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Abstract. This study explores the abrupt split of the polar vortex in the upper stratosphere prior to a recent
sudden stratospheric warming event on 5 January 2021 (SSW21) and the mechanisms of vortex preconditioning
by using the Modern-Era Retrospective Analysis for Research and Applications version 2 (MERRA2) global
reanalysis data. SSW21 is preceded by the highly distorted polar vortex that was initially displaced from the pole
but eventually split at the onset date. Vortex splitting is most significant in the upper stratosphere (1 hPa altitude)
accompanied by the anomalous growth of westward-propagating planetary waves (PWs) of zonal wavenumber
(ZWN) 2 (WPW2). While previous studies have suggested the East Asian trough as a potential source for the
abnormal WPW2 growth, the prominent westward-propagating nature cannot be explained satisfactorily by the
upward propagation of the quasi-stationary ZWN?2 fluxes in the troposphere. More importantly, WPW2 exhibits
an obvious in situ excitation signature within the barotropically and baroclinically destabilized stratosphere,
dominated by the easterlies descending from the stratopause containing the WPW2 critical levels. This suggests
that the vortex split is attributed to the WPW2 generated in situ within the stratosphere via instability. Vortex
destabilization is achieved as the double-jet structure consisting of a subtropical mesospheric core and a polar
stratospheric core develops into SSW21 by encouraging the anomalous dissipation of the upward-propagating
tropospheric ZWN1 PWs. This double-jet configuration is likely a favorable precursor for SSW onset, not only
for the SSW21 but generally for most SSWs, through promoting the anomalous growth of unstable PWs as well

as the enhancement of the tropospheric PW dissipation.

1 Introduction

Sudden stratospheric warming (SSW) is a dramatic strato-
spheric phenomenon when the cold and strong westerly po-
lar night jet (PNJ) rapidly decelerates or even reverses to
an easterly one with an enormous warming within 1 week
(Matsuno, 1971). During SSW, the polar vortex is largely
displaced away from the pole and/or split into two vortices
(Charlton and Polvani, 2007; CP07). The impact of SSW
is not limited to the polar stratosphere but extends into the
mesosphere and above, causing significant changes in the
residual circulations (Limpasuvan et al., 2016; Siskind et
al., 2010), the distributions of chemical constituents such as

ozone (Manney et al., 2009; Pedatella et al., 2018), and the
atmospheric tides both in the Northern and Southern hemi-
spheres. The dramatic temperature and wind perturbations
during SSWs also descend into the troposphere, thereby al-
tering the storm tracks which are closely tied to the surface
weather patterns (Baldwin and Dunkerton, 2001; Hitchcock
and Simpson, 2016).

SSW has been recognized as a manifestation of the in-
teraction between the vertically propagating planetary waves
(PWs) and stratospheric mean flow. This is primarily driven
by the upward-propagating anomalous tropospheric wave
pulses, which can provide sufficient wave forcings to break
down the polar vortex (Matsuno, 1971), and/or by the pre-
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conditioning of the stratosphere that focuses the tropospheric
wave fluxes — which do not need to be anomalously strong —
into the polar stratosphere (Birner and Albers, 2017; Palmer,
1981). The preconditioning perspective has also been dis-
cussed in terms of the spontaneous wave explosion within
the stratosphere (Plumb, 1981) as the polar vortex tunes it-
self toward the explosive wave-growth point, such as res-
onance (Albers and Birner, 2014; AB14) or barotropic—
baroclinic (BT-BC) instability (Sato and Nomoto, 2015). Re-
cent support for the vortex preconditioning has been identi-
fied from observational (AB14; Iida et al., 2014) and mod-
eling (Rhodes et al., 2021; RLO21) studies on the split-
type SSW of January 2009 (SSW09). Such self-tuned SSWs
are characterized by nearly instantaneous wave amplification
throughout the entire stratosphere at the SSW onset. Within
this context, AB14 interpreted the explosive growth of strato-
spheric wave activities as a manifestation of vortex break-
down and not the cause of SSW.

