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Abstract. We give apersonal perspective on reeert-current important and open issues related to the depletion of stratospheric

ozone and seme-discuss related well-established and newly emerging challenges. A common theme for these issues is the nesd

for_continued global observations ofthe stratosphere, coupled with process -based laboratory and modelling work. We first
provide a brief review of historic work on uneerstanding-the-ezone-tayerwhere-we-highlightseme-werk-from-stratospheric

ozoneresearch with afocus on the contributions ofthe late Paul Crutzen as a-centributiente-the-part of this special issue in

hishonour. Wethen review thestatus ofozonerecovery from theeffects ofhalogenated source gases and discuss the undoubted
continued effectiveness of the Montreal Protocol erd-ts-chaHengesfrom-despite somerecent renewed production ofcontrolled
substances and substantial abundances of some short-lived uncontrolled substances. ‘Ate-ther—eHsedssT he increasing
atmospheric abundance of greenhouse gases such as carbon dioxide (COy), methane (CHa) and nitrous oxide (N,O) have a

large potential to perturb the ozone layer. Thisis partly through radiative-dynamical effects which could cause a change in the

speed of the stratospheric circulation. While the atmospheric chemical impacts of N.O and CH, are well understood, there is

uncertainty in their future evolution and hence the overall effect on the ozone layer. We summarise, in some detail, the recent

ebservationsnewly observed phenomenon of ozone depletion through injection of smoke particles frerrfollowing the

Australian fireswildfires in early 2020. Further srexpeeted-perturbations to the ozone layer are currently occurring at-the

remment-through_the unexpected injection of very large amounts of water vapour (and some sulphur dioxide) from the Hunga
T onga-Hunga Ha apai volcano in January 2022. WWe-eonetude-with-seme- theughts-en-the-trgentThe open research questions
in these topics illustrate the critical need to ersure-continuity-+aat least maintain, if not expand, the observational network and
therefore to address the impending ‘satellite data gap” in global. height-resolved observations ang-er-hew-te-explotteve-rer
eomplexand-expensiveof trace gases and aerosols in the stratosphere. This data gap will, in effect, make us largely blind to

the stratospheric effects of, for instance, large wildfires and volcanic eruptions in the near future. Complex Earth System
Models (ESMs) are being constructed by groups worldwide for coupled climate projections with the stratosphere as an

important component. However, it is essential that the huge computational requirement ofthese models—S+veraH: does not
result in an oversimplication of many stratospheric processes needed for an accurate projection of the ozone layer. Regardless

of the complexity of ESMs, ahierarchy of process models will continue to be important tools for testing and developing our

evolving understanding of the ozone layer and for providing policy-relevant information. In summary, study of the

stratospheric ozone layer continues to preduecuncover novel research challenges and to reveal yet more processes and

mechanisms that threatercan perturb this essential component of the Earth system. Global monitoring of stratospheric ozone

and ofits gaseous and particulate drivers, combined with numerical modelling, remains absolutely vital ifthese challenges ae
to be met including providing reliable future projections.
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1 Introduction

Depletion of the stratospheric 0zone layer has been amajor environmental issue of the past few decades, especially since the
discovery ofthe Antarctic ozone hole in 1985 (Farman et al., 1985). The observed depletion at middle and high latitudes has
been caused by increasing abundances of chlorine and bromine species, which are derived from long -lived surface-emitted
halogenated gases, so-called ozone-depleting substances (ODSs)-) (see e.q. Solomon, 1999). A primary reason for concen is

that the ozone layer prevents harmful, biologically damaging ultraviolet (UV) radiation (wavelengths below about 300 nm)
from reaching the surface. FrisUV radiation can, among other impacts, cause skin cancer in humansand can be damaging to
plants-(Barneset al., 2019). Ozonenotonly absorbsUV radiation, heating up the stratosphere, but also interacts with terrestrid
infrared (IR) radiation-_(e.g. Rieseet al., 2012). As such, it plays akey role in determining the temperature structure of the
atmosphere. Hence, changes in the ozone layer can also affect surface climate, and moreover the long-lived ODSs, such &

chlorofluorocarbons (CFCs), themselves are also potent greenhouse gases (Velders et al., 2007).

T he Montreal Protocol on Substances that Deplete the Ozone Layer was signed in 1987 and ratified two years later. With
several subsequent amendments, the Protocol now controls (limits) the production and consumption ofall major long Hived
ODSs, which are ultimately emitted to the atmosphere. The atmospheric abundances ofthese species have responded to these
controls; the stratospheric levels of chlorine and bromine peaked in the 1990s and are now slowly declining-_(e.q. Newman et
al., 2007; Engel et al. 2018). In consequence, an increase (‘recovery’) of stratospheric ozone has been detected in the upper
stratosphere and the Antarctic, although the signal is currently small and is difficult to separate from other atmospheric
influences-_(e.q. Chipperfield et al., 2017). Nevertheless, the Protocol can therefore be considered on track in its aim of

protecting the ozone layer from the effects of halogenated ODSs (see Section 3). A common measure of recovery is the date
at which stratospheric ozone values are predicted to return to 1980 levels, before the occurrence of large depletion. This retum

will also be affected by etherfactors_other than ODSs, notably climate change (see Section.4)..Models predict.that this.will.......

occur around the middle of this century (e.g. Dhomse et al., 2018), although there are limitations using this simple measure of

the timing,of a specific_event for quantifying the ongoing process of recovery- (e.q. Pyle at al., 2022). Accordingly, the _....-

Montreal Protocol (MP) is arguably the most successful international environmental treaty to date. Hewever—~recertR ecent
discoveries related to increased emissions of controlled ODSs (Monztka et al., 2018) and uncontrolled skerershort-ived

halogenated source gases have(e.q. Hossaini et al., 2017) hag raised.some.concerns.on the continued success of the treaty.and........

the outlook for ozone recovery . However, the success of dealing with the CFC-11 issue (see Section 3.1) has demonstrated the

resilience of the protocol, the effectiveness of its provisions, and the importance of continued vigilance regarding atmospheric

trace gases,

T his Opinion paper gives our personal view of some seleeted-eurrentlong-standing and fatarerecently emerging issues in 0zone
layer science. It is not areview of the subject; there are many excellent text books and the 4 -yearly WMO/UNEP assessments
(e.q. WMO, 2022) which serve that purpose. Section 2 gives a brief summary of ozone layer research, with emphasis on the
contribution of Paul Crutzen, to whom selected papers in this issue are dedicated. Section 3 addresses the long-standing issue
of ozone depletion are-thereteefdriven by halogenated species. Section 4 discusses the impact increasing greenhouse gas
loadings on stratospheric 0zone and the new research areas of wildfire smoke and the ezenetayer—ane-the-expanding topic of
volcanicimpacts. SeetiorsSection 5 aret6-givegives somepersenal thoughtson issues related to theavailability ofobservaions
necessary to follow the evolution of the ozone layer and understand its changes. Section 6 discusses the range of modéling
tools available, some further developments that are still needed-, and how these tools can be best employed. Finally, a

suaryan outlook is provided in Section 7.
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78 2 A Century of Ozne Layer Research

