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Abstract The strongest and most persistent upward propagation of zonal wavenumber 1 (WN1) Rossby
waves from the troposphere on record led to the rare Antarctic sudden stratospheric warming (SSW) in
September 2019. The dynamical contribution from instantaneous anomalous WN1 and its linear
interference with the climatological WN1 contributed equally to the event. The unprecedented WN1
planetary wave behavior is further attributed to a long-lived midlatitude circumpolar Rossby wave train in
the troposphere that was sustained by anomalous convection, first over the subtropical Pacific Ocean

east of Australia and then over the eastern South Pacific. Besides the tropospheric wave forcing, the phase of
the quasi-biennial oscillation in the upper stratosphere also facilitated the weakening of polar vortex.
Moreover, this SSW strongly influenced the tropospheric circulation via the Southern annular mode,
favoring conditions linked to the 2019 bushfires in eastern Australia.

Plain Language Summary A sudden stratospheric warming (SSW) is an extreme event
associated with rapid warming high up in the stratosphere, which can influence weather conditions at the
surface. In September 2019, a rare strong SSW occurred in the Southern Hemisphere, providing further
insight into these events. Here, we show that this SSW was caused by exceptionally strong and long-lasting
atmospheric waves propagating upward from the troposphere into the stratosphere. Anomalous tropical
convection is a possible source for these large-scale atmospheric waves. Besides, the zonal winds in the
tropical upper stratosphere set a favorable background condition for the occurrence of the SSW. Our results
also link the SSW to subsequent anomalous tropospheric circulation and the late 2019 bushfires in
eastern Australia.

1. Introduction

The polar stratosphere was very unusual in 2019-2020 (Hu, 2020). A strong sudden stratospheric warming
(SSW) occurred in the Southern Hemisphere in September 2019 (Shen et al., 2020; Yamazaki et al., 2020; also
see Figure S1 in the supporting information). The SSW featured the strongest polar-cap warming and the
second strongest circumpolar westerly jet deceleration from 1979 to the present (Shen et al., 2020).
Though classified as minor, in that the 10-hPa 60°S zonal mean zonal wind was not easterly at any point,
the SSW is accompanied by the smallest Antarctic ozone hole on record (WMO, 2019), breaking the record
set by the only Antarctic major SSW in 2002 (e.g., Baldwin et al., 2003; Newman & Nash, 2005). Due to its
rarity and potential links with anomalous tropospheric circulation, we are motivated to identify those
unique conditions linked to the event.

The occurrence of SSWs can be well explained by planetary wave forcing originating from the troposphere
(Andrews et al., 1987; Matsuno, 1971). Although planetary waves are usually weaker in the Southern
Hemisphere as compared with the Northern Hemisphere due to comparatively weak land-sea thermal con-
trasts and smaller orography (e.g., Waugh & Polvani, 2010), they may occasionally amplify via atmospheric
blocking, specific circulation patterns, or other atmospheric external forcing (e.g., Nie et al., 2013; Nishii
et al., 2009; Nishii & Nakamura, 2004; Shen et al., 2020; Xiao et al., 2016). As a result, the upward propaga-
tion of planetary waves into the stratosphere can be enhanced via the linear interference between anoma-
lous and climatological planetary waves, and the nonlinear instantaneous contributions from anomalous
planetary waves (Nishii et al., 2009; Smith & Kushner, 2012). Although the planetary wave forcing in the
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2019 Antarctic SSW was weaker than that in the 2002 major Antarctic SSW regarding its peak, it was the
most persistent on record (Shen et al., 2020). Nevertheless, it remains unclear how the long-lived planetary
wave forcing was formed, and this issue will be addressed in this study.