The major SSW took place on 5 January 2021 (SSW21),
exhibiting the highly distorted polar vortex that was initially
displaced from the pole but eventually split at the onset date.
During the prewarming period, an initial zonal wavenumber
(ZWN) 1 pulse followed by a ZWN2 pulse was identified in
the tropopause, suggesting their contributions to the observed
vortex collapse (Cho et al., 2022; Lu et al., 2021; Rao et al.,
2021). Lu et al. (2021) and Rao et al. (2021) related the in-
tensification of the Aleutian low and the North Atlantic high
in late December 2020 to the enhanced tropospheric ZWN1
flux and that of the East Asian trough developed in early Jan-
uary 2021 to the succeeding ZWN2 flux. By performing nu-
merical experiments, Cho et al. (2022) showed that the tro-
pospheric ZWNI pulse is attributed primarily to the North
Pacific bomb cyclones that deepened the Aleutian low with a
minor contribution from the Ural blocking.

This study expands upon previous research on SSW21 by
examining the prewarming evolution of the vortex through-
out the entire stratosphere rather than solely in the region
below 10 hPa, as done by most previous studies on SSW21.
We found that the most significant vortex split occurs in the
upper stratosphere (1 hPa). However, the anomalous strato-
spheric ZWN2 PW (PW2) amplification responsible for this
split cannot be explained by the concomitantly enhanced tro-
pospheric ZWN?2 fluxes. Therefore, this study explores vor-
tex preconditioning in the context of the spontaneous PW2
explosion while addressing two questions. (i) What is the
source of the stratospheric PW2 amplification? (ii) How
does the stratospheric vortex evolve toward the wave-growth
point? To our knowledge, this is the first study to explore
the role of vortex preconditioning in SSW21, providing more
comprehensive accounts of the dynamics leading to SSW21.
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2 Data and analysis methods

2.1 The MERRAZ reanalysis data

We use the Modern-Era Retrospective analysis for Re-
search and Applications, version 2 (MERRA2) reanalysis
data with a horizontal resolution of 0.625° x 0.5° (longi-
tude x latitude) and a temporal resolution of 3 h from the sur-
face to an altitude of 0.1 hPa (Gelaro et al., 2017) covering
42 years (1980-2021). All results in this study are based on
the daily average.

2.2 Analysis methods

The Eliassen—Palm flux (EP-flux) and its divergence (EPFD),
representing the wave activity flux and wave forcing, re-
spectively, are calculated based on the following formulation
(Andrews et al., 1987):
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where ¢ and z are the latitude and log-pressure height, re-
spectively, pg is the reference density, a is the mean Earth’s
radius, and f is the Coriolis parameter; u, v, and w are
the zonal, meridional, and vertical wind components, respec-
tively, and 6 is the potential temperature. The overbar and
prime represent the zonal mean and the departure from the
zonal mean, respectively. F is the EP-flux vector, where F 4
and F*? are the meridional and vertical components, respec-
tively. EPFD corresponds to (1/ppacos¢)V - F.

The BT-BC instability is evaluated by using the merid-
ional gradient of the quasi-geostrophic potential vorticity
(QGPYV, Andrews et al., 1987):
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where g, 8, and N denote the zonal-mean QGPYV, the merid-
ional derivative of f, and the Brunt—Viisild frequency, re-
spectively. The necessary condition for BT-BC instability is
that the generally positive g, associated with the wintertime
circulation becomes negative (Salby, 1996). In Sect. 3, we re-
fer to the sum of the first two terms on the right-hand side as
the “barotropic term” and to the third term as the “baroclinic
term”.
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A linearized disturbance QGPV equation in log-pressure
coordinates is as follows (Andrew et al., 1987):
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Here, A is the longitude and ¢’ is the QGPV perturbation. X’
and Y’ denote the perturbation of the zonal and meridional
components of gravity wave (GW) forcing from their zonal
mean, respectively. Q' is the perturbation diabatic heating
rate, and v’ is the perturbation streamfunction (¥' = ¢’/ fo,
where ¢’ is the perturbation geopotential). The first bracketed
term on the right-hand side of Eq. (4) is the non-conservative
forcing term of the QGPV perturbation associated with the
GW drag (GWD). In Sect. 3, we investigate whether the non-
conservative GWD forcing defined by Z’ below is related to
the rapid enhancement of PW2 by using the zonal and merid-
ional components of the parameterized GWD data (McFar-
lane, 1987; Molod et al., 2015).
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3 Results

