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Abstract. The long-term evolution of total ozone column desithe Antarctic polar vortex is investigated otrex 1980-
2016 period. Trend analyses are performed usinglélimear regression (MLR) model based on varipusxies (heat flux,
Quasi-Biennial Oscillation, solar flux, Antarctics€lllation and aerosols). Annual total ozone colurorresponding to the

15 mean monthly values inside the vortex in Septenalmer during the period of maximum ozone depletiamfrSeptember
15" to October 1% are used. Total ozone columns from combined SBUMMS and OMI satellite datasets and the Multi-
Sensor Reanalysis (MSR-2) dataset are consideréueistudy. Ozone trends are computed by a pieeetrneénd model
(PWT) before and after the turnaround in 2001.riteoto evaluate total ozone within the vortex, slassification methods
are used, based on the potential vorticity gradéesna function of equivalent latitude. The firstrgtard one considers this

20 gradient at a single isentropic level (475K or 550Khile the second one uses a range of isentilepis between 400K
and 600K. The regression model includes a new ptbay represents the stability of the vortex durihg studied month
period. The determination coefficient{Fbetween observations and modeled values incrégse.05 when this proxy is
included in the MLR model. The highef [9.93-0.95) and the minimum residuals are obsefwethe second classification
method for both datasets and months periods.

25 Trends in September are statistically significan? aigma level over 2001-2016 period with valuasging between 1.85
and 2.67 DU yt depending on the methods and data sets. Thig @mifirms the recent studies of Antarctic ozonaling
during that month. Trends after 2001 are 2 to 2simower than before the turnaround year as expéaie the response to
the slowly ozone-depleting substances decreaselar Regions.

Estimated trends in the 15Sept-150ct period ardlesntaan in September. They vary from 1.15 to 1018 yr* and are

30 hardly significant at @ level.

Ozone recovery is also confirmed by a steady deere&the relative area of total ozone values laotvan 150 DU within
the vortex in the 15Sept-150ct period since 20l@m@arison of the evolution of the ozone hole are&éptember and

October shows a decrease in September, confirmatater formation of the ozone hole during thahtho

1 Introduction

35 The evolution of total ozone content (TOC) in Awctara during Austral spring is deeply linked to timaportant
stratospheric ozone decline that was highlightedtfie first time by Chubachi et al., 1984 and Farnea al., 1985.
Nowadays the photochemical and microphysical psEseteading to the massive and seasonal destrudtmrone in Polar
Regions are well understood. The latest Ozone Assest Reports (WMO, 2007, 2011, 2014) have confirrtiee
stabilization of ozone loss in Antarctica since @0The challenge now is to assess the impact obliserved reduction in

40 the concentration of ozone depleting substancealated in the polar regions to ~10% in 2013 fréw peak values in
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2000, WMO, 2014) on the amplitude of the ozonerdetibn every year. During the last decade, se\atalies have been
carried out to quantify a possible increase inltozane column in the Antarctic polar vortex iniggrdirectly linked to this
decrease in the polar stratosphere. Most analys@snulti-parameter regression models with diffepoixies to represent
the interannual variability of ozone as the 11 ysalar cycle, the quasi-biennial oscillation (QB®@lcanic aerosols or
5 eddy heat flux (Salby et al., 2012; Kuttipurathakt 2013; De Laat et al., 2015). These studiegigdly show a significant
increase of TOC since 2000 for September-Novemhwerage period but they differ on the proxies used the
quantification of ozone inter-annual variabilityeD aat et al. (2015) used a “big data” ensemblecggh to calculate
trends. Several scenarios were considered for éhieg of ozone data-set and for the different proegords. They found
that significance of trend could vary from negligitto 100% significant depending on the scenaritsittered. They have
10 also determined the optimal proxy records and ozecerd scenarios.
Solomon et al. (2016) evaluated ozone trend usiBgexified Dynamics version of Whole Atmosphere Gamity Climate
Model (SD-WACCM). The authors have shown a sigaifichealing in September but not in October wheme content
is deepest during the first two weeks. They alguar the difficulty of estimating trend in Octobley the large variability
of ozone linked to temperature variations and parts The baroclinicity of the polar vortex in Obtr and its displacement
15 in relation to the geographic pole can explainv@eability of the total ozone series averagedmyithe month of October.
The direct link between the positive trend and mb@uction of ozone-depleting substances (ODS) mesntéius an open
question, given the natural variability of the Amwtic vortex and the possible contribution of grieemse gases (GHGSs) to
the trend (Chipperfield et al., 2017).
The purpose of the present paper is to provide paate of ozone evolution inside the Antarctic vertiiring the last
20 decades taking into account the vortex baroclyidihe main aim is to determine the different cimttions to ozone inter-
annual variability and to estimate the post 20Q4ltozone trend and related significance for déferperiods: September,
which corresponds to the full development of Polzone depletion and mid-September to mid-Octobeamwthe maximum
ozone loss is reached
This study is organized as follows. Ozone dataseh fsatellites and multi-sensor reanalysis aregmtes! in Sect. 2 and the
25 description of the method used for total ozone mwiwlassifications inside the vortex in Sect. Jluence of vortex
baroclinicity on total ozone column inside the earis assessed in Sect. 4 using a new classificatiethod and standard
one at a single isentropic level. Ozone trends reefnd after a turnaround year calculated for 3eipée and mid-
September to mid-October are presented and distussgect. 5. The temporal evolution of the numbfevery low total

ozone values inside the vortex is evaluated ini@@é Conclusions are finally presented in Sect. 7

