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ABSTRACT: Motivated by the strong Antarctic sudden stratospheric warming (SSW) in 2019, a survey on the similar
Antarctic weak polar vortex events (WPVs) is presented, including their life cycle, dynamics, seasonality, and climatic
impacts. The Antarctic WPVs have a frequency of about four events per decade, with the 2002 event being the only major
SSW. They show a similar life cycle to the SSWs in the Northern Hemisphere but have a longer duration. They are primar-
ily driven by enhanced upward-propagating wavenumber 1 in the presence of a preconditioned polar stratosphere (i.e., a
weaker and more contracted Antarctic stratospheric polar vortex). Antarctic WPVs occur mainly in the austral spring.
Their early occurrence is preceded by an easterly anomaly in the middle and upper equatorial stratosphere in addition to
the preconditioned polar stratosphere. The Antarctic WPVs increase the ozone concentration in the polar region and are
associated with an advanced seasonal transition of the stratospheric polar vortex by about one week. Their frequency dou-
bles after 2000 and is closely related to the advanced Antarctic stratospheric final warming in recent decades. The WPV-
resultant negative phase of the southern annular mode descends to the troposphere and persists for about three months,
leading to persistent hemispheric-scale temperature and precipitation anomalies.

SIGNIFICANCE STATEMENT: The Antarctic weak polar vortex events (WPVs) are similar to the sudden strato-
spheric warming (SSW), but many of their characteristics remain unclear. Their climatology is presented as a bench-
mark based on high-quality reanalysis datasets. WPVs have a life cycle that is similar to that of Arctic SSWs but has a
longer duration. They occur due to the amplified tropospheric wave forcing in the presence of a preconditioned polar
stratosphere. Its seasonality is partly controlled by the equatorial stratospheric easterly in addition to the polar strato-
sphere. Its occurrence is closely related to the advanced breakdown of the Antarctic polar vortex and can reduce the
size of the Antarctic ozone hole. Moreover, it further causes persistent hemispheric-scale climate anomalies in the tro-
posphere, which provides a prediction potential for surface weather and climate.

KEYWORDS: Southern Hemisphere; Planetary waves; Stratosphere-troposphere coupling; Antarctic Oscillation;

Stratospheric circulation; Quasibiennial oscillation

1. Introduction

The wintertime stratosphere is characterized by a cold
polar vortex and circumpolar westerly jet, known as the polar
night jet, primarily due to radiative cooling during the polar
night (Andrews et al. 1987; Waugh and Polvani 2010). Sudden
stratospheric warmings (SSWs) are extreme displays of polar
vortex weakening and can influence both surface weather and
the upper atmosphere (Andrews et al. 1987; Charlton and
Polvani 2007; Butler et al. 2015; Baldwin et al. 2021). They are
characterized by sharp rises of temperature in the polar
stratosphere and strong deceleration of the polar night jet
(Andrews et al. 1987). Due to these dramatic circulation
changes, SSWs can significantly alter the composition and
dynamics of the stratosphere and also influence the meso-
sphere, thermosphere, and ionosphere (Eswaraiah et al. 2017;
Pedatella et al. 2018; Baldwin et al. 2021). Moreover, the
SSW-associated circulation anomalies sometimes descend
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into the troposphere and exert remarkable impacts on tropo-
spheric weather conditions (Baldwin and Dunkerton 1999,
2001; Kolstad et al. 2010; Kidston et al. 2015) and prediction
skills on subseasonal to seasonal time scales (Scaife et al.
2016; Domeisen et al. 2020).

SSWs can be observed in both hemispheres, but their fre-
quency and intensity show significant interhemispheric asym-
metry, with fewer events in the Southern Hemisphere. SSWs
can be termed minor warming if the stratospheric (e.g., at
10 hPa) temperature gradient between polar and midlatitudes
reverses alone, and major warming if the polar night jet fur-
ther reverses to easterly (Andrews et al. 1987; Butler et al.
2015). Major SSWs usually occur in the Northern Hemi-
sphere, where six events are observed per decade on average
(Charlton and Polvani 2007). In contrast, only one major
SSW was observed so far in the Southern Hemisphere in 2002
(Charlton et al. 2005; Manney et al. 2005; Newman and Nash
2005), and it is estimated to occur only once every 25 years or
so (Wang et al. 2020; Jucker et al. 2021). This contrast in fre-
quency is primarily attributed to the weaker wave forcing
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induced by weaker land-sea thermal contrasts and smaller
orography in the Southern Hemisphere (Plumb 1989; Scaife
and James 2000; Waugh and Polvani 2010). Nevertheless,
minor SSWs associated with extreme weakening of the polar
vortex still occur in the Southern Hemisphere (Hirota et al.
1990; Kanzawa and Kawaguchi 1990; Lim et al. 2018). For
example, the minor SSW in September 2019 was accompanied
by the most elevated stratospheric polar warming and the
smallest ozone hole on record (Rao et al. 2020a; Safieddine
et al. 2020; Shen et al. 2020a; Wargan et al. 2020; Lim et al.
2021). This fact indicates that minor SSWs in the Southern
Hemisphere still warrant thorough understanding because of
their climatic influences.

Some case studies documented the characteristics of certain
Antarctic SSW events (e.g., Hirota et al. 1990; Newman and
Nash 2005; Lim et al. 2021) and compared them with those in
the Northern Hemisphere, including the persistence of tropo-
spheric blocking, the phase of stratospheric equatorial wind,
and the influences of the SSWs on the tropospheric circulation
and weather (e.g., Nishii and Nakamura 2004; Gray et al.
2005; Rao et al. 2020a; Shen et al. 2020a,b). However, there is
no systematic analysis of the climatological characteristics of
the Antarctic SSWs to the best of the authors’ knowledge.
Therefore, this study tries to fill this knowledge gap by reveal-
ing the Antarctic SSW’s life cycle, dynamics, seasonality, and
impacts on both the stratosphere and troposphere from a cli-
matological point of view. It is noteworthy that there are only
two consensus Antarctic SSW events, the 2002 and 2019 cases
(Baldwin et al. 2021), before the publication of this study and
that the academic community is cautious about using the term
SSW in the Southern Hemisphere. Therefore, we refer to the
events investigated in this study as weak polar vortex events
(WPVs). Compared with previous studies that address the
tropospheric response to the negative stratospheric southern
annular mode (e.g., Thompson et al. 2005; Kwon et al. 2020),
this study focuses on the characteristics and dynamics of the
WPVs. The paper is organized as follows. Section 2 describes
the datasets used in the study and the definition of Antarctic
WPVs. Section 3 presents the life cycle and dynamics of the
Antarctic WPVs. Section 4 investigates the seasonality and
possible causes of the Antarctic WPVs. Section 5 shows the
impacts of the Antarctic WPVs on the stratosphere and the
troposphere. Finally, section 6 summarizes the main findings.

