Reply to A. T. J. de Laat review of manuscript acg2017-1157
Symptoms of total ozone recovery inside the Antarit vortex during Austral spring

Andrea Pazmino on behalf of all co-authors

We thank A. T. J. de Laat for the important andphel review of our manuscript. Many interesting
suggestions were incorporated to the new versigheofmanuscript. Please find our answers (in redhriee
different sections: Comments to full review (1) pReto major comments (2) and Reply to minor comtaen

(3
1. Comments to full review

Because of the legacy of the topic, it appearsulisefconsider what is new in this paper compacedhat
has already been published.

- Longer time period (1979 — 2015)

- A new proxy for the regression model

- A new/different method to estimate the vortexedigeeded for calculation of the annual averageuaino

of springtime Antarctic ozone depletion)

- An piece-wise time trend based on a combinatibra dinear function and a polygon (second order;
guadratic)

- Discussion of results for two periods (Septemdasrage and 15 September — 15 October average). The
latter is not a commonly used time period. The cé®imade in the paper will be discussed later on.

- Analysis of alternative Antarctic Ozone Hole negtr(area with total ozone columns < 150 DU an®§ 1

DU as compared to the standard 220 DU Ozone Hel) ar

It is also useful to consider what is more or les® with regard to the findings of the paper

- Most proxies used in the regression do not redrered uncertainties. Piece-wise trends and heaedl
alone (with or without the new GRADS proxy) explaimore than 90% of the long term variability. Hence,
based on this paper it could be argued that mastigs could be discarded, which is consistent with
previous work.

- The longer time period considered leads to higttatistical significances of the post-peak trends
Antarctic springtime stratospheric ozone (from 208fvards; as expected based on previous papers).

- Higher statistically significant trends for thegember period compared to 15 Sep — 15 Oct (densis
with previous findings)

We appreciate your time and your general commentitadsur work, which allowed us to improve the paper
Since total ozone data is now available for MSRafll the end of October 2017, we decided to extemd
study to the year 2017 using SAT and MSR-2 data ©uhis extension, all figures of the manusdhnigpte
been revised, except Figure 1 where white dot mathere added to highlight the region consideredes
the vortex by the 400 K-600 K classification rangeaddition we have noticed that the figure 12tlod
original manuscript about the time shift of low wa$ was not very clear. A new figure, Figure 13 Ieen
produced in order to better illustrate the timeagieh appearance of low total ozone values withinvortex.
Similar conclusions as in the original version bé tmanuscript were provided. Furthermore the word
“Multiple” was added to the title to highlight tHact that different signs of recovery were obtaimedhis
work, e.g. (1) Significant positive trends of totedone since 2001 in September and for the fing in the
period of maximum ozone depletion (15Sept-150dngMLR analysis on average ozone inside the vortex
and Ozone Mass Deficit, (2) Decrease of occurrentegry low ozone values within the vortex and (3)
increased delay of occurrence of low total ozoneltein the September 1st — October 15th period.



We generally agree with your appreciation of wisatéw and what is less new in our paper. Regattieg
former, as you mention, one of the novelty of thigk is to consider several different isentropieels in the
range 400 K — 600 K to make the classification dase the well-known Nash Criterion, in order totbet
constrain the ozone value inside the vortex. Wektlalso that the addition of the GRAD proxy, based
physical considerations, provides a better agreebwtween observation and regressed values. THg efu
the very low ozone values within the vortex, basedlifferent thresholds, provides also interestimtices

towards ozone recovery.

We agree that it is also important to highlight theults confirming previous ones. Some of receurtks/
using MLR have been already mentioned in the pépeipperfield et al., 2017; Weber et al, 2017) afsb
using other methods (Solomon et al., 2016).

It is true that most proxies in our MLR analysisrdi significantly reduce trend uncertainties aret@-wise
trends added to heat flux can explain more than 80%rtex variance, but it is interesting to exakithe
contribution of proxies that are commonly used.

Longer time series generally results in higherigiaal significance but due to higher ozone imenzal
variability in the last decade, each year can cautie trend analysis, considering the still gkl short
ozone records since 2001.



2. Reply to Major comments

This paper relies on a limited set of ozone rec{B#p average, 15 Sep — 15 Oct average; area 2202t
DU), and a limited set of proxies used in the mwdtiiate regression. In two recent papers [de eaat.,
2015, 2017; 2016JD025723], we explore the uncdytaanges associated with the choices that candukem
with regard to the time period over which the ozgaeameter is calculated, and uncertainties adsdcia
with proxies as used in multi-variate regressions.

Our work builds on previous studies and especiafiyrecommendations made in de Laat et al. (2015) to
optimize the multi-linear regressions. One of theppses of this paper is to reproduce the variaifazone
inside the vortex during the last decade, espgdiaim 2010 where increased variability is observeus is
how we came up with the GRAD proxy related to worsgability during the studied month/period. This
proxy is linked to the potentially mixing betweerside and outside vortex regions during the period.
Further, in order to take into account the roundiffgof the ozone loss due to saturation sincelip@0s,
which is especially visible by the end of Septenfeginning of October, we included a polynomial
function to the linear functions used to evaluatgtterm trends.

A paper like this, and also most previous papershensubject, thereby only consider a few options i
much larger parameter space of options. This hagishk that it limits the view and interpretatiamr{nel
vision). The few time series that are looked atthem seen as the truth, every wiggle becomes mgfahi
and too much attention is given to the formal statal significances, whereas structural uncerisnare
important as well.

For example, we have shown that rather arbitrapjicgs with regard to the proxies used in the resipes
have a strong impact on the formal statisticaldrerrors. We therefore argued that structural uateres
are much larger than the formal statistical tremdrs, which is important for confident statemeab®ut
whether recovery has started or not. The sameepfir the time period over which the ozone maetfic
choice is calculated. We see considerable diffesenttrends and trend uncertainties.

We have considered different scenarios (2 ozoresdtd, 3 different proxies’ combinations, differeriteria
for vortex limit). Our MLR analysis could reproducery well ozone in the last decade and we showtliga
GRAD proxy, based on physical explanation, improtres agreement between observation and regressed
values. A robust estimation of structural uncettasirequests a “big-data” treatment as in de lehadl.
(2015). This was done already and is out of th@sad our study. However, a comparison of the maxim
trend difference between the scenarios considerduki study and the retrieved trend uncertaintiesiges
some evaluation of the structural uncertainty afanalysis.

The following paragraph was added in the conclussiminthe marked-up version of the paper (pageidd, |
26 to line 33):

“The structural uncertainties of the MLR analyditked to the selection of proxies were not fullglgsed in
this work, as in De Laat et al. (2015). The mainssivity tests concerned the baroclinicity of treetex and
the impact of its stability during the studied peis. Trend differences in the various scenarioslyeseal
provide some quantification of related uncertaistand are lower than the statistical trend uncertis.
Further, the large determination coefficients obtd for both periods analysed give confidence @ th
retrieved trends. The Heat Flux proxy that provides largest explanatory power in the various f#sa
well-known driver of vortex temperature conditidhat are the primary causes of polar ozone depfheiio
periods of high ODS levels. The influence of theABRroxy in recent years highlights the importarde
the vortex stability for the containment of thermzbole during the period of maximum depletion”

Furthermore, we also argued in de Laat et al. [R@¥the use of the ozone mass deficit rather #naarage
ozone or area as the preferred metric to study temg changes in springtime Antarctic stratosphezicne
depletion. The motivation was that the OMD suffiess from what is discussed above (arbitrary clspice
then average ozone and area.

As mentioned previously, the motivation of our stweas to try and understand the causes of largemeoz
variability in the last decade, especially in 2@@ 2012. This is why we chose to base our studyptath
ozone record. Regarding areas, the use of seveesdhiolds allows us to follow the temporal evolutof
areas with low ozone and find possible signs afvery.
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Further, we agree that OMD is a good metric toysthe long-term changes. We have thus incorporthied
metric using the 220DU threshold in our MLR anatysResults related to OMD are included in the new
Section 5.3 and in Section 6 where we explore Wioduéon of low ozone values.

The following figure (Figure 11) has been addethtorevised version of the paper (Sect. 5.3)

September 15Sept-150ct

1980 1990 2000 2010 1980 1990 2000 2010

Figure 11: OMD (in Mt) computed from total columns of MSR-2 dataset lower than 220 DU and south of 68°for September
(left panel) and 15Sept-150ct (right panel). Regresd values by MLR analysis using GRAD, HF and PWT aralso shown as
well as the fitted PWT proxy.

This paper does not address these issues, nasuésrput in the context of this work. The papsesishow
and confirm that most proxies in these multivariaggressions are not really useful. Confirms tietiical
significances of post-peak trends become betteausec of a longer record (but which has to, given th
mathematical nature of linear regressions). Corsfithat there are differences in trends betweeneSdr
and 15 Sep — 15 Oct. And confirms that there acentainties associated with several parametersnted

to be defined in advance (vortex position, vortebdity).

But there is no real discussion about why thesettegeappropriate choices. The GRADS proxy helps in
improving the explained variability. But is thatethustification? Smaller residuals? If so, I'm sween
better proxies can be constructed.

We have taken into account the legacy of previoagksvto choose the classical proxies that were
used to explain the ozone variability; particulatthe work of big-data performed by de Laat et al.
(2015). Besides, it is well known th#te heat flux (HF) is an important proxy to explamone
variability. It impacts the evolution of temperadtinside the vortex and the build-up of Polar $8pheric
Clouds. But it does not provide an estimation @ Wortex permeability and diffusion processes duthre
period for which the analysis is done. The choit¢he GRAD and HF proxies is thus based on physical
considerations and not on statistical ones. Thieyvals to better follow the evolution of the polairtex on

the 1980 — 2017 period. The article was modifiedriter to highlight those different points in Sé£R.3 as
shown in the tracked change version of the mamiscri

Furthermore, the GRADS proxy is detrended. WhyAdf GRADS proxy truly represents a physical process
why isn't GRADS allowed to also change on longengscales (note that this is a point of contention i
recent literature: is recovery fully attributabte @DSs or are there other long term changes insgheyic
dynamics that also play a role?).

Both Heat Flux and GRAD proxies were detrendedritento avoid interference to the trend proxy that
would be difficult to quantify. Such a treatmentdemmonly applied to proxy data in MLR analysis.
Besides, as shown in Figure 6, not detrending tRAI® proxy would mainly influence the 1980 — 2000
period while the main emphasis of our study istenrecovery period from 2001.

In the paper it is mentioned that our estimatiotrefd is not necessary due only to ODS.

The same is true for use of the parabolic trends hot the standard approach in regression studies
studies cited use PWLT), but the effect using timedr trends or one parabolic and one linear tréndst
discussed (as far as | could see).



We agree with you that a specific discussion wadsufficiently developed on the effect of usingaagbolic
function in addition to two linear functions insteaf two linear functions only for the evaluatiohlong-
term trends. The goal of this additional functisnto explain the behaviour of ozone chemical destm
and the effect of saturation of the ozone losss Was mentioned in the marked-up version of theusenpt
on Page 7, line 26 to line 28:

“In this work our Modified PWLT model (PWT) usesadditional function in order to take into accouhet
slower growth of ODS near the turnaround year and tzone loss saturation effect within the Antarcti

polar vortex in October (Yang et al., 2008)

A new Sect. 5.2.4 (PWT vs PWLT) was added to bettetain the differences between trends retrievitd w
our PWT model and the more classical PWLT method.

A figure was added in the supplementary materiabider to show that the PWT provides a better
representation of long-term ozone evolution witktiie vortex, especially for the 15Spet.-150ct. pkrio
Figures S1 and S3 display total ozone inside timex@and OMD for September and 15Sept-150ct usiag t
MSR-2 data. The corresponding PWLT and modified Pfressed values are also shown.
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Figure S1 and S3. Top panels: average ozone ittsideortex using the 400 K-600 K range classifafior September (left) and
15Sept-150ct (right). Bottom panels: OMD for bogripds. Fitted PWT (black line) and PWLT (greere)iare represented in each
panel.

It could also be argued based on figure 1 that rdribe vortex edge definitions really capturesyathie
vortex core. All still capture some high ozone cohs around the vortex edge, which likely introduces
variability in the ozone record not related to inmertex ozone depletion. Consider that the steth@20
DU value used for OMD and even area fall well irsilde 600 K vortex edge.

