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Abstract. Ozone depletion over the polar regions is monitagach year by satellite and ground-based instrtsnémthis
study, the vortex-averaged ozone loss over thehaseé decades is evaluated for both polar regisitg) the passive ozone
tracer of the chemical transport model TOMCAT/SLIKT and total ozone observations from Systeme dyswlpar
Observation Zénithale (SAOZ) ground-based instrumand Multi-Sensor Reanalysis (MSR2). The passaser method
allows us to determine the evolution of the dadlterof column ozone destruction, and the magnibditkee cumulative column
loss at the end of the winter. Three metrics aegl irs trend analyses that aim to assess the oeeogary rate over both polar
regions: 1) The maximum ozone loss at the endefrinter; 2) the onset day of ozone loss at a ipghreshold and 3) the
ozone loss residuals computed from the differebetween annual ozone loss and ozone loss valuesssegl with respect
to sunlit volume of polar stratospheric clouds (P SThis latter metric is based on linear and palialsegressions for ozone
loss in the Northern and Southern Hemisphereseotisgly. In the Antarctic, metrics 1, and 3, yitdends of -2.3 and -2.2%
dec? for the 2000-2021 period, significant at 1 andahdard deviationd)), respectively. For metric 2, various thresholds
were considered at the total ozone loss value®p?2, 30, 35 and 40%, all of them showing a tirakayl as a function of
year, in terms of when the threshold is reacheé. ffénds are significant at the Zvel and vary from 3.5 to 4.2 day dec
between the various thresholds. In the Arctic, mdtexhibits large interannual variability andsignificant trend is detected;
this result is highly influenced by the record ogdwsses in 2011 and 2020. Metric 2 is not appliede Northern Hemisphere
due to the difficulty in finding a threshold valireenough of the winters. Metric 3 provides a negatrend in Arctic ozone
loss residuals with respect to the sunlit VPS®fit2.00 +0.97(b)% dec!, with limited significant at & level. With such

metric a potential quantitative detection of ozoeeovery in the Arctic springtime lower stratosghean been made.
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1 Introduction

The first signs of healing of the ozone layer ia golar regions linked to the decrease of ozonéetleg substances (ODSs)
was detected in Antarctica by Yang et al. (2008)powhowed a statistically significant levelling offthe decrease in total
ozone during Spring and by Solomon et al. (2016) presented evidence of a statistically signifiéacrease of total ozone
in the depletion period. This increase was confiioglater studies using measurements (e.g., destag 2017; Kuttippurath
et al., 2018; Pazmifio et al., 2018; Weber et 81182 2021) and model simulations (e.g., Straha.£2019). In contrast, in
the Arctic, the large variability in meteorologia@nditions prevents detection of ozone recovergshasvn by the recent trend
study of Weber et al. (2021). Chemistry-climate elsd CCMs) predict that climate change due to iasirggy greenhouse
gases (GHGs) will accelerate ozone recovery iritlotic 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 alQ®8). In the last Ozone Assessment Report (WMO2p02w analyses
considering a small set of CMIP6 (Coupled Modektobmparison Project Phase 6) models show thatrétitaozone
recovery to pre-depletion (1980) levels is sensitivdifferent climate change scenarios, while i&rozone recovery is about
11 years later for some scenarios compared tortfjegtions in the 2018 Ozone Assessment Reporp(@hfield, Santee et
al., 2023).

On the other hand, by analysing four reanalysiaghds, von der Gathen et al. (2021) find that Ansfinters are becoming
colder and suggest that some GHG scenarios migbtifahe 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 desmeaf ODS
concentrations, counteracting the effect of indrep&HGs. However, the expected decline of ODSar dlfte full phase-out
of production/consumption of chlorofluorocarbong=(3), halons, and carbon tetrachloride in 2010 wutide Montreal
Protocol has been questioned following the workMmintzka et al. (2018). They discovered an enhanotmeCFC-11
emissions after 2012 that continued increasinghduthe 2014-2017 period. In addition to the illgibduction of “controlled”
ODSs, increasing emissions of non-controlled chhiigd very short-lived substances (VSLSs) have bbsarved (e.g.,
Claxton et al., 2020) adding a significant amourdzone-depleting chlorine to the atmosphere (Ghifigld et al., 2020).
Continued observations of ozone on-board diffepdatforms (ground-based, balloons, aircraft andlbi@s) in synergy with
model simulation are necessary to assess the ngcofthe ozone layer in the context of climatemifand uncontrolled or
illicit emissions that can impact ozone evolutiBpisodic natural events such as volcanic eruptamnsalso interfere with the
detection of ozone recovery (WMO, 2022 and refegexithin). More recently, wildfire events impactiagatospheric aerosol
loading coincided with large ozone depletion intbpblar regions. In the Arctic, the enhancemersti@tospheric aerosols by
Siberian fires in mid-2019 (Ohneiser et al., 2024hjch remained in the polar region for a year,ldchave impacted the
2019-2020 Arctic winter that was characterized lsg@rd ozone depletion (e.g., Manney et al., 2@@nar et al., 2021).
In the Antarctic, the Australian Black Summer witd§ in 2019/2020 season (Khaykin et al., 2020eiRBen et al., 2021;
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Tencé et al., 2022; Solomon et al., 2023) coulcehago influenced the large and long-lasting depietiuring the 2020
Southern Hemisphere winter/spring.

