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Abstract

Traveling planetary waves surrounding sudden stratospheric warming events can result from
direct propagation from below or in situ generation. They can have significant impacts on the
circulation in the mesosphere and lower thermosphere. Our study runs a series of ensembles
initialized from the Whole Atmosphere Community Climate Model, Version 4, nudged up to 50
km by six-hourly Modern-Era Retrospective Analysis for Research and Application, Version 2,
reanalysis to compile a library of sudden stratospheric warming events. To our knowledge, we
present the first composite or ensemble study that attempts to link direct propagation and in
situ generation by evaluating the wave geometries associated with the overreflection
perspective, a framework used to describe how planetary waves interact with critical and
turning levels. The present study looks at the evolution of these interactions through the onset
of sudden stratospheric warmings with an elevated stratopause or ES-SSWs. Robust and unique
features of ES-SSWs are determined by employing an ensemble study that compares ES-SSWs
with normal winters. Our study evaluates the production and impacts of westward-
propagating, quasi-stationary, and eastward-propagating planetary waves surrounding ES-
SSWs. Our results show that eastward-propagating planetary waves are generated within the
westward stratospheric wind layer after ES-SSW onset which aids in restoring the eastward
stratospheric wind. The interaction of quasi-stationary and westward-propagating waves with
the westward stratospheric wind is explored from an overreflection perspective and reaffirms
that westward-propagating planetary waves are produced from instabilities at the top of the

westward stratospheric wind reversal.

1. Introduction

Occurring in ~50% of boreal winters, an enhancement of quasi-stationary planetary waves of
zonal wavenumbers 1 and 2 can result in sudden stratospheric warmings or SSWs (e.g., Butler
et al., 2015). Upon dissipation, these waves strongly decelerate the stratospheric flow, inducing

an overturning mean meridional circulation that adiabatically warms the polar region. The
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anomalous polar warming causes the stratopause to descend below its climatological altitude
(Matsuno, 1971). The coinciding wavenumber-1 and/or -2 pattern can project onto a dominant
mode of climate variability in the troposphere called the Arctic Oscillation, a.k.a. the Northern
Annular Mode (e.g., Baldwin & Dunkerton, 2001). Consequently, after a 10- to 30-day period
following the stratospheric vortex disruption, the jet stream tends to shift equatorward over

the Atlantic and anomalously cold conditions prevail over Europe and Northeast America.

As the perturbed polar vortex begins to recover from SSW, a new stratopause can reform at an
altitude level at least 10 km above its norm (e.g., Manney et al., 2008; Siskind et al., 2010).
These “elevated stratopause” SSW events (or ES-SSWs) reflect the strong coupling between the
stratosphere and the mesosphere-lower thermosphere (MLT) region. This coupling is
exemplified by an unusually strong polar downwelling during the stratopause reformation that
transport long-lived tracers found in the thermosphere well into the stratosphere (e.g., Orsolini
et al., 2022; Orsolini et al., 2017). During climatological wintertime conditions, downwelling
over the pole is induced by westward GW drag near the stratopause. However, ES-SSW events
give rise to the presence of strong traveling planetary (Rossby) waves around the time of ES-
SSW onset (e.g., lida et al., 2014; Limpasuvan et al., 2016). These waves can impose a significant
impact on the circulation of the MLT (e.g., Rhodes et al., 2021; Sassi et al., 2016). Limpasuvan et
al. (2016) found that strong WPWs in particular dissipate in the MLT and enhance downwelling
over the pole. The presence of these waves further indicates the strong connection between

the stratosphere and the overlying atmosphere.

Based on the composite of 13 ES-SSW events, Limpasuvan et al. (2016) reported a robust
signature of eastward-propagating planetary waves (EPWs) that intensify approximately a week
before ES-SSW onset (see their Figure 10). With roughly a 10-day period, these waves appear
over the polar lower mesosphere region. Focusing on the 2009 ES-SSW event, past studies have
shed new light on EPWs. Specifically, lida et al. (2014) attributed the observed EPWs to local
manifestations of barotropic/baroclinic instability in the lower mesosphere. EPW production

relieved baroclinic instability and induced an eastward acceleration on the background flow,
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counteracting westward accelerations from dissipating quasi-stationary planetary waves or
QSPWs (lwao & Hirooka, 2021). Rhodes et al. (2021) suggested that these EPWs originate from
the overreflection of upward-propagating EPWs from the lower stratosphere as they approach
a region of strong wind shear (e.g., Harnik & Heifetz, 2007). The overreflection process then
produces EPWs that emanate from the unstable region. Alternatively, Song et al. (2020)
indicated that asymmetric gravity wave drag (GWD) in the lower mesosphere can locally

generate EPWs that propagate downward into the lower stratosphere.

The new stratopause reformation following ES-SSW onset is accompanied by the slow
westward-propagating planetary waves (WPWs). These WPWs are attributed mainly to
barotropic/baroclinic instability of the westward polar stratospheric wind, fostered by the
anomalous polar warming (Chandran et al., 2013b; Limpasuvan et al., 2012; Tomikawa et al.,
2012). With periods between 5-12 days, the generated WPWs can propagate into the MLT.
Their damping causes strong westward forcing above 80 km that can drive a strong polar
downwelling and initiate the intense downward transport of long-lived tracers into the
stratosphere (Orsolini et al., 2010). Forcing due to WPWs may help promote the MLT’s recovery
from ES-SSW and the conditions for the stratopause reformation at an elevated altitude

(Limpasuvan et al., 2016).

The exact nature of EPWs and WPWs and their underlying mechanisms with respective to the
ES-SSW phase (i.e., before or after onset) remain uncertain. This uncertainty stems from the
small number of observed ES-SSW events that hinders our ability to develop a robust picture of
these traveling waves. With the advent of satellite observations since 1980, fewer than 30 ES-
SSWs had been identified. The aforementioned studies on these waves were largely based on
case studies (particularly, the strong 2009 ES-SSW event) or composites of few events
(Limpasuvan et al., 2016). As such, traveling waves are typically overlooked in the context of
SSWs. However, having more knowledge of these waves and their roles during ES-SSWs may
provide new insights into ES-SSWs, which are recognized as playing a major factor in the surface

climate.
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This study aims to better understand the sources and impacts of PWs of various phase speeds
surrounding ES-SSW events. Our objectives are to (1) characterize the background flow, the
associated wave structure, and their co-evolution, and (2) identify plausible sources that lead to
the wave appearance. Our study leverages a unique ensemble numerical experimental setup
that yields many ES-SSW events to develop a robust picture of EPWs and WPWs with respect to
winters without ES-SSW. With this framework, we evaluate EPWs, QSPWs, and WPWs during
three different time periods: before, 0 to 10 days after, and beyond 10 days after SSW onset.
Our results indicate that EPWs generated by GW dissipation propagate within the region of
westward stratospheric wind. EPW growth in this region applies an eastward acceleration,
acting to restore the eastward stratospheric winds. Our study explores how QSPWs and WPWs
interact with the westward stratospheric wind and reaffirms that WPWs are produced from

instabilities at the top of the westward stratospheric wind reversal.

