
metric for assessing the severity of Antarctic ozone depletion. The 220 DU level was
chosen as being lower than levels applying before occurrence of the ozone hole (Newman
et al. 2004). Annual variations in the SH maximum daily ozone-hole area, 1979-2020,
are illustrated in Figure 5.2., based on NASA data. The Antarctic ozone hole expanded
rapidly from the 1980s to the mid 1990s, with a decreasing trend in the hole area thereafter

with signs of recovery of springtime Antarctic ozone levels (Solomon et al. 2016).
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The interannual variability of the Antarctic ozone hole is associated with dynamic
changes. Weber et al. (2003) demonstrated a strong correlation between wave activity at
high latitudes and high-latitude total-ozone levels, with increased wave activity being
associated with higher total-ozone levels. For example, in 2002 an anomalously small
ozone hole (area ~2.2 x 107 km?) was observed coincident with major SSW events in the
SH in September, with anomalously high temperatures and a disrupted polar vortex
resulting from strong wave activities (Kriiger et al. 2005). The higher temperatures
prevented formation of PSCs, limiting ozone loss (Allen et al. 2003; Baldwin et al. 2003;
Newman and Nash 2005). Furthermore, in 2012 a small ozone-hole area of 2.1 x 107 km?
was observed as one of the smallest since the 1990s (Kramarova et al. 2014). The hole
area (~1.96 x 107 km?) in spring 2017 was at the level of the 1980s (Evtushevsky et al.
2019). During 2019, when a minor SSW event occurred (Section 4), the maximum daily
ozone hole area (1.64 x 107 km?) was smaller than that in 2017.

We compared ozone-hole area data provided by the JMA with that provided by NASA.
The JMA defines the hole area as the region with ozone levels of <220 DU south of 45°S,
with the different definition resulting in different hole areas. For example, the JMA
maximum daily ozone hole areas for 1988, 2002, 2017, and 2019 were ~1.37 x 107, ~2.17
x 107, ~1.91 x 107, and ~1.37 x 107 km?, respectively (Figure 1S). IMA data indicate that
in 2019 the ozone hole was as small as that in 1988, and smaller than that provided by

NASA.
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5.2 Antarctic ozone holes in 2017 and 2019

The years 2017 and 2019 are interesting cases for which to explore relationships
between the ozone hole and dynamical effects. In 2019, there was an anomalously small
ozone hole in the SH (Wargan et al. 2020). Although SSW2019 was classified as minor
warming, the size of the Antarctic ozone area in 2019 was comparable with that in 2002
when there was major warming in late September. Furthermore, the second-smallest
ozone hole since 1988 was observed in 2017, even though there was no pronounced SSW
(Blunden and Arndt 2018). Considering that levels of ozone depleting substances are
decreasing, we chose to use 2017 for comparison with 2019 rather than 2002.

It may be possible to explain the ozone hole area and ozone depletion in 2019 on the
basis of quasi-stationary wave amplitudes in August and sea surface temperatures in the
tropical Pacific and Indian oceans in June (Milinevsky et al. 2020). Wargan et al. (2020)
compared ozone hole areas between 2018 and 2019, finding that the small hole in 2019
resulted from the size and geometry of the polar vortex. Safieddine et al. (2020) found
that total-column ozone levels poleward of 45°S in September, October, and November
2019 were 29%, 28%, and 26%, respectively, higher than the previous 11-year average,
based on Infrared Atmospheric Sounding Interferometer (IASI) ozone data. It has also
been found that the quasi-stationary wave in the late austral winter (August) played a

major role in preventing expansion of the 2017 ozone hole (Evtushevsky et al. 2019).
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Weber et al. (2003) suggested that ozone hole size is controlled mainly by wave
dynamics. The relationship between the vertical component of the E-P flux, averaged
over 30°S-90°S at 100 hPa for August, and maximum daily ozone hole areas in the austral
spring, 2002-2019, are shown in Figure 5.3, with a correlation coefficient, r, between
these variables of —0.62. This supports a strong linkage between planetary wave activity
at middle—high latitudes and Antarctic ozone hole area.

