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Abstract. Ozone depletion over the polar regions is monitaach year by satellite and ground-based instrtsnémthis
study, the vortex-averaged ozone loss over thehase decades is evaluated for both polar regisirgy the passive ozone
tracer of the chemical transport model TOMCAT/SLIMLC and total ozone observations from Systéme dyswlpar
20 Observation Zénithale (SAOZ) ground-based instrumand Multi-Sensor Reanalysis (MSR2). The passa®er method
allows us to determine the evolution of the daalterof column ozone destruction, and the magnitditlee cumulativeeolumn

loss at the end of the winter. Three metrics aegl iistrend analyses that aim to assess the ozoneagcatgeover both polar - -{ Supprimé: to estimate the linear trend since 2000 to assess th
current situation of ozone recovery

regions: 1) The maximum ozone loss at the endefiinter; 2) the onset day of ozone loss at a fipebhreshold and 3) the

ozone loss residuals computed from the differehedseen annual ozone loss and ozone loss valuesssegl with respect

25 to sunlit volume of polar stratospheric clouds (ST his latter metric is based on linear and palialsegressions for ozone

loss in the Northern and Southern Hemisphereseatisely. In the Antarctic, metrics 1, and 3, yiédeinds of -2.3 ang2.2% - {Supprimé: -1.8 ]
dec for the 2000-2021 period, significant at 1 andahdarddeviation(o), respectively. For metric 2, various thresholds- {Supprimé: error ]

were consideredt the total ozone loss values of 20, 25, 30,r8540% all of them showing a time delag a function of

_ { Supprimé: for when they are

{Supprimé: of
30 between the various thresholds. In the Arctic, indtexhibits large interannual variability andsignificant trend is detected;

//{ Supprimé: a consistent number of
this result is highly influenced by the record oedosses in 2011 and 2020. Metric 2 is not appli¢de Northern Hemisphere //{ Supprimé: shows
.

due to the difficultyin finding a threshold value ienough of thgvinters. Metric Jorovidesa negative trend in Arctic ozong ~ . /[ Supprimé: -1.7

loss residualsith respect to the sunlit VPSC 6f ;2,00 $0.97(10)% dec?, with limited significant a{2a level.With such - - ?"primé !
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1 Introduction

The first signs of healing of the ozone layer ia folar regions linked to the decrease of ozondetiag substances (ODSs)
was detected in Antarctica by Yang et al. (2008)pwhowed a statistically significant levelling offthe decrease in total
ozone during Spring and by Solomon et al. (2016) presented evidence of a statistically signifi¢gacrease of total ozone
in the depletion period. This increase was confitimglater studies using measurements (e.g., deetaf 2017; Kuttippurath
et al., 2018; Pazmifio et al., 2018; Weber et 81,82 2021) and model simulations (e.g., Straha.g2019). In contrast, in
the Arctic, the large variability in meteorologi@nditions prevents detection of ozone recoveighasvn by the recent trend
study of Weber et al. (2021). Chemistry-climate #led CCMs) predict that climate change due to iasireg greenhouse
gases (GHGs) will accelerate ozone recovery irAtioéic due to the possible enhancement of the Brédabson circulation
(BDC) (WMO, 2018). An early return of ozone to 1980els by 2034 is predicted by models used inGhemistry-Climate
Model Initiative (CCMI)-1 project (Dhomse et alQ28). In the last Ozone Assessment Report (WMO2P62w analyses
considering a small set of CMIP6 (Coupled Modektnbmparison Project Phase 6) models show thatré&itaozone
recovery to pre-depletion (1980) levels is sensitivdifferent climate change scenarios, while isrozone recovery is about
11 years later for some scenarios compared torthfjegions in the 2018 Ozone Assessment Reporipf@ifield, Santee et
al., 2023).

On the other hand, by analysing four reanalysiasis, von der Gathen et al. (2021) find that Anaiinters are becoming
colder and suggest that some GHG scenarios mightifahe occurrence of large ozone depletion ev&uivani et al. (2019)
show by a multi-model analysis that 60% of the nledeBDC trends over the 1980-2000 period coul@thebuted to ODSs.
The authors also projected a strong deceleratiothefBDC for the 2000-2080 period due to the deszreaf ODS
concentrations, counteracting the effect of indrep&HGs. However, the expected decline of ODSar dlffte full phase-out
of production/consumption of chlorofluorocarbons=@3), halons, and carbon tetrachloride in 2010 utide Montreal
Protocol has been questioned following the workviaintzka et al. (2018). They discovered an enhanoemeCFC-11
emissions after 2012 that continued increasinghduthie 2014-2017 period. In addition to the illibduction of “controlled”
ODSs, increasing emissions of non-controlled chhted very short-lived substances (VSLSs) have bbserved (e.g.,
Claxton et al., 2020) adding a significant amouraone-depleting chlorine to the atmosphere (Chifigld et al., 2020).
Continued observations of ozone on-board diffeptatforms (ground-based, balloons, aircraft andlbegs) in synergy with
model simulation are necessary to assess the ngcof/the ozone layer in the context of climate g and uncontrolled or
illicit emissions that can impact ozone evolutiBpisodic natural events such as volcanic eruptansalso interfere with the
loading coincided with large ozone depletion inHbpolar regions. In the Arctic, the enhancemerstiatospheric aerosols by
Siberian fires in mid-2019 (Ohneiser et al., 2024hjch remained in the polar region for a year,ldcwave impacted the
2019-2020 Arctic winter that was characterized ig@rd ozone depletion (e.g., Manney et al., 2@@nar et al., 2021).
In the Antarctic, the Australian Black Summer witdf in 2019/2020 season (Khaykin et al., 2020eiReh et al., 2021;
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Tencé et al., 2022; Solomon et al., 2023) couldehaigo influenced the large and long-lasting dépietiuring the 2020
Southern Hemisphere winter/spring.