For the detection of ozone recovery in Antarctitifferent metrics have been used such as vortex anmimum or average
ozone at different months, occurrence of loss atitir and ozone mass deficit at different thresholduring the last two
decades, large variability has been observed inatka inside the vortex over which ozone columrestsiow various
thresholds (Pazmifio et al., 2018). In the Arctig strong ozone depletions have been observee iashtwo decades leading
to very low ozone values in March and April 201Ig(eManney et al., 2011; Pommereau et al., 2018)March 2020 (e.qg.
Manney et al., 2020; Wohltmann et al., 2020; Bogrtal., 2021; Feng et al., 2021; Wohltmann et28121).

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 contextiofenit ODS and GHG evolutions by using a synergween measurements
and model simulations. The amplitude of ozone digriehas been monitored every year since the baginof 1990s by
comparison between total ozone measurements byer8gstd'Analyse par Observation Zenithale (SAOZ) UW-V
spectrometers (Pommereau and Goutail, 1988a) dsplay Antarctica and in the Arctic combined with Itihigensor
reanalysis (MSR2) datasets (van der A et al., 2041 the simulated “passive” ozone column by t&MTAT/SLIMCAT
3-D chemical transport model (CTM) (Chipperfiel®08; Feng et al., 2021) in which ozone is considi@®a passive tracer
(e.g. Feng et al., 2005). The method allows useterdhine the evolution of the daily rate of totaboe depletion and the
amplitude of the cumulative loss at the end ofwtivger.

This paper is organized as follows. Section 2 prissezone datasets from the SAOZ instrument and 24SBction 3 describes
the method used to calculate ozone loss insidedhex. The analyses of recent winters in both padgions are presented

in Section 4. Section 5 introduces the ozone teradysis. Conclusions are presented in Section 6.

2 Data

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

2.1 SAOZ ground-based instrument

The SAOZ (Pommereau and Goutail, 1988a) instrunmsgueirt of the international Network for the Detentof Atmospheric
Composition Change (NDACC, De Maziére et al., 2Gi®) French Aerosols, Clouds and Trace Gases Rbedafmastructure
(ACTRIS). The data used in this work are those igheSAOZ stations distributed around the Arctidahree around
Antarctica (Table 1). SAOZ is a passive remote-dsgnmstrument that measures sunlight scattereoh filwe zenith sky
allowing precise measurements of stratospherictitoests during twilight (sunrise and sunset) folas zenith angles (SZA)
between 86 and 91°. It allows measurements thraugth@ winter season at latitudes near the potateciThe retrieval

method used by SAOZ is Differential Optical Absawpt Spectroscopy (DOAS) (Solomon et al., 1987; Peneau and
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Goutail, 1988a, 1988b; Platt and Stutz, 2008) whckuitable for the detection of minor gases i@ #timosphere. The
measured slant columns of ozone and: [df® retrieved twice a day and converted to vdrtisclumns using air mass factors
(AMF) calculated by means of the UVSPEC/DISORT atide transfer model (Mayer and Kylling, 2005). TRAOZ V2
retrieval applied in this work uses a multi-entatabase of TOMS version 8 (TV8) ozone and tempergitofile climatology
(McPeters et al., 2007). Ozone is measured in thible Chappuis bands (450-550 nm) where crossosechare weakly
dependent on temperature, and ,N©measured in the wavelength range 410-530 nnguseiv-temperature cross sections
(220 K). Spectral analysis and AMF settings follidwe recommendations of the NDACC UV-Vis Working GpaHendrick

et al., 2011). The ozone and MN@ertical columns used here are sunrise and sumsahs. 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@ accuracy
(Pommereau et al., 2013).

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

Station Lat, Lon SAQZ dataset period MSR2 dataeebg
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 19022
Sondre Stromfjord, Greenland 67.0°N, 50.6°W 2018220 1990-2022
Zhigansk, Russia 66.8°N, 123.4° E 1992-2013 199220
Salekhard, Russia 66.5°N, 66.7°E 2002-2016 199(2-202
Marambio, Antarctica 64.2°S, 56.7°W - 1989-2021
Dumont d’Urville, Antarctica  66.7°S, 140.0°E 198024 1989-2021
Rothera, Antarctica 67.6°S, 68.1°W 2007-2021 198912
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 919321
Halley, Antarctica 75.6°S, 26.8°W - 1989-2021

The difference between sunset and sunrise 8@l columns is calculated at each SAOZ statiofollow 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 databakép$://www-air.larc.nasa.gov/missions/ndacehd the SAOZ webpage

(http://saoz.obs.uvsq.jt/

2.2 Multi-Sensor Reanalysis (MSR2)

In this study, daily SAOZ total column ozone dataresponding to the mean sunrise-sunset value argeu with daily

MSR2 ozone columns. The MSR2 ozone dataset corspiisiéy assimilated gridded ozone columns at 1210Cat 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 al.2005) is used to
assimilate 14 polar-orbiting satellite datasetsgaaly corrected for SZA dependency, stratospherpérature, and other
parameters by comparisons with ground-based datiiset Dobson and Brewer networks which are patth@MWorld Ozone
and Ultraviolet Data Center (WOUDC) (see van destAal., 2010, 2015 for a detailed description). @aé& covering the
1989-2022 period are available from the Troposghé&tinission Monitoring Internet Service (TEMIS) oNKII/ESA
(http://www.temis.nl, last access: 4 March 2023).

Daily ozone columns at the stations mentioned iol§ & are retrieved from the global gridded MSR&iragdated data fields.
Data corresponding to the grid cell with forecasbe estimate higher than 20 DU for MSR2 were reewbyollowing
indications given on the TEMIS/ESA web site. Thief was increased to 35 DU for 1993-1994 in toetSern Hemisphere

(SH) to allow data in July for normalisation (sezon 3, Methodology).