30 2 Total ozone column data series

Total ozone global fields from satellite observaidTOMS, OMI and SBUV) and multi-sensor reanalyMSR) are used

in this study to cross-check trend estimation keford after a turnaround year over the 1980-20ti6¢ge

2.1 Space-borne observations

Total ozone columns data series of NASA's Total @zdlapping Spectrometer (TOMS) instrument onboaimys-7
35 (N7) and Earth Probe (EP) between 1980 and 2004ismé. The instrument is a single monochromatdrwlaa designed
for near-nadir measurements of the total ozoneneol(e.g. McPeters et al., 1998). TOMS measuredadic&scattering of
solar radiation by the Earth's atmosphere in six-bands of ultraviolet wavelength between 306 n380 nm, more or
less absorbed by ozone. Total ozone column isriedeirom the ratio of two wavelengths, 317.5 nnorsgly absorbed by
ozone and 331.2 nm weakly absorbed (Bhartia andeWeler, 2002). Level 3 gridded TV8 data of 1.@%)(k 1.25° (lon)

40 of total ozone columns of TOMS were used in thigkvand are available from the Goddard Earth Sciemistributed
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Information and Services Center (GES DISC) in sempASCIl format in the NASA anonymous ftp site
(ftp://toms.gsfc.nasa.gov/pudatellitedata/ozone/)

Ozone total column observations of Ozone Monitodimgirument (OMI) onboard Aura satellite are alsedito continue
TOMS measurements from 2005 to 2016. The OMI imsémnt is a nadir viewing hyperspectral imaging ipush-broom
mode. OMI measures the solar backscatter radi@idhe complete spectrum of the ultraviolet/visimlavelength range
(270 nm - 500 nm) with 0.5 nm spectral resolutibevelt et al., 2006). Total ozone column used is Work was retrieved
using TV8 algorithm, hereafter referred to as ONHiorder to maintain continuity with TOMS data re¢gMcPeters et al.,
2008). Level 3 daily gridded data of OMIT with kettspatial resolution (1.0° x 1.0°) than TOMS igedisData are also
available on NASA anonymous ftp site.

The total ozone column data series was combinedsiyg specific satellite data over the followingipds: TOMS-N7
(1980-1992), TOMS-EP (1996-2004) and OMIT (2005&)0MNote that data of 1993-1995 are sparse or ngskir the
September-October periodn order to complete the data series, total ozavlantn observations of Solar Backscatter
Ultraviolet Radiometer (SBUV) onboard NOAA-9 (SBWNR) were used for those years. SBUV is a nadir iigwdouble
grating monochromator instrument that measures dwattering of solar radiation by the Earth's atrhesp at 12
wavelengths from 250 nm to 340 nm (Frederick et1&86). Daily files of individual measurements/ée2) of version 8.6
(Vv8.6) are used in this work and are available &SN anonymous ftp site (ftp://toms.gsfc.nasa.gok/pbhuv/NOAAQ9/).
An overview of the V8.6 SBUV data record is presenn McPeters et al., 2013.

TOMS/OMIT and SBUV data series have previously basad in different scientific studies of ozone remy in the
Southern polar region (Salby et al., 2012; Kuttgthret al. 2013; Solomon et al., 2016, Weber ¢t24l17). The bias
induced by using SBUV data on 1993-1995 is disaligseéSect. 4. Hereafter the 1980-2016 compositellgattotal ozone

series will be called SAT.

2.2 Multi-Sensor reanalysis

Ozone Multi-Sensor Reanalysis version 2 (MSR-2)joles global assimilated ozone fields for the pri®80-2015 based
on 14 satellite data sets (van der A et al., 200Zpne data of 2016 were not yet available atithe bf writing this paper

and are therefore not included in the study. Thedlar orbiting satellites measuring in the nedrawviolet Huggins band
were corrected to construct a merged satellite datges that are assimilated within the chemistpgport assimilation
model TM3-DAM to obtain MRS-2 data (see van dertAale 2010 for a detailed description and vanAlet al., 2015 for

last improvements of the assimilation model). Caioms of offset, trends and variations of solanitte angle and

temperature in stratosphere were computed in gatdkta sets by comparisons with individual grebaded Dobson and
Brewer measurements from World Ozone and Ultraviokta Center (WOUDC). Those corrections are sggetih van der

A et al. (2015), table 2.

Daily gridded forecast ozone data of MSR-2 at 122UAhd spatial resolution of 0.5° x 0.5° were usethis work and they
are available from the Tropospheric Emission Mamitp Internet Service (TEMIS) of KNMI/ESA
(http://www.temis.nl/protocols/o3field/data/msr2/).

Different studies on trends in the South Hemispleree used MRS-2 data (Kuttipurath et al., 2013| @&t et al., 2015).
Hereafter the 1980-2015 ozone series will be ca&iR-2.

3 Data classification within the vortex

In order to consider total ozone columns only wittlie polar vortex, the data classification is perfed by evaluating the
vortex's position at different isentropic levelsiin May £'to December 31, each year. Two classification owghare then
applied in order to evaluate the impact of baraciiy of the vortex on the averaged total ozoneunwois in both studied
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depletion periods. The first one is based on alsirggntropic 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-conseveatioordinate system
5 (equivalent latitude/potential temperature) desaibby Mcintyre and Palmer (1984) where the poleqoivalent latitude
(EL) corresponds to the position of maximum potntorticity (PV). This conservative system is cargd from PV field
simulated by the Modélisation Isentrope du transptgsoéchelle de 'Ozone Stratosphérique par AdordtMIMOSA)
PV advection model (Hauchecorne et al., 2002). fibelel was forced by ERA-Interim (Dee et al., 20tBteorological
data (2.5°x 2.5°) of European Centre for Medium-gRaWeather Forecasts (ECMWF). Daily advected PM<i€1°x1°) on
10 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 arentifeed: inside the
vortex, characterized by high PV values, at théevoedge, corresponding to high PV gradients andiaeithe vortex (or
surf zone) with small PV values. The limit of thertex corresponds to the EL of maximum PV gradiemtighted by the
15 wind module. Then this limit is smoothed temporaligh a moving average of 5 days.