2. Data and Method

The four-times-daily reanalysis data used here are from the Japanese 55-year (JRA-55) reanalysis dataset
(Kobayashi et al., 2015), which has a 1.25° x 1.25° horizontal resolution and extends from 1,000 to 1 hPa with
37 layers. These data are further averaged into daily means and compared against interpolated daily mean
outgoing longwave radiation (OLR) data from the National Oceanic and Atmospheric Administration.
The OLR data have a 2.5° X 2.5° horizontal resolution and are used as a proxy for tropical convection
(Liebmann & Smith, 1996). Only data after 1979 are used due to the scarceness of Southern Hemisphere
observations at high latitudes before this time. A daily climatology is defined as the value of a particular
calendar day averaged over the 40-year period 1979-2018, and the daily anomaly is defined as the departure
from this daily climatology. The three-dimensional Plumb flux (Plumb, 1985) and the zonal mean
Eliassen-Palm (EP) flux (Andrews et al., 1987) are employed to illustrate the horizontal and vertical propa-
gation of quasi-stationary waves. Fourier transformation is used to derive components with different zonal
wavenumbers (WNs). The southern annular mode (SAM) patterns are defined as the leading empirical
orthogonal function (EOF) of the September-December mean geopotential height anomalies south of
20°S at 37 pressure levels during 1979-2018 (Thompson et al., 2005). The daily SAM index is generated by
projecting the daily geopotential height anomalies at 37 pressure levels onto the respective SAM patterns.
The 45°S to 75°S averaged zonal mean eddy heat flux ([v*T*]) across 100 hPa is used to denote the planetary
wave energy entering the stratosphere (e.g., Polvani & Waugh, 2004). Here, v and T denote the meridional
wind velocity and air temperature, respectively, and the squared bracket and asterisk indicate the zonal
mean and the deviation from the zonal mean, respectively. The anomalous [V*T*] can be further decom-
posed into two parts [V¥T*], = [V FT.* + v *T*| + [v,*T,*], (Nishii et al., 2009, 2011), where the subscripts
c and a denote the climatology and anomaly, respectively. The first and second terms on the right-hand side
indicate the linear interference between the climatological planetary wave and the anomalous Rossby wave
packet/train, and the third term represents the instantaneous contribution from the anomalous Rossby wave
packet/train.

3. Results

The peak planetary wave forcing in the 2019 Antarctic SSW was weaker than that in the 2002 Antarctic SSW
(Shen et al., 2020), but the two SSWs occurred on different calendar days. To highlight how exceptional the
planetary wave forcing in 2019 was compared with the climatology, Figure 1 shows the evolution of the nor-
malized 45°S to 75°S averaged zonal mean eddy heat flux across 100 hPa, where the standard deviation (o)
derived from 1979-2018 on each calendar day was used in the normalization. Persistent and long-lasting
eddy heat flux occurred before the peak of the 2019 SSW with the maximum exceeding —6c (Figure 1a).
This unprecedented eddy heat flux is the strongest over the analysis period (1979 to 2019), not only on the
respective calendar day but also during the whole period from August to September. Heat fluxes even exceed
those of the 2002 major SSW, which were the strongest concerning the non-standardized values and much
shorter lived (Shen et al., 2020). Further decomposition suggests that the eddy heat flux causing this SSW is
dominated by WN1 (Figures 1b-1d) that persisted for approximately 1 month and exceeded —10c during its
maximum, the strongest and most long-lasting during our analysis period with respect to the calendar day
(Figure 1b). Previous studies suggest that the persistence of eddy heat flux is more important for decelerating
the zonal mean zonal winds than the strength of the eddy heat flux pulses themselves (Polvani &
Waugh, 2004; Sjoberg & Birner, 2012). Thus, it is believed that both the exceptional persistence and strength
of WN1 were crucial to the formation of this 2019 minor SSW. In contrast, the eddy heat flux before the peak
of the 2002 SSW had contributions from WN1, WN2, and WN3, all of which exceeded —3c (Figures 1b-1d).