2. Background and Methods

The Whole Atmosphere Community Climate Model (WACCM), Version 4 developed at the
National Center for Atmospheric Research (NCAR) is an atmosphere-only global chemistry-
climate model extending up to ~145 km (Marsh et al., 2013). WACCM was run in the specified
dynamics configuration (WACCM-SD) with a horizontal resolution of 0.95° latitude by 1.25°
longitude, 88 vertical levels, and key dynamical variables output daily. In this configuration, the
simulated temperature and dynamics were constrained up to 50 km with six-hourly Modern-Era
Retrospective Analysis for Research and Application (MERRA) Version 2 reanalysis (Gelaro et al.,
2017). Temperature and wind fields are nudged by 10% every 30 minutes through a mass-
conserving interpolation of MERRA reanalysis onto the WACCM-SD horizontal grid. See Orbe et
al. (2020) for tangential discussion on nudging experiments. A linear transition is applied
between the nudged output below 50 km and the overlying, fully interactive, free-running
region above 60 km. Run from 1980-2013, the WACCM-SD simulation constitutes the “base

run” from which ensembles were generated.
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2.1 SSW Identification and Classification in the Base Model Run

The definition of ES-SSW events varies significantly in previous studies such that the
stratopause altitude has a discontinuity of 10 km (Limpasuvan et al., 2016), 15 km (Chandran et
al., 2013a), and 18 km (Karami et al., 2023). With these criteria, ES-SSWs had frequencies of 5,
3, and 2 per decade, respectively. We identified ES-SSW events using the criteria from
Limpasuvan et al. (2016). The criteria provide rigorous constraints on the upper stratosphere,
which will be key in understanding the interaction of PWs in this region. Winters when none of
these criteria are met persistently (i.e., lasting longer than 5 days) will be referred to as “normal
winters”. For example, a winter containing an SSW without an elevated stratopause would
neither be classified as normal winter nor a winter containing an ES-SSW. For the remainder of

the study, ES-SSWs will be identified simply as SSWs.

Four identified SSW events were selected from the base run (see Table 1) as reference cases for
our ensemble experiments (described below). They have the SSW onsets dates of 12 February
1984, 9 January 2006, 22 January 2009, and 5 January 2013. These onset dates are in close
agreement with observations, as expected since the model is nudged with observations. The
first two SSW events are classified as “displaced type”, characterized by the perturbed polar
vortex shifting off the North Pole sufficiently to produce a SSW (Charlton & Polvani, 2007;
Kuttippurath & Nikulin, 2012). The latter two events are “split type”, where the separation of
the polar vortex into two distinct vortices results in a SSW (Coy & Pawson, 2015; Kuttippurath &
Nikulin, 2012; Manney et al., 2009).

2.2 Ensemble Setup

The four selected SSW events from the base run correspond to observations below 50 km (via
nudging) and are free-running above 60 km. In setting up our ensemble experiment, we retain
all the specified dynamics configurations noted above. However, we only nudge below the lower
most model level with a linear transition to 0.4 km, leaving the higher levels as free-running. For

a selected SSW event, we initialize each ensemble member by randomly perturbing the



143  temperature field of the base run at 40 days prior to the event’s reference SSW onset date shown
144  in Table 1. The perturbation amount is below the model’s rounding error of ~10'14 K (e.g., Kay et
145  al., 2015). The 40-day lead time well exceeds the reported SSW predictability around 20 days

146  (Domeisen et al., 2020; Karpechko, 2018) and allows for randomized outcomes.

147  Using the aforementioned identification criteria, this setup produced ensemble members with
148 both SSW winters and normal winters (termed “SSW members” and “normal members”,
149  respectively). Some ensemble members are neither normal nor SSW members and were
150 excluded from the results. For each selected SSW event, at least 10 normal members and 10 SSW
151  members were generated. The amount of SSW and normal members collected for each event

152  are shown in Table 1. In total, 76 SSW winters were and 68 normal winters were collected.

Reference SSW onset | Number of normal | Number of SSW
date (YYYY-MM-DD) members members
1984-02-21 16 12
2006-01-09 12 33
2009-01-22 29 14
2013-01-05 11 17
153 Table 1. Number of normal and SSW ensemble members generated with respect
154 to reference SSW onset dates.
155
156 2.3 Data Analyses

157  The meridional gradient of the zonal-mean quasi-geostrophic potential vorticity ( g4) was used

158 to examine the stability of the middle atmosphere (O’Neill & Youngblut, 1982):

_ _( (@cos ) afé(po _
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where ¢ is the latitude, z the log-pressure height, f, is the reference Coriolis parameter, p, is
the reference density, ) the Earth’s angular frequency, and Nj is the Brunt-Vasala frequency.
The first term on the right-hand side (RHS) or the “beta term” is positive definite and associated
with the gradient of f,,. The second term is the “barotropic term” associated with horizontal
wind curvature. Lastly, the third term is the “baroclinic term” associated mainly with the
vertical wind curvature. Computation of g4 was based on 3-day averages of the dependent
field variables which inherently filtered out waves with periods < 3 days (¢, > 77 m-s’* at 60°N).

In the figures below, g4 is nondimensionalized by ().

Eastward, westward, and stationary components of diagnostics were optionally obtained by first
implementing a 31-day sliding Hanning window to dependent field variables (wind, temperature,
etc.) and applying a Fourier transform. The zonal phase speed of the wave, c,, is related to g

through the PW dispersion relation (Andrews et al., 1987).

Cy— U= il
x - 2
2 240 L2 (2 4 L (2)
k2 + 1 +N§(m +377)

where H ~ 7km is the scale height. Generally, g is positive in the atmosphere and ¢, — 4 < 0
or the phase speed of the planetary wave is westward relative to the background wind. Beyond
a level where gy switches signs, gy is negative and a PW can only exist if its phase speed is
eastward relative to the zonal-mean zonal wind or ¢, — % > 0. Our study shows that the latter
option is possible following the in-situ generation of EPWs. Additionally, as a PW approaches a
critical layer, its wavelength approaches infinity and the PW becomes evanescent. This becomes
evident if the denominator on the right-hand side is switched with the left-hand side of Equation

2.

The Eliassen-Palm (EP) flux and its divergence was computed using formulation associated with

the transformed Eulerian-mean (TEM) equations given in Andrews et al. (1987). For these



181
182

183
184

185
186
187

188
189
190
191
192
193
194
195
196
197

198

199
200
201
202

calculations, 5-day running averages were applied to dependent field variables (wind,

temperature, etc.) to remove perturbations with periods < 5 days (or with ¢, > 46 m-s™* at 60°N).

The squared refractive index (n?) can be used to better understand how PWs of certain zonal

wavenumbers (s) and zonal phase velocites (c,) propagate in & (Andrews et al., 1987):

2

nt = a (ﬂqf Cyx) a (a cf)sgb)Z a (2152H> )

PWs tend to propagate towards a large positive squared refractive index and are unable to
propagate in regions with a negative squared refractive index. The boundary at which n? = 0 is

called the turning level and the boundary at which n? — +oo is the critical level.

However, the value of n? is difficult to composite as it varies widely, often approaching infinity.
Instead, a critical level can be determined to occur when u — ¢,, = 0. While the determination of
the turning level involves all three terms in Equation 3, a comparison shows that the turning level
can be approximated by g under specific conditions. While the third term remains relatively
small (~10713), the second and first terms can more comparable (~10712). However, our study
focuses on waves with low wavenumbers (s < 6) in regions near the PWs critical level (i — ¢,
near zero). Under these conditions, the first term will be dominant. Additionally, since the second
and third terms will always be negative, a turning level must occur when g4 changes sign.
Therefore, a sign change in g verifies that a turning level exists and approximates the position

of the turning level in the context of our study.

