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Introduction

Abrupt warmings of the wintertime high-
latitude stratosphere 10-50km above the
surface in the Northern Hemisphere were
first observed over 70years ago
(Scherhag, 1952). Subsequently, these
events have become known as ‘sudden
stratospheric warmings’ (SSWs), in which
the temperature of the stratosphere can
rise by over 50°C in a few days (e.g. Baldwin
etal.,,2021; Lee, 2021). SSWs involve disrup-
tion to the westerly circulation of the strat-
ospheric polar vortex by planetary waves
(large wavelength Rossby waves), usually
of zonal wavenumbers 1-3 (i.e. between
one and three waves around a latitude cir-
cle). If the disruption is sufficiently strong,
then - at least in the zonal mean - the
westerlies are temporarily replaced by
easterlies. These events are termed major
SSWs to distinguish them from more fre-
quent minor warmings' and are also dis-
tinct from springtime ‘final warmings’ in
which the vortex does not recover due to
the seasonal cycle in incoming solar radia-
tion (e.g. Butler and Domeisen, 2021). On
average, SSWs have been observed to
occur approximately six times per decade
in the Arctic (Butler et al., 2017), but there
is marked decadal variability in their fre-
quency (Dimdore-Miles et al., 2021). The
spatial structure of the vortex during an
SSW can take on a wide array of forms
(Chen et al., 2024), but SSWs are most sim-

'Hereinafter, we use the term ‘SSW’ for major
events only.

ply classified as either vortex displacement
events (predominantly wavenumber 1,
where the vortex is shifted away from the
pole) or split events (predominantly wave-
number 2, in which the vortex splits into
two or more smaller vortices) (e.g. Charlton
and Polvani, 2007).

The wave activity that drives SSWs can
be generated by tropospheric phenom-
ena that constructively interfere with, and
therefore amplify, the stationary waves
generated by the mountains and land-
sea temperature contrasts in the Northern
Hemisphere mid-latitudes (e.g. Smith and
Kushner, 2012). Examples of such tropo-
spheric phenomena include blocking (e.g.
Bao et al., 2017), extratropical cyclones
(e.g. Cho et al., 2022) and tropical sources
of poleward-propagating Rossby waves
such as the Madden-Julian Oscillation
(MJO; e.g. Garfinkel et al, 2012a) and the
El Nifo-Southern Oscillation (ENSO; e.g.
Polvani et al., 2017). A key pathway for
the latter is the modulation of the Aleutian
Low (e.g. Garfinkel and Hartmann, 2008).
Alternatively, the state of the stratosphere
can preferentially focus waves towards the
polar vortex and/or generate wave activity
internally (Albers and Birner, 2014), mean-
ing that wave activity propagating up from
the troposphere need not be anomalous
(de la Camara et al., 2019). In addition, the
quasi-biennial oscillation (QBO) in the equa-
torial stratosphere, which is characterised
by a descending transition from easterly
to westerly winds every ~28 months, can
modaulate the strength of the polar vortex,
with a weaker vortex and more frequent
SSWs when the QBO is easterly in early win-
ter (Holton and Tan, 1980; Gray et al., 2018).
This is usually attributed to preferential
focusing of wave activity onto the vortex
when the QBO is easterly (because Rossby
waves cannot propagate into easterlies),
but the full mechanism may be more com-
plex (Garfinkel et al., 2012b).

In the past few decades, SSWs have gained
particular attention because of their down-
ward influence on tropospheric weather
patterns (Baldwin and Dunkerton, 2001;
Hitchcock and Simpson, 2014) and the
associated implications for subseasonal-to-
seasonal prediction (Domeisen et al., 2020).
For up to around 2 months following SSWs,
the Atlantic eddy-driven (polar) jet stream is

on average shifted equatorward (Maycock
et al., 2020), associated with the negative
phase of the North Atlantic Oscillation
(NAO)/Northern Annular Mode (NAM) and an
increased likelihood of Greenland blocking
(Beerli and Grams, 2019). These circulation
anomalies drive concomitant temperature
and precipitation anomalies; notably, mid-
latitude cold-air outbreaks (particularly in
Europe) are more likely when the polar
vortex is weakened (Kolstad et al., 2010),
which can lead to a detectable increase
in mortality (Charlton-Perez et al., 2021).
However, only around two-thirds of SSWs
are followed by a persistently negative
tropospheric NAM (Karpechko et al., 2017).
Various explanations for this have been pro-
posed, including differences in the strato-
spheric evolution (e.g. Kodera et al., 2016)
and destructive interference by tropo-
spheric forcing (e.g. Knight et al., 2021). In
particular, the surface response to SSWs is
strongly modulated by the extent to which
the weak vortex anomaly reaches the lower
stratosphere (White et al., 2020).