79  Activeresearch into stratospheric ozone dates back around 100 years. Dobson pioneered the detection and quantification of
80  ozonein the stratosphere using a UV spectrometer (Dobson and Harrison, 1926) following earlier work by Fabry and Buisson
81 (see historical summary in Brasseur, 2020). A theoretical model for creation of a stratospheric ozone layer, based solely on
82  oxygen chemistry, was first proposed by Chapman (1930). This was ferrufateetbased on the slow production and destruction
83  of‘odd oxygen’ (Ox= Oz + O(°P)) along with fast interconversion of O3 and O(P) within the Ox family. This oxygen-only
84  model appeared to suffice until the 1960s when improved observations and laboratory measurements of key rate coefficients
85  revealed a major quantitative discrepancy. The Chapman cycle included the only significant chemical source of Ox, i.e
86  photolysisof Oz, but ignored around 80% of stratospheric Ox loss via catalytic cycles that destroy ozone through reactions
87 involving HOx;_(e.q. Nicolet, 1970), NOx and halogen radicals.
88
89 Here, as part ofthis special issue, we-sheutd highlight the contribution ofthe late Paul Crutzen (1933 — 2021) to ozone layer
90  science. Foracomprehensivesummary ofhiswhole career please see Miilleret al. (2022), and references therein, are-Solomon
91  (2021a) and Fishman et al. (2023). Paul Crutzen started contributing to our understanding of the ozone layer very early in his
92 scientific career. In 1965, at Stockholm University, Crutzen helped visiting US scientist J.R. Blankenship to develop a
93  numerical model of different forms of oxygen in the stratosphere, mesosphere and lower thermosphere. This marked the stat
94  ofhisscientific career and gave him his first paper (B lankenship and Crutzen, 1965). Following this work Crutzen chose to
95 study for aPhD in stratospheric ozone as it appeared, at that time, to be atopic of “ pure science related to natural processes”
96  rather than one about human impact. Clearly, that situation later changed! In due course Crutzen submitted his PhD thesis ‘On
97  thephotochemistry ofozone in the stratosphere and troposphere and pollution ofthe stratosphere by high-flying aircraft’ to
98  Stockholm University in May 1973.
99

100 In his PhD work (Crutzen 1970, 1971, 1972, 1973), Crutzen was the first to suggest that reactions catalysed by NO and NO-

101 control the abundance of ozone in the middle stratosphere (around 25-35 km). This is summarised by the cycle:

102 NO + O3 - NO;+ 0,

103 NO:+O(P) - NO+O;

104  Wherethesum of NO and NOz is termed NOx. This discovery was amajor achievement and helped to pave the way for a
05  quantitative understanding of stratospheric ozone whereby catalytic cycles eue-tedriven by radical species from various
06 chemical families (HOx, NOx, CIx, Brx) are added to the original oxygen-only model of C hapman (1930). This work formed

107 part ofthe basis for Crutzen being awarded the 1995 Nobel Prize for Chemistry jointly with Mario J. Molinaand F. Shewood

108 Rowland "for their work in atmospheric chemistry, particularly concerning the formation and decomposition of ozone".

109

110  Priorto submitting his PhD thesis Crutzen spent two years (1969-1971) as a visitor to the University of Oxford. Here he

111 developed his ideas on theimportance of NOXx in controlling ozone in order to address the issue ofhuman-induced perturbations

112 totheozone layer caused by emissions from high flying supersonic transport (SST) aircraft. T he debate on the atmospheric

113 impacts of SST had begun in the early 1970s when it was envisaged that large fleets ofaround 500 aircraft such as the Anglo -

}14 French Concorde might be flown within the lower stratosphere-_(e.g. Johnston, 1971). Through his modelling work Crutzn

115 was aware of inherent model uncertainties which prompted him to make the statement that the “ minimum requirement is

116  therefore that extensive supersonic air traffic should not take place in the stratosphere before reliable predictions can be made

117  ofthepossible environmental consequences ofsuch operations” (Crutzen, 1972). This is an insightful lesson that would be

?.18 equally applicable to many other past and present areas of atmospheric science and therefore one well worth remembering.

119
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120  During the 1970s Crutzen’s scientific interests extended into other areas, though he did maintain a link with the stratosphere
121 through the study ofthe impact of NOx produced from solar proton events on the ozone layer (Solomon and Crutzen, 1981).
122 Healso addressed the budget ofstratospheric NOy (reactive odd nitrogen) from the perspective ofsurface sources, highlighting
123 thehuman impact on stratospheric ozone of increased fertilizer and associated increased emissions of N0, the main source of
*24 stratospheric NOy (Crutzen and Ehalt, 1977). Following the same reasoning as for N0, he also worked out that the dominant
125  non-volcanic source of stratospheric sulfur was the surface emissions of carbonyl sulfide (COS), the long-lived atmospheric
126 sulfur compound (Crutzen, 1976).
127

28 Before his works on N2O and COS, Crutzen had also keenly followed the publication of the-seminal paperpapers on

29 chlorofluorocarbons (CFCs) by-(Molina and Rowland-{, 1974) and stratospheric chlorine (Stolarski and Cicerone, 1974),
130 prompting him to publish a contribution on this topic (Crutzen, 1974). Similarly, following the surprise discovery of the
131  Antarctic Ozone Hole (Farman et al., 1985) Crutzen was quick to think about the possible implications of co-condensation of
}32 HNO3zand H.O (at temperatures above that at which pureiceclouds form ) asamechanism for widespread eeeurerceformation
133 of polar stratospheric clouds (PSCs) and the initiation of key ozone-destroying halogen chemistry (Solomon et al., 1986) via
134 heterogeneous reactions on PSCs (Crutzen and Arnold, 1986). In this way Crutzen made important scientific contributions to
135  theearly research into the causes of polar ozone depletion. His later work on describing the epoch ofthe Anthropocene still
136  has ongoing relevance to protecting the Earth’s ozone layer shield (see Solomon et al., 202 1b). His multi-faceted scientific
137  legacy for stratospheric ozone is assured.
138

139 3 Ozone Depletion and the Montreal Protocol

140

141 3.1 Montreal Protocol

142 Thesigning ofthe Montreal Protocol on Substances that Deplete the Ozone Layer in 1987 and its subsequent amendments

143 have had a major impact on the anthropogenic halogen source to the stratosphere. T he Protocol now controls (limits) the
44 production and consumption of all major long-lived ODSs, which are ultimately emitted to the atmosphere. Fhiseontrol
45  efControlson ODS production is-teaehrgtohave caused a net reduction in the tropospheric source gases (Figure 1a) whiehthat

146  transport chlorine and bromine to the stratosphere.