2.4. Composites and Anomalies

Composites of the SSW members from all selected SSW events are made after aligning them with
respect to their SSW onset date. The composite of the normal members was aligned with respect
to the reference SSW onset date listed in Table 1. The alighment date is referred to as day 0. The

risk of bias for a particular set of ensemble members (described by a row in Table 1) was



203
204
205
206
207
208
209
210
211
212
213
214
215
216
217

218

219
220
221
222
223
224
225
226
227
228

eliminated by averaging the ensembles members in each set first, then averaging the sets
together. Anomalies are calculated by subtracting the composited diagnostic across normal
members from the composited diagnostic across SSW members. Assuming a Gaussian
distribution of the diagnostic values at each location and time for SSW members and normal
members (weighted such that each ensemble set has an equal contribution), the area where
these distributions overlap was calculated. This area is the probability that a value found at a
location and reference day during an SSW would also be found during a normal winter.
Subtracting the area from unity gives the probability that, given an SSW occurrence, the
diagnostic value will be different from that found during normal winters. Alternatively, it is the
probability of being abnormal (Ab) given the occurrence of an SSW, which is henceforth
abbreviated as P(Ab|SSW). Values of P(Ab|SSW) greater than 0.5 suggests that the anomaly is
more likely than not associated with an SSW. These anomalies are good indicators of SSW
occurrence. Although an anomaly may be large, a low P(Ab|SSW) suggests that the values is still
large in scenarios when no SSW occurs. Thus, a large anomaly at this location and reference day

may be associated with SSWs, but is not a good indicator for the occurrence of an SSW.

2.5 The Overreflection Perspective

An elegant perspective on the interaction of PWs with atmospheric boundaries comes from
Lindzen et al. (1980) in which the zero isopleths of the relative PW phase velocity, 4 — c,, and
of gy serve as critical and turning levels, respectively. The diagnostic g is generally positive
such that a region of negative gy implies the presence of a zero-q isopleth. A critical level
embedded inside a layer of negative gy (and thus beyond a turning level) can act as a source of
unstable PW growth (Dickinson, 1973). From an overreflection perspective, unstable PW
growth is seeded by a PW tunneling past a turning level and amplifying at the critical level (e.g.,
Harnik & Heifetz, 2007). This perspective relates incident PWs (usually upward-propagating
PWs from the troposphere) to the in-situ generation of PWs from instability. Depending on the

relative positioning of the source level, turning level, and critical level, several wave geometries

10



229  are possible. The wave geometries in Figure 1 illustrate the interaction of PWs with the

230  background wind shear where a PW critical level is expressed by the wind profile.

Idealized Schematic of Vertical Planetary Wave Propagation Scenarios

Before Day 0 Between Day 0 and 25 Between Day 0 and 10
z Z Z
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Turni.n_g_ ___________
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- Westward Eastward i N Westward Eastward - N Westward Eastward - -
== Eastward = \NVestward Gravity Wave Drag
— Incident Wave = = Transmitted (Secondary) Wave - Transmitted (Tertiary) Wave
231 ‘ Over-reflection <O Convergence
232 Figure 1. Wave geometries of vertical PW propagation between 20 km and 90 km
233 through the evolution of the SSW. In our composite, these scenarios occur (a)
234 before day 0, (b) day 0-25, and (c) day 0-10. The scenario in (c) is similar to (b) but
235 focuses exclusively on PWs generated by asymmetric GWD. Angled arrows
236 emphasize overreflection, but do not suggest any change in wave phase speed.

237  Figure 1a shows the wave geometry before SSW onset, which is similar to the winter

238 climatology. Upward-propagating incident PWs (thin solid arrows) can overreflect if a

239  perturbation is able to tunnel from the turning level (thin dashed line) to the critical level (thick
240  solid line). This results in an overreflected wave below the turning level and a transmitted wave
241  above the critical level. Overreflection and transmission are represented by thicker solid arrows
242  and thin dashed arrows, respectively. The overreflected wave carries more energy than the

243  incident wave; this wave energy growth can be indicated by EP flux divergence.
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The evanescent region lies beyond the turning level where PW propagation is not possible.
Here, a tunneling perturbation exponentially decays in amplitude. A thinner evanescent region
would increase the likelihood of a PW being able to reach a boundary beyond the turning level.
Additionally, the wave geometry a PW experiences depends on the zonal phase velocity of the
wave. Blue and green arrows represent PWs with westward and eastward zonal phase
velocities, respectively. Shown in Figure 1a, westward (eastward) waves would experience a
thicker (thinner) evanescent region, making it more difficult (easier) to tunnel and stimulate PW
growth at the critical level. Hence, phase velocity affects where a PW propagates and
dissipates. While additional non-conservative considerations (such as asymmetric GW drag) are
necessary, the overreflection perspective connects incident, transmitted, and overreflected

waves to one another.

Notably, our study uses composites with respect to an SSW onset date. During individual SSW
cases, overreflection could occur at different relative times or not occur at all. Our study seeks

to evaluate general trends in PW growth and dissipation during an SSW event.

2.6 Asymmetric Gravity Wave Drag

A multiwave parameterization is implemented in WACCM such that a momentum flux vs. phase
speed function is represented by a set of discretized GWs. Separate parameterizations are
implemented for GWs sourced from orography, convection, and frontogenesis. At the source
level, the GW is launched and momentum flux is distributed directly aloft depending on the
background winds. Detailed discussion on WACCM’s GW parameterization can be found in
Appendix A of Garcia et al. (2007) and in Richter et al. (2010). Even for parameterized GWs in
WACCM, the background winds will influence where and how much momentum flux is

deposited.

The troposphere may not be the only source mechanism for PWs in the middle atmosphere.
The preferential filtering of GWs by the underlying stratospheric winds can result in zonally

asymmetric GW drag in the MLT (Smith, 2003). Lieberman et al. (2013) showed that the

12
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wintertime characteristics of MLT perturbations were qualitatively consistent with a simple
model of dissipating GWs generating a wavenumber-1 PW after being filtered by underlying
stratospheric PW perturbations. Ultimately, the GW-induced ageostrophic winds would result
in a divergence (convergence) pattern mirroring the stratospheric high-pressure (low-pressure)
regions below (Lieberman et al., 2013). Resultantly, PW perturbations would be imprinted on
the MLT by flow divergence induced by GWs that survived the wind perturbations in the

stratosphere.

3. Results

The stratosphere maintains an eastward flow throughout a normal winter and experiences an
eastward-to-westward wind reversal during winters with SSWs. The zonal-mean zonal wind
during normal winters and winters with SSWs are shown in Figure 2. For normal winters (Figure
2a), the mesospheric zero-wind line is maintained at 82.6 km with a standard deviation of 12.4
km based on the altitude of the mesospheric zero-wind line. This was calculated with zonal
wind values collected 41 days surrounding the reference SSW onset date (Tablel) of each
normal ensemble member. During winters with SSWs (Figure 2b), the zero-wind line rapidly
descends leading to wind reversal at 1hPa on day 0. The stratopause (thick black dotted line) is
maintained around 60 km during normal winters (Figure 2a). While the altitude of the
stratopause and the timing of its post-onset reformation are not consistent between ensemble
members, the stratopause discontinuity and altitude change can still be depicted in the
composite. During winters with SSWs (Figure 2b), the stratopause descends rapidly upon SSW
onset to ~50 km. Roughly around 15-25 days after onset, the stratopause reforms at ~60km

which results in a >10 km vertical discontinuity.
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Figure 2. Height-time composites of u averaged from 60-70°N during (a) normal
and (b) SSW winters. u is shown by thin black contours and is incremented by 10
m s1. Blue and green lines emphasize the location of the -8 and 5 m s isotachs,
respectively. Grey shading shows regions of negative q4. The thick dotted line
indicates the location of the stratopause where the temperature maximum
exceeds 237K; locations where this criterion is not met more than 25% of the time

are excluded.