Our objective was not to capture with our clasaiian the inner vortex only since ozone destructian
occur in the vortex edge in September. The idea twalsetter constrain the vortex without using any
arbitrary ozone-based threshold. As seen in thelrid the manuscript, the combination of the défg iso-

pv lines enables a better selection of the low ezarea. On the particular day shown in the figtive,area
selected for the computation of the ozone averadinited by the 400 K vortex line near South Arari
and by the 600 K line on the opposite side. White marks were added in the figure in order to Ibette
highlight the region selected by the 400 K-600 Kg® classification method.

This is an exhaustive list of issues, which is dyathe point we want to make here: the issuesedis
recent literature about arbitrariness of choicas déine made, and the corresponding risk of tunisedn.

Note that this is also why in de Laat et al. [20it7F proposed to step away from the whole regoass
business.

This paper does show that ozone variability is igogbverned by depletion (ODSs) and heat fluxes or
vortex (in)stability. How to properly account fdret heat fluxes or vortex (in)stability is, howewveot really
clear, and this paper introduces yet another apprda de Laat et al. [2017] it is instead propogedimply
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remove the years that are characterized by a mwstahie vortex from the record. Such years carabiye
identified, but how they affect ozone depletiomisch more complex, and appears to depend for exaompl
the exact timing of vortex disturbances [de Laad &an Weele, 2011; 10.1038/srep00038]. This paper
provides some additional ammunition for the proptsatep away from the regression methods.

In our work, we used another approach and triedepsoduce the ozone variability for all years oé th
studied period. As mentioned previously the obyectivas to try and explain ozone variability in thset
decade

The presence of this exhaustive list of issues aumestions would be less of a problem if the paper
introduced new concepts or new ideas, but the pagoestly builds on previous work and confirms what
other papers have also concluded.

The new concepts and ideas that are introducekeirp&per do not help in clarifying in what has relge
emerged: the sometimes large structural uncerginti this particular field of research, and adbitress
with which analyses are performed. If anything,yttenly confirm the existence of large structural
uncertainties and the arbitrariness.

We hope that the many arguments we have develagetbpsly help explain the contributions of our eap
Despite structural uncertainties in the MLR techieigit is widely used in ozone and climate studied the
level of agreement with observations obtained witih model gives us some confidence in our results.
Further, your review allowed us to substantiallprove the article and better explain our approach

So, how do | think this paper could be improved?

[1] One possibility would be to include additioreatalyses cover more of the parameter space. Ther pap
already also uses average ozone and area, so aefi@iscould be included as well (see Fig. 5 efldat et

al. [2017]).

The OMD was included in the MLR analysis usingddhreshold of 220 DU, south of 60°S. For simpyicit
the OMD is computed for the periods of our studyg, &eptember and 15Sept-150ct. The OMD was also
evaluated for different thresholds in order to camgpwith our evaluation of ozone hole areas with lo
ozone values.

The use of different area definitions based onedtifit ozone thresholds could also be expandede- lik
looking at changes in the probability distributiom$ total ozone (a bit like Yang et al. [2008;
10.1029/2007JD009675], but much more extensivejvéver, that would require a considerably amount of
additional work.

We have added two additional thresholds (175 DU 20@ DU) to refine the study. A choice of alteraati
thresholds as a function of probability distribuoof total ozone could be done in a future work.

I could live without such an analysis if:

[2] regardless, results should be discussed witiencontext of recent publications and criticisnesisting
methods of Antarctic stratospheric ozone recovetgation. This is currently lacking, as also rdfecin the
conclusions section, which is more of a summary #gnaonclusion.

This issue was revised in the paper. For examgieeiimntroduction section (page 2, line 18 to @2

“The limitation of MLR analysis is that only fornethtistical error of trend is estimated and strueiu
uncertainties linked to the single and arbitraryndoination of proxies is not taken into account. [Rat et

al. (2017) inferred trend values from daily Ozoned¥ Deficit (OMD) computed from a multi-sensor
reanalysis dataset without using any model bugrfilig the anomalous years with low polar stratosphe
cloud (PSC) volume. The authors found positivekaghly significant trend of OMD since 2000.

The conclusions were also modified accordingly a4, line 26 to line 30).

“The structural uncertainties of the MLR analysditked to the selection of proxies were not fullglgsed in
this work, as in De Laat et al. (2015). The mainssivity tests concerned the baroclinicity of treetex and
the impact of its stability during the studied peis. Trend differences in the various scenariosyeea
provide some quantification of related uncertaistand are lower than the statistical trend uncertis.
Further, the large determination coefficients obtd for both periods analysed give confidence m th
retrieved trends.”



The challenge here will be to discuss it in sueteg that that discussion does not undermine thirfgs of
the paper.

So, what should be discussed are what | consigemtist important findings of the paper:

- Most proxies in the MVR do not contribute much dinything) to reduce trend uncertainties (small
explanatory power)

- September yields a higher statistical trend $icgmce than 15 Sep-15 Oct.

Those two points are more emphasized in the tekieapecially in the conclusions. For example inephB,
line 27 to line 37 about the different proxies:

“While the HF combined with GRAD proxies reprodwpgte well the interannual variability of ozone,
other proxies such as Aerosols, QBO, SF and AAGgmitesmaller explanatory power and contribute tess
reduce trend uncertainties.”

- Range of trend values and trend significancel$éeaee indicative (or not) for structural uncertaa and
systematic errors (this needs to be further supgprt
See our answer above

In addition, | think the following should be incled in a revision:

- report 2000-2010 and 2000-2012 trends & stasisfamr comparison with the 2000-2015 trends (and
significances). This is helpful for comparison witsults from older previous papers using MVR meésho
but somewhat different proxies.

A sensitivity test was made on the length of theskts after 2001 varying the end year from 20120tb/
using PWT and PWLT proxies. The PWLT proxy has sihdwigher positive trends for the recovery period
for both months compared to the trends based on R\VR analysis. PWLT presents significant trends but
for PWT the significance of trends for the 15Sep®itt depends on the end year. As expected, errsraba
smaller depending on the length of the dataset.

The 2001-2010 and 2001-2012 results were compargaetvious works using PWLT proxies since PWT
was never used before. A significant trend of D15 yr™ is found in September, higher than 3.3 DU yr
reported in de Laat et al (2015) for Sept-Nov peramd turnaround year in 2000. Thé efficient is
higher than 0.87 for all cases. Since trend proaiesozone period are different, a comparison prigvious
results for the 2001-2010 and 2001-2012 was noduired in the paper. A comparison with Solomon et a
results for September was however included.

- Use of “area” for 150 DU of 125 DU is an inteiegtmore or less novel approach. Results showstinett
small TCOs did not occur until the late 1980sandyeB990s, indicative that these parameters areemor
sensitive for more severe ozone depletion. This mlsans that these parameters should return bamdo
values earlier than the TOC columns return to 1886ls. This method/analysis could be expanded nioyre
using the 150 or 125 DU also as vortex edge profagerage ozone within area), and for Ozone Mass
Deficit calculations (which traditionally is baseuh the 220 DU level but that is somewhat arbitrary)
Possibly also report 175 and 200 DU results.

Additional thresholds were considered as sugge$bed.study is now based on 125, 150, 175, 200 and
220DU (Fig. 12). Such thresholds were also includetie analysis of OMD evolution.

(in all honesty, | think the analysis of long teomanges in probability distributions could be aitcopf a
completely separate paper)
It is a very interesting suggestion and we will sider it for a future work.



3. Reply to minor comments

Page 1, line 25-26, and line 29 (and correspongitadiles 2 & 3), in particular the range of treradiues that
are reported.

How should this range be interpreted? Could thisdyesidered representative of the structural uaicey?
Since a small number of cases were consideredrirstady to evaluate structural uncertainties, thisge
can be interpreted in a qualitative way. A disoussn the Conclusion section about the comparison o
extreme trend values found for the different casested in the paper at each period and the fostadbtical
error bars was performed. In September, the rafgxtceme cases is within the 2 sigma statisticedre
bars, while it is higher for the 15Sept-150ct pério

Page 2, line 14-15, the explanation of why Octazene behaves differently from September ozone.
October ozone is partly governed by different psses than September ozone. First of all, catalytic
photochemical ozone destruction ceases in Oct&taher, there is regeneration of ozone due to pheigo

of O2 and oxidation of CH4 and carbon monoxide [issoet al., 2011; 10.5194/acp-11-12217-2011].
Furthermore, there is continued downward transpbdzone rich outer-vortex air into the vortex frahe
upper stratosphere down to the lower stratospliid_fat and van Weele, 2011; doi:10.1038/srep00038]
And there is vortex dynamics, as the authors ctiyremte. Together, these processes to a largentexte
determine October Antarctic inner vortex ozone.

We are aware of the processes governing the oesweéslin October (see previous publications ofteam
Goadin et al., J. Geophys. Res., 106(D1), 1311-126801 and Pazmifio et al, Atmos. Chem. BI8;5339-
5352 doi:10.5194/acp-8-5339-2008, 2008 which analysadesof them). In our study, we focused on the
baroclinicity of the vortex linked to vortex dynasai We agree that it is not the only process affgdbtal
ozone levels. The sentence was thus changed aw$alpage 2, line 26 to line 28):

“The baroclinicity of the polar vortex in Octoberdaits displacement from the geographic pole cam als
contributes to the variability of the total ozorexies averaged during the month of October.

Page 4, line 15. It is stated that a 5-day smogtlignapplied to the EL of the maximum PV gradient.
However, as far | know Nash et al. [1996] doesaadt for a 5-day smoothing. If that is right, thehat is
the justification of the 5-day smoothing?

A justification of this smoothing has been addeab@4, line 34 to line 35):

“This limit is subsequently smoothed temporallyhwédtmoving average of 5 days to reduce the noisken
vortex edge data series.”

Page 5, line 6-7. Correlations. Sometimes the papes R, sometimes R2. Be consistent, preferalimg us
R2 and only refer to R if the correlation is negafstill providing R2).

See also: page 5 - line 16, Page 10, line 17, ada rsure to check throughout the paper.

We decided not to follow your suggestion. We prédense a correlation coefficient R when compadata
records and a determination coefficieAtviien comparing measurements with regression mettevals.

Page 5, figure 4. The differences between SAT ai&RRlare fairly straight forward to explain. Up unti
1993, both rely solely on TOMS. From 1993-1995, MSilies on SBUV, and thanks to the data
assimilation gaps are filled. From 1996 onwards RviSalso uses GOME (1996 to 2005), SCIAMACHY
(2002-2012), OMI (2004-), and GOME2 (2007-). Furthere, MSR-2 uses ground-based total column data
to account for inter-instrument differences. Aseault, the estimated average MSR-2 total ozonenaolu
bias has been estimated at 1% [van der A et &l5;28mt-8-3021-2015].

Please note that figure where changed since SBU¥ Was replaced by MSR-2 considering the spatial
coverage of TOMS/OMI.

Add to line 21 the following “whole vortex. The daassimilation of MSR2 to some extent does fillgyap
when ozone measurements are limited.”

Add after line 25. These differences are causedMBR-2 starting to use multiple satellite total ozon
column records after 1996, the procedures in M3&dtcount for inter-instrument differences, arel diata
assimilation methodology that allows for fillingmg[van der A et al., 2015].

This part was changed (page 6, line 1 to line 19)



Page 6, line 25. It is stated that both PWLT amtmbined parabolic trend — linear trend is gengnadled.
The latter is not true, all papers cited only retya PWLT. The parabolic trend is a hew concepbthtced

in this paper. As such, it should be explainedrlatehe paper what the differences are that aasetiwith
both PWTs (the PWLT appear no to be used in therpaipall)

You are right, previous papers use only PWLT. A sewstion, the Section 5.2.4 (PWT vs PWLT) was added
to the revised version of the paper.

Grammar, typos.