3.1  Wind and temperature changes during SSW21

Figure 1a shows the time evolutions of the zonal-mean zonal
wind at 60° N and polar cap temperature over 60—90° N dur-
ing the development of SSW21. Remarkably, a reversal of
the zonal-mean westerlies appears first in the lower meso-
sphere on 1 January and descends to 10 hPa within 4 d, lead-
ing to the onset of major SSW21 (CP07). It is preceded by
the enormous deceleration of PNJ by ~ 108 ms~! and a rapid
20 K warming in the upper stratosphere (~ 1 hPa) within 8d
(28 December—4 January). Such a decrease (increase) in the
zonal wind (temperature) is statistically significant at the
99 % confidence level. Anomalous easterlies and warming
descend into the troposphere and persist for longer than 20d,
which is much longer than the average persistence (~ 8d)
following SSWs in the reanalysis and CMIP models (Rao
and Garfinkel, 2021).
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3.2 Anomalous enhancement of the stratospheric PW2

SSW21 is manifested by the polar vortex being severely
displaced from the pole and ultimately split into two just
before the onset. Associated PW activities are revealed in
Fig. 1b, which describes the time evolutions of the geopo-
tential height (GPH) amplitudes of PW1 and PW2 at 60° N
Aslag = —1 is approached, the predominant PW1 amplitude
drastically decreases, while the PW?2 amplitude appreciably
increases having the statistically significant positive anomaly
at the 95 % confidence level at 1-3 hPa. From lag= -2 to
lag=1, PW2 dominates in the mid- to upper stratosphere
above 3 hPa. Given the prevalent dominance of PW1 in the
high-latitude winter stratosphere (Andrews et al., 1987; Mat-
suno, 1970), predominant PW2 activity observed in this case
and other split-type SSWs is a notable feature. Evidenced in
Fig. 1c, which compares the polar-stereography series of the
horizontal wind speed and the GPH anomaly at 1 and 10 hPa,
the vortex split is more pronounced in the upper stratosphere
than in the lower stratosphere, where PW1 has surpassed
PW2 (Fig. 1b).

Previous studies have suggested that the vortex split is at-
tributed to the enhanced tropospheric ZWN2 fluxes entering
the stratosphere, as evidenced by peak pulses of the ZWN2
eddy heat flux averaged over 45-75° N at 100 hPa during 1-
5 January. However, this period nearly coincides with that
of remarkable PW2 amplification in the upper stratosphere
(Fig. 1b). This implies that the increased tropospheric fluxes
must have instantaneously propagated up to ~ 28 km within
the mid- to upper stratosphere, which is highly questionable.
Therefore, we examine whether the large tropospheric pulses
are traceable to the upper stratosphere at the standard group
velocity for vertically propagating PW2. Figure 2a illustrates
the time-height cross section of the vertical component of
EP-flux (EPFz) of PW2 in 45-75° N and the three identical
vectors with a slope of 5.5kmd ™! that correspond to the the-
oretical group velocity of the vertically propagating Rossby
waves of ZWN2 (Esler and Scott, 2005). For comparison pur-
pose with previous studies, the time series of the eddy heat
flux (v'T") of ZWN1 and ZWN?2 in 45-75° N at 100 hPa are
also presented below.

