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Abstract. Every spring, the stratospheric polar vortex transitions from its westerly wintertime state to its easterly summertime
state due to seasonal changes in incoming solar radiation, an event known as the “final stratospheric warming" (FSW). While
FSWs tend to be less abrupt than reversals of the boreal polar vortex in midwinter, known as sudden stratospheric warming
(SSW) events, their timing and characteristics can be significantly modulated by atmospheric planetary-scale waves. While
SSWs are commonly classified according to their wave geometry, either by how the vortex evolves (whether the vortex displaces
off the pole or splits into two vortices) or by the dominant wavenumber of the vortex just prior to the SSW (wave-1 versus
wave-2), little is known about the wave geometry of FSW events. We here show that FSW events for both hemispheres in
most cases exhibit a clear wave geometry. Most FSWs can be classified into wave-1 or wave-2 events, but wave-3 also plays
a significant role in both hemispheres. The timing and classification of the FSW are sensitive to which pressure level the FSW
central date is defined, particularly in the SH where trends in the FSW dates associated with ozone depletion and recovery
are more evident at 50 hPa than 10 hPa. However, regardless of which FSW definition is selected, we find the wave geometry
of the FSW affects total column ozone anomalies in both hemispheres, and tropospheric circulation over North America. In
the Southern Hemisphere, the timing of the FSW exerts a dominant influence on both total column ozone anomalies and

tropospheric circulation.

Copyright statement. TEXT

1 Introduction

The polar stratosphere exhibits a distinct seasonal cycle featuring a wintertime polar vortex, that is, strong circumpolar westerly
winds that form in late summer and decay the following spring, which is ultimately due to the seasonal cycle of incoming solar
radiation. While the formation of the polar vortex occurs very predictably each year in late summer of both hemispheres (late
August in the Northern and mid-February in the Southern Hemisphere), the timing of the spring weakening of the vortex, the
so-called final stratospheric warming (FSW) event, is more variable (Black et al., 2006; Black and McDaniel, 2007a). The
FSW marks the reversal of the climatological winter westerlies to summer easterlies in the stratosphere, and its timing varies
by up to two months in the Northern Hemisphere (NH) and by more than one month in the Southern Hemisphere (SH) due to

upward-propagating wave disturbances from the troposphere that can disrupt the vortex ahead of its radiatively-driven decay
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(Waugh et al., 1999; Black and McDaniel, 2007a, b). FSWs thus share many characteristics with dynamically-driven midwinter
disruptions of the polar vortex, spectacular events called sudden stratospheric warmings (SSW, for a review see Baldwin et al.
(2021)), in which the polar stratosphere rapidly warms and the polar vortex winds reverse. However, FSW events are driven
by a combination of wave-induced and radiative processes (Salby and Callaghan, 2007), and thus occur every spring in both
hemispheres, while the occurrence of major SSW events is largely limited to the NH, with a notable exception in the SH spring
of 2002 (e.g. Charlton et al., 2005). In the NH, SSWs on average occur about six times per decade (Charlton and Polvani,
2007) with strong decadal variability (Reichler et al., 2012; Domeisen, 2019). Further notable differences between the NH and
the SH include a longer lifespan of the SH vortex and a stronger distortion and displacement from the pole of the NH vortex
(Waugh and Randel, 1999).

In the SH spring, the timing of the FSW is modulated by feedbacks between chemical stratospheric ozone loss and the
circulation (Solomon et al., 2014). The SH spring vortex is climatologically stronger and more stable compared to the NH,
allowing annual conditions ideal for rapid destruction of ozone by atmospheric chlorofluorocarbons, known as the ozone hole
(Solomon, 1999). As sunlight returns to the South pole every year in late September, a cascade of chemical reactions rapidly
destroys stratospheric ozone, which further cools and strengthens the polar vortex and allows the vortex to persist longer. The
SH thus exhibits a long-term trend in the timing of FSW events that is linked to ozone depletion (e.g. Zhou et al., 2000; Haigh
and Roscoe, 2009; Sheshadri et al., 2014). In the NH, where spring temperatures are rarely cold enough to support chemical
reactions for rapid ozone loss, the persistence of the vortex in the NH spring is more closely linked to interannual variations
in tropospheric wave forcing than to feedbacks with stratospheric ozone (Chipperfield and Jones, 1999; Newman et al., 2001;
Savenkova et al., 2012). Nevertheless certain boreal springs, as in 1997 and 2020, have been characterized by a persistent polar
vortex associated with extreme Arctic ozone loss (Coy et al., 1997; Lawrence et al., 2020). The timing of the FSW in both
hemispheres can have significant influence on the transport and mixing of stratospheric ozone (Rood and Schoeberl, 1983;
Manney and Lawrence, 2016). The presence of the polar vortex isolates polar stratospheric air, and so the seasonal breakdown
of the vortex allows sudden mixing and stirring of vortex air with ozone-rich mid-latitude air. The timing of the final warming
modulates the strength and speed at which this mixing occurs (Waugh and Rong, 2002).

