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ABSTRACT:

We examine the variation of stratospheric ozone owethern Finland using ozonesonde observatioos fr
1845 stratospheric balloon flights launched betwEe89 and 2015 from near Sodankyla. The annu#tiam

of the ozone partial pressure is examined and saas@riations are explored and quantified. Dirtks
between the measured ozone partial pressure antha@onsolar-wind parameters are also examined. A
superposed-epoch analysis of the observations lmasé&@1 solar proton events (SPES) reveals a diegr in
the ozone partial pressure that commences folloBiRg-arrival at Earth. This analysis shows a réduoign
stratospheric ozone in the winter/early-spring rher{ivhen the polar vortex is active over northaémand), in
contrast to summer/early-autumn months where noedse is detected. By subtracting the naturaloseas
variations in ozone partial pressure the SPE-driestuction in ozone between 16 km and 24 km akitisd
quantified. Analysis indicates that the ozone iphfiressure during winter/early-spring is reduceith a
minimum reached ~8 days following the SPE arriv@n average, the ozone partial pressure is redbged
~10% between 16-24 km altitude and takes ~40 dayseturn to its previous level. To the best of our
knowledge, this is the first comprehensive staigdtstudy, on a regional basis, that provides tiraed long-

term in-situ evidence for ozone depletion by SREh& northern hemisphere.

CORRESPONDING AUTHOR: M. H. Denton (mdenton@spaiegs®.org)
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1. Introduction

Solar proton events (SPES) arise in associatioh riiergetic events on the Sun and energisatioregses in
interplanetary space (e.@reames[1999]; Kurt et al. [2004], Tylka et al.[2006], Oh et al, [2010], and
references therein). Upon arrival at Earth tharsptotons may enter the upper atmosphere andieoNith
neutral particles at altitudes that are dependerihe incident energy of the protor®ppéala et a).2008]. At
this point they induce chemical changes to thelloeatral population. Such energetic particle priéation
(EPP) is regularly implicated in the productionsptcies such as odd nitrogen (N(.g.Crutzen et al[1975];
Shumilov et al[2003]; Clilverd et al.[2005]), which are themselves implicated in thbssgquent depletion of
stratospheric ozone. Odd-nitrogen species are-llgead during darkness and can descend to stragw&ph
altitudes via the high-latitude polar vortex, dgrithe polar winter. Once at stratospheric altitubl€% may
cause chemical destruction of the in-situ ozong. @ackman et al[1995]; Jackman et al[2009]). Other
chemical pathways for ozone destruction are alsdlable (e.gJackman et al[2009]; Damiani et al.[2008,
2009, 2012]). Observational case studies of langé&vidual SPEs reveal that such ozone depletiamghe
mesosphere and stratosphere) do indeed occurViiegks et al[1972]; Heath et al.[1977]; Thomas et al.
[1983]; Lopéz-Puertas et aJ2005]; Seppala et al[2004; 2006; 2008]). Modelling studies of sucleets have
also helped ascertain the long and short term @agdins for atmospheric ozone balance (dagkman and
McPeters[1985]; Jackman et al[1996]; Rodger et al[2008]; Jackman et al[2009]). More general recent
studies of the effects of EPP have outlined soméethemical changes that occur during SPEs {&igonen
and Lehman2013]) and also recently drawn links between gagnetic activity, particle precipitation, and
changes in polar surface air temperatueppala et al.2009]. However, a complete accounting of the
chemical changes in the atmosphere resulting frdi®,Eand their relative importance, remains a major

unsolved issue in magnetospheric and atmospheysig#iDenton et al, 2016].

In the current study we aim to expand upon curkeotvledge by using a large database of 0zone measunts
constructed from 1846zonesondéalloon flights, launched from Sodankyla in north&inland, between 1989
and 2015Kivi et al, 2007]. Initially, these data are analysed ta@re the seasonal/annual changes that occur
in the ozone partial pressure in this region. dwihg this, links between the stratospheric ozoaetig
pressure and various common solar-wind parametersxplored. Subsequently, we carry out a stedikti
analysis of SPE-induced changes in stratosphenaeoduring 191 SPE events that took place ovesdnee

time period as the ozonesonde observations. [jnak quantify the observed reductions measurethén
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ozone partial pressure following SPEs and dischissrhplications of our findings, in comparison wither

reported observations.

