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Abstract

In this paper, we present the global fingerprintexfent changes in the mid-upper stratospheric
(MUSt; <25hPa) ozone #in comparison with the lower stratospheric (LE50-25 hPa) ©
derived from the first 10 years of the IASI/Metopsatellite measurements (January 2008 —
December 2017). The IASI instrument provides vatyeresolved Q@ profiles with very high
spatial and temporal (twice daily) samplings, alloggvto monitor @ changes in these two
regions of the stratosphere. By applying multiviari@gression models with adapted geophysical
proxies on daily mean {Jime series, we discriminate anthropogenic trénai® various modes

of natural variability, such as the El Niflo/South@scillation — ENSO. The representativeness
of the Q response to its natural drivers is first examin®de important finding relies on a
pronounced contrast between a positive LStré€sponse to ENSO in the extra-tropics and a
negative one in the tropics, with a delay of 3 rhantvhich supports a stratospheric pathway for
the ENSO influence on lower stratospheric and tspperic Q. In terms of trends, we find an
unequivocal @recovery from the available period of measurementginter/spring at mid-high
latitudes for the two stratospheric layers sourtgethASI (>~35°N/S in the MUSt and >~45°S in
the LSt) as well as in the total columns at southatitudes (>~45°S) where the increase reaches
its maximum. These results confirm the effectivened the Montreal protocol and its
amendments, and represent the first detectionsgjraficant recovery of @concurrently in the
lower, in the mid-upper stratosphere and in thaltcblumn from one single satellite dataset. A
significant decline in @ at northern mid-latitudes in the LSt is also detdc especially in
winter/spring of the northern hemisphere. Givennteracting trends in LSt and MUSt at these
latitudes, the decline is not categorical in td@al When freezing the regression coefficients
determined for each natural driver over the whél8llperiod but adjusting a trend, we calculate
a significant speeding up in the @sponse to the decline o @epleting substances (ODS) in
the total column, in the LSt and, to a lesser dxtenthe MUSt, at high southern latitudes over
the year. Results also show a small significantlacation of the @decline at northern mid-
latitudes in the LSt and in the total column ovse tast years. That, specifically, needs urgent
investigation for identifying its exact origin arabprehending its impact on climate change.
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Additional years of IASI measurements would, howgbe required to confirm thes@hange
rates observed in the stratospheric layers oveattegears.

1 Introduction

Ozone is a key radiatively active gas of the Eatthosphere, in both the troposphere and the
stratosphere. While, in the troposphere; &ts as a strong pollutant and an important
greenhouse gas, in the stratosphere and, moreparty, in the middle-low stratosphere, it
forms a protective layer for life on Earth agaihsirmful solar radiation. In the 1980s, the
scientific community motivated decision-makers tgulate the use of chlorofluorocarbons
(CFCs), after the unexpected discovery of the girme Antarctic ozone hole (Chubachi, 1984;
Farman et al., 1985) that was suspected to be @adbg continued use of CFCs (Molina and
Rowland, 1974; Crutzen, 1974); The @epletion was later verified from measuremenistlaer
Antarctic sites (e.g. Farmer et al., 1987) and featellite observations (Stolarski et al., 1986),
and explained by the role of CFC’s on the masde®ruction of @ following heterogeneous
reactions on the surface of polar stratosphericiddo(Solomon, 1986; 1999 and references
therein). The world’s nations reacted to that huoaumsed worldwide problem by ratifying the
International Vienna Convention for the Protectafrihe Ozone Layer in 1985 and the Montreal
Protocol in 1987 with its later amendments, whiaftéd the progressive banning of these ozone
depleting substances (ODS) in industrial applicetiby early 1990s with a total phase-out of the
most harmful CFCs by the year 2000.

A recovery from @ depletion is expected in response to the MontR@tocol and its
amendments, but with a delayed period due to thg lesidence time of halocarbons in the
atmosphere (Hofmann et al., 1997; Dhomse el aD620VMO, 2007; 2011). The decline of
CFCs in the stratosphere was only initiated ab@uydars after their phasing out (Anderson et
al., 2000; Newman et al., 2006; Solomon et al.,620Plader et al., 2010; WMO, 2011; 2014).
The early signs of ozone response to that declee wdentified in several studies that reported
first a slowdown in stratospheric ozone depletierg.( Newchurch et al., 2003; Yang et al.,
2008), followed by a leveling off of upper stratbspc (e.g. WMO, 2007) and totals@e.g.
WMO, 2011; Shepherd et al., 2014) depletion silee2000’s. A significant onset of recovery
was identified later for upper stratospheri¢(©.g. WMO, 2014; 2018; Harris et al., 2015). Only
a few studies have shown evidence for increasimg wlumn Q in polar regions during
springtime (e.g. Salby et al., 2011; Kuttippurathak, 2013; Shepherd et al., 2014; Solomon et
al., 2016). Statistically significant long-term o#ery in total @ column (TOC) on a global scale
has not yet been observed, likely because of coactieg trends in the different vertical
atmospheric layers. Ball et al. (2018) have foumat ta continuing ©decline prevails in the
lower stratosphere since 1998, leading to a slom@ease in total ©than expected from the
effective equivalent stratospheric chlorine (EE8€grease. However, the reported decline is not
reproduced by the state-of-the-art models andx&tereasons are still unknown (Ball et al.,
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2018). Wargan et al. (2018) and Galytska et al1920ecently reported that the decline in the
extratropical lower stratosphere and tropical ntrdtesphere is dynamically controlled by
variations in the tropical upwelling.

Although recent papers based on observational elstasid statistical approaches agree that we
currently progress towards an emergence into ogerwvery (e.g. Pawson et al., 2014; Harris et
al., 2015; Steinbrecht et al., 2017; Sofieva et2017; Ball et al., 2018; Weber et al., 2018),
trend magnitude and trend significance over thelevetratosphere substantially differ from one
study to another and, consequently, they aresstbject to uncertainty (Keeble et al., 2018). A
clear identification of the onset ofs@ecovery is very difficult due to concurrent se@sof Q
fluctuations (e.g. Reinsel et al., 2005; WMO, 20@011). They include: changes in solar
ultraviolet irradiance, in atmospheric circulatipatterns such as the quasi-biennial oscillation
(QBO; Baldwin et al., 2001) and the El Nifio—South@scillation (ENSO; e.g. Randel et al.,
2009), in temperature, in ODS emissions and votcaniptions (e.g. Mt Pinatubo in 1991 and
Calbuco in 2015) with their feedbacks on stratogsphitemperature and dynamics (e.g. Jonsson
et al., 2004). Furthermore, the differences in igaltspatial resolution and in retrieval
methodologies (inducing biases), possible instrualetegradations (inducing drifts), and use of
merged datasets into composites, likely explaint pérthe trend divergence between various
studies. Merging may be performed on deseasonadizethalies, which offers the advantage of
removing instrumental biases between the individiaéh records (Sofieva et al., 2017) but large
differences remain in anomaly values between tliepgendent datasets, as well as large
instrumental drifts and drift uncertainty estimatést prevent deriving statistically accurate
trends (Harris et al., 2015; Hubert et al., 2016).

In this context, there is a pressing need for Idagation, high-density and homogenized O
profile dataset to assess significarg €hanges in different parts of the stratosphere thed
contributions to the total O

In this paper, we exploit the high frequency (da#yd spatial coverage of the IASI satellite
dataset over the first decade of the mission (Jg2@08 — December 2017) to determine global
patterns of reliable trends in the stratospherig r€cords, separately in the Mid-Upper
Stratosphere (MUSt) and the Lower Stratosphere)(03tis study is built on previous analysis
of stratospheric ®©trends from IASI, estimated on latitudinal avemgser a shorter period
(2008-2013) (Wespes et al., 2016). A multivariatedr regression (MLR) model (annual and
seasonal formulations) that is similar to that pyesly used for troposphericsGtudies from
IASI (Wespes et al., 2017; 2018), but adapted faréhe stratosphere with appropriate drivers,
is applied to gridded daily mearns @me series in the MUSt and the LSt. The MLR moidel
evaluated in terms of its performance and its @fiiti capture the observed variability in Section
2, in terms of representativeness of divers in Section 3 and in terms of adjusted dseim

Section 4. The minimum numbers of years of IASI sueaments that is required to indeed
3
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detect the adjusted trends from MLR in the two tayie also estimated in Section 4 that ends
with an evaluation of the trends detectable in pafater and spring and with an evaluation of a
speeding up in the{Zhanges.