Just as for midwinter SSWs, changes in the stratosphere at the time of the final warming in spring can have an influence on
weather patterns in both hemispheres (Black et al., 2006; Black and McDaniel, 2007a), including extreme events (Domeisen
and Butler, 2020). In the SH, the tropospheric eddy-driven jet exhibits an equatorward shift at the time of the FSW related to a
negative phase of the Southern Annular Mode (SAM) (Byrne et al., 2017; Byrne and Shepherd, 2018; Lim et al., 2018). The
trend and variability in the timing of the FSW event due to ozone depletion has been suggested to further affect the surface
impact (Thompson et al., 2011; Son et al., 2013). In the Northern Hemisphere, the FSW is associated with a weakening and
equatorward shift of the North Atlantic storm track resembling the negative phase of the North Atlantic Oscillation (NAO),
associated with high geopotential height anomalies over the Arctic (Black et al., 2006; Ayarzagiiena and Serrano, 2009).
Consistent with the chemical-dynamic feedbacks discussed above, spring ozone extremes have also been linked to anomalous

surface weather patterns (Calvo et al., 2015; Ivy et al., 2017).
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Furthermore, FSW events have been suggested to contribute to variability (Ayarzagiiena and Serrano, 2009) and predictabil
ity (Byrne etal., 2019; Hardiman et al., 2011; Butler et al., 2019) at the surface. While SSWs cannot be predicted more than 1-2
weeks in advance (Taguchi, 2014, 2016; Karpechko et al., 2018; Karpechko, 2018), FSW events tend to be more predictable
especially events in late spring (Butler et al., 2019). The higher predictability of FSW events with respect to SSW events may
provide enhanced lead times for potential surface impacts in comparison to SSW events. For a comprehensive comparison o
the predictability timescales of sudden and nal stratospheric warming events see Domeisen et al. (2020).

SSW events have been classi ed according to a range of characteristics (Butler et al., 2015), notably with respect to the zonal
wavenumber dominating the polar stratosphere at the time of or just prior to the event (Bancala et al., 2012; Barriopedro and
Calvo, 2014), or according to vortex elliptical moment diagnostics (Waugh, 1997; Charlton and Polvani, 2007; Mitchell et al.,
2011; Seviour et al., 2013), that is, whether the vortex splits into two vortices or displaces off the pole. They have also been
classi ed with respect to their downward impact (Kodera et al., 2016; Runde et al., 2016; Karpechko et al., 2017; Charlton-
Perez et al., 2018; Domeisen, 2019; Afargan-Gerstman and Domeisen, 2020). FSW events, on the other hand, have generall
been classi ed according to the timing of their occurrence into “early” and “late” events (e.g. Waugh and Rong, 2002), and
their altitude of origin in the stratosphere (Hardiman et al., 2011).