Following a period of four consecutive win-
ters with no SSWs (2013/2014-2016/2017
inclusive), only two of the past seven win-
ters have seen no SSWs (2019/2020 and
2021/2022). This ‘active’ period began with
the February 2018 SSW, which was followed
by the so-called ‘Beast from the East’ cold-
air outbreak in northwest Europe (Greening
and Hodgson, 2019) and sparked wider sci-
entific, commercial and public interest in
the events. During the winter of 2023/2024,
two major SSWs occurred, which is a rela-
tively rare event - although sensitive to the
exact definition and dataset used, winters
with two SSWs have occurred only around
once per decade on average, and 2024 was
the first winter to see two events since at
least 2010. The two SSWs also evolved very
differently, with different possible impacts
on the tropospheric evolution. In this article,
we summarise the evolution of the SSWs
and discuss their wider climatic context
and associated stratosphere-troposphere
coupling.

Data and methods

We base our analyses on the fifth-generation
reanalysis produced by the European Centre
for Medium-Range Weather Forecasts, ERA5
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(Hersbach et al., 2020; Soci et al., 2024).
Although ERAS5 data stretch back to 1940,
we consider data beginning in the winter of
1957/1958 as this coincides with increased
stratospheric observations as part of the
International Geophysical Year. 10hPa zonal
winds used to define the SSW dates are
obtained on a 0.25° grid at 6-hourly tempo-
ral resolution; otherwise, data are obtained
on a 1.5° grid once-daily at 0000 utc since
the large-scale fields are qualitatively insen-
sitive to the coarser spatiotemporal reso-
lution. We also compared the dates of the
SSWs in winter 2023/2024 obtained from
ERA5 with those computed from daily-
mean JRA-3Q (Japanese Reanalysis for Three
Quarters of a Century; Kosaka et al., 2024)
and MERRA-2 (Modern-Era Retrospective
analysis for Research and Applications, ver-
sion 2; Gelaro et al., 2017) reanalysis data
and obtained the same results.

SSW definition

To classify SSWs, we follow the well-
established algorithm of Charlton and
Polvani (2007). While some small adjust-
ments have been proposed to the Charlton
and Polvani (2007) algorithm (Butler and
Gerber, 2018), they typically only influence
late-March SSWs that are not well separated
from the final warming. Hence, in this arti-
cle, we follow Charlton and Polvani (2007)
and define SSWs as a reversal of the daily-
mean 10hPa 60°N westerly zonal-mean
zonal winds (hereafter, U10-60) to easter-
lies between November and March. Once a
reversal has occurred, the zonal winds must
return to westerly for at least 20 consecutive
days before another SSW can be defined
(the results for 2024 are unchanged if the
30-day separation criterion of Butler and
Gerber (2018) is used instead). The sepa-
ration criterion is motivated by the typical
radiative timescales in the mid-stratosphere
during midwinter and ensures that the
detected events are dynamically separable.
Using this definition, we obtain 44 SSWs
in the 67 winters from 1957/1958 through
2023/2024 (a rate of 6.6 SSWs per dec-
ade), with two SSWs occurring in the win-
ters of 1965/1966, 1968/1969, 1970/1971,
1987/1988, 1998/1999, 2001/2002,
2009/2010 and 2023/2024.

Northern Annular Mode

The Northern Annular Mode (NAM), also
known as the Arctic Oscillation, is the lead-
ing pattern of atmospheric variability in the
Northern Hemisphere extratropics. In the
troposphere, it is strongly correlated with
the NAO (the extent to which the two are
meaningfully different has been debated; e.g.
Feldstein and Franzke, 2006). Various meth-
ods exist for defining the NAM (Baldwin and
Thompson, 2009). Here, we use standardised

anomalies of daily 60-90°N geopotential
heights at each pressure level, where the
daily mean and standard deviation are com-
puted over 1 January 1958-31 December
2023 and smoothed with a 30-day running
mean. Trends in geopotential height arising
from global-mean temperature trends are
accounted for by subtracting the global-
mean at each day and pressure level (similar
to Gerber and Martineau, 2018).