2 Dataset and methodology
2.11ASI Oszdata

The Infrared Atmospheric Sounding Interferomet&S(l) is a nadir-viewing Fourier transform
spectrometer designed to measure the thermal éaframission of the Earth-atmosphere system
between 645 and 2760 chmMeasurements are taken from the polar sun-synohio orbiting
meteorological Metop series of satellites, everksDalong the track of the satellite at nadir and
over a swath of 2200 km across track. With mora thé orbits a day and a field of view of four
simultaneous footprints of 12 km at nadir, IASI yides global coverage of the Earth twice a
day at about 09:30 AM and PM mean local solar time.

The Metop program consists of a series of threatida satellites successively launched to
ensure homogenous measurements covering more thaeats. Metop-A and —B have been
successively launched in October 2006 and Septe2®E2. The third and last satellite was
launched in November 2018 onboard Metop-C. In @midito its exceptional spatio-temporal
coverage, IASI also provides good spectral resmiuéind low radiometric noise, which allows
the measurement of a series of gas-phase spedleaeaosols globally (e.g. Clerbaux et al.,
2009; Hilton et al., 2012; Clarisse et al., 2018).

For this study, we use the; Profiles retrieved by the Fast Optimal RetrievaisLayers for IASI
(FORLI-Og3; version 20151001) near-real time processing chetiug at ULB (See Hurtmans et
al, 2012 for a description of the retrieval paranetand the FORLI performances). The FORLI
algorithm relies on a fast radiative transfer ancktaieval methodology based on the Optimal
Estimation Method (Rodgers, 2000) that requiresriaripinformation (a priori profile and
associated variance-covariance matrix). The FORL& @riori consists of one single profile and
one covariance matrix built from the global Logaatsbw/McPeters climatology (McPeters et
al., 2007). The profiles are retrieved on a unifdrikm vertical grid on 41 layers from surface to
40 km with an extra layer from 40 km to the tophad atmosphere considered at 60 km. Previous
characterization of the FORLIsOprofiles (Wespes et al., 2016) have demonstratepbc
vertical sensitivity of IASI to the @measurement with up to 4 independent levels afrmétion
on the vertical profile in the troposphere and sk@tosphere (MUSt; LSt; upper troposphere-
lower stratosphere — UTLS — 300-150 hPa; middledmposphere — MLT — below 300 hPa).
The two stratospheric layers that show distincppatterns of @ distributions over the IASI
decade (Fig. 1a) are characterized by high seitgifiboOFS > 0.85; Fig. 1b) and low total
retrieval errors (<5%; see Hurtmans et al., 2012sp¥¢s et al., 2016). The decorrelation between
4
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the MUSt and the LSt is further evidenced in Fig.that shows low correlation coefficients (<
0.4) between the mean absolute deseasonalized be®ifas calculated in Wespes et al., 2017)
in the two layers (Fig. 1c). Note that the highestrelation coefficients over the Antarctic (~0.4)
are due to the smaller vertical sensitivity of tA&1 measurements over cold surface (Clerbaux
et al., 2009). The latest validation exercisestier FORLI-Q product have demonstrated a high
degree of precision with excellent consistency leetwthe measurements taken from the two
IASI instruments on Metop-A and -B, as well as adjaegree of accuracy with biases lower
than 20% in the stratospheric layers (Boynard .eR8ll8; Keppens et al. 2017). Thanks to these
good IASI-FORLI performances, large-scale dynammcaties of @variations and long-termz0
changes can be differentiated in the four retrielagrs (Wespes et al.,, 2016). The recent
validations have, however, reported a drift in BidSt FORLI-O; time series from comparison
with Oz sondes in the northern hemisphere (N.H.) (~3.383®U.decadé on average over
2008-2016; Boynard et al., 2018) that was suggestedsult from a pronounced discontinuity
(“jump”) rather than from a progressive change.tlvemr comparisons with CTM simulations
from the Belgian Assimilation System for ChemicdigBrvations (BASCOE; Chabrillat et al.,
2018; Errera et al.,, 2019) confirm this jump thacwred on 15 September 2010 over all
latitudes (see Fig. S1 of the supplementary mds$gridhe discontinuity is suspected to result
from updates in level-2 temperature data from Esatdhat are used as inputs into FORLI (see
Hurtmans et al., 2012). Hence, the apparent diforted by Boynard et al. (2018) likely results
from the jump rather than from a progressive “imstental” drift. This is verified by the absence
of drift in the Q time series after the jump (non-significant ddft-0.38+2.24 DU.decadeon
average over October 2010 — May 2017; adapted Boymard et al., 2018). This is in line with
the excellent stability of the IASI Level-1 radiascover the full I1ASI period (Buffet et al.,
2016). From the IASI-BASCOE comparisons, the amghbt of the jump has been estimated as
lower than 2.0 DU in the 55°S-55°N latitude band 40 DU in the 55°-90° latitude band of
each hemisphere. The estimated amplitude of thep jisnfound to be relatively small in
comparison to that of the decadal trends derive@aation 4, hence, it cannot explain the
tendency in the IASI dataset. Therefore, the jusymat taken into account in the MLR. The
jump values will be, however, considered in thedssion of the @trends (Section 4).

Finally, the present study only uses the daytimasuements (defined with a solar zenith angle
to the sun < 83°) from the IASI-A (aboard MetopiAgtrument that fully covers the first decade
of the IASI mission. The daytime measurements hegacterized by a higher vertical sensitivity
(e.g. Clerbaux et al., 2009). Quality flags develbm previous IASI studies (e.g. Boynard et al.,
2018) were applied a posteriori to exclude datdn \&itpoor spectral fit, with less reliability or
with cloud contamination.

2.2 Multivariate regression model
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In an effort to unambiguously discriminate anthrggic trends in ®levels from the various
modes of natural variability (illustrated globalty Fig.1c as deseasonalized anomalies), we have
applied to the 2.5°x2.5° gridded daily MUSt and Gsttime series, a MLR model that is similar
to that previously developed for tropospheri¢ $udies from IASI (see Wespes et al., 2017;
2018) but here adapted to fit the stratospheri@tians:

O,()=Cst+ x, Ctrenck Y[ altos(w )+ psin(@ 1+3) X %o, (K (. 1

j=2

wheret is the number of days, is the trend coefficient in the data= 2n/365.25,4a,,b,, x; are

10 Y
the regression coefficients of the seasonal andseasonal variables ang) is the residual
variation (assumed to be autoregressive with tiage of 1 day)X . are them chosen

norm, j
explanatory variables, commonly called “proxieshieh are normalized over the study period
(2008 — 2017) with:

Xnorm(t) = 2[X(t) - Xmedian] /[Xmax - Xmin] (2)

In addition to harmonic terms that represent the and 6-month variations, the MLR model
includes the anthropogenics @sponse through a linear trend (LT) term andtafproxies to
parameterize the geophysical processes influerthimgbundance ofOn the stratosphere. The
MLR uses an iterative stepwise backward eliminati@proach to retain, at the end of the
iterations, the most relevant proxies (with a 958afidence level) explaining thesQ@ariations
(e.g. Méder et al.,, 2007). Table 1 lists the sekbgtroxies, their sources and their temporal
resolutions. The proxies describe the influencéhef Quasi-Biennial Oscillation (QBO; visible
from the deseasonalized anomaly maps in Fig.1c witlpical band-like pattern around the
Equator) at 10 hPa and 30 hPa, of the North Atdaatid the Antarctic Oscillations (NAO and
AAOQ), of the EI Nifio/Southern Oscillation (ENSOY, the volcanic aerosols (AERO) injected
into the stratosphere, of the strength of the Brebabson circulation (BDC) with the Eliassen-
Palm flux (EPF), of the polar£boss driven by the volume of polar stratosphelocids (VPSC),

of the tropopause height variation with the geopidé height (GEO) and of the mixing of
tropospheric and stratospheric air masses wittptitential vorticity (PV). The main proxies in
terms of their influence on{are illustrated in Fig. 2 over the period of tA&SI mission. The
construction of the EPF, VPSC and AERO proxies,ciiare specifically used in this study, is
explained hereafter, while the description of tlieeo proxies can be found in previous IASI
studies (Wespes et al., 2016; 2017).