Planetary wave activity from the troposphere to the stratosphere is on average stronger in austral spring compared to austra
winter or boreal spring (Randel, 1988; Wang et al., 2019). Climatologically, in the SH late winter and spring the wave structure
in the stratosphere is dominated by a quasi-stationary zonal wavenumber 1 (hereafter: wave-1) with contributions from a
transient, eastward-moving zonal wavenumber 2 (hereafter: wave-2) (Randel, 1988; Mechoso et al., 1988; Manney et al.,
1991; Waugh and Randel, 1999; Harvey et al., 2002; lalongo et al., 2012), which may contribute to zonal asymmetries in
ozone depletion (Kravchenko et al., 2012). In the NH, early FSW events tend to be predominantly wave-driven (e.g., Vargin
et al., 2020). In fact, there is no mechanistic difference between midwinter SSW events and early NH FSW events; they are
merely differentiated through the evolution of the stratospheric winds after the event, as the de nition of the SSW requires the
winds after the event to return to westerly for a consecutive number of days (Charlton and Polvani, 2007). Late FSWs may also
be partly wave-driven, although as the mean ow weakens in boreal spring due to changing solar radiation, less weakening
by waves is required for an event to occur. Sun et al. (2011) show in a model study that FSW events tend to occur earlier
if wave driving is increased, and a correspondence has been found between the amplitude of wave-1 and the NH FSW date
(Savenkova et al., 2012). Wave geometry can also be associated with nonlinear resonance of the vortex, a process suggeste
to be potentially important in SH spring (Scott and Haynes, 2002; Plumb, 2010). Given the timing of FSW events in spring
when the polar vortex has already weakened, one could hypothesize that these events are more often caused by higher zon
wavenumbers (e.g. waves 2 and 3) as compared to wave-1, as these will be allowed to propagate into the weaker winds (Charne
and Drazin, 1961; Matsuno, 1970; Plumb, 1989). Nonetheless, a classi cation of individual FSW events in the historical record
based on geometrical wave structure, and the in uence of the wave geometry on stratospheric ozone and surface impacts, doe
not yet exist.

This study explores the classi cation of FSW events by wave geometry (Sect. 2), the connections between wave geometry

and dynamical behavior in the stratosphere (Sect. 3), ozone distribution (Sect. 4), and surface impacts (Sect. 5).
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2 Detection and classi cation of FSW events

Currently there exists no consistent metric for de ning the central date of FSWs. While most metrics detect the FSW when
springtime stratospheric zonal winds fall below a certain threshold, different studies have considered multiple pressure levels
(Hardiman et al., 2011), single pressure levels at varying latitudes and thresholds (Black and McDaniel, 2007b; Byrne et al.,
2017), or de nitions along the location of maximum potential vorticity gradient rather than a zonal-mean (Waugh and Rong,
2002). In this study, we compare our results for metrics de ned at two different pressure levels, 10 hPa and 50 hPa. In particular,

we de ne FSW dates in these two ways:

1. FSW events are detected as the rst date before June 30 (January 31) when the daily mean zonal-mean zonal winds a
60 latitude and 10 hPa in the NH (SH) are easterly and do not return to westerly for more than 10 consecutive days
(e.g. Butler and Gerber, 2018). An advantage of this de nition is that it is consistent with the de nition of midwinter
SSWs, which is based on the reversal of the westerly winds at 10 hPa afatii@e (Charlton and Polvani, 2007), and
can be used identically in the NH and SH. 10 hPa is also an optimal level for detecting dynamic changes in the polar
stratosphere (Butler and Gerber, 2018).

2. FSW events are detected as the rst date before June 30 (January 31) when the daily mean zonal-mean zonal winds a
60 latitude and 50 hPa in the NH (SH) fall below 5 (10) m/s and do not return to westerly for more than 10 consecutive
days (similar to Black and McDaniel (2007hb, a)). An advantage of this de nition is that the spring transition in the lower
stratosphere may better re ect both chemistry-climate feedbacks associated with trends in ozone, and coupling to the

surface.

Tables 1 and 2 list the calculated NH and SH FSW dates, respectively, using daily-mean data from JRA-55 reanalysis
(Kobayashi et al., 2015) for the Jan 1958 - Dec 2019 period, for the de nitions based at both 10 hPa and 50 hPa. We do not
examine FSWs in the SH prior to 1979 because large-scale dynamical features related to stratosphere-troposphere couplin
processes are not reliable due to lack of assimilated observations in the SH prior to satellite measurements (Gerber and Mar
tineau, 2018). We compare these dates based on JRA-55 reanalysis to ERA-interim reanalysis (Dee et al., 2011) for the perioc
in common between them, 1979-2019; in general the dates are almost identical but can vary by 1-2 days.