Page 1, line 27. Replace “lower than” with “smatlean” done

Page 2, line 4: change to “interannual variabiityzone as a function of the 11 yeaittne

Page 2, line 8. | assume what is meant is “forpéod over which the ozone record is calculated fan
... Yes. Done

Page 2, line 12. “ozone content is deepest”, ktkihat is meant here is “where ozone depletioarigdst”
or “where the ozone deficit is largesthe sentence was changed accordingly

Page 2, line 19. “update of the ozonehe

Page 2, line 22. “full development of Polar ozomgpldtion”. | think what is meant here is “the periof
fastest catalytic photochemical ozone destructidm® sentence was modified accordingly

Page 3, line 35. Include reference to de Laat.gR@L7; 10.1002/2016JD025723] as a paper thatwdes
MSR2.done

Page 4, line 15. Change to “This limit is subsetiyeamoothed temporally withdone
Page 4, line 17. Start with “The Nash criterialthe

Page 4, line 29. Change to “On this particular dag region ..."done

Page 4, line 32. Change to “consist dfine

Page 4, line 35. Change to “using the new clasgifin.” done

Page 4, line 36. Change to “The standard clas8dit@&stimates a 40 DU and 20 DU larger ozone mean
done

Page 5, line 3. Change to “for the SAT data series. based on the single ..dbne
Page 5, line 4. Change to “Error bars representibesigma ..."done

Page 5, line 7. Change to “at thel2vel” done

Page 5, line 12. Change to “is preferred sincakie$ ..."done

Page 5, line 35. Change to “The ODS contributiolobtg-term trends in ozone is represented by prase-
linear trend ..."done

Page 6, line 15. Start new paragraph after “peritulie

Page 6, line 21. Change to “with a p-valaehe



Page 7, line 14-17. Rephrase line “Despite ... Webead. 2017)". | assume you want to note that aito
September shows large variability in total ozohes still a commonly used month for recovery détec

Yes you are right. The sentence was removed aracespin Page 8, line 22 to line 23 by

“Although pronounced decrease in total ozone isepbsd in September, recent works have used ozone
records obtained during this month to detect thenezrecovery (Solomon et al., 2016; Chipperfielclet
2017; Weber et al., 2017).”

Page 7, line 18. Remove “are highlighted”, chargmntlude that” to “identify done
Page 7, line 18. Change “on October” to “for Octdlamne

Page 7, line 20-21. Delete “In our study ... previsastion.”done

Page 7, line 25. Change to “the year 2000 was ctarzed by ..."done

Page 7, line 26. Change to “September, and yietdkagively high ..."done

Page 8, line 7. Add reference to Chipperfield ef2017; doi:10.1038/nature23681], who amongst rathe
discuss the differences in pre-post peak ozoneveegaatesdone

Page 9, line 30. Change to “at 550K where the tedted ...” this sentence was removed

Page 9, line 37-38. Change to “Trends estimatetfersecond period show slightly"his sentence was
removed

Page 9, lines 40-41. Please rephrase, | don't tulljerstand what is meant hefée sentence was modified
(page 10, line 18 to line 23)

“Despite the good agreement between regressed vahgemeasurements especially for the period 15Sept-
150ct and for the range classification method (6600 K), it is not possible to attribute ozonengfigant
increase to ODS decrease. In addition, the ratitveen trends before and after 2001 is larger thamhich
could be due to the effect of desaturation of #wne loss.”

Page 10, line 1. Change to “higher than 3, thestiolel value ...”sentence modified, see previous point
(page 9 of original version)

Page 10, line 21. Change to “ The ozone hole sfaégjuently defined as ..\We prefer to write “generally”
instead of “also frequently”(page 9 of original sien)

Captions of figure 11 + 12: OMI¥& OMI
Previous Fig. 11 and 12 were modified. The Figslihe new Fig. 12 and Fig 12 is the new Fig. 18

revised version and only MSR-2 data was used.
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Reply to Anonymous Refer ee #2 review of manuscript acp-2017-1157
Symptoms of total ozonerecovery inside the Antarctic vortex during Austral spring

Andrea Pazmino on behalf of all co-authors

We thank Anonymous Referee #2 for the time devtiezlaluate our work. Your valuable comments
have helped us to improve our manuscript. Since M38&al ozone data have become available until
the end of October 2017, we decided to extend todiygo the year 2017 using SAT and MSR-2 data.
Due to this extension, all figures of the manugchigve been revised, except Figure 1 where white
cross marks where added to highlight the regiorsidened inside the vortex by the 400 K-600 K
classification range. In addition we have notideat the figure 12 of the original manuscript abiwat
time shift of low values was not very clear. A négure, Figure 13, has been produced in order to
better illustrate the time shift in appearance aW Itotal ozone values within the vortex. Similar
conclusions as in the original version of the manps were provided. Furthermore the word
“Multiple” was added to the title to highlights thdifferent signs of recovery were obtained in this
work, , e.g. (1) Significant positive trends ofalobzone since 2001 in September and for thetfirst

in the period of maximum ozone depletion (15Se@dth using MLR analysis on average ozone
inside the vortex and Ozone Mass Deficit, (2) Dasesof occurrences of very low ozone values
within the vortex and (3) increased delay of ocence of low total ozone levels in the September 1st
— October 15th period.

Please find our answers to your comments (in red):

I concur with much of what the other reviewer ariited, in particular these points from DelLaat’s
review:

1. “The presence of this exhaustive list of issaes questions would be less of a problem if theepap
introduced new concepts or new ideas, but the pagostly builds on previous work and confirms
what other papers have also concluded.”

2. “This paper does not address these issuesr@oesults put in the context of this work.”

3. “The few time series that are looked at are $eam as the truth, every wiggle becomes meaningful
and too much attention is given to the formal statal significances, whereas structural uncersnt
are important as well. For example, we have shdvah tather arbitrary choices with regard to the
proxies used in the regression have a strong ingathe formal statistical trend errors. We therefo
argued that structural uncertainties are much tattgen the formal statistical trend errors, whish i
important for confident statements about whetheovery has started or not.”

| especially agree with DelLaat's concerns about ‘Hteuctural uncertainties’ in this regression
analysis, so please address all issues descrildgid nreview. In addition, there are other issudswe
related to ozone data sets that need to be addri#saerevised manuscript. If revisions are made th
address both DelLaat’s and my review, this papeiddoel published in ACP.

Please see our answer to de Laat’s review to ffexelit points specified above.



Specific topics of Concern

The composite satellite total ozone time seriggried to as SAT. The merging of satellite data set
into a single record is something to be done vargfally. Instrument measurements have bias and
drift, and combining data sets in order to extsoill trends (i.e., 0zone recovery) requires atgrea
deal of care and a good deal of knowledge about @strument’'s characteristics and sampling
pattern (i.e., coverage). | see no evidence hetteathy such considerations were used when combining
the data sets. In fact in Figure 4, the differebeaveen the assimilated ozone time series (MSR) and
the SAT shows big jumps! There is a large trenahft®90-2005. Does this represent an unphysical
trend (i.e., changes in the observing system) @ absimilation, or is this coming from how the
individual data sets in the SAT were merged? Hawe tyied your trend analyses on the 5 merged
ozone data sets referenced in Weber et al. [20WfRout any discussion or justification of how the
data sets were merged in this study, | don’t see the trend results presented here (and especially
their uncertainties!) can be taken seriously.

Since MSR-2 data are based on the assimilateditatgtone time series already corrected from
offset, trends and variations of solar zenith aglé temperature in the stratosphere, we woulddike
consider in addition in our work a satellite dataseommonly used in ozone studies (including
recovery) with similar kind of instrument (TOMS a@MI) and similar retrieval; without applying
any correction. Since SBUV data are sparse, we tawgrled in the revised version to fill the 1993 —
1995 gap years with MSR-2 data, but taking intooaot the same spatial coverage as that of TOMS
and OMI instruments (see new Fig. 4). Finally, doethe important differences observed in
September, particularly the unexplained trend & 1890-2005 period that you mention, we decided
not to include SAT datasets for trend retrievaithat month. Discussions about this difference df we
as the issue of spatial coverage of the SAT datdissussed in the Sect. 4 of the marked-up
manuscript. The following paragraph was added ge@ line 1 to line 19

“MSR-2 total ozone data series inside the vortee aompared to SAT series as shown in Fig. 4,
which displays the relative difference between MSRnhd SAT for the 400K-600K range
classification. Differences of about #0.5% are obeea in the 1980s. Small differences are expected
during this period since only TOMS data are usedath data sets until 1993. In the 1993-1995
period discrepancies between both curves are ouadytd the differences in the selection of MSR-2
data for the SAT record in order to have similaratal coverage as the data from the other
instruments incorporated in the SAT time serieses€hdifferences varying between -1 and 0.5 %
represent an estimation of the impact of reducedialpcoverage in SAT dataset on the averaged total
ozone level in September. The 15Sept-150ct perieskpts negligible differences. The addition of
GOME (1996-2005) in MSR-2 assimilation could expldie discrepancies with the SAT dataset that
considers only TOMS-EP. From 2001, differenceslamger and generally positive, reaching ~5% in
September and ~3% in 15Sept-150ct. period. Theseaged differences are especially visible during
the period where data from instruments on board ENVISAT platform (e.g. SCIAMACHY) are
assimilated in the MSR-2 record. Overall, valuesSeptember present a mean bias of 1.3 % (dash
blue line in Fig. 4), and in 15Sept-150ct a smalbéais value of 0.5 % (dash red line in Fig. 4).
Temporal evolution of the differences, e.g. negdtiend in the 1980s and positive trend in the 2000
can have an impact on the long-term ozone trengieved from both records. In general, differences
between SAT and MSR-2 records are caused by M$Rtdg to use multiple satellite total ozone
columns records after 1996, the procedures in M3&&count for inter-instrument differences, and
the data assimilation methodology that allows fiing gaps (van der A et al., 2015).”



Regarding the 5 merged ozone data sets referencétkber et al. [2017], they correspond to zonal
averages and cannot be used for total ozone d¢tadgh as a function of equivalent latitude asit
done in our study.

The ‘range method’ is not clearly explained. | urstiend that you are using it to see the sensitofity
the calculated trends to the definition used far #rea of depletion, and | get that you calculate
different areas depending on which isentropic léselsed, but exactly how are you deciding which
levels to use? Are you averaging over all the 400K6level results? Only some of them? Do you
choose the same range for each year? The detatlsisoinethodology were not made clear. It's
interesting that in the end you conclude that thBk4results are as good as the other definitiams. |
this because this is an altitude where there isesofrihe most severe depletion? An explanation for
this result should be offered.

The range method was better explained in SectMe2hodology for classification), in Page 5, line 4
to line 8.

“The total ozone column may thus not represent tlo@e behaviour inside the vortex. In order to
consider possible vortex baroclinicity, another emach is used, where vortex classification at
different isentropic levels is considered at thensatime. For this second approach, the range of
selected isentropic levels is chosen in the aléittebion of maximum ozone depletion: from 400 K to
600 K with a step of 25 K. The same 9 isentropielte considered for 400 K-600 K range
classification are applied each year.

The range classification considers selected ispitievels between 400 K and 600 K with a step of
25K. Then the same 9 isentropic levels are uset gaar for the classification. While this new
classification provide a better constraint of lomone values within the vortex, differences in trend
results are not significant at 2 sigma levels. \Wggest in the revised version that the reason doeild
the good correlation between the different data §@+0.98) using the different methods. Sentences i
the Conclusions (page 13, line 15 to line 24) vadr@nged as follow:

“For the classification of total ozone measuremantsde the vortex, the classical Nash et al. (3996
method is used. In order to evaluate the impactvoftex baroclinicity on trend analysis,
classifications using a single isentropic levelZg4, 550 K) and a range of levels (400 K — 600 K)
are tested. Systematic differences are found betieevarious total ozone time series. However the
inter-annual variability is similar with correlatio coefficients ranging from 0.98 to 0.99 in both
studied periods. While larger trend values are geltg found with the 475 K classification, the
differences with trends related to the 400 K — 60@ange classification are not significant av2
level.”

The satellite instruments used (all UV sensorshdbsee to the south pole in early September. The
analysis calculated results for the polar regiantli@ entire month of September, but measurements
cannot be made at the highest latitudes in eagyeBeber. Thus the ‘September average’ will be more
strongly weighted by lower latitudes and later Segier dates. Please describe how the satellites’
sampling of the polar area varies over Septembdrvamat this does to the ‘September averaged’
guantity. This may impact the meaning of the treesults as they will include more of the late
September, higher dynamical variability measuresent

We agree with your arguments. We have excluded &&asets for September also for this reason. In
addition we have included a sentence on UV sersorgling in September where measurements are
not available for regions poleward of 77°S in tlegibning of September, 82°S mid-September and

89°S at the end of the month in the Sect. 2.1 @htlarked-up manuscript (page 3, line 31 to line 33)

“Since TOMS and OMI UV sensors do not receive enblyglight in early September, originating
from regions not illuminated by the Sun (from 77682.5°S up to mid-September), these regions
were not considered to compute the total ozone mele in MSR-2 data.