2. Data and method
a. Data

The daily mean atmospheric reanalysis data used in this
study are from several sources, including the Japanese
55-year Reanalysis dataset (JRA-55; Kobayashi et al. 2015),
the latest European Centre for Medium-Range Weather
Forecasts dataset (ERAS; Hersbach et al. 2020), the ERA-
Interim dataset (Dee et al. 2011), and the National Centers
for Environmental Prediction—National Center for Atmo-
spheric Research (NCEP-NCAR) reanalysis dataset (Kalnay
et al. 1996). The hourly total column ozone data is adopted
from the second Modern-Era Retrospective analysis for

Brought to you by UNIVERSITY OF OXFORD-RADCLIFFE | Unauthenticated | Downloaded 07/08/22 06:55 AM UTC

JOURNAL OF CLIMATE

VOLUME 35

Research and Applications (MERRA-2) reanalysis dataset
(Gelaro et al. 2017) and averaged into daily means. It is used
to present the horizontal structure of ozone anomalies associ-
ated with the WPVs. The daily polar-cap ozone data (south of
63°S) are from the National Aeronautics and Space Adminis-
tration (NASA) Ozone Watch (https://ozonewatch.gsfc.nasa.
gov) and used to show the statistical distribution of polar-cap
ozone after the onset of WPVs. The precipitation data are
from the Climate Prediction Center (CPC) Global Unified
Precipitation dataset produced by National Oceanic and
Atmospheric Administration (NOAA) (Xie et al. 2007; Chen
et al. 2008). Due to the limited observations at high latitudes
of the Southern Hemisphere before 1979 and the satellite
observing era, this study focuses on the 1979-2019 period. A
daily climatology is defined as the value averaged over
1979-2019 (except for the total column ozone, which is over
1980-2019) for each calendar day, and the daily anomaly is
defined as the departure from this daily climatology.

b. Definition of WPV

The SSWs are usually defined based on the reversal of the
stratospheric pole-to-midlatitude temperature gradient or the
stratospheric circumpolar zonal-mean zonal wind (e.g.,
Andrews et al. 1987; Butler et al. 2015). This study follows the
definition of minor SSWs (Andrews et al. 1987) and defines
an Antarctic WPV when the temperature gradient between
the South Pole and midlatitudes reverses in the stratosphere.
Specifically, the poleward temperature gradient (V7) is
defined as the zonal-mean temperature averaged from 80° to
90°S minus that averaged from 60° to 70°S at 10 hPa. This
approach is similar to that used by Butler et al. (2015), which
focuses on the SSWs in the Northern Hemisphere. With this
definition, a positive poleward VT indicates a warmer polar
region. An Antarctic WPV is identified when the following
three criteria are met:

e the reversal of the poleward VT at 10 hPa lasts for at least
5 days with the maximum value exceeding the climatologi-
cal value by one standard deviation on the corresponding
calendar day;

e the averaged temperature anomaly southward of 60°S at
10 hPa is positive;

e two WPVs in the same season are separated by at least a
60-day period.

The threshold values in the first criterion were tested, rang-
ing from 0.5 to 1.5 standard deviations, respectively, and the
results show little sensitivity (not shown). The duration
parameter in the first criterion was based on the composite
evolution of all identified abnormal temperature gradient
reversal events with a 1.0 standard deviation. It was also
tested from 2 to 10 days, and the results remain similar (not
shown). Reversals of temperature gradients can be caused by
warming in the polar region and/or cooling in the midlati-
tudes. Hence, the second criterion was included to constrain
that the identified events are weak polar vortex events with
rising polar temperatures. The first day that the poleward VT
reverses in the above definition is regarded as day O of the
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TABLE 1. WPVs in JRA-55, ERAS, ERA-Interim, and NCEP-NCAR datasets. The unit of frequency is events per year.

Event no. JRA-55 ERAS ERA-Interim NCEP-NCAR

1 1 Oct 1979 1 Oct 1979 2 Oct 1979 23 Aug 1979
2 — — 18 Oct 1982 19 Oct 1982
3 6 Oct 1984 5 Oct 1984 — —

4 26 Sep 1988 26 Sep 1988 27 Sep 1988 26 Sep 1988
5 20 Oct 1989 20 Oct 1989 — —

6 30 Sep 1992 30 Sep 1992 30 Sep 1992 30 Sep 1992
7 1 Oct 2000 1 Oct 2000 9 Oct 2000 1 Oct 2000
8 21 Sep 2002 21 Sep 2002 21 Sep 2002 21 Sep 2002
9 11 Oct 2003 11 Oct 2003 5 Oct 2003 11 Oct 2003
10 6 Oct 2005 2 Oct 2005 6 Oct 2005 6 Oct 2005
11 3 Oct 2007 18 Sep 2007 18 Sep 2007 3 Oct 2007
12 — 13 Oct 2008 13 Oct 2008 —

13 8 Oct 2009 8 Oct 2009 8 Oct 2009 8 Oct 2009
14 4 Oct 2012 30 Sep 2012 30 Sep 2012 4 Oct 2012
15 2 Oct 2013 30 Sep 2013 30 Sep 2013 2 Oct 2013
16 — — 5 Oct 2014 9 Oct 2014
17 — — 3 Oct 2016 —

18 19 Sep 2017 12 Sep 2017 12 Sep 2017 19 Sep 2017
19 6 Sep 2019 6 Sep 2019 — 6 Sep 2019
Total No. of events 15 16 16 15
Frequency 0.37 0.39 0.40 0.37

WPVs. Moreover, to distinguish the WPVs from the seasonal
breakdown of the stratospheric polar vortex, the occurrence
dates (day 0) of WPVs should be at least 20 days before the
stratospheric final warming (SFW). The SFW in the Southern
Hemisphere was defined as the final date when the 5-day run-
ning mean zonal-mean zonal wind at 60°S ([ugo]) at 50 hPa
drops below 10 m s~ (Black and McDaniel 2007) in each win-
ter. Considering the earlier occurrence of the SFW signal in
the upper than in the lower stratosphere (Hardiman et al.
2011; Byrne and Shepherd 2018; Lim et al. 2018, 2019), the
[uso] at 10 hPa is used in this study to replace the [ug] at
50 hPa in the original definition to be comparable to the defi-
nition of WPVs. The identified SFWs are, on average, one
month behind the occurrence of WPVs. In addition, the
breakdown of the stratospheric polar night jet is another
12 days behind, when the zonal wind completely switches to
the easterly (Table 1, Figs. 3c and 11). This result suggests
that the WPV and SFW in the Southern Hemisphere are
distinguishable, although their time lag is not as large as that
of their Northern Hemispheric counterparts (Hu et al. 2014).