While v'T’ of ZWNI1 reduces, that of ZWN2 increases
from 28 December (lag = —8), attaining a magnitude 1 SD
greater than the climatology (but not significant) during 1-
5 January. The theoretical prediction of Rossby waves’ verti-
cal propagation matches the vertical propagation of EPFz be-
low 5 hPa well, indicating that the bulk of ZWN?2 fluxes prop-
agate upward (AB14). However, as evidenced by the third
group velocity vector, these waves could approach the upper
stratosphere ~ 2 d after the onset date via upward propaga-
tion. This implies that the statistically significant PW2 am-
plification in the upper stratosphere in lag= —3-lag=—1
(Fig. 1b) cannot originate from the anomalous injection of
the tropospheric wave activity during the same period.
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Figure 1. Time-height cross sections of (a) the zonal-mean zonal wind at 60° N (left) and polar cap temperature averaged over 60-90° N
(right) and (b) the geopotential height (GPH) amplitude of the planetary waves (PWs) with zonal wavenumbers (ZWN) 1 (PW1, left) and 2
(PW2, right) at 60° N. The dark and bright pink (green) dots denote regions where the analyzed variable is algebraically smaller (larger) than
its 42-year climatology by more than 1.96 and 2.57 standard deviations (SDs), indicating that the variable is significantly anomalous at the
95 and 99 % confidence levels, respectively. (¢) Polar stereography series of the horizontal wind speed (shading) and GPH anomalies from
their zonal mean (contours) at 1 (upper) and 10 hPa (lower) on 1, 3, and 5 January. The red (blue) contours represent the positive (negative)
value.
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Figure 2. (a) Time-height cross sections of the vertical component of Eliassen—Palm fluxes (EPFz) of PW2 (upper) and time series of eddy
heat flux (v'T’) of PW1 (dashed) and PW2 (solid) at 100 hPa (lower) averaged over 45-75° N. The overlaid blue (red) thick line denotes
v/T’ of PW1 (PW2) having a magnitude 1 SD greater than its climatology. The three identical arrows indicate the group velocity vectors of
the vertically propagating Rossby waves of ZWN2 with a slope of 5.5km d=1. (b) Time-zonal phase speed cross sections of the PW2 GPH
amplitude at 1, 3, and 100 hPa averaged over 45-75° N. The purple and black vertical lines in (a) and (b), respectively, represent the onset

date.

More importantly, EPFz is not continuous above 5 hPa and
exhibits apparent divergences with the downward EPFz (neg-
ative) below the region of upward EPFz (positive) around
3 hPa from lag = —5 to lag = —3. Despite the disappearance
of downward EPFz after lag = —2, the divergence continues
with the locally maximized upward EPFz above 5 hPa from
lag = —1 to lag = 1. This feature cannot be explained by lin-
ear upward propagation, suggesting a potential for the in situ
PW2 generation within the stratosphere. In this view, sub-
sequent statistically significant enhancement in the upward
EPFz (exceeding 99 % confidence level) above the diver-
gence altitude could be a consequence of the upward propa-
gation of the in situ generated PW2.

The evolution of the PW2 GPH in 45-75° N, as a function
of zonal phase speed and time at the three altitudes depicted
in Fig. 2b, supports this perspective. During the strength-
ening period of ZWN2 v'T’ (lag = —8-0), the tropospheric
PW2 (100 hPa) has a quasi-stationary nature, whereas the
stratospheric PW2 (1-3 hPa) has prominent westward phase
speeds of 10-30ms~! (WPW2). The stratospheric WPW2
cannot be explained solely by the upward propagation of the
quasi-stationary tropospheric PWs.

https://doi.org/10.5194/acp-23-10869-2023

3.3 In situ source of the stratospheric WPW2: BT-BC
instability

To examine the potential source of the stratospheric PW2,
we first investigate EP-fluxes and EPFD of PW2 during the
WPW?2 amplification period (1-5 January, Fig. 3a). In this
analysis, the overall PW2 behavior is investigated but not ex-
clusively for WPW2.

Throughout the period, a significantly anomalous diver-
gence of EP-fluxes (positive EPFD) appears, developing
with the rapidly intensifying easterlies. This demonstrates
the spontaneous PW2 emanation within the stratosphere,
which is associated with the background flow: positive
EPFD first appears between the easterlies extending from
the equatorial stratosphere and the polar jet core (lag = —4).
As the polar stratosphere becomes dominated by the de-
scending stratopause easterlies, the divergence is also en-
larged toward 10 hPa and simultaneously intensified, exceed-
ing 50ms~'d~! at lag=—2. While the easterlies further
strengthen after that, the divergence area narrows below
the jet core. Nevertheless, the PW2 fluxes evolving along
their propagation have magnitudes comparable to or even
greater than the previous ones. The upward-propagating tro-
pospheric fluxes, on the other hand, converge before reaching
the easterlies, imposing westward forcing. This is consistent

Atmos. Chem. Phys., 23, 10869-10881, 2023
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Figure 3. Latitude—height cross sections of (a) Eliassen—Palm fluxes (EP-fluxes, vectors) overlaid on their divergences (EPFD, colors) from
PW2, (b) the meridional gradient of the quasi-geostrophic potential vorticity (g, colors) overlaid by the positive EPFD of PW2 (red contour),
and (c) barotropic and (d) baroclinic terms of Eq. (3) in 1-5 January. The black contours represent the zonal-mean zonal winds. The solid,

dashed, and thick solid lines indicate positive, negative, and zero wind, respectively.

with their quasi-stationary nature, which is inhibited by the
zero-wind line.