For the detection of ozone recovery in Antarctidiéferent metrics have been used such as vortex ammimum or average
ozone at different months, occurrence of loss atitur and ozone mass deficit at different thresholdlring the last two

thresholds (Pazmifio et al., 2018). In the Arctim strong ozone depletions have been observee iashtwo decades Ieading\ h ‘[SUPPriMé= (?)

to very low ozone values in March and April 201Ig(eManney et al., 2011; Pommereau et al., 2018)March 2020 (e.g.
Manney et al., 2020; Wohltmann et al., 2020; Boggiaal., 2021; Feng et al., 2021; Wohltmann et2@121).

The purpose of this study is to evaluate the l@rgitvariability of ozone and separate the effeath@mical and dynamical
processes in both polar regions in the contextiaent ODS and GHG evolutions by using a synerdgwéen measurements
and model simulations. The amplitude of ozone diplehas been monitored every year since the beginof 1990s by
comparison between total ozone measurements byerBgstd'/Analyse par Observation Zenithale (SAOZ) U¥-V
spectrometers (Pommereau and Goutail, 1988a) deghlay Antarctica and in the Arctic combined with Itheensor
reanalysis (MSR2) datasets (van der A et al., 20di®) the simulated “passive” ozone column by tOMTAT/SLIMCAT
3-D chemical transport model (CTM) (Chipperfiel®0B; Feng et al., 2021) in which ozone is conside®a passive tracer
(e.g. Feng et al., 2005). The method allows useterchine the evolution of the daily rate of totaboe depletion and the
amplitude of the cumulative loss at the end ofwirger.

This paper is organized as follows. Section 2 prssezone datasets from the SAOZ instrument andMSBction 3 describes
the method used to calculate ozone loss insidedtex. The analyses of recent winters in both prdgions are presented
in Section 4. Section 5 introduces the ozone teeradysis. Conclusions are presented in Section 6.

2 Data

In order to estimate ozone depletion in the pagrans, ground-based SAOZ ozone columns and oz@R2Mlata reanalysis
as well as the modelled TOMCAT/SLIMCAT ozone aredis

2.1 SAOZ ground-based instrument

The SAOZ (Pommereau and Goutail, 1988a) instrunsepert of the international Network for the Detentof Atmospheric
Composition Change (NDACC, De Maziere et al., 2GR) French Aerosols, Clouds and Trace Gases Rbédefmastructure
(ACTRIS). The data used in this work are those igheSAOZ stations distributed around the Arcticddahree around
Antarctica (Table 1). SAOZ is a passive remotesgnmstrument that measures sunlight scatterenh filee zenith sky
allowing precise measurements of stratospherictitoests during twilight (sunrise and sunset) folas zenith angles (SZA)
between 86 and 91°. It allows measurements thraugthe winter season at latitudes near the polateciThe retrieval

method used by SAOZ is Differential Optical Absiwopt Spectroscopy (DOAS) (Solomon et al., 1987; Pemeau and
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Goutail, 1988a, 1988b; Platt and Stutz, 2008) whlsuitable for the detection of minor gases i@ #mosphere. The
measured slant columns of ozone and: /@ retrieved twice a day and converted to vérticlumns using air mass factors
(AMF) calculated by means of the UVSPEC/DISORT a#idé transfer model (Mayer and Kylling, 2005). TRAOZ V2
retrieval applied in this work uses a multi-entatabase of TOMS version 8 (TV8) ozone and tempezguofile climatology
(McPeters et al., 2007). Ozone is measured in ibible Chappuis bands (450-550 nm) where crossosecare weakly
dependent on temperature, and.N©measured in the wavelength range 410-530 nngusiv-temperature cross sections
(220 K). Spectral analysis and AMF settings follihve recommendations of the NDACC UV-Vis Working Gpo(Hendrick

et al., 2011). The ozone and N@ertical columns used here are sunrise and sumsets. Total ozone is retrieved with a
precision of 4.5% and a total accuracy of 5.9% &N, morning and evening columns are obtained with 5@6-&ccuracy
(Pommereau et al., 2013).

Table 1. Arctic and Antarctic stations included inthe study: latitude, longitude and measurement pedds of SAOZ datasets and the
MSR2 assimilated data set.

Station Lat, Lon SAOZ dataset period MSR2 datasebgd
Eureka, Nunavut 80.1°N, 86.4°W 2005-2020 1990-2022
Ny-Alesund, Svalbard 78.9°N, 11.9°E 1991-2022 19002
Thule, Greenland 76.5°N, 68.8°W 1999-2003, 20056201 1990-2022
Scoresbysund, Greenland 70.5°N, 22.0°W 1991-20019-2022 1990-2022
Sodankyla, Finland 67.4°N, 26.6° E 1991-2022 190922
Sondre Stromfjord, Greenland 67.0°N, 50.6°W 201820 1990-2022
Zhigansk, Russia 66.8°N, 123.4° E 1992-2013 199%R20
Salekhard, Russia 66.5°N, 66.7°E 2002-2016 199@-202
Marambio, Antarctica 64.2°S, 56.7°W - 1989-2021
Dumont d’Urville, Antarctica  66.7°S, 140.0°E 198022 1989-2021
Rothera, Antarctica 67.6°S, 68.1°W 2007-2021 1968212
Syowa, Antarctica 69.0°S, 39.6°E - 1989-2021
Neumayer, Antarctica 70.7°S, 8.3°W - 1989-2021
Terra Nova, Antarctica 74.8°S, 164.5°E - 1989-2021
Concordia, Antarctica 75.1°S, 123.4°E 2007-2021 912821
Halley, Antarctica 75.6°S, 26.8°W - 1989-2021