Eddy heat flux

To diagnose vertical wave propagation, we
use the zonally averaged meridional eddy
heat flux (i.e. the zonal mean of the prod-
uct of the departures of the meridional
wind and temperature from their respec-
tive zonal means, [v*T*]). This is propor-
tional to the vertical component of the
Eliassen-Palm wave activity flux, such that
positive eddy heat flux indicates upward
wave propagation and negative eddy heat
flux indicates downward wave propagation.
Upward propagating Rossby wave activity
converges in the stratosphere and exerts
a westward drag (i.e. an easterly accelera-
tion) on the westerly zonal winds. Here, we
average eddy heat flux across 45-75°N and
show standardised anomalies with respect
to a 30-day running calendar day mean

and standard deviation computed over 1
January 1958-31 December 2023.

Climate background: ENSO
and the QBO

ENSO and the QBO both modulate the
strength of the Arctic stratospheric
polar vortex and are predictable several
months in advance, making them poten-
tially useful for extended-range polar vor-
tex prediction. During winter 2023/2024,
moderate-to-strong El Nifio conditions
were present, with the three-monthly mean
Oceanic Nifo Index peaking at +2.0°C dur-
ing November-January. The QBO was in
the descending easterly phase; equatorial
zonal winds were easterly at 50hPa by
November-December, but relatively weak.
This combination of a relatively weak east-
erly QBO and moderate/strong El Nifio
(Nifio 3.4 > 1.5°C) is rare (Figure 1). Of the
El Nifo winters with an easterly QBO, El
Nifo events of similar strength occurred
in 1965/1966, 1972/1973 and 1993/1994,
but the easterly QBO was much stronger in
1966 and 1973, and only very weakly east-
erly in 1994. As a result, since 1957/1958,
there are no clearly comparable winters to
2023/2024 in terms of the joint ENSO-QBO
phase space.
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Figure 1. Scatter plot of historical November-January (NDJ) averaged ENSO (Nifio 3.4 Oceanic Nifio
Index) and QBO winds at 50hPa, from 1958 to 2024 (circle markers). Filled circles indicate winters
(November-March) that had one SSW, filled circles with an open circle around them are winters
that had two SSWs. The 2023/2024 winter is marked by a red circle. Vertical dashed lines at +0.5°C
show thresholds for La Nifia and El Nifio winters. The heat map shading shows the number of
observed SSWs per winter within the ENSO/QBO thresholds defined by each square. Below and

to the right of the scatterplot/heat map, distributions of NDJ ENSO and QBO winters for all years
(dotted line) and only winters with at least one SSW (solid line) are shown. These distributions are
represented by a kernel-density estimate using Gaussian kernels. For the bimodal QBO distribution,
the bandwidth has been adjusted to better resolve the actual distribution.




In the short observational record, SSWs
have been more likely to occur during
easterly QBO and either El Nifio or La Nifa
(rather than neutral) conditions. However,
some model experiments suggest that
the combination of El Nifio and easterly
QBO is most favourable for SSWs (Walsh
et al., 2022). Irrespective of the QBO, in the
historical record SSWs have occurred with
equal frequency during El Nifio and La Nifa,
and more often than during ENSO neutral
conditions. Therefore, while the precise risk
from each ENSO-QBO combination still
proves challenging to discern, the presence
of an easterly QBO and an active El Nifo
phase suggested a broadly elevated risk of
a weakened stratospheric polar vortex dur-
ing winter 2024. The rarity of winters with
two SSWs limits drawing any robust conclu-
sions from observations about any potential
ENSO-QBO modulation, but we note that
two SSWs have not yet occurred during a
La Nifa winter with a westerly QBO.