The ozone hole was smaller in 2002, 2017, and 2019 when there was strong wave
propagation into the stratosphere. In 2002, the major SSW occurred late in September
with the intermittently strong PW 1 and 2 weakening the PNJ prior to the SSW,
preventing expansion of the ozone hole (Allen et al. 2003; Baldwin et al. 2003; Newman
and Nash 2005). Pronounced planetary wave events in August and September 2017 might
have led to low ozone depletion during September—November (Evtushevsky et al. 2019).
In 2019 (Section 4), there was pronounced propagation of waves of WN 1 into the
stratosphere from late August, resulting in mid-stratospheric temperature increases in
polar regions. An anomalously small Antarctic ozone hole thus occurred in 2019.

In contrast, little planetary wave activity may lead to severe ozone depletion. For
example, in 2015 there was less wave propagation into the stratosphere during July—
October, with below-average temperatures persisting. As a result, the 2015 Antarctic

ozone hole was one of the largest since measurements began (Blunden and Arndt 2016).
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Figure 5.3 Scatterplot of the maximum daily ozone-hole area (x10* km?) in the austral
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The daily evolution of ozone hole area during 2019 is depicted in Figure 5.4. During
2019, the ozone hole expanded from early August to early September, reaching its largest
area of ~1.5 x 107 km? on 7 September before shrinking rapidly from mid-September to
October. The corresponding quantities for 2017 are shown in Figure 5.4 for comparison.
In both years, the ozone holes developed normally with growth occurring due to chlorine-
based depletion reactions during late August to early September (Newman et al. 2004).
This occurred similarly in 2012. Concentrations of ozone-depleting substances (e.g., CI
and Br) in the Antarctic stratosphere were thus still high enough to cause severe ozone
depletion (Figure 5.1) (Kramarova et al. 2014).

Compared with the rapid hole shrinkage in September 2019, the hole area decreased
at a moderate rate in the second half of September 2017, to an area of (1.05-1.75) x 107
km? in late September, compared with a mean value of ~2.0 x 107 km?. Furthermore, in
contrast to the smaller area than average in September 2017, in 2019 the hole area
remained well below mean climatological values for 1979-2016, at close to the 10%
percentile of climatological values, until the end of October. The ozone hole disappeared
at the beginning of November 2019, earlier than indicated by climatological records for

early December.
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Fig. 5.4 Time series of ozone hole area [X 10* km?] defined as the region with ozone
concentrations of <220 DU south of 40°S. Red and green lines indicate 2019 and 2017,
respectively. Blue line represents climatological values for 1979-2016. The lines and
shaded areas from bottom to top denote minimum, 10%, 30", mean, 70", 90" percentile,

and maximum, respectively. The horizontal black line indicates the area of the Antarctic.
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An anomalously small and irregularly shaped ozone hole was observed together with
a significantly disturbed polar vortex in September 2019. The evolution of OMI total-
column ozone distributions in 2017 and 2019 are compared in Figure 5.5 where the gray-
shaded region indicates total-column ozone <220 DU. In late August 2019, before strong
wave activities disturbed the vortex, the ozone hole began to form while there was a low
total-column ozone region south of South America. A similar ozone hole region appeared
southeast of South America in late August 2017. This hole changed after September;
while the 2017 hole covered most of the Antarctic, the 2019 hole shifted off the South
Pole to be relocated near the edge of the Antarctic on 7 September when it reached its
maximum area with an irregular shape (compared with that during 2017). In addition, a
pronounced high-ozone “collar” region appeared over the 30°S—60°S region in
September 2019 (Figure 5.5). A comparison of the 2019 ozone hole with a typical
Antarctic ozone hole was undertaken by Wargan et al. (2020) using the Global Earth
Observing System Constituent Data Assimilation System (GEOS). The South Pole was
located within the ozone holes in October in both 2017 and 2019, although it was near

the edge of the hole in 2019.
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Figure 5.5 Daily mean total-column ozone (DU) from the satellite OMI instrument for 27
August, 7 September, 11 September, and 8 October in 2019 (left) and 2017 (right). The