2. Ozonesonde Data Set

The ozone profiles used in this study were obtaimgdhe electrochemical concentration cell (ECQ)etyf
ozonesondeleshler et al. 2008; 2017Kivi et al, 2007,Smit and ASOPOS Pan&014]. These instruments
are capable of providing profile measurements ohezconcentration from the surface to the lowextssiphere
(~30-34 km) with precision better than 2-3 %eghler et al. 2008]. Vertical resolution of the soundings is
about 10 meters, as data is typically analyzed $ecnd intervals, while the effective verticalaleton is of
the order of 100-150 meters, given that the seresponse time is 20-30 seconds. The sondes useid study
have been launched on a regular basis from Sodankilland (67.4 N, 26.6 E) since 1989 during elisons.
Sondes are normally launched once per week aramgal hoon. These data are supplemented by thaentq
ozonesonde campaigns that have taken place in ngptang season, significantly increasing the numtfe
launches and the available dataset. This measuatgmegram has resulted in 1845 soundings oveRhgear
time period studied here. Balloon ozonesonde llate the advantage over satellite data that theyige high
spatial resolution altitude profiles of the ozonstribution throughout the lower stratosphere. idoer, while
these data are certainly suitable for study of gearin the ozone distribution over northern Finlahshould be
noted that results will only apply on a local/remabbasis. The details of the ozonesonde sourgdisgm and

principles of the data set homogenization are éx@thin detail irKivi et al. [2007].

3. Analysisand Results

3.1 Seasonal and Annual Variations of Stratospheric Ozone

As previously shown b¥ivi et al. [2007], there is a substantial annual variatiorthe stratospheric ozone
partial pressure over Sodankyla during the yean wipeak ozone level occurring around April andiimum
occurring around September (d€wi et al. [2007], Figure 4). The annual cycle of ozoneha Arctic lower
stratosphere is caused by the global annual cgatzdne transport from lower latitudes towardspgbkes (e.qg.
Butchart [2014], and references therein). This transpostrongest in winter and early spring and thenezo

variability is highest during this period. Theattr'spheric ozone concentrations in late spring stndmer
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decrease continuously at high latitudes since timbination of ozone production and transport acesiow to
offset the destruction of ozone via reactions iava NQ,. Significant destruction of ozone also occursreur
via catalytic reactions involving chlorine monoxid€lO) and bromine monoxide (BrO), but only during
periods of sunlight (i.e. not during the polar wint(e.g.Jackman et al[2009]; Damiani et al.[2008, 2009,
2012]). To take account of the annual and seas@rability of ozone in our analysis, we initialxtend the
analysis oKivi et al.[2007], who calculated the average monthly vasiatf stratospheric ozone between 1989
and 2003. Here, this calculation is extended, qusirfurther twelve years of data to cover the yd®89 to

2015 inclusive (cf. Section 3.3).

The average ozone partial pressure (in mPa) isuledddl as a function of geopotential altitude (m)kand
month of the year, for the entire ozonesonde datasteveen 1989 and 2015. The results of this aizabe
shown in Figure 1. _(Note: As is common with sorml#¢a we use geopotential altitude (height) rathant
pressure units on the y-axis - the geopotentigldl approximates the altitude above sea-level pérticular
pressure level). Clearly there is significant ahbility in the measured ozone on an inter-annusaishavhich is
largely due to inter-annual variability in chemi@aid dynamical factors influencing ozone. Thiglirdannual
variability is strongly pronounced in the northdremisphere, where dynamical variability is reldiviarge
from year to year in contrast to the Antarctic tstsphere. However, significant vortex ozone démhst have

also been observed in the northern hemisphdemhey et al.2011].

To explore the annual variations in the ozone dategexamine the entire dataset of balloon-borne ezmmdle
measurements made above northern Finland betwehat®l 2015, plotted in Figure 2 (top panel).sitlear
that the regular seasonal variations (cf. Figurarg)a prominent feature in this dataset, but thesealso large
changes on a year-to-year basis. For examplemtresurements around 2001, close to solar maximten, a

noticeably higher than most other periods.