The EPF proxy consists of the normalized upwardpmmnt of the EP flux crossing 100 hPa
and spatially averaged over the 45°-75° latitudadb&or each hemisphere. The fluxes are
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calculated from the NCEP/NCAR 2.5°x2.5° griddediydaeanalysis (Kalnay et al., 1996) over
the IASI decade. The VPSC proxy is based on thenpial volume of PSCs given by the volume
of air below the formation temperature of nitriacatrihydrate (NAT) over 60°-90° north and
south and calculated from the ERA-Interim reanalysid from the MLS climatology of nitric
acid (1. Wohltmann, private communication; Wohltmagt al., 2007; and references therein).
The PSC volume is multiplied by the EESC to accolantthe changes in the amount of
inorganic stratospheric chlorine that activatesgbkar ozone loss. Thes@uild-up and the polar
O3 loss are highly correlated with wintertime accuateti EP flux and PSC volume, respectively
(Fusco and Salby, 1999; Randel et al., 2002; Faeland Shepherd, 2003 and Rex et al., 2004).
These cumulative EP flux and PSC effects grie®els are taken into account by integrating the
EPF and VPSC proxies over time with a specific egmial decay time according to the
formalism of Brunner et al. (2006; see Eq. 4). Ve the relaxation time scale to 3 months
everywhere, except during the wintertime build-inage of @ in the extratropics (from October
to March in the N.H. and from April to Septembetthe southern hemisphere - S.H.) when it is
set to 12 months. For EPF, it accounts for the stawlaxation time of extratropicak@ winter
due to its longer photochemical lifetime. For VP3@ 12-month relaxation time accounts for a
stronger effect of stratospheric chorine on spirglevels: the maximum of the accumulated
VPSC (Fig. 2) coincides with the maximum extentOafhole that develops during springtime
and that lasts until November. Note that corretetibetween VPSC and EPF are possible since
the same method is used to build these cumulatwegs. VPSC and EPF are also dynamically
anti-correlated to some extent since a strong B®Connected with warm polar stratospheric
temperatures and, hence, reduced PSC volume (elgtiann et al., 2007).

The AERO proxy is derived from aerosol optical de@tOD) of sulfuric acid only. That proxy
consists of latitudinally averaged (22.5°N-90°N ERO-N, 22.5°S-90°S — AERO-S and 22.5°S-
22.5°N — AERO-EQ) extinction coefficients at 12 |cadculated from merged aerosol datasets
(SAGE, SAM, CALIPSO, OSIRIS, 2D-model-simulationdahotometer; Thomason et al.,
2018) and vertically integrated over the two IAShtospheric ® columns (AERO-MUSt and
AERO-LSt). Fig.2 shows the AERO proxies (AERO-N,RB-S and AERO-EQq) corresponding
to the AOD over the whole stratosphere (150-2 hRdile Fig.3 represents the latitudinal
distribution of the volcanic sulfuric acid extinmti coefficients integrated over the whole
stratosphere (top panel) and, separately, oveMbé&t (middle panel) and the LSt (bottom
panel) from 2005 to 2017. The AOD distributionsigade the need for considering one specific
AERO proxy for each latitudinal band (AERO-N, AERSDand AERO-EQq) and for each vertical
layer (AERO-MUSt and AERO-LSt). Note that, as ateralative proxy to AERO, the surface
area density of ambient aerosol, that represergsadrosol surface available for chemical
reactions, has been tested, giving similar results.

Note also that, similarly to what has already bfsemd for tropospheric ©&from IASI (Wespes

et al., 2016), several time-lags for ENSO (1-,13d &month lags; namely, ENSO-lagl, ENSO-
7
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lag3 and ENSO-lag5) are also included in the MLRJeldo account for a possible delay in the
Os response to ENSO at high latitudes.

Finally, autocorrelation in the noise residudt) (see Eq. 1 in Wespes et al., 2016) is accaunte
for in the MLR analysis with time lag of one dayyield the correct estimated standard errors
for the regression coefficients. They are estimé#itech the covariance matrix of the regression
coefficients and corrected at the end of the ireegbrocess by the autocorrelation of the noise
residual. The regression coefficients are consdisignificant if they fall in the 95% confidence
level (defined by & level).

In the seasonal formulation of the MLR model, thaimproxies ;X with x;, the

norm,j ?

regression coefficient anX the normalized proxy) are split into four seasdoactions

norm,j ?

( Xsprx X X + Xfall xnorm, fall + Xwint Xnorm,wint ) that are independently and

normspr "+ Ksum”™ normsum
simultaneously adjusted for each grid cell (Weseesl., 2017). Hence, the seasonal MLR
adjusts 4 coefficients (instead of one in the ahMiaR) to account for the seasonas 2sponse

to changes in the proxy. If that method avoidswereconstrain the adjustment by the year-round
proxies and, hence, reduces the systematic etf@ssmaller daily data points covered by the
seasonal proxies translate to a lower significasfcthese proxies. This is particularly true for

EPF and VPSC that compensate each other by cotistruds a consequence, the annual MLR
is performed first in this study and, then, compdated with the seasonal one when it is found
helpful for further interpreting the observations.

Figure 4 shows the latitudinal distributions of tecolumns in the two stratospheric layers over
the IASI decade (first panels in Fig.4 a and b)wa#l as those simulated by the annual MLR
regression model (second panels) along with theessgpn residuals (third panels). The root
mean square erroRMSH of the regression residual and the contributibthe MLR model into

Fitted_mode|
the IASI & variations (calculated ag(03 (t))
a(o,(1))

to the regression model and to the IASI time sebettom panels) are also represented (bottom
panels). The results indicate that the model repres ~25-85% and ~35-95% of the daily O
variations captured by IASI in the MUSt and the ,uS$spectively, and that the residual errors
are generally lower than 10% everywhere for the layers, except for the spring @ole region

in the LSt. TheRMSEt-elative to the 1ASI @time series are lower than 15 DU and 20 DU at
global scale in the MUSt and the LSt, respectivekcept around the S.H. polar vortex in the
LSt (~30 DU). On a seasonal basis (figure not shotte results are only slightly improved: the
model explains from ~35-90% and ~45-95% of the ahwariations and th&@MSEare lower
than ~12 DU and ~23 DU everywhere, in the MUSt #mel LSt, respectively. These results
verify that the MLR models (annual and seasongdja@duce well the time evolution of:@ver

whereo is the standard deviation relative

8
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the IASI decade in the two stratospheric layers aedce, that they can be used to identify and
quantify the main @drivers in these two layers (see Section 3).

The MLR model has also been tested on nighttime IH@R measurements only and
simultaneously with daytime measurements, butrégsslted in a lower quality fit, especially in
the MUSt over the polar regions. This is due to sheller vertical sensitivity of IASI during
nighttime measurements, especially over cold sarfadich causes larger correlations between
stratospheric and tropospheric layers (e.g. 40-60%%gh northern latitudes versus ~10-20% for
daytime measurements based on deseasonalized @&s)mahd, hence, which mixes
counteracting processes from these two layers.tiisrreason, only the results for the MLR
performed on daytime measurements are presentedisngsed in this paper.

3 Driversof Oz natural variations

Ascribing a recovery in stratospherig @ a decline in stratospheric halogen speciesinegju
first identifying and quantifying natural cyclesathmay produce trend-like segments in the O
time series, in order to prevent any misinterpretadf those segments as signs afr€covery.
The MLR analysis performed in Section 2.2 that ¥easd to give a good representation of the
MUSt and LSt Q records shows distinctive relevant patterns feritidividual proxies retained
in the regression procedure, as represented inS-ighe fitted drivers are characterized by
significant regional differences in their regresstmefficients with regions of in-phase relation
(positive coefficients) or out-of-phase relatiore@ative coefficients) with respect to the IASI
stratospheric @anomalies. The areas of significant drivers (i@ #5% confidence limit) are
surrounded by non-significant cells when accountorghe autocorrelation in the noise residual.
Figures 6 a and b respectively represent the tatitl averages of the fitted regression
coefficients for the significant proxies showinditladinal variation only in the ©response
(namely, QBO, EPF, VPSC, AERO and ENSO) and ofctivdribution of these drivers into the
Os variability (calculated as the product of the \ariability of each proxy by its corresponding
fitted coefficient, i.e. the @variability of the reconstructed proxies). The@s variability in the
IASI measurements and in the fitted MLR model ds® aepresented (black and grey lines,
respectively). Figure 7 displays the same resdltBig. 6b but for the austral spring and winter
periods only (using the seasonal MLR).