c. Southern annular mode

The southern annular mode (SAM) is defined as the leading
empirical orthogonal function of the seasonal (September—
December) mean geopotential height anomalies south of 20°S
at each of the 37 pressure levels during 1979-2019, where the
seasonal mean is calculated from the monthly mean data
(Thompson et al. 2005). The daily SAM index is obtained by
projecting the daily geopotential height anomalies onto the
respective patterns of the SAM at each pressure level. Note
that with this approach, the seasonal evolution is excluded,
and the EOF patterns mainly reflect the change in the strength
of the polar vortex. This approach differs from the height-time
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domain EOF method in Lim et al. (2018), which captures the
seasonal breakdown of the vortex.

d. Bootstrap technique

The bootstrap technique is used to estimate the probability
density functions (PDFs) of a finite sample (Efron and
Tibshirani 1994). For a group with the sample size n, we apply
the sampling with replacement to obtain a new group with the
same sample size n. This process is repeated 1000 times to
yield 1000 new groups. Then the PDF of the original finite
sample is obtained based on the mean of each new group.

3. Life cycle and dynamics of the Antarctic WPVs

The occurrence of a WPV indicates dramatic changes in the
stratospheric polar vortex, so it is meaningful to first look at
the stationarity of the stratospheric polar vortex from the cli-
matological perspective. Figure 1 shows the daily evolution of
climatology (contours) and the interannual standard deviation
(shading) of [ueo] and the poleward VT at 10 hPa in different
datasets. The standard deviation is normalized by dividing the
mean value of the corresponding layer to reconcile the magni-
tudes of variability at different pressure levels. The Antarctic
stratospheric polar vortex reaches its highest intensity in early
August and has the strongest variance from late August to
November, first in the upper stratosphere and then in the lower
levels (Fig. 1, left column). It also has a second and weaker
peak of [ugo] variance in the upper stratosphere in midwinter,
consistent with Waugh and Randel (1999). From late winter to
spring, the Antarctic stratospheric polar vortex has the largest
variability and facilitates the occurrence of the WPVs. This sea-
sonality can be explained by the enhanced planetary wave forc-
ing originating from the troposphere when the background
stratospheric westerly wind begins to weaken and allows the
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FIG. 1. (left) Daily evolution of the climatology [contours; contour interval (CI) = 5 m s~ '] and the scaled interan-
nual standard deviation [shading; shading interval (SI) = 0.6] of zonal-mean zonal wind at 60°S ([ug]) in the (a) JRA-55,
(b) ERAS, (c) ERA-Interim, and (d) NCEP-NCAR reanalysis datasets. Negative values are dashed, with the zero
contours in bold. (right) As in the left column, but for the poleward temperature gradient (VT) between 80°-90°S and

60°-70°S (CI = 2 K, SI = 0.6).

vertical propagation of large-scale Rossby waves (Charney and
Drazin 1961). Before this time, the stratospheric westerly wind
is so strong that even the longest vertically propagating Rossby
waves are often reflected back to the troposphere (Scaife and

James 2000; Shaw et al. 2011). The above evolving characteris-
tics, which are highly consistent in all the four datasets, are also
visible in VT (Fig. 1, right column) and similar to those
revealed by the SAM index (Thompson et al. 2005).
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FIG. 2. The number of Antarctic WPVs by year in the (a) JRA-55, (b) ERAS, (¢) ERA-Interim, and
(d) NCEP-NCAR datasets.

Table 1 shows the identified Antarctic WPVs and their
central dates (day 0) in the four datasets. The numbers and
central dates of the WPVs are highly consistent in these
reanalysis products. Fifteen WPVs are identified in the JRA-55
and NCEP-NCAR reanalysis datasets with a frequency of 0.37
per year, and 16 WPVs are identified in the ERAS and ERA-
Interim reanalysis datasets with a frequency of 0.39 and 0.40 per
year, respectively. The frequency remains similar if data prior to
1979 are included. The 2002 major SSWs (e.g., Manney et al.
2003; Scaife et al. 2005) and 2019 minor SSWs (e.g., Rao et al.
2020a; Shen et al. 2020a; Lim et al. 2021) are both identified in all
datasets except in the ERA-Interim dataset, which terminated in
August 2019. The yearly distribution of WPVs suggests that
more frequent WPVs are observed after 2000 (about 0.5 events
per year) than before 2000 (about 0.25 events per year) in all the
four datasets (Fig. 2). This increasing trend in frequency is consis-
tent with Kwon et al. (2020), who analyzed the trend of the
SAM, and is insensitive to the parameters in the definition of
WPVs. The reason for this increasing trend may be the recovery
of ozone since 2000, which can weaken the stratospheric polar
vortex by enhancing the absorption of radiation (Jucker et al.
2014; Solomon et al. 2016), and the changes in the large-scale tro-
pospheric circulation around 2000 (e.g., Hu and Fu 2009; Yeh
et al. 2009; Trenberth and Fasullo 2013). This trend may also be
attributed to the absence of WPVs in the 1990s. A similar gap
also occurs in the Northern Hemisphere, where only two SSWs
were observed in the 1990s (Butler et al. 2015; Domeisen 2019;
Baldwin et al. 2021). It indicates the necessity to systematically
study the causes of the frequency change in the Antarctic WPVs
and compare it with the Northern Hemisphere. In the
following paragraphs, the life cycle of the Antarctic WPVs will
be presented. Results obtained in all four datasets are almost
identical, so only those based on the JRA-55 reanalysis dataset
are shown.

Figure 3 illustrates the composited day-to-day evolution of
several variables during the Antarctic WPVs. Before day 0,
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the 10-hPa VT is negative, and the polar night jet is stronger
than 50 m s~ ! (Fig. 3a), indicating a stable stratospheric polar
vortex. From day —2 to day +1, where minus and plus indicate
days before and after day 0, the polar night jet decelerates to
below 30 m s~ . Meanwhile, the 10-hPa VT reverses with
higher temperature over the polar region than the midlati-
tudes, marking the occurrence of the WPV. Figure 3b further
shows the anomalies of [ug] and VT after removing the annual
cycle to highlight the changes during the WPV. The decelera-
tion of the polar night jet and the weakening of the poleward
temperature gradient become visible approximately two weeks
before day 0. They intensify abruptly from day —2 to day +2
and persist significantly for about one month (Fig. 3b). This
persistent zonal wind anomaly may be associated with an
advanced seasonal breakdown of the polar vortex, which will
be further discussed in section 5. In this process, the anomalies
of VT, [ueo], and polar-cap (60°-90°S) temperature (7c,p) first
appear in the middle and upper stratosphere and then in the
lower stratosphere and upper troposphere (Figs. 3d—f). On
some occasions, anomalies can also be found in the middle tro-
posphere (Figs. 3d-f). The overall descending processes persist
for nearly three months, which are more long-lasting than
their counterparts in the Northern Hemisphere (Baldwin et al.
2003; Limpasuvan et al. 2004; Thompson et al. 2005).
Following Limpasuvan et al. (2004), we divide the life cycle
of WPV into six stages, the onset (from days —32 to —20),
growth (from days —19 to —7), mature (from days —6 to +6),
descending (from days +7 to +19), decline (from days +20 to
+32), and decay (from days +33 to +45) stages. Figure 4
shows the anomalies of geopotential height and temperature
at 10 hPa during different stages. A wavenumber-1 height pat-
tern is visible during the onset stage with an anomalous anti-
cyclone over the Southern Ocean to the southeast of
Australia (Fig. 4a). This pattern persists and intensifies in the
growth and mature stages (Figs. 4a—c), becomes zonally sym-
metric, occupies the polar region from the mature stage