Ultimately, the stark contrast between a steady zero-wind line during normal winters and a

dramatically descending zero-wind line during SSW winters depends on the stability of the
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mesospheric flow. The stability of the flow is diagnosed by g, such that sign changes in g

(edges of the shaded regions in Figure 2) indicate a turning level.

Being a part of a composite study, the exact position of critical levels for EPWs, QSPWs, and
WPWs vary between ensemble members and cannot be explicitly shown. However, Figure 3
shows the composited phase speed distribution of geopotential height perturbation amplitude,
Z;, for planetary waves at 0.001 hPa, 0.01 hPa, 0.1 hPa, and 10 hPa. At 10 hPa, a large Z; is
present for QSPWs (near-zero c,.) throughout SSW evolution. This is expected since quasi-
stationary PWs are primarily responsible for the demise of the polar vortex. At 0. 1 hPa and
above (Figures 3a-c), the phase speed distribution on; becomes more spread out. To
distinguish the characteristics of traveling and quasi-stationary waves, WPWs, QSPWs, and
EPWs are defined to have zonal phase velocities ranging (—o, —8), (—8,5), and (5,0) ms},
respectively. The -8 and 5 m s phase speeds that separate these regimes are shown as dashed
horizontal lines. Notably, since c, distribution on; extends farther westward than eastward
after SSW, the ¢, boundary between WPWs and QSPWs is set farther from the zero-c, line. In
doing so, the characteristics of WPWs can be better visualized without as much influence from

the quasi-stationary component.

Z}: Phase Speed Vs. Time

P I +— E I
£ | (a) 0.001 hPa E

(b)0.01hPa
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Figure 3. Phase speed vs. time composites on; in meters at (a) 0.001 hPa (b) 0.01
hPa, (c) 0.1 hPa, and (d) 10 hPa.

In Figure 2, blue (green) contours emphasize the -8 (5) m s isotachs that separate the wind
regimes containing critical levels for WPWs, QSPWs, and EPWSs. EPWs would find their critical
level outside green contours (winds greater than 5 m s1), QSPWs between green and blue
contours, and WPWs beyond blue contours (winds less than -8 m s'1). However, the ability for

PWs to reach their critical level depends on the stability of the zonal-mean flow.

In Figure 4a, positive (red-shaded contours) and negative (grey-shaded contours) g values are
an indicator of the stability of the background flow. The grey-shaded regions show where the
necessary, but not sufficient, condition for instability is fulfilled. In Figure 4b, the dominance of
beta, barotropic, and baroclinic terms of g4 (see Equation 1) are shown by blue, grey, and red
shading, respectively. A term is determined to be dominant if it has the largest magnitude
relative to the other compositional terms. A negative (positive) contribution of the dominant
term is indicated by a darker (lighter) shading. For example, since the planetary vorticity is
always positive in the Northern Hemisphere, the beta term is always shown by light blue
shading. The zero-wind line (thick black contour) separates the regions of mean eastward and

westward flow.
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Figure 4. Height-time (a,b) composites and (c) anomalies of g4 during SSW
winters. (a) Positive (negative) g values are shown by red (grey) shaded contours.
¢ is dimensionless after dividing by Earth’s angular velocity. (b) Dominance of the
beta, barotropic, and baroclinic terms are indicated by blue, grey and red regions,
respectively. Lighter/darker shades of a color indicate a positive/negative
contribution of the dominant term. (c) Positive (negative) anomalies of g, are
indicated by solid (dashed) contours. The probability that the anomaly is abnormal
is given by orange-shaded contours. The zero-wind line is indicated by a thick solid

contour.
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346  Prior to SSW events, the background flow in the middle atmosphere only becomes

347  baroclinically unstable (indicated by a dark red-shaded region in Figure 4b) due to the curvature
348  of wind shear as the wind transitions from eastward in the mesosphere to westward in the

349 lower thermosphere. This baroclinic instability could be exacerbated by the westward wind bias
350 inthe lower thermosphere of WACCM, hypothesized to be due to the omission of secondary or
351  higher order GWs. However, during times of a more perturbed vortex like a SSW period, model

352  winds are closer to observations (Harvey et al., 2022).

353  Figure 4c shows positive (negative) g4 anomalies in solid (dashed) contours with orange-

354  shaded contours indicating P(Ab|SSW), as explained in Section 2.4. Small g4 anomalies and low
355  P(Ab|SSW) values before day -10 indicate that negative Gy in the MLT is common during

356 normal winters too, also shown in Figure 2a. In Figure 2a, critical levels for WPWs, QSPWs, and
357 EPWs exist past the turning level during a normal wintertime MLT, shown by the -8 m s, 5m s’
358 1, and zero-wind isotachs embedded in the de < 0 (shaded) region. Similar to the schematic in
359  Figure 1a, eastward-propagating waves (EPWs) would experience a thinner evanescent region,
360 having a critical level closer to the turning level than QSPWs or WPWs. Therefore,

361 overreflection would be more favorable towards EPW production during a normal winter. If a
362  PW cannot tunnel through the evanescent region, the wave is refracted meridionally, and

363  variability in the mesospheric zero-wind line is curtailed. A similar wave geometry is seen

364  before day 0 in Figure 2b. Rhodes et al. (2021) discusses how the zonal wind configuration

365 leading up to SSW onset becomes conducive for the overreflection of EPWs.

366  The zonal-mean zonal wind is closely tied to gy in the middle atmosphere with a correlation
367 coefficient of 0.98. This coefficient was calculated from the averaged values of the zonal-mean
368  zonal wind and g4 between 10 hPa and 1 hPa, 60°N and 70°N, and day -20 and 30 across all
369  SSW ensemble members. Given this high correlation, gy can be used as a proxy diagnostic for
370 the zonal-mean zonal wind in the middle atmosphere. For example, around day 5, the

371  westward wind becomes weaker in Figure 1b and corresponds to diminishing magnitudes of

18



372
373
374
375
376

377
378
379
380
381
382

383

384
385

386
387
388
389
390
391
392
393
394
395
396
397

negative gy in Figure 4a. Therefore, the stabilization of the stratospheric winds can be gauged
by increased gy, in which positive g4 and eastward zonal-mean winds are restored upon SSW
recovery. Approaching onset in Figure 4a-b, the normally unstable baroclinic flow in the
mesosphere starts to stabilize, indicated by the increase in g4, mostly from the barotropic

term.