The exceptional behavior of WN1 during the 2019 SSW motivates an investigation of its evolution and origin
in more detail. Figure 2 shows the pentad (5 days) mean EP flux anomalies of WN1, which are scaled by the
climatological standard deviation at each pressure level (de la Camara et al., 2019; White et al., 2019), and
their divergences from mid-August to mid-September 2019. Enhanced upward propagation of WN1 from
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Figure 1. (a) Daily evolution of the normalized 45°S to 75°S averaged zonal mean eddy heat flux at 100 hPa from 1
August to 1 October in 2019 (red), 2002 (blue), years from 1979 to 2018 except 2002 (gray). Red and blue vertical dashed
lines indicate 19 September 2019 and 29 September 2002, respectively, the date when the maximum warming was
observed (Figure S1). (b—d) The same as (a) but for WN1, WN2, and WN3 components, respectively. (e) The daily
evolution of the 45°S to 75°S averaged zonal mean eddy heat flux anomalies at 100 hPa in 2019. Black, blue, and red lines
indicate the total anomaly, the interference term, and the instantaneous contribution, respectively. Red dashed
vertical line indicates 19 September. (f-h) The same as (e) but for WN1, WN2, and WN3 components, respectively.

the troposphere into the stratosphere persisted for about 1 month around 60°S. The resultant anomalous
convergence of EP flux in the middle and upper stratosphere decelerated the circumpolar westerly
(Figure 2) and resulted in the stratospheric polar warming (Figure S1). These results are consistent with
Figure 1 and the mechanism of SSWs (Andrews et al., 1987).

To better understand how the enhanced upward propagation of WN1 formed, the pentad mean 250-hPa geo-
potential height anomalies were analyzed (Figure 3). A circumpolar Rossby wave train was observed in the
middle latitudes from mid-August to mid-September (Figure 3). The crests and troughs of this Rossby wave
train projected well onto the anomalous WN1 component (Figure S2) and contributed substantially to the
amplification of WN1. The development of this Rossby wave train formed a persistent blocking system near
South America since mid-August, which is suggested to amplify the climatological ridge thus enhancing the
upward propagation of planetary waves (Shen et al., 2020). However, closer inspection indicates that this
linear interference between the anomalous and climatological WN1 (i.e., [v.*T,* + v,*T.*]) only explained
approximately half of the eddy heat flux of WN1 before the SSW (Figures 1f and S3), the instantaneous
contribution of the anomalous WN1 (i.e., [v,*T,*],) explained the other half from 20 August onward
(Figure 1f). Those results indicate that the circumpolar Rossby wave train in Figure 3 was responsible for
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Figure 2. Five-day averaged anomalies of the EP flux of WN1 (vector), convergence of the EP flux of WN1 (shading,
SI =20 m/sz), and zonal mean zonal wind (contour, CI = 10 m/s) during (a) 21-25 August, (b) 26-30 August,

(c) 31 August to 4 September, (d) 5-9 September, (¢) 10-14 September, and (f) 15-19 September in 2019. Values exceeding
the 99% or 1% percentile estimated from 1,000 bootstrapped samples on each calendar day during 1979-2018

are marked as purple vectors for the EP flux, black dots for the EP flux convergence, and thick contours for zonal winds.
Zero contours are omitted. Red and blue contours denote positive and negative values, respectively.

the abnormal WNI1 activity during the 2019 SSW and contributed via both the linear constructive
interference and nonlinear processes. WN2 and WN3 also contributed to the enhanced eddy heat flux
around 15 September (Figures 1g and 1h), but their overall contributions are negligible compared with
that of WN1.