3.2 Methodology for classification

Nash criterion was already used in several studieistinguish measurements (ozone profiles aral tmiumns) inside and
outside the vortex in the Southern Hemisphere (Gadial., 2001; Bodeker et al., 2002; Pazmino gt 2005, 2008;
Kuttipurath et al., 2013, 2015). In the case oélt@blumns, measurements were considered insidedfiex when their
20 corresponding EL was larger than the EL of the esotimit at a specific isentropic level (e.g. 550Bdeker et al., 2002;
Pazmino et al., 2005). However this “standard” rodtldoes not take into account the baroclinicitythe vortex. It can
result in the classification of total ozone columinside the vortex while partial columns below droge the selected
isentropic level are outside the vortex. The tot@ne column may thus not represent the ozone mhawuside the vortex.
In order to consider possible vortex baroclinicapother approach is used, where vortex classiicatt different isentropic
25 levels is considered. For this second approachrahge of selected isentropic levels is choserhéndititude region of
maximum ozone depletion: from 400 K to 600 K withtap of 25K.
In order to illustrate the impact of vortex baraddity on the classification of total ozone colunmside the vortex, Fig. 1
shows MSR-2 total ozone fields on October 7, 204h the vortex position computed at different igepic levels
superimposed. The vortex position curves are repted by black to light grey colours. On this marr day, region
30 classified inside the vortex considering 400 K-80@ange is limited by the vortex position at 400idack line) towards
Antarctic West coast and Palmer Peninsula and ByksQight grey line) towards the Antarctic Eastast In the case of
standard classification using a single level at K78r 550 K, the region estimated as inside theesoconsists in an area
with total ozone columns higher than 400DU not adered in the classification using several iseritdpvels between
400K and 600K. Regions where total ozone columms lawer than 220 DU are taken into account by tH#erent
35 classifications. A daily mean total ozone column2dB.4 DU was computed inside the vortex using e&sgsification.
Standard classification estimate 40 DU and 20 Ddthéi ozone mean at 475 K and 550 K respectively.

4 Vortex baroclinicity

Both methods of classification described in thevimes section were applied to satellite compositaltozone data series
SAT and MRS-2 reanalysis at each grid point. Fehegear, daily mean total ozone amount inside treex was averaged
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over two periods: the whole month of September, thedperiod of maximum ozone depletion between eseper 18 and
October 18 (15Sept-150ct). Figure 2 shows the evolution ¢dltozone average inside the vortex for the 1536fet
period between 1980 and 2016 for SAT data seriespated with the standard classification method thase single
isentropic level (475 K and 550 K) and with theast method using the 400 K — 600 K range of levetsor bars represent
two sigma standard errord® Similar interannual total ozone variability ibserved for the time series obtained by the
different methods. The correlation coefficientswrsn the range method and the standard one at 4iffsl (850 K are 0.976
and 0.995 respectively. Despite these good coivelstthe data series are significantly differen®alevel Higher ozone
values are found with the standard method, espedtalthe 475 K level, with a mean difference witite TOC ozone time
series based on the range method of ~15 % ovewtibée analysis period. Three years stand out irctimaparison: 1995,
1999 and 2011, during which the inside vortex regizas systematically larger at 475 K compared ghéii isentropic
levels during the period. Similar results are obsdrfor September (not shown). In this work, theosel method is
preferably used since it takes into account thenezioss at different isentropic levels, which sgignimpact the total
column.

SAT total ozone time series obtained in Septemhdri®bSep-150ct with the range classification methddisplayed in
Figure 3. September presents ~7% higher ozone kadaes than the 15Sept-150ct period. Similar imeval variability is
observed between the two periods as shown by threlation coefficient of 0.97. The last three yeprasent very similar
ozone values around 200 DU in September while 1588Qct period shows larger variability.

MSR2 total ozone data series inside the vortex werapared to SAT series. Figure 4 illustrates #lative difference
between MSR2 and SAT considering the 400K-600K eaclgssification. Differences of about +0.5% arsesbed in the
1980s. During the first decade of 1990s, a largébdity fluctuating from -3% to 5% is found linketo SBUV averaged
total ozone column. In fact, SBUV level 2 measuretsedo not allow a homogeneous sampling of the evtvolrtex as
MSR-2. From 2001, differences are larger and gdlgepasitive, reaching ~5% in September and ~3%%%ept-150ct.
period. Overall, values in September present a rb&mof 1.4% (dash blue line in Fig. 4), and ir5&pt-150ct a smaller
bias value of 0.6% (dash red line in Fig. 4). Terap@volution of the differences, e.g. negativendrén the 1980s and
positive trend in the 2000s, can have an impa¢herong-term ozone trends retrieved from both mégo

In the next section, ozone data series using diffeclassification method are used to evaluateiniact of vortex

baroclinicity on ozone trends inside the vortextoth studied periods.