2080

(@) [ugo] & VT at 10hPa

i oan ¥
10 3 o
< F 30 @
< i £
E 07 0
- - 7<)
-10 4 7[u-6|9] L 60=
'20 1 T T T T T F '90
-90 -60 -30 0 30 60 90
(b) Anomalies of [ug,] & VT at 10hPa
20 = 30
E 20 ~
. 10 E 10 "o
< B E £
E 0 010:
E - 8
-10 4 ——[Ugo] _ _20,2,
-20 . . . . ] - -30
-90 -60 -30 0 30 60 90
<
o
<
o
=}
w
(%]
o
a

Time (day)

JOURNAL OF CLIMATE

VOLUME 35
(d) VT anomalies
1
© 34 ‘
& 2] 12
£ 10 4 4
[}
30 4 K
5 2 1 0 (K)
7 100 14
= 300 4 1 §-12
0. 500 4 . ' s i'
1000 F T T I. - T T
9 -60 -30 0 30 60 90
’
< 3
o 5
£ 10
L 3
2 %
7 100
= 300
o 500
1000
’
< 3
o 5
£ 10
L 30
2 50
7 100
= 300
0 500
1000

Time (day)

FIG. 3. (a) Daily evolution of the [ugo] (blue line) and VT (red line) at 10 hPa during the composite life cycle of Ant-
arctic WPVs. (b) As in (a), but for anomalies of [ug] and VT. (c) As in (a), but for all levels from 1000 to 1 hPa. Daily
evolution of (d) VT anomalies (shading; *+2, +4, +8, =12, +16; K), (e) [ueo] anomalies (=2, =4, =8, +12, =16, *20;
m s ), and (f) T, anomalies (+2, +4, *8, *12, =16; K) during the composite life cycle of Antarctic WPVs. Thick
lines in (a)—(c) and black (gray) dots in (d)—(f) indicate values exceeding the 95% (90%) confidence level based on the
two-tailed Student’s ¢ test. Red and green contours in (c) denote 10 and 0 m s~ ', respectively. The red and green verti-
cal dashed lines in (c) show the date when the [uo] at 10 hPa drops below 10 and 0 m s %, respectively. The gray hori-
zontal line in (d)-(f) indicates the approximate boundary between the troposphere and the stratosphere.

onward, and weakens from the descending to decay stages
(Figs. 4c—f). The location and intensity of the observed polar
warming, which is caused by anomalous downwelling in the
residual circulation, generally follow those of the anomalous
anticyclone. Besides, a zonally symmetric cooling is visible in
the low latitudes during the mature and descending stages
(Figs. 4c,d), which arises from the associated strengthening of
the rising branch of the residual circulation and the resultant
adiabatic cooling (Matsuno 1971; Andrews et al. 1987). The
wavy structure prior to the mature stage suggests the essential
role of the planetary-scale Rossby waves in forming the WPV.
Meanwhile, the geographic preference of the wave structure
is likely related to the zonally asymmetric topography of the
Southern Hemisphere and the zonally asymmetric deep atmo-
spheric convection in the tropics (Mechoso et al. 198S;
Charlton et al. 2005; Garfinkel et al. 2013; Goyal et al. 2021).
To further reveal the essential role of the Rossby waves in
the Antarctic WPVs, Fig. 5 shows the stage-averaged anoma-
lies of zonal-mean zonal wind, zonal-mean temperature, and
Eliassen-Palm (EP) flux and its divergence. During the onset
stage, there are westerly and easterly anomalies above 50 hPa
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to the south and north of 60°S, respectively (first column in
Fig. 5a). This configuration indicates that the stratospheric
polar vortex contracts poleward prior to the occurrence of
WPVs, as the core of the polar night jet is located at 60°S (not
shown). It yields positive refractive index anomalies at the
edge of the polar vortex, thus setting a favorable precondition
for effective upward propagation and focusing of quasi-
stationary Rossby waves toward the stratospheric polar vortex
(not shown; McIntyre 1982; Andrews et al. 1987). As a result,
the upward-propagating EP flux into the stratosphere increases
and leads to enhanced EP flux convergence around 60°S in the
upper stratosphere (first column in Fig. 5b) and deceleration of
the polar night jet during the growth stage (second column in
Fig. 5a). The upward-propagating EP flux continues to amplify
between 50° and 80°S in the middle and upper stratosphere
from the growth to mature stages (second and third columns
in Fig. 5b), leading to intensified EP flux convergence and
deceleration of the polar night jet (third and fourth columns in
Fig. 5a). This upward propagation gradually weakens during
the descending stage (fourth column in Fig. 5b) and shows an
anomalous downward propagation from decline to decay
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FIG. 4. Anomalies of temperature (shading; SI = 1 K) and geopotential height (contours; CI = 100 gpm) at 10 hPa during different

stages of the composite life cycle of Antarctic WPVs. Zero contours are omitted, and negative contours are dashed. Black dots indicate
temperature anomalies exceeding the 95% confidence level based on the two-tailed Student’s ¢ test.

stages (fifth and sixth columns in Fig. 5b). Accordingly, the EP
flux convergence to the south of approximately 50°S weakens
and descends from the upper to the lower stratosphere (fourth
to sixth columns in Fig. 5b). As a result, the easterly anomalies
of the polar night jet weaken and descend to the lower strato-
sphere and even to the troposphere, forming the negative
SAM-like structure in the troposphere (fourth to sixth columns
in Fig. 5a).

