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ABSTRACT: In this study we investigate and quantify the statistical changes that occur in the
stratosphere and mesosphere during 37 sudden stratospheric warming (SSW) events from 1989 to
2016. We consider changes in the in-situ ozonesonde observations of the stratosphere from four
sites in the northern hemisphere (Ny-Alesund, Sodankyla, Lerwick, and Boulder). These data are
supported by Aura/MLS satellite observations of the ozone volumetric mixing ratio above each site,
and also ground-based total-column Oz and NO, and mesospheric wind measurements, measured
at the Sodankyléd site. Due to the long-time periods under consideration (weeks/months) we
evaluate the observations explicitly in relation to the annual mean of each data set. Following the
onset of SSWs we observe an increase in temperature above the mean (for sites usually within the
polar vortex) that persists for >~40 days. During this time the stratospheric and mesospheric ozone
(volume mixing ratio and partial pressure) increases by ~20% as observed by both ozonesonde and
satellite instrumentation. Ground-based observations from Sodankyld demonstrate the total column
NO- does not change significantly during SSWs, remaining close to the annual mean. The zonal
wind direction in the mesosphere at Sodankyla shows a clear reversal close to SSW onset. Our
results have broad implications for understanding the statistical variability of atmospheric changes
occurring due to SSWs and provides quantification of such changes for comparison with modelling

studies.
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1. Introduction

The phenomenon of a Sudden Stratospheric Warming (SSW) was first identified by Scherhag
[1952] using radiosonde observations of the stratospheric temperature above Berlin. Scherhag
clearly demonstrated that the temperature of (usually cold) stratospheric air underwent an
extremely rapid increase (~50°C) in January and February of 1952. Such "explosive warmings in
the stratosphere™ were originally termed the "Berlin Phenomenon" [Scherhag, 1952]. In
subsequent studies the broad physical and chemical mechanisms that underpin SSWs were revealed
(e.g. Perry [1967], Matsuno [1971], Trenberth [1973], Schoeberl [1978]; Ditsch and Braun [1980],
Schoeberl and Hartmann [1991]). In brief, planetary-scale waves from the troposphere carry
momentum and energy upwards into the stratosphere and mesosphere. The breaking of these
waves in the upper-stratosphere/mesosphere can cause the disruption and/or break-up of the polar
vortex (PV) [Matsuno, 1971]. The PV usually carries colder air from the mesosphere down into the
stratosphere during the polar winter. Odd-nitrogen species (NOx) from the mesosphere are also
transported downward from the mesosphere in the PV. NOx-species are long-lived during darkness
and chemical reactions with NOx constitute the major loss mechanism for stratospheric ozone (O3)
during the polar winter [Brasseur and Solomon, 1986]. Details of the chemical and dynamical
variation of ozone in the Arctic wintertime have since been outlined in detail (see Tegtmeier et al.
[2008a] and references therein). In contrast, the main source of Oz is the Brewer-Dobson
circulation [Dobson et al., 1929; Brewer, 1949; Dobson 1956] (see also Solomon [1999] and
Butchart [2014] and references therein). The planetary wave-breaking that accompanies the onset
of a SSW transports heat from lower latitudes and accelerates the Brewer-Dobson circulation
[Mcintyre, 1982]. This leads to a rapid warming of the stratosphere from its previous low-
temperature state. Additionally the downwards transport of NOy is also terminated, leading to a
cessation of Oz losses through chemical reactions with NOx, while the primary source of Os is

largely unchanged. In combination, these processes usually lead to a rapid increase in O3 levels in
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the upper stratosphere and mesosphere immediately following a SSW, with the altitudinal
dependence of Os behaviour during SSWs strongly dependent on altitude (cf. de la Camara et al.

[2018a]).

Although SSWs have been observed in both northern and southern latitudes, they are
predominantly a northern hemisphere phenomenon since planetary waves in the southern
hemisphere usually have a much lower wave-amplitude. The literature contains a large number of
recent studies where the various effects of SSWs in the stratosphere and mesosphere have been
investigated, both observationally and theoretically (e.g. Sofieva et al. [2012], Scheiben et al.
[2012], Kuttippurath and Kikulin [2012], Paivarinta et al. [2013], Damiani et al. [2014]; Shepherd
et al. [2014], Lukianova et al. [2015], Manney et al. [2015], Strahan et al. [2016], Meraner and
Schmidt [2016], Butler et al. [2015; 2017], Solomonov et al. [2017]; de la Camara et al. [2018a;
2018b]; Smith-Johnsen et al. [2018]). The main processes occurring in the atmosphere before and
after SSWs have been determined extensively in the literature and are summarized graphically in

Figure 1.