Overview of the winter

We begin by examining the evolution of the
stratospheric polar vortex during the winter,
as shown by the time series of U10-60 in
Figure 2(a). During December, zonal winds
remained close to 30ms™, near or slightly
below average. Subsequently, the vortex
weakened rapidly in the opening week of
January, with U10-60 reaching a minimum
of 12ms™ on 7 January. This marked the
first minor warming of the winter. Over the
next week, the vortex remained disturbed,
and another rapid deceleration culminated
in the reversal of the daily-mean U10-60 on
16 January and the occurrence of a major
SSW. However, the deceleration ceased
almost immediately; zonal winds remained
only very weakly easterly for just 2 days, and
the vortex rapidly re-intensified thereafter —
almost as quickly as it had weakened.

In mid-February, another minor warm-
ing episode occurred, with a rapid decel-
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Figure 2. Evolution of the Arctic stratospheric polar vortex during winter 2023/2024 based on
ERAS5 reanalysis. (a) Daily-mean zonal-mean zonal winds at 10 hPa and 60°N. Red markers
indicate days with daily-mean easterly winds. The orange line shows the 1958-2023 climatology,
smoothed with a 30-day centred running mean. (b) Pressure-time cross-section of the Northern
Annular Mode index (for methodological details, see main text). (c) Pressure—time cross-section
of standardised anomalies of 45-75°N average meridional eddy heat flux. In (b) and (c), vertical
black dashed lines denote the dates of the two major SSWs (16 January and 4 March 2024) and
dotted black lines denote the dates of minima in U10-60 associated with two minor warmings
(7 January and 19 February 2024). In (c), black cross-hatching denotes days where the total
eddy heat flux (i.e. not the anomaly) was negative. Anomalies are expressed with respect to the

1958-2023 climatology.

eration of the zonal winds from 33ms™' on
10 February to 0.4ms™" on 19 February -
remarkably close to becoming a major SSW.
Despite this extremely fine margin, none of
the three modern reanalysis datasets con-
sidered here (ERA5, MERRA-2 and JRA-3Q)
show easterly daily-mean U10-60 on this
date. A slow recovery of the zonal winds
then followed, before another deceleration
began at the start of March. The second
major SSW of the winter then occurred
on 4 March, as daily-mean U10-60 became
easterly. This event was more intense than
the January event; easterly winds persisted
for 21 consecutive days, reaching a mini-
mum of —20ms™" on 15 March. By April, the
seasonal increase in solar radiation in the
Arctic meant the recovery of the vortex was
minimal. The final warming then occurred
on 29 April, over 2weeks later than the
historical median date of 12 April (Butler
and Domeisen, 2021). However, a later-than-
average final warming is common during
winters with an SSW, largely due to the slow
recovery of the vortex post-SSW preventing
the occurrence of another warming.

When comparing with 42 previously
observed SSWs, the evolution (Figure 3a)
and strength (Figure 3b) of both events
in winter 2024 were unusual. The re-
intensification of the vortex following the
16 January SSW was exceptional in the his-
torical record (per ERAS5), setting records for
westerly U10-60 5-9days after an SSW. The
easterlies following the SSW were the 4th
weakest, and it was the weakest SSW by this
metric to occur in January. In contrast, the
easterlies following the 4 March SSW were
the 7th strongest on record and the strong-
est on record for a March SSW by a wide
margin. Furthermore, the unusual intensity
of the minor warming on 19 February and
its proximity to the 4 March event resulted
in the weakest daily-mean westerly U10-
60 on record during the 4weeks prior to
a major SSW. The two SSWs themselves
occurred only 48days apart, which is the
second shortest period between SSWs
after the 43days between the events of 9
February and 24 March 2010, and similar to
the 49days between the 30 December 2001
and 17 February 2002 events.

Some reports issued during the winter?
referred to the occurrence of three SSWs,
but established criteria for defining SSWs
classify only two major events. No winter in
the observational record has seen three
SSWs, but estimates from a large ensemble
of the Met Office GloSea5 model give an
approximate return period of 1-in-250years
(Ineson et al., 2024). Nonetheless, 6-hourly
ERA5 data do show U10-60 becoming very
briefly easterly at 0000 utc (-1.6ms™") and

Zhttps://blog.metoffice.gov.uk/2024/03/06/
one-in-250-year-event-underway-high-in-the-
atmosphere/ [Accessed 30 October 2024].
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Figure 3. (a) Evolution of daily-mean U10-60
for 30days before to 30days after 42 SSWs

in 1957/1958-2022/2023 (dotted grey lines),
the 16 January 2024 SSW (blue line), and the
4 March 2024 SSW (red line). (b) Minimum
U10-60 in the period 0-30days after 44 SSWs
in 1957/1958-2023/2024. The horizontal black
dashed line denotes the average. Hatched
bars denote instances of two SSWs in a single
winter.