We then classify FSW events by their geometry, either wave-1, 2, or 3 using the following method. We rst apply Fourier
decomposition in the zonal direction of the 50 hPa geopotential heights averaged with cosine-weighting by latitude over 55-65
latitude. The 50 hPa geopotential heights are used for wave classi cation throughout, no matter the level where the date of the
FSW is de ned, because wave-2 climatologically peaks at 50 hPa (Barriopedro and Calvo, 2014; Gerber et al., 2021). We
determine which wavenumber has, during the period 10 days prior to the FSW date, [1.] the daily-mean maximum amplitude
for the greatest number of days, and [2.] the maximum mean amplitude averaged over the 10-day period (similar to Bancala
et al. (2012) and Barriopedro and Calvo (2014) for midwinter SSWs). The former measures the persistence and the latter
indicates the strength of a given wavenumber; these different metrics frequently but not always yield the same result (see Table
Al).



Table 1. Dates and classi cations for FSW events in the Northern Hemisphere according to JRA-55 reanalysis. Early (late) events are
indicated inbold (cursive, referring to a date before (after) the median date of April 12 at 10 hPa and April 15 at 50 hPa. Dates that fall
within 2 days of the median date are not classi ed as early or late. U = unclassi ed (methods did not agree according to the criterion
outlined in section 2). Superscripts indicate the ERA-interim classi cation if it was not in agreement with JRA-55 during the 1979-2019
period.

year date type date type| year date type date type
10hPa 50hPa 10hPa 50hPa
1958 May-3  wave-2 Apr-27 wave-1| 1989 Apr-15 wave-2 Mar-24 wave-2
1959 Mar-18 wave-1 Apr-4 wave-1| 1990 May-8 wave-1 May-12  wave-1
1960 Apr-2 wave-2 Apr-12  wave-1| 1991 Apr-10 wave-1  Apr-14 wave-1
1961 Mar-11 wave-1 Mar-20 wave-1| 1992 Mar-22 wave-1 May-2 wave-2
1962 Apr-28 wave-1 Apr-30 wave-1| 1993 Apr-12 wave-1  Apr-15 wave-1
1963 May-3  wave-1 Apr-12 wave-2 | 1994 Apr-2 wave-1  Apr-13 wave-2
1964 Mar-19 wave-1 Mar-19 wave-1| 1995 Apr-8 wave-1  Apr-7 wave-1
1965 Apr-19 wave-2 Apr-19 wave-2| 1996 Apr-10 wave-1 Apr-10 wave-1
1966 Apr-9 wave-1 Apr-7 wave-1| 1997 Apr-30 wave-1  May-6 wave-1
1967 Apr-14  wave-1 Apr-27 wave-1| 1998 Mar-28  wave-1  Apr-17 wave-1
1968 Apr-21  wave-1 May-3  wave-1| 1999 May-2 wave-1  May-2 wave-1
1969 Apr-13  wave-1 Apr-16  wave-1 2000 Apr-9 wave-1  Apr-11 wave-1

1970 Apr-12  wave-1 Apr-12 wave-1| 2001 May-10 wave-1  Apr-28 U
1971 Apr-24 wave-1 Apr-8 wave-1 | 2002 May-2 u? Apr-30 wave-1
1972 Mar-25 wave-1 Apr-2 wave-1| 2003 Apr-14 wave-2  Apr-14 wave-2
1973 May-6  wave-1 Apr-8 U 2004 Apr-29 wave-2  Apr-28 wave-2