The PV and GEO proxies are generally minor comptnénot shown here) with relative
contributions smaller than 10% and large standenxate(>80%), except in the tropics where the
contribution for GEO reaches 40% in the LSt du¢hetropopause height variation. Each other
adjusted proxy (QBO, SF, EPF, VPSC, AERO, ENSO, NA@l AAO) is an important
contributor to the @variations, depending on the layer, region, ardce as described next:
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1. QBO - The QBO at 10hPa and 30hPa are importantibatdrs around the Equator for

the two stratospheric layers. It shows up as ac@ydiand-like pattern of high positive
coefficients confined equatorward of ~15°N/S whitie QBO is known to be a dominant
dynamical modulation force associated with strongvective anomalies (e.g. Randel
and Wu, 1996; Tian et al., 2006; Witte et al., 2008 that latitude band, QBO10 and
QBO30 explain up to ~8 DU and ~5 DU, respectiveliythe MUSt and LSt yearly ©
variations (see Fig. 5 and 6b; i.e. relative cdwtiions up to ~50% and ~40% for
QBO10/30 in MUSt and LSt Hrespectively). The QBO is also influencing @riations
poleward of 60°N/S with a weaker correlation betw&e and equatorial wind anomalies
as well as in the sub-tropics with an out-of-ph&s@sition. That pole-to-pole QBO
influence results from the QBO-modulation of ext@pical waves and its interaction
with the BDC (e.g. Fusco and Salby, 1999). A prowaa seasonal dependence is
observed in the out-of-phase sub-tropical @domalies in the MUSt, with the highest
amplitude oscillating between the hemispheres @ir ttespective winter (~5 DU of O
variations explained by QBO10/30 at ~20°S during dad at ~20°N during DJF; see
Fig. 7b for the JJA period in the MUSt the DJF pdris not shown), which is in
agreement with Randel and Wu (1996). The amplitofddaie QBO signal is found to be
stronger for QBO30 than for QBO10 in the LSt, whishin good agreement with studies
from other instruments for the totak @¢.g. Baldwin et al., 2001; Steinbrecht et alQ&0
Frossard et al., 2013; Coldewey-Egbers et al., pa@hd from IASI in the troposphere
(Wespes et al., 2017). The smaller amplitude efr€sponse to QBO10 in the LSt
compared to the MUSt is again in agreement witlviptes studies that reported changes
in phase of the QBO10 response as a function bfi@dt with a positive response in the
upper stratosphere and destructive interferent¢cleemid-low stratosphere (Chipperfield
et al., 1994; Brunner et al., 2006).

. SF - In the MUSt layer, the solar cycle @sponse is one of the strongest contributors

and explains globally between ~2 and 15 DU of iageh @ variations (i.e. higher ©
values during maximum solar irradiance) with thegést amplitude over the highest
latitude regions (see Fig. 5; relative contributignto ~20%). The solar influence in LSt
is more complex with regions of in-phase and ouplzdise @ variations. The impact of
solar variability on stratospherics@bundance is due to a combination of processes: a
modification in the @ production rates in the upper stratosphere indigedhanges in
spectral solar irradiance (e.g. Brasseur et aB3),%he transport of solar proton event-
produced N@from the mesosphere down to the mid-low stratospinere it decreases
active chlorine and bromine and, hence,d®@struction (e.g. Jackman et al., 2000; Hood
and Soukharev, 2006; and references therein) whalehances the {destruction in the
MUSt through NQ catalysed cycles, and its impact on the lowetadpheric dynamics
including the QBO (e.g. Hood et al., 1997; Zeredbdsal., 1997; Kodera and Kuroda,

2002; Hood and Soukharev, 2003, Soukharev and H2@@G). As for the QBO, the
10
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strong SF dependence at polar latitudes in the vi8t zonal asymmetry in the 0
response reflects the influence of the polar vosteangth and of stratospheric warmings,
and are in good agreement with previous results (@ood et al., 1997; Zerefos et al.,
1997; Labitzke and van Loon, 1999; Steinbrechtlet2803; Coldewey-Egbers et al.,
2014). Itis also worth noting that because omig solar cycle is covered, the QBO and
SF effects could not be completely separated bectusy have a strong interaction
(McCormack et al., 2007).

. EPF - The vertical component of the planetary wBliassen-Palm flux entering the

lower stratosphere corresponds to the divergentbeofvave momentum that drives the
meridional residual Brewer-Dobson circulation. freement with previous studies (e.g.
Fusco and Salby, 1999; Randel et al., 2002; Bruebhed., 2006; Weber et al., 2011),
fluctuations in the BDC are shown to cause charayestratospheric ©distribution
observed from IASI: EPF largely positively contriesi to the LSt @variations at high
latitudes of both hemispheres where ©® accumulated because of its long chemical
lifetime, with amplitude ranging between ~20 an® TJ (see Fig. 5 and 6; i.e. relative
contribution of ~35-150%). The influence of the Ed¥€reases at lower latitudes where a
stronger circulation induces more @ansported from the tropics to middle-high ladis
and, hence, a decrease iglévels particularly below 20 km (Brunner et al00B). The
influence of EP fluxes in the Arctic is the smallessummer (see Fig.7; <~35 Dig~70
DU in fall; the two other seasons are not showrg thuthe later @build-up in polar
vortices. In the S.H., because of the formatiothefQ hole, the EP influence is smaller
than in the N.H. and the seasonal variations ase hearked. In the MUSt, thezO
response attributed to variations in EPF is pasifiv both hemispheres, with a much
lower amplitude than in the LSt (up to ~20-35 DWhe region of out-of-phase relation
with negative EPF coefficients over the high south&titudes (Fig. 5b) is likely
attributable to the influence of VPSC that has @atrons with EPF by construction (see
Section 2.2). Furthermore, given the annual osmla in EPF, compensation by the 1-yr
harmonic term (eq. 1, Section 2) is found, but emains weaker than the EPF
contribution (data not shown), in particular atthigtitudes where the EPF contribution
is the largest.

. VPSC - Identically to EPF, VPSC is shown to maiobntribute to @ variations in LSt

over the polar regions (~55 DU or 40% in the N\vsl~60 DU or 85% in the S.H. on a
longitudinal average; see Fig. 6b) but with an @igophase (Fig. 5 and 6a). The
amplitude of the @response to VPSC reaches its maximum over thdeoutatitudes
during the spring (~60 DU; see Fig.7a for the alspring period), which is consistent
with the role of PSCs on the polas @epletion when there is sufficient sunlight. The
strong VPSC influence found at high northern lak#s in fall (Fig. 7a) are due to

compensation effects with EPF as pointed out alamee verified from sensitivity tests
11
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5.

(not shown). Note also that the VPSC contributiomoi MUSt reflects the larger
correlation between the two stratospheric layemr dlre southern polar region (Section
2.1, Fig. 1d).

AERO - Five important volcanic eruptions with strigpptheric impact occurred during the
IASI mission (Kasatochi in 2008, Sarychev in 208@&bro in 2011, Sinabung in 2014
and Calbuco in 2015; see Fig.3). The two major tawap of the last decades, El Chichon
(1982) and Mt. Pinatubo (1991), which injected wuljases into the stratosphere, have
been shown to enhance PSCs particle abundance&if altitude), to remove NO
(through reaction with the surface of the sulfia@rosol to form nitric acid) and, hence,
to make the ozone layer more sensitive to actidericle (e.g. Hofmann et al., 1989;
Hofmann et al., 1993; Portmann et al., 1996; Soloetoal., 2016). Besides this chemical
effect, the volcanic aerosols also warm the stpitese at lower latitudes through
scattering and absorption of solar radiation, whigtther induces indirect dynamical
effects (Dhomse et al., 2015; Revell et al., 20E¥en though the recent eruptions have
been of smaller magnitude than El Chichon and NtiatBbo, they produced sulphur
ejection through the tropopause into the stratagp{sze Section 2.2, Fig.2 and Fig.3), as
seen with AOD reaching 5x%0over the stratosphere (150-2 hPa), especiallpatg
the eruptions of Nabro (13.3°N, 41.6°E), Sinabudi@ N, 98.3°E) and Calbuco (41.3°S,
72.6°W). In the LSt, the regression supports araeodd @ depletion over the Antarctic
in presence of sulfur gases with a significantlgateve annual @response reaching ~25
DU (i.e. relative contribution of ~20% intosQariation; see Fig. 5b). On the contrary,
enhanced ©levels in response to sulfuric acid are foundhie MUSt with a maximum
impact of up to10 DU (i.e. relative contribution ©€20% into the @ variation; see Fig.
5a) over the Antarctic. The change in phase irGheesponse to AERO between the LSt
(~15-25 km) and the MUSt (~25-40 km) over the Actiar as well as between polar and
lower latitudes in the LSt (see Fig.5 and 6a), agrell with the heterogeneous reactions
on sulfuric aerosol surface which reduce the comagan of NQ to form nitric acid,
leading to enhancedz:Qevels above 25 km but leading to decreasede@els due to
chlorine activation below 25 km (e.g. Solomon et 4B96). On a seasonal basis, the
depletion due to the presence of sulfur gases esacBO DU on a longitudinal average,
over the S.H. polar region during the austral gpiieee Fig.7a) highlighting the link
between volcanic gases converted to sulfate aer@sal heterogeneous polar halogen
chemistry.