The impact of spatial coverage differences betw&&h and MSR-2 was discuseed in Sect. 4 (page 6,
line 6 to line 10).

“In the 1993-1995 period discrepancies between batlres are only due to the differences in the

selection of MSR-2 data for the SAT record in otdenave similar spatial coverage as the data from

the other instruments incorporated in the SAT tseges. These differences varying between -1 and
0.5 % represent an estimation of the impact of ceduspatial coverage in SAT dataset on the

averaged total ozone level in September. The 155€ptt period presents negligible differentes.
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Multiple Ssymptoms of total ozone recovery inside the Antarcti
vortex during Austral spring
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Correspondence tAndrea Pazmino (andrea.pazmino@latmos.ipsl.fr)

Abstract. The long-term evolution of total ozone column dwsithe Antarctic polar vortex is investigated otfee 1980-
20162017 period. Trend analyses are performed using a nmgé regression (MLR) model based on various @i

the evaluation of ozone interannual variabiliheat flux, Quasi-Biennial Oscillation, solar fluntarctic Oscillation and

aerosols). Annual total ozone column corresponttindne mean monthly values inside the vortex int&aper and during
the period of maximum ozone depletion from SepteniB8 to October 1 are used. Total ozone columns frem-combined
SBUV,-TFOMS-and-OMi-satellitedatasets-and the MB#nsor Reanalysis (MSR-2) datagetl from a combined record
based on TOMS and OMI satellite datasets with diélesl by MSR-2 (1993 — 1995are considered in the study. Ozone
trends are computed by a piecewise trend—madeky (PWT) that includes two linear functiorisefore and after the

turnaroundyearin 2001 and a parabolic function to account for the sditomaof the polar ozone destructiolm order to

evaluateaverageotal ozone within the vortex, two classificatioretinods are used, based on the potential vorticégignt
as a function of equivalent latitude. The firsinslard one considers this gradient at a singlerispiatlevel (475K or 550K),
while the second one uses a range of isentrop@déwetween 400K and 600K. The regression modeldes a new proxy
(GRAD) linked to the gradient of potential vorticias a function of equivalent latitude aihdit+epresenteepresentinghe
stability of the vortex during the studied monthripe. The determination coefficient {Rbetween observations and
modeled values increases by ~0.05 when this presyduded in the MLR modek—Fhe-highighestR? (8:93).92-0.95)
and-the minimum residuals are-ebservethinedfor the second classification method for both datsaand months periods.
Trends in Septemberver the 2001 — 2017 peri@te statistically significant at 2 sigma level 02801-2016-peried with
values ranging between—+.8584+1.03and 2:672.83+1.48DU yr' depending on the methods and-data_setssidered
proxies This result confirms the recent studies of Artiarezone healing during that month. Trerds-ftem 2001 are 2 to

3 times Jowersmaller than before the turnaround year as expected fraenrésponse to the slowly ozone-depleting
substances decrease in Polar regions.

For the first time, significant trends are found fhe period of maximum ozone depletidestimated trends-ifor the
15Sept-150ct periodver 2001 — 201 &re-smaler-thanin-September—They vary from 1..25+0.83t0 4:-781.96+0.99DU

yr* and are-hardly significant ab2evel.

MLR analysis is also applied to the Ozone Mass dixefODMD) metric for both periods, considering aebhold at 220 DU

and total ozone columns south of 60°S. Signifid¢esrid values are observed for all cases and perfodecrease of OMD
of 0.86+0.36 Mt yi* and 0.65+0.33 Mt yt since 2001 are observed in September and 15Semtlfespectively.

Ozone recovery is also confirmed by a steady deereé the relative area of total ozone values lotlian-150175 DU

within the vortex in the 15Sept-150ct period si@@d0and a delay in the occurrence of ozone levelsvbé®5 DU since
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1 Introduction

The evolution of total ozone content (TOC) in Awtara during Austral spring is deeply linked to tiraportant
stratospheric ozone decline that was highlightedtie first time by Chubachi et al., 1984 and Farne4 al., 1985.
Nowadays the photochemical and microphysical pseEfeading to the massive and seasonal destraftmzone in Polar
Regions are well understood. The latest Ozone Ass&st Reports (WMO, 2007, 2011, 2014) have confirrtiee
stabilization of ozone loss in Antarctica since @00he challenge now is to assess the impact obltiserved reduction in
the concentration of ozone depleting substanceslated in the polar regions to ~¥®in 2013 from the peak values in
2000, WMO, 2014) on the amplitude of the ozonerdesibn every year. During the last decade, se\sttalies have been
carried out to quantify a possible increase inltotane column in the Antarctic polar vortex inisgrdirectly linked to this
decrease in the polar stratosphere. Most analysemulti-parametdmearregressiofMLR) models with different proxies
to represent the interannual variability of ozose &nction ofthe 11 year solar cycle, the quasi-biennial osmita(QBO),
volcanic aerosols or eddy heat flux (Salby et2112; Kuttipurath et al., 2013; De Laat et al., 20T hese studies generally
show a significant increase of TOC since 2000 fept&mber-November average period but they diffethenproxies used
for the quantification of ozone inter-annual vaiityo De Laat et al. (2015) used a “big data” emdde approach to
calculate trends. Several scenarios were considerethe—period-of-ozone-data-detr the period over which the ozone
record is calculatednd for the different proxy records. They found tha significance of trenglcould vary from negligible

to 100% significantat 2 sigma leveldepending on the scenario considered. They havedaiermined the optimal proxy

records and ozone record scenariosobtain the best regressionhe limitation of MLR analysis is that only formal

statistical error of trend is estimated and stradtuncertainties linked to the single and arbjtreombination of proxies is

not taken into account. De Laat et al. (2017) i@@rtrend values from daily Ozone Mass Deficit (OMidmputed from a

multi-sensor reanalysis dataset without using andehbut filtering the anomalous years with lowgradtratospheric cloud

(PSC) volume. The authors found positive and higldyificant trend of OMD since 2000.

Solomon et al. (2016) evaluated ozone trend usiBgexified Dynamics version of Whole Atmosphere @amity Climate
Model (SD-WACCM). The authors have shown a sigaifichealing in September but not in October wheomedepletion
is largestcententis-deepest during the first two weeks yTalso explain the difficulty of estimating trena ©October by the
large variability of ozone linked to temperatureiaons and transport. The baroclinicity of thdgvosortex in October and
its displacemenfrom in—relation-to the geographic pole canr-explaigo contributes tdhe variability of the total ozone
series averaged during the month of October.

The direct linkobservedbetween-the positive treaaf total ozone within the polar vorteand the reduction of ozone-

depleting substances (ODS) remains thus an opestignggiven the natural variability of the Antaccvortex and the
possible contribution of greenhouse gases (GHGH)etorend (Chipperfield et al., 2017).

The purpose of the present paper is to providepaiate ofthe ozone evolution inside the Antarctic vortex durihg last
decades taking into account the vortex baroclinidihe main aim is to determine the different citmitions to ozone inter-
annual variability and to estimate the post 20Q&ltozone trend and related significance for déferperiods: September,

which corresponds te—the—full-development—of Palaone—depletionthe period of fastest development of catalytic

photochemical ozone destructiand mid-September to mid-October when the maximmame loss is reached

This studypaperis organized as follows. Ozone datadedm satellites and multi-sensor reanalysis aes@nted in Sect. 2
and the description of the method used for tot@inezcolumnclassificationelassifications inside the vortex in Sect. 3.
InflueneeThe influenceof vortex baroclinicity on total ozone column insithe vortex is assessed in Sedby4ising a new

classification method-and-standard-eneahpared to standard ones base@ single isentropic level. Ozone trends before

and after-ghe turnaround year calculateding multi-regression modé&r September and mid-September to mid-October

are presented and discussed in SedResults on trends using OMD records as a metri@a® presentedlhe temporal
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evolution of the-rumbemountof very low total ozone values inside the vorteevaluated in-Seetiofiect6. Conclusions

are finally presented in Sect. 7.

2 Total ozone column data series

Total ozone global fields from satellite observaiqTOMS,andOMI| anrd-SBUY) and multi-sensor reanalysis (MSR) are

used in this study to cross-check trend estimdigfore and after a turnaround year over the 198®2017period.

2.1 Space-borne observations

Total ozone columns data series of NASA’s Total @zMapping Spectrometer (TOMS) instrument onboaimius-7
(N7) and Earth Probe (EP) between 1980 and 2004sed. The instrument is a single monochromatdrwaa designed
for near-nadir measurements of the total ozonentol(e.g. McPeters et al., 1998). TOMS measuredbadckscattering of
solar radiation by the Earth's atmosphere in sinritbands of ultraviolet wavelength between 306 ar880 nm, more or
less absorbed by ozone. Total ozone column isredefrom the ratio of two wavelengths, 317.5 nnorsjly absorbed by
ozone and 331.2 nm weakly absorbed (Bhartia andeweler, 2002). Level 3 gridded TV8 data of 1.@t)(k 1.25° (lon)
of total ozone columns of TOMS were used in thigknvand are available from the Goddard Earth Sciemistributed
Information and Services Center (GES DISC) in sempASCIl format in the NASA anonymous ftp site
(ftp:/toms.gsfc.nasa.gov/pdatellitddata/ozone/)

Ozone total column observations of Ozone Monitofiimgtrument (OMI) onboard Aura satellite are alsedito continue
TOMS measurements from 20052617 2016. The OMI instrument is a nadir viewing hypetral imaging in a push-
broom mode. OMI measures the solar backscatteatradiin the complete spectrum of the ultraviolisthle wavelength
range (270 nm - 500 nm) with 0.5 nm spectral regmiu(Levelt et al., 2006). Total ozone column usedhis work was
retrieved using TV8 algorithm, hereafter referredas OMIT in order to maintain continuity with TOM$ata record
(McPeters et al., 2008). Level 3 daily gridded dztt®MIT with better spatial resolution (1.0° x 1)@han TOMS is used.
Data are also available on NASA anonymous ftp site.

The total ozone column data series was combinedsinyg specific satellite data over the followingipds: TOMS-N7
(1980-1992), TOMS-EP (1996-2004) and-OMIMI (2005-20162017). Note that data of 1993-1995 are sparse or ngssin

for the September-October peridd order to complete the data series, total ozahentrs of multi-sensor reanalysis 2 (see

V-N9) were used for

2013.Since TOMS and OMI UV sensors do not receive ehduy light in early September, originating from r@gs not

illuminated by the Sun (from 77°S to 82.5°S up tio48eptember), these regions were not consideredrpute the total

o0zone mean value in MSR-2 data.

TOMS/OMITOMI andMSR-2SBUV data series have previously been used inrdiftescientific studies of ozone recovery
in the Southern polar region (Salby et al., 201attidurath et al. 2013; Solomon et al., 2016,-Waeliesl—2017)—Fhe-bias

i j 95-is-disaigseSect—4. Hereafter the 1980-204®L7 composite satellite total

ozone series will be called SAT.
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2.2 Multi-Sensor reanalysis

Ozone Multi-Sensor Reanalysis version 2 (MSR-2)igles global assimilated ozone fields for the péﬂ@80—294&017
based on 14 satellite data sets (van der A e2@L5)-
paper-and-are-therefore-notincluded-inthe-stlitlg. 14 polar orbiting satellites measuring in tleamultraviolet Huggins
band were corrected to construct a merged satelitea series that are assimilated within the cheyrigansport
assimilation model TM3-DAM to obtain-MRSI2SR-2 data (see van der A et al., 2010 for a detailedrgg®on and van

der A et al., 2015 for last improvements of theiragation model). Corrections of offset, trends avatiations of solar

zenith angle and temperaturetiire stratosphere were computed in satellite data set®imparisons with individual ground-
based Dobson and Brewer measurements from Worldi®and Ultraviolet Data Center (WOUDC). Those atiions are
specified in van der A et al. (2015), table 2.