1974 Mar-12 wave-2 Mar-23 wave-1| 2005 Mar-13 wave-1  Apr-8 wave-1
1975 Mar-17 wave-1 Mar-20 wave-1| 2006 May-7 wave-1 May-1 wave-2
1976 Mar-30 wave-2 Apr-3 wave-2 | 2007 Apr-19 wave-1  Apr-30 wave-1
1977 Apr-1 wave-1 Apr-4 wave-1 | 2008 May-1 wave-1  Apr-10 wave-1
1978 Mar-12 wave-1 Mar-26 wave-1| 2009 May-10 wave-2 May-1 wave-3
1979 Apr-8 wave-2  Apr-5 wave-2 | 2010 Apr-30 wave-2  Apr-19 wave-1
1980 Apr-8 wave-1 Apr-5 wave-1| 2011 Apr-5 wave-1  Apr-13 wave-1
1981 May-13 wave-2 May-7 wave-1| 2012 Apr-18 wave-2  Apr-14 wave-2
1982 Apr-4 wave-1 Apr-16  wave-1 2013 May-3 wave-1 May-10 wave-1
1983 Apr-1 wave-1 Mar-23 wave-1| 2014 Mar-27  wave-1  Apr-18 wave-1
1984 Apr-25 wave-1 Mar-11 wave-1| 2015 Mar-28 wave-1  Apr-14 wave-1
1985 Mar-24 wave-1 Apr-4 wave-1 | 2016 Mar-5 wave-1 Mar-12  wave-1
1986 Mar-19 wave-1 Mar-31 wave-2 | 2017 Apr-8 wave-1  Apr-10 wave-1
1987 May-2 wave-1 Apr-24 wave-1| 2018 Apr-15 wave-Y May-4 wave-1
1988 Apr-6 wave-1  Apr-13  wave-1 2019 Apr-23 wave-1  Apr-28 wave-1
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Table 2. Dates and classi cations for FSW events in the Southern Hemisphere according to JRA-55 reanalysis. Early (late) events are
indicated inbold (cursive, referring to a date before (after) the median date of Nov 17 at 10 hPa and Dec 6 at 50 hPa. Dates that fall within
2 days of the median date are not classi ed as early or late. U = unclassi ed (methods did not agree according to the criterion outlined in

section 2). Superscripts indicate the ERA-interim classi cation if it was not in agreement with JRA-55 during the 1979-2018 period.

year date type date type| year date type date type

10hPa 50hPa 10hPa 50hPa
1979 Nov-17 wave-1 Nov-20 wave-1| 2000 Nov-4 wave-1 Nov-18 wave-1
1980 Nov-17  wave-1 Nov-22 wave-1| 2001 Dec-7 wave-2 Dec-26 wave-2
1981 Nov-17 wave-2 Dec-3 wave-1 | 2002 Nov-1 wave-1 Dec-4 wave-1
1982 Nov-18 wave-2 Nov-22 wave-2 | 2003 Nov-15 wave-1 Nov-28 wave-1
1983 Nov-7 wave-1  Dec-6 wave-1 2004 Nov-16 wave-1 Nov-28 wave-1
1984 Nov-6 wave-1  Dec-1 wave-1| 2005 Nov-10 wave-1  Dec-8 wave-1
1985 Nov-25 wave-1 Dec-12 Ut 2006 Dec-3 wave-1 Dec-17 wave-1
1986 Nov-13 wave-1 Dec-1 wave-1 | 2007 Nov-27 wave-1 Dec-24 wave-2
1987 Dec-1 wave-1 Dec-12 wave-1 | 2008 Dec-1 wave-1 Dec-24 wave-1
1988 Oct-27 wave-1 Nov-19 wave-1| 2009 Nov-16 wave-2 Dec-3  wave-1
1989 Nov-10 wave-1 Dec-7 wave-1 2010 Dec-11 wave-1 Dec-21 wave-1
1990 Dec-4 ut Dec-14 wave-1| 2011 Nov-25 wave-1 Dec-17 wave-1
1991 Nov-14 wave-1 Nov-20 wave-1| 2012 Nov-5 wave-¥ Nov-19 wave-2
1992 Nov-20 U Dec-8 wave-1| 2013 Nov-2 wave-1  Nov-27 wave-1
1993 Nov-22 wave-1  Dec-7 wave-1 2014 Nov-22 wave-1 Dec-13 wave-1
1994 Nov-11 wave-1 Nov-24 wave-1 | 2015 Dec-11 wave-1 Dec-13 wave-1
1995 Nov-23 wave-1 Dec-19 wave-1| 2016 Nov-10 wave-1 Nov-21 wave-1
1996 Dec-3 wave-1  Dec-9 wave-1| 2017 Nov-9 wave-1 Dec-12 wave-1
1997 Nov-17 wave-1 Nov-25 U 2018 Nov-24 wave-1 Dec-1 wave-2
1998 Dec-7 wave-Y Dec-22 wave-1| 2019 Oct-30 wave-1 Nov-9  wave-1
1999 Dec-5 wave-1 Jan-2 (2000) wave-1
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Figure 1. (a,c) Dates of FSWs in the NH (1958-2019) and SH (1979-2019), using JRA-55 reanalysis based on zonal-mean zonal winds
below 0 m/s at 10 hPa (solid black line) and below 5 (10) m/s at 50 hPa in the NH (SH) (dashed blue line). Symbols indicate the wave
classi cation of the event. (b,d) Dates of FSWs at 10 hPa and 50 hPa grouped by either wave-1 or wave-2 classi cation. The whiskers show
the earliest/latest dates, the top/bottom of the box shows the upper and lower quartiles, and the solid line shows the median date for eact
classi cation. The horizontal lines indicate the median date (based on the 1979-2019 period) for all nal warmings in each hemisphere.