The difference between sunset and sunrise f8@l columns is calculated at each SAOZ statinfollow the amplitude of
the NQ diurnal cycle and to assess whether denitrificatiocurred inside the vortex that could promotenezioss. SAOZ
data are available on the NDACC datababk#p$://wwwe-air.larc.nasa.gov/missions/ndacehd the SAOZ webpage
(http://saoz.obs.uvsq.jt/

2.2 Multi-Sensor Reanalysis (MSR2)

In this study, daily SAOZotal columnozone data corresponding to the mean sunrise-suaket are merged with daily

MSR2 ozone columns. The MSR2 ozone dataset conspiteey assimilated gridded ozone columns at 1Rf0Gat a spatial
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resolution of 0.5° x 0.5° in both hemispheres. TM3-DAM CTM (simplified version of TM5, Krol et a].2005) is used to
assimilate 14 polar-orbiting satellite datasetsgaly corrected for SZA dependency, stratosphergpérature, and other
parameters by comparisons with ground-based datiset Dobson and Brewer networks which are pathefWorld Ozone
and Ultraviolet Data Center (WOUDC) (see van degtAul., 2010, 2015 for a detailed description). Th&a covering the
1989-2022 period are available from the Troposghé&mnission Monitoring Internet Service (TEMIS) ofNKII/ESA
(http://Awww.temis.nl, last access: 4 March 2023).

Daily ozone columns at the stations mentioned inlda are retrieved from the global gridded MSR&ragated data fields.
Data corresponding to the grid cell with forecasbe estimate higher than 20 DU for MSR2 were reatbyollowing
indications given on the TEMIS/ESA web site. Thief was increased to 35 DU for 1993-1994 in tbet8ern Hemisphere
(SH) to allow data in July for normalisation (sescon 3, Methodology).

2.3 TOMCAT/SLIMCAT model

passive odd-oxygen tracer that is transported/addegithout any interactive chemistry (Feng et2005), and active ozone
with full stratospheric chemistry including heteeogous reactions on sulphate aerosols and paéspheric clouds (PSCs)
(Feng et al., 2021). In this study, SLIMCAT is fectby wind and temperature fields from the Europ@antre for Medium-
Range Weather Forecasts (ECMWF) ERAS reanalysissfideh et al., 2020). The model uses a hypdessure as vertical
coordinate. The tracer advection uses the consenvaf second-order moments scheme by Prather j198®& vertical
transport is diagnosed using mass flux diverge@tepperfield, 2006).

The long-term simulations used in this work start80 (Feng et al. 2021) with a horizontal resotubf 2.8° latitude x 2.8°
longitude and 32 vertical levels from the surfaze-65 km. The passive ozone tracer is reinitializadch year on July*lin
the Southern Hemisphere (SH) and DecemBén the Northern Hemisphere (NH) by setting it ddoahe modelled active
chemical ozone field. The passive and active orohemns are sampled above the stations of Tabid2 BT by performing

a bilinear interpolation of the model fields (imfgitude and latitude) to the location of the SAQatisns during the model

simulation The SLIMCAT model has been widely used in presistudies of stratospheric ozone (e.g. Feng e2G21).

3 Methodology

The ozone loss is obtained by applying the padsaeer method (Goutail et al., 1999) which has begplied in different
studies to calculate ozone loss in the SH (e.gtifuirath et al., 2010; 2013) and the NH (e.g. Pemeau et al., 2013; 2018)
using MSR2 or SAOZ data. The loss is computed et sgation of Table 1 by subtracting the measus&l bzone (SAOZ
and MSR2 merged dataset, hereafter called OBS)anie polar vortex from the corresponding passizene column
simulated by SLIMCAT. To determine if the statianimnside the vortex, the Nash et al. (1996) coteiis applied on the

Equivalent Latitude (EL) — isentropic levé)) (quasi-conservative coordinate system (Mcintyi@Ralmer, 1984). This system

5




can be assimilated to 2-D vortex-following coord@sgwhere the pole corresponds to the position afimum potential
175 vorticity (PV). The wind and temperature fieldsifr&RAS reanalysis are used to calculate the 2-Ddioate system. The
vortex edge is considered as the limit betweergereinside and outside the vortex, correspondintheé EL of maximum
PV gradient, weighted by the wind module temporaifyoothed with a 5-day moving average, as descitbBdzmifio et al.
(2018). In this work, the classification of thetiia with respect to the position of the vortexcinsidered at the 475 K
isentropic level (~18 km), where the ozone maximisnobserved in winter/spring and as used in previaorks (e.g.,
180 Kuttippurath etal., 2010; Pommereau et al., 20E8jure 1 shows the number of merged data insiledhtex for each winter
of the considered periods for the SH (blue ling) BiH (red line). Between 200 and 400 observatioescansidered for the
Arctic vortex, and about 800 for the Antarctic wott The number of the observations in the Arctigex displays a large

interannual variability while it is much more stafih the Antarctic. These differences are explaimgthe larger area and the

longer persistence of the SH vortex compared ti\tHene.
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Figure 1. Number of merged data (OBS) inside the vtex for each winter of the SH (blue line) and NH (ed line).

