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Abstract. The long-term evolution of total ozone column desithe Antarctic polar vortex is investigated otlee 1980-
2017 period. Trend analyses are performed usingiléilimear regression (MLR) model based on varipusxies for the
evaluation of ozone interannual variability (hehtxf Quasi-Biennial Oscillation, solar flux, Antdic Oscillation and
aerosols). Annual total ozone column corresponttnigpe mean monthly values inside the vortex int&aper and during
the period of maximum ozone depletion from Septeni8 to October 18 are used. Total ozone columns from the Multi-
Sensor Reanalysis (MSR-2) dataset and from a cadbicord based on TOMS and OMI satellite datasighsgaps filled
by MSR-2 (1993 — 1995) are considered in the st@®one trends are computed by a piecewise trend/RWT) that
includes two linear functions before and after thmaround year in 2001 and a parabolic functiora¢oount for the
saturation of the polar ozone destruction. In orleevaluate average total ozone within the vortexg classification
methods are used, based on the potential vortgrigagient as a function of equivalent latitude. Thst standard one
considers this gradient at a single isentropicll¢4@5K or 550K), while the second one uses a rasfgeentropic levels
between 400K and 600K. The regression model insladeew proxy (GRAD) linked to the gradient of puial vorticity as

a function of equivalent latitude and representthg stability of the vortex during the studied ntorgeriod. The
determination coefficient ( between observations and modeled values incrénse®.05 when this proxy is included in
the MLR model. Highest R(0.92-0.95) and minimum residuals are obtainedtersecond classification method for both
datasets and months periods.

Trends in September over the 2001 — 2017 periodtatestically significant at 2 sigma level withlwas ranging between
1.84+1.03 and 2.83+1.48 DU ydepending on the methods and considered proxfés.r&sult confirms the recent studies
of Antarctic ozone healing during that month. Trefichm 2001 are 2 to 3 times smaller than befoeettinnaround year as
expected from the response to the slowly ozoneetiegl substances decrease in Polar regions.

For the first time, significant trends are found foe period of maximum ozone depletion. Estimadtedds from 2001 for
the 15Sept-150ct period over 2001 — 2017 vary fta21+0.83 to 1.96 DU+0.99 yrand are significant at2level.

MLR analysis is also applied to the Ozone Mass &tefOMD) metric for both periods, considering aetshold at 220 DU
and total ozone columns south of 60°S. Signifideenid values are observed for all cases and perfodscrease of OMD
of 0.86+0.36 Mt y* and 0.65+0.33 Mt yF since 2001 are observed in September and 15Séqutt1fspectively.

Ozone recovery is also confirmed by a steady deere&the relative area of total ozone values laivan 175 DU within

the vortex in the 15Sept-150ct period since 20IDadelay in the occurrence of ozone levels bel@s/U since 2005.



10

15

20

25

30

35

40

1 Introduction

The evolution of total ozone content (TOC) in Awctama during Austral spring is deeply linked to timaportant
stratospheric ozone decline that was highlightedtlie first time by Chubachi et al., 1984 and Farne4 al., 1985.
Nowadays the photochemical and microphysical psefeading to the massive and seasonal destrudtmaone in Polar
Regions are well understood. The latest Ozone Ass&st Reports (WMO, 2007, 2011, 2014) have confirrte
stabilization of ozone loss in Antarctica since @0The challenge now is to assess the impact obliserved reduction in
the concentration of ozone depleting substanceslated in the polar regions to ~10 % in 2013 friben peak values in
2000, WMO, 2014) on the amplitude of the ozonerdetibn every year. During the last decade, se\stalies have been
carried out to quantify a possible increase inltotane column in the Antarctic polar vortex inisgrdirectly linked to this
decrease in the polar stratosphere. Most analysesulti-parameter linear regression (MLR) modeth different proxies
to represent the interannual variability of ozoseadunction of the 11 year solar cycle, the gbéesinial oscillation (QBO),
volcanic aerosols or eddy heat flux (Salby et24112; Kuttipurath et al., 2013; De Laat et al., 20T hese studies generally
show a significant increase of TOC since 2000 fept8mber-November average period but they diffethenproxies used
for the quantification of ozone inter-annual vaiiityp De Laat et al. (2015) used a “big data” embée approach to
calculate trends. Several scenarios were considerethe period over which the ozone record is wlaked and for the
different proxy records. They found that the sigmifice of trends could vary from negligible to P@8Gignificant at 2 sigma
levels depending on the scenario considered. Tl lalso determined the optimal proxy records anmshe record
scenarios to obtain the best regression. The limitaof MLR analysis is that only formal statisticaerror of trend is
estimated and structural uncertainties linked odimgle and arbitrary combination of proxies i$ ta&en into account. De
Laat et al. (2017) inferred trend values from da&llgone Mass Deficit (OMD) computed from a multi-senreanalysis
dataset without using any model but filtering tm®malous years with low polar stratospheric cloB&¢) volume. The
authors found positive and highly significant trexfdMD since 2000.

Solomon et al. (2016) evaluated ozone trend usiBgexified Dynamics version of Whole Atmosphere @amity Climate
Model (SD-WACCM). The authors have shown a sigaifichealing in September but not in October wheome depletion
is largest during the first two weeks. They alsplain the difficulty of estimating trend in Octobiey the large variability of
ozone linked to temperature variations and trarisgdre baroclinicity of the polar vortex in Octokend its displacement
from the geographic pole can also contributes & uariability of the total ozone series averagednduthe month of
October.

The direct link observed between positive trendstsl ozone within the polar vortex and the rethucbf ozone-depleting
substances (ODS) remains thus an open questioen dhe natural variability of the Antarctic vortexd the possible
contribution of greenhouse gases (GHGSs) to thalsé@hipperfield et al., 2017).

The purpose of the present paper is to providepalate of the ozone evolution inside the Antarctctex during the last
decades taking into account the vortex barocliynidihe main aim is to determine the different cifmittions to ozone inter-
annual variability and to estimate the post 20Q4ltozone trend and related significance for déferperiods: September,
which corresponds to the period of fastest devebagrof catalytic photochemical ozone destructiod and-September to
mid-October when the maximum ozone loss is reached

This paper is organized as follows. Ozone datdsants satellites and multi-sensor reanalysis arsqmged in Sect. 2 and the
description of the method used for total ozone wwliclassification inside the vortex in Sect. 3. Thi#uence of vortex
baroclinicity on total ozone column inside the earts assessed in Sect. 4 by using a new clag&ficanethod compared to
standard ones based on a single isentropic lewein®©trends before and after a the turnaroundgadaulated using multi-
regression model for September and mid-SeptembmidaDctober are presented and discussed in SeRedults on trends
using OMD records as a metric are also presentbed.t@mporal evolution of the amount of very lowatadzone values

inside the vortex is evaluated in Sect.6. Conchsiare finally presented in Sect. 7.
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2 Total ozone column data series

Total ozone global fields from satellite observaidTOMS, and OMI) and multi-sensor reanalysis (M8R used in this

study to cross-check trend estimation before ated afturnaround year over the 1980-2017 period.