NAO — The NAO is an important mode of global climatariability, particularly in
northern winter. It describes large-scale anomatiesea level pressure systems between
the sub-tropical Atlantic (Azores; high pressurestegn) and sub-polar (Iceland; low
pressure system) regions (Hurrell, 1995). It disduthe location and intensity of the

North Atlantic jet stream that separates these i®gions depending on the phase of
12
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NAO. The positive (negative) phase of the NAO cgpands to larger (weaker) pressure
difference between the two regions leading to gfeorwesterlies (easterlies) across the
mid-latitudes (Barnston and Livezey, 1987). The fwessure system regions are clearly
identified in the stratospherics@esponse to NAO, particularly in the LSt, with piee
regression coefficients above the Labrador-Greehlagion and negative coefficients
above the Euro-Atlantic region (Fig. 5b). Above ghdwo sectors, the positive phase
induces, respectively, an increase and a decradsstiQ levels. The negative phase is
characterized by the opposite behaviour. That NAdftepn is in line with previous
studies (Rieder et al., 2013) and was also obsdreedlASI in tropospheric @(Wespes

et al., 2017). The magnitude of annual LS édanges attributed to NAO variations
reaches ~20 DU over the in-phase Labrador regien ¢ontribution of 25% relative to
the & variations), while a much lower contribution isufw for the MUSt (~4 DU or
~10%). The NAO coeffficient in the LSt also showstt the influence of the NAO
extends further into northern Asia in the caserolgnged NAO phases. The NAO has
also been shown to influence the propagation ofesamto the stratosphere, hence, the
BDC and the strength of the polar vortex in the Nrhid-winter (Thompson and
Wallace, 2000; Schnadt and Dameris, 2003; Rind.e2@05). That connection between
the NAO and the BDC might explain the negative aalgnmn the Q response to EPF in
the LSt over northern Asia which matches the regiomegative response to the NAO.

. AAO - The extra-tropical circulation of the S.H.dsven by the Antarctic oscillation that

is characterized by geopotential height anomaleghsof 20°S, with high anomalies of
one sign centered in the polar region and weakematfies of the opposing sign north of
55°S (Thompson and Wallace, 2000). This correspavadisto the two band-like regions
of opposite signs found for the regression coedfits of adjusted AAO in the LSt
(negative coefficients centered in Antarctica aodifve coefficient north of ~40°S; see
Fig.5b). Similarly to the NAO, the strength of thesidual mean circulation and of the
polar vortex in the S.H. are modulated by the AA®@ough the atmospheric wave
activity (Thompson and Wallace, 2000; Thompson &umibomon, 2001). During the

positive (negative) phase of the AAO, the BDC isaler (stronger) leading to less
(more) Q transported from the tropics into the southernapekgion, and the polar
vortex is stronger (weaker) leading to more (Ie8s)depletion inside. This likely

explains both the positive AAO coefficients in ttegion north of ~40°S (contribution <
~5 DU or ~10%) and the negative coefficients arousmtd over the Antarctic

(contribution reaching ~10 DU or ~15%; exceptiorfasnd with positive coefficients

over the western Antarctic). The dependence p¥&iations to the AAO in the MUSt is

lower than ~7 DU (or ~15%).

. ENSO - Besides the NAO and the AAO, the El NinotBern oscillation is another

dominant mode of global climate variability. Thisoupled ocean-atmosphere
13
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phenomenon is governed by sea surface temperd®8€) (differences between high
tropical and low extra-tropical Pacific regions (Hson and Larkin, 1998). Domeisen et
al. (2019) have recently reviewed the possible rmeidms connecting the ENSO to the
stratosphere in the tropics and the extratropidsodh hemispheres. The ozone response
to ENSO is represented in Fig. 5 only for the EN&@B proxy which is found to be the
main ENSO proxy contributing to the observeghv@riations. While in the troposphere,
previous works have shown that the ENSO influena@iy results in a high contrast of
the regression coefficients between western P&#cifionesia/North Australia and
central/eastern Pacific regions caused by reduagdatls and enhanceds(Qorecursor
emissions above western Pacific (called “chemiffaic€) (e.g. e.g. Oman et al., 2013;
Valks et al., 2014; Ziemke et al., 2015; Wespeal e2016; and references therein), the
LSt Oz response to ENSO is shown here to translate irgivomg tropical-extratropical
gradient in the regression coefficients with a niegaresponse in the tropics and a
positive response at higher latitudes (~5 DU and BU, respectively, on longitudinal
averages; see Fig. 6a). In the MUSt, ENSO is glplaatmaller out-of-phase driver o8O
variations (response of ~5 DU). The decrease in@s3turing the warm ENSO phase in
the tropics (characterized by a negative ENSO lag€dificient reaching 7 DU (or 35%),
respectively, in the LSt; see Fig. 5) is consisteith the ENSO-modulated upwelling via
deep convection in the tropical lower stratosplard, hence, increased BD circulation
(e.g. Randel et al., 2009). The in-phase accunamatif LSt Q in the extra-tropics
(contribution reaching 15 DU or 20%; see Fig. 5als0 consistent with enhanced extra-
tropical planetary waves that propagate into thatstphere during the warm ENSO
phase, resulting in sudden stratospheric warmimgs bhence, in enhanced BDC and
weaker polar vortices (e.g. Bronnimann et al., 20@4nzini et al., 2006; Cagnazzo et
al., 2009). The very pronounced link between sstteric @ and the ENSO related
dynamical pathways with a time lag of about 3 mengone key finding of the present
work. Indeed, the influence of ENSO on stratosgh@si measurements has already been
reported in earlier studies (Randel and Cobb, 18dnnimann et al., 2004; Randel et
al., 2009; Randel and Thompson, 2011; Oman e2@L3; Manatsa and Mukwada, 2017,
Tweedy et al., 2018), but it is the first time tlaatlelayed stratospheric; @sponse is
investigated in MLR studies. A 4- to 6-month timeg lin Q response to ENSO has
similarly been identified from IASI in the troposgrle (Wespes et al., 2017), where it was
explained not only by a tropospheric pathway bsib &ly a specific stratospheric pathway
similar to that modulating stratosphericz ®@ut with further impact downward onto
tropospheric circulation (Butler et al., 2014; Dosea et al., 2019). Furthermore, the 3-
month lag identified in the LSt{3esponse is fully consistent with the modellingkvof
Cagnazzo et al. (2009) that reports a warming ef ghlar vortex in February-March
following a strong ENSO event (peak activity in Movber-December) associated with
positive @ ENSO anomaly reaching ~10 DU in the Arctic andatizg@ anomaly of ~6-7

DU in the Tropics. We find that the tropical-extrapical gradient in ® response to
14
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ENSO-lag3 is indeed much stronger in spring witimtgbutions of ~20-30 DU (see
Fig.7a for the austral spring periegwinter).

Overall, although the annual MLR model underestamahe @ variability at high latitudes
(>50°N/S) by up to 5 DU, particularly in the MUSteg Fig. 6b), we conclude that it gives a
good overall representation of the sources efv@riability in the two stratospheric layers
sounded by IASI. This is particularly true for thgring period (see Fig. 7) which was studied in
several earlier works to reveal the onset of Anitartotal @ recovery (Salby et al., 2011;
Kuttippurath et al., 2013; Shepherd et al., 201dlo@on et al., 2016; Weber et al., 2018),
despite the large Qvariability due to the hole formation during thpriod (~80 DU). It is also
interesting to see from Fig.7 that the broagdd®pletion over Antarctica in the LSt is attributed
by the MLR to VPSC (up to 60 DU of explainec @ariability on a latitudinal average).
Following these promising results, we further amalypelow the @ variability in response to
anthropogenic perturbations, assumed in the MLRahby the linear trend term, with a focus
over the polar regions.