To quantify these changes we also plot these data seasonally-adjustetifference-from-meabasis (Figure
2, bottom panel). The mean ozone partial presiuréhe appropriate month and altitude (i.e. frdme data
shown in Figure 1) is subtracted from each indisldmeasured ozone point in the data set. Doirggshould
remove seasonal trends from the data and allovati@ms due to other causes to be detected. s€éasonally-

adjusteddifference-from-mean parameter plotted in Figur@r@vides quantification of the strength of the



121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150

variations on an annual basis. For example, ferddita around 2001, the measured ozone is at tihesPa
higher than the mean value (at around 20 km a#ijtudn contrast, the measured ozone partial pressuat
times ~8 mPa lower than its mean value in 1992u@tnd 15 km altitude). The years around solarimam
(when the solar EUV flux and F10.7 index are higistiow evidence of generally higher ozone levetagared
to the years around solar minimum(when the solaWV Elux and F10.7 index are lower). However, this
certainly isn't always true in every year with el|ad F10.7 and there is much variation. The caokasnual
variations are also known to include: (i) "intdfnterrestrial effects such as the quasi-biennisdiltation
(QBO) cycle and volcanic eruptions that perturboael concentrations, etc., (ii) longer-term "extdtreffects
such as the 11-year solar cycle, and (iii) longemt internal trends in stratospheric ozone as altred
anthropogenic causeKipi et al, 2007;Manney et aJ.2011]. A more comprehensive discussion of theuah
cycle, inter-annual variability and also day-to-degriability of stratospheric ozone over Sodankylay be

found inKivi et al.[2007].

3.2 Variations of Stratospheric Ozone with Solar and Geophysical Parameters

The literature contains various modelling and cstsely results that show links between the state¢hef
incoming solar wind, the subsequent state of thgnawsphere, and the terrestrial ozone populafion,
particular ozone in the mesosphere and ozone isttatosphere. Considering the stratosphere, twsipal
mechanisms have been suggested that are thoughtise changes in the ozone population based anvgioid
driving; (i) instantaneous destruction of Que to EPP by extremely energetic incident profavith energies
greater than ~100 MeV), whereby these penetrateatimosphere directly to near-stratospheric altsuded
cause immediate ozone dissociation, and (ii) adorngne-scale process whereby odd-nitrogen spefies,
example, are created at mesospheric altitudesoivgrtenergy particle precipitation due to both &tmts or
protons) and these then descend to stratospheiticdak during the polar winter. At stratosphealtitudes
these species cause chemical destruction of ozbhe.latter process is often termed in the indiedfact, and
the former the direct effect. Initially, we aim tiest the efficacy of the direct effect by explariinks between
solar-wind/geophysical parameters with the strdiesp ozone partial pressure. To investigate near-
instantaneous changes in the ozone population weacorrelate between the measured ozone pardakpre

and the level of various geophysical parameterssared 24 hours previously.
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Figure 3 contains plots of the ozonesonde obsemnatis a function of altitude, and four geophysical solar-
wind parameters, namely: (i) The Auroral Electrqj&E) index, a commonly used parameter that is adgo
proxy for magnetospheric substorm activibalvis and Sugiural966;Gjerloev et al. 2004], (ii) the solar-wind
electric field parameter (syB,) calculated as the negative product of the soladwelocity (y,) and the z-
component of the solar-wind magnetic field,XBand measured in units of mVm(iii) the adjusted F10.7
index, a measure of the incident radio flux at 16n7, and a good proxy for ionising solar EUV raidiat
[Tapping 2013, and references therein], and (iv) the Dlisnce Storm Time (Dst) indeXS{igiurg 1964;
Sckopke 1966], a widely used measure of magnetospheoitnsstrength and a proxy for the strength of the
Earth's ring current, measured in units of nT. pdrameters used are taken from the hourly OMNialiese
[King and Papitashvili 2005]. The aim of this analysis is to search tfends showing near-instantaneous
changes in the ozone population as a result ofgdsmdriven by external solar wind parameters. résent,

such changes could then be linked to direct destruof stratospheric ozone by energetic partickcipitation.