2.1 Space-borne observations

Total ozone columns data series of NASA’s Total @zdlapping Spectrometer (TOMS) instrument onboaidbus-7
(N7) and Earth Probe (EP) between 1980 and 2004s@é. The instrument is a single monochromatdrwiaas designed
for near-nadir measurements of the total ozoneneol(e.g. McPeters et al., 1998). TOMS measureddckscattering of
solar radiation by the Earth's atmosphere in simmtbands of ultraviolet wavelength between 306 ar880 nm, more or
less absorbed by ozone. Total ozone column isredeirom the ratio of two wavelengths, 317.5 nnorsiity absorbed by
ozone and 331.2 nm weakly absorbed (Bhartia andeWleler, 2002). Level 3 gridded TV8 data of 1.@%)(k 1.25° (lon)
of total ozone columns of TOMS were used in thigkvand are available from the Goddard Earth Scieristributed
Information and Services Center (GES DISC) in sampASCIl format in the NASA anonymous ftp site
(ftp:/ltoms.gsfc.nasa.gov/pigatellitedata/ozone/)

Ozone total column observations of Ozone Monitodimgtrument (OMI) onboard Aura satellite are alsedito continue
TOMS measurements from 2005 to 2017. The OMI imsémt is a nadir viewing hyperspectral imaging ipush-broom
mode. OMI measures the solar backscatter radiatidhe complete spectrum of the ultraviolet/visibavelength range
(270 nm - 500 nm) with 0.5 nm spectral resolutibevglt et al., 2006). Total ozone column used is ttork was retrieved
using TV8 algorithm, hereafter referred to as ONHiorder to maintain continuity with TOMS data retdMcPeters et al.,
2008). Level 3 daily gridded data of OMIT with kmtispatial resolution (1.0° x 1.0°) than TOMS igdisData are also
available on NASA anonymous ftp site.

The total ozone column data series was combinedsing specific satellite data over the followingipds: TOMS-N7
(1980-1992), TOMS-EP (1996-2004) and OMI (2005-20Note that data of 1993-1995 are sparse or ngskin the
September-October perioth order to complete the data series, total ozaentns of multi-sensor reanalysis 2 (see Sect.
2.2). Since TOMS and OMI UV sensors do not receineugh UV light in early September, originatingnfreegions not
illuminated by the Sun (from 77°S to 82.5°S up tiol+®eptember), these regions were not considerednwpute the total
ozone mean value in MSR-2 data.

TOMS/OMI and MSR-2 data series have previously besed in different scientific studies of ozone memg in the
Southern polar region (Salby et al., 2012; Kuttgthret al. 2013; Solomon et al., 2016). Hereaftert980-2017 composite
satellite total ozone series will be called SAT.

2.2 Multi-Sensor reanalysis

Ozone Multi-Sensor Reanalysis version 2 (MSR-2yjoles global assimilated ozone fields for the pri®@80-2017 based
on 14 satellite data sets (van der A et al., 20IBg 14 polar orbiting satellites measuring in tear-ultraviolet Huggins
band were corrected to construct a merged satelit series that are assimilated within the cheyrisansport
assimilation model TM3-DAM to obtain MSR-2 datadsean der A et al., 2010 for a detailed descripdod van der A et
al., 2015 for last improvements of the assimilatioodel). Corrections of offset, trends and variadiof solar zenith angle
and temperature in the stratosphere were computeshtellite data sets by comparisons with individgraund-based
Dobson and Brewer measurements from World Ozone Wtrdviolet Data Center (WOUDC). Those correcticare
specified in van der A et al. (2015), table 2.

Daily gridded forecast ozone data of MSR-2 at 1ZCLANd spatial resolution of 0.5°x0.5° were usethis work and they
are available from the Tropospheric Emission Mamip Internet Service (TEMIS) of KNMI/ESA
(http://www.temis.nl/protocols/o3field/data/msr2/).
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Different studies on trends in the South Hemispheree used MSR-2 data (Kuttipurath et al., 2013 @&t et al., 2015,
2017). Hereafter the 1980-2017 ozone series widdiked MSR-2.

3 Data classification within the vortex

In order to consider total ozone columns only witthie polar vortex, the data classification is perfed by evaluating the
vortex’s position at different isentropic levelsiin May f'to December 31, each year. Two classification odshare then
applied in order to evaluate the impact of baraciiy of the vortex on the averaged total ozoneunuis in both studied
depletion periods. The first one is based on alsiiggntropic level, while the second one considerange of isentropic

levels.

3.1 Vortex position

For each day of the studied periods, the vortextipasis determined by using a 2-D quasi-consewgatioordinate system
(equivalent latitude/potential temperature) desatilby Mcintyre and Palmer (1984) where the polednivalent latitude
(EL) corresponds to the position of maximum potdntdrticity (PV). This conservative system is cartgd from PV field
simulated by the Modélisation Isentrope du transpégsoéchelle de 'Ozone Stratosphérique par AderdtMIMOSA)
PV advection model (Hauchecorne et al., 2002). ifibdel was forced by ERA-Interim (Dee et al., 20fiBteorological
data (2.5°x2.5°) of European Centre for Medium-RaWeather Forecasts (ECMWF). Daily advected P\dgi€¢l°x1°) on
the 30°S-90°S latitude band at 12 UTC are usedltulate EL on the isentropic level range betwe@dkdand 600K with
a step of 25K.

Following Nash et al. (1996), PV is evaluated asirection of EL and three particular regions areniifeed: inside the
vortex, characterized by high PV values, at thaéeyoedge, corresponding to high PV gradients argideithe vortex (or
surf zone) with small PV values. The limit of thertex corresponds to the EL of maximum PV gradiemtighted by the
wind module. This limit is subsequently smootheahigerally with a moving average of 5 days to redtiee noise in the

vortex edge data series.

3.2 Methodology for classification

The Nash criterion was already used in severalesud distinguish measurements (ozone profilestatad columns) inside
and outside the vortex in the Southern Hemisph@adin et al., 2001; Bodeker et al., 2002; Pazminal.e 2005, 2008;
Kuttipurath et al., 2013, 2015). In the case o&ltablumns, measurements were considered insidedtiex when their
corresponding EL was larger than the EL of the esofimit at a specific isentropic level (e.g. 550 Bodeker et al., 2002;
Pazmino et al., 2005). However this “standard” rodtldoes not take into account the baroclinicitythef vortex. It can
result in the classification of total ozone coluninside the vortex while partial columns below droge the selected
isentropic level are outside the vortex. The totane column may thus not represent the ozone mehauside the vortex.
In order to consider possible vortex baroclinicappther approach is used, where vortex clasddicait different isentropic
levels is considered at the same time. For thisrgk@pproach, the range of selected isentropiddagechosen in the
altitude region of maximum ozone depletion: fronD4K to 600 K with a step of 25 K. The same 9 isapic levels

considered for 400 K-600 K range classificationapplied each year.