Before the subtraction, the SLIMCAT passive ozomredr is normalized to the MSR2 ozone dataset. ridiealization
coefficient is calculated at each station consitdgithe difference between the monthly mean valfeth® MSR2 and
190 SLIMCAT active ozone tracer in December (July) floe NH (SH). SAOZ measurements are also normalizethe mean
difference between MSR2 and SAOZ data at the bagynof each winter (December/July for NH/SH), ondt available at
high latitudes, then in March (August), in the N&H). In the case of the days when only one measuremeailable, the

: during the winte

: error bars
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from the model at Ny-Alesund during the Arctic vein2021/2022. The top panel shows the positiomefstation and the
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vortex edge on the equivalent latitude scale a#ftteK isentropic level. The SLIMCAT tracer captsitbe short-term ozone
fluctuations resulting from horizontal and vertit@nsports linked to the propagation of the planetvaves. The horizontal
transitions between regions inside and outsidevonex are observed by mid-March (day ~70) withreze@alues increasing
from ~300 DU to ~550 DU. The progression of chein@ane loss (100*(passive tracer — OBS)/passiveet) above the

and in the SH between 0 ardDU with a standard deviation of the mean lowantth DU.
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Day in 2022

the 475 K isentropic level. Middle panel: evolutiorof ozone columns at Ny-Alesund from reanalysis MSRfields, SAOZ observations
and simulated by SLIMCAT _in 2021/2022Bottom panel: evolution of ozone loss (in %) at i¢Alesund derived from OBS merged
dataset (see the text) and the SLIMCAT passive trac in 2021/2022 winter

The relative ozone losses at each station (Tabkéth)n the vortex are considered altogether ad@-alay running median is
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obtained from the ozone loss values above therdiffestations (symbols in colour). At the end @& #inter, the accumulated
ozone loss is considered as complete when tempesatuthin the vortex are higher than the tempeeatiareshold for nitric

acid trihydrate (NAT) PSC formation (). At that time, the diurnal N{Qdifference rapidly increaséBig. 3, bottom panel)
and CIO values from SLIMCAT rapidly decrease (rfatwsn). During the 2022 NH winter, a fast increatthe diurnal NQ

the 475 K and 550 K isentropic levels, respecti\Blymmereau et al., 2013). PSC formation stopsdirghe higher levels on

230 day 50 and then later on day 75 at the lower levigie accumulated ozone loss observed on day &heeal8.1+0.5 %
(87+2.7 DU). The standard error of the median apoading here to the half of the Q84-Q16 or 68%rjretrcentile spread
(IP68) is also shown.
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Figure 3. Top panel: time series of observed ozone loss (%side the vortex above each SAOZ station for th@022 NH winter. _ - ‘[ Supprimé: 2
235 Bottom panel: Time series of the amplitude of the B2 diurnal variation (NO» _sunset — NQ sunrise),nside the vortex above _ — {Supprimé:

SAOQOZ stations. The 10-day running median and standd error of the median (IP68/2, see the text) areuperimposed by the black

line on both panels.
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the 2022 NH winter. Negative values correspond thié period of PSC formation at the corresponding is&ropic level. Bottom panel:
cumulative time series of sunlit areas of PSC at 87blue) and 550 K (red). The sunlit volume of VPS@omputed following Rex et
al. (2004) is superimposed by a black curve.

The interannual behaviour of ozone loss relatedSE€s, which plays a crucial role on 0zone polagrogeneous chemistry
is also analysed. The cumulative surface of tharpabrtex exposed to temperatures lower than thd RSC formation
threshold coincident with sunlit regions (SZA<98fas computed at 475 K and 550 K. This cumulativéase is hereafter

NH winter. The sunlit NAT PSC volume (sunlit VPS®as estimated following the relationship of Rexakt(2004) and
integrated through the end of the winter. The $\#SC is considered as a proxy of chlorine aditiwvatThe computed VPSC

4 Polar ozone loss in the 2018-2022 period

Since 2000, an increasing interannual ozone lasahility is observed in both hemispheres, particiylin the SH, compared
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panel) and 2018-2022 in the NH (right panel). Ozlmsses in previous atypical years are also shaletigd lines), e.g. the
NH 2011 record ozone loss (Pommereau et al., 20B8)vas due to a cold, strong and long-lastingpebrtex (Manney et
al., 2011) and the 2002 SH weak ozone loss (Hopipal., 2003) linked to unprecedented large wavwigc(Allen et al.,
265 2003) resulting in a major sudden stratospherianirag (SSW) and a split of the vortex in the midslitosphere at the end
of September. The median values of ozone losh®1989-2017 winters in the SH, the 1990-2017 wanitethe NH and the

to Fig.§, the Tmin-Tnat @nomaly at 475 K is shown for the last winters-ig. G, the 45-day mean heat flux in the 45°-75° {Supprimé: 4

latitude range at 70 hPa from MERRA-2 analyses (WNAS Goddard Space Flight Centehttps://acd- \\{SUPPrimé=5

270 ext.gsfc.nasa.gov/Data_services/met/ann_data,.fastlaccess: 6 October 2022) in Hgo evaluate the impact of dynamical - {Supprimé: 6

U L U

within the vortex boundary region (Pazmifio et2018) to evaluate the stability of the vortex dgrihe study period. Pazmifio

et al. (2018) used both proxies to characterizérttezannual evolution of total ozone in Antarctaaring the September and
October periods
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Figure 5 Evolution of ozone loss in recent winters usinghe merged OBS dataset: SH 2018-2021 (left panel)caNH 2018/19 — _ ‘[ Supprimé: 4 ]

2021/22 (right panel). Unusual winters are also repsented by pink dashed lines: weak ozone loss it1$2002) and 2011 record
ozone loss in NH. The median and 38-80" percentile climatological values of previous wintes are represented by thick and thin
black lines, respectively.