5 Trend analysis
5.1 Method

In order to evaluate ozone recovery in Antarctestimation of trends before and after 2001 wereutaed using a multi-
regression model (Nair et al., 2013) updated fromiQUNTS (Adaptative Model for Unambiguous Trend Say model
(Hauchecorne et al., 1991; Kerzenmacher et al §2@ifferent common explanatory variables sucleddy heat flux (HF),
solar flux (SF), Quasi-Biennial Oscillation (QB)erosols (Aer), Antarctic Oscillation (AAO) are ukéo explain total
ozone variability over 1980-2016 period. These @mexvere widely applied in different trend stud{esy. de Laat et al.,
2015 and references herein). ODSs contribution amy-term trend of ozone can be stated by piece isar trend
functions (PWLT). Total ozone variability'} can be expressed following Eq. (1):

Y(t) =
K + CyyeHF (D) + CspSF(O) + Cono30QBO30() + Cp010QBO10(E) + CrerAer(t) + CuaoAAO(Y) + Copap GRAD(E) +
PWT(t)+ € (1), )



Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017-1157 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 12 December 2017 and Physics
(© Author(s) 2017. CC BY 4.0 License.

Discussions

wheret is the time in year from 1980 to 2016, K is a ¢ant C,,,,, are the regression coefficients of the respegtiogies
mentioned above arel(t) the total ozone residuals. Table 1 shows the oéisgeinformation on each proxy: source,
specific characteristics and time window where grealues are averaged to represent the respeaamevlue. QBO effect

on ozone variability is estimated using two prox@s0hPa (QBO30) and 10hPa (QBO10), which areobphase by~§

5 (Steinbrecht et al., 2003). The HF proxy correspotadthe average over the August-September pefititeod5-day mean
Heat Flux in the 45°S-75°S latitude range at 70flBm MERRA analyses. The time window of August-Sepber is
selected for computing the mean HF, following datLet al. (2015) recommendation to obtain the beggtession results.
For the Aer term, a merged proxy of monthly aerasmical depth (AOD) is computed from updated Satt@l., (1993)
dataset for the 1980-1990 period and from fourllgatelata series (SAGE Il, OSIRIS, CALIOP and OMHA& the 1991-

10 2016 period. AOD datasets are averaged over th8-88°S zonal region in the 15-30 km altitude ratdiedated Sato et al.
data are obtained from NASA monthly AOD at 550nrhe Batellite AOD data over 1991-2016 period wenmpmated at
532nm. The Sato et al. data set was converted2an&Baccording to Khaykin et al. (2017). The merg&D proxy was
obtained by normalizing the Sato et al. time sewethe SAGE Il data in December 1991. The regoessbde uses the
AOD values in April before the complete formatiditle vortex in order to avoid possible contamioatdf satellite data by

15 Polar Stratospheric Clouds. The April AOD proxyrépresented by a bold black line in Fig. 5 togetivith Sato et al.
(1993) and satellites datasets for the 1991-201®geA new GRAD(t) proxy was developed to takeoirccount the
stability of the vortex during the studied peridthis proxy corresponds to the maximum gradient\faB a function of EL
at 550 K during both studied periods (e.g. Septerabd 15Sept-150ct). It is calculated from ERA-timtedata. GRAD and
HF proxies are detrended by removing"a@der polynomial fit to minimize correlation WitRWLT proxies. Figure 6

20 displays GRAD and HF proxies before and after rengtrends. An anti-correlation of 0.45 betweensthévo proxies is
observed with p-value <0.01, but the addition ofABRproxy provides a much better agreement betweeasorements and
model. The contribution of the GRAD(t) proxy to tineprovement of the MLR results is discussed intSe@.3.

For the long-term trends, two piecewise lineardr@W T (t) = C.,t1(t) + C;,t2(t)) functions calculated before and after
the turnaround year are usually used to estima&ecliange of slope in long-term evolution of ozon&dd to ODS (e.qg.

25 Reinsel et al., 2002; Kuttipurath et al., 2013 dat et al., 2015). In this work a Modified PWLT d®& (PWT) is used to
take into account the slower growth of ODS neartthiearound year and ozone loss saturation effesitié the vortex in
October (Yang et al., 2008). The PWT model is repnéed by Eqg. (2):

PWT(t) = Copgt11(6) + C12t12(0) + Cppt2(t) )

whereC,,; andC,, are the coefficients of the linear functions @hg, of the parabolic function. First period is reprrgsel
30 by a linear time proxyll and a parabolic time proxjt2. The second period is expressed only by a linez proxyt2.

The proxies are stated as follow:

(t  0<t<T,
t“_{ro Ty < t < Tog ®)
2
(t—(w)) 0<t<T,
t12 = N 4
(%) Ty < t < Tong
(0 0<t<T,
2 _{t—TO To <t <Tena ®)

35 T, corresponds to the turnaround year in the consiiperiod. In this work, 2001 was selected as tourad year when
equivalent effective stratospheric chlorine (EE®@ximizes for a mean age-of-air of 5.5yr (Newmaralgt2007). The

corresponding value fdf, is 22.T,,4 corresponds to the number of years considereleirstudy (37 for 1980-2016). The



Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017-1157 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 12 December 2017 and Physics

(© Author(s) 2017. CC BY 4.0 License.

10

15

20

25

30

35

40

Discussions

minimum of the parabolic time proxy2 is set to the middle of the period before turnarbyear so that the slope of the
proxy is zero on that year. In this case the coeffit of t11(C.,,) can be considered as the linear trend before .28fdr
2001, t11 and t12 are constant and then the limend is given by t2 coefficient(,). Figure 7 represents the evolution of

the three piece-wise proxy anomalies normalisethbycorresponding standard deviation.