Daily gridded forecast ozone data of MSR-2 at 1Z2Uhd spatial resolution of 0.5° x 0.5° were usethis work and they
are available from the Tropospheric Emission Mamip Internet Service (TEMIS) of KNMI/ESA
(http://www.temis.nl/protocols/o3field/data/msr2/).

Different studies on trends in the South Hemisplieree used-MRS-RISR-2data (Kuttipurath et al., 2013, de Laat et al.,
2015 2017). Hereafter the 1980-201%)170zone series will be called MSR-2.

3 Data classification within the vortex

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

levels.

3.1 Vortex position

For each day of the studied periods, the vortextipasis determined by using a 2-D quasi-conseweatioordinate system
(equivalent latitude/potential temperature) desaiby Mcintyre and Palmer (1984) where the polednivalent latitude
(EL) corresponds to the position of maximum potdntorticity (PV). This conservative system is cartgd from PV field
simulated by the Modélisation Isentrope du transpbésoéchelle de I'Ozone Stratosphérique par AderdMIMOSA)
PV advection model (Hauchecorne et al., 2002). fMioelel was forced by ERA-Interim (Dee et al., 20frBteorological
data (2.5°x 2.5°) of European Centre for Medium-graWWeather Forecasts (ECMWF). Daily advected PMdi¢1°x1°) on
the 30°S-90°S latitude band at 12 UTC are usedltuiate 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 arididel the vortex (or
surf zone) with small PV values. The limit of thertex corresponds to the EL of maximum PV gradiemtighted by the
wind module —Fhen-this-limit-ighis limit is subsequentlgmoothed temporally with a moving average of 5 dayseduce

the noise in the vortex edge data series

3.2 Methodology for classification

TheNash criterion was already used in several studieistinguish measurements (ozone profiles aral talumns) inside
and outside the vortex in the Southern Hemisph@aip et al., 2001; Bodeker et al., 2002; Pazminal.e 2005, 2008;

Kuttipurath et al., 2013, 2015). In the case ohltaplumns, measurements were considered insidedtiex when their

4
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corresponding EL was larger than the EL of theesotimit at a specific isentropic level (e.g. 58)Bodeker et al., 2002;
Pazmino et al., 2005). However this “standard” rodtldoes not take into account the baroclinicitythaf vortex. It can
result in the classification of total ozone coluninside the vortex while partial columns below droee the selected
isentropic level are outside the vortex. The totane column may thus not represent the ozone brlrauside the vortex.
In order to consider possible vortex baroclinicappother approach is used, where vortex classiicat different isentropic
levels is consideredt the same timeFor this second approach, the range of selestutrbpic levels is chosen in the

altitude region of maximum ozone depletion: fronD40 to 600 K with a step of 2&. The same 9 isentropic levels

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

In order to illustrate the impact of vortex baradity on the classification of total ozone colunmside the vortex, Fig. 1
shows MSR-2 total ozone fields on October 7, 2042h the vortex position computed at different igepic levels
superimposed. The vortex position curves are repted by black to light grey colours. On this man@ar day,the region
classified inside the vortex—eensiderimgthe 400 K-600 K range is limited by the vortex positian400K (black line)
towards Antarctic West coast and Palmer Peninsudaby at 600 K (light grey line) towards the Antarctic Easlast.The
white dot marks in the Fig. 1 show the limit of thegion considered in this new classificatiinthe case of standard

classification using a single level at 475 K or 3§he region estimated as inside the vortex-asshconsists ofan area
with total ozone columns higher than 4D0. These areas arot considered in the classification using sevisahtropic
levels between 40R and 600K isentropic levelsRegions where total ozone columns are lower 22nDU are taken into
account by the—different classificatioms all the isentropic levelsA daily mean total ozone column of 213.4 DU was
computed inside the vortex usitigs new classificationmethod Standard-classification-estimatbe standard classification
estimates 40 DU and 20 DU-highdargerozone-meamverage valueat 475 K and 550 K respectivety: that day

4 Vortex baroclinicity

Both methods of classification described in thevimes section were applied to satellite compositaltozone data series
SAT and-MRS-2VISR-2reanalysis at each grid point. For each year, daian total ozone amount inside the vortex was
averaged over two periods: the whole month of Sepég, and the period of maximum ozone depletiowéen September
15" and October 1% (15Sept-150ct). Figure 2 shows the evolution ¢dltozone average inside the vortex for the 15Sept-
150ct period between 1980 and-2Q1H 7for the SAT MSR-2data series computed with the standard classificatiethod
based orthe single isentropic level (475 K and 550 K) and wille second method using the 400 K — 600 K range of
isentropiclevels. Error bars represetiie two sigma standard error ¢ Similar interannual total ozone variability is
observed for the time series obtained by the diffemethods. The correlation coefficients betwédenrange method and
the standard one at 475 K and 550 K -are-0@%8 and-0-995).99 respectively. Despite these good correlations déita
series are significantly different tite 20 level Higher ozone values are found with the standardhatgtespecially for the
475 K level,~withwhich showsa mean difference with the TOC ozone time seriegda@n the range method of ~15 % over
the whole analysis period. Three years stand othliéncomparison: 1995, 1999 and 2011, during wttehinside vortex
region was systematically larger at 475 K compai@digher isentropic levels during the period. $amiresults are
observed for September (not shown). In this wdrk,gecond method is-preferably-ugedferredsince it takes into account
the ozone loss at different isentropic levels, Whitrongly impactthe total column.

SAT MSR-2 total ozone time series obtained in September &#kfA-150ct with the range classification method are
displayed in Figure 3. September presents8% higher ozone mean values than the 15Sept-15QabdpeSimilar
interannual variability is observed between the pesiods as shown by the correlation coefficienB&7 0.98 The last
threefour years present very similar ozone values around?28MU in September whilex 15Sept-150ct periothey show
shoews larger variability.
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MSR-2 total ozone data series inside the vortex-veeeeompared to SAT serieskigure-4-illustratesis shown in Fig. 4,
which displaysthe relative difference between MSRand SAT-censiderindor the 400K-600 K range classification.

Differences of about +0.% are observed in the 198@mall differences are expected during this perindesonly TOMS

data are used in both data sets until 1298

12. the 1993-1995 period discrepancies between bothes are only due to the

differences in the selection of MSR-2 data for 8#€T record in order to have similar spatial coverag the data from the

other instruments incorporated in the SAT time eseriThese differences varying between -1 and 0.Eeffesent an

estimation of the impact of reduced spatial coveregSAT dataset on the averaged total ozone lev8eptember. The
15Sept-150ct period presents negligible differenddse addition of GOME (1996-2005) in MSR-2 assatidn could
explain the discrepancies with the SAT dataset twaisiders only TOMS-EFFrom 2001, differences are larger and

generally positive, reaching ~5% in September &8#b i 15Sept-150ct. periodhese increased differences are especially
visible during the period where data from instrutsesn board the ENVISAT platform (e.9. SCIAMACH Ydeaassimilated

in the MSR-2 recordOverall, values in September present a mean bi&idf 3% (dash blue line in Fig. 4), and in 15Sept-
150ct a smaller bias value -6f06& % (dash red line in Fig. 4). Temporal evolutiorttoé differences, e.g. negative trend in
the 1980s and positive trend in the 2000s, can baviempact on the long-term ozone trends retridvath both recordsin

general, differences between SAT and MSR-2 recardscaused by MSR-2 starting to use multiple steibtal ozone

columns records after 1996, the procedures in MS&-&count for inter-instrument differences, anel tlata assimilation

methodology that allows for filling gaps (van deefal., 2015).

Despite the differences between SAT and MSR-2 dttas purpose of this work was to analyse in #mesway satellite

data such as those included in the SAT record withay correction or adjustment and the MSR-2 mécahich accounts

for inter-instrument differences using ground-bass®dl column data. Due to the larger differencbseoved between both

data sets in September especially in the 1995 © petiod, which may have an impact on trend anglysivas decided to

retrieve trends from the SAT dataset in the 153&@et only.

In the next section, ozone data series-usimepd on thdifferent classification methachre used to evaluate the impact of

vortex baroclinicity on ozone trends inside theterifor both studied periods.

5 Trend analysis
5.1 Method

In order to evaluate ozone recovery in Antarctestjmation of trends before and after 2001 wereutaied using a multi-
regression model (Nair et al., 2013) updated fibm AMOUNTS (Adaptative Model for Unambiguous Trend Bay)

model (Hauchecorne et al., 1991; Kerzenmacher.e2@06). Different common explanatory variablestsas eddy heat
flux (HF), solar flux (SF), Quasi-Biennial Osciliat (QBO), Aerosols (Aer), Antarctic Oscillation ;D) are used to
explain total ozone variability ovéne 1980-20162017 period. These proxies were widely applied in défartrend studies
(e.g. de Laat et al., 2015 and references heréi ODSs contribution-eto long-term trend-ofn ozone-can-be-states

representedby piece wise-linear trend functions (RWLTH—Totale totalozone variability ¥) can be expressed following

Eq. (1):

Y(t) =
K + CypHF(t) + CspSF(t) + Copo30QB0O30(t) + Cpo10QBO10(t) + CyerAer(t) + CuapAAO(t) + Crap GRAD(L) +
PWT(t)+ € (t), (1)
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wheret is the-time-in year from 1980 t6-202617 K is a constant,,,,, are the regression coefficients of the respective
proxies mentioned above aadt) is the total ozone residuals. Table 1 shows the réispaaformation-erfor each proxy:
source, specific characteristics and time windovwerghproxy values are averaged to represent thectep year value.
QBO effect on ozone variability is estimated using proxies at 30hPa (QBO30) and 10hPa (QBO10)¢chvare out of
phase byvg (Steinbrecht et al., 2003). The HF proxy corresjsoto the average over the August-September pefitite

45-day mean Heat Flux in the 45°S-75°S latitudegyeaat 70hPa from MERRA analyses. The time window of August-
September is selected for computing the mean Hgwimg de Laat et al. (2015) recommendation toagbtthe best
regression results. For the Aer term, a mergedypobxnonthly aerosol optical depth (AOD) is complifeom updated Sato
et al., (1993) dataset for the 1980-1990 periodfeom four satellite data series (SAGE I, OSIRGALIOP and OMPS)
for the 1991-201&017period. AOD datasets are averaged over the 40°S-86nal region in the 15-30 km altitude range.
Updated Sato et al. data are obtained from NASAthiprAOD at 550nm. The satellite AOD data over 129162017
period were computed at 582n. The Sato et al. data set was converted to BBaarording to Khaykin et al. (2017). The
merged AOD proxy was obtained by normalizing théoSa al. time series to the SAGE |l data in Decemi®91. The
regression code uses the AOD values in April betbee complete formation of the vortex in order imid possible
contamination oferosolssatellite data by Polar Stratospheric Clouds. ThalAOD proxy is represented by a bold black
line in Fig. 5 together with Sato et al. (1993) aatkllites datasets for the 1991-2QD4 7 period.

A new GRAD(t) proxy was developed orderto take into account the stability of the vortexidg the studied period. This

proxy corresponds to the maximum gradient of P\ &mction of EL at 550 K during both studied pdede.g. September
and 15Sept-150ct). It is calculated from ERA-Intedata. GRAD and HF proxies are detrended by rengosi & order
polynomial fit to minimize correlation with PWLT gxies. Figure 6 displays GRAD and HF proxies befanel after
removing trends. An anti-correlation ef-0.45.55between these two proxies is observed with-value <0.01, but the
addition of GRAD proxy provides a much better agrest between measurements and moesgbecially during the last
decadeThe contribution of the GRAD(t) proxy to the inogement of the MLR results is discussed in Se2t35.