280
The median value of the accumulated ozone losweatrid of the winter is more than 2 times largeh&SH than in the NH.
The recent winters present an accumulated ozoee/éoging from 7 to 27% in the NH and 37 to 52%hie SH.The maximum

ozone loss is reached between mid-January andnthefeMarch for the NH and between the end of Saeptr and mid-

October for the SHThe interannual variability of the ozone loss repreed by the maximum amplitude of ozone loss batwe

285 the recent winters is mostly similar in both herhisges: 20% in the NH and 15% in the SH.
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Figure & As Fig.5 but for the PV gradient in the vortex edge as defied in Pazmifio et al. (2018) using ERAS5 reanalyses. - /{ Supprimé:

- {Supprimé:

values (grey area) until the end of August (day)2#&0r the four years shown, temperatures lowen fhar are observed
early, from mid-May at the 475 K isentropic level.
The 2018 SH winter is a typical one (cold wintethna strong vortex) close to the median climatalabivalue reaching a

maximum ozone loss of 50.7+111)% at day 290 (red line). Temperature values loweantTyar persist until the end of

1 6

During the 2019 SH winter, a minor SSW appearethatend of Augustlinked to wavenumber 1 event, producing }{\{Supprimé:

as well as

{ Supprimé:

7

: and a consecutive

\{ Supprimé:

of its

ozone values within the vortex (Wargan et al., J0R02019, after the minor SSW at the end of Augie ozone loss started -

\{ Supprimé:

4

O )

to slow down as shown by a levelling of the ozaresIdiverging from the climatological grey area agathing a maximum

major warming and reached a slightly larger ozamss tompared to 2019. The period with temperatarsr than Tar was
reduced by 1 month compared to 2018 and displayedan T anomaly slightly higher than in 2018 (-##.2 K during 132

1 6

August with values much higher than climatologyilumtid-October and comparable to the NH (Fig.right panel). The ‘[SUpprimé:

rapidly

stability of the vortex was within the climatologlovalues until mid-October, slowing down rapidhereafter. ) {S“pprime

1 6

The SH stratosphere in 2020 was strongly impactethb enhancement of aerosol levels from the seseuth-eastern
Australia bushfires during 29 December 2019 tortiday 2020, known as thistralian New Year (ANY) fires (e.g. Khaykin
et al., 2020). Rieger et al. (2021) shoveebne negatives anomalies in mid-latitude and p@gions from OMPS satellite

: similar

(176 days) with a mean T anomaly of -10.1+4,%&in 2018 butith a much larger sunlit VPS®an in 2018The maximum

ozone loss of 51.8+1.4% was found in early Octoheralue outside the 20-80% percentile range ottimeatology. The

: temperature in the

break-up of the polar vortex, explaining the loagting ozone loss during the months of October deeshber (Damany-\ \\\‘[SUPPI‘imé

in

{ Supprimé:

to an acceleration of the

(D D
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Pearce et al., 2022). The heat flux exhibits valigin the climatology until the end of Septemibefore slowing down

U U U U )

rapidly during October (Figg), and the strength of the vortex edge was closketartedian climatological value (Figl. - { Supprimé: 6

During the 2021 SH winter, the evolution of ozooss was within the climatological values until éral of August (day 240). o ‘[SUpprimé: 7

The temperatures lower thaRar started later than previous years in May, pergjstintil the end of October as in 2018 and

2020 with a T anomaly of -11+5.3 K correspondindl6¥ days (Figg). The ozone loss ratio increases between the £nd o {Supprimé: 5

August and beginning of October (day 270), reacliireglower limit of climatological ozone loss vatudhe sunlit VPSC

valuesare similar to those of 2018, but the strengthhefvortex is weaker than in previous years as shoyie low PV

gradient in Fig8. This year presents also lower heat flux values tie climatology before August and after mid-8eyiter _ {Supprimé: 7

(Fig.Z) and the final accumulated ozone loss reache=89% (pink line in Figs), which lieswithin the climatology. _ ___ - - Supprimé: 6
o ‘[Supprimé: 4

4.2 Northern Hemisphere

In the NH (right panel of Fidy), the evolution of the accumulated ozone losgéngly dependent on the temperature history.- {Supprimé 4

The ozone loss already starts to vary from one tgetire next in December. Perturbed winters duenteanced wave activity

could favour mixing across the polar vortex.