147

148 A very important recent development in the Montreal Protocol was the inclusion of hydrofluorocarbons (HFCs) in the Kigdi

149 Amendment 0f2016 (WMO, 2018). HFCs do not contain any chlorine or bromine and hence do not lead directly to ozone

150  depletion. However, they are potent greenhouse gases and are only present in the atmosphere as replacements for CFCsand

151 HCFCs, hence the need to control these gases and to do so within the MP.

152

153  Themajority of long-lived halocarbon source gases are now controlled by the Protocol. Further, or more rapid, reductions in

154  stratospheric chlorine (and bromine) would depend on extension of the Protocol to chlorinated very short-lived substances

155 (VSLS), defined as having an atmospheric lifetime of less than 6 months. The prime example of this is dichloromethane

}56 (CH:Cl) (Hossaini et al., 2017) which is mainly of anthropogenic origin and, although largely removed in the troposphere,

157 does deliver a large fraction of the estimated 130 + 20 pptv of VSLS chlorine to the stratosphere both directly (source gas
58 injection, SGI) and through decay products (product gas injection, PGI) (see W MO, 2022). Although this is only around 4%

59 of the current stratospheric chlorine loading, its contribution is expected to increase (Section 3.3).
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T he history ofthe MP since its signing in 1987 (and ratification in 1989) kas-beer-very-sueeesstis one of continued success
—as evidenced by the decreasing loading of ODSs and stratospheric chlorine and bromine: (WMO, 2022). Indeed, the former
UN Secretary General, Kofi Annan, described the Protocolto benot only “the most successful environmental treaty in history”,
but also “perhaps the most successful international agreement to date” of any kind. However, that success ap peared to be
challenged for the first time by the observation of an unexpected reduetionslowdown in the atmospheric CFC-11 decay rate
(Montzkaet al., 2018), which implied renewed emissions. A large fraction (at least) of these emissions {at-east)-were traced
to eastern China (Rigby et al., 2019). It shetdmust be emphasised that this detection of apparent contravention of the MP was
only possible through continued observations by the distributed ground -based monitoring networks (see Section 5). Following
this discovery, alarm was raised by policy makers involved in the MP—Updates-te process that these renewed emissions could
cause a delay in recovery of the ozone layer (e.q. Dhomse et al., 2019). Extensions of these observations for a further three
years-tater (Montzkaet al., 2021; Park et al., 2021) show that these renewed emissions of CFC-11 appeared to have grealy
declined. Therefore, we can argue that this episode has been further evidence of the success of the MP and ofthe effective

combination of monitoring observations, science and policy. H#We emphasise that a key component ofthese interconneded
activities is communicating ODS and ozone layer science and findings to policy makers to guide future decision making to

protect ozone and climate. Despite the undoubted progress in our understanding of the atmospheric abundance of the major

ODSs, some important te-rete-thatand persistent uncertainties remain-t. In particular, this is the bueget-efcase for carbon
tetrachloride (CCls) another-ofthe-major-controHed-OBS-(Sherry et al., 2018)-E€1). which isproduced in large quantities for
feedstock use (e.g. Chipperfield et al., 2020) and #-also has soil and oceanic sinks (e.g. Butler et al., 2016). Fherefore-itlt has
proved challenging to pin down the atmospheric budget ofthis species and explain the apparently slower atmospheric decay

than expected based on its estimated lifetime (e.g. Park et al., 2018). Gentinted-observationsT he continued observation of
these controlled ODSs, and further improved understanding of their atmospheric budgets, is important to ensure the

eontirtedongoing success of the MP.

3.2 Omne Recovery

T he undoubted success of the Montreal Protocol in halting and turning around the increasing trend in stratospheric chlorine
and bromine is clearly expected to lead to ozone recovery, e.g. an increase in global ozone. However, the detection of ozone
recovery, and even maintaining consistency on the definition of what recovery is_within the community, has proven difficult.
T here is now a general consensus that recovery means ‘recovery from the effects ofdepletion caused by halogen (chlorine and
bromine) species’ (e.9. WMO, 2011). Stratospheric 0zone amounts clearly depend on many other varying factors (e.g. solar
radiation, temperature, dynamics) which can also lead to an increase or a decrease in ezene-its concentration. These ‘non-
halogen” influences need to be removed if the ozone recovery from halogens is to be quantified. FherefereT hus, recovery
cannot generally be detected directly from observations of ozone alone; and a statistical or physical model is needed to isolae
the effects ofhalogen chemistry from other effects_in the ozone evolution.

Given that recovery isfrom theeffects ofhalogen-catalysed chemical essdepletion, the clearest signal ofrecovery wetdmight
be expected in regions where this chemistry exerts a-strergthe strongest influence on ozone. Newchurch et al. (2003) first
claimed the detection of ozone recovery in the upper stratosphere where the classical CIO + O cycle (Molinaand Rowland,

1974; Stolarski and Cicerone 1974) has its maximum efficiency. In this region theesntributingthere are also non-haogen

effects;_in particular the contribution of ozone increase from stratospheric cooling need to be removed, which ear-beis done

by model attribution studies of the different processes (noting that the stratospheric temperature changes can be due to both te
increased longwave cooling by CO- and $essreduced shortwave heating by Os itself). It proved more elusive to detect recovery
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in the other atmospheric regions subject to large halogen -catalysed loss - namely the polar lower stratospheres. Solomon et d.
(2016) succeeded in detecting Antarcticrecovery (or ‘healing’) by focussing on the period ofrapid chemical loss in September,
rather than the period of lowest ozone in October- which is subject to saturation of the ozone loss and variability in breskdown
ofthe polar vortex. As expected, the larger_interannual variability in Arctic ozone loss has made detection of any trends in this
region difficult. However, using long-term ground-based UV -visible observations, Pazmino et al. (2023) recently claimed
some measure of Arctic ozone recovery. These studies show that when searching for the signal of 0zone recovery in a varigble

atmosphere it is important to bear in mind that the different metrics used for the same phenomenon may indicate different
behaviours for the recovery.

At extrapolar latitudes, observations confirm that the ozone decline in 1990s and earlier, caused by increasing atmospheric
concentrations of ODSs, has now transitioned to a slow ozone increase in both hemispheres (Figure 2, WMO (2022)). This is
consistent among the ground- and satellite-based measurements and chemistry-climate model simulationsin the middle and
upper stratosphere, despite the larger variability of the ground-based measurements. This is apparent in the evolution of
observed and modelled annual mean deseasonalized ozone anomalies, relative to the 1998-2008 climatology effor each
individual dataset in Figure 2, in the upper stratosphere (42 km or 2 hPa) and in the lower stratosphere (19 km or 70 hPg).
OzeneUpper stratosphericozoneanomalies averaged over 2017-2020 +rthetpperstratespherefrom most datasets are positive
relative to the 1998-2008 average, which is consistent with expectations from the chemistry-climate model (CCM)

simulations. In contrast, lower-stratospheric 0zone anomalies over 2017—2020 continue to be about the same as for the 1998—
2008 average. +rnterestingly, in 2019 and 2020, stratospheric ozone values were lower than in previous years and below the
level expected from model simulations (Weber et al., 2020). The particularly low 2020 annual mean is the result ofa very
weak B-BEBrewer Dobson circulation (B DC) and a large and stable Antarctic ozone hole (Klekociuk et al., 2021; Weber e
al., 2021). Such large_interannual variability, driven by variations in meteorology and transport (e.g. Chipperfield et al., 2018),

is typical for the lower stratosphere and limits our ability to drawing definite conclusions about long -term trends, especidly
for the mid-latitudes (30°-60°) in both hemispheres (see WMO, 2022). Evidently, longer observational time series are-reeded
teshould reduce the uncertainty due to this variability, again reinforcing the need for continued atmospheric monitoring.