0600 utc (—=1.4ms™") on 19 February, suffi-
cient to turn the 24-h centred running mean
(as opposed to the calendar day mean)
weakly negative at 0000 and 0600 utc on
the 19th (—0.5ms™"). However, if one were
to consider the brief, sub-daily reversal of
U10-60 on 19 February as a ‘major’ event,
then the reversal on 4 March would not be
classified as a separate event because it
occurred after only 13 consecutive days of
westerly winds, rather than the widely used
20 (or even 30) days. These criteria are
important to establish dynamically separa-
ble events, including relative to their tropo-
spheric impacts. The evolution of the NAM
(Figure 2b) also supports the interpretation
of two, not three, major SSWs.

Dynamical evolution

Having summarised the key events in
the Arctic stratosphere during winter
2023/2024, we now look more closely
at the dynamics. The minor warming on
7 January was preceded by anomalous
wave activity in only the stratosphere
(mainly above 50hPa, where it exceeded
3 standard deviations); wave activity was
either average or below average in the
troposphere at that time (Figure 2c). This
provides a clear example of stratospheric
variability not directly related to anoma-
lous tropospheric wave forcing (e.g. de la
Cémara et al., 2019). The 7 January minor
warming was dominated by wavenum-
ber 1, with an intensified stratospheric
Aleutian High and a displaced, elongated
vortex (Figure 4a). However, eddy heat flux
then turned negative immediately after-
wards between 50 and 10hPa, indicative of
downward-propagating wave activity. The
resultant divergence of wave activity in
the mid-stratosphere and associated zonal
wind acceleration likely played a key role in
this event failing to become a major warm-
ing. Nonetheless, the vortex throughout

Figure 4. Maps showing 10hPa wind speeds
(filled) and geopotential height (contours) from
ERAS5 reanalysis at 0000 urc on (a) 7 January
2024, during a minor warming, (b) 16 January
2024, during a major SSW, (c) 19 February
2024, during a minor warming, and (d) 4
March 2024, during a major SSW. Contours
every 20 decametres (dam), with the 3000 dam
contour thickened.
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(a) MSLP: 26 Dec — 15 Jan 2024

(b) MSLP: 12 Feb — 3 Mar 2024
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Figure 5. (a-c) Average MSLP anomalies (hPa) for the 21days before (a) the 16 January 2024 SSW, (b) the 4 March 2024 SSW and (c) the average
across 31 SSWs in 1979-2024. In (a) and (b), the area-weighted pattern correlation (r) with the composite map is also shown in the lower left. (d—f) As
in (a-c) but for 2m temperature (°C). Anomalies are expressed with respect to the 1991-2020 climatology. In (c) and (f), stippling indicates the mean
is significantly different from zero at the 5% level, according to a bootstrap resampling test with 10000 iterations.

the column was weakened, with a negative
NAM coupled between the stratosphere
and troposphere (Figure 2b).
Subsequently, another burst of anoma-
lous wave activity occurred - this time
linked to anomalous upper-tropospheric
wave activity - resulting in the 16 January
major SSW. This event was also dominated
by wavenumber 1, but the vortex showed
some signs of splitting (wavenumber 2)
with the main vortex displaced above
Scandinavia and a smaller lobe of the vor-
tex over northern Canada (Figure 4b).
Splitting of the vortex was more substan-
tial in the lower stratosphere; this appeared
to be due to the upward influence of a
blocking anticyclone over Greenland
(Figure 5a; itself perhaps linked to the
effect of the earlier minor warming).® What
followed was an extremely unusual evolu-
tion for a major SSW. Eddy heat flux
became negative throughout the strato-
sphere, indicating large-scale downward
wave propagation; the divergence of wave
activity led to an abrupt restrengthening
of the vortex and a termination of the
negative NAM. In the troposphere, a very
strongly positive NAM developed -

3See also https://www.climate.gov/news-featu
res/blogs/polar-vortex/polar-vortex-acting
[Accessed 19 August 2024].

opposite to the average evolution after a
major SSW, but in agreement with the
behaviour of ‘reflecting’ SSWs (Kodera
et al., 2016). Hence, the NAM in both the
stratosphere and troposphere prior to the
major SSW more closely resembled the
average evolution after a major SSW than
what followed. Consistent with the absence
of anomalous tropospheric wave activity,
the MSLP and 2m temperature anomalies
prior to the SSW (Figure 5a,d) do not
strongly resemble average SSW precursor
patterns (Figure 5¢,f), except for the deep-
ened Aleutian Low.