The 2018 NH winter (red line in the right panelF. 5) displays higher ozone loss than th&-80" interpercentiles (grey _ — {Supprimé: 4

area) from mid-December to mid-February. Tempeestwvithin the vortex at the 475 K isentropic leware much lower

than the Tar threshold from early December until mid-Februavith a mean %in anomaly of -5.3 K (Fig§, right panel). _ - {Supprimé 5

The major SSW on 12 February linked mainly to wawveber-2 forcing (Butler et al., 2020) induced aidaipcrease of

temperature and a split of the vortex. This inceeiasdynamical activity is also highlighted by tinerease of the heat flux

(Fig. 7). The strength of the vortexxhibited valueslargey than climatology (Figg). The very low temperatures for the — { Supprimé: 6

remaining ~80 days within the vortex allowed mote@zone loss of 14.7+(B)%. \i\\\{ Supprimé: ering

The 2019 NH winter also presented a SSW but eatlye year corresponding to the January single warmode (Mariaccia \\\\\{ S"pprimé: p_reseme

etal., 2022), as shown by the increase of heawilside the climatological values at the end e€&mber (brown line in Fig. \{ 2:::::: :Ighe‘

J). The major SSW of 2 January 2019 was linked taBenumber-1 event (Butler et al., 2020). The voweakened more  _ { Supprimé: 6

rapidly after the SSW and remained at low valueseifter (Figg). Temperatures lower thamar were observed during 20_ { Supprimé: 7

(non-consecutive) days in December with a mean afowelue of -2.2 K at the 475 K isentropic levéig. §). The _ {Supprimé: 5

accumulated ozone losstbe2019 warm winter was 6.5¢+14% (F. . {Supprimé: 4

The 2020 NH winter is associated with record-lowre values within the vortex which are explainedabdpng period of

temperatures lower thanydr from December to mid-March (113 days at 475 Ktisgpic level, blue line in Figg), a large _ - {Supprimé: 5

stability of the vortex (Figg) and a low ozone resupply from lower latitudeg.(danney et al., 2020). In the beginning of - {Supprimé= 7

December, temperature anomali¢she 475 K levelvere near -4 K and the meanomalyaluefor the whole winter reached_ - {Supprimé of

-5.3 K'as in 2018. The ozone loss was within tivaatological values until March, but a rapid inseaf 13% during March [ Supprimé: 4

led to an accumulated ozone loss of 27.1+1.1% HFiddariaccia et al. (2022) classified this winterean unperturbed radiative - ) { Supprimé: as

final warming modglsoshown by the low values of the heat flux in Efg.Comparing the 2020 and 2011 winters withi~ {"supprimé: 6

e ) L U
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415 pronounced ozone loss (pink dashed line in Bigwe find a similar maximum ozone loss at the ehtflarch, which is due _ - {Supprimé: 4

to the persistegow temperaturefessthan Tuar for ~110 days (Figg), a weak dynamical activity (Fi) and a strongvp[te%( - { Supprimé: cold

N —
AN ‘[Supprlme: lower
NN

during 41 consecutive days between early Decemigmad-January with a mean value of T anomaly o4 8 (Fig. 7). AN ’

LS {Supprimé:

420 During this period a rapid ozone loss evolutiorsaié the climatological values is observed at #@ifming of January slowed

down by the SSW event that stopped it on Januaf205). The accumulated ozone loss was only 8.9+1.2%. | \fsupprimé:

6

7
\

\ { Supprimé: 5
N

6

4

The 2022 NH winter is associated with an unpertidymamical final warming mode as shown by the Vaues of heat flux {Supprimé:

425 the climatological values with an accumulated ozioss of 18.1+0.5% (Fidg).

(DA D WD WD D, U, W Y Y W W W

5 Long-term evolution of ozone loss

In order to study a possible recoveajeof total ozone columns in the polar regions, thdiferent metrics were applied to
the ozone loss datasets. Then a robust linearafit walculated since 2000, the year of maximum Om8uats in the polar
stratosphere (WMO 2014).

430 5.1 Maximum ozone loss

The first metric considered is the maximum ozorss IMOLoss) for each winter, which correspond$irhaximum value

evolution of MOLoss for both hemispheres (colouiees). The model results using its active traceradso represented (grey

lines). A good agreement is observed in the intawahvariability of observations and simulationdth hemispheres, with
435 systematically smaller values in the simulatiomesi2003 in the SH. As expected, the NH MOLoss stemaller values but

larger interannual variability, which is intrinslalinked to a more disturbed stratospheric dymami

In the SH, a stabilization of the MOLoss is obsdrire the 1990s at about 50% and a slight decrease 2000 with an

enhanced interannual variability in the last dec#dsimilar negative trend in ozone loss is fourddd on observed (OBS)

SH polar vortex. In 2017, the heat flux (not showrgsents values higher than the climatologicaktpe from the end of
August to the end of September, with T anomaligghg increasing by 8 K with respect to the mediathe second half of
September, which could have slowed down the chémizme depletion.
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(colour lines) and model (gray line) in the SH (topanel) and NH (bottom panel). The estimated robustends since 2000 were added

to the figures with the corresponding colour codes.

465

In the NH, the average MOLoss is less than hathaf observed in the SH. The large ozone loss#eeimid-1990s NH are

S —
N Supprimé: 0
{ supp

(D

with two record values of ozone loss in 2011 an2 he trend values estimated since 2000 areiwus«.!),@@g;,‘1/07d§:cj)x = {Supprimé: towards

\f Supprimé: 2

but they are not significant. This metric does altiw the detection of any trend in the NH.

470 5.2 Ozone loss onset day

The ozone loss onset day (OLossOnset) metric wesdajged to analyse the evolution of the ozone dskfferent thresholds
phere. The onset {Supprimé: expecting

- \[ Supprimé: with

day is determined as the day when the 10-day rgnmiedian ozone loss crosses a determined threshbld. A similar

metric for total ozone values inside the vortex wsed in a previous study (Pazmifio et al., 2018hik study, the ozone loss
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490
In the case of the SH, the chosen ozone loss thicbshlues enable a long-term estimation of therarinual evolution of
OLossOnset. The trend estimations were performéxtdand after 2000. All trends estimated by indejetly robust linear

regression are significant at least at Zhe lower trend values are observed for the Hulelsof 20% and the highest ones for

495 the trends before and after 2000 of each OLossQisdaset is -0.3, with the exception of the thré&blod 40% where -0.2 is h {Supprimé: 2
found due to the steeper slope observed before. 20@0onset dataset obtained from SLIMCAT model $ations exhibits
larger trends since 2000 that are significantaf{rt shown). The trends vary from 4.4+1.0 to 6.8day de€. The ratio

between the trends before and after 2000 of easheobss onset dataset vary from -0.5 to -0.3 shgwi faster recovery

considering SLIMCAT simulations than using the SABIBR2 merged dataset, as already found using theedpss metric

analysis. This metric does not allow the detectibany trend in the NH.