Figure 4 reveals three distinct wind configurations are present surrounding an SSW, which can
be evaluated across three notable periods. Sections 3.1, 3.2, and 3.3 address periods of no
reversed stratospheric wind layer (before day 0), a thick reversed stratospheric wind layer (day
0-10), and a thin reversed stratospheric wind layer (after day 10), respectfully. Subordinate
sections are differentiated by PW phase speed such that the origins and impacts of WPWs,

QSPWs, and EPWs are assessed for each scenario.
3.1 No Reversed Stratospheric Wind Layer — Before Day O

3.1.1 WPW and QSPW Interaction with No Reversed Stratospheric Wind Layer —
Before Day O

EP flux indicates the amount of energy transported by a PW and its convergence (divergence)
depicts the deposition (absorption) of energy by the PW in the form of heat and momentum.
For the quasi-geostrophic case, the meridional and vertical components of EP flux are related to
momentum and heat, respectively (Andrews et al., 1987). Therefore, EP flux shows the
direction of wave propagation and flux convergence (divergence) indicates wave deposition
(growth). Figure 5a-c depicts the composited EP fluxes for (a) WPWs, (b) QSPWs, and (c) EPWs
such that the color-filled contours indicate vertical flux while the blue (red) contours show EP
flux convergence (divergence). Brown-filled contours in Figure 5a-c indicate that QSPWs have
an exponentially greater upward flux than WPWs or EPWs prior to SSW. This is expected since
QSPWs are the main driver of SSWs. Figures 5d-f shows positive (negative) EP flux divergence
anomalies in solid (dashed) contours. Orange-shaded contours show P(Ab|SSW). Five or more

days prior to SSW onset, this probability is low, suggesting that EP flux convergence/divergence
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is not a good indicator of SSW occurrence. From day -5 to day -1, QSPW flux convergence

anomalies and P(Ab|SSW) become larger as QSPWSs induce SSW onset.

V - F and Anomalies Averaged Between 60°N-70°N
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Figure 5. Height-time plots averaged between 60°N and 70°N comparing fluxes of
(a,d) WPWs, (b,e) QSPWs, and (c,f) EPWs. (a-c) Upward (downward) vertical EP
fluxes shown in tan (blue) shadings and are outlined by black regular-sized (thin)
contours incremented by +(-) 0.2 X 2*i kg s™2 where i can be [1,2,3,4,5,6,7,8].
EP flux convergence (blue contours) and divergence (red contours) are
incremented by 2 ms™! day~!. (d-f) Positive (negative) anomalies of EP flux
divergence are indicated by solid (dashed) contours and increment by 5
m s~ day~!. The probability that the anomaly is abnormal is given by orange-

shaded contours. The zero-wind line is indicated by a thick bold contour.
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Figure 6 shows EP flux for WPWs, QSPWs, and EPWs organized by row, on different reference
days, organized by column. Similar to Figure 5, red (blue) contours represent EP flux
convergence (divergence) and the zero-wind line is represented by a thick black contour.
Depending on the column, relevant isotachs that approximate the critical level are also

included.

Similar to winters devoid of SSWs in Figure 2a, Figure 2b shows that prior to day 0 a thick layer
of negative g4 encompasses the critical levels of WPWs and QSPWs. According to the first term
in Equation 3, g is proportional to n? such that n? is negative when e is zero. As a result, PW
group velocities are refracted away from the turning level and become less vertically oriented.

This is exemplified in Figures 6a,d,g as high-latitude EP flux vectors turn southward with height.

Resultantly, PWs around 65°N are inhibited from propagating to their critical level aloft, which
exist beyond the turning level. However, the -8, 0, and 5 m s isotachs (blue, thick black, and
green contours) show that EPWs experience the thinnest evanescent region. Therefore, it has

the best chance of tunneling to its critical layer.

3.1.2 EPW Interaction with No Reversed Stratospheric Wind Layer — Before Day O

As during a normal winter, discussed in the Section 3 introduction, the wave geometry at 70 km
before SSW onset favors the overreflection of EPWs. This is evidenced by comparing Figures 5a-
¢; divergence near the stratopause prior to SSW is evident only in the eastward component of
the flux. Figure 6g shows the EPW flux from a height-latitude perspective. EP flux divergence
(red contour) occurs near a critical layer (bold green line) within a g4 < 0 region (grey shading).
EPW flux vectors emanate from this region and propagate equatorward and downward. Shown
by blue-shaded contours in Figure 5c, this downward flux persists at 75 km from days -8 to 18
and extends into the stratosphere from days 3 to 9. The flux divergence feature in Figure 6g is
associated with incident upward-propagating EPWs from below further suggesting

overreflection.
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Figure 6. Height-latitude plots of (a-c) WPW, (d-f) QSPW, and (g-i) EPW EP flux
divergence/convergence on (a,d,g) day -5, (b,e,h) day 0, and (c,f,i) day 5 shown in
red/blue contours and incremented by 5 m st day . The meridional EP Flux vector
component was scaled by (100map) 1cos¢ and the vertical component by
(ap)~ cos ¢. Regions of de < 0 are shaded grey. The zero-wind line is indicated
by a thick bold contour. As in Figure 2, thick blue (green) lines approximate WPW

(EPW) critical layers at the -8(5) m s isotachs.

approaching SSW onset. This is consistent with the overreflection mechanism; as the

Pressure (hPa)

Pressure (hPa)

Pressure (hPa)

of EP flux divergence but coincides with an increasing amount of EP flux divergence at 70 km

Approaching onset, Figure 5c shows that a persistent upward flux doesn’t only sustain a region
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446  evanescent region becomes thinner (as shown in Figure 4a), incident waves more easily

447  overreflect. In Figure 5c, the EPW EP flux divergence increases in tandem with g4 (shown in
448  Figure 4a). Overreflection acts to relieve instability, but in doing so it reduces negative gy that
449  separates upward-propagating PWs from the critical level. A positive feedback loop is

450  established in which upward-propagating PWs become increasingly effective at stabilizing the

451  stratopause the longer they persist.

452  Figure 5f at 70 km shows small average EP flux divergence anomalies with P(Ab|SSW) < 0.1.
453  While EP flux divergence for EPWs is a robust feature prior to SSW growth, the flux divergence
454  at a specific height and reference day (with respect to SSW onset) is not a good indicator for
455  SSW occurrence. Additionally, the low P(Ab|SSW) for all PWs prior to onset (in Figures 5d-f)
456  suggests that the strength of the tropospheric forcing may not be the only factor in producing
457  an SSW. The persistence of upward PW propagating (and increasing wave overreflection) may

458  Dbe just as important in initiating an SSW event.

459 3.2 Thick Reversed Stratospheric Wind Layer — Day O to Day 10
460 3.2.1 WPW Interaction with a Thick Reversed Stratospheric Wind Layer - Day O to
461 Day 10

462  Days 0-10 are marked by descended westward winds in the stratosphere and eastward winds in
463  the MLT, resulting in a layer of reversed stratospheric winds that has a zonal-mean westward
464  flow persisting for over 2 weeks. WPWs with more westward phase velocities than the zonal
465  wind speed would propagate past the reversed stratospheric winds unencumbered, while

466  WPWs with slower phase velocities would experience a critical level and interact with the

467  reversed stratospheric winds (compare blue arrows in Figure 1b). Since Z; for WPWs with

468  faster westward phase velocities than -20 m s is small compared to slower WPWs (see Figure
469  3), we focus on the interaction of WPWs with the reversed stratospheric winds to explain their

470  propagation through the middle atmosphere.
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In Figure 2b, WPWs with phase velocities between -8 m s* (blue line) and -20 m s would
experience their critical level past a turning level and could overreflect. At the upper boundary
of the reversed stratospheric winds, the turning level generally remains within the reversed
stratospheric winds. Around day 4, the -10 m s isotach rests above a turning level at the upper
boundary of the reversed stratospheric winds. Therefore, WPWs slower than roughly -10 m s
would be prone to overreflect at both the bottom and top boundaries, each time extracting
energy from the background flow and producing an overreflected and transmitted PW at each
boundary (as suggested in Figure 1b). The transmitted components would compound and result
an amplified WPW aloft. As a composite, these wave geometries are approximated by the
average G and u. In individual case studies, a wider range of phase velocities may be able to

overreflect at both boundaries.