It is worth mentioning that enhanced poleward propagation
of EP flux is also evident in the extratropical troposphere
besides the weakened upward EP flux toward the strato-
sphere during the descending and decline stages (fourth and
fifth columns in Fig. 5b). The meridional EP flux has an oppo-
site sign to the eddy momentum flux (Andrews et al. 1987), so
this configuration denotes an enhanced equatorward eddy
momentum flux, which plays a crucial role in transmitting the
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stratospheric anomalies to the troposphere (Limpasuvan et al.
2004; Kidston et al. 2015). The EP flux anomalies during the
decline and decay stages of the WPV are roughly opposite to
those during the onset and growth stages (Fig. 5b), presum-
ably due to the “shielding” by the reduced winds at lower lev-
els. In response to the anomalous wave propagation and the
associated circulation change, robust warming first appears in
the upper stratosphere during the onset and growth stages
(first and second columns in Fig. 5c). It descends and peaks in
the middle stratosphere during the mature stage (third col-
umn in Fig. 5¢) and further descends to the lower stratosphere
and upper troposphere from the descending to decay stages
(fourth to sixth columns in Fig. 5c).

The above evolutions of dynamical and thermal variables
are overall similar to those of the SSWs in the Northern
Hemisphere (Limpasuvan et al. 2004), including the
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FIG. 5. Anomalies of (a) zonal-mean zonal wind (SI = 2 m s~ 1), (b) EP flux (vector; kg s~2) and its divergence (shading; ST = 1 m s~

(K)

1

day 1), and (c) zonal-mean temperature (SI = 1 K) during different stages of the composite life cycle of Antarctic WPVs as in Fig. 4. Black

dots indicate shading exceeding the 95% confidence level based on

the two-tailed Student’s ¢ test. Columns from left to right denote the

onset, growth, mature, descending, decline, and decay stages, respectively.

behavior of the quasi-stationary Rossby waves, the deceler-
ation of the polar night jet, and the warming in the polar
region. In addition, the stratospheric equatorial wind during
the Antarctic WPVs shows easterly and westerly anomalies
centered at 30 and 5 hPa (Fig. 5a), respectively, resembling
the quasi-biennial oscillation (QBO; e.g., Baldwin et al.
2001) signature during the Arctic SSWs (Limpasuvan et al.
2004) despite with lower statistical significance. This wind
signature can be traced back to several months earlier (not
shown), highlighting the potential importance of precondi-
tioning for Southern Hemisphere WPV events (Scaife et al.
2005; Lim et al. 2021). Nevertheless, this wind configuration
is missing and even reversed in the two SSWs in 2002 and
2019 (Gray et al. 2005; Shen et al. 2020b), which will be fur-
ther discussed in section 4.

Figure 6 shows the day-to-day evolution of the anomalous
EP flux components over the high latitudes (poleward of
50°S) to further delineate the wave forcing during the life
cycle of Antarctic WPVs. The anomalies have been normal-
ized by dividing by the climatological standard deviation at
each level, which allows easy comparison of the wave bursts
with general variability at that level (Jucker 2016; White et al.
2019). Above-normal upward EP fluxes (Fz) start to emerge
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in the stratosphere on approximately day —40 and persist to
day +10 (Fig. 6a). During this process, a significant intensifi-
cation of Fz occurs around day —10, indicating a Rossby
wave pulse into the stratosphere before the occurrence of the
WPV. This abnormal wave pulse mainly originates from the
upward-propagating tropospheric waves of wavenumber 1
(Fig. 6b), which is partly offset by wavenumbers 2 and 3
(Figs. 6a,c,d). Previous studies suggest that the persistence
and accumulation of Rossby wave activity play a more impor-
tant role in decelerating the polar night jet than the wave
activity pulse strength (Polvani and Waugh 2004; Sjoberg
and Birner 2012). However, the strong and significant Fz orig-
inated from the troposphere prior to day 0 suggests that the
Rossby wave pulses also contribute essentially to the occurrence
of Antarctic WPVs (Fig. 6b). The Rossby wave propagates
equatorward (Fig. 6e; Fy, positive value) after entering the
stratosphere, consistent with the results shown in Fig. 5b. An
inspection of individual wave components suggests that wave-
number 1 dominates the upward and equatorward wave propa-
gation in the stratosphere (Fig. 6), which is similar to the
situation in the Northern Hemisphere (Limpasuvan et al. 2004).
This result agrees with the wavenumber-1 pattern in the geopo-
tential height field (Fig. 4) and the theory that only large-scale
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FIG. 6. The daily evolution of the vertical component of the EP flux (Fz) anomalies (shading; =0.1, +=0.25, 0.5,
+0.6, £0.8, £1.0; o) averaged poleward of 50°S for (a) all wavenumbers, (b) wavenumber 1, (c) wavenumber 2, and
(d) wavenumber 3 and higher during the composite life cycle of Antarctic WPVs. (e)-(h) As in (a)—(d), but for the
horizontal component of the EP flux (Fy) anomalies. Both Fz and Fy have been scaled by the climatological standard
deviation at each level so that the shadings have no unit. Black and gray dots indicate values exceeding the 95% and
90% confidence level based on the two-tailed Student’s ¢ test, respectively. The gray horizontal line indicates the
approximate boundary between the troposphere and the stratosphere.

waves can propagate through strong westerlies into the strato-  is applied to test the robustness of the signal further. Figure 7
sphere (Charney and Drazin 1961). shows the PDFs of the 500-hPa Fy anomalies averaged pole-

After day 0, anomalous poleward propagation of Rossby  ward of 50°S and from day 0 to day +90 estimated from 1000
wave (negative Fy) is visible in the troposphere (Fig. 6e), bootstrap samples. The 95th percentile of Fy for all wavenum-
which persists for about three months. The persistence char-  bers is negative (black dashed line), and this result is insensi-
acteristics of Fy are somewhat noisy, so a bootstrap technique tive to the specified tropospheric level. It indicates that the
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anomalous poleward propagation of Rossby waves plays a
dominant role in the troposphere. Moreover, the anomalous
poleward propagation is dominated by wavenumber 3 and
higher (Figs. 6h and 7), indicating that smaller-scale waves are
responsible for the tropospheric responses to the descending
Antarctic WPV signals. Despite the lower statistical signifi-
cance and relatively noisy signal, the above processes are simi-
lar to the SSWs in the Northern Hemisphere (Limpasuvan
et al. 2004). The weaker and less significant signals are possi-
bly due to the rareness of major SSW in the Southern Hemi-
sphere and the relatively less significant descending of the
stratospheric signal into the lower troposphere (Figs. 3d-f).
Nevertheless, the results’ high similarity suggests that the
downward stratosphere—troposphere coupling dynamics fol-
lowing WPVs are fairly similar in both hemispheres.