5.3 Residuals of ozone loss/VPSC relationship

505 formation of PSCs. Figure 11 represents the interahevolution of sunlit VPSC above the Antarctiddrctic regions (top
and bottom panels respectively). Larger sunlit VR&{ies are expected in the SH than the NH dueuchniower polar
temperatures. Low values of sunlit VPSC are fountdttie years of low ozone loss and inversely asebeg (see Fig. 9).
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515 Record of values sunlit VPSC are observed in 202®6th hemispheres. As a consequence, very higheolpss was found

in the NH, and large but not record ozone losshen$H. A linear trend was computed for VPSC frord®0yielding an

520

525

1900 1995 2000 2005 2010 2015 2020

I
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[
“ul 1
it

Figure 11. Interannual evolution of sunlit volume é polar stratospheric clouds (VPSQC) in the SH (topanel) and NH (bottom panel).

The estimated robust trend (thick black line) and umcertainty level values of +& (dashed black lines) since 2000 are added for bothvfﬂ"‘”‘
L
il
W“ ’r
ity
ity
Figure R, presents the ozone loss value as a function dit SPSC for each winter of the NH (triangles) a&t ginverse[r’:('(‘/
- T I

regions.

triangles). The figure highlights the differencetvbeen both hemispheres with much higher sunlit VR$@e SH and]’f,'l’,"‘
. . ) ) I
consequently higher ozone loss. The range of SURBC in the SH varies between 2 X 4ad 5 x 18km?, which correspond ’,','/'
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Supprimé: A 3“-order polynomial was applied represer the
relationship between ozone loss and sunlit VPS@aérfigure, most
years of the last decade present smaller ozoneddses with
respect to the polynomial fit (yellow to red colsur

Supprimé: Therefore a fit can be applied independently in e.
hemisphere (linear for the NH and parabolic for$tédue to the
saturation of ozone loss in the lower stratosphéaiieg thick black
lines in Fig. 10 represent the corresponding fit
(fit_O3Loss(sunlitVPSC)) for each hemisphere.
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Figure 11, Maximum ozone loss as a function of sunlit VPSC for each viier for the Northern and Southern hemispheres. T h@ﬁ% = { Supprimé: 0
inter-percentile range of ozone losses are also represented (see Sed¥i&hodology). The colour code represents the yeags. 7\5 \{Supprlme: (o}
\ {Supprlme volume of polar stratospheric clouds (
In order to remove the influence of temperaturerentinual variability in the estimation of trendscs 2000, a multi-parameter {S"PP""‘e: )
model was applied to the ozone loss dataset of e@ihin as presented in Eg. 1: Supprimé: The linear and paranolic fts are represented forbe

MOLoss(t) = SunlitVPSC_contr(t) + t1 * (year(t) QD) +0(t) 1)

wheret is year since 2000, t1 is the time linear tremtei2000,0(t) is the ozone loss residual and SunlitVPSC_contr

corresponds to the contribution of sunlit VPSC éersng a linear fit for the NH and a parabolicffir the SH due to the
saturation of ozone loss in the lower stratospfiegs 2 and 3, respectively)

SunlitVPSC_contrNH(t) = Ky + K1 ne*SunlitVPSC_NH(t) (2)
SunlitVPSC_contrSH(t) = su+ Ki_siSunlitVPSC_SH(t) + K si*SunlitVPSC_SH(t] 3)

The regression coefficients in Eq. 2 and 3 areifsogmt at 2 level. The autocorrelation of residuals of ozareslin Eq. 1 is
weak and lower than 0.2, and the determinationfioierdt (RP) is of 0.83 for the SH and 0.82 for the NH. Figd (left
panels) shows a good agreement between MOlossetldtasour lines) and the regression model resfldtack lines)
considering estimated sunlit VPSC contribution ¢kldashed line) and trend.

The difference between the maximum ozone loss laadegressed sunlit VPSC contribufi®®OLoss) is calculated for each -
year of the corresponding hemisphere as follows:

18

NH and SH, respectively, (black lines) and the"Sorder fit
considering years for both hemispheres is represeed by the
black dotted line.

Supprimé: Theresidualof theozone loss with respect to the lin
(NH) or parabolic (SH) fit
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In both panels,

N

hemispheres with a higher interannual variabilitytie NH.The linear trend estimated by the multi—paramemgrerssion\\\\\ \{Supprimé:
IYARNAN

betweer-5

model in both hemispheres (Eq.1) is around 2 %" dexd significant at@ Unlike the other two metrics, this metric prmﬁdé\\{ Supprimé:

+10

a potential detection of a negative trend in theaithe limit of significance. KN

Supprimé:
\.\\ | period. Afterwards a

Large! positiveresidials are observed in the 18-1995

The multi-parameter model was also applied to o4oss using only SLIMCAT simulations (not shown)ll Aegression

\\{ Supprimé:

startingin 1996

coefficients are significant a2 except the guadratic regression coefficient an¢hse of the SH. A larger recovery rate is

Supprimé:
2000 to evaluate a possible recovery.