In order to illustrate the impact of vortex baradity on the classification of total ozone coluimside the vortex, Fig. 1
shows MSR-2 total ozone fields on October 7, 204@h the vortex position computed at different igepic levels

superimposed. The vortex position curves are repted by black to light grey colours. On this matér day, the region
classified inside the vortex in the 400 K-600 Kgairis limited by the vortex position at 400 K (Kdine) towards Antarctic

West coast and Palmer Peninsula and at 600 K (gt line) towards the Antarctic East coast. Tinéevdot marks in the
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Fig. 1 show the limit of the region consideredhistnew classification In the case of standardsdiaation using a single
level at 475 K or 550 K, the region estimated asdi@ the vortex consists of an area with total ezoolumns higher than
400 DU. These areas are not considered in theiftdas®n using several isentropic levels betwed® 4 and 600 K
isentropic levels. Regions where total ozone coliawe lower than 220 DU are taken into accounthyctassification at
all the isentropic levels. A daily mean total ozawumn of 213.4 DU was computed inside the vousing this new
classification method. The standard classificaistimates a 40 DU and 20 DU larger ozone averagevat 475 K and

550 K respectively on that day.

4 Vortex baroclinicity

Both methods of classification described in thevigngs section were applied to satellite compositaltozone data series
SAT and MSR-2 reanalysis at each grid point. Fehegar, daily mean total ozone amount inside thréex was averaged
over two periods: the whole month of September, thedperiod of maximum ozone depletion betweeneeper 158 and
October 18 (15Sept-150ct). Figure 2 shows the evolution ¢éltozone average inside the vortex for the 1536fiet
period between 1980 and 2017 for the MSR-2 dati@seomputed with the standard classification nethased on the
single isentropic level (475 K and 550 K) and witle second method using the 400 K — 600 K rangsewitropic levels.
Error bars represent the two sigma standard ePay. Similar interannual total ozone variability ibserved for the time
series obtained by the different methods. The tatiom coefficients between the range method amdstiandard one at
475 K and 550 K are 0.98 and 0.99 respectivelypideshese good correlations, the data seriesigméisantly different at
the 2 level Higher ozone values are found with the standardatktespecially for the 475 K level, which showsi@an
difference with the TOC ozone time series basetherrange method of ~15 % over the whole analysim@. Three years
stand out in the comparison: 1995, 1999 and 20dring which the inside vortex region was systenadljclarger at 475 K
compared to higher isentropic levels during theqaerSimilar results are observed for September ghown). In this work,
the second method is preferred since it takesaatount the ozone loss at different isentropicl&wehich strongly impacts
the total column.

MSR-2 total ozone time series obtained in Septerabdrl5Sep-150ct with the range classification oktire displayed in
Figure 3. September presents ~8% higher ozone wadaes than the 15Sept-150ct period. Similar imeual variability is
observed between the two periods as shown by threlation coefficient of 0.98. The last four yegresent very similar
ozone values around 205 DU in September while Bepb-150ct period they show larger variability.

MSR-2 total ozone data series inside the vortexcarepared to SAT series as shown in Fig. 4, whispldys the relative
difference between MSR-2 and SAT for the 400 K-80fange classification. Differences of about +0.5a% observed in
the 1980s. Small differences are expected duriisgptbriod since only TOMS data are used in botl dats until 1993. In
the 1993-1995 period discrepancies between botresware only due to the differences in the selratioMSR-2 data for
the SAT record in order to have similar spatialerage as the data from the other instruments icatpd in the SAT time
series. These differences varying between -1 g@hd@represent an estimation of the impact of redspmtial coverage in
SAT dataset on the averaged total ozone level pieBaber. The 15Sept-150ct period presents neghigliiferences. The
addition of GOME (1996-2005) in MSR-2 assimilatioould explain the discrepancies with the SAT dattss considers
only TOMS-EP. From 2001, differences are larger gederally positive, reaching ~5% in September 8ftb in 15Sept-
150ct. period. These increased differences arecedlyevisible during the period where data frorstimments on board the
ENVISAT platform (e.g. SCIAMACHY) are assimilated ihe MSR-2 record. Overall, values in Septembesgmt a mean
bias of 1.3 % (dash blue line in Fig. 4), and ii8&pt-150ct a smaller bias value of 0.5 % (dasHimedn Fig. 4). Temporal
evolution of the differences, e.g. negative tramthie 1980s and positive trend in the 2000s, car ha impact on the long-

term ozone trends retrieved from both records elmegal, differences between SAT and MSR-2 recarsaused by MSR-
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2 starting to use multiple satellite total ozonduoms records after 1996, the procedures in MSR-actount for inter-
instrument differences, and the data assimilatiethodology that allows for filling gaps (van deefal., 2015).

Despite the differences between those datasetspoge of this work was to analyse in the same sedgllite data such as
those included in the SAT record without any caicecor adjustment and the MSR-2 record, which aot® for inter-
instrument differences using ground-based totalroal data. Due to the larger differences observédden both data sets
in September especially in the 1995 — 2010 peniddch may have an impact on trend analysis, it dedded to retrieve
trends from the SAT dataset in the 15Sept-150gt.onl

In the next section, ozone data series based odiffieeent classification methods are used to eatalithe impact of vortex

baroclinicity on ozone trends inside the vortexboth studied periods.

5 Trend analysis
5.1 Method

In order to evaluate ozone recovery in Antarctestimation of trends before and after 2001 wereutafed using a multi-
regression model (Nair et al., 2013) updated frbemn AMOUNTS (Adaptative Model for Unambiguous TreSdrvey)

model (Hauchecorne et al., 1991; Kerzenmacher.e2@06). Different common explanatory variablestsas eddy heat
flux (HF), solar flux (SF), Quasi-Biennial Oscillah (QBO), Aerosols (Aer), Antarctic Oscillation /D) are used to
explain total ozone variability over the 1980-2Qdefiod. These proxies were widely applied in défertrend studies (e.qg.
de Laat et al., 2015 and references herein). Th8O&ntribution to long-term trend in ozone is esented by piece wise

trend functions (PWT). The total ozone variabiljt§) can be expressed following Eq. (1):

Y(t) =
K+ CypHF () + CspSF(Y) + Copo30QBO30(Y) + Copo10QBO10() + CyerAer(t) + CuapAAO() + Corap GRAD(E) +
PWT(t)+ € (1), 1)

wheret is year from 1980 to 2017, K is a constdiy,,, are the regression coefficients of the respegiegies mentioned
above anct (t) is the total ozone residuals. Table 1 shows tlspestive information for each proxy: source, specif
characteristics and time window where proxy valaes averaged to represent the respective year.v@QB® effect on

ozone variability is estimated using two proxies3@hPa (QBO30) and 10hPa (QBO10), which are oythaise byvg

(Steinbrecht et al., 2003). The HF proxy correspoiadthe average over the August-September pefitlieod5-day mean
Heat Flux in the 45°S-75°S latitude range at 70ffBan MERRA-2 analyses. The time window of Augusptenber is

selected for computing the mean HF, following datlet al. (2015) recommendation to obtain the begtession results.
For the Aer term, a merged proxy of monthly aeragutical depth (AOD) is computed from updated Satt@l., (1993)

dataset for the 1980-1990 period and from fourll#atelata series (SAGE Il, OSIRIS, CALIOP and ONMR& the 1991-

2017 period. AOD datasets are averaged over th®-88°S zonal region in the 15-30 km altitude rangedated Sato et al.
data are obtained from NASA monthly AOD at 550nrhe Batellite AOD data over 1991-2017 period wemnamated at

532 nm. The Sato et al. data set was converte@2mnf according to Khaykin et al. (2017). The mdrg®©D proxy was

obtained by normalizing the Sato et al. time setiethe SAGE Il data in December 1991. The regoessbde uses the
AOD values in April before the complete formatiohtbe vortex in order to avoid possible contamimatof aerosols
satellite data by Polar Stratospheric Clouds. ThalAOD proxy is represented by a bold black linéFig. 5 together with

Sato et al. (1993) and satellites datasets fot #84.-2017 period.