4. Seasonality of the Antarctic WPVs

Figure 8 shows the total number of WPV events in each
month in all four datasets. The number is the highest in
October and then September, and only one occurs in August,
according to the NCEP-NCAR data. This result suggests that
most Antarctic WPVs occur in early austral spring. This is in
sharp contrast to the Arctic SSWs with a relatively homoge-
neous distribution among months, albeit with more occurring
during mid- and late winter (Charlton and Polvani 2007,
Horan and Reichler 2017; Rao et al. 2021a). Therefore,
Antarctic WPVs are more strongly related to the seasonal
cycle than Arctic SSWs. This is because the stratospheric polar
vortex in the Southern Hemisphere is stronger and more sta-
ble than in the Northern Hemisphere (Hio and Yoden 2005;
Waugh and Polvani 2010; Byrne and Shepherd 2018). The
wave-mean flow interactions cannot dramatically alter the
Antarctic stratospheric polar vortex until austral spring when
the vortex diminishes in strength (Baldwin et al. 2003).

It is inferred that the Antarctic WPVs occurring earlier
need stronger Rossby wave forcing from the troposphere than
those occurring late. Figure 9a shows the scatterplot of the
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FIG. 8. Distribution of the number of Antarctic WPVs by month
in the four reanalysis datasets. Purple, green, brown, and blue indi-
cate results derived from the JRA-55, ERAS, ERA-Interim, and
NCEP-NCAR datasets, respectively.

WPV timing (x axis) versus the Rossby wave activity entering
the stratosphere before the WPV, represented by the eddy
heat flux anomalies averaged between 45° and 75°S at 100 hPa
from day —40 to day O (y axis). Here, the variables in Fig. 9
are daily anomalies calculated by removing the seasonal cycle.
As such, greater absolute values of y-axis variables denote the
larger deviation values. The negative eddy heat flux indicates
the upward propagation of Rossby waves in the Southern
Hemisphere (e.g., Newman and Nash 2005). The correlation
coefficient between the timing of the WPVs and eddy heat
flux anomalies is 0.79 for all the WPV cases and 0.64 when the
2002 and 2019 SSWs are removed, both of which are statisti-
cally significant. This relationship is mainly contributed by the
period from day —10 to day O (not shown), suggesting the
dominant contribution from intense Rossby wave pulses
shown in Fig. 6a. This result confirms the previous inference
that more intense Rossby wave forcing is required for the
early than the late WPVs to disturb the polar vortex and trig-
ger the occurrence of the WPVs. The 2002 and 2019 Antarctic
SSWs both occur in early September and are attributed to
Rossby wave trains induced by tropical convection (Nishii
and Nakamura 2004; Shen et al. 2020b). This implies that trop-
ical convection is a potential candidate to alter the seasonality
of the tropospheric wave activity and Antarctic WPVs.

In addition to the Rossby wave forcing, the state of the
stratosphere itself can also influence the occurrence of the
WPVs by modulating the propagation of the planetary-scale
Rossby waves. It includes several aspects, such as the strato-
spheric equatorial wind (e.g., QBO; Holton and Tan 1980;
Baldwin and Dunkerton 1998; Naito et al. 2003; Anstey and
Shepherd 2014; Rao et al. 2021b) and the precondition of the
stratospheric polar vortex (McIntyre 1982; Scaife et al. 2005).
Figure 5a indicates a plausible linkage between the QBO and
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FIG. 9. (a) Scatter diagram between day 0 of Antarctic WPVs and the anomalies of eddy heat flux at 100 hPa averaged over 45°-75°S
from day —40 to day 0. (b)-(f) As in (a), but the eddy heat flux is replaced by (b) [to]shpa, () [tio]30mpas (d) [ueo] at 10 hPa, (e) Tcqp at
10 hPa, and (f) latitude of the circumpolar jet core at 10 hPa. Black lines are regression lines estimated from the least squares method using
all WPVs. Blue lines are the same but exclude the 2002 and 2019 SSWs that are marked by red dots. CC indicates the correlation coeffi-
cient between x and y variables. One and two asterisks indicate the CC exceeds the 95% and 99% confidence levels based on the two-

tailed Student’s ¢ test, respectively.

the Antarctic WPVs, and this linkage is further analyzed by
considering the timing of the WPVs. Figures 9b and 9c show
the scatterplots of the WPV timing (x axis) versus the equato-
rial zonal-mean zonal wind anomalies at 5 hPa ([ug]snpa) and
30 hPa ([ug]sonpa) averaged from day —40 to day O (y axis),
respectively. The two pressure levels are selected according to
the centers of the zonal wind anomalies in Fig. 5a (Anstey
and Shepherd 2014; Rao et al. 2020a). The correlation coeffi-
cient between the x and y variables exceeds the 99% confi-
dence level for 5 and 30 hPa. It suggests that the QBO-like
stratospheric equatorial wind may modulate the timing of
WPVs. An easterly anomaly at the middle and upper equato-
rial stratosphere (e.g., 5 hPa) can induce a sharp zonal wind
shear at the edge of the stratospheric polar vortex. This con-
figuration leads to a steep potential vorticity gradient in the
subtropics and changes the location of the critical surface
(e.g., Holton and Tan 1980; Baldwin et al. 2001; Garfinkel
et al. 2012; Rao et al. 2020b), setting a favorable background
condition that hinders the propagation of planetary-scale
Rossby waves toward the equator in the stratosphere (Gray
et al. 2005). As a result, more Rossby waves tend to propagate
poleward and disturb the polar vortex, contributing to the
early occurrence of Antarctic WPVs. In contrast, an equato-
rial westerly anomaly at the middle and upper stratosphere
leads to an opposite situation and late Antarctic WPVs.
This result indicates a Holton-Tan-like relationship for the
Southern Hemisphere on the subseasonal time scale, which
was noticed in September (Shen et al. 2020b). The contrasting
behavior of this relationship between September and October
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(Figs. 9b,c) may explain the invisibility of the seasonal-
mean Holton-Tan relationship in the Southern Hemisphere
(Hitchman and Huesmann 2009).

It is noteworthy that the above results do not mean that the
easterly phase of upper stratospheric equatorial wind directly
triggers the earlier occurrence of WPVs (Scaife et al. 2005;
Shen et al. 2020b; Lim et al. 2021). In contrast, a favorable cir-
culation condition is needed if a WPV event tends to occur in
early spring, and the easterly phase of this QBO-like configu-
ration provides such a favorable condition by altering the
propagation of planetary waves (Gray et al. 2005). On the
contrary, the seasonal cycle of the Antarctic polar vortex itself
favors the occurrence of WPVs in late spring (Fig. 1; Baldwin
et al. 2003). Thus, the role of upper stratospheric equatorial
winds is insignificant in these late occurring cases.