5.2 Results

The multi-regression model described in previoustise was applied to SAT and MSR-2 total ozone aml@s series
(monthly total ozone — mean total ozone) of Septmdnd 15Sept.-150ct. periods. Times series of tmane data
corresponding to the different classification methalescribed in Sect. 4 were used to evaluate nipadt of vortex

baroclinicity on total ozone trends.

5.2.1 September

A rapid decrease of ozone levels occurs withinpiblar vortex in Antarctica from the last two weelsAugust to the end of
September when the necessary sunlight to starbzbee catalytic destruction cycles is present agaimve austral polar
regions. Important differences of total ozone lsvate found inside the vortex between the first aadond half of
September. Very low values are specially obserugthd the last week. Despite total ozone variapititring September,
most recent studies were performed to detect fisé digns of ozone recovery linked to ODS decresisee 2000 using
multi-linear regression model on ground-based aatéllfe datasets or chemistry-climate / chemistapisport models
simulations (Solomon et al., 2016; Chipperfieldaét 2017; Weber et al., 2017). Those papers usgéa ar simulations
poleward ~60°S and conclude that first signs obvecy are highlighted in Antarctica for Septembaet ot yet on October
due to larger dynamical variability during that rtterin this work, results from our multi-regressimodel will be evaluated
and compared to those previous works for the Sdmtemeriod. In our study, trend estimation was qrened before and
after 2001 as described in the previous sectiogurEi 8 illustrates the results of the regressiongehfor the SAT total
ozone data series inside the vortex using the 4800« range classification. The top panel represtresdeseasonalized
total ozone observations as well as the regresgedeovalues. The model results reproduce quite thellinterannual
variability of measurements except in 2002 whenwbeex split in two parts in late-September dueatonajor sudden
stratospheric warming (e.g., Allen et al., 2003kelise, the year 2000 characterised by a largen@zwle area in
September, presents a relatively high value ofitediof ~20DU. Contributions of different proxiegahown in the second
to fourth panels of Fig. 7. Fitted HF and GRAD wewdded (black line in second panel of Fig. 8) du¢he correlation
between both proxies. The model term linked toHlifte-GRAD fitted proxy represents the second largesttribution to
total ozone interannual variability (~10 % of tltal variance) after the PWT proxy which contritsute about 80% of the
total variability. Other contributions to interaraiuwzone variability (third panel of Fig. 8) repees only 1 %. Aerosol
contribution of ~9 DU linked to Pinatubo in 1992dan6 DU due to El Chichon significantly helps HF+&IR fitted proxy
to explain ozone variation on those years. Nedkgitmpact is seen in other years. Fitted QBO (QB@30+ QBO10hPa)
explains 5 DU. The contribution of SF and AAO piexxis negligible.

The model explains 93% of the ozone variabilitydesluced from the determination coefficierft Rhe estimated total
ozone trends before and after 2001 are -5.55+0F Y1 (-26.7+3.4 % decad® and 1.87+1.18 DU ¥¥ (9+5.7 % decade
%), respectively. Both trends are significant (§&tistically different from zero) a2 The 1980-2000 period presents higher
depletion rate compared to Weber et al., 2017 (frd2nto -19% per decade depending on dataset) amgarable rate for
2001-2016 (8-10 % decadle Comparable values of trends are found when 47%aksification level is used (-21.3+3.6 %
decadé and 11#5.9% decad The 400 K-600 K classification allows us to dbtahe best agreement between

observations and regressed values (higHeraRd lowery (VX i(obs; — mod;)?/(n — m)) of residuals. Those results are

represented in Table 2 for SAT and for MSR-2 taiabne datasets inside the vortex and for the thlassifications

7
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analysed in this study. Similar results are obsivetween both data series. MSR-2 presents sligiglyer trend values
after 2001. Note that 2016 was not available in MS&ata. SAT dataset is shortened to 2015 to etemkensibility of our
model to the year 2016. Similar results are fouomhgared to MSR-2 but with slightly higher valuestreinds after 2001,
still significant at &. Despite trend values after 2001 for 475 K aréesgatically higher by about 35 % than for the 400 K

5 600 K range, trend results between both classifinatare not significantly different ab2evel, suggesting a limited effect
of vortex baroclinicity on trend estimation. Théfelient results in Table 2 generally present eorhttween trends before
and after 2001 smaller than 3, similar to that &S0trends before and after the peak. Thus the ommwrery trend could
be due to ODS decrease. Nonetheless this trenatchameliably associated to chemical processesamd other processes
could also play a role.

10 Computed trends over the 2001-2016 September petitained with our model range from 1.85 to 2.67 @U for all
cases studied. They are all significant atl@vel. Solomon et al., (2016) found significanialazone trend of 2.5+1.7 DU
yr' in September from SBUV and ozonesonde observatmdssimilar 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) correspondrily balf of the

15 final trend (1.3+0.1 DU y1).

A simulation test was done to evaluate the pertimesf using other proxies than PWT, HF and GRA&ionly these

fitted proxies present significant regression doafit 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. MSR-2 data sesies presented alike results.