The midlatitude circumpolar Rossby wave train was very persistent before the SSW, transferring energy
downstream (Figure 3). It is the persistence of this Rossby wave train that explains the persistence of the total
and WN1 eddy heat flux (Figures 1a, 1b, 1le, and 1f). Further inspection suggests that this Rossby wave train
emanated from the subtropical Pacific Ocean east of Australia at the end of August and in early September
(e.g., Figures 3b and 3c), and resembled the Pacific-South America (PSA) pattern (Mo & Higgins, 1998).
Enhanced convection (reduced OLR) can be found to the east of Australia during this time (Figures 3b
and 3c). The associated latent heat release and the resultant upper-tropospheric divergence (Figures S4b
and S4c) could serve as the Rossby wave source (Sardeshmukh & Hoskins, 1988), which sustained and even
amplified (e.g., Figure 3c) the Rossby wave train before 5 September. After 5 September, the Rossby wave
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Figure 3. Five-day averaged OLR anomalies (shading, SI = 10 W/m?), 250-hPa geopotential height anomalies (contour, CI = 100 gpm) and the associated
horizontal component of Plumb flux (vector) during the same periods as those in Figure 2. Zero contours are omitted. Blue and red contours denote negative
and positive values, respectively. Values exceeding the 99% or 1% percentile estimated from 1,000 bootstrapped samples on each calendar day during 1979-2018
are marked as black dots for the OLR and thick contours for geopotential height anomalies.

train and the resultant eddy heat flux of WN1 decayed (Figure 1f), and a second convection centered around
(30°S, 120°W) emerged and amplified over the eastern South Pacific (Figures 3d-3f). The latter reinforced
the Rossby wave train again from approximately 10-19 September (Figures 3e and 3f) and explained the
temporary recovery of the eddy heat flux around 15 September (Figures le-1h). These results suggest that
the convection over the Pacific accounts for the persistence and amplification of both the PSA-like Rossby
wave train and the eddy heat flux of WN1, thereby contributing substantially to the occurrence of the
SSW. Nishii and Nakamura (2004) also found that the 2002 major SSW was linked to anomalous
convection to the east of Australia. The hypothesis that centers of Pacific convection may contribute to
Antarctic SSW formation warrants future investigation.

Besides the favorable wave forcing from the troposphere, the variability within the stratosphere may also
contribute to the occurrence of this minor SSW. The stratospheric tropical winds were easterly above and
westerly below 20 hPa during the 2019 SSW (Figure S5a). This condition was also seen in the 2002 SSW
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and another minor SSW occurred in 1988 (Figures S5b and S5c), and it

implies a potential role of the quasi-biennial oscillation (QBO) in facili-

tating Antarctic SSWs (Gray et al., 2005; Shen et al., 2020). To examine

this possibility, an August-September mean QBO index was con-

structed with the 10-hPa equatorial zonal wind data from the Free

g 10 University of Berlin (FUB) and regressed onto the simultaneous zonal
£ 5 mean zonal wind (Figure 4). The 10-hPa level, not the commonly used
O 3 50-hPa level, was employed because the Holton-Tan relationship
2 50 | (Holton & Tan, 1980) in the Southern Hemisphere is best represented with
% a zonal wind index in the middle and upper stratosphere (Anstey &
E 100 — Shepherd, 2014; Baldwin & Dunkerton, 1998; Yamashita et al., 2018).
150 — Figure 4 shows that the stratospheric circumpolar westerly jet in the

300 | Southern Hemisphere weakens significantly when the 10-hPa QBO is in

its easterly phase, a phenomenon that was not observed in the seasonal

ggg ] mean fields (Hitchman & Huesmann, 2009). The QBO-related 10-hPa

1000 : : easterlies can result in a strong horizontal wind shear and steep PV gradi-

90°S 60°S 30°S EQ 30°N 60°N 90°N ents in the subtropics, thereby hindering the propagation of planetary

waves toward the equator in the stratosphere (Gray et al., 2005). As a

-10..—8..—6 4 2 0 2 a4 .6..8..10. result, the Antarctic stratospheric polar vortex is weakened by the decel-

(m/s) eration effect of the planetary waves (Gray et al., 2005). Nevertheless,

the timescale of the QBO is much longer than the SSW, and the easterly

Figure 4. Regression of the August-September averaged zonal mean of QBO has persisted for months before the SSW (Figure S5a). Hence,
zonal wind onto the simultaneous QBO index (shading with contour), the easterly phase of the QBO in 2019 was not the immediate cause of

defined as the 10-hPa FUB zonal wind for the period 1979-2018. A —1 was
multiplied to the regression map for visual purposes. Thick black
contours denote zero values, and black dots indicate the 90% confidence

the SSW in September 2019. In contrast, it facilitated a weak stratospheric
polar vortex that is easier to disturb and provided favorable stratospheric

level based on a two-tailed Student's t-test. conditions for the occurrence of the SSW.