4 Trend analysis
4.1 10-year trend detection in stratospheric layers

The distributions of the linear trend estimatedlioy annual regression are represented in Fig. 8a
for the MUSt and the LSt (left and right panels). dgreement with the early signs og O
recovery reported for the extra-tropical mid- armper stratosphere above ~25-10 hPa (>25-30
km; Pawson et al., 2014; Harris et al., 2015; $ieicht et al., 2017; Sofieva et al., 2017; Ball et
al., 2018), the MUSt shows significant positiventte larger than 1 DU/yr poleward of ~35°N/S
(except over Antarctica). The corresponding decasalds (>10 DU/decade) are much larger
than the discontinuity of ~2-4 DU encountered ia MUSt record on 15 September 2010 and
discussed in section 2.1. The tropical MUSt alsmaghpositive trends but they are weaker (<0.8
DUlyr) or not significant. The largest increaseizsserved in polar ©with amplitudes reaching
~2.0 DU/yr. The mid-latitudes also show signific&atenhancement which can be attributed to
airmass mixing after the disruption of the polartern (Knudsen and Grooss, 2000; Fioletov and
Shepherd, 2005; Dhomse, 2006; Nair et al., 2015).

As in the MUSt, the LSt is characterized in thethetn polar latitudes by significantly positive
and large trends (between ~ 1.0 and 2.5 DU/yr)htn mid-latitudes, the lower stratospheric
trends are significantly negative, i.e. oppositéhtmse obtained in the MUSt. This highlights the
independence between the twel@yers sounded by IASI in the stratosphere. Paléw&25°N
the negative LSt trends range between ~ -0.5 and BU/yr. Negative trends in lower
stratospheric © have already been reported in extra-polar regimos other space-based

measurements (Kyr6la et al., 2013; Gebhardt eR@l4; Sioris et al., 2014; Harris et al., 2015;
15
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Nair et al., 2015; Vigouroux et al., 2015; Wespkesalg 2016; Steinbrecht et al., 2017; Ball et al.,
2018) and may be due to changes in stratosphen@ndlizs at the decadal timescale (Galytska et
al., 2019). These previous studies, which wereatttarized by large uncertainties or resulted
from composite-data merging techniques, are coefirimere using a single dataset. The negative
trends which are observed at lower stratospherddiailatitudes are difficult to explain with
chemistry-climate models (Ball et al., 2018). lalso worth noting that the significant MUSt and
LSt Os trends are of the same order as those previossijmated from IASI over a shorter
period (from 2008 to 2013) and latitudinal avera(gese Wespes et al., 2016). This suggests that
the trends are not very sensitive to the naturalakdity in the IASI time series, hence,
supporting the significance of the @ends presented here.

The sensitivity of IASI @ to the estimated trend from MLR is further vedfien Fig. 8b that
represents the global distributions of relativdedténces in th&@MSEof the regression residuals
obtained with and without a linear trend term imged in the MLR model RMSEwo LT —
RMSEuith_17)/RMSEwi_LT x100; in %). An increase of ~1.0-4.0% and ~0.5-2.0%hi@RMSE

is indeed observed for both the MUSt and the L&ipectively, in regions of significant trend
contribution (Fig. 8a), when the trend is exclud&tlis demonstrates the significance of the
trend in improving the performance of the regressfAnother statistical method that can be used
for evaluating the possibility to infer, from th&SI time period, the significant positive or
negative trends in the MUSt and the LSt, respelgtiwonsists in determining the expected year
when these specified trends would be detectablm ftloe available measurements (with a
probability of 90%) by taking into account the \ate ?) and the autocorrelatiorflY) of the

noise residual according to the formalism of Tia@le (1990) and Weatherhead et al. (1998).
Such a method has already been used for evalu#limgrends derived from IASI in the
troposphere (Wespes et al., 2018). It represenisra drastic and conservative method than the
standard MLR. The results are displayed in FigioB@n assumed specified trend of |1.5] DU/yr,
which corresponds to a medium amplitude of treretsvdd here above from the MLR over the
mid-polar regions (Fig. 8a). In the MUSt, we findat ~2-3 additional years of IASI
measurements would be required to unequivocallgaiet trend of |1.5] DU/yr (with probability
0.90) over high latitudes (detectable from ~202@2@ 6-12 months) whereas it should already
be detectable over the mid- and lower latitudesn{fr~2015 + 3-6 months). In the LSt, an
additional ~7 years (x 1-2 years) of IASI measumetsevould be required to categorically
identify the probable decline derived from the MIrRnorthern mid-latitudes, and even more to
measure the enhancement in the southern polaudasit The longer required measurement

period at high latitudes is due to the larger noestduals in the regression fits (i.e. larges)
at these latitudes (see Fig.4 a and b). Note thitrger specified trend amplitude would
obviously require a shorter period of IASI measwratn We find that only ~2 additional years

would be required to detect a specified trend di| |RU/yr which characterizes the LSt at high
latitudes (data not shown).
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4.2 Stratospheric contributionsto total Oz trend

The effect on total ©of the counteracting trends in the northern midddes and of the
constructive trends in the southern polar latituddase two stratospheric layers sounded by IASI
is now investigated.

Figure 9 represents the global distributions ofdbetribution of the MUSt and the LSt into the
total G; columns (Fig.9a; in %), of the adjusted trendstli@r total Q (Fig. 9b in DU/yr) and of
the estimated year for a |1.5] DU/yr trend detectwih a probability of 90% (Fig. 9¢). While no
significant change or slightly positive trends atal G; after the inflection point in 1997 have
been reported on an annual basis (e.g; Weber ,eP@l8), Fig. 9b shows clear significant
changes: negative trend at northern mid- and tagtutles (up to ~2.0 DU/yr north of 30°N) and
positive trend over the southern polar region (ap~8.0 DU/yr south of 45°S). Although
counteracting trends between lower and upper spagric Q have been pointed out in the
recent study of Ball et al. (2018) to explain tlmmsignificant recovery in total Owe find from
IASI a dominance of the LSt decline that transldtesegative trends over some regions of the
N.H. mid- and high latitudes in TOC (Fig. 9b). Tiesexplained by the contributions of 45-55%
from the LSt to the total columws ~30-40% from the MUSt (Fig. 9a) in the mid- andapoo
regions over the whole year. In addition, the iase2in total @ at high southern latitudes is
dominated by the LSt, although both layers podiiwentribute around Antarctica, comparing
to the trend distributions in Fig. 8. Note that mpgevious ozone trends studies, including Ball
et al. (2018), excluded the polar regions due rotdid latitude coverage of some instruments
merged in the data composites.

While the annual MLR shows a significant dominanfd_St trends over MUSt trends in the
northern mid-latitudes and significant constructivends in the southern latitudes, tota O
trends are not ascribed with complete confidenceraing to the formalism of Tiao et al. (1990)
and Weatherhead et al. (1998) discussed in SedtibrThe detectability of a specified trend of
[1.5] DU/yr (Fig. 9c), which corresponds to the medtrend derived from MLR in mid-high
latitudes of both hemispheres (Fig. 9b), would neex¢keral years of additional measurements to
be unequivocal from IASI on an annual basis (fra2022-2024 over the mid-latitudes and from
~2035 over the polar regions). A higher trend atagé of ~|2.5| DU/yr derived from the MLR
would be observable from ~2020-2025 (figure nowgtjo

The use of the annual MLR could translate to laggematic uncertainties on trends (implying
largeo, ), which induces a longer measurement period reduw yield significant trends. These
uncertainties could be reduced on a seasonal bagisttributing different weights to the

17



668
669
670

671
672
673

674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707

seasons, which would help in the categorical deteaif a specified trend. This is investigated
in the subsection below by focusing on the winted the spring periods.