SSWs have received increasing attention within the community in recent years. This is
predominantly due to the connections between SSWs, tropospheric weather, and surface climate in
the northern hemisphere (e.g. Kretschmer, et al. [2018], and references therein). Determining the
occurrence date of a SSW allows forecasters to predict likely weather patterns much further in
advance [Tripathi et al., 2015; Pedatella et al., 2018]. Additionally, since the effects of SSWs
propagate upwards in altitude, as well as downwards, determining their morphology assists in
understanding topics as diverse as electron densities in the ionosphere (e.g. Chau et al. [2012]) and
satellite drag (e.g. Yamazaki et al. [2015]). As with many other dynamic terrestrial phenomena, the

classification of SSWs has proven somewhat difficult to formalize with different definitions of the
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various types of SSW having been identified in the literature. The recent works of Butler et al.
[2015] and Palmeiro et al. [2015] assess the various criteria being used to identify and classify

SSWs and provide the impetus for more-rigid definitions throughout the community.

Despite the large number of studies of individual SSWs in the literature, there have been few
investigations that quantify the statistical variability in composition that occur before during, and
after these events (cf. Strahan et al. [2016]). Each event is certainly different, with different initial
conditions in the atmosphere, different driving mechanisms, and differing durations. Modelling
studies are used increasingly to provide predictions of changes in the atmosphere during SSWs, and
to subsequently derive the physical and chemical basis for these changes. However, such models
require observational data for comparison. The over-arching aim of the current study is to quantify
the changes that occur in the stratosphere and mesosphere regions of the atmosphere during SSWs,
in a statistical manner, and hence reveal the variability of atmospheric effects caused by these
events. Previous analyses have generally considered the effects of single SSWs during a particular
year. Such studies usually consider the time-series of the parameter under consideration (e.g. how
Os at a particular location changes in time). However, the observed changes during such events
(which may last days, weeks, or even months), are usually provided in addition to the natural
variation of the parameter (that would be expected to take place whether a SSW occurred or not).
In contrast to such analyses, the work in this study is intended to reveal (and quantify) the statistical
changes that occur, on average during SSWSs, with respect to the underlying (naturally occurring)
annual variation (see also Paivarinta et al. [2013]; Ageyeva et al. [2017]). Such seasonal-
corrections to the data (to ascertain the deviation from the natural variation) were previously made
with respect to changes in Oz during solar-proton events (SPEs) [cf. Denton et al., 2017; 2018] and

the same techniques are used in the current study.
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The data and analysis techniques used in this study are summarized in Section 2. Results are
presented in Section 3 and discussed in detail in Section 4. A summary of the main findings and

the conclusions to be drawn from this study are to be found in Section 5.

2. Data and Analysis

The study of Bulter et al. [2015] correctly points out that the definitions of SSWs have changed
over time and that a single definition to fit all users would likely be impossible. They also wisely
notes: "...history suggests that a true standard definition of SSWs is at best ambiguous and at worst
nonexistent”. The problem with standards is that there are so many of them. The analyses
undertaken in this study concern 37 SSWs occurring between 1989 and 2016. These events are a
combination of the previously published events identified in Table 2 of Butler et al. [2017] and
Table 4.1 in Ehrmann [2012] with the events after 2013 taken from the recent literature. Here we
follow Butler et al. [2017] with SSWs defined as when the daily-mean zonal-mean zonal winds at
10 hPa and 60° N first change from westerly to easterly between November and March. The winds
must return to westerly for twenty days between events.. Table 1 contains the onset timing of the
events used (further details of the events can be found in Butler et al. [2017] and Ehrmann [2012]).
A caveat to statistical analysis of SSWs is that in each year there may be a single warming, or
multiple warmings (denoted in the literature as "first warming", "major warming", "final warming",
etc.). The durations, and indeed the actual definitions, of each of these (e.g. "displacement events",
"split events") is highly variable throughout the literature (see Butler et al. [2015] and Palmeiro et
al. [2015] for a detailed discussion of SSW definitions). The atmosphere will clearly be in a
somewhat different and unique state for the first warming, compared to the final warming, with
each event having a different time-history. However, there are certainly similarities between all
events particularly since the onset of a SSW occurs due to the break-up/disruption of the PV, driven

by breaking of planetary waves. It is these similarities that are investigated here. Separating out
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the statistical effects of multiple warmings during a single year is not possible due to the limited
number of events and is beyond the scope of the current study. The main goal in the current study
is to quantify the mean changes taking place in stratospheric and mesospheric Oz during a typical
SSW (with other parameters also being investigated). We do not aim to investigate the differences
between individual events but rather concentrate on the mean perturbations to be expected during
an "average" SSW onset. Since each event is different the most appropriate methodology to use is
superposed-epoch analysis (sometimes known as composite analysis). This analysis is based on
ordering the data from each event based on an "epoch time", here identified as the time of SSW
onset (from Table 1). The mean variation of each parameter with relation to the epoch time can
then be determined (along with percentiles, standard-deviation, etc.). This methodology was
previously used in the studies of ozone changes during SPEs [Denton et al., 2017; 2018] as well as
other phenomena relating to particle precipitation into the atmosphere and subsequent changes in
atmospheric chemistry (e.g. Kavanagh et al. [2012], Denton and Borovsky [2012], Blum et al.

[2015]).