A new GRAD(t) proxy was developed in order to tak® account the stability of the vortex during stadied period. This
proxy corresponds to the maximum gradient of P &mction of EL at 550 K during both studied pdede.g. September
and 15Sept-150ct). It is calculated from ERA-Intedata. GRAD and HF proxies are detrended by remgoai & order

6
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polynomial fit to minimize correlation with PWT pxies. Figure 6 displays GRAD and HF proxies befarel after
removing trends. An anti-correlation of ~0.55 beawehese two proxies is observed with a p-valu@kGbut the addition
of GRAD proxy provides a much better agreement betwmeasurements and model, especially duringthelécade. The
contribution of the GRAD(t) proxy to the improventerf the MLR results is discussed in Sect. 5.2.3.

For the long-term trends, two piecewise lineardr@V/ LT (t) = C,,t1(t) + C,t2(t)) functions calculated before and after
the turnaround year are usually used to estimateiange of slope in the long-term evolution ofrezdue to ODS (e.g.
Reinsel et al., 2002; Kuttipurath et al., 2013 ,Ldat et al., 2015). In this work our Modified PWIlriodel (PWT) uses an
additional function in order to take into accouné tslower growth of ODS near the turnaround year the ozone loss

saturation effect within the Antarctic polar vortexOctober (Yang et al., 2008). The PWT modekjsresented by Eq. (2):
PWT(t) = Cyq1t11(t) + Cp1ot12(t) + Cppt2(t) (2)

where(C;;; andC;, are the coefficients of the linear functions anhg, of the parabolic function. The first period is
represented by a linear time proxiyl and a parabolic time proxyt 2. The second period is expressed only by a lines t

proxyt2. The proxies are computed as follow:

t 0<t<T,

il = {To Ty <t < Tong (3
2
(t—(ﬂ)) 0<t<T,
t12 = . (4)
(T"Z_l) To < t < Tong
(0 0<t<T,
€2 = {t “Ty, Ty<t<Tuy ©)

T, corresponds to the turnaround year in the consitiperiod. In this work, 2001 was selected asuhgatound year when
equivalent effective stratospheric chlorine (EE®@)ximizes for a mean age-of-air of 5.5 yr (Newmarmle 2007). The
corresponding value fdf, is 22.T,,4 corresponds to the number of years considereldeirstudy (38 for 1980-2017). The
minimum of the parabolic time proxy 2 is set to the middle of the period before the duonnd year so that the slope of the
proxy is zero on that year. In this case the coieffit of t11(C;{,) can be considered as the linear trend before .28fdr
2001, t11 and t12 are constant and then the limead is given by thé,, coefficient. Figure 7 represents the evolution of
the three piece-wise proxy anomalies normalisedhbycorresponding standard deviation. The imprergnusing PWT
instead of PWLT is discussed in Sect. 5.2.4.

5.2 Trend results for the averaged total ozone caohan records

The multi-regression model described in previousiee was applied to MSR-2 total ozone anomalie®tseries computed
as monthly total ozone — mean total ozone for thpt@nber and 15Sept-150ct periods and to SAT ®rl86ept-150ct
period only. Times series of total ozone data apoading to the different classification methodsadided in Sect. 4 were

also used to evaluate the impact of vortex barmifjnon total ozone trends.

5.2.1 September

A rapid decrease of ozone levels occurs withinpilar vortex in Antarctica from the last two weefsAugust to the end of

September when the necessary sunlight to starbzbae catalytic destruction cycles is present agaimve austral polar

regions. Important differences of in total ozoneels are found inside the vortex between the fsl second half of

September. Very low values are especially obsedwgthg the last week. Although pronounced decréagdetal ozone is

observed in September, recent works have used azmoeds obtained during this month to detect thene recovery

(Solomon et al., 2016; Chipperfield et al., 2017er et al., 2017). Those studies use data or afions poleward of
7
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~60°S and identify first signs of Antarctic ozomeovery for September but not yet for October duthe larger dynamical
variability during that month. In this work, ressulfrom our multi-regression model are evaluated emuipared to those
previous works for the September period. Figurdu8trates the results of the regressions modariesd in section 5.1 for
the MSR-2 total ozone data series inside the varsixg the 400 K-600 K range classification. The panel represents the
deseasonalized total ozone observations as wéfleasegressed ozone values. The model resultsdepeoquite well the
interannual variability of measurements except@02when the vortex split in two parts in late-®@pber due to a major
sudden stratospheric warming (e.g., Allen et &l03). Likewise, the year 2000 was characterized layge ozone hole area
in September, and yields a relatively high valueesfdual of ~30 DU on that year. Contributionghaf different proxies are
shown in the second to fourth panels of Fig. aeBiHF and GRAD were added (black line in secontepaf Fig. 8) due to
the correlation between both proxies. The modehtinked to the HF+GRAD fitted proxy represents gezond largest
contribution to total ozone interannual variabil{tyl0 % of the total variance) after the PWT preyich contributes to
about 80 % of the total variability. Other proxi#lsird panel of Fig. 8) represent only 1 % of tatabne variability. Aerosol
proxy contributes by respectively ~6 DU in 1992 ar3dDU in 1983 due to Pinatubo and El Chichon eéomgt Negligible
impact is seen in other years. Fitted QBO (QBO30hREB0O10hPa) explains £5 DU ozone variability. Tdeatributions of
SF and AAO proxies are negligible.

The model explains 92 % of the ozone variabilitydasiuced from the determination coefficierit Rhe estimated total
ozone trends before and after 2001 are -5.31+0.87yD' (-25.2+3.2 % decad® and 1.84+1.03 DU Vf (8.8+4.9 %
decad@), respectively. Both trends are significant (istatistically different from zero) ato2 The 1980-2000 period
presents higher depletion rate compared to Webat.,eP017 (from -12 to -19% per decade dependimgiataset) and
comparable rate for the period of recovery (8-10étadd). Comparable values of trends are found when @& 4
classification level is used (-21+3.2 % decaded 10.1+5 % decade The 400 K-600 K classification allows us to dbta

the best agreement between observations and redreakies (higher 3 and lowery (Zi(obs; — mod;)?/(n — m)) of
residuals. Those results are represented in Talbile BSR-2 total ozone datasets inside the vorted for the three
classifications analysed in this study. Despitaedrealues after 2001 for the 475 K classificatioa bhigher by about 28 %
than for the 400 K-600 K classification range, tteasults between both classifications are notifsigmtly different at &
level, suggesting a limited effect of vortex baneicity on trend estimation using MLR analysis. Ttiéferent results in
Table 2 generally present a ratio between trenftrdand after 2001 close to 3, similar to thaD®S trends before and
after the peak (Chipperfield et al., 2017). Thidigates that the ozone recovery trend could betdu®DS decrease.
Nonetheless this trend cannot be reliably assatiatehemical processes only and other processdd atso play a role.
Computed trends over the 2001-2017 September pebitained with our model range from 1.84 to 2.36 @U for all
cases studied. They are all significant atl@vel. Solomon et al. (2016) found significantaladzone trend of 2.5+1.7 DU
yr' in September from SBUV and ozonesonde observatodssimilar results from the chemistry+dynamicdeanoes
(Chem-Dyn-Vol) simulation (2.8+1.6 DU VJ using the Whole-Atmosphere Community Climate Mo¢&ACCM).
Estimated total ozone trend when only chemistrgassidered in the model (Chem-Only) correspondriy balf of the
final trend (1.3+0.1 DU y#t).