contour interval is 30 DU. White areas indicate missing data during polar night.
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Temperatures in the lower stratosphere around the polar ice-cap were higher than
average during the late austral winter in both 2017 and 2019. Figure 5.6 shows
temperature evolution around the polar cap averaged from 60°S to 90°S. Ozone
destruction occurs in the lower stratosphere, and the red and green lines (Figure 5.6)
indicate daily temperatures at 50 hPa averaged over the region south of 60°S; the blue
line indicates climatological values. In 2019, temperatures were near average until the
beginning of August, began to rise in mid-August, and continued to rise through mid-
September with higher than average temperatures persisting until mid-November. In 2017,
temperatures were near average until early August, increasing from mid-August through

early September, preventing PSC formation in the lower stratophere.
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Fig. 5.6 Time series of temperature (K) averaged over the region 60°S—90°S at 50 hPa.
Green and red lines indicate 2017 and 2019, respectively. Mean values for 1979-2016
are indicated by the blue line. The error bar denotes the 30" and 70™ percentile values of

the mean over the period 1979-2016. Data provided by NASA.
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The above-average amount of ozone mid-stratosphere indicates reduced depletion
during late winter and early spring in 2017 and 2019. Deviations from climatological
zonal-mean volume mixing ratios averaged over 60°S—80°S during 2017 and 2019 are
shown in Figure 5.7. In 2019, a marked increase in ozone level occurred from the end of
August through the first half of October at 50—10 hPa where ozone depletion usually
occurs. In 2017, a significant increase in mixing ratio occurred during mid-August and
mid-September. The evolution of the zonal-mean volume-mixing-ratio anomaly
corresponds to the development of the ozone hole (Figure 5.4). August and early
September are periods when chlorine compounds exert their main effects on the ozone
hole area (Newman et al. 2004), with the hole being strongly impacted by wave dynamics
and its influence on temperature (Weber et al. 2003). In the 2019 case (Section 4), the
SSW2019 event resulted from wave dynamics during late August to September when
depletion reactions occurred, limiting expansion of the ozone hole. Evtushesky et al.
(2019) suggested that the reduced ozone depletion in the spring of 2017 might have been

due to significant wave dynamics during late winter.
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Figure 5.7 Time-height cross sections of deviations of zonal-mean ozone volume mixing
ratios (ppmv) averaged over 60°S to 80°S for 2019 (top) and 2017 (bottom) from 1

July to 30 November. The contour interval is 0.1 ppmv.



The evolution of wave amplitudes and EPFz in 2019 is described in Figure 4.4
and that for 2017 here in Figure 5.8, which shows daily changes of wave amplitudes of
Z1 and 2 (geopotential height waves of PW1 and 2) at 60°S and 10 hPa (top) and 50 hPa
upward E-P fluxes of zonal PW from 1 to 3 (bottom) in 2017.

The larger amplitude of Z1 on 1 August 2017 (~1239 m) was followed by its
largest amplitude on 18 August 2017 (~1395 m). Several large Z1 amplitudes occurred
in September and early October. Similar variations in daily amplitudes of waves 1 and 2
at 50 hPa were reported from ERA-Interim reanalysis (Klekociuk et al. 2019). Such large
amplifications of PW1 disturb the polar vortex, leading to reduction of the PNJ. In
contrast to the predominant role of PW1 in August and September 2019, WN 2 played a
role in mid-August and mid-September in 2017.

The Hovmoller diagram (Figure 4.5) indicates dominant wave modes in 2019 and
2002. In 2019 (Section 4) Z1 became dominant over Z2 from ~10 August to ~20
September. Figure 5.9 repeats the analysis for 2017, indicating that Z2 regularly travelled
eastward in mid-August and mid-September in 2017 with a period of ~10 days. The
amplitudes of Z1 and Z2 strengthened during mid-September but did not lead to an SSW
event. The Z2 eastward-travelling waves occurring in the SH stratospheric winter
(Shiotani et al. 1993) and their wave—wave interactions with quasi-stationary WN 1

contribute to weakening of the PNJ (Kriiger et al. 2005).