For the long-term trends, two piecewise lineardr@W LT (t) = Ci,t1(t) + C,,t2(t)) functions calculated before and after
the turnaround year are usually used to estim&etinge of slope itne long-term evolution of ozone-linkedlieto ODS
(e.0. Reinsel et al., 2002; Kuttipurath et al., 20de Laat et al., 2015). In this wookir a Modified PWLT model (PWT}-is
useduses an additional function in order take into account the slower growth of ODS rtearturnaround year artde
ozone loss saturation effect-inside thichin the Antarctic polavortex in October (Yang et al., 2008). The PWT niage

represented by Eq. (2):
PWT(t) = Cpq1t11(t) + Cpy2t12(t) + Cept2(t) (2

whereC,,, andC,, are the coefficients of the linear functions @hg of the parabolic function—Firsthe first period is
represented by a linear time proyl and a parabolic time proxyt2. The second period is expressed only by a lingse t

proxyt2. The proxies are-statedmputecdas follow:

(t  0<t<T,
tll_{To Ty <t < Tona ®)
To+1 2
(t—("—)) 0<t<T,
t12 = S 4
To—1
(=) Ty <t < Tong
(0 0<t<T,
2 _{t—To To <t <Topg )
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T, corresponds to the turnaround year in the consiperiod. In this work, 2001 was selectedhaturnaround year when
equivalent effective stratospheric chlorine (EE®@ximizes for a mean age-of-air of 5/6(Newman et al., 2007). The
corresponding value fdf, is 22.T,,, corresponds to the number of years consideretiérstudy {3738 for 1980-2016
2017. The minimum of the parabolic time proxl?2 is set to the middle of the period beftine turnaround year so that the
slope of the proxy is zero on that year. In thisecthe coefficient of t1(C;,,) can be considered as the linear trend before
2001. After 2001, t11 and t12 are constant and theiinear trend is given by-t2-ceefficietf) the C,, coefficient Figure

7 represents the evolution of the three piece-pisgy anomalies normalised by the correspondingdstad deviation.The
improvement using PWT instead of PWLT is discusaeSect. 5.2.4.

5.2-ResultsTrend results for the averaged total ozone columrecords

The multi-regression model described in previoustise was applied te-SAT-and MSR-2 total ozore—aal@s-series

{anomalies time series computed raenthly total ozone — mean total ozene)fof the September and 15Sept.-150ct.

periodsand to SAT for the 15Sept-150ct period orfimes series of total ozone data correspondinth¢odifferent

classification methods described in Sect. 4 was® used to evaluate the impact of vortex barocligich total ozone

trends.

5.2.1 September

A rapid decrease of ozone levels occurs withinpthlar vortex in Antarctica from the last two weeasAugust to the end of
September when the necessary sunlight to starbzbee catalytic destruction cycles is present agaiove austral polar

regions. Important differences of total ozone levels are found inside the vortex leetwthe first and second half of

September. Very low values aggpecially observed durmg the last WWMWH

simulationsAlthough pronounced decrease in total ozone isrobgen September, recent works have used ozomed®c
obtained during this month to detect the ozoneweggSolomon et al., 2016; Chipperfield et al., 2017 et al., 2017).
Those-papers—usextudies usalata or simulations polewamf ~60°S and-cenclude-thalentify first signs of Antarctic

ozonerecovery-are-highlighted-in-Antarctica-for September but not yet-dior October due tdhe larger dynamical

variability during that month. In this work, ressiffrom our multi-regression modelwill-lage evaluated and compared to

those previous works for the September peri
deseribed-in-theprevious—section. Figure 8 il the results of the regressions mathaicribed in section 5for the

SAT MSR-2total ozone data series inside the vortex usingd@®K-600 K range classification. The top panel represents

the deseasonalized total ozone observations asagvélle regressed ozone values. The model respltsduce quite well the
interannual variability of measurements except@@2when the vortex split in two parts in late-®epber due to a major
sudden stratospheric warming (e.g., Allen et d03). Likewise, the year 2000-characterigexhs characterizeby a large
ozone hole area in Septembend yieldspresents a relatively high value of residual e£3@DU _on that yearContributions
of the different proxies are shown in the second to fophels of Fig. 7. Fitted HF and GRAD were addddofline in
second panel of Fig. 8) due to the correlation betwboth proxies. The model term linked to the HRAG fitted proxy
represents the second largest contribution to titahe interannual variability (~10 % of the totatiance) after the PWT
proxy which contributes to about 80 of the total variability. Otheproxieseentributions-to-interannual-ozone-variability
(third panel of Fig. 8) represent only 1&btotal ozone variabilityAerosol-centribution-oproxy contributes by respectively
~9 6 DU in 1992 and ~3 DU in 1983 duimked to Pinatubo—in—21992-and~6-BU—dueaod El Chichon eruptions.

years. Negligible impacteen in other
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years. Fitted QBO (QBO30hPa + QBO10hPa) explainBWSozone variability The contributios of SF and AAO proxies
is arenegligible.

The model explains-982 % of the ozone variability as deduced from the mheiation coefficient B The estimated total
ozone trends before and after 2001 are—-5.55+0-B1yD* (-26.7+3.4 % decad® -5.31+0.67 DU yi (-25.2+3.2 %

decad@d) and-1.87:+1.18 DU y¥{9+5.7 % decad® 1.84+1.03 DU yi* (8.8+4.9 % decad®, respectively. Both trends are
significant (i.e. statistically different from zgrat 25. The 1980-2000 period presents higher depletios campared to

Weber et al., 2017 (from -12 to -19% per decadeedding on dataset) and comparable rate-for-2008-204 period of
recovery(8-10 % decad8. Comparable values of trends are found wier75 K classification level is useé{-21-3+3.6 %
decadd (-21+3.2 % decadkand-11+5.9% decadel0.1+5 % decadd. The 400 K-600 K classification allows us to dibta

the best agreement between observations and redreaties (higher 3 and lowery (/;(obs; — mod;)?/(n —m)) of
residuals. Those results are represented in Tafle2AT-and for MSR-2 total ozone datasets insidevortex and for the
three classifications analysed in this st 1A i i

ensibility_of our model to-the vear 2016 Simila Jre found-compared-to-MSR-2 but with-slightaher values of

trends-after 2001 still-significant-at2Despite trend values after 2001 foe475 K classificationare-systematically higher

by about-3528 % than for the 400 K-600 Klassificationrange, trend results between both classificatiams ret

significantly different at & level, suggesting a limited effect of vortex bdirtcity on trend estimatiomsing MLR analysis
The different results in Table 2 generally preseritio between trends before and after 2001-srthbeclose to3, similar
to that of ODS trends before and after the pédkpperfield et al., 2017fFhusThis indicates thahe ozone recovery trend

could be due to ODS decrease. Nonetheless thid trannot be reliably associated to chemical presessly and other

processes could also play a role.

Computed trends over the 2001-2(1®BL7 September period obtained with our model range fiB8-te-2.67..84 to 2.36
DU yr’ for all cases studied. They are all significan2atlevel. Solomon et-alal. (2016) found significant total ozone
trend of 2.5+1.7 DU yt in September from SBUV and ozonesonde observatimms$ similar results from the
chemistry+dynamics+volcanoes (Chem-Dyn-Vol) simiokat(2.8+1.6 DU y") using the Whole-Atmosphere Community
Climate Model (WACCM). Estimated total ozone trewtien only chemistry is considered in the model (Gt@nly)
correspond to only half of the final trend (1.3+QW yrY).

A simulation test was done to evaluate the pertinesf using other proxies than PWT, HF and GRAxa&ionly these
fitted proxies present significant regression doaffit 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 trerds—MSR-2-data-sedes-presented-alike—resulfEhis results suggest that the others proxies

provide marginal improvement to the MLR analysis.

5.2.2 September 15 to October 15

In order to confirm healing of the Antarctic ozanele, it is important to evaluate trends for theigm where lowest total
ozone values are observed inside the vortex eiyvelee September f5 and October 1% The same analysis as for
September ishus performed. Figure 9 illustrates the-regressionsehoebultsof regressions modébr total ozone ofSAT
MSR-2 data series inside the vortex using the #0600 K classification.—Fhdt shows that thénterannual variability of

measurements is better represented by the modeirtteptember-with-or that period, the determination coefficiRitef

is 0.95 (see also Table 3). As for the September segne,the sum ofitted HF and GRAD proxies (black line-am second
panel) representegether the second largest contribution to totaine interannual variability (~13 % of the totatiance)
after the PWT proxy (~8@) and the last decade of measurement is cornagilpduced by the model. Significant trends of

-5.86+0.6 DUy {-30.2+3.2 % decady -5.81+0.6 DU yi* (-29.8+3 % decadd and-1.27+1 DU yI{6.8+5.6 % decadd
9
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1.42+0.92 DU yi* (7.3+4.7 % decad® are estimated before and after 2001. Similar resaré observed if a single level

classification is used with higher trend value®ma001 for 475. All trend results are comparable within &2MSR-2
presentsResults based on the SAT record aimilar resultswith slightly higher trend values after 2004ote that the

addition in the MLR analysis of the 2 most receating (2016-2017), which were characterized by weaine holes,

changed the significance of the 2001-2017 trenchfh@ardly significant to significant more thag.ZResults obtained in the
1980-2017 period by the MLR analysis show thugtffierfirst time a significant recovery in the 15S&pOct periodexcept

or—¢la atiop—a 0-K—where-trend-after2083significant-at-enly-1.8. Solar Flux, QBO, Antarctic Oscillation and

Aerosol (third panel of Fig. 9) explain ~1 % of ttetal variance. QBO explains +3 DU interannualiaitity and Aerosol
signal amount to=8 DU and ~53 DU linked to Pinatubo in 1992 and El Chichon in 398F contribution varies from 4.5
DU during the maximum (except for the last solacley ~1 DU) to—-2:42.2 DU during the minimum. AAO represents
negligible contribution. Same test as for Septembas performed where proxies of SF, QBO, AAO ando8el were

removed from the linear regression. Results arsgmted in Table 3\egligible difference in trends,’Rand residuals are

observed if those proxies are considered or ndhénMLR analysis. In addition, lower chi-valuase found for smaller

number of fitted parameters, which is the casetferregression using PWT, HF and GRAD only.

The different cases shown in Table 3 present sggmif trends at@ over the 1980-2008nd the 2001-201@eriocs. Frends
K-—Ratios-of computeddsen
eries. Computed trend with_#8600 K range

classification is comparable to the Chem-Only treattulated by WACCM in Solomon et -a—2018)16) Despite the
good agreement between regressed values and measiiseespecially fowhatever-ozone-depletion-could-be-considered
as-well-constrained-by the peri@8Sept-150c(15Sep-150¢t) and-bipr therangeclassificatiormethod(400 K-600 K),-ro
directrelationship-to-healing-could-be-deduded not possible to attribute ozone significardrease to ODS decreadr
addition, the ratio between trendefore and after 200fbeforefafter2001) is-highéarger than 3-threshob-value—to
considerarecovery-dueto-OBS-declimech could be due to the effect of desaturatibtihe ozone loss

5.2.3 Impact of GRAD proxy on trend estimation

The HF proxy represents the cumulative effect ofevactivity on vortex stability (e.g. a high HF msponds to a warmer
vortex) that seems insufficient to represent towdne variability over the last decade, especiall010 and 2012. The
GRAD proxy was developed in order to consider affsovortex stability during-thboth studied periods—{e-g—September
and—l%Sept-—lé@et. _Figure—10 highligh he—improent—in—theregressed—values—by—using—the—GRAByprBince

Aerosols, QBO, SF and AAO represent lower contidruto ozone variability, trend analyses using R/T proxies only

and including or not the GRAD proxy are performadorder to highlight the impact of this parameféigure 10 shows
residuals of MLR analysis with and without GRAD MESR-2 data inside the vortex for the 400 K-600 kKssification

anomalies are significantly reduced after 2002 wiB&AD is used, especially in the 15Sept-150ct meridhhe second

panels of Figures 8 and 9, show that in some yd&rand GRAD proxies are in phase as during 200%2@ien GRAD
intensifies the HF contribution to ozone variakiliThis improvement is especially visible for theays 2010 and 2012.
When both proxies are anticorrelated, as-in20¥528162005-2008 the improvement linked to the GRAD proxy is also
observed-As-a-further-illustration, Table 2 ansh®w the results of the regressions excluding GR#dxy for September
and 15Sept-150ct respectivelhe determination coefficient is generally reduced By950.07 andthex values are-higher
by-20-%-t6-35-925 % to 50 % higheifrend values are mostly similar but the error fzesreduced when GRAD is used as

10
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oxyrends over the 2004-20
period estimated without the GRAD proxy are sitjnéficant at 2y in September-but-enly-at-B8ortheand15Sept-150ct

for both datasets

5.2.4 PWT vs PWLT

In order to evaluate the improvement of an add#igmarabolic function to the linear functions oftpiece-wise trend

proxy, the classical piece-wise linear trends (PWIsTapplied in the MLR analysis of MSR-2 datasé&igiure S1 shows

average total ozone anomalies of MSR-2 inside tirtex (400 K-600 K range classification method)Saeptember and
15Sept-150ct and the retrieved trends using baPWLT and PWT methods. In the case of the 15S&Pttperiod, the

PWT model provide a better representation of l@rgitozone evolution compared to PWLT, as it betd@tures ozone loss

saturation during the 1990s. The trends error begsalso smaller using PWT before and after 200kaddition, a better

agreement between measurements and model valabsdsved with a higher?Rind lower residuals. The 2001-2017 trend

error bars are ~60 % higher if PWLT is used andtteed value itself is nearly double. In the caE&eptember, a slight

improvement in R residuals and error bars is obtained with PWTe Z001-2017 trend value with PWLT is 40 % larger.