20 5.2.2 September 15 to October 15

In order to confirm healing of the Antarctic ozamele, it is important to evaluate trends for theiquek where lowest total
ozone values are observed inside the vortex eiyvelea September 15 and October 1% The same analysis as for
September is performed. Figure 9 illustrates tigeagsions model results for total ozone of SAT datées inside the vortex
using the 400K-600K classification. The interannuadiability of measurements is better represebtethe model than in
25 September, with Rof 0.95 (see also Table 3). As for the Septemégression, fitted HF and GRAD proxies (black lime o
second panel) represent together the second lacgasibution to total ozone interannual variakilit-13 % of the total
variance) after the PWT proxy (~80%) and the |&stadle of measurement is correctly reproduced byntigel. Significant
trends of -5.8620.6 DU ¥r(-30.2+3.2 % decad® and 1.27+1 DU yt (6.8+5.6 % decad® are estimated before and after
2001. Similar results are observed if a single llelassification is used with higher trend valué®m@2001 for 475K All
30 trend results are comparable withinate2MSR-2 presents similar results except for classion at 550 K where trend after
2001 is significant at only 18 Solar Flux, QBO, Antarctic Oscillation and Aerbhird panel of Fig. 9) explain ~1 % of
the total variance. QBO explains +3 DU interanmeaiability and Aerosol signal amount to ~7 DU affsl DU linked to
Pinatubo in 1992 and EI Chichon in 1983. SF coutitim varies from 4.5 DU during the maximum (excfptthe last solar
cycle, ~1 DU) to -2.4 DU during the minimum. AAOpresents negligible contribution. Same test asSeptember was
35 performed where proxies of SF, QBO, AAO and Aeragete removed from the linear regression. Resuéipeesented in
Table 3.
The different cases shown in Table 3 present sagmif trends at@ over the 1980-2000 period. Trends estimated oorgkc
period present slightly significant values at &cept for MSR-2 at 550 K. Ratios of computed deehefore and after 2001
are higher than 3 in both total ozone data se@esputed trend with 400K-600K classification is garable to the Chem-
40 Only trend calculated by WACCM in Solomon et alQ18. Whatever ozone depletion could be considesedvell
constrained by the period (15Sep-150ct) and byckassification (400 K-600 K), no direct relationshio healing could be
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deduced. In addition, the ratio between trendsofleééfter 2001) is higher than 3, threshold vatuednsider a recovery due
to ODS decline.

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 totbdne variability over the last decade, especial010 and 2012. The
GRAD proxy was developed in order to consider dfeo vortex stability during the studied periodgy(eSeptember and
15Sept-150ct.). Figure 10 highlights the improvemienthe regressed values by using the GRAD prdixghows the
residuals of the trend simulation with and with@RAD as explanatory variable in the model. SAT meaments inside
the vortex applying 400 K-600 K classification wersed for this study. Results for September andefp6$50ct periods
are shown in the top and bottom panels of Fig. d€pectively. As shown in Table 1, the residualgiarece §) is
significantly reduced with the addition of the GRAIPoxy. The second panels of Figures 8 and 9, shaiin some years
HF and GRAD proxies are in phase as during 2009+2@ien GRAD intensifies the HF contribution to ogorariability.
This improvement is especially visible for the ye2010 and 2012. When both proxies are anticoe®las in 2015 and
2016, the improvement linked to the GRAD proxy Isoaobserved. As a further illustration, Table 2 &1show the results
of the regressions excluding GRAD proxy for Septeménd 15Sept-150ct respectivelihe determination coefficient is
generally reduced by ~0.05 agdvalues are higher by 20 % to 35 %. Computed tréredsre and after 2001 show lower
and higher trends in absolute values respectivetywithin +20 of initial trend results including the GRAD proxyrends
over the 2001-2016 period estimated without the GRpkoxy are still significant at®in September but only at hfor
the 15Sept-150ct.

6. Temporal evolution of low total ozone values inde the vortex

The ozone hole is defined as the region with tone columns lower than 220 DU. This standardevakas used in
different studies to evaluate the ozone depletiomfthe Ozone Hole Area (OHA) (e.g. Newman et2006; Solomon et
al., 2016) or the Ozone Mass Deficit (OMD) (e.g.L@dat and van Weele, 2011) metrics. In this wdnk, rielative daily area
inside the vortex with values lower than differehteshold levels is computed and integrated ovéferént periods
(September, 15Sept-150ct and October). Figure dWshhe relative area with respect to the vortexsa of these low
values relative to three different thresholds: Z20, 150 DU and 125 DU, for the 15Sept-150ct peridtBR-2 and
TOMS/OMIT datasets are used and vortex area isnagtd with the 400 K-600 K range classificationg tlesults of
previous sections having shown that the range ifilzetton better constrains the ozone hole aredati¥e areas at 220 DU
of both satellite datasets are similar. They shoeraasing amounts during the 1980s, a stabilisatiathe 1990s and a
higher inter-annual variability since 2001. The letion of relative areas of MSR-2 with respect @5DU and 150DU
thresholds presents lower values than TOMS-EP/Ob#E. Nevertheless comparable inter-annual vaitiglisl observed.
In contrast to 220 DU relative areas, the evolutbrelative areas to 150DU and 125DU shows a @elaycrease from the
mid-1980s and mid-1990s respectively, reaching aaimum in both cases in 2000 and a steady decfea®se2006, with
very large inter-annual variability from 2000. Ihetthree thresholds cases, several anomalous gearsbserved with
important reduction of ozone depletion: 1988, 198102, 2004, 2010 and 2012. Note that these yearsspond to a high
contribution of HF+GRAD proxies to the regressedrazvalues (Fig. 10, second panel). If we exclheesnomalous years,
the 220 DU relative area corresponds to about 9Dgleototal vortex in average since 1990. In thestmecent years, 125
DU and 150 DU relative areas decrease to lessB&nand 30% respectively of the vortex area froeirtheak value of
2000.
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Solomon et al. (2016) have shown a slow delay énfthmation of the ozone hole after 2000. Thiststah be explained by
the slower ozone loss rate after polar sunrisetdu@DS decrease in the polar stratosphere. Invtbik, a possible time
shift was investigated by comparing relative amsidie the vortex lower than 220 DU in SeptembefSeth-150ct and
October (Fig. 12). Higher relative area is obserirethe 1980s in October, followed by 15Sept-15@wnd much smaller
values for September. At the end of 1980s and 19B88ept-150ct presents the higher relative ardara@000s it shows
similar area as in September. Since 2010, Octoteasaare similar to those in 15Sept-150ct, whilpt&aber areas show
increasingly smaller values. This divergence cduidexplained by a delay in the full formation o€ tbzone hole in

September.