64



The daily evolution of total EPFz at 50 hPa for all three wavenumbers in 2017 is
shown by gray shading in Figure 5.8 (bottom), together with the EPFz values of PW 1-3
(colored lines). Evtushevsky et al. (2019) found that the development of large amplitude
stratospheric planetary waves at high southern latitudes during August 2017 was
comparable with that for the same month in years with smaller ozone holes (2002 and
1988). To gauge the disturbance within the vortex in the lower stratosphere, we
investigated wave propagation by examination of EPFz at 50 hPa. The largest upward
propagation occurred on 13 September 2017. The total EPFz in 2017 indicates active
planetary wave propagation to the stratosphere, peaking mid-September, corresponding
to increasing temperatures at the polar ice cap (Figure 5.5). The contribution of the zonal
WN 1 component is considerably greater than that of other wavenumber components in
2019, whereas in 2017, WN 2 played a role in mid-September. Furthermore, PW1-3
display simultaneous peaks, leading to the largest wave activity on 13 September. The
maximum value of total EPFz in 2017 (~51 x 10* kg s2) exceeded that of 2019 (~45 x
10* kg s72). The SSW2019 event was thus characterized by growth of PW1 wave activity,

which disturbed the polar vortex before and during the warming period.
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The evolution of vertical component of the residual mean circulation (w*) was studied
as an indicator of the strength of residual mean circulation, with the time evolution of
residual vertical velocities (averaged over 60°S—80°S) at 10 hPa, an ozone-rich altitude,
in 2017 and 2019 being shown in Figure 5.10. In 2019, downward motion varied
intermittently throughout late August to mid-September, with at least three periods of
significant downward motion. Intermittently strong planetary waves in the stratosphere
resulted in strong downward motion, possibly leading to ozone transport into the vortex
as discussed in Section 2. Brewer—Dobson circulation is driven by planetary wave
breaking, as indicated by stratospheric E-P flux divergence, with ozone at high latitudes
being transported from the upper stratosphere by the strong downwelling. In 2017,
residual vertical velocities fluctuated from August through September, with significant

downwelling occurring around 20 September.
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Figure 5.10 Time series of the residual vertical velocities averaged over 60°S to 80°S
at 10 hPa. Green and red lines indicate 2017 and 2019, respectively. The blue line

indicates mean climatological values for 2005-2019 with standard deviation (shaded).
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Trends in ozone concentrations were considered rather than zonal mixing because the
trend in zonal-mean ozone mixing ratio is correlated with variations in large-scale
circulation (Eq. 2.22). Trends in zonal-mean ozone volume mixing ratio (the term on left
in Eq. 2.22) in 2017 and 2019 are shown in Figure 5.11. Ozone concentrations increased
significantly from late August to mid-September 2019 at 50—10 hPa. Major wave-activity
events and warming were observed in the SH during the 2019SSW (Figures 4.3 and 4.4).
Ozone concentrations decreased during 20-30 September but were still higher than
climatological values noted in Figure 5.7. In 2017, ozone levels increased mid-September
at 20-5 hPa when strong planetary wave activity occurred in the lower stratosphere
(Figure 5.8). Furthermore, an increasing ozone trend also occurred mid-August at 20-5

hPa, corresponding to large wave amplitudes of mid-August.
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Vertical transport and ozone concentrations are compared in Figure. 5.11, while
Figure 5.12 indicates ozone transport in terms of residual vertical velocity (second term
on right in Eq. 2.22). In 2019, there was increasing ozone transport by residual vertical
transport at 50—10 hPa from late August to mid-September, when intermittently strong
downwelling at 10 hPa was associated with increasing ozone concentrations (Figures 5.10
and 5.11). In 2017, the ozone concentration increased due to vertical transport mid-
September, with strong downwelling occurring at 10 hPa at ~20 September. Ozone levels
increased due to vertical transport at 20—10 hPa, corresponding to an increasing ozone
trend during 10 August to late August at 20-5 hPa. In both 2017 and 2019, there was
increasing vertical transport in October and November, consistent with increasing ozone

levels (Figure 5.11).
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6. Conclusions

The evolution of the SSW2019 event in the SH was analyzed using the JRA-55 dataset
in comparison with the major warming event of 2002 (Section 4). The relationship of the
Antarctic ozone hole in 2017 and 2019 with dynamical fields was also studied (Section
5).

Unusual warming and weakened westerly winds occurred at high latitudes in the SH
in September 2019. However, since reversal of westerly winds to easterly winds was not
observed at 60°S, 10 hPa, SSW2019 was classified as a minor SSW event on the basis of
World Meteorological Organization criteria.