The stratospheric circulation in the polar and subpolar
region prior to the WPV is essential in setting the favorable
precondition for the occurrence of the WPV (McIntyre 1982).
For example, prolonged preconditioning was observed to pre-
cede the major Antarctic SSW in 2002 (Scaife et al. 2005) and
the minor Antarctic SSW in 2019 (Lim et al. 2021). Here,
three indices are defined to delineate the stratospheric pre-
condition and its linkage to the Antarctic WPV timing. The
first two indices reflect the intensity of the stratospheric polar
vortex prior to the WPV, and they are defined as the [ue]
anomalies at 10 hPa and T.,, anomalies at 10 hPa averaged
from day —40 to day 0. The third index reflects the location of
the polar night jet, and it is defined as the latitude of the maxi-
mum westerly at 10 hPa averaged from day —40 to day 0. The
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scatterplots of the WPV timing versus the three indices
suggest that a prior weakening (Figs. 9d,e) and contraction
(Fig. 9f) of the Antarctic stratospheric polar vortex facilitates
the early occurrence of the Antarctic WPV. This relationship
remains significant and robust if the 2002 and 2019 SSWs are
excluded (Figs. 9d—f). In addition, the plausible linkage between
the Antarctic WPV’s intensity and timing is also examined, and
no clear relationship is found (not shown).

5. Impacts of the Antarctic WPVs
a. Impacts on the stratosphere

Previous studies suggest that the weakening or intensifica-
tion of the stratospheric polar vortex may change the seasonal
march in the stratosphere (Shiotani et al. 1993; Byrne and
Shepherd 2018; Lim et al. 2018; Jucker et al. 2021). It motivates
a similar comparison between years with and without WPVs to
reveal the possible role of WPVs in altering the stratospheric
seasonal cycle. Figure 10 shows the composited day-to-day evo-
lution of [ugo] and VT at 10 hPa. Climatologically, the date for
[tt60] at 10 hPa to fall below 10 m s~ ' is 9 November, and the
date for VT at 10 hPa to reverse is 8 October. The two dates
both advance by approximately one week during years with
WPVs, and they delay by approximately one week during
years without WPVs. The differences in the seasonal transition
between the two groups of years are half a month and signifi-
cant at the 95% confidence level. In addition, the standard
deviation of both [ugo] and VT are smaller in years with WPVs
than in years without WPVs during the seasonal transition.
This result suggests that the occurrence of WPVs is associated
with an earlier seasonal transition of the Antarctic
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F1G. 11. (a) Timing of the SFW in the Southern Hemisphere
(black line) for the period 1979-2019 based on SFWs defined at
10 hPa and its linear trends during 1979-2001 (red line) and
2002-19 (blue line), respectively. (b) As in (a), but for SFWs
defined at 50 hPa. Black dots indicate years with WPVs. One and
two asterisks indicate that the linear trend is significant at the
90% and 99% confidence level based on the two-tailed Student’s
t test, respectively.

stratospheric polar vortex, which is opposite to the effect of
SSWs in the Northern Hemisphere (Hu et al. 2014).

The above analysis reveals a statistical relationship between
the WPVs and seasonal transition. Considering that the SFW
is also an indicator of the seasonal transition of the strato-
spheric polar vortex, the variability of the SFW is also investi-
gated to understand further the interannual and interdecadal
variation of the seasonal transition. Figure 2 suggests that
there have been more Antarctic WPVs in the twenty-first cen-
tury so far. Hence, it is inferred that the date of the SFW
occurrence should advance after the year 2000. Figure 11 pre-
sents the interannual variation of the SFW date during
1979-2019. There is a significant trend of delayed occurrence
of the SFW during 1979-2001 (Fig. 11, red line), in agreement
with previous results (Waugh et al. 1999; Black and McDaniel
2007) and the strengthening trend of the Southern Hemi-
sphere stratospheric polar vortex (Thompson and Solomon
2002). In contrast, an opposite trend appears after 2001 with a
low confidence level, indicating an advance in the SFW date
during the recent two decades (Fig. 11, blue line; Hirano et al.
2016; Rao and Garfinkel 2021). This recent weak trend indi-
cates that the advanced SFW is likely caused by the large
interannual variability associated with the frequent occur-
rence of WPVs (Fig. 11, black dots) rather than a long-term
trend. The result remains almost the same if the 50-hPa level
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FIG. 12. Anomalies of total column ozone [shading; SI = 10 Dobson units (DU)] during different stages of the composite life cycle of
Antarctic WPVs as in Fig. 4. Contour indicates the ozone hole, denoted as areas whose total column ozone is less than 220 DU. Black dots
indicate ozone anomalies exceeding the 95% confidence level based on the two-tailed Student’s ¢ test. The total column ozone data are

averaged from the MERRA-2 hourly data.

is used to define the SFW, and it further confirms the linkage
between the WPVs and the accelerated seasonal cycle of the
stratospheric polar vortex. Previous studies linked the early
occurrence of the SFW to the rapid weakening of the strato-
spheric polar vortex (Lim et al. 2018, 2019), but the origin of
the rapid weakening itself has not been understood well. Our
results suggest that the early occurrence of the SFW can be
partly attributed to the occurrence of the WPVs, which pro-
vides another perspective into understanding the variation of
the SFWs. It should be kept in mind that the weakening of
the stratospheric polar vortex associated with the early SFW
may set a favorable stratospheric condition for the upward-
propagating waves, which allows the occurrence of WPVs.
Therefore, the causal relationship between WPVs and early
SFW is complex. It cannot be distinguished solely based on
the current analysis and deserves further study.

A conspicuous stratospheric influence of the Antarctic WPVs
is on the polar-cap ozone concentration (Kanzawa and Kawa-
guchi 1990; Allen et al. 2003; Safieddine et al. 2020). On the
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one hand, high temperature during the WPVs suppresses the
formation of the polar stratospheric clouds that facilitate
ozone depletion (Solomon et al. 1986). On the other hand,
the disturbed polar vortex during the WPVs facilitates meridi-
onal mixing between the ozone-poor polar-cap air and the
ozone-rich midlatitude air (Newman 1986, 2010). Both the
chemical and dynamical effects are conducive to increased
polar ozone concentration during the WPVs. Figure 12 shows
the composite of total column ozone anomalies during different
stages of the WPV. During the onset stage, a prominent ozone-
rich anomaly emerges in the Eastern Hemisphere and forms a
dipole pattern together with an ozone-poor anomaly in the
Western Hemisphere (Fig. 12a). This pattern intensifies from
the growth to mature stages (Figs. 12b,c) and becomes a mono-
pole ozone-rich center over the Antarctic during the descending
to decay stages (Figs. 12d-f). The above anomalies resemble the
geopotential height and temperature fields (Fig. 4), underlining
the high consistency between ozone concentration and circula-
tion (Seviour et al. 2014). The ozone-rich anomaly dominates in
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and without (blue) Antarctic WPVs. The vertical dashed lines indi-
cate the 5th and 95th percentiles. The polar-cap ozone data are
from the NASA Ozone Watch.

this process. Therefore, the total column ozone is above average
over the Antarctic during the life cycle of the WPV.