W hile we can see that stratospheric halogen levels are decreasing, and therefore their impact on ozone is decreasing , there are
a number of concerns about the extent and rate of ozone recovery. Clearly, ongoing emissions of chlorine and bromine fom
ODSs or VSLS that are not already accounted for will act to slow down this recovery (Sections 3.1 and 3.3). However, thee

are other factors which are not controlled by the MP and which may also lead to decreases in column ozone, ultimately the
parameter of primary concern for protecting the biosphere. There are many studies (e.g. Ball et al ., 2018, see also Figure 2)
which point to an ongoing decrease in 0zone in the mid -latitude lower stratosphere. This may be related to dynamical changes,
which are predicted to decrease tropical column ozone in the future (Section 6). The model simulations of Chipperfield et d.

(2018) supported this cause and showed a negligible impact ofassumed trends on VSLS bromine and chlorine. In contrast,

Villemayor et al. (2023) have suggested arole for the combined effects of chlorine, bromine and iodine VSLS acting together.
T his is aregion where further work is needed to determine the extent of ozone depletion/recovery and to quantify its driving
factors.

3.3 Other Issues relatedtRelated to Halogen Chemistry

Asnoted inSection 2.2, VSLS deliver importantamounts ofchlorineand bromine to thestratosphere. \VSLS bromineis largely
ofnatural oceanic origin and contributes 5 + 2 pptv to stratospheric bromine, which is around 27% of the total (WMO, 2022).
T here is currently no suggestion ofatrend in this VVSLS bromine contribution but this could potentially occur due to climate
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feedbacks on the strengths ofthe emission sources. In contrast, VSLS chlorine is largely of anthropogenic origin. Although
the total VSLS chlorine injection of 130 + 20 pptv is only 4% of the total stratospheric chl orine WMO, 2022), it is showing a
small increasing trend notably through increases in the atmospheric aburearecabundances of CH:Cl, and CHCls (e.g. Fang et
al., 2019; Claxtonetal., 2020). Far larger local stratosphericchlorineinputs from VVSLS haverecently been observed inregions
where strong convection and emissions co-locate, notably the Asian Summer Monsoon (Adcock et al., 2020)-), pointing to the
importance of observing chlorine species directly in the lower stratosphere.

Solomon et al. (1994) pointed out that iodine depletes 0zone more efficiently than chlorine, and thus could be responsible for
significant contribution to past and future ozone changes. However, there are still large uncertainties in the main gas- and
condensed-phase iodine photochemical processes (see e.g. Saiz-Lopez et al., 2012; Feng et al. 2023) and observations of
inorganic iodine (ly) species in the upper troposphere — lower stratosphere (UTLS) are sparse. So far, only afew globd 3-D
models have included iodine chemistry (e.g., atmospheric chemistry-climate models such as CAM by Ordéfiez et al., 2012;
SOCOL-AERV2-1 by Karagodin-Doyennel et al., 2021; WACCM by Cuevas et al., 2022 ; LMDZ-INCA by Caram et d., 2023;
Chemical transport models MOZART by Youn et al., 2010; TOMCAT /SLIMCAT by Hossaini et al., 2015 and GEOS-Chem
by Sherwen et al., 2016). These models have included the major sources of iodine from the ocean, including short-ived
iodocarbons (e.g. CHsl, CHzl2) and primary HOI and I emissions (e.g., Carpenter, 2003; Jones et al., 2010, Saiz-Lopezet d.,
2012; Carpenter et al., 2013). Recent measurements have indicated that up to 0.77+0.10 parts per trillion by volume (pptv)

total inorganic iodine {s—injected—toreaches the stratosphere from the—eeeansocean emissions (Koenig et al., 2020).
FheseModelling studies have indicated that iodine may play an importantrole in stratospheric ozone depletion. However,

signrificantlarge uncertainties remain over the magritude-anre-Hrpaetcontribution ofiodine ento stratospheric ozone levels,
ranging from afew percent_reduction (e.g., Hossaini et al., 2015; Karagodin-Doyennel et al., 2021) to 10% (Cuevas et al.,
2022) and up to 30% (e.g., Ordéfiez et al., 2012). Indeed, the contribution of iodine could become more Hrpertartpronounced
in the future (Cuevas et al., 2022; Villemayor et al., 2023) duetewith the decreasing amounts of stratospheric chlorine and
bromine brought about by the Montreal Protocol (Feng et al., 2021).

It is worth pointing out that volcanoes are also a potentially significant source of halogens to the atmosphere (B obrowski et
al., 2003; Pyle and Mather, 2009). Large halogen-rich eruptions could in principle inject large anounts of halogens, notably
bromine, directly into the stratosphere, causing massive ozone destruction (Kutterolf et al., 2013; Cadoux et al., 2015).
However, this phenomenon has not been observed during the current satellite era.

4 Other Challenges

T he MP has been focused on reducing ozone depletion by anthropogenic halogens. However, there are other well-known
causes of global ozone perturbations, notably natural ones such as the 11-year solar variability (for which the recent solar cyle
23 showed decreased flux) and stratospheric sulfur injections by large volcanic eruptions (e.g. EI Chichon in 1982 and Mt
Pinatubo-erdptien in 1991) (WMO, 2022). So far, since the start of satellite observations around 1980, these natural factors
have had arelatively limited impact on global ozone and, unlike the anthropogenic halogen threatemissions, are only expected
to cause short-term (decadal Hmeseatestimescale at most) fluctuations in stratospheric ozone.

Climate change represents a pressing and long-term issue for stratospheric ozone. The overall impacts of climate change
(largely driven by the increase in C O levels) on stratospheric 0zone are complex; with uncertainties ranging from transport to

chemistry effects and their couplings (e.g. changes in the strength of the stratospheric gereral-etresationBDC, changes in the
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tropospheric water flux into the stratosphere, temperature-dependent chemistry effects, chemistry changes linked to the
increasing levels in stratospheric source gases such as CH 4 and N0 that are also major the-greenhouse gases) (e.g. WMO,
2018;2022). Many of these effects are coupled and some of the resulting stratospheric perturbations can, in return, influence
the surface climate. For example, the projected increasing speed of the stratospheric B DC will decrease column ozone in the

tropics — aregion which has so far not been subject to substantial column depletion (Eyring et al., 2007). Increasing levels of

N20O will lead to enhanced NOXx-catalysed ozone depletion in the middle atmosphere (Revell et al., 2012). The impact of

increasing CHais more complex; it could lead to increased ozone depletion through increased HOXx but less chlorine-catalysed
depletion through deactivation of C1to HCI (Revell et al., 2012). These effects will increase as GHG levels increase but the
details will depend on the relative changes in CO», NoO and CHa. Therefore, the chemical details of the different prescribed

scenarios are important for the ozone impact. Understanding and forecasting the effects of climate change on stratospheric
ozone has been amajor ehaHengeforseveral-decadesrowoutstanding challenge for several decades now and will remain one
for_years to come. W hile our knowledge of relevant atmospheric processes will improve, there will remain the issue of

uncertainty in GHG scenarios which are based on societal decisions.