The data sets to be analyzed via superposed-epoch analysis relate to the abundance of Oz in the
stratosphere and mesosphere. In addition, we also examine other selected parameters that are
known to affect the production, loss, and transport of ozone in the atmosphere. These include the
variations in stratospheric and mesospheric NO: (due to its link to the loss of Os), the speed and
direction of the prevailing atmospheric winds (due to its role in the transport of Ogz), and the
temperature (due to linkages with both the source and the loss processes connected with O3). The

data sets associated with these variables are described in Sections 2.1-2.4 below.

2.1 ECC ozonesonde data

Frequent high-resolution ozonesonde observations are made at dozens of sites around the globe.
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Many utilize balloon-borne Electrochemical Concentration Cell (ECC) detectors to provide the
ozonesonde partial pressure and temperature as a function of pressure (and geopotential altitude)
from the ground up to ~38 km altitude [Deshler et al., 2008; 2017, Kivi et al., 2007, Smit and
ASOPOS Panel, 2014]. The wind direction and speed can also be sampled and recorded. Here,
data from ECC ozonesondes launched from four sites are utilized: Ny-Alesund on the Svalbard
archipelago (NY-AL); Sodankyld in northern Finland (SOD); (C) Lerwick on the UK Shetland
Isles (LER); (D) Boulder in the continental USA (BOU). The observations provide the ozone
partial pressure (in mPa), and temperature above each location. The sites are chosen to provide
observations that are typically within the PV (NY-AL and SOD), close to the edge of the PV
(LER), or always outside the PV (BOU). The BOU site is to be used as a 'control' since SSW
effects are not generally expected to occur at such low latitudes. The geographic location of the
sites, and the average percentage of time that each spends within the PV from January to April are
shown in graphical format in Figure 2. Data from these four sites was previously used to determine

the role of the PV in the reduction of ozone observed following SPEs [Denton et al., 2017; 2018].

2.2 Aura/MLS satellite data

The Aura satellite was launched in 2004 and carries a Microwave Limb Sounder (MLS) instrument
that is designed to measure the temperature and abundance of a wide range of the upper
stratospheric and mesospheric constituents, including Oz. A previous MLS instrument with very
similar characteristics was flown on the Upper Atmosphere Research Satellite [Waters et al., 1999].
Verification methodology for the instrument can be found in the works of Jiang et al. [2007] and
Livesey et al. [2008]. Here, we use the vertical profile Oz volume-mixing-ratio data (combined
with geopotential height data) above site-specific ground stations (L2, V04) to determine any
observed trends and to quantify the morphology of ozone before, during, and after SSW events.

These data have already been used in numerous studies of Oz behaviour in the stratosphere and



188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

mesosphere (e.g. Manney et al. [2006], Boyd et al. [2007], Jackson and Orsolini [2008], Strahan et

al. [2013], Damiani et al. [2014], Kishgore et al. [2016]).

2.3 SAOZ ground-based UV-visible spectrometer data

The Network for the Detection of Atmospheric Composition Change (NDACC) operated (Systeme
d’Analyse par Observation Zenithale) SAOZ instrument [Pommereau and Goutail, 1988] is
situated at Sodankyld and co-located with the SOD ozonesonde launch site. The instrument is a
UV-visible spectrometer that provides morning and evening vertical column integrals of the
abundance of NO and Os that have been used in numerous observational campaigns [Vaughan et
al., 1997; Vandaele et al., 2005; Pommereau et al., 2013]. Here, the SAOZ data are used to
provide: (a) an independent comparison dataset against which to test the Os observations from
ozonesondes and Aura/MLS, and (b) to determine any change in total column NO; from before,

during, and after SSWs (cf. Ageyeva et al. [2017]).

2.4 SLICE meteor radar data

A SkiYMET meteor radar known as the Sodankyla-Leicester lonospheric Coupling Experiment
(SLICE) was installed in northern Finland in 2008, positioned at the same location as the SOD
ozonesonde launching site discussed above.  The instrument transmits at ~36.9 MHz and
subsequently measures the Doppler shift of returning echoes from meteors in the upper atmosphere.
The meridional and zonal wind speeds in the altitude region from ~80-100 km (upper mesosphere -
lower thermosphere) may then be derived from these observations [Hocking et al., 2001]. In
previous work Lukianova et al. [2015] used the SLICE radar observations during three SSWs to
demonstrate that mesospheric cooling occurs prior to stratospheric warming, and that the cooling
and warming were of similar magnitudes (~50 K). Here, we utilize the SLICE data to quantify the

change in zonal wind direction in the mesosphere that occurs during our set of SSWs (2008-2016).
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3. Results