It is clear from the plots shown in Figure 3 thagre is little evidence for such changes on a systie basis.
None of the plots show clear trends in the ozortigbgressure as a result of increases or decsaasthe
parameters examined. Perhaps the most surprissudf here is that there is no clear correlatioth wie F10.7
index since stratospheric ozone is known to beetated with solar irradianc&jvi et al, 2008]. In Figure 1
the highest ozone levels (above the mean) comesamsyaround solar maximum although this isn't by an
means a hard and fast rule. For example, in 2@@6 solar minimum, the average ozone levels weogeab
average even though the F10.7 index during the saaly exceeded 100. It is known that other pdajsi
variables also strongly affect the annual transpod destruction of stratospheric ozone during e&en and
that these can certainly suppress variations basdtie UV variation alone (see for examgigi et al. [2007]

andManney et al2011]).

Whilst the literature does contain example casdistuof some of the largest geomagnetic stormdtiegun
rapid decreases in stratospheric ozone, it is lateavn that many of these 'extreme' events contaittipte
drivers of geomagnetic activity such that no sinigldex currently accounts for all causes of drivingihe
results from Figure 3 provide evidence that usilugtéiations in a single geophysical index alone raoé
sufficient to use as a predictor of subsequent @hsinn the near-instantaneous ozone partial pessuthe

stratosphere. If such changes are occurring, & saphisticated analysis to reveal them is required



181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210

3.3 The Effects of Solar-Proton Events (SPEs) on Stratospheric Ozone

In order to explore changes in stratospheric ozbegond the systematic seasonal variations showigime 1,
and the annual variations shown in Figure 2, wearéna external driving of the atmosphere by solartqm
events. Many studies of non-terrestrial drivefrsftanges in the ozone population focus on suchtsysince
the particle spectrum is sufficiently hard that thest energetic particles can penetrate deep im0 t
mesosphere, into the stratosphere, and even todevel (e.gSolomon et al[1981], Thomas et al[1983],
Jackman and McPeter$1985], Clilverd et al.[2005], Verronen et al[2011] Damiani et al.[2016], Hocke
[2017]). For the most energetic solar-terreseiant yet known in the modern era, the 1859 Caomgvent,

it has even proved possible to model the effectsxaemely high fluxes of solar protons on the azbalance
within the atmosphereRjodger et al. 2008]. However, in contrast to event studiesvefy large events, or
theoretical studies of long-term trends, it hasyprodifficult to make estimates of the long-terrfeefs of more
frequent, but less extreme, events particularlaoagional level. A recent study Bamiani et al.[2016] has
addressed this issue, in part, for the southerndprare by showing a 10-15% decrease in stratospbzone
over Antarctica using limb-sounding methods frore thura satellite.  That study found that desceint o
mesospheric NOdown to stratospheric heights was the primary eafsuch stratospheric ozone depletion in
the southern hemisphere. The authors also highkliigthe limited observational evidence availablguantify
particle precipitation effects upon the ozone budgegeneral Pamiani et al, 2016]. Here, we attempt to

address this issue for the northern hemisphere.

As a basis for the analysis we utilize a list ofl I3olar Proton Events taken from the publishedblsthe US
National Oceanic and Atmospheric Administration (A& Space Weather Prediction Center (SWPC) and

freely available via file transfer protocol (ftty.swpc.noaa.gov/pub/indices/SPE.txt). At theetiof the

analysis, only one SPE event was listed beyon@mkleof 2015. The epoch times taken from the NO&®dre

the start-times of each individual SPE, at a tissolution of one-hour.

Analysis is then carried out by performing a supsgal epoch study of the measured ozone during dveses.
All available ozonesonde data are binned as aifimctf epoch time (time from SPE-onset) and geap@k

altitude. The final grid for this binning is onaydin time and 1 km in geopotential altitude, apdrs a total of
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90 days: 30 days prior to the SPE through to 6@ ddter the SPE. In addition, a set of 2500 rangaeiected
epochs between 1989 and 2015 are generated usimgetfihodology oPark and Miller[1988]. The ozone data
are then sorted based on these random epochshigitartalysis providing a control data set agairtscivthe

SPE analysis can be compared. Note that no acoardde of short-term diurnal effects.