Compared to EPWs and QSPWs, WPWs have a relatively strong upward EP Flux (brown shading)
above 80 km (cf., Figures 5a-c). An EP flux convergence region exceeding 20 m st day *in
Figure 5a (blue contours) at ~95 km shows that WPW dissipation has a significant impact on the
background wind. This abnormal EP flux convergence is unique to SSWs with P(Ab|SSW) > 0.6
(shown in Figure 5d). The enhanced upward EP flux and EP flux convergence for WPWs at high

latitudes above 80 km are also evident in Figure 6c.

Figure 7 shows Z; for WPWs, QSPWs, and EPWs. While WPW Z; decreases around 55 km after
SSW onset in Figure 7a, WPWs still maintain a presence within the reversed stratospheric
winds. This is indicative of the limited phase velocity range of WPWs allowed to be transmitted
into the reversed stratospheric winds. Since WPWs exist in the stratosphere during the normal
winter, their Z; values within the reversed stratospheric winds are not shown to be an
abnormal anomaly associated with SSWs (Figure 7d). However, enhanced WPW Z; in the MLT
are unique to SSWs with P(Ab |SSW) > 0.6. The association of WPWs and SSWs agrees with
studies by Kinoshita et al., (2010), Tomikawa et al., (2012), and Limpasuvan et al. (2016).
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Figure 7. Height-time plot averaged between 60°N and 70°N. (a-c) Geopotential
height perturbation amplitudes, Z,, are incremented by 100 m (d-f) Positive
(negative) 7; anomalies are indicated by solid (dashed) black contours
incremented by 100 m. The probability that the anomaly is abnormal is given by
orange-shaded contours. In all sub-plots, the zero-wind line is indicated by a thick

bold contour.
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3.2.2 QSPW Interaction with a Thick Reversed Stratospheric Wind Layer - Day O to
Day 10

The zero-wind line is the critical level for stationary PWs which contain much of the upward flux
relative to traveling PWs (cf., Figures 5a-c). On day -5 (Figure 6d), the zero-wind line is
embedded in a region of negative gy (grey shading). With their critical level beyond a turning
level, upward-propagating PWs are refracted away from the zero-wind line. The intrusion of the
zero-wind line into a region of positive gy at day O (Figure 6e) greatly enhances n? through the
first term in Equation 3. As a result, PW group velocities are directed toward the mesospheric
zero-wind line, becoming more vertically oriented. Their subsequent convergence at the zero-
wind line causes the isotach to drastically descend by more than 40 km. QSPWs have the largest
flux convergence in this region by a magnitude of 10. Between the 40-65km region of Figure 5e,
there is a significantly large flux convergence anomaly associated with the descent of the zero-

wind line with P(Ab|SSW) > 0.5.

As expected, Figure 7b shows a QSPW Z; upon SSW onset exceeding 800 m. Interestingly, low
values of P(Ab|SSW) and Z; in Figure 7e suggests that these QSPWs amplitudes are not
abnormal. Therefore, a good indicator for SSW occurrence is not the large QSPW amplitude
alone but rather the large QSPW EP Flux convergence anomaly.

3.2.3 EPW Interaction with a Thick Reversed Stratospheric Wind Layer - Day O to
Day 10

Interestingly, flux divergence for EPWs at 75 km continues to increase after SSW onset (Figure
5c¢). This continued flux divergence is surprising from the overreflection perspective since an
upward-propagating EPW should encounter a critical level before the turning level. Illustrated
in Figure 1b, the presence of EPWs (green arrow) in the reversed stratospheric winds should
not be possible by upward-propagating EPWs since they would experience a critical level and
dissipate in the lower stratosphere. Both Figure 2b and Figure 6i show the positioning of the

green contour at the bottom of the reversed stratospheric winds well outside of the grey-
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shaded region. Nevertheless, Figure 5c indicates that flux divergence occurs at both 50 and 70
km from day 0-5. These two layers of flux divergence forming at the top and bottom of the
reversed stratospheric winds are a common feature, appearing in most of our ensembles at
varying NH latitudes and heights. In Figure 5f, a flux divergence anomaly exceeding 10 m s day’
L with a low P(Ab|SSW) suggests that, while the feature is present, it does not consistently
occur at a specific space or time relative to SSW onset. Figure 7c shows that elevated values of
EPW Z; in the stratosphere persist several days after onset. As a common feature after SSW
onset, the happenstance of nonlinear interaction is an insufficient explanation. During SSW, the
polar vortex is shifted off the pole, resulting in zonally asymmetric mesospheric GWD (discussed
in Section 2.6). The polar vortex shifts over different longitudes depending on the SSW. To help
remove zonal phase variability during vortex breakdown, values are composited with respect to
the average phase of the stratospheric wavenumber-1 Zé between 10 and 5 hPa such that the

Zé ridge is always centered at 0° longitude.

GWD: Polar Plots

(@)

Day-10 Day 4
(b)

e s e e e [
-40.0 -30.0 -20.0 -10.0 0.0 10.0 20.0 30.0 40.0

Figure 8. Polar plots of zonal GWD and zonal wind averaged from 0.1-0.01 hPa (a)
10 days before and (b) 4 days after SSW onset. Before compositing, the average

phase from 10-5 hPa of the wavenumber-1 Zé is aligned such that the ridge is
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centered at 0° longitude. Zonal lines (dotted) increment by 90°. Meridional lines

(dotted) increment by 10° with 60°N and 70°N in bold. GWD is shown by colored

shading in 10 m s* day! increment. Eastward (westward) zonal wind is overlaid in

solid (dashed) contours which increment by 10 m s. The zero-wind line is in bold.

Figure 8 shows the composited GWD at days -10 and 4 averaged between 0.1 and 0.01 hPa.

GWD is then smoothed by 15° longitude and 10° latitude running mean. While westward GWD

dominates on day -10 due to filtering from eastward winds below, eastward GWD at 0°

longitude indicates that some eastward-propagating GWs are able to propagate through the

stratospheric wavenumber-1 Zf} ridge. On day 4, after the vortex displaces off the pole and

zonal-mean stratospheric wind becomes westward, eastward GWD dominates. However,

westward GWD at 180° longitude indicates that westward-propagating GWs are able to make it

through the eastward winds of the stratospheric PW trough. The GWD has a large

wavenumber-1 component, which can be isolated for a simplified visualization.

Wavenumber 0-1 Zonal GWD: Altitude-Longitude Composite
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Figure 9. Altitude vs. relative phase shift of zonal GWD averaged between 60°N
and 70°N. Before compositing, the average phase from 10-5 hPa of the
wavenumber-1 Zé is aligned such that the ridge is centered at 0° longitude. (a,b)
GWD is in filled contours and overlaid by the westward (eastward) wind velocity
in thin (bold) contours. (c,d) Orange-shaded contours show P(Ab|SSW) and are

overlaid by positive (negative) GWD anomalies in solid (dashed) black contours.