A simulation test was done to evaluate the pertisesf using other proxies than PWT, HF and GRAxsionly these
fitted proxies present significant regression dogfht values at 95 % confidence interval. Resailtsrepresented in Table
2. Slightly lower determination factor’Rs computed if only PWT, HF and GRAD are considefer September and
comparable residual and trends. This results suigbes the others proxies provide marginal improgemto the MLR

analysis.
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5.2.2 September 15 to October 15

In order to confirm healing of the Antarctic ozanele, it is important to evaluate trends for theiquk where lowest total
ozone values are observed inside the vortex efgyveea September 15 and October 15 The same analysis as for
September is thus performed. Figure 9 illustratesrésults of regressions model for total ozonI8R-2 data series inside
the vortex using the 400 K-600 K classification.sltows that the interannual variability of measwets is better
represented by the model than in September. Fop#tind, the determination coefficient R 0.95 (see also Table 3). As
for the September regression, the sum of fittedaH&# GRAD proxies (black line in second panel) reentés the second
largest contribution to total ozone interannualiataitity (~13 % of the total variance) after the P\Wroxy (~80 %) and the
last decade of measurement is correctly reprodingethe model. Significant trends ef -5.81+0.6 DU'\¢29.8+3 %
decad@) and 1.42+0.92 DU V¥ (7.3+4.7 % decad® are estimated before and after 2001. Similarltesue observed if a
single level classification is used with highemulevalues after 2001 for 475 Rl trend results are comparable withina2
Results based on the SAT record are similar wighsl higher trend values after 2001. Note that #adition in the MLR
analysis of the 2 most recent years (2016-2017igiwivere characterized by weak ozone holes, chatigesignificance of
the 2001-2017 trend from hardly significant to #igant more than @. Results obtained in the 1980-2017 period by the
MLR analysis show thus for the first time a sigrefint recovery in the 15Sept-150ct period. Solax,FpBO, Antarctic
Oscillation and Aerosol (third panel of Fig. 9) &ip ~1 % of the total variance. QBO explains +3 [iferannual
variability and Aerosol signal amount to ~6 DU an8 DU linked to Pinatubo in 1992 and El Chichonli®83. SF
contribution varies from 4.5 DU during the maximuyexcept for the last solar cycle, ~1 DU) to -2.2 Diuring the
minimum. AAO represents negligible contributionn®atest as for September was performed where mraXiSF, QBO,
AAO and Aerosol were removed from the linear regi@s Results are presented in Table 3. Negliglifference in trends,
R? and residuals are observed if those proxies amsidered or not in the MLR analysis. In additioowér chi-valuesare
found for smaller number of fitted parameters, Whgthe case for the regression using PWT, HFGRAD only.

The different cases shown in Table 3 present sggmf trends at @ over the 1980-2000 and the 2001-2017 periods.
Computed trend with 400 K-600 K range classificatis comparable to the Chem-Only trend calculatgdMACCM in
Solomon et al. (2016). Despite the good agreemetwden regressed values and measurements espéaiathe period
15Sept-150ct and for the range classification n{d@0 K-600 K), it is not possible to attributeooe significant increase
to ODS decrease. In addition, the ratio betweamsdefore and after 2001 is larger than 3 whiahdcbe due to the effect

of desaturation of the ozone loss.

5.2.3 Impact of GRAD proxy on trend estimation

The HF proxy represents the cumulative effect ofevactivity on vortex stability (e.g. a high HF oesponds to a warmer
vortex) that seems insufficient to represent tosdne variability over the last decade, especiall2010 and 2012. The
GRAD proxy was developed in order to consider #ovortex stability during both studied periodmcg Aerosols, QBO,
SF and AAOQ represent lower contribution to ozonealmlity, trend analyses using HF, PWT proxiesyoaihd including or
not the GRAD proxy are performed in order to highti the impact of this parameter. Figure 10 shosgsduals of MLR
analysis with and without GRAD on MSR-2 data inside vortex for the 400 K-600 K classification renfgr September
and 15Sept-150ct periods. The residual anomalesignificantly reduced after 2002 when GRAD isdjsespecially in
the 15Sept-150ct period. The second panels of &g8rand 9, show that in some years HF and GRAKigg@re in phase
as during 2009-2014 when GRAD intensifies the HRtgbution to ozone variability. This improvemerst éspecially
visible for the years 2010 and 2012. When both igpoare anticorrelated, as in 2005-2008, the imgmmant linked to the
GRAD proxy is also observed. Table 2 and 3 showdiselts of the regressions excluding GRAD proxySeptember and
15Sept-150ct respectivelyhe determination coefficient is generally reduced iy0¥ and the( values are 25 % to 50 %
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higher. Trend values are mostly similar but theoefars are reduced when GRAD is used as explanatmiable,
especially after 2001. Trends over the 2001-20Togeestimated without the GRAD proxy are still isifgcant at 2 in
September and 15Sept-150ct for both datasets.

5.2.4 PWT vs PWLT

In order to evaluate the improvement of an additigmarabolic function to the linear functions ok tpiece-wise trend
proxy, the classical piece-wise linear trends (PWIsTapplied in the MLR analysis of MSR-2 datasé&ligiure S1 shows
average total ozone anomalies of MSR-2 inside thitex (400 K-600 K range classification method)September and
15Sept-150ct and the retrieved trends using b&iPWLT and PWT methods. In the case of the 15S8pttperiod, the
PWT model provide a better representation of l@rgatozone evolution compared to PWLT, as it betsgtures ozone loss
saturation during the 1990s. The trends error begsalso smaller using PWT before and after 20@Iaddition, a better
agreement between measurements and model valabsésved with a higher’Rand lower residuals. The 2001-2017 trend
error bars are ~60 % higher if PWLT is used andttéed value itself is nearly double. In the cab&eptember, a slight
improvement in R residuals and error bars is obtained with PWT Z801-2017 trend value with PWLT is 40 % larger.