3.1 Ozonesonde results

Data from the ground-based ozonesondes introduced in Section 2.1 are not launched daily at any
site (Table 2 and Figure 2). Thus, none of the sites has continuous daily coverage during the 37
SSW-events considered here. Rather than investigate individual events, we carry out a superposed
epoch analysis (i.e. composite analysis) of the events to reveal the statistical characteristics of
SSWs. The mean O3z volumetric mixing ratio at each site is first calculated (measurements are
usually recorded as Oz partial pressure) and then plotted as a function of altitude and month and
shown in the left column of Figure 3. There is a clear latitudinal trend to the data with the lowest
latitude site (BOU) showing the highest mixing ratio and the highest latitude site (NY-AL) having
the lowest mixing ratio. Strong annual variations at each site are also evident with the highest level
of Oz generally found in northern hemisphere spring and the lowest level occurring in autumn. The
peak O3 mixing ratio occurs at around 30 km altitude for all sites. The mixing ratio plots presented
here may be compared directly with the mean ozone partial pressures previously calculated at each
site and plotted in Figure 2 of Denton et al. [2018] (see also Kivi et al., 2007). The main point to
note is that the peak partial pressure of Oz occurs at ~20 km altitude (the peak of the stratospheric

ozone layer) while the peak in the volumetric mixing ratio occurs roughly 10 km higher.

Also shown in the right column of Figure 3 are superpositions of the Oz mixing ratio at each of the
four sites, with respect to the 37 SSWs (these are initially uncorrected for season). Certain trends
can immediately be drawn from these plots. Firstly, there is a clear latitudinal variation. The most
poleward site (NY-AL) shows clear evidence for a sharp increase in the Oz mixing ratio following

the onset of SSWs. The data at SOD and LER show similar trends, although with a less clear
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demarcation from before-SSWs to after-SSWs. There is little evidence of a clear systematic
variation in the data from BOU during the period under study. However, since the data plotted here
are not seasonally-detrended the apparent observed changes cannot be simply attributed to SSWs.
The SSWs generally occur at the start of the year when the underlying annual trend at all sites is for
an increase in the Os mixing ratio. It is essential that this "natural™ increase is removed when the

underlying aim is to reveal perturbations to the annual trend that are due solely to SSWs.

To correct for seasonal biases in the data, and to quantify the variation in Oz due solely to SSWs,
we again calculate the difference-from-mean at each site. Figure 4 contains these difference-from-
mean plots with respect to the temperature (top row), the Oz mixing ratio (middle row) and the Os
partial pressure (bottom row). The difference-from-mean of each parameter is plotted with
increases (above mean value) shown in shades of red and decreases (below mean value) shown in
shades of blue. Values close to the mean value are coloured white. Note: for the temperature,
changes from the mean are plotted in °C. For the Oz mixing ratio and O3 partial pressure, the

changes are plotted as a percentage increase (red) or decrease (blue) from the mean value.

With reference to the temperature, the changes that occur due to SSWs can be found in the top-row
of panels of Figure 4. These show numerous interesting features. At NY-AL (first column) there is
a clear increase in the measured atmospheric temperature over a wide altitude range that
commences close to the arrival of SSWs. The maximum difference-from-mean is ~10°C (Figure 4,
top left plot) while the absolute change in temperature from a few days before the SSW occurrence
to a few days after is ~20 °C (although again there are wide variations in these values on an event-
by-event basis). The temperature changes at SOD and LER are similar (although the increase is
slightly less than that observed at NY-AL) At all three sites the temperature first increases at

higher altitudes >30 km a few days before zero epoch. Higher temperatures are subsequently
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detected at ~20 km altitude a few days later. Temperature changes persist for up to 40 days (NY-
AL) although these changes are somewhat altitude-dependent as expected. In contrast with the
more poleward locations, there are no systematic changes in temperature evident at the BOU site,

which is outside the PV at all times.

With reference to the Oz mixing ratio during SSWs, the plots in the middle row of Figure 4 also
show clear trends. At NY-AL, the Oz mixing ratio shows a clear rapid increase of ~15-20%
commencing around zero epoch at altitudes ~20-30 km. This persists for in excess of 30 days
(albeit in an altitude-dependent way). The data from SOD and LER are less clear, although the
mixing ratio increases to ~10% above of the mean value after zero epoch. Again, there are no

systematic changes in mixing ratio evident at BOU.

With reference to the Os partial pressure, the plots in the bottom row of Figure 4 show similar
features as observed for the mixing ratio. The data from NY-AL shows an increase of up to 30%
occurring at the same time as the SSW in the altitude region between ~20-30 km. This feature
persists for ~30-40 days. A similar magnitude increase is also observed centred on ~10 km
altitude, with altitudes around 15-20 km showing a less substantial increase. Again, SOD and LER
show some evidence of similar trends (~10% increase) but with much more variation. There are no

systematic trends in the O3 partial pressure in the BOU data.

3.2 Aura/MLS ozone results

Data from the Aura/MLS instrument span the period from Aug 2004-2017 and thus include 15 of
the 37 events. However, although the altitudinal resolution is somewhat coarse (compared with the
ozonesondes) these data have the advantage of much higher temporal coverage for all of the four

selected locations, with daily files usually available. The Aura/MLS data shown in Figure 5
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provide independent confirmation of the ozonesonde results (shown in Figure 3 and Figure 4) in the
altitudinal region of overlap, and have the added benefit of coverage in altitude up into the
mesosphere. Here, data are plotted from 0-80 km altitude although data at altitudes below ~215

hPa (~10 km altitude) should be generally disregarded [Jiang et al., 2007; Livesey et al., 2008].