As a plausible in situ source for the stratospheric PW2,
the BT-BC instability is examined. Figure 3b—d present the
latitude-height cross sections of g, and the barotropic and
baroclinic terms of Eq. (3), respectively. Negative g, satis-
fying the BT-BC instability condition emerges around the
positive EPFD areas during the overall period. Similar to the
positive EPFD, this instability is exacerbated by the develop-
ing easterlies, attributed to both the barotropic and baroclinic
terms. The strengthening easterlies induce the positive uy,
along their maxima, which dominates the positive g, leading
to the vertically oriented negative barotropic term (Fig. 3c).
Concurrently, the baroclinic term becomes negative from be-
low the easterly core (Fig. 3d). To elucidate the dominant
factors that make the baroclinic term negative, the third term

Atmos. Chem. Phys., 23, 10869-10881, 2023

of the right-hand side of Eq. (3) is expanded as follows:
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where H is the scale height (7 km).

Figure 4a—c present the latitude—height cross sections of
the first, second, and third terms of the right-hand side of
Eq. (8), respectively, divided by f2 on 3 January as a repre-
sentative case of the vortex destabilization period (1-5 Jan-
uary). It shows that the negative baroclinic term is attributed
to both the first and third terms within the developing easter-
lies in the polar stratosphere, with an insignificant compen-
sation by positive value from the second term.

Figure 4d—g show the latitude—height cross sections of the
inverse of the squared Brunt—Viisilid frequency 1/NZ, the
vertical gradient of the zonal-mean zonal wind u,, the ver-

https://doi.org/10.5194/acp-23-10869-2023
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represent the zonal-mean zonal winds. The solid, dashed, and thick solid lines denote positive, negative, and zero wind, respectively.

tical gradient of the Brunt—Viisili frequency dN?/dz, and
the vertical curvature of the zonal-mean zonal wind u;, re-
spectively; those consist of the three terms on Eq. (8). The
negative first term is induced by the negative u, (Fig. 4e)
as the subtropical stratospheric easterlies that propagate to
the polar stratopause descend into the lower stratosphere on
2-5 January (Fig. 3). This negative u, along with the nega-
tive dN?/dz (Fig. 4f) makes the second term positive below
the easterly jet core. The negative third term, which is max-
imized above the easterly jet core, is caused by the strong

https://doi.org/10.5194/acp-23-10869-2023

positive u,, (Fig. 4g) under a relatively small contribution
by 1/N? (Fig. 4d). Therefore, we conclude that the negative
baroclinic term is attributed to the negative u, (positive u ;)
below (centered at) the easterly jet core. The above findings
suggest that the developing easterlies cause WPW?2 excita-
tion by encouraging strong shear instabilities. These find-
ings align with the numerical study by Dickinson (1973):
for the instability to serve as a source for PWs of a certain
zonal phase speed C,, the region must include a critical layer
where the zonal-mean zonal wind matches Cy. The presence

Atmos. Chem. Phys., 23, 10869-10881, 2023
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Figure 5. Latitude-height cross sections of the negative ¢, (mint shading) and positive refractive index squared (n?, orange hatching) over-
laid by PW2 EP-fluxes (vectors) and EPFD (contours, where the red and blue contours denote the positive and negative values, respectively)
on 2-5 January 2021. The black contours represent the zonal-mean zonal winds. The solid, dashed, and thick solid lines denote positive,

negative, and zero wind, respectively.