2.3 TOMCAT/SLIMCAT model

The three-dimensional off-line CTM TOMCAT/SLIMCATChipperfield, 1999) (hereafter SLIMCAT) is useddsimulate
passive odd-oxygen tracer that is transported/dddegithout any interactive chemistry (Feng et2005), and active ozone
with full stratospheric chemistry including heteeogous reactions on sulphate aerosols and pasosgtheric clouds (PSCs)
(Feng et al., 2021). In this study, SLIMCAT is feccby wind and temperature fields from the Europ@antre for Medium-
Range Weather Forecasts (ECMWF) ERAS reanalysiss@ideh et al., 2020). The model uses a hydidessure as vertical
coordinate. The tracer advection uses the consenvat second-order moments scheme by Prather j198& vertical
transport is diagnosed using mass flux diverge@tépperfield, 2006).

The long-term simulations used in this work start 880 (Feng et al. 2021) with a horizontal resotubf 2.8° latitude x 2.8°
longitude and 32 vertical levels from the surfawe-65 km. The passive ozone tracer is reinitialieadh year on July*lin
the Southern Hemisphere (SH) and DecemBen the Northern Hemisphere (NH) by setting it dqoahe modelled active
chemical ozone field. The passive and active ozohegnns are sampled above the stations of Tabid2 T by performing
a bilinear interpolation of the model fields (imtyitude and latitude) to the location of the SAQatiens during the model

simulation. The SLIMCAT model has been widely ugegrevious studies of stratospheric ozone (e.ggfet al., 2021).

3 Methodology

The ozone loss is obtained by applying the passaaer method (Goutail et al., 1999) which has bagplied in different
studies to calculate ozone loss in the SH (e.gtipfuirath et al., 2010; 2013) and the NH (e.g. Peneau et al., 2013; 2018)
using MSR2 or SAOZ data. The loss is computed el station of Table 1 by subtracting the measuréal bzone (SAOZ
and MSR2 merged dataset, hereafter called OBS)enitie polar vortex from the corresponding passixene column
simulated by SLIMCAT. To determine if the statianinside the vortex, the Nash et al. (1996) coteiis applied on the

Equivalent Latitude (EL) — isentropic levé) (uasi-conservative coordinate system (McintyiRalmer, 1984). This system
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can be assimilated to 2-D vortex-following coord@sawhere the pole corresponds to the position afimum potential
vorticity (PV). The wind and temperature fieldsifr&ERA5 reanalysis are used to calculate the 2-Ddioate system. The
vortex edge is considered as the limit betweergmneinside and outside the vortex, correspondinthé EL of maximum
PV gradient, weighted by the wind module temporaityoothed with a 5-day moving average, as descitbPdzmifio et al.
(2018). In this work, the classification of thetgia with respect to the position of the vortexcansidered at the 475 K
isentropic level (~18 km), where the ozone maximisnobserved in winter/spring and as used in previeorks (e.g.,
Kuttippurath et al., 2010; Pommereau et al., 20ERjure 1 shows the number of merged data insigleditex for each winter
of the considered periods for the SH (blue ling) Bt (red line). Between 200 and 400 observatioescansidered for the
Arctic vortex, and about 800 for the Antarctic Wt The number of the observations in the Arcticeso displays a large
interannual variability while it is much more staldh the Antarctic. These differences are explaimgthe larger area and the

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

Before the subtraction, the SLIMCAT passive ozaomredr is normalized to the MSR2 ozone dataset. Aidrenalization
coefficient is calculated at each station considgithe difference between the monthly mean valdethe MSR2 and
SLIMCAT active ozone tracer in December (July) floe NH (SH). SAOZ measurements are also normalizethe mean
difference between MSR2 and SAOZ data at the baggnof 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 measntis available, the
corresponding value is considered. The amplitudeeomean monthly difference during the winter legwnormalized SAOZ
data and MSR2 or merged daddess than 2% or 1%, respectively, which is sengthan the SAOZ precision (Hendrick et
al., 2011).

Figure 2 shows the evolution of MSR2 and SAOZ ozmlyeervations and normalized ozone columns (batbipaand active)
from the model at Ny-Alesund during the Arctic vean2021/2022. The top panel shows the positiohefstation and the

vortex edge on the equivalent latitude scale attitieK isentropic level. The SLIMCAT tracer captuthe short-term ozone
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fluctuations resulting from horizontal and vertit@nsports linked to the propagation of the planetvaves. The horizontal
transitions between regions inside and outside/tineex are observed by mid-March (day ~70) withreze@alues increasing
from ~300 DU to ~550 DU. The progression of chem@zne loss (100*(passive tracer — OBS)/passiect) above the
station is observed to reach 112 DU on Julian dayc8rresponding to about 23% (Fig. 2, bottom pariédie agreement
observed between the MSR2 and SAOZ datasets aftaratization gives confidence in this simple metbhotuild the OBS

merged dataset. The mean bias between MSR2 andittmalized SAOZ datasets in the NH are within #DUBat each station
and in the SH between 0 artdDU with a standard deviation of the mean lowantth DU.
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Figure 2. Top panel: evolution of the position of tk 2021/2022%ortex edge over Ny-Alesund station in equivalenititude scale at

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 {¢Alesund derived from OBS merged
dataset (see the text) and the SLIMCAT passive tracén 2021/2022 winter