Figure 4 contains a selection of plots resultingnfrthis analysis and shows the ozone partial presss a
function of geopotential altitude and epoch time (@) 2500 random epochs selected between 1982l
(left column), and (b) 191 solar proton events thaturred during the same interval (right columiihe plots
show the averaged (mean) ozone partial pressute d4p km altitude (top row). No adjustment is mdole
seasonal variations in the data at this point. oAlown are line plots of the integral of the ozqaetial
pressure for altitudes between 16 and 24 km (midull@ for these events. This altitude region corstdhe
bulk of stratospheric ozone (cf. Figure 1). Thd pwints represent the individual data (i.e. theamezone
partial pressure) and the blue line is a 15-dayinmbox-car average of these data. (Note: teaton in the
running mean commences slightly prior to zero-epphad to the 15-day averaging, although the ind&idred)
data points indicate ozone remains high until SRiad). The grey shading indicates the standadation of
the superposition, whilst the thin orange, blacid aurple lines represent the upper quartile, tieeiam, and

the lower quartile of the superposition.

The plots in the top two rows of Figure 4, althouglilggestive of a decrease in total stratospherimez
following SPE occurrence, take no account of tlgdaseasonal variations in the ozone partial presstown
to exist over Sodankylé. In order to remove theseaal variations in the data contributing to thpesposed
epoch analysis the mean ozone partial pressuhdomonth in question (taken from the values irufégl) is
subtracted from each data point. The resultinghtityais thus seasonally independent. The bottom in
Figure 4 shows the summation of these 'differemocerfmean’ values. Here, a negative value indicates
seasonally independent (i.e. a true) reductiorzome partial pressure. As can be seen from Figutleere are
only small fluctuations in the ozone partial pressin all three plots for the random epochs. Haavefor the
SPEs there is clear evidence for a decrease iozitee partial pressure that commences close teetteeepoch
and reaches a minimum value after around 8 dayis i evident especially in the line plots showthg
summed ozone partial pressure Here, the deciredise ozone partial pressure (summed between 16¥)4s

of the order of 5%. The seasonally adjusted ozmtial pressure immediately prior to the zero époc
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slightly above the mean value but then falls rapaibund zero epoch, reaching a minimum after at@idays,

and then remains below the seasonally adjusted ra#ae for around 40 days.

While it is unlikely that protons with energies lewthan ~10-100 MeV will directly reach the atmosgh
above Sodankyla due to geomagnetic field rigidifeas (seeRodger et al[2008], Figure 8), these protons
will produce NQ at higher latitudes. This is then likely to b@icdy mixed throughout the polar vortex, and
thus may contribute to indirect, time-delayed ozdaepletion, particularly when the polar vortex exts to the
Sodankyla region. This occurs around 50% of three tbetween December and April and never betwegn Jul
and October Kivi et al, 2007 - Table 3]. In order to test for such seastrends in the ozone observations we

further sub-divide the data shown in Figure 4 bagssh day of year.

Figure 5 shows the same series of plots as shoviigiure 4, but this time the data are only showntfie
months July, August, September, and October (JASS&yiods when the polar vortex is absent overhsornt
Finland Kivi et al,, 2007]. In comparison with Figure 4, it is cléhat changes in ozone following SPEs during
these months are practically absent. There actufitions around the mean level throughout the lepeciod,

but there is little evidence for any systematicrdase in ozone partial pressure during these SPEs.

Figure 6 shows the same series of plots as showigure 4 and Figure 5, but here the data are simbyvn for
the months January, February, March, and April (8fFMperiods when the polar vortex is frequently et
over northern Finland (~50% of the time) and camseamore rapid descent of long-lived Nduring hours of
darkness. In contrast with the plots in Figurend Rigure 5, it is clear that a large reductiothia stratospheric
ozone partial pressure occurs immediately followBfE arrival at Earth. This reduction persists rfany
days. Again, the reduction in the running mean roemces slightly prior to zero-epoch in the 15-dayning
average, although the individual (red) data pailitsiot show evidence of a decrease until zero epdéh also
note that prior to zero-epoch the ozone for the 8®&ts is already greater than the mean valuis istllue to
the fact that the SPEs are more common during éaesyaround solar maximum, when ozone levels e t
slightly elevated. In general, years around sof@ximum have higher ozone concentrations on average
although this trend clearly isn't true in all yeatsis strongly depends on other factors thagctfthe production
and the loss of ozone (e.g. catalytic loss of ozionthe springtime caused by CIO and BrO reactiqof)