More recently, other new challenges have emerged. The stratosphere contains aerosol particles which are mostly fetrel ocated
in its lower altitude region. This stratospheric aerosol load is everwhelrminghyusually dominated by supercooled sulfuric add
particles whose main sources are stratospheric oxidation ofvolcanic SOz and of OCS, along-lived sulfur species emitted &
thesurface (Crutzen, 1976). Sulfuricacid aerosols play an importantrolein stratospheric chemistry andin theradiative balance
ofthe atmosphere, notably when it is enhanced volcanically. They provide surfaces for key heterogeneous reactions (Hofmann
and Solomon, 198%—Fhey-atse), cool the surface by scattering incident sunlight back to space and can heat the stratosphere
by absorbing near-infrared radiation (Stenchikov et al., 1998; Robock, 2000). Until quite recently, almost all the observed
global enhancements in stratospheric aerosols and resulting ozone perturbations were linked to sulfur injections by large
volcaniceruptions (e.g. EI Chichon in 1983, Mt Pinatubo in 1991). As the stratospheric aerosol variability appeared to be
essentially driven by volcanic sulfur inputs, only sulfur-induced perturbations of stratospheric aerosols have usually ben
considered significant for the global stratosphere and climate. T his focus on sulfur has also led to the development of
sophisticated stratosphericsulfate aerosol microphysical modules which are now implemented in several global climate models
(e.g. Zanchettinet al., 2016). These models are able to reproduce observed features of the stratospheric aerosol layer rather
well, especially the large enhancements by volcanic eruptions (Zanchettin et al., 2022) and associated ozone losses (e.q. Bekki
and Pyle, 1994; Mills et al., 2017). These models are also used to assess the impacts of other stratospheric sulfur injections on

stratospheric ozone, for example from aircraft or potential stratospheric geoengineering (Pitari et al., 2014).

Fwo-reeentevents-haveAircraft measurements in the lowermost stratosphere have already revealed that the nature and
composition of stratospheric aerosols are more variable and complex than assumed in most stratospheric aerosol -climate

models. These usually only consider sulfur and ignore the substantial components of meteoritic and organic material, dust, and

metallic particles from space activities (Murphy et al., 2014; Martinsson et al., 2019; Murphy et al., 2021; Schneider et al.,

2021; Murphy et al., 2023). Two recent events have further challenged the dominant view that sulfur is the only aerosol

component relevant for the global stratosphere, 0zone layer and climate. The first event was the massive Australian wildfires
at theturn 0f2020, the so-called Australian New Year's (ANY) event (Khaykin et al., 2020; Peterson et al., 202 1};-ard); the
second event was the eruption of the Hunga Tonga — Hunga Ha"apai (HTHH) volcano in January 2022 (Carr et al., 2022; Zuo
et al., 2022). The nature and magnitude ofthe various stratospheric impacts of these two events have been unexpected and
sometimes unprecedented in the historical records. After irtersiveextensive research on the stratosphere since the discovey

of the Antarctic ezene-helephenermenenOzone Hole in 1985, these two recent events haverepresentedrepresent extreme but
valuable testbeds of our understanding and modelling of stratospheric physics and chemistry.
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4.21 Australian Wildfires

4.21.1 Injections of Carbonaceous Particles_ and Resulting Aerosol Changes

W ildfires can trigger the formation of pyrocumulonimbus (PyroCb) towers that can-+ise-high, depending on the meteorologica
conditions and intensity of the fires, ardrise high enough to transport biomass-burning material into the UTLS (Peterson ¢ 4.,
2018). The Australian ‘Black Summer” wildfires 0£2019-2020 were exceptional in terms of scale, intensity and stratospheric
impacts according to historical records (Damany-Pearce et al., 2022). The strongest set of PyroCb outbreaks (ANY) occurmed

at the turn of 2020, injecting massive amounts of gaseous and particulate biomass-burning products above the tropopause;

example—eftheorderof-. Forinstance, ~1 T g of carbonaceous aerosols and ~25 T g ofH,0 were released into the lower

q 020: Dan D 0 Mesto
&r5—=9zbo o v

a£ AN on

stratosphere during the AN nafry-Pearee-et-ak- - e
stratospheretestited-from-aeroset-perturbations-main ANY event (Khaykin et al., 2020 Damany-Pearceet al., 2022). resultin;

in asharp increase in global stratospheric aerosol optical depth (SAOD). The rise in SAOD was comparable to the increases

produced by the strongest volcanic eruptions since Mt Pinatubo in 1991, namely Calbuco in 2015 and Raikoke in 2019 (se2
Figure3). Stratosphericaerosol levels remained enhanced in the Southern Hemisphere throughout2020. Note that the radiative
properties and heterogeneous chemistry of carbonaceous aerosols are different from those of sulfate aerosols (Yu et al., 2022).

As aresult, the impacts of ANY aerosols on the stratosphere and surface climate are expected to differ from those of volcanic

sulfate aerosols.

4-2-3 Gaseous Composition Changes

ANY stratospheric aerosol changes were accompanied by very unusual large-scale perturbations in gaseous composition. For
example, in the months following the ANY aerosol dispersion, unexpected partitioning between radicals and reservoir species
in the chlorine and nitrogen families were observed at southern mid-latitudes at relatively warm stratospheric temperatures
(Santeeet al., 2022). The main stratospheric chlorine reservoir species HCI was found to be largely depleted while the other
chlorine reservoir, CIONO, and the 0zone-destroying chlorine radical C10, were enhanced. The anomalous partitioning is
somewhat reminiscent of the effects of ozone-eestreyngdepleting heterogeneous chemistry on other stratospheric aerosols
(sulfuric acid particles, PSCs) and is-Hkeby-eansedwas probably initiated by some heterogeneous processing on theANY
particles (Bernarth et al., 2022; Solomon et al., 2023). However—the-physical-stateand-chemteal-reactivity-ofsueh-witdfir
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Overall, the enhanced CIO concentrations must-haverested-nlikely caused some, albeit weak, chemical ozone depletion. A
mini ozone hole (depletion ofup to 100 DU) was also apparent early on within the largest plume vortex earky-er-{(Section
4.1.3; Khaykinet al., 2020) and the Antarctic ozone hole was particularly long-lasting in 2020—B+ferent (Klekociuk et a.
2022). Several aerosol-driven mechanisms have been proposed to explain_these ozone changes, invoking changes in

stratospheric dynamics and/or heterogeneous chemistry.

It has to be stressed that, at this stage, we do not know exactly the physical state (e.q. liquid, glassy, solid) and composition of
such wildfire particles in the conditions prevailing in the stratosphere, all the more so when internally mixed with sulfuric add
(Solomon et al., 2023). Asaresult, the types and rates of heterogeneous reactions occurring on them can only be hypothesised.
Further laboratory studies and, as importantly, detailed chemical composition measurements are certainly our best means to
characterise unequivocally the physico-chemistry of these aerosols.