For every event, each of these two metrics indicates a preference for wave-1, wave-2, or wave-3. The nal wave geometry
classi cation used throughout the remainder of this study is then determined based on the agreement of these metrics. If they
do not agree, the event is labeled as "unclassi ed". Table Al shows the individual classi cation for each metric for JRA-55, as
a demonstration of how the nal classi cation was determined. For the period 1979 - Aug 2019, we check the classi cations
using both ERA-interim and JRA-55 reanalysis data, as wave geometry for midwinter SSWs has been found to be sensitive to
the reanalysis used (Gerber et al., 2021). In general, the classi cation of FSW events is consistent across the two reanalysis
products, although a few discrepancies are noted in Tables 1 and 2.

Figure la,c illustrates the sequence of dates of the nal warmings at both 10 and 50 hPa along with their wave geometry
classi cation, and their timing of occurrence with respect to the median nal warming date, indicated by horizontal lines. In
this study we consider separately early events, those that occur more than 2 days prior to the median date, and late events, tho:
that occur more than 2 days after the median date. In the NH, the median date of the nal warming based on the 1979-2019
period is April 12 at 10 hPa and April 15 at 50 hPa. In general there is little difference in the timing of the NH FSW for the
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10 hPa and 50 hPa metrics, though for a few years they differ by more than a week. In the SH, the median date of the nal
warming is Nov 17 at 10 hPa and Dec 6 at 50 hPa. Given the different classi cations for FSW events in the literature, it is
important to note that detecting the FSW at 10 hPa or 50 hPa yields a much more signi cant shift in the timing of the SH as
compared to the NH (Newman, 1986). In addition, for the 50 hPa dates in the SH, there is a clear trend towards later FSWs
from 1979-2000, and a trend towards earlier FSWs from 2000-2019. While the former has been previously linked to chemical
ozone depletion (Waugh et al., 1999), the latter is an indicator of ozone recovery, which has recently been tied to a reversal
in SH tropospheric circulation trends (Banerjee, Antara et al., 2020). These trends are less apparent for the 10 hPa dates. Th
linear trend for the 1979-2000 period for the 50 hPa dates is +@A4 days/yr, whereas for the 10 hPa dates the trend is +0.5

0.4 daysl/yr (both are signi cant, but the 10 hPa trend is weaker). Similarly, the linear trend for the 2001-2019 period for the
50 hPa dates is -0.9 0.5 days/yr whereas for the 10 hPa dates the trend is not statistically signi cant at @6idays/yr.

Nonetheless, the interannual variability of the dates at 10 and 50 hPa is strongly correlated in both hemispheres, at r=0.68
(n=62, <0.01) in the NH and r=0.76 (n=41<0.01) in the SH. The FSW dates are more variable in the NH compared to the
SH; the standard deviations are 18 (15) days for the 10 (50) hPa classi cation in the NH (1958 - 2019) and 12 days at both
levels for the SH (1979 - 2019). In the NH, the timing of FSWs has been linked to the occurrence of mid-winter SSWs, which
are followed by a period of recovery to westerlies and thus later-than-normal FSWs (Hu et al., 2014). For example for the FSWs
at 10 hPa, the median date for years without midwinter SSWs is April 1, whereas for years with SSWs the FSW date is April
24th. This difference reduces to 4 days for NH FSWs de ned at 50 hPa. In the SH, years with larger ozone loss in early austral
spring lead via chemistry-climate feedbacks to a colder and more persistent polar vortex and later than average FSWs (Figure
2; see also Zhang et al. (2017)). This interannual relationship holds for both 10 hPa and 50 hPa dates; the correlation coef cient
is r=0.53 (n=41, <0.01) between FSW dates at each level and austral spring polar cap total column ozone. Importantly, the
median FSW in the NH at 10 (50) hPa occurs only 22 (25) days after the boreal spring equinox, but the median FSW in the
SH at 10 (50) hPa occurs 57 (76) days after the austral spring equinox. The much later timing of the SH FSW relative to the
seasonal cycle compared to the NH FSW re ects how differing dynamical and chemical processes in the two hemispheres
modulate the spring transition; more wave driving leads to earlier FSWs in the NH, while chemistry-climate feedbacks lead to
later FSWs (particularly at 50 hPa), compared to if the FSWs were solely driven by incoming solar radiation.