This asymmetric GWD averaged from 60-70°N (bold latitude lines in Figure 8) is further
examined in Figure 9 with respect to u (line contours). Figure 9 only looks at features of
wavenumbers 0 and 1 to focus on the zonal-mean diagnostic and the relative effect of
wavenumber-1 geopotential height perturbations, Zg’]. While patterns of wavenumbers greater
than 1 may be relevant for specific cases, wavenumber-1 perturbations are common

surrounding SSWs resulting from both split and displaced polar vortices (Bancala et al., 2012).

On day -10 near 75 km (Figure 9a), westward GWD caps the strong eastward winds. Expectedly,
this GWD is not significantly different than during normal winters, illustrated by low probability
values in Figure 9c. Four days after SSW between 40 and 80 km, the stratospheric low-pressure
system with strong eastward wind (thick black contours in Figure 9a) is replaced by a
stratospheric high-pressure system with strong westward winds (thin black contours in Figure
9b) that constitute the reversed stratospheric winds region. The westward wind favors the
transmission of eastward-propagating GWs, which impose an eastward GWD above the
reversed stratospheric winds. This eastward GWD has a large wavenumber-1 component with
the greatest GWD occurring between a 0° and 100° phase shift from the stratospheric
wavenumber-1 PW ridge. Figure 9d shows an anomaly exceeding 60 m s day* near 75 km with
a P(Ab|SSW) > 0.7. As noted by Siskind et al. (2010) and Limpasuvan et al. (2012), the capping

of the reversed stratospheric winds by eastward GWD is a reliable consequence of SSWs.

Hovmoller diagrams of GWD are overlaid with geopotential height, Z,, (Figure 10a) and zonal

wind (Figure 10b) contours averaged from 0.1-0.01 hPa and 60-70°N. Their comparison shows
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the interaction of GWD with regions of low and high pressure (indicated by regions of low and
high Z,, respectively). As in Figure 9, diagnostics show wavenumber-0 and -1 features and are
composited with respect to the stratospheric wavenumber-1 geopotential. From approximately
day 0 to 10, a region of increasingly high Z; shifts and replaces a region of low Z;. This
coincides with the formation of the reversed stratospheric winds layer associated with the
movement of a high-pressure system over the pole (seen as the development of stratospheric
negative gy in Figure 4a). As discussed for Figure 9, filled contours in Figure 10a,b show that
GWD switches from a westward to an eastward forcing with a large wavenumber-1 component.

Wavenumber 0-1 Zonal GWD: Time-Longitude
(a) GWD & Z (b) GWD & u
2l o Saslobieticel

TR,

Reference Day

Eastward Phase Shift from Stratospheric Wavenumber-1 PW Ridge
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Figure 10. Time vs. relative phase shift of zonal GWD averaged from 60-70°N and
0.1-0.01 hPa. Before compositing, the average phase from 10-5 hPa of the

wavenumber-1 Zé is aligned such that the ridge is centered at 0°. This longitudinal
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shift is applied to all variables including GWD and zonal wind. (a) GWD is displayed
by filled contours and overlaid by (a) geopotential height and (b) zonal wind in
black contours. (c) Orange-shaded contours show P(Ab|SSW) and are overlaid by
positive (negative) GWD anomalies in solid (dashed) black contours. The bold

dashed line indicates SSW onset.

GWs propagate through the stratospheric wavenumber-1 Z; ridge, shown by the phase shift,
and dissipate on the westward (eastward) side of the mesospheric wavenumber-1 Z, ridge
(trough) shown in reference to Z,; contours. GWD counteracts the underlying westward winds
(shown in Figure 9b and Figure 10b). This GWD is significant with an anomaly exceeding 80 m s
day! and P(Ab|SSW) > 0.8 (Figure 10c). The forcing manifests a wavenumber-1 EPW, shown in
Figure 10a by an eastward shift in the high-pressure system over time between day 0 and day

10.

In order for asymmetric GWD to directly generate an EPW, an eastward migration of the
asymmetry would be expected. However, this does not occur. Therefore, the phase speed of
the generated EPW must be a result of the wave geometry where GWD occurs. In other words,
asymmetric GWD seeds a region of unstable flow. The wave geometry that the PWs are born
into allow them to extract energy from the flow and grow, taking on a phase speed equal to the
background wind. Resultantly, EPW growth can be seen in Figure 5c near 80 km. After day 10,
eastward GWD subsides as a low-pressure system indicated by low values of geopotential

height reforms in this region (Figure 10a).

Interestingly, this interaction manifests as an EPW that has a destructive interference with the
high-pressure system resulting in an overall loss on; at 80 km. The growth of this wave acts to
restore a low-pressure system to the stratosphere. This restoration is particularly evident in
Figure 4a as g4 becomes positive at this level. An abnormally large positive g4 (red-shaded
contours) due to an enhanced vertical wind curvature (indicated by light red shading in Figure

4b) appears around day 10 and 85 km with P(Ab|SSW) > 0.6. The decrease in wave activity in
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this region due to GWD could produce a dynamically quiet region and support an enhancement
of g4 due to relaxation of the atmosphere towards thermal wind balance. The radiative
relaxation rate near the stratopause is roughly 5-7 days (Gille & Lyjak, 1986) which agrees with

the time scale of the g4 enhancement.

In Figure 10, eastward GWD forcing is seen around 50° longitude a few days before onset. In
Figure 5¢c, EPW growth also begins a few days before onset. Therefore, the EPWs generated
from instability prior to SSWs and may be one contiguous feature ultimately enhancing the

stability of the mesosphere.

In Figure 5c, EPW flux divergence likewise occurs at the bottom of the reversed stratospheric
winds which suggests another region of EPW wave growth. The wind structure and g4 between
days 0 and 5 in Figure 2b is similar to the schematic in Figure 1c. For this wind configuration,
upward-propagating EPWs would be absorbed by an exposed critical level. However, Figure 4c
suggests that wave growth occurs around 45 km. This region of flux divergence can be
explained when wave growth from asymmetric GWD is incorporated into the overreflection
perspective. Figure 1cillustrates that if EPW are generated at the upper level of the reversed
stratospheric winds and if the upper and lower levels of the reversed stratospheric winds are
conducive to overreflection, they could become trapped. The trapping of these EPWs is
supported by Figure 7c as Z; for EPWs remains enhanced inside the reversed stratospheric
winds after onset. The eastward accelerations at the bottom and top of the reversed
stratospheric winds would modulate the thickness and duration of the reversed stratospheric
winds, albeit convergence from upward-propagating PWs would also play a role.

3.3 Thin Reversed Stratospheric Wind Layer - After Day 10

3.3.1 WPW and QSPW Interaction with a Thin Reversed Stratospheric Wind Layer -
After Day 10

Although weaker than between days 0-10, values of WPW Z; (Figure 7a) and EP flux

convergence (Figure 5a) are present above the reversed stratospheric winds. WPW flux

32



650
651
652
653

654

655
656
657
658
659
660
661
662
663

664
665
666
667
668
669
670
671
672
673
674
675

convergence in the mesosphere was found to contribute to SSW recovery by promoting the
reformation and descent of the stratopause around 80 km (Limpasuvan et al., 2016). The
reformation of the stratopause begins around day 10 as westward mesospheric winds reform in
a region of negative gy as in the pre-SSW period (grey shading in Figure 4a), decreasing the

baroclinic stability (dark red contours in Figure 4b).