As with the ozonesonde data, we initially calculate the mean annual variation in the Oz mixing ratio
above each of the four sites and plot this with the same scale as previously used. The results of this
are shown in Figure 5. In the altitude region of overlap there are similar trends in the mean annual
variations of the Aura/MLS data as were observed by ozonesonde (cf. Figure 3). Notably, the
highest mixing ratio is found at the lowest latitude (BOU). The overall magnitude of the averages
are similar at all sites, in the altitude region of overlap. The general agreement found between
Aura/MLS and ECC ozonesondes provides further confidence in the comparison of MLS data with
ozonesonde data during SSWs, despite the MLS dataset only covering years from 2004 onwards

(and thus only 15 SSWs).

Figure 5 contains plots of the superposed Os mixing ratio observed by Aura/MLS data during 15
SSWs that occurred after Aug 2004. The left column in this figure shows the superposed data
uncorrected for season while the right column shows the same data seasonally-detrended (i.e.
plotted as a percentage difference-from-mean). For clarity, the difference-from-mean plots are
limited in altitude from the stratosphere above 20 km and the mesosphere below 60 km where data

reliability, coverage, and altitudinal resolution, are all greatest.

As with the ozonesonde data, it is clear that the Oz mixing ratio undergoes a sharp and substantial
increase with the onset of SSWs, particularly at the highest latitude sites (NY-AL and SOD). The

mean mixing ratio is increased by ~20% at all altitudes between 20-60 km and persists upwards of
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40 days. At LER there is some evidence of an increase in the mixing ratio following the SSWs.
There is no evidence of an increase in the mixing ratio at BOU. The magnitudes of the changes
observed by Aura/MLS (at the sites where an increase is observed) are of a similar order to that

seen with the ozonesondes.

3.3 NO2 and O3 column integrals from SAOZ results

Data from the SAOZ UV-visible spectrometer provide NO> and Oz column abundances at SOD,
with which to further confirm the ozonesonde and MLS results for O3, and also with which to
examine the effect of SSWs on total NO2. As with other parameters, we commence by calculating
the mean of the parameter (measured density during both the morning and evening observations) as
a function of month. These are plotted in Figure 7. Both NO> (left column) and Oz (right column)
show large annual variations during morning (top row) and evening (bottom row) which make it
necessary to carry out a seasonally-corrected difference-from-mean analysis to reveal changes in

these parameters solely due to SSWs.

Figure 8 contains plots of the superposed NO2 and Oz morning and evening observations as a
function of time relative to 36 of the 37 SSWs when data are available. The left column shows the
data uncorrected for season and the right column shows the superpositions seasonally-corrected as a
difference-from-mean value. The thick black line is the mean of the superposition while the red,
blue and purple lines denote the upper quartile, median, and lower quartile of the averages. In these
plots there is an apparent slow increase in NO2 that commences around zero epoch. A sharper
increase is also evident for Oz (both morning and evening). However, the seasonally-corrected
plots shown in the right column indicate the true variations linked to SSWs rather than due to the
background seasonal variations. The superposed NO> profiles for morning and evenings (top two

rows) are flat, indicating that the total column-integrated NO, at SOD is unchanged by the onset of
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a SSW (a result in agreement with the findings of Sofieva et al. [2012]). In contrast, the total
column Os at SOD is actually decreasing prior to the SSWs. Following zero epoch there is a rapid
increase in total-column Os and elevated levels of ozone persist for in excess of 40 days. Note: We
also examined the column integral data from the Ozone Monitoring Instrument (OMI) on the Aura
satellite with the NO> and Oz column data from SAOZ. The Aura/OMI data do show some
evidence of a similar increase in column ozone around the onset of SSWs (not shown) but data
from OMI at the high latitude sites are sparse due to the orbit of the satellite and thus have not been

considered further.

3.4 Mesospheric winds from SLICE results

The break up of the PV is generally accompanied by a sudden reversal in mean zonal wind
direction in the stratosphere and mesosphere. In order to confirm that this reversal occurs for our
collection of SSWs we perform a similar analysis as for the other data sets using data from the
SLICE meteor radar. Hence we can quantify the change in zonal wind speed at the very top of the
mesosphere and close to the mesopause, at the SOD site between 82 and 100 km altitude (data
above 100 km altitude were unavailable during these intervals). Figure 9 shows a superposition of
the zonal wind speed as a function of time from the onset of SSW for 9 of the 37 SSW events after
2008 when data are available. This figure shows wind with a west-to-east direction as having a
positive zonal wind speed (red) and an east-to-west direction as having a negative zonal wind speed
(blue). Despite the limited SSW dataset, a robust trend is evident. Strong positive wind speeds
(west-to-east) occur until a few days prior to zero epoch. West-to-east winds at SOD are indicative
of the anti-clockwise PV winds over the northern pole during winter (cf. Figure 1 of Denton et al.,
2018]) The zonal wind direction ceases to be strongly westwards-to-eastwards a few days prior to
zero epoch and then changes sharply to an east-to-west direction suddenly, very close to zero

epoch, confirming the disruption/break-up of the PV over SOD around this time. This sharp trend
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is (on average) short-lived, lasting only ~4 days. After zero epoch the wind direction is much more
variable with both easterly and westerly winds being observed, although this is somewhat

dependent upon altitude.