In terms of wave classi cation, there are fewer wave-2 events compared to wave-1 events, particularly in the SH. In the SH,
there are 4 (5) wave-2 events compared to 35 (34) wave-1 events using the 10 (50) hPa dates for 1979-2019. In the NH, there
are 13 (12) wave-2 events compared to 48 (47) wave-1 events using the 10 (50) hPa dates for 1958-2019. This frequency of
wave-2 events in the NH is slightly larger than the frequency of wave-2 midwinter SSWs (e.g., Barriopedro and Calvo (2014),
who found 9 wave-2 events in the 1958-2010 period, using a similar wave classi cation method). For the NH 10 hPa dates,
wave-2 events occur slightly later than wave-1 events (Fig. 1b), with 8 out of 13 wave-2 events from 1958-2019 occurring at
least 2 days later than the median date of April 12. However, for NH 50 hPa dates and for dates at both levels in the SH, no
statistical difference between the date of wave-1 and wave-2 FSW events is observed (Fig. 1b,d).

For illustration, Fig. 3a-h shows selected wave-1, wave-2, and wave-3 cases of FSWSs. Different years were selected in order

to showcase the presence of wave structures throughout the record. The wave-1 and wave-2 events show geopotential heigt
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Figure 2. Polar cap total column ozone (TCO) [Dobson Units] averaged from 7 Sep - 13 Oct for each year, versus the FSW date in the SH
(1979-2019), using zonal-mean zonal winds below 0 m/s at 10 hPa (black) or below 10 m/s at 50 hPa (blue). The solid (dashed) horizontal
line indicates the median date for FSW dates de ned at 10 (50) hPa. TCO data is from the Bodeker Scienti ¢ Filled Total Column Ozone
(TCO) Database (Version 3.4) (Bodeker et al., 2020).

structures that are strongly reminiscent of the structures observed during wave-1 and wave-2 midwinter SSW events, with the
vortex shifted off the pole during wave-1 events and either elongated or split into two smaller vortices during wave-2 events.
Quanti cation of the wave-3 component using the Fourier decomposition method reveals a substantial role of wave-3 in some
cases, highlighted in Fig. 3i-I. There is one NH FSW based on the 50 hPa dates, May 1 2009 (Fig. 3j), that was classi ed as a
wave-3 event.

Evidence that wave-3 plays a more signi cant role in NH FSW events compared to midwinter SSW events is provided by
comparing the ratio of wave-2 and wave-3 amplitudes to wave-1 amplitude averaged for the 10 days prior to SSW and FSW
events (Fig. 4). For both SSWs and FSWSs, wave-2 and wave-3 amplitudes tend to be more comparable to wave-1 amplitudes ir
the troposphere (200 hPa), while in the lower stratosphere (50 hPa), wave-2 and 3 typically have smaller amplitudes than wave-
1 (indicated by median ratios less than one), as expected from wave Itering (Charney and Drazin, 1961). Wave-3 amplitudes
are generally much smaller relative to wave-1 and wave-2 prior to SSWs. This is true for FSWs as well; however, the median
ratios of both wave-2 and wave-3 relative to wave-1 for FSWs are higher than for SSWs at all levels (particularly at 50 hPa),
suggesting that wave-2 and wave-3 are able to propagate higher as the westerly ow weakens in spring.
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Figure 3. 50 hPa geopotential heights (contours, [km]) and anomalies (shading, [m]) from JRA-55 reanalysis averaged over the 10 days
prior to the nal warming for selected case studies that show a clear wave structure for (a-d) wave-1, (e-h) wave-2, and (i-) wave-3, for both
hemispheres, and for FSWs dates at both 10 and 50 hPa. Note the different colorbars.