Manney et al.2011].
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Clearly, the reduction in ozone commencing at zpoch is significant, being of the order of 10%inigir
JFMA when the polar vortex is active over north&inland. A minimum decrease is reached ~8 days on
average after the SPE and ozone remains at a belel the mean value for ~40 days, and continues to
fluctuate beyond this time. This result suppohs interpretation that destruction of stratosphetdone is
occurring, due to the external driver of solar-wipbton precipitation. While the reduction in mesesl
stratospheric ozone following SPE-arrival is clgaVident in Figure 6, the descent of Ni@ the polar vortex

at these lower altitudes is quite slow: around 8rkamnth at ~50 km altitudeManney et al. 1994;Rinsland et

al., 2005]. Hence, a more-gradual response in thergéd ozone decrease might be expected, ratherathan
decrease immediately following SPE arrival at EartA delay in the destruction of ozone, due to,NO
production via electron precipitation, is also plokes (e.g. Andersson et al[2014], Randall et al.[2015])..
Further studies are required to pin down the ulim@uses of the ozone depletion revealed hetesach
studies are underway. Based on the literatuig,ahticipated that these causes likely will indwh admixture

of direct and indirect physical mechanisms.

3.4 Stratospheric Ozone Changes During High-speed Solar-wind Streams (HSSs)

Stimulus for the work carried out in this manustopginally arose from the knowledge that high-egpeolar-
wind streams (HSSs) are associated with enhandadtya the Earth's magnetosphere and subsequerith
large increases in energetic particle precipitatidginating from the plasma sheet and/or radiakielts, noted
by a number of authors (e §andanger et 31]2007],Longden et al[2008], Rodger et al[2008], Denton et al.
[2009], Borovsky and Dentoifi2009], Morley et al.[2012], Kavanagh et al[2012], Hendry et al.[2013],
Clilverd et al.[2013], Blum et al.[2015]). Although the energy spectrum during HS&nts is much softer
than during SPEs there is still ongoing energetidigle precipitation, primarily due to relativist(>1 MeV)
electrons. Given the long-lived nature of HSSshspeecipitation persists for much longer time intds
whether as continuous low-energy precipitatid¢hfttaker et al 2014;] or in the form of electron microbursts
[Nakamura et al.2000; Lorentzen et al.2001;Blum et al, 2015]. Indeed, ozone decreases in the middle
atmosphere have been clearly observed during meeliergy precipitationAndersson et gl2014]. Using the
data set described above, a search for substahtages in stratospheric ozone partial pressutbardays

following HSS-arrival, including times when the polortex was active, was carried out. The redtdim that

10
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study proved inconclusive (figure not shown).

4. Discussion and Conclusions

The analysis and results shown above highlightifiigulty in extracting changes in stratospherimone due to
a single variable. However, by removing the monthiean variations from the measured ozone partial
pressure, and by concentrating on intervals whemthar vortex is active, and hence can assistardescent of
NO, species, it has been clearly demonstrated thar gwbtons are causing substantial stratosphelnez

depletion of the order of 10%, following SPEs.

Determination of ozone variability on the Earthisnate is of great topical interest although reseof the
behaviour of ozone throughout the atmosphere hemdetd to concentrate on internal terrestrial viéggb
[Staehelin et al.2001], or long-term solar changedaigh, 2003] rather than directly on short-term solar-
induced forcing via SPEs. We argue that extermalird) of the Earth's stratospheric ozone budges wa
somewhat under-appreciated originally with studint$ally concentrating on effects in the upperastsphere
and mesospherdrlisch et a).1981;Solomon et a).1981; 1983]. Changes in the lower stratosphesee td
external driving are now receiving more attentiorthe literature. Where solar-proton effects dmate are
considered within global climate models, the eBeloive been reported as not statistically sigmificgith
regard to the annually averaged temperature andtata¢ ozone variation (e.glackman et al[2009]).
Although incorporation of the effects of short-teswmiar-proton fluctuations in global coupled climaodels