Before day 10, QSPWs were absorbed by the reversed stratospheric winds. After day 10 (see
Figure 7b), a region of enhanced Z; persists on the lower boundary of the reversed
stratospheric winds. Since P(Ab|SSW) < 0.5 at the lower boundary of the reversed stratospheric
winds (Figure 7e), the Z; magnitude is not abnormal, given that large QSPW Z; often exists in
the normal winter stratosphere. However, a negative Z; anomaly at 50 km with P(Ab|SSW) >
0.5 indicates that there is an abnormal decrease in QSPW Z; near the upper reversed
stratospheric winds boundary. Therefore, while QSPWs exist at the bottom reversed
stratospheric winds boundary, they are being absorbed in this region before they can

propagate to the upper reversed stratospheric winds boundary.

After day 10, the flux convergence of QSPWs in the MLT increases around 90 km (Figure 5b). As
the composited winds weaken and reverse, the likelihood of QSPWs propagating past the
reversed stratospheric winds and impacting the MLT increases. Figure 5e shows the QSPW flux
convergence anomaly in the MLT. The associated low P(Ab|SSW) likely results from large
variations in the positioning of the stratopause or in tropospheric forcing after day 10. In Figure
7e, positive Z; anomaly with P(Ab|SSW) > 0.6 confirms that the presence of QSPWs in the
mesosphere are associated with SSW recovery. A lower turning level results in a thicker
evanescent region for WPWs making it harder for them to overreflect. Additionally, the zonal-
mean westward winds become weaker than -5 m s1. Faster WPWs with phase velocities less
than -5 m/s wind will propagate past the reversed stratospheric winds unencumbered, but not
extract any energy from the background flow from overreflection. Resultantly, WPW flux

convergence in the MLT decreases while QSPW flux convergence increases after day 10.

33



676

677
678
679

680
681
682
683
684
685
686
687

688
689
690
691
692
693
694
695
696
697
698
699

3.3.2 EPW Interaction with a Thin Reversed Stratospheric Wind Layer - After Day 10

In the scenario shown in Figure 1b, EPWs are unable to propagate past the reversed
stratospheric winds and are trapped in the troposphere. In Figure 7f, a negative Z; anomaly

near 50 km with P(Ab|SSW) > 0.6 shows that the stratosphere is devoid of EPWs during SSW.

Discussed in Section 3.2.3, eastward acceleration near the upper boundary of the reversed
stratospheric winds is aided by the overreflection of EPWs seeded by GWs. After day 10, EP flux
divergence associated with eastward GWD diminishes as the upper boundary of the reversed
stratospheric winds descends below 60 km. The larger density below 60 km would reduce the
amount of drag produced from GW momentum deposition and therefore reduce the
effectiveness of GWD as a source for EPW growth. Without EPW overreflection providing
additional aid to vortex recovery, the reversed stratospheric winds may remain in the lower

stratosphere for prolonged periods of time.

The descended region of negative gy remains closer to the lower boundary than the upper
boundary of the reversed stratospheric winds: in Figure 4c, a significant negative anomaly in g
with P(Ab|SSW) > 0.8 has its maxima located on the bottom reversed stratospheric winds
boundary around 35 km. These features suggest that the prolonged reversed stratospheric
winds in the stratosphere is being maintained by EPW and QSPW dissipation at the bottom of
the reversed stratospheric winds, while dynamics at top of the reversed stratospheric winds act
to restore the eastward flow. This is supported by schematics in Figure 1c where the bottom
boundary of the reversed stratospheric winds absorbs QSPWs and EPWs due to an exposed
critical level. On the other hand, the top boundary of the reversed stratospheric winds can
relieve instability through the overreflection of EPWs inside the reversed stratospheric winds
region, eastward GWD, or a relaxation to thermal wind conditions due to a lack of wave

activity.
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4, Conclusion

The overreflection perspective was applied to explain PW behaviors with various wave
geometries. During normal winters, an unstable mesosphere inhibits QSPW absorption near the
zero-wind line by establishing a turning level below. Approaching SSW, a positive feedback loop
is created by persistent PW interaction with a thinning evanescent region that vertically orients
stratospheric PWs and increases the likelihood of overreflection. This overreflection tends to
produce waves with eastward phase velocities, illustrated by a persistent EP flux divergence
around 70 km in Figure 5c. The resulting EPW growth acts to prevent the descent of the
mesospheric westward wind into the stratosphere, counteracting effects of upward-
propagating QSPWs (lwao & Hirooka, 2021; Rhodes et al., 2021). After sufficient thinning of the
evanescent region, the critical level becomes exposed to upward-propagating PWs and results

in a rapid decent of the zero-wind line.

After day 0, GWD acts as a source mechanism on the upper boundary of the reversed
stratospheric winds. EPWs can become trapped resulting in two layers of EP flux divergence at
the top and bottom boundaries of the reversed stratospheric winds. To our knowledge, this is
the first time this feature has ever been discussed. Additionally, WPWs can tunnel into the
reversed stratospheric winds region, overreflect, and dissipate in the MLT. The production of
WPWs from instability was also described by Kinoshita et al. (2010), Tomikawa et al. (2012), and
Limpasuvan et al. (2016). The reversed stratospheric winds are maintained in the stratosphere
due to tropospheric QSPW forcing suggested by the close proximity of the turning level and
zero-wind line in the lower portion of the reversed stratospheric winds. The persistence of
tropospheric forcing is just as important as the strength of tropospheric forcing in inducing

SSWs, as found in re-analyses and forecast models (Orsolini et al., 2018).

The present study shows that SSW recovery has an evolving wave geometry that can support

downward and upward vertical EP flux, properties of both reflective and absorptive SSWs,
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respectively, noted in Kodera et al. (2016). Additionally, the quicker recovery of reflective SSWs
with downward vertical EP flux shown by Kodera et al. (2016) is indicative of overreflection; a
period of strong overreflection would act to restore the polar vortex by inducing an eastward

acceleration.

Additionally, a significant presence of WPWs in the MLT after SSW onset agrees with
Limpasuvan et al. (2016), which identifies instability as their source mechanism. Sassi et al.
(2016) also identifies WPWs in the MLT and shows that they can significantly impact the mean
meridional circulation, enhancing upwelling in the tropics and downwelling at the pole.
Enhanced polar downwelling can result in a descent of more nitric oxides produced from
energetic particle precipitation at high latitudes, and case studies have shown that WPWs play
a key role in modulating this descent in the MLT (Harvey et al., 2021; Orsolini et al., 2017).
Harvey et al. (2021) found in a case study of the January 2009 SSW that the longitudinal
asymmetry of the polar vortex impacts meridional circulation such that descent rates are 5
times larger within a PW trough. While further research is needed, our study offers a
mechanism by which the reversed stratospheric winds can modulate PW phase velocities

present in the MLT during SSW recovery.

The overreflection perspective implements critical layer theory to create a framework in which
to evaluate PW interaction with various boundaries in the middle atmosphere. The present
study shows that PW wave geometries are sensitive to their phase speeds, resulting in
drastically different interactions with regions of varying winds like the reversed stratospheric
winds. While our composite study shows the general influences of PWs relative to SSW onset,
case studies may offer further insight on wave dynamics affecting SSW development that are

not particularly correlated to the onset date.
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