4. Discussion

Very complex (temperature-dependent) chemistry and transport governs the abundance of Os in the
stratosphere/mesosphere [e.g. Brasseur and Solomon, 1986; Newman et al., 2001; Tegtmeier et al.,
2008a]. Elucidating how the Os abundance changes provides clues as to the most important of
these processes before, during, and after SSWs. The results of the current study, documented
above, provide quantification of the statistical changes typically occurring in various physical

parameters during SSWs, with reference to the mean state of the stratosphere and mesosphere.

For the 37 SSWs studied here the in-situ balloon ozonesonde observations at four sites demonstrate
an increase in the mean temperature at the highest latitude site (NY-AL) of ~10°C at stratospheric
altitudes of ~15-30 km (Figure 4, top left panel). Lower-latitude sites (SOD and LER) show a
similar, although less strong, increase as might be expected - these sites are not always within the
PV during the winter months (see Table 2). The volume mixing ratio at NY-AL increases by ~20%
above the mean at the onset of the SSWs with a slightly lower increase observed at SOD and LER.
No increase in temperature, Oz mixing ratio, or Os partial pressure are observed at the control-site

of BOU, which is consistently outside the PV.

The mean upper stratospheric/mesospheric Oz mixing ratios, as measured by Aura/MLS, are shown
in Figure 5. The absolute change and the difference-from-mean changes in these satellite-measured
parameters during SSWs are shown in Figure 6. The increase in Os mixing ratio at NY-AL and

SOD (~20% in the altitude region 20-60 km) following the SSWs agrees very well with the
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ozonesonde observations, in the overlapping altitude region. As noted above, the larger altitude
range provided by the satellite observations also provides additional insights into the altitude range

of the SSW-linked changes.

The average annual variation of total-column NO: and Os at Sodankyla are shown in Figure 7. The
difference-from-mean of these constituents (Figure 8) clearly shows that the total-column NO is
completely unchanged by SSWs while total-column Oz undergoes a sharp increase. Of course, our
results do not provide any information regarding the altitudinal distribution of NO. during SSWs.
It is perfectly possible (and perhaps likely) that the altitudinal distribution of NO. will change
during SSWs. However, investigation into changes in the composition during SSWs were
previously carried out for the stratosphere, mesosphere, and lower thermosphere by Sofieva et al.
[2012]. The authors used GOMOS data to show that enhancements in NOs were strongly
(positively) correlated with the temperature changes that followed SSWs (during 2003-2008),
although there were no clear changes noted in NO [Sofieva et al., 2012] - in agreement with

findings in the current study.

The decrease in total-column Oz before SSWs, also shown in Figure 8, is indicative of the usual
polar-night chemical loss (dominated by NOx and Oz chemistry) due to the presence of a PV. Once
such losses cease, at the onset of the SSW, then Os increases rapidly (since the main loss
mechanism is absent while the transport of ozone continues - cf. Figure 1). Finally, the meteor
radar observations at SOD confirm the clear reversal in mesospheric zonal wind direction that

occurs at the onset of the SSWs used in this study (Figure 10 - cf. Lukianova et al., 2015).

In the context of previously published work, the results presented in this study have provided

observational statistical quantification of the increases of upper stratospheric and mesospheric
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ozone following SSWs. For the major SSW in 2009, Tao et al. [2015] conclude that after the
event, poleward transport increased with this particular SSW accelerating the polar descent and
tropical ascent of the Brewer—Dobson circulation, and thus leading to the rapid increase in
stratospheric Os. The importance of this "resupply™ of ozone into the polar stratosphere was also

highlighted by Manney et al. [2011] following the exceptional loss of Arctic ozone in 2011.

The work of de la Camara et al. [2018a] provides particularly robust analysis of the changes
expected during SSWSs based on results from the Whole Atmosphere Community Climate Model
(WACCM) version 4. In that study the authors discuss the change in Oz in terms of the continuity
equation of ozone concentration in WACCM and attribute the observed O3 increase as being due to
the temporal offset between ozone eddy transport and diffusive ozone fluxes. Despite the different
scales, there are clear similarities between the average Oz changes occurring following SSWs
presented in Figure 6 of this current study and the Oz changes plotted in Figure 3 in de la Camara

et al. [2018a], which add further observational evidence for their conclusions.