The relative ozone losses at each station (Tabhatthin the vortex are considered altogether ad@-alay running median is
applied during the winter. Figure 3 shows the etiotuof the relative ozone loss during the 2022 Widter (black line)

obtained from the ozone loss values above therdiffestations (symbols in colour). At the end @& Winter, the accumulated
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ozone loss is considered as complete when tempesattithin the vortex are higher than the tempeeatioreshold for nitric
195 acid trihydrate (NAT) PSC formation (7). At that time, the diurnal N£difference rapidly increases (Fig. 3, bottom panel
and CIO values from SLIMCAT rapidly decrease (rut\8n). During the 2022 NH winter, a fast increakthe diurnal NQ
difference is observed after day 60 (as shownénbitiitom panel of Figure 3), as a signature ofratgodeactivation. Long
periods were also observed with minimum temperdtuser than Rar inside the vortex during 105 and 81 days at the 47
and 550 K isentropic levels, respectively, as shawig. 4 (top panel). The considered threshotés1®5 K and 192 K for
200 the 475 K and 550 K isentropic levels, respectiBlgmmereau et al., 2013). PSC formation stopisdirthe higher levels on
day 50 and then later on day 75 at the lower levEle accumulated ozone loss observed on day &8besd8.1+0.5 %
(87+2.7 DU). The standard error of the median agoading here to the half of the Q84-Q16 or 68%rpdrcentile spread

(IP68) is also shown.

December January February March

* Eureka

* Ny-Alesund

* Thule
Scoresbysund

® Sodankyla

®  Sonde Stromfjord

®  Zhigansk
Salekhard

—I— 10-day median avg

-
o o

O3 Loss (%)

N
o

w
MO

-
(%)

o
w

NO2 SS-SR (Pmol/cm?)

o
—

20 0 20 40 60 80
Day in 2022
205 Figure 3. Top panel: time series of observed ozonesk (%) inside the vortex above each SAOZ statiomif the 2022 NH winter.
Bottom panel: Time series of the amplitude of the N@diurnal variation (NO2 sunset — NQ sunrise) inside the vortex above
SAOQZ stations. The 10-day running median and standar error of the median (IP68/2, see the text) are perimposed by the black
line on both panels.
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Figure 4. Top panel: time series of difference betvem minimum temperatures and Tat (K) at 475 and 550 K isentropic levels for
the 2022 NH winter. Negative values correspond thé period of PSC formation at the corresponding isgropic level. Bottom panel:
cumulative time series of sunlit areas of PSC at &7(blue) 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 relatedS€s, which plays a crucial role on ozone polagrogeneous chemistry
is also analysed. The cumulative surface of tharpebrtex exposed to temperatures lower than th& RSC formation
threshold coincident with sunlit regions (SZA<98fas computed at 475 K and 550 K. This cumulativéase is hereafter
referred to as sunlit APSCThe APSC on the 475 and 550 K isentropic levedsshown in Fig. 4 (bottom panel) for the 2022
NH winter. The sunlit NAT PSC volume (sunlit VPS@®gas estimated following the relationship of Rexakt(2004) and
integrated through the end of the winter. The $MH#SC is considered as a proxy of chlorine adtiwvail he computed VPSC
for the 2022 NH winter is superimposed on the botpanel of Fig. 4 (black curve).

4 Polar ozone loss in the 2018-2022 period

Since 2000, an increasing interannual ozone losahikity is observed in both hemispheres, particiylin the SH, compared

to previous winters. Figure 5 presents the evahutibozone loss calculated by our method betwed®-2021 in the SH (left

9



225 panel) and 2018-2022 in the NH (right panel). Ozlmsses in previous atypical years are also shaetigd lines), e.g. the
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240

245

NH 2011 record ozone loss (Pommereau et al., 2BdB8)was due to a cold, strong and long-lastingupebrtex (Manney et
al., 2011) and the 2002 SH weak ozone loss (Hogipal., 2003) linked to unprecedented large waveipc(Allen et al.,
2003) resulting in a major sudden stratospherianirag (SSW) and a split of the vortex in the midsiatosphere at the end
of September. The median values of ozone los$®19889-2017 winters in the SH, the 1990-2017 wéntethe NH and the
corresponding Z0and 80" percentiles are also represented in Figure 5dlick lines and shaded area, respectively. Simila
to Fig. 5, the Tin-Tnar @anomaly at 475 K is shown for the last wintersg-ig. 6, the 45-day mean heat flux in the 45°-75°
latitude range at 70 hPa from MERRA-2 analyses (NAS Goddard Space Flight Centehttps://acd-
ext.gsfc.nasa.gov/Data_services/met/ann_data.lastlaccess: 6 October 2022) in Fig. 7 to evaltia impact of dynamical

activity. Figure 8 plots the proxy GRAD correspamglio the maximum gradient of PV as a function gifiealent latitude
within the vortex boundary region (Pazmifio et2018) to evaluate the stability of the vortex dgrine study period. Pazmifio
et al. (2018) used both proxies to characterizértezannual evolution of total ozone in Antarctaharing the September and

October periods

SOUTHERN HEMISPHERE NORTHERN HEMISPHERE
0 ‘ ‘ '—— 1989-2017 median 0 N ‘ ' ‘
goth-zpth percentile
101 mmm2002 1 10+t
- 2018 - ,
S oot 2019 Fopt 19ﬁ0-2?:? median
A — ()20 @ 807'-20"" percentile
S30r 2021 G330  ===r20M1
™ Ise) 2018
O a0t s O ot 2019
—2020
501 501 —2021
2022
60 . ‘ ‘ . . ‘ 60 . . ‘ . ‘ .
180 200 220 240 260 280 300 320 -20 0 20 40 60 80 100
Day of Year Day of Year

Figure 5. Evolution of ozone loss in recent wintersising the merged OBS dataset: SH 2018-2021 (leftrpel) and NH 2018/19 —
2021/22 (right panel). Unusual winters are also repsented by pink dashed lines: weak ozone loss itH$2002) and 2011 record
ozone loss in NH. The median and 28--80" percentile climatological values of previous wintes are represented by thick and thin
black lines, respectively.