of WPW2 critical levels near the in situ PW2 generation re-
gion is confirmed by the range of easterlies (—40-0ms—')
encompassing that of PW2’s C, in the mid- to upper strato-
sphere (1-3hPa, Fig. 2b). The collocation of negative g,
the emergent PW2, and their critical levels demonstrate that
WPW?2 grows by extracting energy from the unstable flow.
Yamazaki et al. (2021) found similar bursts of quasi-4d
WPW2s originating from the unstable stratosphere beyond
their critical level during the major SSWs in 2009, 2013,
2018, and 2019. Regarding the appearance of eastward-
propagating PWs of ZWN2 (EPW2) in the mesosphere be-
fore the SSW09 onset, lida et al. (2014) also suspected in
situ generation via BT-BC instability in the westerly flow
regime. RLO21 confirmed this possibility by identifying the
existence of the EPW2 critical level, but they interpreted
EPW2 emergence as the over-reflection of the tropospheric
PW?2 propagating upward. We explore the possibility of over-
reflection for the amplified WPW2 by examining the squared

refractive index (n?):
2 2
- [ () ) )
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Here, we set the zonal wavenumber k =2 and the zonal
phase speed C;, = —10ms~!, which corresponds to the iden-
tified WPW?2 peak in Fig. 2b.

Figure 5 presents the latitude—height cross sections of the
regions of negative g, and positive n? with PW2 EP-fluxes
and EPFD in 2-5 January 2021. On 2 January, the over-
reflection signal that bears a resemblance to the illustration
in Fig. 1 in RLO21 is identified. Following the waveguide
(orange hatched areas), the upward-propagating WPW?2 are
allowed to reach the unstable region (mint shaded) where the
critical level of WPW?2 (C, 10ms~) is located. Leav-
ing behind a strong EP-flux divergence region, downward
PW2 EP-flux vectors point away from the evanescent re-
gion of negative n> (areas without orange hatching), which
is formed by the negative g, and positive u — Cy. These
downward vectors can be interpreted as the over-reflection of
upward-propagating WPW2. This is consistent with the local
downward EPFz below the upward EPFz in Fig. 2a. The pos-
itive n? region associated with the transition from positive to
negative u — C, under the negative ¢, from the evanescent
region is suggestive of subsequent wave transmission. Trans-
mitted waves propagating from the critical layer can deposit
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Figure 6. (a) Latitude-height cross section of the zonal-mean magnitude of the non-conservative forcing (Z’, shading) overlaid by the
positive EPFD of PW2 (red contours) on 3 January 2021. The black contours represent the zonal-mean zonal winds, where the solid, dashed,
and thick solid lines denote positive, negative, and zero wind, respectively. (b) Polar stereography of Z’ at 1 hPa altitude on 3 January 2021.

their momentum, creating a region of EP-flux convergence
(westward acceleration). However, such over-reflection fea-
tures become obscure from 3 January as the downward EPFz
below the evanescent region disappears. Moreover, the re-
gion of positive EPFD shifts to higher latitudes (60—90° N)
than the region which the upward-propagating WPW2 can
reach (30-60° N). Therefore, the observed WPW2 ampli-
fications are not satisfactorily explained through the over-
reflection perspective.

Close inspection of the squared refractive index in Fig. 5
also confirms that the wave resonance suggested by AB14 is
less likely for the observed WPW2 explosion. Resonant wave
events require a three-sided cavity of vertically propagating
PWs capable of trapping their energy. Such a cavity consists
of two vertically oriented critical lines — one in the midlati-
tudes and another in the polar regions — and a third horizontal
one across the upper stratosphere. While several localized re-
gions of positive n> exist within the instability areas, obvious
features indicative of wave cavity are not identified. Further-
more, the characteristic EPFz behavior indicating wave res-
onance, that is, vertically instantaneous EPFz (AB14), is not
identified in Fig. 2a.

Alternately, Song et al. (2020) demonstrated that the meso-
spheric EPW2 was generated by the zonally asymmetric GW
forcing through the non-conservative source term (Z') in the
linearized perturbation QGPV equation in Eq. (4). We ex-
amine whether the rapid growth of the stratospheric WPW2
before the SSW21 onset is attributable to this mechanism by
investigating Z’ in Eq. (7).