5.3 Results using OMD metric

OMD has been used in previous studies to evaluaireoloss and ozone recovery (e.g. de Laat 2@l7). This metric has
the advantage to be independent of the vortexiposiTotal ozone MSR-2 data were used to compugeatrerage daily
OMD on September and 15Sept-150ct periods. Thé aatme columns are referenced to the 220 DU tloldskalue and
the corresponding mass deficit of the partial caluf®20 DU — total ozone column) is computed at egrith point (e. g.,
Bodeker and Scourfield, 1995). Only total ozonaunwis south of 60°S and lower than 220 DU are censitland the daily
OMD correspond to the sum of OMD at each pixel ipliid by the cosine of the latitude and the squréhe Earth’s
radius. Table 4 shows the MLR analysis of OMD udiifterent sets of proxies as for ozone averagéable 2 and 3. The
contributions of Aerosols, AAO, QBO and SF do rmbwn an impact on MLR analysis where simildr J§ trend and error
bars values are obtained. On the other hand, ttesion of GRAD results in higher’Rand lower residuals in both periods.
For the different cases and periods shown in Taptke OMD trend values are significant at Zhe MLR analysis using
GRAD, HF and PWT proxies provides trends of -1.2940Mt yr* and 0.86+0.36 Mt ytin September and -1.61+0.22 Mt
yr! and 0.65+0.33 Mt ytin 15Sept-150ct. De Laat el al. (2017) found ailsintrend for the recovery period of 0.77 Mt
yr' for the averaged OMD between the 220 and 280 dajear. Figure 11 displays the comparison betwéenQMD
records and results of MLR analysis for the Septmaimd 15Sept-150ct period, together with the tmomdponents of the
model. The effect of ozone loss saturation is paldrly visible in the 15Sept-150ct period. There some years that are
not totally explained by the model, e.g. 2002 af@4 for both periods and 2000 for September. Tharibmtions of
GRAD, HF and GRAD+HF are shown in upper panels igf 52 where GRAD intensifies HF contribution in180and
2012, while both proxies are anti-correlated in 2@008 as observed for the total ozone analysis. rékiduals with and
without GRAD are shown in the bottom panels of Bg. The improvement linked to the use of GRAD prisxparticularly
visible in the last decade.

As for total ozone, MLR analysis using PWLT wasfpened for comparison with the PWT model. FiguresB®ws the
OMD records together with PWLT and PWT componefithe regression model for the both periods. Sindlgreement is
obtained for September but the regression resumltsigher residuals for 15Sept-150ct using PWLT (slwdwn). Major
difference is observed in the period 2001 - 201fA ailarge trend value of -0.91+0.41 Mt'ycorresponding to an increase

of 40 % in absolute value.
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6. Temporal evolution of low total ozone values inge the vortex

The ozone hole is generally defined as the regith tetal ozone columns lower than 220 DU. Thisndtxd value was
used in different studies to evaluate the ozondetiep from the Ozone Hole Area (OHA) (e.g. Newneinal., 2006;
Solomon et al., 2016) or the Ozone Mass Deficit (QNe.g. de Laat and van Weele, 2011, de Laat e2@17) metrics. In
order to evaluate how the ozone hole is influertmgslery low ozone values, the surface relativehtovtortex area occupied
by ozone values lower than different threshold Ieve computed for each day and averaged overrdiffeperiods
(September, 15Sept-150ct and October). The topl paRég. 12 shows the evolution of these averadative areas for five
different thresholds: 220 DU, 200 DU, 175 DU, 150 Bnd 125 DU, for the 15Sept-150ct period. MSR-taskts is used
for this analysis and vortex areas are estimatetjube 400 K-600 K range classification, the resolf previous sections
having shown that the range classification bettarstrains the ozone hole area. Results show inogeaseas during the
1980s, a stabilisation in the 1990s and a hightersannual variability since 2001. In contrastiie 220 DU threshold case,
the evolution of relative areas corresponding teelothresholds shows a delayed increase from thmbiag of the1980s to
the early 1990s, reaching a maximum in all caseX)B0. After 2000, a larger interannual variabilgygenerally observed
and from 2006 a steady decrease is seen for tHdsskmwver than 200 DU. In all cases, several anonsmlyears are
observed with important reduction of ozone deptetid988, 1991, 2002, 2004, 2010 and 2012. Note tthede years
correspond to a high contribution of HF+GRAD praxte the regressed ozone values (Fig. 10, secaral)p# we exclude
these anomalous years, the 220 DU relative areainsnfrirly stable at about 90% of the total voritexaverage since 1990.
In the most recent years, relative areas for 125aDt) 150 DU thresholds decrease to less than 10d%8@ % respectively
from their peak value of 21 % and 57 % reached)®02 If such trend persists, the frequency of Vew ozone values (e.qg.
below 125 DU) is expected to become negligiblehin¢oming decade.

In addition, OMD were computed for the same thrégsh@ottom panel of Fig; 10). The evolutions of OMresent similar
behaviour as the relative area but in this casePCGI¥1220 DU threshold shows a visible decreasees?i®0. Nowadays
OMD of threshold lower than 150 DU presents verakwalues lower than 0.2 Mt.

Solomon et al. (2016) have highlighted for thetfin:ie a delay in the formation of the ozone hdtera2000. This shift can
be explained by the slower ozone loss rates after appearance over the Pole, due to ODS decreasigeipolar
stratosphere. In this work, such possible timetshés investigated by computing the first day wiogonne levels below
certain thresholds occur inside the vortex (ushgy400 K-600 K classification range), from SeptemBeto October 15
(Fig. 13). The same thresholds values as for Flgnvere used. In order to avoid influence of spusgivalues, the number of
1° x 1° grid cells with total ozone columns beldve tvarious thresholds in the first day (or stast)deas to be higher than
10. For each curve, day values equal to 244/24fespond to years when ozone levels below the qooreling threshold
have appeared at or before the beginning of SemterRr the 220 DU threshold, the dark blue cuh@as that this is the
case since 1983. For the 200 DU threshold, lowenezvalues appear before the beginning of Septeafbar the mid-
1980s. For the other thresholds, we observe a dseravith some variability, of the start day durthg 1980s, and the
1990s for the two lowest thresholds and an incraétee 2000 - 2005. This increase is most visilsi¢tee 125 DU threshold
curve and to some extent also on the 150 DU thtdshave. In 2016, ozone levels below 150 DU happeared in the
beginning of September, typically as for ozone sa@ethe end of the 1990s but levels below 125 fillappear later. No
values for a particular year in the threshold carnvlicate that total ozone levels were abovettirashold during the whole
period considered. This is the case for the tweelothiresholds before 1985 and for the 125 DU thulelsim 2002, 2004 and
2017.
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7 Conclusions

MSR-2 and SAT (TOMS/OMI with gaps in 1993-19954il by MSR-2) datasets have been used to evaluateotmone
trends within the Southern polar vortex over th8®2017 period. A multi-regression model is appliedozone values
averaged over the September month and the 15 Septéan15 October period in order to compute lagngrttrends before
and after the ODS peak in the polar stratosphexedtcurred around 2001 (Newman et al., 2007). THhh&ept. — 15 Oct.
time range corresponds to the period of maximurmeztepletion. It is not commonly used in previousks. Proxies and
time windows for averaging them are selected folhgnde Laat et al. (2015) work.