4.3 Trendsin spring and winter

The reports on early signs of totak @covery (Salby et al., 2011; Kuttippurath et aD13;
Shepherd et al., 2014; Solomon et al., 2016; Kpttipth and Nair, 2017; Weber et al., 2018)
have all focused on the Antarctic region duringirgpr when the ozone hole area is at its
maximum extent, i.e. the LStz@evels at minimum values. Here we investigate résgpective
contributions of the LSt and the MUSt to the TOConeery over the Southern latitudes during
spring and also during winter when the minima gl&els occur in the MUSt (down to ~60 DU
in polar regions), in comparison with the Northéatitudes. Figures 10 and 11, respectively,
show the S.H. and the N.H. distributions of thénested trends from seasonal MLR (left panels)
and of the corresponding year required for a sicgit detection of |3.0| DU increase per year
(right panels) during their respective winter (Ja#d DJF; Fig. 10a and 11a) and spring (SON
and MAM; Fig. 10b and 11b) for the total, MUSt ab8it Oz (top, middle and bottom panels,
respectively). Fig. 10 a and b clearly show sigaifit positive trends over Antarctica and the
southernmost latitudes of the Atlantic and Indiaeans, with amplitudes ranging between ~1-5
DU/yr over latitudes south of ~35-40°S in total, BlJand LSt @ (~3.6+2.7 DU/yr, ~3.0£1.3
DUlyr, ~3.6£3.1 DU/yr and ~3.7+1.7 DU/yr, ~1.3x00U/yr, ~3.7£1.6 DU/yr, on spatial
averages, respectively over JJA and SON, for treetl® columns). These trends over 10 years
are much larger than the amplitude of the discaitijrin the MUSt time series (section 2.1) and
than the trends estimated in Sections 4.1 (se® Figthe MUSt and the LSt) and 4.2 (see Fig.9
for TOC) over the whole year. In MUSt, significgmbsitive trends are observed during each
season over the mid- and polar latitudes of bothisigheres (Fig. 10 and 11 for the winter and
spring periods; the other seasons are not shows) et more particularly in winter and in
spring where the increase reaches a maximum ofU#rDIn the LSt, the distributions are more
complex: the trends are significantly negative e tmid-latitudes of both hemispheres,
especially in winter and in spring of the N.H., \ehin spring of the S.H., some mid-latitude
regions also show near-zero or even positive trefitle southern polar region shows high
significant positive trends in winter/spring (seig.[EO). For the total ©@at mid-high latitudes,
given the mostly counteracting trends detectethénliSt and in the MUSt and the dominance of
the LSt over the MUSt (~45-55% from the LSt vs 483 from the MUSt into total £over the
whole year;), these latitudes are governed by negatends, especially in spring of the N.H.
High significant increases are detected over pagrons in winter/spring of both hemispheres
but more particularly in the S.H. where the LSt &idSt trends are both of positive sign.

The substantial winter/spring positive trends obsérin MUSt, LSt and total £evels at high
latitudes of the S.H. (and of the N.H. for the MY&re furthermore demonstrated to be
detectable from the available IASI measurementope(see Fig. 10, right panels: an assumed
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increase of [3.0| DU/yr is detectable from 2016 mdhths and from 2018 + 1 year in the MUSt
and the LSt, respectively). The positive trend df BU/yr measured in polar totalz0n
winter/spring would be observable from ~2018-202D-2 year and the decline of ~-3 DU/yr in
winter/spring of the N.H. in LSt would be detectalilom ~2018-2020 + 9 months (not shown
here). Note that the higher negative trends folrala the Pacific at highest latitudes (see Fig.
10) correspond to the regions with longest requireshsurement period for significant trend
detection and, hence, point to poor regressiondwess. About ~50% and ~35% of the
springtime MUSt and LSt £variations, respectively, are due to anthropogtattors (estimated
by VPSCXEESC proxy and linear trend in MLR modelBhis suggests that s:Ochanges
especially in the LSt are mainly governed by dyr@anivhich contributes to a later projected
trend-detection year in comparison with the MUSg (B0 and 11) and which may hinder the O
recovery process.

Overall, the large positive trends estimated comeuly in LSt, MUSt and total ©over the
Antarctic region in winter/spring likely reflectehhealing of the ozone layer with a decrease of
polar ozone depletion (Salomon et al., 2016) arahcl, demonstrate the efficiency of the
Montreal protocol. To the best of our knowledgessth results represent the first detection of a
significant recovery in the stratospheric and tialtQ: columns over the Antarctic from one
single satellite dataset.

4.4 Speeding up in O3z changes

Positive trends in total £have already been determined earlier by Solomah €2016) and by
Weber et al. (2018) over Antarctica during Septendwer earlier periods (~2.5+1.5DU/yr over
2000-2014 and 8.2+6.2%/dec over 2000-2016, resdy}i The larger trends derived from the
IASI records (see Fig.10b; ~3.7£1.7 DU/yr or ~14&4f46/dec on average in TOC during SON)
suggest that the desponse could be speeding up due to the acdéetptEcline of @ depleting
substances (ODS) resulting from the Montreal Palto€his has been investigated here by
estimating the change in trend in MUSt, LSt an@lt@s over the IASI mission. Knowing that
the length of the measurement period is an impbodaterion for reducing systematic errors in
the trend coefficient determination (i.e. the spedength of natural mode cycles should be
covered to avoid any possible compensation effetwden the covariates), the ozone response
to each natural driver (including VPSC) taken frtmair adjustment over the whole 1ASI period
(2008-2017; Section 3, Fig.5) is kept fixed. Thee&r trend term only is adjusted over variable
measurement periods that all end in December 20%7using a single linear iteratively
reweighted least squares regression applied ordegtidiaily IASI time series, after all the
sources of natural variability fitted over the fUMSI period are removed (typical examples of
linear trend adjustment can be found in the Fig. df2he supplementary materials). The
discontinuity found in the MUSt IASI ©records on September 2010 (see Section 2.1) is not

taken into account in the regression; hence, ithin@yer-represent the trends estimated over
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periods that start before the jump (i.e. 2008-2@DD9-2017, 2010-2017). The zonally averaged
results are displayed in Fig. 12 for the statidigcsignificant total, MUSt and LSt ©trends and
their associated uncertainty (accounting for thi@arrelation in the noise residuals; in the 95%
confidence level) estimated from an annual regoassilote that the results are only shown for
periods starting before 2015 as too short periadside too large standard errors. In the LSt, a
clear speeding up in the southern polarr€covery is observed with amplitude ranging from
~1.5£0.4 DUlyr over 2008-2017 to ~5.5+2.5 DUl/yr ov2015-2017 on zonal averages.
Similarly, a speeding of theQlecline at northern mid-latitudes is found witHues ranging
between ~-0.7+0.2 DU/yr over 2008-2017 and ~-2.8£1U/yr over 2015-2017. In the MUSt, a
weaker increase is observed over the year aroudtlaBtude of the S.H. (from ~0.8+0.2 DU/yr
over 2008-2017 to ~2.5£1.3 DU/yr over 2015-2017ye@ the positive acceleration in both LSt
and MUSt Q@ in the S.H., this is where the totak @ecord is characterized by the largest
significant recovery (from ~1.7+0.7 DU/yr over 202817 to ~8.0+3.5 DU/yr over 2015-2017).
Surprisingly, the speeding up in the @ecline in the N.H. is more pronounced in thelt@a
(from ~-1.0+0.4 DU/yr over 2008-2017 to ~-5.0+2.8J/yr over 2015-2017) compared to the
LSt, despite the opposite trend in MUSt. Qhis could reflect the ©decline observed in the
northern latitudes in the troposphere (~-0.5 DWyer 2008-2016; cfr Wespes et al., 2018)
which is included in the total column.

Overall, the larger annual significant trend amyalés derived over the last few years of total,
MUSt and LSt @ measurements, compared with those derived fronwtih@e studied period
(Sections 4.1 and 4.2) and from earlier studiesidiate to trends that remain detectable over the
increasing uncertainty associated to the shortdrshrorter time segments (see Fig. S3 of the
supplementary materials), especially in both LSt #otal Q in the S.H. This demonstrates that
we progress towards a significant emergence anddspe up of @ recovery process in the
stratosphere over the whole year. Neverthelesscaleulated that additional years of IASI
measurements would help in confirming the changeSsirecovery and decline over the IASI
period (e.g. ~ 4 additional years are requiredeofy the trends calculated over the 2015-2017
segment in the highest latitudes in LSt). In additia longer measurement period would be
useful to derive trends over successive segmergarok length that are long enough to reduce
the uncertainty, in order to make the trend ands&ociated uncertainty more comparable across
the fit.