Our previous work on stratospheric ozone considered the effects of SPEs on stratospheric ozone
during the polar winter, and the role of the PV upon the chemical destruction of Oz [Denton et al.,
2017; 2018]. These statistical studies showed clear statistical losses in stratospheric Oz following
SPEs but the analysis gave no consideration to years with, or without, a SSW. The differing roles
of SPEs and SSWs have also been investigated by Paivarinta et al. [2013]. They showed that
following a SSW, a strong PV reformed and that this PV could lead to enhanced downwards
transport of NOy species. There is also evidence that descent rates at the vortex edge may be much
greater than descent rates in the main PV [Tegtmeier et al., 2008b]. SPEs generally create NOx
species at mesospheric (and/or upper stratospheric) altitudes [Seppéala et al., 2008]. These species

then descend in the PV and cause chemical destruction of Oz in the stratosphere/lower-mesosphere.
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In contrast, and as shown here, SSWs cause a disruption of the PV and subsequent increases in Oa.
These two competing effects need to be independently determined and here modelling work is
essential. A complicating issue for event studies is the state of the atmosphere prior to an event
such as an SSW or SPE. The study of de la Camara et al. [2017] indicated that conditions in the

stratosphere prior to a SSW event were important in the evolution/occurrence of the SSW.

In contrast to examining the geographic distribution of Oz, we are unaware of any definitive study
where the vorticity of the atmosphere is treated explicitly in the data analysis. For such a study, the
analysis could proceed with the data ordered with respect to vorticity rather than geographic
position. For example, H2O is a good tracer for the PV in the stratosphere/mesosphere, having a
low mixing ratio inside the vortex [Scheiben et al., 2012]. Our current and future work is focused
on exploring such explicit connections between Oz and the polar vortex location. While direct
concurrent observations of vorticity and Os may be sparse, reanalysis datasets (e.g. MERRAZ2,
ERA-Interim/ERA-5, JRAS5) can provide a statistical means to better reveal connections between
O3 and the polar vortex.. However, as noted by Butler et al. [2015], such reanalysis data sets rely
on satellite observations of back-scattered sunlight and during darkness these data sets rely heavily
on the underlying model, and thus must be used with full knowledge of their assumptions and
limitations. Our future work is also intended to reveal any differences that may occur in the

downwards transport of NOx (and other) species from the main PV and from the edge of the PV.

Understanding (and accurately modelling) changes in the atmosphere during SSWs remains an
important and timely issue [e.g. Tripathi et al., 2015, Kretschmer, et al., 2018, Pedatella et al.,
2018]. The frequency and strength of SSWs have also been discussed as factors in how
anthropogenic and/or long-term climatic changes in the atmosphere are manifested (e.g.

Kuttippurath and Nikulin [2012]). This current study has quantified the changes that occur in the
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atmosphere during SSWs, with respect to the underlying annual changes. This is particularly
necessary in order to allow direct model-to-data comparison, once seasonal detrending of the data

have been carried out.

5. Conclusions and Summary

To conclude, the work carried out in this study has quantified the changes occurring in the Os
mixing ratio, temperature, total-column Os, total-column NO, and mesospheric winds during 37
SSWs between 1989 and 2016 (or subsets thereof due to the availability of experimental data)
Using the superposed-epoch technique has allowed the changes that occur due to SSWs to be

identified with respect to the natural underlying variability.

The main findings of this study, in relation to the 37 SSWs in this study, are summarized below:

1. Locations consistently inside the PV show strong changes linked to the timing of SSWs.
Changes are less evident for sites occasionally inside the PV, and no changes are observed at

sites consistently outside the PV.

2. A sudden increase in mean temperature (prior to the SSW) is first observed at ~60 km
altitude and subsequently at lower altitudes for the two high-latitude sites. The average

duration of the temperature increase at these sites is ~40 days.

3. An increase in Os (of ~20% above the monthly mean) is observed at the two highest
latitude sites. This persists for ~40 days. There is good agreement between the statistical

ozonesonde observations and the Aura/MLS observations.
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4. The total-column NOz2 is unchanged during SSWs. The total-column O3 decreases prior to

zero-epoch and then increases sharply. This increase persists for in excess of 40 days.

6. Acknowledgements

Ozonesonde data used in this study were retrieved from the World Ozone and Ultraviolet Radiation

Data Centre (https://woudc.org/). We thank David Moore, Peter von der Gathen, and Bryan

Johnson for provision of the data used here. Aura/MLS data may be retrieved from the NASA Data

and Information Services Center (https://daac.gsfc.nasa.gov/) and we thank all members of the

MLS team for provision of the data. SAOZ spectrometer data used here are available online

(http://sao0z.obs.uvsq.fr) and we thank J-P. Pommereau and F. Goutail for their provision. SLICE

meteor-radar data are available by contacting Thomas Ulich at SGO (thomas.ulich@sgo.fi).

MHD is supported by NSF GEM program award number 1502947 and NASA Living With A Star
grants NNX16AB83G, NNX16AB75G and 80NSSC17K0682. Research at FMI was supported by
the Academy of Finland (grant number 140408); an EU Project GAIA-CLIM; the ESA's Climate
Change Initiative programme and the Ozone_cci sub-project in particular. We thank NASA and
NSSDC for the Earth images used in Figures 1 and 2,. MHD wishes to thank Niel Malan for wise
words and especially thank all at the FMI Arctic Research Centre, the Sodankylda Geophysical

Observatory, and the SSC for their hospitality during his visit to Sodankyla in the spring of 2018.