Figure 6a presents the latitude—height cross section of the
zonally averaged Z’' magnitude (] Z’|) and the positive EPFD
of PW2 on 3 January as a representative of the amplification

https://doi.org/10.5194/acp-23-10869-2023

period of WPW2 (1-5 January). The upward-propagating pa-
rameterized GWs are dissipated in regions with strong verti-
cal shears of the zonal-mean zonal winds (see Fig. S1), yield-
ing the zonally asymmetric GW forcings. Accordingly, the
zonal-mean |Z’| is also identified above the strong shear re-
gion, where the positive EPFD is located. However, due to
the small magnitude of the GW forcing, |Z’| above the posi-
tive EPFD region (1-5hPa) is much smaller than |Z’| in the
upper stratosphere and lower mesosphere (above 0.5 hPa),
where Z' became significant enough to generate EPW?2 in
Song et al. (2020). More importantly, as evidenced from a
polar stereography of Z’ shown in Fig. 6b, we cannot rec-
ognize an obvious ZWN?2 structure. Therefore, we rule out
the possibility of in sitt WPW2 generation driven by zon-
ally asymmetric GW forcing as a non-conservative source of
QGPYV perturbation. Thus, at least for the case of SSW21,
our results support the idea that the BT-BC instability is the
most likely source.

3.4 Vortex preconditioning: double westerly jets

The above findings lead us to examine the prewarming evolu-
tion of PNJ, which adjusts the vortex conducive to instability.
Figure 7a and b present the latitude—height cross sections of
the zonal-mean zonal wind and the resolved wave (RW) ac-
tivities, respectively.

On 1-10 December 2020, the wind structure is similar
to climatology, with a single maximum in the high-latitude
stratosphere. However, after the westerlies weaken over the
following 10d (11-20 December), the maximum moves to
the subtropical upper mesosphere (21-28 December). On
29 December, the wind structure largely deviates from the

Atmos. Chem. Phys., 23, 10869-10881, 2023
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specifications are the same as in Fig. 3.

climatology, consisting of two local maxima with compara-
ble strength: one in the subtropical lower mesosphere and the
other in the polar stratosphere. This so-called double-jet con-
figuration was also identified before the SSW09 onset (Iida et
al., 2014; RLO21). Between the two maxima, the subtropical
easterly progresses toward the polar stratopause, which cor-
responds to a significant negative anomaly above the 95 %
confidence level. This abnormal easterly completely sepa-

Atmos. Chem. Phys., 23, 10869-10881, 2023

rates the double jets on 1 January, initiating shear instability
(Fig. 3b).

This is achieved through the critical-level interaction be-
tween the double westerly jets and RWs (Fig. 7b). Around
the zero-wind line between the subtropical easterly and the
polar westerly, RWs propagating from the midlatitude tro-
posphere are critical-level filtered, exerting the statistically
significant negative EPFD at the 99 % confidence level. This
negative forcing migrates the subtropical easterly poleward,
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Figure 8. Time series of Ertel’s potential vorticity at the 1500 K isentropic surface (~ 2 hPa).

further separating the jets. Subsequent RWs cannot propagate
equatorward any further and are filtered within the poleward-
shifted intervening region between the two jets, again de-
positing the anomalously strong negative forcing. The po-
lar stratopause easterlies attributed to this positive feedback
rapidly descend into 10hPa and intensify dramatically be-
yond 80ms~!, causing exceptionally strong BT-BC insta-
bility. The negative RW forcing is mostly attributed to PW1
(Fig. S2), whereas RWs having ZWN greater than 1 con-
tribute insignificantly or even counteract the negative forcing
(not shown).

In summary, vortex preconditioning for SSW21 is char-
acterized by the double-jet configuration. By facilitating the
critical-level interaction with the tropospheric PW1, this
wind structure migrates the subtropical stratospheric easter-
lies into the polar stratopause, thereby initiating catastrophic
vortex deceleration and adjusting the vortex toward explosive
unstable PW2 growth.

3.5 Destabilization of ZWN2 waves

While the westward-propagating nature of the unstable PW2
is explained in connection with the background easterlies,
it remains unclear why ZWN2 perturbations are predomi-
nantly amplified. One possibility is that the prevailing ZWN?2
fluxes forced from the troposphere may have been instanta-
neously destabilized at all altitudes, dominating over other
waves. This speculation aligns with Hartmann’s (1983) sug-
gestion that predominant disturbances are more likely to be
enhanced than those of higher ZWNs, despite their larger
growth rates. However, this is not the case because the local-
ized EPFz divergences in the stratosphere are decoupled from
the troposphere (Fig. 2a). Furthermore, the quasi-stationary
tropospheric PW 2 is not allowed to enter the stratosphere
across their critical layer, as evidenced by their convergence
near the zero-wind line (Fig. 3a).