A robust linear fit was applied to both datasetsei

found with the model simulation in the SH with ajative trend of -2.8 +0.8 % dé¢1o). For the NH, a slightly weaker trend

was found compared to the observations with a vefu#.4 +0.7 % det, also with limited significance a2
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Ozone loss datasets extending for more than 3G yeare computed for both polar regions using thesipa ozone tracer
values simulated by the SLIMCAT CTM combined with@&Z ground-based data merged with the MSR-2 reaimly
Although the passive tracer method enables thdifietion of 0zone evolution only due to chemistityis chemistry can be
influenced by dynamical processes via their efdectemperature. The ozone loss shows a linearae$dtip with sunlit VPSC

within the vortex for the NH and a parabolic beloaviin the SH due to the saturation effect of thene loss in the Antarctic

Supprimé: In the SH, a negative trend of the ozone loss vedsd
of -1.8+0.4% det is observed, significant ab2Most years match
well with the trend line with the exception of soyears
characterized by a weaker vortex or high dynangcéVity such as
2002, 2012, 2013, 2019 and 2021. 1

In the case of the NH, a negative trend is alseies! but only
significant at & (-1.7+1.0% de¢). The interannual variability is
large but the standard error of the slope is smil@oth
hemispheres. Since 2012, the residuals are maagigtive and only
the record year of 2020 presents a slightly pasig&H) or null (NH)
value. Unlike the other two metrics, this metried@llow the
detection of a trend in the NH.{

stratosphere.

The analysis of 0zone loss in the polar winterses2018 shows that much of the loss lies betwee@dhand 8¢ percentiles

of the values observed in previous years and tret &re well correlated with the temperature his{@ig. § and§). The _ - {Supprimé: 4 ]
extreme years are prominent in the ozone loss elatasth 1) an atypical weak ozone loss in the 2BHtaused by an early\ h ‘[SUpprimé: 5 ]
minor SSW at the end of August due to the strongadvical activity in that year, comparable to wisagénerally observed

in the NH (Fig.7); and 2) a large ozone loss in 2020 in both heheisgs with 7% higher values than the median clifogto {Supprlme 6 ]
and linked to very cold and long-lasting winterotably the strength of the vortex edge in the 282Dis larger than the

values observed in the SH climatology includingry2@20 (Figg®. - supprimeé: 7 )

In order to estimate a possible recovery of oztreeds since 2000 were computed for three differegttics. In the first case,
based on the maximum ozone loss found at the etiieokinter, a negative trend of -2.3+1.5% Heas found in the SH,

only significant at &. This metric appears sensitive to dynamics sincertaeimum in ozone loss generally occurs between

days 270-290, in October, a month characterizetliblyer temperatures within the vortex and largangport variability

(Solomon et al., 2016). Reqardltfge NH, a positive trend of +4+2.1% dec was calculated byit is not S|gn|f|cant This _ {Supprimé:
‘[Suppnme: 0

\\

interannual evolution of the onset day when thenedoss reaches different thresholds, similar ¢ontiethodology developed N \{ Supprimé:

for total ozone values by Pazmifio et al. (2018)hinSH, this metric shows a positive trend of +3.8 day det on average. N
This trend is significant at®and could be related to the lower ODS amountkerpolar austral stratosphere compared to the
period before 2000. The various thresholds arehethin September, so this metric is sensitive émttone loss at a time that

is less affected by dynamical processes compar@dtmber when the maximum ozone loss is reachetiellNH, this metric
does not show a statistically significant trende doi the large interannual variability and the fdett most of the thresholds
are not reached in the period studied. The thirthimtakes into account the relationship betweesnezioss and the sunlit

volume of PSCs, linked to heterogeneous chemitmiqsses. In the SH, the ozone loss residuals shegative trend since

close to that obtained with the first metric. lie ttase of the NH, for the first timepatentialrecovery is observed based on

this metric, which displays a trend @f6%.dec?, slightly significant, a{2c. Note that this treng similarjo the SHtrend < ”/ {sl,ppr,me only

In conclusion, our study confirms the ozone recgverthe SH, significant for two of the three mesribased on the ozone R {Supprlme: 1
{ Supprimé: value has a

loss datasetslespite the higher interannual variability in fhst decade. In the NH, our study shows for thst fime a

20
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Supprimé: was

Supprimé: Regarding the SHhis metric appears sensitive
dynamics since the maximum in ozone loss genesaltyrs betwee
days 270-290, in October, a month characterizehidtyer
temperatures within the vortex and larger transpargbility
(Solomon et al., 2016).
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et al. (2023) applied the linear regression modaifthe Long-term Ozone Trends and UncertaintiethénStratosphere B {S“PPrimé’ 1

(LOTUS) project only on datasets from three hidfitdide stations (Oslo, Andoya and Ny-Alesund) amehd positive trends

of around 3 % detin March for the 2000-2020 period. However theseds argnly significant atlo. Considering the _ - {Supprimé: alsonot

interannual variability in the NH and the assodlatecertainties in the ozone loss versus sunlit®@RSyressed values, more h ‘[SuPPrimé: 2

years of observations are needed to confirm thedteand to quantitatively attribute the decreasitgltozone loss trend to

reductions in ozone-depleting substances.

Data Availability
SAOZ data can be obtained through the NDACC datalfasos://www-air.larc.nasa.gov/missions/ndacd the SAOZ
webpagettp://saocz.obs.uvsq.ji/
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