By early February, the vortex in the mid-
upper stratosphere had become stronger-
than-average (positive NAM) and coupled
to the positive NAM in the troposphere
(Figure 2b). At this time, wave activity
increased in both the stratosphere and
troposphere, leading to the abrupt weak-
ening of the vortex and the onset of a
negative NAM in the stratosphere, but it
was insufficient to induce a major SSW.
The onset of this warming immediately
after the development of a positive NAM
throughout the column suggests that the
strengthened vortex served as a coher-
ent vertical wave guide. Once again, this
event was dominated by wavenumber 1,
although relative to the earlier disruptions,
it was rotated slightly anticlockwise, with
the main vortex displaced over northern

Siberia (Figure 4c). Then, at the start of
March, a burst of anomalous wave activity
in the troposphere moved up into the strat-
osphere, ultimately leading to the second
major SSW of the winter. The anomalous
tropospheric wave activity is consistent
with the presence of an anomalous anti-
cyclone over the Ural Mountains (‘Ural
blocking’) prior to the SSW (Figure 5b),
which is a common tropospheric precursor
of SSWs (Figure 5¢) (Kolstad and Charlton-
Perez, 2011). Spatially, the 4 March event
was similar to the 19 February minor
warming, but the integrated effect of the
wave activity over the previous weeks
meant the vortex had been progressively
eroded and warmed; the geopotential
height in the core of the 10hPa vortex
on 4 March was 74 dam higher, and the
vortex itself was much smaller (Figure 4d).
The evolution of the NAM in the strato-
sphere following the 4 March SSW more
closely resembled the average evolution
during an SSW; the negative NAM reached
the lower stratosphere and persisted for
around a month (Figure 2b). Wave activity
in the stratosphere diminished after the
SSW, owing to the strong and persistent
easterlies (which do not support upward
Rossby wave propagation) and disruption
to the potential vorticity gradient that
served as a wave guide around the edge

of the vortex.
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Surface impacts

The 16 January SSW did not lead to the
onset of a persistently negative NAM in the
stratosphere (cf. Figure 2b), and the ‘reflec-
tive’ properties of the SSW were associated
with the onset of a strongly positive NAM in
the troposphere. Hence, average mean sea-
level pressure (MSLP) and 2m temperature
anomalies following the event (Figure 6a,d)
did not resemble those associated with the
average negative NAO response to an SSW
(Figure 6¢,f). This is unsurprising due to the
lack of a negative stratospheric NAM and dif-
fers from situations in which there is a nega-
tive NAM in the stratosphere but minimal
coupling with the troposphere (such as that
seen following the SSW on 2 January 2019;
Butler et al., 2020). Averaged over the 30days
after the event, North America was extremely
warm (temperatures were more than 8°C
above the 1991-2020 average across Canada)
owing to an extended Pacific jet stream con-
sistent with the presence of a strong El Nifio
(e.g. Shapiro et al.,, 2001). Europe was also
generally warmer than average, with anom-
alously cyclonic conditions stretching from
the Azores to Scandinavia leading to anoma-
lous southwesterly flow across the continent
and hence warmer-than-average conditions.
Below normal temperatures were present
across parts of Fennoscandia; this was a
continuation of a persistent cold ‘blob’ that
developed in late 2023 (Rantanen et al., 2024)

(a) MSLP: 17 Jan — 15 Feb 2024

degC

and was stronger prior to the SSW (Figure 5d)
than afterwards. Thus, it was unlikely related
to the impact of the SSW.

During 21-24 January, storms Isha (named
by the Met Office) and Jocelyn (named by
Met Eireann) brought damaging winds to
Britain, Ireland, and parts of northern Europe
(Kendon, 2024). These storms developed from
an intensified jet stream owing to a transient
cold air outbreak in eastern North America
downstream of an amplified Alaskan ridge.
This large-scale pattern is often associated with
wind extremes in northwest Europe (Riboldi
etal.,, 2023) and is also similar to the response
to reflecting SSWs in Kodera et al. (2016) and
a positive NAO more generally.