3 Relationship between geometry and dynamical behavior

In this section we investigate the stratospheric dynamical characteristics of the nal warming events. Composites of the 50 hPa
geopotential heights and anomalies averaged for the 10 days prior to FSW dates at both 10 hPa and 50 hPa (Figure 5) she
light on how robust the features in Fig. 3 are across events and for different classi cations. First, we focus on the NH (Fig. 5a-
h). Wave-1 FSWs de ned at both 10 and 50 hPa (a,b) show a shift of the polar vortex towards Eurasia, with corresponding

10
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Figure 4. Ratio of wave-2 and wave-3 amplitudes relative to wave-1 amplitudes, averaged for the 10 days prior to either midwinter SSW
events (red) or FSW events (black) for the 1958-2019 period in the NH, at (a) 50 hPa, (b) 100 hPa, and (c) 200 hPa. The top/bottom of the
boxes show the quartile range and the solid horizontal line shows the median value for 35 midwinter SSW events and 62 FSW events. The
dashed line shows where the ratio of amplitudes is equal to 1. The midwinter SSW dates are from Butler et al. (2017).

anomalously positive stratospheric height anomalies over North America. Wave-2 FSWs (e,f) instead show an elongated vortex
centered over the pole and extending across Canada to eastern Asia, corresponding to anomalously positive stratospheric heig
anomalies over the North Paci ¢ and Europe. These features do not show substantial differences between the 10 and 50 hP:
FSW dates. Comparing early (c,d) and late (g,h) events in the NH indicates that on average early events manifest similarly
to wave-1 events, with a shift of the vortex towards Eurasia. The early events for 10 hPa dates have more signi cant negative
anomalies over Eurasia compared to the early events for 50 hPa dates. Late events on average show a more annular respon
representing (by de nition) a stronger vortex compared to average for those dates, though overall the vortex is smaller and
weaker compared to early events.

In the SH (Fig. 5i-p), wave-1 cases (i,j) on average show a displacement of the vortex towards the Weddell Sea, with
anomalously positive height anomalies south of Australia. This wave-1 pattern is only signi cant for the 10 hPa dates, while
wave-1 events for the 50 hPa dates (generally later in austral spring) do not as consistently displace the vortex in a preferrec
location. Wave-2 events (m,n) for both 10 and 50 hPa dates show negative stratospheric height anomalies over the Soutt
Paci c, with anomalously positive height anomalies south of Africa, but overall the wave-2 structure seen in individual cases
(Fig. 3g,h) is unclear in the composite (though sample size is small). Robust differences between early (k,l) and late events
(o,p) for both 10 and 50 hPa dates are evident in the SH. These differences show a broadly weaker than average vortex for earl
events and stronger than average vortex for late events, as expected by de nition. There is little wave structure to the early and
late events in the SH, though early events are more displaced off the pole than late events.

In order to obtain a better comparison of the behavior of the zonal-mean zonal winds around the FSW event for the different
wave classi cations, Figure 6 shows a composite of zonal mean zonal wind for the month before and after the FSW using the
date at either 10 hPa (Figs. 6a,c,e,g) or 50 hPa (b,d,f,h). The wind speeds about a month before the FSW event are weaker i
the NH as compared to the SH (e.g., compare Figs. 6a,b with c,d). In the NH the winds can already exhibit values close to zero
within the month before the FSW event, while in the SH the winds are signi cantly stronger in the month before the event.
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Figure 5. 50 hPa geopotential heights (contours, [km]) and anomalies (shading, [m]) from JRA-55 reanalysis averaged over the 10 days
prior to the nal warming at both 10 and 50 hPa for (a-h) the NH and (i-p) the SH. Panels show the composites based on wave-1 or wave-2
classi cation, or early or late classi cation. Stippling indicates regions where the anomaly composites are signi cantly different from zero

at the 95% con dence level according to a two-tailed t-test.

The average decrease in wind speed between the average over lags of -30 to -11 days before the FSW event and days 11 to :
after the event is 25.2 m/s (36.7 m/s) for the NH (SH) at 10 hPa. Further down at 50 hPa, these values are smaller, i.e. 12.8 m/s
(24.8 m/s) for the NH (SH). No signi cant differences are found in wind speed between wave-1 and wave-2 classi cations.
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