509

510

o011

512

513

514

DAY OF
YEAR MONTH DAY YEAR
1989 2 21 52
1990 2 12 43
1991 2 4 35
1992 1 13 13
1993 3 7 66
1994 1 3 3
1994 3 29 88
1995 2 3 34
1995 3 22 81
1996 3 29 89
1997 12 24 358
1998 3 28 87
1998 12 14 348
1999 2 24 55
2000 3 19 79
2000 12 20 355
2001 1 2 2
2001 2 10 41
2001 12 27 361
2002 2 16 47
2003 1 17 17
2004 1 3 3
2005 2 1 32
2005 3 11 70
2006 1 20 20
2007 1 2 2
2007 2 22 53
2008 2 21 52
2009 1 23 23
2010 1 26 26
2011 2 1 32
2011 3 25 84
2012 1 17 17
2013 1 17 17
2014 3 31 91
2015 1 5 5
2016 3 16 76
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TABLE 1: Dates of SSWs used in the analysis and taken from Table 2 of Butler et al. [2017] and

Table 4.1 in Ehrmann [2012].
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Site Latitude Longitude # ?:(X::‘Iog;:es Polar Vortex (PV) Reference
(GLAT) (GLON) v in Winter ?
(Range)
o 2350 Usually within PV Rex et al.
Ny-Alesund 78.90 12.00 (1991-2016) (>70% of time) [2000]
" 1886 Usually within PV Kivi et al.
Sodankyld | 67.37 26.63 (1989-2016) | (>50% of time) [2007]
Occasionally
1289 Smedley et al.
Lerwick 60.15 -1.15 within PV
(1994-2016) (~15% of time] [2012]
1287 Never Within PV | Johnson et al.
Boulder 40.01 10527 1 (1991-2016) (0% of time) [2002]

23

TABLE 2: Location of sites used in this analysis with the corresponding range of data available at

each site.
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524  Eigure 1. Atmospheric processes in the northern hemisphere (top) and some of the changes that
525  occur during SSWs (bottom). The strength of the polar vortex (dark-blue/purple) is closely linked
526  to the amount of ozone in the stratosphere/mesosphere (Figure created via Inikscape).

527
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NY-ALESUND (1989-2016)
SODANKYLA (1991-2016)
LERWICK (1994-2016)
BOULDER (1991-2016)

Figure 2. Location of ground stations in the northern hemisphere used in the analyses (Figure

created with IDL).
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Figure 3. Showing the mean ozone mixing ratio as a function of altitude (left column) for four sites
in the northern hemisphere. Also showing the superposed change in mixing ratio at each site (right

column) for the 37 SSWs.

Data at the three northern-most sites (NY-AL, SOD, LER)) show an

increase in ozone commencing with the start of the SSW events. Data from the most southerly site

(BOU) show little evidence of a clear trend.
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Figure 4. Showing the superposed difference-from-mean (i.e. seasonally adjusted) ozonesonde
data, superposed for the 37 SSWs. Superpositions of changes in the temperature (top row), Os
mixing ratio (middle row) and Os partial pressure (bottom row) are plotted at each site. Data at
the three northern-most sites (NY-AL, SOD, LER)) show some evidence for an increase in Os at the
onset of the SSWs with a corresponding increase in Os mixing ratio and partial pressure also
evident. The clearest changes are observed at NY-AL (red box) Data from the most southerly site
(BOU) show no evidence of a clear trend in temperature or Os.
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561  Figure 5. Showing the mean Oz mixing ratio measured by Aura/MLS for the four sites as a

562  function of altitude and month.
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Figure 6. Showing the superposed Os mixing ratio measured by Aura/MLS at the four sites for 15
SSW events. The left column is the data without any seasonal correction and the right column is
the change from the mean value (seasonally-corrected). The clearest changes are evident for the

highest latitude sites where the Oz mixing ratio increases substantially at the onset of SSWs.
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Figure 7. Showing vertical column density of NO. (left) and Oz (right) above Sodankyld as
measured by the SAOZ UV-visible spectrometer during morning (top) and evening (bottom)
observations. There are large annual variations in each parameter.
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582  FEigure 8. Showing the superposed vertical column density of NO, and Oz above Sodankyla during
583 36 SSWs occurring after 1989. The thick black line is the mean of the superposition while the red,
584  blue and purple lines denote the upper quartile, median, and lower quartile of the averages. The
585 left column shows each superposed parameter with no seasonal correction. The right column
586  shows each superposed parameter as a difference-from-mean value. The seasonal corrections
587  applied here demonstrate that NO: is little changed by the arrival of SSWs. In contrast Os appears
588  to decrease slightly prior to the SSWs and then increases substantially following the SSW onset.
589

590
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594  FEigure 9. Showing the zonal wind speed (west-to-east) measured above Sodankyla by the SLICE
595  meteor radar as a function of epoch time and altitude for 9 SSWs that occur after 2008. There is a
596  sharp reversal in wind direction at the onset of the SSWs.
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