7 Conclusions

Two satellite based data series have been useditoate total ozone trends within the Southernmpatatex over the 1980-
2016 period. A multi-regression model is appliedtone values averaged over the September monttharkb September
to 15 October period in order to compute trendofgetind after the maximum of EESC in the polarteshere that
occurred in 2001 (Newman et al., 2007). Proxiestand windows for averaging them are selected Valhg de Laat et al.
(2015) work.

Different methods to classify total ozone measur@mside the vortex are used in order to evaltEempact of vortex
baroclinicity on trend analysis. The total ozonmmdiseries using single level (475 K or 550 K) ftassification show
systematic differences compared to 400 K-600 Ksdfiaation range but their inter-annual variabilisysimilar with R>0.97
for both cases. Trends estimation results in higiisolute values using the Nash et al. criteriof7&K level compared to
550K level or the more restrictive condition basedthe 400 K-600 K altitude range. However the esponding computed
trends are not significantly different at Zevel.

A new proxy representing the vortex stability ottee studied periods (September and 15Sept—15@et)GRAD proxy, is
used in the multilinear regressions. This proxy owes the representation of total ozone inter-anmagability by the
regressed values, with ~0.5 higher value for tifedBtermination coefficient and lower residuals fbe different
classification methods and datasets. The contdbutif GRAD is particularly important since 2010.rRbe various time
series and classification criteria used in thislgtuhe best agreement between observations anesssgl values is found for
the 15Sept-150ct period with highet efficients.

Comparable negative trends before 2001 ranging feb8DU.yf to -5.6 DU yf* significant at & levels are obtained for
both periods (Sept and 15Sept-150ct), and for iffiereint data series and vortex classificationgn8icant positive trends
after 2001 of 2.DU.yr" in average are obtained for the September tiniesséar all data sets, classification methods and
regression analyses. The ratio between trends éefiod after 2001 is smaller than 3, in line wite #lower decrease of
ODS amounts in the stratosphere after the turnargear. Despite this, it is not possible to enshat the estimated trends
are only due to ODS evolution. Regarding the 158&Qct period when ozone depletion is larger, eg&d trends are
smaller with an average of 1.4 DUyfor all studied cases. In contrast to the Septertieads, the ratio before and after
2001 is generally larger than 3. The trends aghti significant at 2 sigma level except for tHassification at 550K. The
best trend model applied on the data using the 40K K range classification method shows increadiegds of
respectively 1.2#1.0 DU.yr-1 and 1.181.12 DU.yr-1 for the SAT and MSR-2 records.

Polar ozone recovery was also evaluated by examitiia evolution of low ozone values within the eart Areas with
values lower than 125, 150 and 220 DU relativehtotortex area were computed using both datasetshen400K-600K
classification. For the 125 and 150 DU threshotedgtive areas show a steady decrease since thientrag of the 21
century, while for the 220 DU threshold, the relatarea evolution is more stable. All three relatwvea curves are marked

by increased variability since 2000.

10
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The delay in the formation of the ozone hole caret&uated by comparing the 220 DU relative areashiie September,
15-Sept-150ct, and October periods. October (Semenmareas showed the largest (lowest) values WL88I7. After that
year, the evolution of the curves was inverted tiedlargest relative areas were generally observ&eptember (88 % in
average of the polar vortex occupied by total ozzolemns lower than 220 DU) until the first decad®000s. Since 2010,
5 October relative areas are similar to those ofith®ept-150ct period, with still more than 75 %laf vortex characterized
by total ozone levels less than 220 DU in mosthef years. These results confirm Solomon et al. 2fihdings on the
delay in the formation of the Antarctic ozone hilé&September.
In summary, this work shows clear signs of ozomevery in September with significant trend value2aand smaller but
still significant increasing trends in the 15Sep®tt period, when ozone depletion is highest. Regovn October is
10 confirmed by the very low ozone values (below 130) vithin the vortex since 2010. Comparison of czdwle areas in

September and October confirm the later formatioth@® ozone hole in September.

Data availability The source of the different total ozone columtaskets and classical proxy time series utilisettiimwork are publically

available from the websites given in the text andTable 1. The satellite data used to build theo8er proxy are available at
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SAGE I,  http://odin-osiris.usask.ca/  for  OSIRIS;  http:&tjpl.nasa.gov/products/h2o_product.php ~ for ~ MLS; d an