The median value of the accumulated ozone lod®eatiid of the winter is more than 2 times largehéSH than in the NH.
The recent winters present an accumulated ozoseérging from 7 to 27% in the NH and 37 to 52%hie SH. The maximum
ozone loss is reached between mid-January andnth@feMarch for the NH and between the end of Septr and mid-
October for the SH. The interannual variabilitytteé 0zone loss represented by the maximum amplifideone loss between
the recent winters is mostly similar in both herhisges: 20% in the NH and 15% in the SH.
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4.1 Southern Hemisphere

In the SH (left panel of Fig. 5), the evolutiontiké ozone loss during the recent winters is foortuktwithin the climatological
values (grey area) until the end of August (day)2&0r the four years shown, temperatures lowen thar are observed
early, from mid-May at the 475 K isentropic level.

The 2018 SH winter is a typical one (cold wintethaé strong vortex) close to the median climatalabvalue reaching a
maximum ozone loss of 50.7+1.8)26 at day 290 (red line). Temperature values lothan Tnar persist until the end of
October as shown bymh-Tnat anomalies at 475 K in Fig. 6 (left panel). Thematy is within the 20-80" percentile of the
1989-2017 climatological median values represebyatie grey area. The mean anomaly was -10.1+408 K74 consecutive
days. The dynamical activity was near the climajgl@Fig 7 left panel) and so was the vortex stab(lFig. 8, left panel).
During the 2019 SH winter, a minor SSW appearethatend of August, linked to wavenumber 1 evenbdpcing a
displacement of the vortex at the upper levelsh wit associateddecrease in size. These two fagswessimilar to the 2002
SH winter (pink dashed line in left panel of Fig.vhere a major SSW occurred at the end of Septernmuicing large total
ozone values within the vortex (Wargan et al., 30202019, after the minor SSW at the end of Augile ozone loss started
to slow down as shown by a levelling of the ozassIdiverging from the climatological grey area egmthing a maximum
of 36.3+1.3% in the first week of October (browmeliin Fig. 5). In the case of 2002, the ozone $tapped rapidly after the
major warming and reached a slightly larger ozase tompared to 2019. The period with temperatavesr than {ar was
reduced by 1 month compared to 2018 and displayadam T anomaly slightly higher than in 2018 (-¥4.2 K during 132
consecutive days). The dynamical activity is wefpnesented in Fig. 7, where the heat flux increaaspislly at the end of
August with values much higher than climatologyilumtid-October and comparable to the NH (Fig. ghtipanel). The
stability of the vortex was within the climatologlosalues until mid-October, slowing down rapidhgteatfter.

The SH stratosphere in 2020 was strongly impactethb enhancement of aerosol levels from the seseuth-eastern
Australia bushfires during 29 December 2019 toruday 2020, known as thfaustralian New Year (ANY) fires (e.g. Khaykin
et al., 2020). Rieger et al. (2021) shoveebne negatives anomalies in mid-latitude and pagions from OMPS satellite
observations linked to the ANY event, of magnitsdsilar to the anomalies related to the Calbucaawic eruption in April
2015 in the south of Chile. In the Antarctic, tf#20 winter ozone loss evolution is within climatgical values until the end
of September (blue line in Fig. 5). Temperatureglothan Tar are already present in May until the beginninglof’ember
(176 days) with a mean T anomaly of -10.1+4.5 King&018 but with a much larger sunlit VPSC tha2®18. The maximum
ozone loss of 51.8+1.4% was found in early Octoberalue outside the 20-80% percentile range ottimeatology. The
persistently cold lower stratosphere in the padgion in 2020, led to an acceleration of the Oatalzene loss and a delayed
break-up of the polar vortex, explaining the loagting ozone loss during the months of October doefber (Damany-
Pearce et al., 2022). The heat flux exhibits valu#kin the climatology until the end of Septemlisefore slowing down
rapidly during October (Fig. 7), and the strengdtlthe vortex edge was close to the median climgiold value (Fig. 8).
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During the 2021 SH winter, the evolution of ozoossl was within the climatological values until érel of August (day 240).
The temperatures lower tharat started later than previous years in May, pergstintil the end of October as in 2018 and
2020 with a T anomaly of -11+5.3 K correspondindl& days (Fig. 6). The ozone loss ratio increaséween the end of
August and beginning of October (day 270), reachirgglower limit of climatological ozone loss vatudhe sunlit VPSC
values are similar to those of 2018, but the stifewnd the vortex is weaker than in previous yeaskown by the low PV
gradient in Fig. 8. This year presents also lovestlilux values than the climatology before Aucarsd after mid-September

(Fig. 7) and the final accumulated ozone loss reael®.7+0.9% (pink line in Fig. 5), which lies wittihe climatology.

4.2 Northern Hemisphere

In the NH (right panel of Fig. 5), the evolutiontbE accumulated ozone loss is strongly dependetiiteotemperature history.
The ozone loss already starts to vary from one te#re next in December. Perturbed winters dunteanced wave activity
could favour mixing across the polar vortex.