To further reveal the effects of the WPVs on ozone, the
PDF of the polar-cap (south of 63°S) ozone anomalies from
day 0 to day +30 is estimated with the bootstrap technique
with 1000 resampling. The PDF is compared with that of the
other VT reversal events that do not meet the criteria of
WPVs, which can be regarded as regular seasonal cycles
because VT reverses every year. The two PDFs are separated
well from each other (Fig. 13). Moreover, the positive anom-
aly following WPVs is significantly different from zero at the
95% confidence level as estimated using the percentile
method. This result confirms that Antarctic WPVs are associ-
ated with more pole-cap ozone and a smaller Antarctic ozone
hole than periods with no WPVs.

b. Impacts on the troposphere

Figure 14 shows the time-height plot of the composite
SAM index during WPVs. Weak negative SAM is observed
surrounding day —25 in the middle to the upper stratosphere,
consistent with the preconditioned stratospheric polar vortex.
After day 0, the negative SAM amplifies in the upper strato-
sphere and gradually descends to the lower stratosphere dur-
ing the three months following day 0. In this process, the
tropospheric SAM index is mostly negative from day +10 to
day +90, although it is weaker than its stratospheric counter-
part, with the most significant signals trapped in the upper
troposphere. This result agrees with Figs. 3c—e and some case
studies (e.g., Shen et al. 2020b) and implies a possible influence
of the Antarctic WPVs on the tropospheric climate. The less
statistically significant SAM signal in the lower troposphere
after day 0 is in accordance with the characteristics of eddy
momentum flux anomalies in the troposphere (Figs. 6d—f). On
the one hand, it may be due to the rareness of major SSW in
the Southern Hemisphere discussed in section 3. On the other
hand, it is also related to the diverse characteristics, such as
the timing, duration, and amplitude, of the descending strato-
spheric signal following the Antarctic WPVs. This diversity
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FIG. 14. Time-height development of the normalized daily SAM
index (shading with contour; £0.25, 0.5, =0.75, =1.5, £2.0; o)
during the composite life cycle of Antarctic WPVs. Thick black
contours indicate zero values. The gray horizontal line indicates
the approximate boundary between the troposphere and the
stratosphere. Black and gray dots indicate values that exceed the
95% and 90% confidence level based on the two-tailed Student’s
t test, respectively.

may be related to the difference in the stratospheric conditions
or the tropospheric process (Runde et al. 2016; Lim et al.
2020) that warrants further analysis.

Figure 15 shows the composite anomalies of sea level pressure,
surface air temperature, and precipitation averaged from day 0
to day +90 of the Antarctic WPVs. Significant high and low sea
level pressure anomalies are located over the Antarctic and the
surrounding high latitudes, respectively, especially to the south-
east of South America (Fig. 15a). It resembles the negative phase
of the SAM to some extent and is consistent with Fig. 14.
Accordingly, significant warming is observed over most of Ant-
arctica, southern and eastern Australia, and central South Amer-
ica, and significant cooling is observed over the South Atlantic
and the subpolar region southward of 30°S (Fig. 15b). The distri-
bution of temperature anomalies can be explained well by the
temperature advection associated with the SAM-like pattern
(Fig. 15a). The precipitation also shows large-scale responses to
the Antarctic WPVs, although its signals are less organized and
statistically significant than the temperature (Figs. 15b,c). For
example, enhanced precipitation is observed over the western
coast of the Ross Sea, the Antarctic Peninsula, southern South
America, and Madagascar (Fig. 15¢). Reduced precipitation is
observed over the western Antarctic, eastern Australia, South
Africa, and the eastern part of subtropical South America.
Especially, the reduced precipitation over eastern Australia is
robust (not shown). Together with the warm anomalies, it sets a
favorable condition for wildfires, which was seen in 2019 (Lim
et al. 2019, 2021; Shen et al. 2020b). These results underscore
the potential role of WPVs in improving seasonal climate pre-
diction in the Southern Hemisphere and wildfire risk warnings
in Australia (Bett et al. 2020).

6. Summary

This study proposes criteria to identify Antarctic WPVs and
investigates their occurrence, variability, composite life cycle,
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and impacts. The criteria are based on the pole-to-midlatitude
temperature gradient reversal in the stratosphere. Hence, the
analysis reflects the stratospheric polar vortex variability that
resembles the SSWs, although only one major SSW has been
observed. The Antarctic stratospheric polar vortex is stronger
and more stable than the Arctic one. Hence, Antarctic WPVs
are mostly observed in austral spring (September and October)
when the stratospheric polar vortex becomes weak, and they
require more wave forcing the earlier they occur in the season.
Its mean frequency is approximately 0.4 events per year and is
lower than the Northern Hemispheric major SSWs (Charlton
and Polvani 2007; Baldwin et al. 2021).

Enhanced upward-propagating Rossby waves explain the
occurrence and dynamics of Antarctic WPVs. Strong eddy
heat flux anomalies are observed before the mature stage of
the WPVs, and they are mainly contributed by wavenumber 1,
which is evident in both the troposphere and the stratosphere.
It is followed by strong deceleration of the polar night jet and
warming of the polar stratosphere, both of which descend with
time. When the zonal wind anomalies reach the lower strato-
sphere, strong equatorward eddy momentum fluxes appear in
the upper troposphere and contribute to the tropospheric
responses to the WPVs. This process is dominated by wave-
numbers 3 and higher, although all wavenumbers contribute.
The timing of the Antarctic WPVs varies on the subseasonal
time scale and is associated with the stratospheric precondi-
tions. The early occurrence of the Antarctic WPVs is preceded
by both a weakened and contracted Antarctic stratospheric
polar vortex and a QBO-like equatorial easterly anomaly in
the middle and upper stratosphere.

Antarctic WPVs facilitate the increase of the total column
ozone over the Antarctic on both a subseasonal and interan-
nual time scale. It is also closely related to the advanced sea-
sonal transition of the stratospheric polar vortex. The
frequency of the Antarctic WPVs is low before the year 2000
and doubles after that. This change is associated with the
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advanced SFW after the year 2000. The Antarctic WPVs are
accompanied by significant negative SAM signals in the upper
stratosphere, which further descend into the lower strato-
sphere and troposphere in approximately three months.
Although this descending process is somewhat noisy and
varies among different cases, it is more persistent than its
counterpart in Northern Hemisphere (Baldwin and Dunker-
ton 2001; Thompson et al. 2005) and can lead to hemispheric
responses in surface air temperature and precipitation. The
persistent tropospheric response is possibly related to the
long life cycle of the Antarctic WPVs. The circumpolar west-
erly jet weakens and persists for one month (Fig. 3a), setting a
favorable circulation condition for upward propagation of
planetary waves until the descending phase (Figs. 5b and 6a).
Accordingly, the weakening of the stratospheric polar vortex
persists, leading to a prolonged negative SAM signal in the
troposphere.
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