5.3 Results using OMD metric

OMD has been used in previous studies to evaluaieenloss and ozone recovery (e.g. de Laat 2Gil7). This metric has

the advantage to be independent of the vortexiposifotal ozone MSR-2 data were used to compueeatrerage daily
OMD on September and 15Sept-150ct periods. Thé datme columns are referenced to the 220 DU tlmdsalue and

the corresponding mass deficit of the partial caluf@20 DU — total ozone column) is computed at egrath point (e. g.,
Bodeker and Scourfield, 1995). Only total ozoneuguis south of 60°S and lower than 220 DU are censiland the daily

OMD correspond to the sum of OMD at each pixel ipliétd by the cosine of the latitude and the squafréhe Earth’'s

radius. Table 4 shows the MLR analysis of OMD udiiftgrent sets of proxies as for ozone averag€able 2 and 3. The

contributions of Aerosols, AAO, QBO and SF do rtodwn an impact on MLR analysis where simildr R trend and error

bars values are obtained. On the other hand, thesion of GRAD results in higher’?Rind lower residuals in both periods.

The effect of GRAD is more important in 15Sept-15@= shown for averaged total ozone.

For the different cases and periods shown in Tdbtbe OMD trend values are significant at Zhe MLR analysis using
GRAD, HF and PWT proxies provides trends of -1.2940Mt yr* and 0.8620.36 Mt vt in September and -1.61+0.22 Mt
yr* and 0.650.33 Mt vt in 15Sept-150ct. De Laat el al. (2017) found ailgsintrend for the recovery period of 0.77 Mt
yr for the averaged OMD between the 220 and 280 flajear. Figure 11 displays the comparison betwéenQMD
records and results of MLR analysis for the Septanasind 15Sept-150ct period, together with the treardponents of the
model. The effect of ozone loss saturation is paldily visible in the 15Sept-150ct period. There some years that are
not totally explained by the model, e.q. 2002 aR@4£for both periods and 2000 for September. Theribwtions of
GRAD, HF and GRAD+HF are shown in upper panels igf 52 where GRAD intensifies HF contribution in120and

2012, while both proxies are anti-correlated in 22008 as observed for the total ozone analysie. r€kiduals with and

without GRAD are shown in the bottom panels of §8. The improvement linked to the use of GRAD prisxparticularly

visible in the last decade.

As for total ozone, MLR analysis using PWLT wasfpaned for comparison with the PWT model. FiguresB®ws the

OMD records together with PWLT and PWT componeiithe regression model for the both periods. Sinalgreement is

obtained for September but the regression resultsigher residuals for 15Sept-150ct using PWLT (slwbwn). Major

difference is observed in the period 2001 - 201fhwilarge trend value of -0.91+0.41 Mt'ycorresponding to an increase

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

The ozone hole igenerallydefined as the region with total ozone columns lothan 220 DU. This standard value was
used in different studies to evaluate the ozondetiep from the Ozone Hole Area (OHA) (e.g. Newnenal., 2006;
Solomon et al., 2016) or the Ozone Mass Deficit @Ne.g. de Laat and van Weele, 20d# Laat et al., 20} etrics.-in
this-work;-the-relative-daily-area-inside-the-verteth-In order to evaluate how the ozone hole is infleehby very low

ozone values, the surface relative to the vortea arccupied by ozonealues lower than different threshold levels is

computedfor each dayand -integratedaveragedover different periods (September, 15Sept-150ct @otbber).The top

panel ofFigure-H1Fig. 12shows thesvolution of these averagelative areawith-respectto-the-vertex's-area-ofthese low
values-relative-to-threler five different thresholds: 220 D200 DU, 175 DU150 DU and 125 DU, for the 15Sept-150ct

period. MSR-2-and-FTOMS/OMIT datasets- aseusedfor this analysisand vortex areais are estimated—withusing the

400K-600 K range classification, the results of prexsections having shown that the range classditdtetter constrains
the ozone hole area—Relative-areas-at-220-DU-thi-satellite-datasets-are-similar—FHegsultsshow increasing-ameunts
areagduring the 1980s, a stabilisation in the 1990sah@yher inter-annual variability since 2003—Thelation-of relative

area of—MSR AMith—respe fa DU—and 0D U-stihoéd nresen owe Hue han OM P/OM _data

Nevertheless-comparable-inter-annual-variabilitpliserved. In contrast the 220 DU threshold caseelative-areas, the
evolution of relative areas-te-150BU-and-125Bdresponding to lower thresholsbows a delayed increase from the-mid-

beginning of th#980s-ando mid- the earlyl990s-respectively, reaching a maximum-n-lgtitases in 20Q0After 2000, a

larger interannual variability is generally obsehand from 2006nd a steady decreaseseen for thresholds lower than
i i 000.-In-the-three-thresholds—cases;—severall cases,
severalanomalous years are observed with important reguctf ozone depletion: 1988, 1991, 2002, 2004, 2031d2012.

Note that these years correspond to a high comiibof HF+GRAD proxies to the regressed ozone esl{Fig. 10, second
panel). If we exclude tlse anomalous years, the 220 DU relative area-cerresptoremains fairly stable about 90% of
the total vortex in average since 1990. In the mestnt years;125-BU-and-150-DU relative afeag25 DU and 150 DU
thresholdsdecrease to less than_¥® and 30% respectively-ef-the-vertex—area from their peakugof 21 % and 57 %
reached inef 2000.If such trend persists, the frequency of very lozone values (e.g. below 125 DU) is expected to

become negligible in the coming decade.

In addition, OMD were computed for the same thrégdsh¢ottom panel of Fig; 10). The evolutions of DMresent similar

behaviour as the relative area but in this caseDQI¥220 DU threshold shows a visible decreasees?i®0. Nowadays

OMD of threshold lower than 150 DU presents verawalues lower than 0.2 Mt.

Solomon et al. (2016) have-shewn-a-sloghlighted for the first time delay in the formation of the ozone hole after 2000
This shift can be explained by the slower ozone lege after pelarsunriseun appearance over the Palee to ODS
decrease in the polar stratosphere. In this woskichpossible time shift was investigated -by-comparigigtive-area-inside

he_vortex lower than 0D n-Sepntembe &cl-and Octobe - _Higherre ve_arealbiserved-in-the

certain thresholds occur inside the vortex (ushey400 K-600 K classification range), from SeptentSeto October 1%

(Fig. 13). The same thresholds values as for E2gwere used. In order to avoid influence of smusivalues, the number

of 1°x1° grid cells with total ozone columns beltve various thresholds in the first day (or stay)dhas to be higher than

10. For each curve, day values equal to 244/24f&spond to years when ozone levels below the qureing threshold

have appeared at or before the beginning of Segterfbr the 220 DU threshold, the dark blue cuh@s that this is the

case since 1983. For the 200 DU threshold, loweneavalues appear before the beginning of Septemfiar the mid
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1980s. For the other thresholds, we observe a a@serevith some variability, of the start day durthg 1980s, and the
1990s for the two lowest thresholds and an increétee 2000 - 2005. This increase is most visilghe 125 DU threshold

curve and to some extent also on the 150 DU thiéshwve. In 2016, ozone levels below 150 DU happeared in the
beginning of September, typically as for ozone si@ethe end of the 1990s but levels below 125 BiUappear later. No

values for a particular year in the threshold carnvelicate that total ozone levels were abovettirashold during the whole
period considered. This is the case for the tweelothresholds before 1985 and for the 125 DU tholelsim 2002, 2004 and
2017.

7 Conclusions

Two-satellite based-data-serldSR-2 and SAT (TOMS/OMI with gaps in 1993-19954idl by MSR-2) datasetsave been

used to evaluate total ozone trends within the 8ot polar vortex over the 1986-202617 period. A multi-regression

model is applied to ozone values averaged oveBéptember month and the 15 September to 15 Ogbelied in order to
computelong-termtrends before and after the—maximum-of-EESOS peakin the polar stratosphere that occurred in

around2001 (Newman et al., 2007The 15 Sept. — 15 Oct. time range corresponds dop#riod of maximum ozone

depletion. It is not commonly used in previous vgoRroxies and time windows for averaging them arecset! following
de Laat et al. (2015) work.

Different-methods-to-classifiyor the classification diotal ozone measurements inside the vortese classical Nash et al.
(1996) method is usedare-used-iin order to evaluate the impact of vortex barocligi@h trend analysjsclassifications

using a single isentropic levels (475 K, 550 K) andinge of levels (400 K — 600 K) are tested. Systic differences are
found between the varioudhe total ozone time serleesmg—smglelevel—(é%—K—eréég—Ka—fer—elassmeanen—show

heiHowever theinter-annual variability is
similar with correlation coefficients ranging from 0.98 to 0.89both studied period€R>0.97 for both-cases—Trends

significanthydifferent-atWhile larger trend values are generally found vtite 475 K classification, the differences with
trends related to the 400 K — 600 K range clas#ifin are not significant o level

The use of combined piece-wise linear and paralfotictions for the trend proxies (PWT) in the 138@000 and 2001 —

2017 periods provides a good representation oftdted ozone long term behaviour inside the vorteftef removal of

interannual variability), especially for the 15Sé45i0ct period, probably in relation with the etfe€ ozone loss saturation.

The classical PWLT used in previous studies seemsdrestimate the trends during the recovery gerio
A new proxy(GRAD) representing the vortex stability over-theth studied periods—{September-and-15Sept—150e¢t), the

GRADB-proxy—is-useds includedin the multilinear—regressionggressionThis proxy improves the representation of total
ozone inter-annual variability by the regressedieskspecially over the last decaakth. It results in~0.05 higher value

for the R determination coefficientand lowerfitted residualsand smaller trend uncertaintifes the different classification
methods and datase! Houti and
classification-eriteriaused-in-this-study, generalthe best agreement between observations and redreakies is found
for the 15Sept-150ct peried-with-highet-8oefficients. While the HF combined with GRAD proxies reproduggte well

the interannual variability of ozone, other proxggh as Aerosols, QBO, SF and AAO present smeXplanatory power

and contribute less to reduce trend uncertainties.

In the period of increasing ODS (1980-2000), theRvidnalysis shows negative and significant trends lhoth studied

periods, similar to values found in previous stadie.q. Kuttippurath et al., 2013 and de Laat gt26115). The 15Sept-

150ct period presents slightly higher negativedsein absolute value than the month of September.
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In the 2001-2017 period, positive trends are olef@ifor all scenarios. The largest trends and higigsificance are found

for the September period, with a trend value off%8 DU for the MSR-2 total ozone record using the #8600 K range

classification method. For the 15Sept-150ct peradipwer trend of 1.42 0.92 DU is obtained using the same record.

Better fit and smaller residuals are obtained fat tperiod. Differences with trend results from thtber SAT data set

evaluated in the study are not statistically sigatiit.

The ratio between trends before and after 200saccording to the studied period. Only Septerirbads present a ratio

of ~3 as expected for an ozone response to ODSutemwl However, as for other trend studies basedvidiR fit to

observations, it is not possible from this analysifully attribute the retrieved trends to ODS lexion only.

The evolution of ozone mass deficit was also amalyssing MSR-2 data. MLR analysis on this metrisficms the findings

obtained for total ozone columns, e.g. a generagtawvement of the fits with the GRAD proxy and thaimexplanatory
power provided by the GRAD, HF and PWT proxies. T@1-2017 OMD trends are higher in absolute vdbre
September (-0.88.36 Mt.yr") than for 15Sept-150ct (-0.66.33 Mt.yr)). They are significant at@level in both cases.