The 2018 NH winter (red line in the right panelFad. 5) displays higher ozone loss than th&-80" interpercentiles (grey
area) from mid-December to mid-February. Tempeeatwvithin the vortex at the 475 K isentropic leware much lower
than the Tar threshold from early December until mid-Februavith a mean hi» anomaly of -5.3 K (Fig. 6, right panel).
The major SSW on 12 February linked mainly to waweber-2 forcing (Butler et al., 2020) induced aidajpcrease of
temperature and a split of the vortex. This inoeeiasdynamical activity is also highlighted by tinerease of the heat flux
(Fig. 7). The strength of the vortex exhibited e uUarger than climatology (Fig. 8). The very loawmperatures for the
remaining ~80 days within the vortex allowed motkei@one loss of 14.7+0.8)%.

The 2019 NH winter also presented a SSW but eatlyd year corresponding to the January single wamode (Mariaccia
et al., 2022), as shown by the increase of heatiliiside the climatological values at the end e€&nber (brown line in Fig.
7). The major SSW of 2 January 2019 was linked waaenumber-1 event (Butler et al., 2020). Theesoreakened more
rapidly after the SSW and remained at low valuese#fter (Fig. 8). Temperatures lower thaarTwere observed during 20
(non-consecutive) days in December with a mean ahpwalue of -2.2 K at the 475 K isentropic levélig. 6). The
accumulated ozone loss of the 2019 warm winteré&as1.4% (Fig. 5).

The 2020 NH winter is associated with record-lowre values within the vortex which are explainedaldgng period of
temperatures lower thanydr from December to mid-March (113 days at 475 K tis®ic level, blue line in Fig. 6), a large
stability of the vortex (Fig. 8) and a low ozonsupply from lower latitudes (e.g. Manney et al.2@p In the beginning of
December, temperature anomalies at the 475 K \eesd near -4 K and the mean anomaly value for th@ewvinter reached
-5.3 Kas in 2018. The ozone loss was within tiaatological values until March, but a rapid incgeaf 13% during March
led to an accumulated ozone loss of 27.1+1.1% @idMariaccia et al. (2022) classified this wirdisran unperturbed radiative
final warming mode, also shown by the low valueshaf heat flux in Fig. 7. Comparing the 2020 and2Winters with

pronounced ozone loss (pink dashed line in FigwB)find a similar maximum ozone loss at the enafch, which is due

13



325

330

335

340

345

350

to the persistent low temperatures less thaa Tor ~110 days (Fig. 6), a weak dynamical actiyiig. 7) and a strong vortex
(Fig. 8).

The 2021 NH winter experienced a major SSW on &aign(pink line in Fig. 6). Temperatures lower tAaar were observed
during 41 consecutive days between early Decemimad-January with a mean value of T anomaly o4 8 (Fig. 7).
During this period a rapid ozone loss evolutiorsalé the climatological values is observed at #giining of January slowed
down by the SSW event that stopped it on Januailfr20 5). The accumulated ozone loss was only BZ%.

The 2022 NH winter is associated with an unpertrmamical final warming mode as shown by the Vaues of heat flux
until beginning of March (day 60) (green line irgF¥). It was a cold and long-lasting winter wigmiperatures lower than
Twnat until mid-March (105 days at 475 K, Fig. 6) witm@an value of -6.5 K for the T anomaly. The ozimss is well within

the climatological values with an accumulated ozose of 18.1+0.5% (Fig. 5).

5 Long-term evolution of ozone loss

In order to study a possible recovery rate of torne columns in the polar regions, three differeatrics were applied to
the ozone loss datasets. Then a robust linearait @alculated since 2000, the year of maximum Om&uats in the polar
stratosphere (WMO 2014).

5.1 Maximum ozone loss

The first metric considered is the maximum ozorss IMOLoss) for each winter, which correspondsitorhaximum value
of the accumulated ozone loss within the respeetivéer period as considered in Section 3. Figuslh@ws the interannual
evolution of MOLoss for both hemispheres (coloumeés). The model results using its active traceraso represented (grey
lines). A good agreement is observed in the intaahvariability of observations and simulationdoth hemispheres, with
systematically smaller values in the simulatiomegi2003 in the SH. As expected, the NH MOLoss shemaller values but
larger interannual variability, which is intrinslgalinked to a more disturbed stratospheric dyrmami

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 fourrddd on observed (OBS)
and modelled results, with values of -2.3+1.5% &h#+1.4% de@ respectively. The trends are significant only atdndard
deviation ¢) for the OBS. In particular, the SSW years 200@ 2019 are characterised by smaller MOLoss vafo#ewed
by 2004, 2012, 2013 and 2017. The years 2002, 202 and 2013 were identified by Lim et al. (20&9)years of weak
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 anomalipgdig increasing by 8 K with respect to the mediamthe second half of

September, which could have slowed down the chémimme depletion.
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Figure 9. Interannual evolution of the maximum ozoe loss obtained using the passive tracer method atite merged OBS dataset
(colour lines) and model (gray line) in the SH (topanel) and NH (bottom panel). The estimated robugtends since 2000 were added

to the figures with the corresponding colour codes.