4.2-41.3 Dynamics and Radiative Forcing

In the early phase when aerosol concentrations withinthe ANY plumes were extremely high, the intense solar heaing by ANY¥
} bt } } -the highly absomptive ANY

aerosol plumes led to very peculiar dynamical feedbacks and the formation of self-maintained anticyclonic vortices. T his
included one with asize of ~1000 km, which contained extremely high concentrations of wildfire gases and aerosols. The

massive and remarkably compact vortex persisted for several months while rising diabatically to ~35 km (Khaykin et al.,

2020). The aerosol lofting opposed the effect of gravitational settling, prolonging the residence time of ANYY aerosols in the

stratosphere. Interestingly. after the discovery ofheating and self-lofting by ANY carbonaceous aerosols. an analysis of
high-resolution satellite observations has showed that the R aikoke volcanic eruption in 2019 also generated a stratospheric

anticyclonic vortex which rose to 27 km and persisted for more than 3 months (Khaykin et al., 2022). Since sulfate aerosols
absorb radiation only weakly, the heating must have been generated by absorption from another volcanic aerosol component,

likely to be volcanic ash. Currently, most stratospheric aerosol models only consider sulfate aerosols and hence cannot

reproduce the observed dynamical confinement and ascent of concentrated carbonaceous plumes or ash -rich plumes and hence

the extended residence time in the stratosphere. Once the ANY aerosol plumes were dispersed and spread, the aerosol heating

led to a pronounced large-scale warming of the southern lower stratosphere (Stocker et al., 2021; Damany-Pearce et al., 2022)
which was stronger than any warmings from recent volcanic eruptions.

T he raehativeclimate forcing efby ANY aerosols is more difficult to estimate by-eemparisente-thatfrerrthan the forcing by
sulfate aerosols. Sulfateaerosols cool the surface by efficiently scattering incoming sunlightback to sp ace whiehand this effect
readily dominates the surface--warming tendency from their absorption of longwave radiation. Carbonaceous aerosols not only
scatter solar radiation but also absorb it, and this absorption is strongly dependent on the aerosol composition. ANY aerosols
are thoughtto have been mostly composed ofasmall fraction ofblack carbon (B C, soot-like component) and avastly dominant
fraction of organicmaterial (OM, including the so-called brown carbon (BrC) component) (Liuetal., 2022). BC absorbsacross
the entire solar spectrum and hence is by far the most efficient source of heating. Most OM compounds absorb strongly in the
IR and UV wavelengths, but are relatively transparent in the visible and near-IR wavelengths. This is not the case for BrC
which can also absorb in the blue and near-UV spectral regions, albeit with a much weaker efficiency than BC (Laskinet d.,
2015; Yuetal., 2021). SireeGiven the exast-poor observational constraints on the composition, mixtarephysical and mixing
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state, and size distribution of ANY carbonaceous aerosols are-peorty-constrained-the-AMNY-(all key parameters of aerosol

radiative properties), the radiative impact of ANY aerosol remains as _difficult to guantifrassess as their heterogeneous
chemistry. Estimations of ANY aerosol surface radiative forcing (R F) vary from negligible to about -1 Wm'; this range en

be compared to the RF of small to moderate volcanic eruptions during the last 3 decades, estimated at between —0.1 and —0.2
wm? (Sellitto et al., 2022a; Liu et al., 2022). An additional complication in the AN'Y RF estimation is the effect of the aerosol -
driven stratospheric warming on the longwave radiation budget (Liu et al., 2022).

Itisworth pointing outthat, as global surface warming intensifies, massivewildfires and associated pyro-convective injedions
of carbonaceous particles in the stratosphere are expected to become more frequent. Pyro -convection could turn into a
significant source of large-scale perturbations of stratospheric aerosols, 0zone, and climate. Therefore, it might be necessary
to account for stratosphericwildfire particle processes in CCMs and comprehensive Earth system models (ESMs) in thefuture.

4.32 Hunga Tonga — Hunga Ha apai veleaniceraptienVol canic Eruption of the-January 45*-2022

4.32.1 Injection of H-0 and Sulfur

T he eruption of the Hunga Tunga — Hunga Ha’apai volcano with an underwater caldera occurred on January 15" 2022. Severd
features of this eruption were unique in the record of stratospheric observations. First, it generated a very powerful blast that
injected volcanic material up to an altitude ofnearly 58 km (Proud et al., 2022; Carr et al., 2022). A volcanic plumefrem—a
rroderate-erdption reaching the lower mesosphere was barely conceivable until this event, especially when the plume ofthe

Mt Pinatubo eruption in 1991 with an explosivity index larger than the HTHH eruption reached at most an altitude of ~40 km
(McCormick et al., 1995). Second, the HT HH eruption injected a very small amount of SO (0.4-0.5 T g) but a wenr
targemassive quantity of H.O-trte-the-rrideeatmosphere, between 120 and 150 Tg (Carn et al., 2022; Millan et d., 2022; Xu
etal., 2022; Khaykin et al., 2022), into the middle atmosphere, resulting in trprecedertedvery large increases in stratospheric

water vapour (see Figure4). Again, such avolcanic emission scenario had not been generally considered previously. H 0
isotopic ratio data strongly suggestindicate that sea water was a major source of stratospheric hydration by the HTHH eruption
(Khaykin et al., 206222022), which is consistent with the high concentrations of sea salts found in HTHH tephra (volcanic ash)
collected shortly after deposition at the surface (Colombier et al., 2023).

4.32.2 H,0 and Sulfate Aerosol Changes

FoHewingtheThe HTHH eruption; increased the mean global stratospheric water content-tereased by approximately 10%,
which is unprecedented in the entire observational record dating back to 1985. Note that, as there are no significant sinks of
H20 within the stratosphere, this excess H20 ts-expeeted-to-tast-evershould persist at least several years- during which time
the water vapour is slowly transport to the troposphere. In contrast, volcanic sulfate particles have a shorter residence time in
the stratosphere, with typically an e-folding decay time ofa year, because of theeffect of gravitational sedimentation. T his

difference between the gaseous and aerosol components has led to an increasing vertical decoupling of the HT HH enhanced

water vapour and aerosol layers in the stratosphere (Millan et al., 2022; Khaykin et al., 2022).

Most ofthe HT HH SO, was oxidised to sulfate aerosols within a month because of the H,O-driven OH enhancement (Zhu et
al., 2022). Asarest-thel he SAOD (averaged between 60°S and 60°N above 380 K) increased rapidly and reached a pek 5
months after the eruption (Khaykin et al., 2022). Surprisingly, the magnitude of the SAOD increment did not follow at al the
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wstatcommon relationship between SAOD and volcanic SOz mass—Fhe ANY-SAOD-peak-exceeded-by-aboutafactor2-the
SAOD-perturbations-caused-by—_injected in the stratosphere. For instance, the HTHH SAOD enhancement, which easily
outweighed all the volcanic erand wildfire events-aerosol perturbations in the last three decades, retueirgexceeded by a factor
4 the SAOD peak caused by 2015 Calbuco eruption that injected roughly the same amount of sulphur, and by a factor 2 the
SAOD peak caused by the 2019 Raikoke eruption that injected two times more SO than the Foga-eruption—Fhis4—bld
erhancementin-SAOB-forthe HFHH-HT HH eruption esmpared-te-the(Khaykin et al., 2022). This unexpected increase in
SAOD expeeted-fora-0-4-0-5Tg-SOotnjectionsueh-as-the 2015-Calbuece-eruption;in the case of the HT HH could not be