In contrast, following the 4 March SSW,
anomalously high pressure developed
across Greenland and the Norwegian
Sea, with anomalously low pressure to its
south (Figure 6b) — a pattern more similar
to the negative NAO/negative NAM-type
response typically seen following major
SSWs (Figure 6c). However, the anomalously
low pressure centred west of Ireland once
again led to anomalously southerly flow,
resulting in above-average temperatures for
Europe (Figure 6e). These circulation anom-
alies resemble the Atlantic Trough regime
(Grams et al., 2017), which is associated
with mild and unsettled conditions across
northwest Europe and is common following
SSWs (Beerli and Grams, 2019; Domeisen
et al, 2020), despite its very different tem-

(b) MSLP: 5 Mar — 3 Apr 2024

r=0.47 degC

perature footprint from that of the typical
Greenland Blocking (negative NAO/NAM)
response. Furthermore, the occurrence of
this SSW in early spring (rather than mid-
winter) may have influenced the surface
response, because the structure of variability
in the Atlantic (including the NAO) contracts
poleward with the seasonal cycle.

Impacts on stratospheric
chemistry

Polar stratospheric clouds (PSCs), also known
as nacreous clouds, were widely observed
across Europe in late December 2023 (e.g.
Figure 7; Keates and Harris, 2024). These
developed as the stratospheric Aleutian
High strengthened, displacing the cold strat-
ospheric vortex toward Europe (the slightly
negative NAM in Figure 2(b) indicates a
weak stratospheric disturbance). As seen in
Figure 8(a), high-latitude (and thus vortex)
minimum temperatures were unusually low in
late November through late December 2023,
with behaviour somewhat similar to that in
late 2012. These unusually low temperatures,
including several days on which ice PSCs were
expected, accompanied by the vortex shifting
away from the pole, are consistent with the
widespread PSC observations.

Chemical reactions on the surfaces of PSCs
convert chlorine from its reservoir forms into
‘active’ forms that can destroy ozone; chlorine
monoxide (ClO) is the primary form of active

(c) Average [31 SSWs]

hPa

degC

Figure 6. (a-c) Average MSLP anomalies (hPa) for the 30days following (a) the 16 January 2024 SSW, (b) the 4 March 2024 SSW and (c) the average
across 31 SSWs in 1979-2024. In (a) and (b), the area-weighted pattern correlation (r) with the composite map is also shown in the lower left. (d—f) As
in (a—c) but for 2m temperature (°C). Anomalies are expressed with respect to the 1991-2020 climatology. In (c) and (f), stippling indicates the mean
is significantly different from zero at the 5% level, according to a bootstrap resampling test with 10 000 iterations.
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chlorine during sunlit periods (Solomon, 1999,
and references therein). Figure 8(b) shows
that the unusual cold in late December led
to record-high vortex-averaged ClO values for
those dates, rivalled only by those in late 2012.
2012/2013 and 2023/2024 are the only winters
since 1991/1992 (when an earlier MLS instru-
ment began measuring stratospheric compo-
sition) in which the temperatures and vortex
evolution were conducive to such extremes.
In both winters, the exceptionally high early
winter ClO values arose from the combination
of extensive chlorine activation in an unusu-
ally cold early winter vortex accompanied by
the vortex moving away from the pole into
regions that receive sunlight in midwinter
(Manney et al., 2015). In early January 2024,
the vortex moved back towards the pole
prior to the brief mid-January SSW, which
temporarily increased temperatures above
the PSC threshold and thus allowed chlorine
deactivation to begin. After the prolonged
SSW in January 2013, chlorine was gradually
deactivated through the remainder of the
winter; in 2024, however, temperatures soon
dropped below PSC thresholds again until the
February minor warming. Consistent with this,
there was some additional chlorine activation
during February 2024, though CIO values
remained well below average.