https://ozoneaq.gsfc.nasa.gov/data/omps/ for OMP &R/ Other data as equivalent latitude and GRADyp#&se available upon request.
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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/met(daia.html 45°S-75°S at 70hPa from MERRA
SF Dominion Radio Astrophysical Observatory (NatldResearch Monthly averages of Solar Flux at Sept.
Council Canada) 10.7cm wavelength
ftp://ftp.geolab.nrcan.gc.ca/data/solar_flux/mowntlaverages/solflux_
monthly_average.txt
QBO Institute of Meteorology (Freie Universitat Bejli Monthly mean Quasi-Biennial Sept.
http://www.geo.fu-berlin.de/en/met/ag/strat/prodigbo Oscillation at 30 and 10hPa
Aer 1980-1990: NASA/Goddard Space Flight Center AOD@550nm, 15-30km, 40°S-65°S April
https://data.qgiss.nasa.gov/modelforce/strataer/ zonal mean.
Jan. 1991 — Nov. 2016 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 SAT (1980-2016) aMSR-2 (1980-2015) total ozone anomalies inside thertex for September

using three classification methods described in Se@.2. The residual is represented in DU by = \/3;(obs; — mod;)?/(n — m)

where obs; and mod; correspond to observations and model monthly meam the number of years and m the number of
5 parameters fitted as in Weber et al. (2017)

Composite satellite data (SAT) Multi-Sensor Reanabis (MSR-2)

400 K-600 K 475K 550 K 400 K-600 K 475K 550 K
R? 0.93 0.89 0.91 0.92 0.90 0.91
Trend before 2001 -5.55+0.71  -4.99+0.83  -5.35#0.75 -5.36%0.71  -4.99+0.78  -5.27+0.75
Trend after 2001 1.87+1.18 2.57+1.38 1.85+1.24 41975 2.67+1.38 2.02+1.32
X 11.44 13.37 12.00 11.33 12.49 12.02

Without SF, QBO, AAO and Aerosols
R? 0.92 0.88 0.89 0.91 0.89 0.89
Trend before 2001 -5.57+0.67 -5.07+0.76 -5.34+0.74  -5.34+0.67  -5.05+0.72  -5.23+0.75
Trend after 2001 1.96+1.07 2.51+1.21 2.01+1.17 21016 2.67+1.25 2.15+1.31
X 11.10 12.58 12.21 11.06 11.90 12.46
Without GRAD

R? 0.88 0.83 0.86 0.87 0.83 0.86
Trend before 2001 -5.44+0.91 -4.87+1.02 -5.24+0.93 -5.23+0.89  -4.84#0.99  -5.15+0.91
Trend after 2001 2.27+1.48 2.99+1.67 2.24+1.52 P17 2.88+1.74 2.21+1.61
X 14.55 16.40 14.92 14.31 15.83 14.63
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Discussions

Composite satellite data (SAT)

Multi-Sensor Reanakis (MSR-2)

400K-600K 475K 550K 400K-600K 475K 550K
R? 0.95 0.94 0.94 0.95 0.94 0.94
Trend before 2001 -5.86+0.60 -5.56+0.68 -5.60+0.66  -5.84+0.63 -5.61+0.70 -5.64+0.71
Trend after 2001 1.27+1.00 1.78+1.14 1.21+1.01 4118 1.72+1.24 1.15+1.26
X 9.68 10.95 10.59 10.07 11.11 11.31

Without SF, QBO, AAO and Aerosols
R? 0.94 0.93 0.93 0.94 0.93 0.92
Trend before 2001 -5.88+0.58 -5.67+0.66 -5.60+0.64  -5.84+0.60 -5.71+0.65 -5.63+0.69
Trend after 2001 1.06+0.93 1.37+1.05 1.05+1.03 41034 1.42+1.13 1.07+1.19
X 9.62 10.94 10.67 9.87 10.77 11.36
Without GRAD

R? 0.91 0.89 0.90 0.91 0.89 0.90
Trend before 2001 -5.73+0.80 -5.42+0.88 -5.48+0.83  -5.67+0.82 -5.43+0.90 -5.48+0.86
Trend after 2001 1.56+1.33 2.08+1.46 1.48+1.37 41327 1.88+1.61 1.29+1.53
X 12.96 14.21 13.34 13.21 14.45 13.78
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MSR-2 Total ozone (DU), 07/10/2012 12 UT
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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 tddht grey lines.
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Mean Total Ozone column inside the vortex (15Sept-150ct)
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Figure 2: Evolution of total ozone of satellite compsite (SAT) measurements inside the vortex averagexhch year on 15Sept—
150ct period for different classifications: standad method at 475K and 550K represented by black andlue lines, respectively
and method considering the 400-600K altitude rangby red line. Error bars represent twice the standarderror.
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Figure 3: As in Fig. 2 but only for 400K-600K clas#ication 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 (bé 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 82nm within 40°S-65°S and 15-30km of normalised Saet al., 1993 dataset
(see main text) and from satellites (SAGE Il, OSIRISCALIOP, OMPS). The corresponding merged data is neresented by the
bold line.
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Figure 6: Heat Flux (top panel) and Gradient - GRAD(bottom panel) anomalies: before removing a polymuial 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 parattic 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 SAT series (meas) and regression model (mddér September using

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

combination of both HF+GRAD (second panel); solarléix - SF, QBO (QBO at 30hPa + QBO at 50hPa), Antat Oscillation -
5 AAO and Aerosol - Aer (third panel); and PWLT (bottom panel). Ozone anomalies and contributions of progs are given in DU.
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Figure 10: Residual (in DU) with and without contrbution of GRAD proxy for September (top panel) and15Sept-150ct period
(bottom panel)
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Figure 11: Relative area inside the vortex (in %) \ith values lower than 3 level thresholds (125, 15nd 220 DU) computed from

15Sept-150ct
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Figure 12: Relative area inside the vortex (in %) dwer than 220 DU computed from TOMS/OMIT dataset usig 400K-600K

classification on September, 15Sept-150ct and Octeb
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