The more probable explanation is that WPW2 arises in
situ within the destabilized stratosphere that nonlinearly in-
teracts with PW1. Hartmann (1983) found that with the pres-
ence of PW1, the barotropic instability of PNJ could en-
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hance the growth rates of shorter waves with similar phase
speeds. Manney et al. (1991) identified a similar destabi-
lization of both waves 2 and 3 but of wave 2 in particular.
Relevant features are identified in Fig. 8, which presents Er-
tel’s potential vorticity (EPV) on the 1500 K isentropic sur-
face (near 2 hPa). From 1 January, irreversible mixing associ-
ated with substantial PW1 dissipation (Fig. 7b) causes vortex
filamentation along the vortex edge, yielding two additional
high EPV cores. Concurrently, the initially localized negative
EPV meridional gradient develops into a zonal-mean field,
with the higher (lower) EPV advected toward the lower lati-
tudes (pole). With growing instability, the two localized high
EPV cores merge into one, exhibiting a ZWN?2 pattern. Nu-
merical experiments exploring the most unstable mode with
respect to the given zonal flow can provide further convinc-
ing evidence, but that is beyond the scope of this study.

4 Summary and conclusion

During the SSW21 onset, an anomalous WPW2 growth ap-
pears, which eventually splits the polar vortex. Previous stud-
ies have suggested that the enhanced ZWN2 fluxes originat-
ing from the tropospheric precursor events are responsible
for this stimulation of PW2 activities. However, simultane-
ous enhancements in PW2 activities in the tropopause and
the upper stratosphere are not explained solely by the ver-
tical propagation of the tropospheric PW2. The prominent
westward-propagating PW2 in the upper stratosphere that
differs from the quasi-stationary tropospheric PW2 comple-
ments this view.

This study demonstrates that the explosive WPW2 ampli-
fication occurs in situ within the polar stratosphere driven to-
ward BT-BC instability, where the easterlies rapidly descend
from the stratopause including the critical layer of WPW2.
Vortex destabilization is induced as the abnormal double-jet
structure having subtropical mesospheric and polar strato-
spheric cores evolves toward SSW21 within just 7 d. There-
fore, we suggest vortex preconditioning for SSW21 as the
double-jet structure, which initiates vortex deceleration as
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well as tuning the vortex toward instability by facilitating the
critical-level interaction with the tropospheric PWs.

Our findings provide some key insights into precondition-
ing of SSWs. First, vortex destabilization is an inevitable
consequence of the zonal wind reversal to easterlies con-
nected to the major SSWs. We found that all 26 major SSWs
for 42 years (selected following the CP0O7 definition) exhibit
BT-BC instability associated with the prevalent easterlies in
the stratosphere at their onset (Fig. S3). Given that an unsta-
ble flow supports the in situ PW explosion, which can even
shape the vortex geometry shortly before the SSW onset, we
suggest looking in more detail into the influences of BT-
BC instability on the characteristics of SSW, including its
onset, intensity, and duration. Second, the double-jet struc-
ture is likely a stratospheric precursor that favors triggering
SSW. Approximately 70 % (19 events) of 26 major SSWs ex-
hibit this wind configuration within 2 weeks prior to their on-
set, despite variance in their occurrence timing (not shown).
The present-case SSW21, which occurred under unfavorable
tropical conditions (the westerly quasi-biennial oscillation
and weak convections) for SSW, reinforces this perspective.
RLO21 also reported that this wind structure and associated
unstable PW generation are commonly identified in other
SSW events. Therefore, the preceding double-jet structures
are worth examining in SSW studies to improve our under-
standing and the predictability of SSWs. While this study
focuses on the evolution of the double-jet structure toward
SSW, it would also be fruitful to investigate the formation of
such a wind structure considering the interplay among PWs,
GWs, and mean flow (lida et al., 2014; RLO21; Sato and
Nomoto, 2015).
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