4. Summary and Discussion

This study reveals the possible mechanism underpinning a minor SSW occurring in the Southern
Hemisphere during September 2019. The occurrence of this SSW is attributed to the strongest and most per-
sistent upward propagating WN1 from the troposphere since 1979, with almost equal contributions from the
instantaneous anomalous WN1 and the linear constructive interference between the anomalous and clima-
tological WN1. The persistence and strength of the anomalous WN1 arose from a long-lived midlatitude
Rossby wave train that projected well onto the anomalous WN1, and was sustained by successive anomalous
convection to the east of Australia and over the eastern South Pacific. In addition to the tropospheric wave
forcing, the upper stratospheric QBO provided favorable stratospheric background conditions for the occur-
rence of the SSW. Finally, the circulations leading to the 2019 SSW show some similarities with the 2002
major SSW, including anomalous convection over the South Pacific and the descending easterly phase of
QBO, indicating some possible precursors of Antarctic SSWs.

A remaining question is what caused the convection that sustained the WN1. A near-record positive Indian
Ocean Dipole (IOD) occurred in 2019 and facilitated the occurrence of this SSW (Rao et al., 2020). However, it
is unlikely the immediate cause of the convection and thereby the SSW because the subseasonal variations of
the IOD index were weak before the SSW (Figure S6). It suggests that the role of the IOD is more likely to set a
favored background circulation other than to excite the SSW. The possible role of the Madden-Julian
Oscillation (MJO) was also examined. The observed convection does not project well onto the MJO pattern
(not shown). Therefore, the convection concerned is more likely a random incident.

It is curious that such vigorous WN1 activity did not lead to a major SSW in 2019. The reason may be due to
the absence of other WNs propagating into the stratosphere (Figure 1f-1h, McIntyre, 1982), in contrast to the
2002 major SSW that both WN1 and WN2 contributed. On the one hand, this absence may be attributed to
the weak source of the tropospheric WN2. On the other hand, it may also be attributed to the suppressed
upward-propagation of WN2 by a strong polar night jet (Charney & Drazin, 1961) because the occurrence
of the 2019 SSW is nearer to the peak of austral winter than the 2002 major SSW. Even if the wave energy
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Figure 5. Time-height development of the normalized daily SAM index (shading with contour) from 1 August 2019 to 1
January 2020. Thick black contours indicate zero values. The gray horizontal line indicates the approximate boundary
between the troposphere and the stratosphere.

entering the stratosphere were the same in 2002 and 2019, the wave forcing has more work to do in
disrupting the stronger early-season vortex in 2019.

Even though the SSW in 2019 is a minor one, its impacts on the climate may be significant. Firstly, the SSW
contributed to the smallest Antarctic ozone hole on record (Hu, 2020; Shen et al., 2020; WMO, 2019).
Secondly, the negative phase of the SAM associated with the 2019 SSW descended into the troposphere
and persisted until the end of 2019 (Figure 5). The associated November-December mean Antarctic
Oscillation index was the lowest on record (Figure S7). The resultant tropospheric circulation facilitated
anomalous hot and dry conditions over eastern Australia (Figure S8) and increased the risk of wildfires
(Lim et al., 2019). It is reported that eastern Australia suffered from unprecedented bushfires since
November 2019 (Phillips & Nogrady, 2020). Tens of thousands of indigenous wild animals were killed,
and their habitats were destroyed. Our results suggest that the SSW-induced hot and dry conditions likely
favored fire development. Nevertheless, other factors, such as the positive IOD, may also contribute. A thor-
ough study is needed to quantify their relative contributions in the future.
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