is currently quite rare, the effects of solar pmstdiave been included in other modelling studievipusly
(e.g.Jackman and McPetefd985]; Jackman et al[1996]; Rodger et al[2008]). SPEs have also been shown
to produce local changes to stratospheric ozona case-by-case basis (Wgeeks et al[1972]; Heath et al.
[1977]; Thomas et al[1983]; Lopéz-Puertas et all2005]; Seppala et al[2006]; Seppala et al[2008]).
However, since most energy is deposited above 40tlkendirect effects of SPEs in general have nenbe
considered important for quantification of totablghl ozone losses (e.§innhuber et al[2003]), despite the
long-lived nature of NQspecies generated at higher altitudes allowing ttescent to occur over a period of
weeks or months (e.grandall et al.[2001]). The full effects of SPEs may not be agated by study of
single events. In this study, superposed epoclysieaof 191 SPEs has enabled a longer-duratidisttal

investigation of the average changes in ozoneghqutéssures to be carried out. Our work emphsigieeneed
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331 toincorporate energetic particle precipitatiorintimate models and we acknowledge the recenttsffo this
332 direction (e.gMatthes et al[2017]).
333

334 5. Summary

335

336 In summary, we have analyzed data from 1845 balloponesondes launched from Sodankyld, northern
337  Finland, between 1989 and 2015. The mean montniation of stratospheric ozone has been calculdted
338 data have been analysed with respect to a numbgeaypfhysical variables (the AE index, the F10.&indhe
339  solar wind electric field parameter, and the Dslkex), although no direct correlations to betweeatsspheric
340 ozone and these indices (with a 24 hour time laa found.

341

342  To the best of our knowledge, this is the first poamensive statistical study using balloon ozonésatata that
343 has provided direct, and long-term, in-situ evidefar stratospheric ozone depletion by SPEs imthighern
344  hemisphere.

345

346  The results from this study are:

347

348 1. The average stratospheric ozone measured avdéremn Finland is highly variable during the yearhe
349 mean of the ozone partial pressure is greatestintewand early spring and minimised in summer aady
350 autumn.

351

352 2. There is no clear evidence for direct corretaibetween the stratospheric ozone partial pressutéhe AE
353 index, the F10.7 index, the solar-wind electrit¢fj®r the Dst index measured on the previous day.

354

355 3. A superposed epoch analysis of 191 SPEs exanbiesueen 1989 and 2015 indicates a fall in the ezon
356  partial pressure of ~5% with a minimum reached agsd(on average) after the SPE arrival. The opamtal
357  pressure remains reduced below its mean valuediddays.

358

359 4. When only time intervals are considered whengblkar vortex is present over northern Finland. (iege

360 winter) the fall in ozone partial pressure is ~1@4h the minimum again reached after ~8 days (ceraye)

12
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363
364
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366
367
368
369
370
371
372
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375
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379
380
381
382
383
384
385
386
387
388
389

390

after SPE arrival. The ozone remains reduced bémwean value for ~40 days. In contrast, no e&se in
ozone is found following SPEs that occur duringribethern hemisphere summer months of July-Octalen

the polar vortex is not present.

It is intended that this study will highlight thact that the average stratospheric ozone reduigtisignificant
(~10%) following SPEs during the northern polar tem We also intend that this knowledge be utlise
separate anthropogenic causes of ozone loss freumah@auses. As noted in Section 2, balloon ogonge
data have the advantage over satellite data thgtpttovide high spatial resolution altitude prdfilef the ozone
distribution throughout the lower stratosphere. p&n on future analysis of other measured ozotee staurces
to investigate if the above findings are truly giblor local (i.e. polar latitudes only) in naturé follow-up
study, using the same methodology but utilizingbglosatellite data coupled with multi-station bafto
ozonesonde data from inside and outside the paldgex; would certainly address this issue. In enwhen
separating anthropogenic ozone depletion from ahtnrone depletion is receiving widespread attenttbe
results from this current study, summarised abave particularly timely in that they provide qudiotition of
the expected average ozone reduction for a nunfberemts rather than quantifying such losses dusingle-