These results are in general good agreement witdetiobtained in De Laat et al. (2017). Similar otidns of 53 % and

35 % of OMD are computed for September and 15S8pEf respectively, which seem overestimated conisigeghe ODS
decrease during the 2001- 2017 period.

The structural uncertainties of the MLR analysikéid to the selection of proxies were not fullylgsed in this work, as in

De Laat et al. (2015). The main sensitivity testsaerned the baroclinicity of the vortex and thepact of its stability

during the studied periods. Trend differences ia tlarious scenarios analysed provide some quaitdit of related

uncertainties and are lower than the statisti@idruncertainties. Further, the large determinatimefficients obtained for

both periods analysed give confidence in the natdetrends. The Heat Flux proxy that provides #Hrgdst explanatory

power in the various fits is a well-known driverwartex temperature conditions that are the printanyses of polar ozone

depletion in periods of high ODS levels. The influe of the GRAD proxy in recent years highlights iimportance of the

vortex stability for the containment of the ozoredehduring the period of maximum depletion.

Polar ozone recovery was also evaluated by examitiie temporalevolution of-lewrelative areas occupied lozone
valdeslevels below various thresholsléithin the vortex-Areas-with-values-lowerthan-1250-and-220-BU-relative-to-the
vortex—area—were computed-using-both-datasetstmd @0K-600K ¢classification/ery small total ozone columns (<150
DU) did not occur inside the vortex before the [4880s and early 1990For the 125DU, and 150 DUand 175 DU
thresholds, relative areas-shogplaya steady decrease since the beginning of tffec@dtury, while for the00 DU and

220 DU threshold the relative aréa evolution is-merauite stable. All-three relative area curves are markethbreased

variability since 2000Relative areas related to the lowest thresholdsvsianore rapid decrease, which further points

towards polar ozone recovery. OMD records basetth®same thresholds show a similar behaviour.
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In summary, this work present clear symptoms o&pokone recovery. Recovery is found for the mafitSeptember and

for the first time for the period of maximum ozodepletion, e.g. from September 15 to October 15. Heth studied

periods, recovery is deduced from the significandifive trends in total ozone, significant negatikends of ozone mass

deficit and from the steady decrease of the ocoogef low o0zone values within the polar vortex. @8BS continue to

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

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

available from the websites given in the text andTeble 1. The satellite data used to build theosdekr proxy are available at
https://leosweb.larc.nasa.gov/project/calipso/calipgble for CALIPSO; https://eosweb.larc.nasa.gmjéet/sage2/sage2_table for
SAGE Il,  http://odin-osiris.usask.ca/  for  OSIRIS;  http#pl.nasa.gov/products/h2o_product.php  for  MLS; nda

https://ozoneagq.gsfc.nasa.gov/data/omps/ for OMPSR/ Other data as equivalent latitude and GRADy#&re 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://ac~ext.gsfc.nasa.gov/Data_services/met/ann_date 45°S-75°S at 70hF from MERRA 2
SF Dominion Radio Astrophysical Observatory (NagibResearch Monthly averages of Solar Flux at Sept.
Council Canada) 10.7cm wavelength
ftp://ftp.geolab.nrcan.gc.ca/data/solar_flux/montlalverages/solflux_
monthly_average.t
QBO Institute of Meteorology (Freie Universitét Bey Monthly mean Quasi-Biennial Sept.
http://www.geo.fu-berlin.de/en/met/ag/strat/produ@gbo Oscillation at 30 and 10hPa
Aer 1980-1990: NASA/Goddard Space Flight Center AOD@550nm, 15-30km, 40°S-65°S April
https://data.giss.nasa.gov/modelforce/strataer/ zonal mean.
Jan. 1991 —New—2018pril 2017 composite data series AOD@532nm merged satellite time
series of SAGE I, 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/cwlinl
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-{1980-201813and MSR-2 (1980-2012017 total ozone anomalies inside the vortex for
September using three classification methods desbad in Sect. 3.2. The residual is represented in DUby
2 =+/2i(obs; —mod;)?/(n — m) whereobs; andmod; correspond to observations and model monthly meam the number of
years and m the number of parameters fitted as in \&ber et al. (2017)

- - ) - - )
406K-606K 47K 550K  40C0K-60CK A47EK 556K

R 0.93 0.89 0.91 0.92 0.90 0.91
Frend-before 2001 5554071 -4.99+0.83 -5.35+0.75 5364071 -4.99+0.78 -5.27+0.75
Frend-after 2001 1874118  257+1.38  1.85+1.24 1974125 2674138 2024132
Without SE-QBO-AAQ-and-Aerosols
R 6.9z 0-8¢ 6.8¢ 051 689 689
Frend-before 2001 557+0.67  -5.07¢0.76  -5.34:0.74 -5.34+0.67 -5.05+0.72 -5.23+0.75
Frend-after 2001 1.96+1.07 2514121 2.01+1.17 2074116  267+125  2.15+1.31
¥ 11.10 12.58 1221 11.06 11.90 12.46
Without GRAD
R 0.8¢ 0.8: 0.8¢ 0.87 0.82 0.8¢
Frend-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
Frend-after 2001 2.27+1.48 2.99+1.67 2244152 216+£157  2.88+£174  2.21+161
x 14.55 16.40 14.92 1431 15.83 14.63

Multi-Sensor Reanalysis (MSR-2)

400 K-600 K 475 K 550 K
R? 0.9z 0.9¢ 0.2
Trend before 2001 -5.3140.67 -4.90+0.74 -5.23+0.68
Trend after 2001 1.84+1.03  2.36+1.16  1.92+1.07
X 10.74 12.02 11.12

Only with GRAD, HF and PWT
R? 0.91 0.8¢ 0.8¢
Trend before 2001 -5.3240.64 -5.00+0.71 -5.21+0.70
Trend after 2001 1.91+0.94  2.26+1.04  2.00+1.04
X 10.61 11.82 1.71
Only with HF and PW

R’ 0.4 0.77 0.€2
Trend before 2001 -5.34+0.84 -4.79+0.97 -5.23+0.89
Trend after 2001 2.04+1.24  2.83+1.48  2.13+1.31
X 14.04 16.03 1481
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Table 3: Idem Table 2 for Sept15-Oct15 periodSAT dataset is also presented.

- - ) - - )
400K- 475K 550K  400K-600K 475K 550K
600K
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
Without SE-QBO-AAO-and-Aerosols
RrR? 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
Without GRAD
RrR? 091 0-89 0.90 091 0.89 0.90
Trend-after 2001 1.56+1.33 2.08+1.46 1.48+1.37 1.32+£1.47 1.88+1.61 1.29+1.53
Multi-Sensor Reanalysis (MSR-2) Composite satellite data (SAT)
400K-600K 475K 550K 400K-600K 475K 550K
R 0.95 0.94 0.94 0.96 0.94 0.94
Trend before 20C -5.81+0.6( -5.55+0.6€ -5.65+0.77 -5.8€+0.57 -5.57+0.64 -5.64+0.6¢
Trend aftei2001 1.42+£0.92 1.7:+£1.01 1.58+1.02 1.70+0.87 1.9€+£0.9¢ 1.7¢+0.9¢
X 9.67 10.65 10.77 9.21 10.39 10.46
Only with GRAD, HF and PWT
R 0.94 0.93 0.93 0.95 0.93 0.93
Trend before 20C -5.8€+0.5€ -5.71+0.64 -5.67+0.6¢ -5.93+0.5€ -5.75+0.6€ -5.7C+0.65
Trenc after 200 1.21+0.83 1.42+0.95 1.35£0.94 1.4(+0.83 1.5€+0.97 1.47+0.93
X 9.35 10.68 10.65 9.35 10.84 10.55
Only with HF and PWT
R 0.87 0.82 0.86 0.88 0.83 0.87
Trend before 20C -5.8¢+0.84 -5.74+0.98 -5.7(+0.86 -5.9€+0.82 -5.7&+1.0C -5.72+0.8¢
Trend after 2001 1.45+1.24 1.70+1.45 1.57+1.27 1.63+1.21 1.82+1.47 1.68+1.24
X 14.06 16.40 14.39 13.71 16.18 14.03
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Table 4: Coefficient of determinatior?Rrends + & in Mt yr* before and after the turnaround year 2001 derik@d multi-regression
model using OMD dataset (MSR-2 total ozone columnd threshold of 220 DU, see the text) for Sep@maimd 15Sept-150ct over
1980-2017 period. The residual is represented irbly as explained in Tab. 2.

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

Only GRAD, HF and PW
RC 0.82 0.90
Trend before 20 1.2¢6+024 1.61+0.22
Trend after 2001 -0.86+0.36 -0.65+0.33
X 4.04 3.68
Only HF and PWT

R 0.78 0.85
Trend before 2001 1.29+0.26 1.61+0.27
Trend after 2001 -0.88+0.38 -0.70+0.39
X 4.37 4.44
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Figure 1: Total ozone (DU) from MSR-2 on October 72012 at 12 UT. Vortex edge position at different isgropic levels are
auditioned to the map and represented by black toight grey lines. White dot marks identify the region considered ingle the
vortex using the 400 K -600 K range classification.
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Figure 2: Evolution of total ozone of i
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$/SR-2 datasetinside the vortex averaged each year
on 15Sept-150ct period for different classificatios: standard method at 475K and 550 K represented by black and blue lines,
respectively and method considering the 40@-600K altitude range by red line. Error bars represent wice the standard error.
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Figure 3: As in Fig. 2 but only for 400K-600K clastlication on different periods: September and mid-&ptember to mid-October.
Error bars represent 20.
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Figure 4: Relative difference between MSR2 and SAT ean total ozone inside the vortex for September (¢ curve) and 15Sept-

150ct (red curve) periods. Horizontal dash lines aoespond to the mean bias between data series.
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Figure 5: Time series of April monthly mean AOD at 82nm within 40°S-65°S and 15-30km of normalised Saet al., 1993 dataset 3
(see main text) and from satellites (SAGE Il, OSIRISCALIOP, OMPS). The corresponding merged data is rpresented by the 10 1980 1985
5 bold line. Subprimé:
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Figure 6: Heat Flux (top panel) and Gradient - GRAD(bottom panel) anomaliesfor the 15Sept-150ct period before removing a
polynomial fit of 3™ order (black line), fit (grey line) and after removing the fit (blue/red line).
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Figure 7: Anomalies of the linear functions beforeand after 2001 (t11 and t2, respectively) and paratiic function (t12) that Supprimé:

correspond to the PWT proxy (see Eq. 2 to 5). Each prg anomaly is normalised by the corresponding staratd deviation.
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Figure 8: Deseasonalised total ozone inside the vex of SAT MSR-2 series (meas) and regression model (model) for Septber
using 400K-600 K classification (top panel). Contributions of proxes are also shown: Heat Flux - HF, gradient - GRARnd the
combination of both HF+GRAD (second panel); solarlfix - SF, QBO (QBO at 30hPa + QBO at 50hPa), Antarcti©scillation -
AAO and Aerosol - Aer (third panel); and PWLT PWT (bottom panel). Ozone anomalies and contributionsfg@roxies are given in
DU.
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Figure 9: As in Fig. 7 for 15Sept-150ct.
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Figure 10: Residual (in DU) with and without contribution of GRAD proxy for September (top panel) and15Sept-150ct period
(bottom panel)
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Figure 11: OMD (in Mt) computed from total columns of MSR-2 dataset lower than 220 DU and south of 68°for September (left
panel) and 15Sept-150ct (right panel). Regressed luas by MLR analysis using GRAD, HF and PWT are alsshown as well as

the fitted PWT proxy.
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Figure 11 12 Relative area inside the vortex (in %) with valus lower than-35 level thresholds (125, 150175, 200and 220 DU)
computed from MSR-2-ard-FOMS/OMIT datasets using 40&-600 K classification on 15Sept-150ct periodtop panel) OMD (in
Mt) time series computed from MSR-2 total ozone dat for the same 5 thresholds and time period are diayed in the bottom
panel.
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Figure 13: Start day of occurrences of total ozonkevels lower than different thresholds (125, 150,76, 200 and 220 DU) computed
from the MSR-2 dataset using the 400 K-600 K cladiiation between September % and October 18",
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