Most chlorine-catalysed ozone depletion
occurs in spring when the full stratospheric
polar vortex receives sunlight (Solomon, 1999,
and references therein), with ozone valuesin the
lower stratospheric vortex typically increasing
until about mid-January via descent of higher

Figure 8. Timeseries on the 520K isentropic
surface (near 21km altitude, 50hPa pressure) of
(a) minimum highlatitude (poleward of 40°N)
temperatures from the MERRA-2 reanalysis,

and vortex averages of (b) Aura Microwave
Limb Sounder (MLS) chlorine monoxide mixing
ratios, and (c) MLS ozone mixing ratios (from

v5 MLS data, Santee et al., 2021; Schwartz et
al,, 2021). Black line shows the 2023/2024 winter,
orange line the 2012/2013 winter (the only
previous winter during the Aura mission with
similar dynamical and composition evolution in
December and January to that in 2023/2024);
grey envelope shows the range over the Aura
mission (2004/2005 through present, excluding
2012/2013 and 2023/2024, with mean and 1
standard deviation envelope shown as solid and
dotted white lines, respectively. Black horizontal
lines show the typical threshold below which
polar stratospheric clouds (PSCs) can form,

the upper line (higher threshold) for nitric acid
trihydrate and the lower line for clouds primarily
containing ice. PSC thresholds and vortex aver-
ages are calculated as described in Lawrence

et al. (2018). Gaps in orange and black lines in
(b) and (c) indicate times when the vortex was
not defined by the metric used here (when it
completely broke down from early February to
early March 2013 and its final spring breakdown
in late March in 2024 and late April in 2013).
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Figure 7. Polar stratospheric clouds near Harrogate (North Yorkshire, UK; 54.0°N 1.5°W, looking south-
east) illuminated by moonlight at 2217 utc on 24 December 2023 (photograph by the lead author.)
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ozone. However, in late December 2023 and
early January 2024, ozone values decreased
substantially, similar to the anomalous behav-
iour in late 2012/early 2013. As reported by
Manney et al. (2015) for 2012/2013, chemical
ozone destruction was enabled by the excep-
tional chlorine activation coupled with vortices
shifted to latitudes that received full sunlight
during midwinter. Because the 2023/2024
vortex soon moved back over the pole (but
with lower values of ClO), ozone began to
increase as its changes were again dominated
by descent of higher ozone in the vortex.
Arctic total column ozone is controlled pri-
marily by dynamics even in the few excep-
tionally cold springs when chemical loss is a
substantial factor (Manney et al., 2011, and ref-
erences therein); in spring 2024, the early vor-
tex breakup, unusually high lower stratospheric
temperatures, and lack of springtime chemical
ozone loss all contributed to extremely high
column ozone values (Newman et al., 2024).

Conclusions

The two very different SSWs during early
2024 and their unusual evolution relative to
previous events highlight the diversity of the
phenomenon, which is still being revealed as
the observational record lengthens. This fur-
ther motivates studies involving large model
ensembles, which can provide insight into
rare events (e.g. Kolstad et al,, 2022; Ineson
et al., 2024). The rapid restrengthening of
the vortex and dissipation of the negative
NAM within a few days of the 16 January
SSW meant that it quickly became evident
that the SSW would not exert the canoni-
cal response in the troposphere. While the
March SSW was more typical, observational
evidence suggests that tropospheric impacts
were still relatively muted. However, attrib-
uting impacts of SSWs solely from observa-
tions is difficult at best, and modelling studies
would be required (similar to those used in
the SNAPSI project; Hitchcock et al., 2022).
The impact of the 2024 SSWs on polar
chemical processing in the lower strato-
sphere shows (similar to that in 2013) the
complex and nonlinear relationship of
SSWs to that chemical processing, such
that increasing temperatures above those
at which such processing can occur may,
because of changes in vortex morphol-
ogy and position, have a short-term effect
of temporarily increasing chemical ozone
loss before chlorine deactivation can occur.
Further studies should examine the relation-
ship of the 2024 SSWs to polar processing in
more detail, including exploring any impacts
of the higher background water vapour lev-
els from the 2022 Hunga volcanic eruption.
A clear avenue for future work is to exam-
ine the predictability of the two major SSWs
in early 2024 on medium-range, subsea-
sonal, and seasonal timescales. Notably, win-
ter 2023/2024 was the first in which ECMWF

produced 101-member, daily extended-
range ensemble forecasts as part of the cycle
48r1 upgrade to the Integrated Forecasting
System (Lang et al., 2023). This will provide a
new level of insight into the predictability of
SSWs and their associated dynamics.
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