event case-studies. Such averaged results shaad pimpler to include in global climate models.
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637 FIGURE 1: The averaged ozone partial pressure (in mPa)fasction of geopotential altitude and month-of-
638 the-year for 1845 balloon ozonesondes launcheddeetvi989 and 2015 from Sodankyld, northern Finland.
639 Ozone is higher in winter/early-spring months aaddr in summer/autumn months. (Note: This analysis
640 updates the previous analysisI§ivi et al. [2007], Figure 4).
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644  FIGURE 2: Showing a time-series of all ozonesonde data fBodankyla between 1989 and 2015. The top
645 plot shows the ozone partial pressure as a functigrear and geopotential altitude. The bottonuféggshows
646 the same data (8-30 km altitude only), but thisetiatjusted for the seasonal mean variations usiaglata
647 from Figure 1. Positive values (red) indicate nieesients that are higher than the long-term meah an

648 negative (blue) values show measurements thabese than the long-term mean.
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649
650 FIGURE 3: Plots showing the variation of the ozone panigssure as a function of geopotential altitude in
651 kilometres with (i) the AE index, (ii) the solarwd electric field parameter g\B, , (iii) the F10.7 index, and
652 (iv) the Dst index. There is little evidence fgsgematic changes in the ozone partial pressuteamy of these
653 four parameters.
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FIGURE 4: Showing the ozone partial pressure as a funaifogeopotential altitude and epoch time for (a)
2500 random epochs selected between 1989 and 2&t5dlumn), and (b) 191 solar proton events that
occurred during the same interval (right columithe plots show the averaged ozone partial presgute 40
km altitude (top row), the integral of the ozonetiah pressure between 16 and 24 km altitude (neiddlv), and
the integrated difference-from-mean quantity, detween 16 and 24 km altitude (note: date becorassspn
for altitudes >~35km). The red points represeatitidividual data and the blue line is a 15-dayning box-car
average for these data. The grey shading indichtestandard deviation of the superposition, witlie thin
orange, black, and purple lines represent the upgpertile, the median, and the lower quartile oé th
superpositions.  There is a clear decrease irtbee partial pressure following the arrival ofasgroton

events.
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669 FIGURE 5: The same format as shown in Figure 4, but heta @@ only plotted for July, August, September,
670 and October when the polar vortex is INACTIVE oarthern Finland. There is no clear trend for cemin
671 the stratospheric ozone population following th&SP

672

673

28



Superposed Ozone Partial Pressure

_Superposed Ozone Partial Pressure

40

= =
30 14% 30 £
= ] =
g 20 105 8 £
= I 3 = 3
17| K = ]
& ; £ E
2 . £ = £
< g < g
6 8 g
=} =}
RANDOM January-April: Polar Vortex ON
2
=20 0 20 40 60 =20 0 20 40 60
EPOCH TIME (DAYS) EPOCH TIME (DAYS)
Superposed Ozone Partial Pressure Superposed Ozone Partial Pressure
= 160 ' X ; ; ' =
& &
! E
3 3
= =
‘ ‘
& &
g =
) ¥
! 5
g g
g g
S S
T T
: £
=20 0 20 40 60
EPOCH TIME (DAYS)
Superposed Difference in Ozone Partial Pressure
15 . ' | !
= ! =
& ! &
E : E
£ 5 ‘ E
3 : 3
S 54 H . ©
2,1 o L = |
£ v g !
2 ' 2 !
= H B H
@ @ .
g 57 : r g :
5 ; 5 ;
H g H
gg -10 H F a H
8 ' E| :
= ' -} '
= H = H
-15 T t T T t
-20 0 20 40 60 -20 0 20 40 60
67 4 EPOCH TIME (DAYS) EPOCH TIME (DAYS)

675 FIGURE 6: The same format as shown in Figure 4 and Figureub here data are only plotted for January,
676  February, March and April, when the polar vorteXABTIVE over Northern Finland. There is a cleamid for

677 adecrease in the stratospheric ozone populatimwiog the SPEs.
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HIGHLIGHTS:

» No link between stratospheric ozone and geophsyical indices (24 h lag)
» Stratospheric ozone falls ~10% after solar proton events - below mean for ~40 days.

» Ozone decrease only occurs during polar winter months, no effect in summer.