duelinked to the possible presence of volcanic ash because that was apparently removed within days after the eruption and,

according to satellite data, ANY¥HTHH aerosols were essentially liquid sulfate droplets (Legras et al., 2022; Bernath et d.,
2023). Thehighly enhanced SAOD must have Hs-e+igirirbeen dueto theexcess humidity inthestratosphere, possibly through
aerosol hygroscopic growth or coagulation. Indeed, in sulfate aerosol microphysical model simulations of the HTHH eruption,
the SAOD generated by thea ~0.4 Tg SOz injection is approximately doubled by the co-injection of 150 Tg of water (Zhu &
al., 2022). HeweverNonetheless, the model still underestimates_the observed SAOD by a factor 2, suggesting that the effect of
water vapour on sulfate aerosols is yet not fully understood- or that the HTHH aerosols were not just composed of sulfuric add
and water, possibly with sea salts affecting the aerosol hygroscopicity.

Satellite observations of trace gases have also provided strong evidence for heterogeneous chemical processing on HTHH

aerosols with unambiguous signatures of substantial chlorine and nitrogen repartitioning in the regions of aerosol

enhancements almost immediately after the eruption (Santee et al., 2023). Model simulations indicate that stratospheric ozone
has been significantly impacted by the eruption feHewing-severa-mechanisms-{e-g—through not only heterogeneous chemistry
on—dHed-sutHate—aeresels—but also other chemical and dynamical mechanisms (e.q. H20-enhanced gas-phase radical
chemistry, and circulation changes)-) (Lu et al., 2023).

4.32.3 Dynamics and Radiative Forcing

H-isworth-recatingThe first radiative forcin F) model calculations for HT HH took only into account the sulfur injection

ignoring the water injection, and, as expected, concluded that an-rereasedthe HT HH sulfate aerosols would slightly ool the
surface (Zuo et al., 2022). However, enhancements in lower stratospheric H20 and erhanced-stratespherie-sulfate aerosols
generally have opposite radiative impacts. FheA H-0 increment tends to cool the stratosphere and warm the surface while a

sulfate aerosol increment tends to warm the stratosphere and cool the surface.

_T hewater vapour content within the HT HH plume was initially so fargehigh that the H,O radiative cooling led to a descent
of the_volcanic plume during the first weeks after the eruption (Sellitto et al., 2022b). After this initial phase, negative
temperatureanomalies were found tobe correlated with H.O-rich layers and-coelingrate(Schoeberl et al., 2022). T he decrease
in global temperatures werewas rather extreme in the mid-stratosphere during 2022, deviating markedly from_all the previous
42 years of meteorological data (Coy et al., 2022). The sign of the stratospheric temperature response confirmsthat the H-O
cooling clearly dominated the sulfate aerosol warming in the stratosphere. T hese temperature perturbations were also
accompanied by circulation adjustments.

T heeffect of the HTHH event on surface climate is not as clear-cut as in the stratosphere. RF model calculations suggest that
ultimately the eruption warmed the surface; i.e. that the H.0 warming was sllghtly dominant over sulfate cooling (Sellitto et
al., 2022b; Jenkins et al., 2023). i i }
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496 5 Maintaining Observational Capacity

197 Our understanding of the ozone layer, and of the processes which control its evolution including those outlined here
198  depenrddepends on the availability of high-quality observations. In recent years we have benefitted from a wealth of
199 observations from instruments in ground-based networks; and on balloon-aré, aircraft fHights-and sateHites-satellite platforms.

500 However, there are several indications that wefuture progress will be karperedimpeded by fewer observations in the future.
501
502
503

504 5.1 Gaseous Composition

505  Several currently operational spaceborne instruments are well beyond their design lifetimes, and some are scheduled to be
1506 decommissioned in the next few years. Instruments whose data have been cited hereabove or regularly used as part of the 4-
507  yearly WMO/UNEP Ozone Assessments (e.g. WMO, 2022) will likely cease operations within the next few years, induding
508  the AuraMicrowave Limb Sounder (MLS), the SciSat Atmospheric Chemistry Experiment Fourier T ransform Spectrometer
509 (ACE-FTS), the Odin Optical Spectrograph and Infrared Imager System (OSIRIS), and the Odin Sub-Millimetre Radiometer
510 (SMR). With the loss of these current limb-viewing capabilities, vertically resolved global measurements of many trace gases
11 relevant for studies of stratospheric chemistry and dynamics will no longer be available. T hese trace gases incl ude 0zone-
12 destroying reactive (C10) and reservoir (HCI, CIONO) chlorine species, water vapour, nitricacid (HNO3), and long-lived
13 tracers of transport-tracers (e.g., nitrous oxide, N2O; methane, C H,; carbon monoxide, CO). As noted in WMO (2022), the
14 2021 Report of the Ozone Research Managers of the Parties to the Vienna Convention (ORM, 2021a) identified the ned to
515  “continue limb emission and infrared solar occultation observations from space” that are “necessary for global vertical profiles
flG of many ozone- and climate-related trace gases™ as one of the “ key systematic observations recommendations.” Indeed, the

517 impending lossofthese measurements, many ofwhich have been taken continuously over the last several decades, will hamper

18  our ability to rechreetkeyappreciate and address key gaps and uncertainties in our understanding of stratospheric ozone
19  depletion, including the lack of emergence ofa clear signature of recovery in the Arctic, the petentiat-inflaeneeinfluences of
520 volcanic and wildfire emissions, the role of VSLS, and the impact of strengthening of the Brewer-Dobson circulation.

1521 Ultimately, this will risk weakening the scientific framework of the Montreal Protocol including the decision-making process.
522 It may take many years for the next generation of improved limb sounders to become operational and provide us with the
1523 observational capacity that we-have-beertsed-tehas been so essential to understanding the evolution ofthe ozone layer over
524  the past three decades. For example, the novel, high resolution Changing Atmosphere Infra-Red T omography Explorer
25  (CAIRT) (https.//www.cairt.eu/) is currently a candidate mission for athe European Space Agency Earth Explorer 11 mission
£26 but, ifselected, will not start operating before 2033 at best.
527
28  Ground-based networks have also proved essential for exreentinted-stady-ofthe ozone layer and-proecesses—that—affect
t29 Hresearch. Examples are the Network for the Detection of Atmospheric Composition Change (NDACC, De Mazi ére et al.,
530  2018), and the National Oceanic and Atmospheric Administration (NOAA, e.g. Montzkaet al., 2018) and Advanced Globd
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Atmospheric Gases Experiment (AGAGE, e.g. Rigby et al., 2019) surface networks. While these networks have an important
monitoring function, the data acquired have proved central to trend analyses, to the validation of satellite measurements, and
to the identification of many of the new scientific challenges discussed here. The benefit of these data sets increases greatly as
the time series extend so that longer term variations can be characterised and studied. Therefore, it is very-mpertantcrucid to

maintain their continuity- as discussed, for example, in ORM (2021a, b).