For the classification of total ozone measuremansisle the vortex , the classical Nash et al. (J986thod is used. In order
to evaluate the impact of vortex baroclinicity oentd analysis, classifications using a single regi¢ levels (475 K, 550 K)
and a range of levels (400 K — 600 K) are testgdteBnatic differences are found between the varidiesvever the inter-
annual variability is similar with correlation cdiefents ranging from 0.98 to 0.99 in both studjgeriods. While larger
trend values are generally found with the 475 ksifecation, the differences with trends relatedh® 400 K — 600 K range
classification are not significant at 2evel.

The use of combined piece-wise linear and paralfofictions for the trend proxies (PWT) in the 198R000 and 2001 —
2017 periods provides a good representation oftate ozone long term behaviour inside the vortaftef removal of
interannual variability), especially for the 15S@piOct period, probably in relation with the effe€ ozone loss saturation.
The classical PWLT used in previous studies seemsédrestimate the trends during the recovery gderio

A new proxy (GRAD) representing the vortex stabilitver both studied periods is included in the ifinéar regression.
This proxy improves the representation of totalrezmter-annual variability by the regressed vakssecially over the last
decade. It results in ~0.05 higher value for tHed@termination coefficient, lower fitted residuaiad smaller trend
uncertainties for the different classification nwdk and datasets. In general, the best agreemsvdereobservations and
regressed values is found for the 15Sept-150cbgewhile the HF combined with GRAD proxies reproéuguite well the
interannual variability of ozone, other proxiestsas Aerosols, QBO, SF and AAO present smalleraggibry power and
contribute less to reduce trend uncertainties.

In the period of increasing ODS (1980-2000), theRvinalysis shows negative and significant trends foth studied
periods, similar to values found in previous stadje.g. Kuttippurath et al., 2013 and de Laat gt24115). The 15Sept-
150ct period presents slightly higher negativedseim absolute value than the month of September.

In the 2001-2017 period, positive trends are oletifor all scenarios. The largest trends and higdigsificance are found
for the September period, with a trend value ofi:8 DU for the MSR-2 total ozone record using th® 48600 K range
classification method. For the 15Sept-150ct peradower trend of 1.4z 0.92 DU is obtained using the same record.
Better fit and smaller residuals are obtained fat tperiod. Differences with trend results from titber SAT data set
evaluated in the study are not statistically sigatit.

The ratio between trends before and after 200ksa¢tcording to the studied period. Only Septerreeds present a ratio
of ~3 as expected for an ozone response to ODSutgwol However, as for other trend studies basedvidR fit to
observations, it is not possible from this analysifully attribute the retrieved trends to ODS leXion only.

The evolution of 0zone mass deficit was also amalysing MSR-2 data. MLR analysis on this metricficms the findings
obtained for total ozone columns, e.g. a genergrarement of the fits with the GRAD proxy and tha@imexplanatory
power provided by the GRAD, HF and PWT proxies. T2@#1-2017 OMD trends are higher in absolute vdhre
September (-0.88.36 Mt.yf') than for 15Sept-150ct (-0.66.33 Mt.yr’). They are significant at®level in both cases.
These results are in general good agreement wattetiobtained in De Laat et al. (2017). Similar otidns of 53 % and
35 % of OMD are computed for September and 15S&Pet respectively, which seem overestimated corisigghe ODS
decrease during the 2001- 2017 period.
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The structural uncertainties of the MLR analysikéid to the selection of proxies were not fullylgged in this work, as in
De Laat et al. (2015). The main sensitivity testsaerned the baroclinicity of the vortex and theawt of its stability
during the studied periods. Trend differences ia tlarious scenarios analysed provide some quatidit of related
uncertainties and are lower than the statisti@ldruncertainties. Further, the large determinatmefficients obtained for
both periods analysed give confidence in the netdetrends. The Heat Flux proxy that provides #irgdst explanatory
power in the various fits is a well-known driver\afrtex temperature conditions that are the printanyses of polar ozone
depletion in periods of high ODS levels. The influae of the GRAD proxy in recent years highlights timportance of the
vortex stability for the containment of the ozomdenduring the period of maximum depletion.

Polar ozone recovery was also evaluated by examithia temporal evolution of relative areas occupigdzone levels
below various thresholds within the vortex. Veryadiniotal ozone columns (<150 DU) did not occuridesthe vortex
before the late 1980s and early 1990s. For the125150 DU and 175 DU thresholds, relative areapldy a steady
decrease since the beginning of th& @dntury, while for the 200 DU and 220 DU thresisokthe relative area’s evolution is
quite stable. All relative area curves are markgdnigreased variability since 2000. Relative aresdated to the lowest
thresholds show a more rapid decrease, which fupbiaits towards polar ozone recovery. OMD recdrased on the same
thresholds show a similar behaviour.

In summary, this work present clear symptoms o&pokone recovery. Recovery is found for the maritS8eptember and
for the first time for the period of maximum ozodepletion, e.g. from September 15 to October 15. Heth studied
periods, recovery is deduced from the significamdifive trends in total ozone, significant negatikends of ozone mass
deficit and from the steady decrease of the ocoogef low ozone values within the polar vortex. @8BS continue to

decrease in the next years, it is likely that oz@wevery in the Polar vortex in spring will becomere evident.

Data availability. The source of the different total ozone columtasiets and classical proxy time series utilisetthi;mmwork are publically

available from the websites given in the text andTable 1. The satellite data used to build theosek proxy are available at
https://eosweb.larc.nasa.gov/project/calipso/calipgble for CALIPSO; https://eosweb.larc.nasa.gmjémt/sage2/sage2_table for
SAGE Il, http://odin-osiris.usask.ca/  for ~ OSIRIS;  http:&pl.nasa.gov/products/h2o_product.php ~ for  MLS; d an
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Table 1: Information of proxies (source, characteriics and time window for the mean yearly value).

Proxy Source Characteristics Time
window
HF NASA/Goddard Space Flight Center 45-Day Mean Heat Flux between Aug.-Sept.
https://acd-ext.gsfc.nasa.gov/Data_services/metfeata.html 45°S-75°S at 70hPa from MERRA 2
SF Dominion Radio Astrophysical Observatory (NatidR@search Monthly averages of Solar Flux at Sept.
Council Canada) 10.7cm wavelength
ftp://ftp.geolab.nrcan.gc.ca/data/solar_flux/montlaverages/solflux_
monthly_average.txt
QBO Institute of Meteorology (Freie Universitat Bajli Monthly mean Quasi-Biennial Sept.
http://www.geo.fu-berlin.de/en/met/ag/strat/produgbo Oscillation at 30 and 10hPa
Aer 1980-1990: NASA/Goddard Space Flight Center AOD@550nm, 15-30km, 40°S-65°S April
https://data.giss.nasa.gov/modelforce/strataer/ zonal mean.
Jan. 1991 —April 2017 composite data series AOD@532nm merged satellite time
series of SAGE Il, OSIRIS, CALIOP
and OMPS following method
described in Khaykin et al. (2017)
15-30km, 40°S-65°S zonal mean
AAO NOAA/National Weather Service Daily AAO index Same as O3
ftp://ftp.cpc.ncep.noaa.gov/cwlinks/
GRAD Daily maximum of PV slope at 550K Same as O3

computed from ERA-Interim data
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Table 2: Coefficient of determination R, trends = 25 in DU yr™* before and after the turnaround year 2001 derivedrom multi-
regression model using as input MSR-2 (1980-2017ptal ozone anomalies inside the vortex for Septembeusing three
classification methods described in Sect. 3.2. Thesidual is represented in DU by = /Y;(obs; — mod;)?/(n — m) where obs;
and mod; correspond to observations and model monthly meam the number of years and m the number of paramets fitted as
in Weber et al. (2017)