In the NH, the average MOLoss is less than hathaf observed in the SH. The large ozone loss#®imid-1990s NH are
shown in Fig 9 bottom panel with values near 20%ere€ is substantial interannual variability betwe&mm and cold winters
with two record values of ozone loss in 2011 an22a he trend values estimated since 2000 areiy@$it.2+2.1% dee)

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

5.2 Ozone loss onset day

The ozone loss onset day (OLossOnset) metric wasajged to analyse the evolution of the ozone dbskfferent thresholds
values, as we might expect a later onset of paane loss in relation to lower amounts of ODS mdiratosphere. The onset
day is determined as the day when the 10-day rgnmieadian ozone loss crosses a determined threshbald. A similar
metric for total ozone values inside the vortex wsed in a previous study (Pazmifio et al., 2018thik study, the ozone loss

onset days dataset is used instead of total ozoluenos onset days dataset in order to consider ichéprocesses only.
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Figure 10 presents the evolution of OLossOnseivatdifferent thresholds of ozone loss for SH (ledinel) and NH (right

panel).
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Figure 10. Onset day when 10-day averaged ozonedagach a particular ozone loss value: 20, 25, 38 and 40% for the SH (left
panel) and 5, 10, 15 and 20% for NH (right panel)Robust linear fits before and after 2000 are alsadwwn for the SH (dashed lines).

In the case of the SH, the chosen ozone loss thiceshlues enable a long-term estimation of therarinual evolution of
OLossOnset. The trend estimations were performéatdand after 2000. All trends estimated by indwjeatly robust linear
regression are significant at least at Zhe lower trend values are observed for the Hulesof 20% and the highest ones for
40% of ozone loss before and after 2000. The pesitends vary between 3.6+1.0 and 4.2+1.4 day.dEge ratio between
the trends before and after 2000 of each OLossQ@adaset is -0.3, with the exception of the thré&blod 40% where -0.2 is
found due to the steeper slope observed before. Z2@onset dataset obtained from SLIMCAT modelusations exhibits
larger trends since 2000 that are significanta{ribt shown). The trends vary from 4.4+1.0 to 6.8day ded. The ratio
between the trends before and after 2000 of eacheolbss onset dataset vary from -0.5 to -0.3 shg\wi faster recovery
considering SLIMCAT simulations than using the SAGIBR2 merged dataset, as already found using theeotpss metric
1 (see Sect. 5.1).For the NH, only the OLossOrtabeahreshold of 5% is reached almost each yetdweaconsidered period.
The trend observed is marginally significant (-&%day de€). The other thresholds do not allow any robustistteal

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

5.3 Residuals of ozone loss/VPSC relationship

Climate change can influence the polar ozone Igsshanges in temperature within the vortex thag¢atly influence the
formation of PSCs. Figure 11 represents the interahevolution of sunlit VPSC above the Antarciid gArctic regions (top
and bottom panels respectively). Larger sunlit VR&{lies are expected in the SH than the NH dueuchnower polar

temperatures. Low values of sunlit VPSC are fownrditie years of low ozone loss and inversely azseben (see Fig. 9).
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Record of values sunlit VPSC are observed in 2020®dth hemispheres. As a consequence, very higheopss was found
390 in the NH, and large but not record ozone lossha $H. A linear trend was computed for VPSC frod@0yielding an

insignificant value in the SH and a positive vailu¢he NH but significant only atallevel.
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Figure 11. Interannual evolution of sunlit volume é polar stratospheric clouds (VPSC) in the SH (topanel) and NH (bottom panel).

The estimated robust trend (thick black line) and umertainty level values of +& (dashed black lines) since 2000 are added for both
395 regions.

Figure 12 presents the ozone loss value as a fumofi sunlit VPSC for each winter of the NH (trideg) and SH (inverse
triangles). The figure highlights the differencetivizeen both hemispheres with much higher sunlit VR$the SH and
consequently higher ozone loss. The range of SURKRC in the SH varies between 2 ¥ 4Ad 5 x 18km?, which corresponds
400 to an ozone loss between 36 and 55%. The rangentif ¥PSC in the NH is much smaller (<%Kn?®) but the dynamical
range of ozone loss is slightly higher (4-27%). Tigare highlights a quasi-linear relationship beém ozone loss and VPSC

in the NH (lower-left region in Fig. 12) and a difént behaviour for larger ozone loss values dubdmsaturation of ozone
loss in the lower stratosphere in the SH (e.g.,gvetal., 2008).
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Figure 11. Maximum ozone loss as a function of suhWPSC for each winter for the Northern and Southen hemispheres. The 68%

inter-percentile range of ozone losses are also mgsented (see Sect. 3, Methodology). The colour cad@resents the years.

In order to remove the influence of temperatureraatnual variability in the estimation of trendsca 2000, a multi-parameter

410 model was applied to the ozone loss dataset of eaggpbn as presented in Eq. 1:
MOLoss(t) = SunlitVPSC_contr(t) + t1 * (year(t) 9Q0) +0(t) (1)

wheret is year since 2000, t1 is the time linear trentt&i2000,00(t) is the ozone loss residual and SunlitVPSC_contr
corresponds to the contribution of sunlit VPSC édeisng a linear fit for the NH and a parabolicffir the SH due to the

saturation of ozone loss in the lower stratospfiggs 2 and 3, respectively)
415 SunlitVPSC_contrNH(t) = Knn + Ky ni*SunlitVPSC_NH(t) (2)

SunlitVPSC_contrSH(t) = sk + Ki_si*SunlitVPSC_SH(t) + K_si*SunlitVPSC_SH(t] )

The regression coefficients in Eq. 2 and 3 areifstgimt at 25 level. The autocorrelation of residuals of ozareslin Eq. 1 is

weak and lower than 0.2, and the determinationficoeit (R?) is of 0.83 for the SH and 0.82 for the NH. Figa® (left

panels) shows a good agreement between MOlossetldtadour lines) and the regression model resfdtack lines)
420 considering estimated sunlit VPSC contribution ¢kldashed line) and trend.