5 Summary and conclusion

In this study, we have analysed the changes itospheric @ levels sounded by IASI-A by
examining the global pictures of natural and argbgenic sources of{xhanges independently
in the lower (150-25 hPa) and in the mid-uppertstighere (<25 hPa). We have exploited to that
end a multi-linear regression model that has begmtiically developed for the analysis of

stratospheric processes by including a series igéidr known to have a causal relationship to
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natural stratosphericvariations, namely SF, QBO-10, QBO-30, NAO, AANSO, AERO,
EPF and VPSC. We have first verified the represmetaess of the ©response to each of these
natural drivers and found for most of them charndstie patterns that are in line with the current
knowledge of their dynamical influence org @ariations. One of the most important finding
related to the @driver analysis relied on the detection of a v@ear time lag of 3 months in the
Os response to ENSO in the LSt, with a pronouncedrashbetween an in-phase response in the
extra-tropics and an out-of-phase response inrtcs, which is consistent with the ENSO-
modulated dynamic. The 3-month lag observed inldker stratosphere is also coherent with
the 4- to -6 months lag detected from a previoudysin the troposphere (Wespes et al., 2017)
and further supports the stratospheric pathway esstgd in Butler et al. (2014) to explain an
ENSO influence over a long distance. The repretigatess of the influence of the; @rivers
was also confirmed on a seasonal basis (e.g. WBCElag3 effect in spring, strong VPSC and
AERO influences during the austral spring ...). Thessuilts have verified the performance of
the regression models (annual and seasonal) toepyopgiscriminate between natural and
anthropogenic drivers of {Thanges. The anthropogenic influence has beewateal with the
linear trend adjustment in the MLR. The main resale summarized as follows:

(i) A highly probable (within 95%) recovery processléived from the annual MLR at high
southern latitudes in the two stratospheric laged, therefore, in the total column. It
is also derived at high northern latitudes in the34. However, a longer period of
IASI measurements is needed tounequivocally detraiesa positive trend on
annual basis in the IASI record. Only ~2-3 additiloyears of IASI measurements are
required in the MUSt.

(ii) A likely Oz decline (within 95%) is measured in the lowertssphere at mid-latitudes,
specifically, of the N.H., but it would require aadditional ~7 years of IASI
measurements to be categorically confirmed. Givenlarge contribution from the
LSt to the total column (~45-50% from LSt vs ~358nh the MUSt into TOCSs), the
decline is also calculated in totak @ith ~4-6 years of additional measurements for
the trend to be unequivocal.

(iif) A significant Oz recovery is categorically found in the two stratosric layers
(>~35°N/S in the MUSt and >~45°S in the LSt) aslwad in the total column
(>~45°S) during the winter/spring period, which fions previous studies that
showed healing in the Antarctics®ole with a decrease of its areal extent. These
results verify the efficacy of the ban ors @epleting substances imposed by the
Montreal protocol and it's amendments, throughtet stratosphere and in the total
column, from only one single satellite datasettfar first time.
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(iv) The decline observed in LStsGat northern mid-latitudes is unequivocal over the
available IASI measurements in winter/spring of bhél. The exact reasons for that
decline are still unknown but 0Ochanges in the LSt are estimated to be mainly
attributable to dynamics which likely perturbs thealing of LSt and total £in the
N.H.

(v) A significant speeding up (within 95%) in that deelis measured in LSt and totat O
over the last 10 years (from ~-0.7+0.2 DU/yr ov@02-2017 to ~-2.8+1.2 DUl/yr
over 2015-2017 in LSt ©on zonal averages). Even if the acceleration dabeo
categorically confirmed yet, it is of particulargency to understand its causes for
apprehending its possible impact on thda@yer and on future climate changes.

(vi) A clear and significant speeding up (within 95%)stratospheric and totals@ecovery
is measured at southern latitudes (e.g. from ~1%68U/yr over 2008-2017 to
~5.5+2.5 DU/yr over 2015-2017 in the LSt), whiclartslate to trend values that
would be categorically detectable in the next femarg on an annual basis. It
demonstrates that we are currently progressingrisia substantial emergence in O
healing in the stratosphere over the whole yeé#nerS.H..

Additional years of IASI measurements that will frevided by the operational IASI-C (2018)
on flight and the upcoming IASI-Next Generation HIANG) instrument onboard the Metop
Second Generation (Metop-SG) series of satellimsldvbe of particular interest to confirm and
monitor, in the near future and over a longer gkribe speeding up in thes@ealing of the S.H.
as well as in the LSt £decline measured at mid-latitudes of the N.H. IA&/Metop-SG is
expected to extend the data record much furtheéhenfuture (Clerbaux and Crevoisier, 2013;
Crevoisier et al., 2014).

Data availability

The IASI & data processed with FORLI:®0151001 can be downloaded from the Aeris portal
at: http://iasi.aeris-data.fr/O3/ (last accessJul 2019).
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Table 1 List of the explanatory variables used in the iirkear regression model applied on
IASI stratospheric €) their temporal resolution and their sources.

Proxy Description (resolution) Sources

F10.7  The 10.7 cm solar radio flux NOAA National Weather Service Climate Prediction Center:
(daily) ftp://ftp.ngdc.noaa.gov/STP/space-weather/solar-data/solar-

features/solar-radio/noontime-
flux/penticton/penticton_adjusted/listings/listing_drao_noontime-
flux-adjusted_daily.txt

QBO!® Quasi-Biennial Oscillation index  Free University of Berlin:

QBO%* at 10hPa and 30hPa (monthly) www.geo.fu-berlin.de/en/met/ag/strat/produkte/gbo/

EPF Vertical component of Eliassen-  Calculated at ULB from the NCEP/NCAR gridded reanalysis:
Palm flux crossing 100 hPa, https://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.ht
averaged over 45°-75° foreach  ml
hemisphere and accumulated
over the 3 or 12 last months
depending on the time period
and the latitude (see text for
more details) (daily)

AERO Stratospheric volcanic aerosols;  Extinction coefficients processed at the Institute for Atmosphere
Vertically integrated sulfuric acid and Climate (ETH Zurich, Switzerland; Thomason et al., 2018)
extinction coefficient at
12 um over 150-25 hPa and 25-
2hPa, averaged over the tropics
and the extra-tropics north and
south (see text for more details)

(monthly)

VPSC  Volume of Polar Stratospheric Processed at the Alfred Wagner Institute (AWI, Postdam,
Clouds for the N.H. and the S.H. Germany; Ingo Wolthmann, private communication)
multiplied by the equivalent
effective stratospheric chlorine EESC taken from the Goddard Space Flight Center:

(EESC) and accumulated over https://acd-ext.gsfc.nasa.gov/Data_services/automailer/index.html
the 3 or 12 last months (see text
for details) (daily)

ENSO Multivariate El Nifio Southern NOAA National Weather Service Climate Prediction Center:
Oscillation Index (MEI) (2- http://www.esrl.noaa.gov/psd/enso/mei/table.html
monthly averages)

NAO North Atlantic Oscillation index ftp://ftp.cpc.ncep.noaa.gov/cwlinks/norm.daily.nao.index.b500101.c
for the N.H. (daily) urrent.ascii

AAO Antarctic Oscillation index for ftp://ftp.cpc.ncep.noaa.gov/cwlinks/norm.daily.aao.index.b790101.c
the S.H. (daily) urrent.ascii

GEO Geopotential height at 200 hPa http://apps.ecmwf.int/datasets/data/interim-full-daily/?levtype=pl
(2.5°x2.5° gridded) (daily)

PV Potential vorticity at 200 hPa

(2.5°x2.5° gridded) (daily)
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Fig.2. Normalized proxies as a function of time for theripg covering January 2008 to
December 2017 for (a) the F10.7 cm solar radio {|8%) and the equatorial winds at 10
(QB0O10) and 30 hPa (QBO30), respectively, (b) tard components of the EP flux crossing
100 hPa accumulated over time and averaged over4®ie75° latitude band for each
hemispheres (EPF-N and EPF-S), (c) the extinctmefficients at 12 pum vertically integrated
over the stratosphericz@olumn (from 150-2hPa) and averaged over the #pdpacs north and
south (22.5°-90°N/S; AERO-N and AERO-S) and over titopics (22.5°S-22.5°N; AERO-EQ)
(the main volcanic eruptions are indicated), (d¢ tolume of polar stratospheric clouds
multiplied by the equivalent effective stratospherhlorine (EESC) and accumulated over time
for the north and south hemispheres (VPSC-N andG/Bfand (e) the El Nifio Southern
(ENSO), North Atlantic (NAO) and Antarctic (AAO) odlations.
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965 Fig.4: Latitudinal distribution of (a) MUSt ©column and (b) LSt ©columns as a function of
966 time observed from IASI (in DU; top panels), simtathby the annual regression model (in DU,
967 second panels) and of the regression residuafithird panels). Global distribution &MSE
968  of the regression residual (in DU) and fractiontloé variation in IASI data explained by the

969  regression model calculated [aQOx (0(03F fied _model (t))/a(og(t)))] (in %; fourth panels).
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973  Fig.5: Global distribution of the annual regression coefht estimates (in DU) for the mairsO

974  drivers in (a) MUSt and in (b) LSt: QBO10, QBO3®;, £PF, VPSC, AERO, NAO, AAO and
975 ENSO (ENSO-lag3 for both LSt and MUSt). Grey araag crosses refer to non-significant grid
976  cells in the 95% confidence limit. Note that thalses differ among the drivers.
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