Pronounced temperature increases occurred during early September 2019, following
two sudden warming events in late August. Stratospheric temperatures at the South Pole
were well above plus one standard deviation of the mean during most of September.
During 2019, westerly winds weakened in the stratosphere from late August. A reversal
of zonal-mean zonal winds from westerly to easterly occurred in the upper stratosphere
in early September, but did not reach the 10 hPa level. The PNJ weakened considerably
during the warming period.

This study has shown that the amplification of quasi-stationary PW1was pronounced
in SSW2019. Propagation of the planetary wave to the stratosphere was investigated by
study of the vertical component of the E-P flux. Waveguide analysis has shown that,

during the warming period, planetary waves propagated upward to the stratosphere
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through a high-latitude waveguide. The sustained occurrence of the waveguide allowed
upward propagating planetary waves to cause weakening of the PNJ until late September.
Strong and persisting quasi-stationary PW1 planetary waves thus propagated to the
stratosphere during the warming period. The quasi-stationary PW1 thus played a
dominate role in the SSW2019, unlike the regular occurrence of eastward-traveling PW2
in the SSW2002 event.

Study of interannual changes in the wave forcing in September has shown that the
total wave forcing and PW1 of 2019 were the highest for 2002-2019.

The occurrence of preconditions prior to major warming in SSW2002 has been widely
reported, but they were largely absent in the SSW2019 event, perhaps explaining the lack
of the reversal of zonal-mean zonal winds at or below 10 hPa during that event. Although
SSW2019 does not meet WMO criteria for a major SSW event, the large increase in
temperature at high latitudes had a significant impact on the stratosphere with, for
example, the formation of the Antarctic ozone hole in the austral spring. As an ozone-
depletion diagnostic, the Antarctic 2019 ozone-hole area was the smallest since 1988.

Ozone volume-mixing-ratio data from the MLS aboard the Aura satellite and JRA-55
data were used to analyze dynamical features of ozone hole changes in 2019 and for
comparison with those of 2017, with both years having small ozone holes.

Severe ozone depletion has been observed in the Antarctic since the 1980s. Rapid

ozone depletion is caused largely by heterogeneous chemical reactions, primarily with
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chlorine- and bromine-containing compounds. The Antarctic ozone-hole area varies from
year to year, due mainly to dynamical effects. The 2019 ozone hole was one of the
smallest since 1988, with a maximum daily hole size of 16.4 million km?. Development
of the hole began in early August, with the hole area then decreasing in late September,
and disappearing rapidly on 9 November (based on comparison with average early-
December data). This ozone reduction resulted from the unusually large dynamical effect
of the stratospheric polar vortex in September, due to the occurrence of SSW2019. In
2017, the hole again began expanding in early August, peaking on 11 September and
disappearing by 19 November.

Our results indicate an apparent zonal-mean ozone-volume-mixing-ratio anomaly at
50-10 hPa from late August to September and mid-September in 2019 and 2017. This is
consistent with the small ozone hole areas of those years. Significantly large and
dominant wave activities of zonal WN 1 occurred in late August and September 2019,
while eastward-travelling WN 2 waves and WN 1 and 3 waves occurred in mid-
September 2017. Intermittent upsurges of wave activity occurred during the austral winter
in the mid-stratosphere. Downward motion was enhanced in both years, in association
with the strong wave activities. This caused the downward advection of ozone-rich air,
leading to the small hole size in both years. Trends in zonal-mean ozone mixing ratio are

consistent with residual vertical transport during the increasing-ozone period.
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Dynamical features of the SH SSW2019 event were compared with those of the
SSW2002 event (Section 4). SSWs rarely occur in the SH, so comparison with major NH
SSWs were necessary to explain the minor status of SSW2019 (Section 5). Ozone
transport by vertical residual mean meridional circulation is analyzed qualitatively
(Section 5), but further quantitative analysis is necessary. Further study of ozone
variations due to photochemical processes is also required, together with comparisons of

different reanalysis datasets.
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Figure 1S. Same as Figure 5.2, but using data provided by JMA.
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