Multi-Sensor Reanalysis (MSR-2)

400 K-600 K 475 K 550 K
R? 0.92 0.90 0.92
Trend before 2001 -5.31+0.67 -4.90+0.74 -5.23+0.68
Trend after 2001 1.84+1.03 2.36+1.16 1.92+1.07
X 10.74 12.02 11.12

Only with GRAD, HF and PWT
R? 0.91 0.89 0.89
Trend before 2001 -5.32+0.64 -5.00+0.71 -5.21+0.70
Trend after 2001 1.91+0.94 2.26+1.04 2.00+£1.04
X 10.61 11.82 11.71
Only with HF and PWT

R? 0.84 0.77 0.82
Trend before 2001 -5.34+0.84 -4.79+0.97 -5.23+0.89
Trend after 2001 2.04+1.24 2.83+1.48 2.13+1.31
X 14.04 16.03 14.81
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Table 3: Idem Table 2 for Sept15-Octl15 period. SAT daset is also presented.

Multi-Sensor Reanalysis (MSR-2)

Composite satellitdata (SAT)

400K-600K 475K 550K 400K-600K 475K 550K
R? 0.95 0.94 0.94 0.96 0.94 0.94
Trend before 2001 -5.81+0.60 -5.55+0.66 -5.63+0.77 -5.86+0.57 -5.57+0.64 -5.64+0.65
Trend after 2001 1.4240.92 1.7341.01 1.58+1.02 A0787 1.96+0.99 1.7940.99
X 9.67 10.65 10.77 9.21 10.39 10.46

Only with GRAD, HF and PWT
R? 0.94 0.93 0.93 0.95 0.93 0.93
Trend before 2001 -5.86+0.56 -5.71+0.64 -5.67+0.64 -5.93+0.56 -5.75+0.66 -5.70+0.63
Trend after 2001 1.21+0.83 1.42+0.95 1.35+0.94 40488 1.56+0.97 1.47+0.93
X 9.35 10.68 10.65 9.35 10.84 10.55
Only with HF and PWT

R? 0.87 0.82 0.86 0.88 0.83 0.87
Trend before 2001 -5.89+0.84 -5.74+0.98 -5.70+0.86  -5.96+0.82 -5.78+1.00 -5.72+0.84
Trend after 2001 1.45+1.24 1.70+1.45 1.57+1.27 41631 1.82+1.47 1.68x1.24
X 14.06 16.40 14.39 13.71 16.18 14.03
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Table 4: Coefficient of determinatior?,Rrends + & in Mt yr' before and after the turnaround year 2001 derir@t multi-regression
model using OMD dataset (MSR-2 total ozone columng threshold of 220 DU, see the text) for Septnamd 15Sept-150ct over
1980-2017 period. The residual is represented irbPY as explained in Tab. 2.

September 15Sept-150ct
R? 0.85 0.91
Trend before 2001 1.28+0.25 1.59+0.24
Trend after 2001 -0.78+0.39 -0.68+0.37
X 4.04 3.85

Only GRAD, HF and PWT
R’ 0.82 0.90
Trend before 2001 1.29+0.24 1.61+0.22
Trend after 2001 -0.86+0.36 -0.65+0.33
X 4.04 3.68
Only HF and PWT

R’ 0.78 0.85
Trend before 2001 1.29+0.26 1.61+0.27
Trend after 2001 -0.88+0.38 -0.70+0.39
X 4.37 4.44
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500

Figure 1: Total ozone (DU) from MSR-2 on October 72012 at 12 UT. Vortex edge position at different isgropic levels are
auditioned to the map and represented by black toight grey lines. White dot marks identify the regim considered inside the

vortex using the 400 K -600 K range classification.
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Figure 2: Evolution of total ozone of MSR-2 dataseinside the vortex averaged each year on 15Sept-15Qeriod for different
classifications: standard method at 475 K and 550 Kepresented by black and blue lines, respectivelnd method considering the
400 K-600 K altitude range by red line. Error bars represent twice the standard error.
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400K-600K classification
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Figure 3: As in Fig. 2 but only for 400K-600K clasiication on different periods: September and mid-@ptember to mid-October.
Error bars represent 20.
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Figure 4: Relative difference between MSR2 and SAT ean total ozone inside the vortex for September (¢ curve) and 15Sept-
150ct (red curve) periods. Horizontal dash lines aoespond to the mean bias between data series.
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Figure 5: Time series of April monthly mean AOD at 82 nm within 40°S-65°S and 15-30 km of normaliseda® et al., 1993
dataset (see main text) and from satellites (SAGE ,IIOSIRIS, CALIOP, OMPS). The corresponding merged d& is represented
by the bold line.
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Figure 6: Heat Flux (top panel) and Gradient - GRAD(bottom panel) anomalies for the 15Sept-150ct pexd: before removing a
polynomial fit of 3" order (black line), fit (grey line) and after removing the fit (blue/red line).
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Figure 7: Anomalies of the linear functions beforeand after 2001 (t11 and t2, respectively) and paratbic function (t12) that
correspond to the PWT proxy (see Eq. 2 to 5). Each pxg anomaly is normalised by the corresponding staratd deviation.
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Figure 8: Deseasonalised total ozone inside the vex of MSR-2 series (meas) and regression model (ded) for September using

400 K-600 K classification (top panel). Contributims of proxies are also shown: Heat Flux - HF, gradint - GRAD and the

combination of both HF+GRAD (second panel); solarlfix - SF, QBO (QBO at 30hPa + QBO at 50hPa), Antatic Oscillation -
5 AAO and Aerosol - Aer (third panel); and PWT (bottom panel). Ozone anomalies and contributions of progk are given in DU.
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Figure 9: As in Fig. 7 for 15Sept-150ct.
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Figure 10: Residual (in DU) with and without contribution of GRAD proxy for September (top panel) and15Sept-150ct period
(bottom panel)
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Figure 11: OMD (in Mt) computed from total columns of MSR-2 dataset lower than 220 DU and south of 68°for September (left
panel) and 15Sept-150ct (right panel). Regressed luas by MLR analysis using GRAD, HF and PWT are alsgshown as well as

the fitted PWT proxy.
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Figure 12: Relative area inside the vortex (in %) \ith values lower than 5 level thresholds (125, 15@,75, 200 and 220 DU)
5 computed from MSR-2 dataset using 400 K-600 K clasigation on 15Sept-150ct period (top panel). OMDif Mt) time series
computed from MSR-2 total ozone data for the same thresholds and time period are displayed in the ktom panel.
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Figure 13: Start day of occurrences of total ozonkevels lower than different thresholds (125, 150,76, 200 and 220 DU) computed

from the MSR-2 dataset using the 400 K-600 K clad&iation between September % and October 15.
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