The difference between the maximum ozone loss laadegressed sunlit VPSC contribution (ROLossalsulated for each

year of the corresponding hemisphere as follows:
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ROLoss(t)=MOLoss(t)- SunlitVPSC_contr(t)=t1 * (yé&x— 2000) +1(t) 4)

Figure 13 (right panels) shows the ROLoss datasehe SH (top panel) and NH (bottom panel), repely. The residuals
vary between approximately O and -8% for the SH waitdin +5 % for the NH. A decrease is observedsi2000 in both
hemispheres with a higher interannual variabilitythe NH. The linear trend estimated by the mudtigmeter regression
model in both hemispheres (Eg.1) is around 2 % dedl significant at@ Unlike the other two metrics, this metric proide
a potential detection of a negative trend in the aiithe limit of significance.

The multi-parameter model was also applied to odoee using only SLIMCAT simulations (not shown)ll Aegression
coefficients are significant ato2 except the quadratic regression coefficient andase of the SH. A larger recovery rate is
found with the model simulation in the SH with ayagve trend of -2.8 +0.8 % dé¢10). For the NH, a slightly weaker trend

was found compared to the observations with a vefu&.4 +0.7 % deg, also with limited significance a2
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Figure 13. Left panels: Interannual evolution of themaximum ozone loss (colour lines) since 2000 footh hemispheres and
regression model (black lines). Sunlit VPSC contritstion (see Eq. 2 for NH and 3 for SH) is superimposkby dashed lines. Right
panels: Interannual evolution of Residuals of Ozon&oss with respect to regressed ozone loss valuesnpuited following Eq. 1 to 4
for the SH (top panel) and NH (bottom panel). The gimated trend (thick black line) and uncertainty level values of +&r (dashed

black lines) since 2000 are also represented for thohemispheres.
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6 Conclusions

Ozone loss datasets extending for more than 3G weare computed for both polar regions using thssipe ozone tracer
values simulated by the SLIMCAT CTM combined with@GZ ground-based data merged with the MSR-2 reaimly
Although the passive tracer method enables theifaeion of ozone evolution only due to chemistilyis chemistry can be

445 influenced by dynamical processes via their effectemperature. The ozone loss shows a linearae$tip with sunlit VPSC
within the vortex for the NH and a parabolic beloaviin the SH due to the saturation effect of thens loss in the Antarctic
stratosphere.

The analysis of ozone loss in the polar wintersesi2018 shows that much of the loss lies betwes@®hand 80" percentiles
of the values observed in previous years and tiet are well correlated with the temperature his{@ig. 5 and 6). The

450 extreme years are prominent in the ozone loss@atasth 1) an atypical weak ozone loss in the 2BH9caused by an early
minor SSW at the end of August due to the strongadyical activity in that year, comparable to wisagénerally observed
in the NH (Fig. 7); and 2) a large ozone loss i2@m both hemispheres with 7% higher values themtedian climatology
and linked to very cold and long-lasting winter@tably the strength of the vortex edge in the 2020is larger than the
values observed in the SH climatology includingry2@?0 (Fig. 8).

455 In order to estimate a possible recovery of oztreeds since 2000 were computed for three diffamggttics. In the first case,
based on the maximum ozone loss found at the etlteokinter, a negative trend of -2.3+1.5% ‘dees found in the SH,
only significant at &. This metric appears sensitive to dynamics siheentaximum in ozone loss generally occurs between
days 270-290, in October, a month characterizethiglyer temperatures within the vortex and largangport variability
(Solomon et al., 2016). Regarding the NH, a pasitiend of +1.2+2.1% déowas calculated but it is not significant. This

460 positive trend is mostly influenced by the recombre loss years 2011 and 2020. The second méitds tato account the
interannual evolution of the onset day when thenedoss reaches different thresholds, similar éoniethodology developed
for total ozone values by Pazmifio et al. (2018)hnSH, this metric shows a positive trend of +3.8 day de@ on average.
This trend is significant at®and could be related to the lower ODS amountkerpblar austral stratosphere compared to the
period before 2000. The various thresholds arehehin September, so this metric is sensitive éottone loss at a time that

465 is less affected by dynamical processes compar@dtmber when the maximum ozone loss is reachetieliNH, this metric
does not show a statistically significant trende d¢ioi the large interannual variability and the fhett most of the thresholds
are not reached in the period studied. The thirttimtakes into account the relationship betweesnezloss and the sunlit
volume of PSCs, linked to heterogeneous chemicalgsses. In the SH, the ozone loss residuals simegative trend since
2000 of -2.2+0.7% detsignificant at &, indicating a statistical significant signal fdretrecovery of ozone. This value is

470 close to that obtained with the first metric. le tase of the NH, for the first time, a potentedavery is observed based on
this metric, which displays a trend of -2.0%.deslightly significant at @&. Note that this trend is similar to the SH trend.

In conclusion, our study confirms the ozone recpverthe SH, significant for two of the three mesribased on the ozone
loss datasets, despite the higher interannual hitityain the last decade. In the NH, our study whdor the first time a
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decrease of ozone loss with respect to sunlit VRBIGn the Arctic vortex limited significant ata2 In the same way, Bernet
et al. (2023) applied the linear regression modminfthe Long-term Ozone Trends and UncertaintiethénStratosphere
(LOTUS) project only on datasets from three hidiittide stations (Oslo, Andoya and Ny-Alesund) amahfd positive trends
of around 3 % detin March for the 2000-2020 period. However thasads are only significant atbl Considering the
interannual variability in the NH and the assocdiatecertainties in the ozone loss versus sunlit@Rfressed values, more
years of observations are needed to confirm theltesd to quantitatively attribute the decreasotgltozone loss trend to

reductions in ozone-depleting substances.
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