5.2 Aerosol Composition

As for trace gases, the much reduced availability of satellite limb-viewing observations in the future is concern for research on
stratospheric aerosols, an important driver of stratospheric 0zone. Several spaceborne instruments arriving towards the end of
their lifetimes have been providing critical information on stratosphericaerosol properties. It is notideal to reduce stratospheric

aerosol observations with their global coverage, especially when it is becoming increasingly clear that large-scale 0zone
perturbations from stratospheric aerosol changes are not limited to volcanic sulfur injections. The chemical composition of

stratospheric aerosols is more variable and complex than often assumed. In addition to sulfuric acid and water, stratospheric

aerosols contain significant fractions of carbonaceous, meteoritic, and space activity material but the impacts of some of these
components on stratospheric 0zone are more or less unknown. As aresult of poor observational constraints, large uncertainties

pertain to thesources, sizedistribution, heterogeneo us chemical reactivity, possibly polar stratosphericcloud activation ability.
or/and radiative properties of these components. This incomplete knowledge hinders our ability to foresee the state of the

ozone layer under the effect ofa range of potential aerosol perturbations such as massive wildfires expected to be favoured by
lobal warming, the anticipated increase in space activities within the next few decades (e.q. Ryan et al., 2022), the impad of

meteoritic particles (Plane et al., 2023) or stratospheric geoengineering (i.e. deliberate injection aerosols or/and gaseous

precursors in the stratosphere in order to counteract climate warming (e.g. Tilmes et al., 2022)).

It is worth pointing out that satellite observations cannot alone constrain unambiguously key aerosol parameters, in particular
chemical compositionand sizedistribution. Satellite datahave to be confronted and combined with in-situ detailed composition

and size measurements from balloon and aircraft; in addition, laboratory studies help to characterise the primary processes
relevant to the aerosol physico-chemistry (Burkholder et al., 2017). All these types of measurements are needed to advance

our understanding of stratospheric aerosol processes and impacts, and thus improve their representations in models.

6 Chemistry-Climate Modelling and Ozone Projections

Our understanding of the chemical, dynamic and radiative processes and of their couplings which control stratospheric ozone
is encapsulated in mathematical form in numerical models. These models are powerful tools are-simaters-in tackling a range
of scientific and societal challenges. Obviously, they can only include known processes (as the surprise discovery of the
Antarctic ozone hole_clearly demonstrated) and even for these there can be significant uncertainties. Overall, progress in our
understanding of the ozone layer will depend on the improvement and careful application of a hierarchy of models fom
detailed chemical-aerosol box models, through 3-D chemical transport models (CTMs) to complex chemistry-climate models
(CCMs).

RegardirgComputationally inexpensive 3-D CTMs will continue to play an important role in interpreting observations on a
range of spatial and temporal scales, testing our understanding and developing parameterisations for new processes. T hese

models contain detailed chemistry-aerosol schemes but are forced by off-line meteorological analyses making them idea tools

14

[ Formatted: Header




b71
b72
b73
b74
b75
b76
b77
578
579
580
581
582
H83
584
585
H86
587
H88
89
590
591
592
593
594

for comparing with observations and for many sensitivity studies. CCMs;.are needed to study chemical -radiative-dynamical

interactions but these models ean-beare relatively very computationally expensive to run. HugeContinuing advances in
computing resources allow ever more complex processes to be added-te-medels which can help understanding of feedback
pathways but can mean that simulations are often at the limit of what is practical. A-set-efenrsembleFor example the
stratospheric impact of halogenated VSLS will ideally require detailed tropospheric chemistry in order to accurately modd the

transport of product gases to the stratosphere. This ‘whole atmosphere’ chemistry is also desirable for many other reasons, but
it adds to the cost of all stratospheric simulations, and to the amount of model output generated. A set of ensemble CCM

simulations (needed to characterise the model internal variability) can take many months of real time even on a powerful High
Performance Computing (HPC) system. Fhe-Moreover, the costs increase greatly as other modules, such as ocean, cryosphee
and biosphere, are added to build afull ESM. Within an ESM—Fhrerefere; framework there is, we think, adanger that the
treatment of the stratosphere is simplified to such an extent that the model will not capture many ofthe important processes

discussed above (e.q. VSLS, wildfire smoke) and thus will not produce the best estimate for processes such as 0zone layer
recovery. For example, the standard UKESM (Archibald et al., 2020) only treats three ODSs (2 CFCs and CH:Br) with other
simplifications for PSCs. In practice, other versions of the ESM may be available (in effect a ‘CCM” if other modules are not

used to save time) but these will likely not be used for flagship climate simulations in major international assessments. This is

important not only for simulating the stratosphere itselfbut because changes in the stratosphere are known to exert important
impacts on the troposphere and the surface (e.g. Thompson et al., 2011).

Given the computational challenges simulations with CCMs (and ESMs) need to be planned carefully. Results from any given
SEMH{erESMymModel will have various causes of uncertainty: (4

GHGseenarios-used-to-foree—the-medell) internal variability; (2) structural uncertainty — related to the model grid and
parameterisations used to represent krewknown processes and (3) irterral-variabiity-scenario uncertainty — related for
example to the ODS and GHG scenarios used to force the model . To address (3}-&E&Ms+eed 1) each CCM needs to perform
an ensemble of simulations. To address (2) a selection of models are needed to perform a given experiment in order to obtan
arobust result (in the sense that the result is not, or at least only weakly, model-dependent). Ferexamplel 0 address (3) the
models must be computationally cheap enough to simulate a range of p ossible scenarios. For example, as discussed above, an

important use of CCMs is to predict recovery of the ozone layer from chlorine and bromine-catalysed loss, and the dependence
ofthat recovery on climatechange. Theseresults are obtained from projects such as the C hemistry-Climate Modelling Initiaive
(CCMI, https://igacproject.org/activities/fCCMI) and feed into the WMO/UNEP Assessments. It is important that the
participating models have been thoroughly evaluated and that they perform sufficient experiments (with ensemble members).
For example, as noted by Dhomse et al. (2018), robust estimates of sensitivity to GHG scenarios are better achieved when dl
(well evaluated) models perform all experiments_and these results from around 20 models fed into the projections used in
W MO (2018) (see Figure 1b). In comparison, projections used in WMO (2022) were based on only 5 or 6 models (depending
on region) and from simulations that were performed for the wide-ranging Coupled Model Intercomparison Project 6 (CMIP6,

https://pcmdi.llnl.gov/CMIP6/) which were not focussed on the stratosphere. While all models used for assessment purposes

shouldideally have comprehensivestratospheric processes, their projections ofozonerecovery willalwayshave some caveats.

Clearly the models cannot contain unknown processes — and the recent example of chlorine activation on wildfire smoke

particles (Section 4.1) is one example. Even for known processes, we do not know how external forcings, such as volcanic

eruptions, will vary. Therefore, there will always be an important role for additional, focussed studies of chemistry -climate
interactions and projections outside of the main assessment process in order to explore detailed interactions and accommodae
new knowledge.
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Given the increasing computational cost of the CCM-{er-/ESM} simulations then it seemsis desirable that seme-other

approaches are used to update projections of ozone layer recovery which do not depend on extensive new sets of model runs.
A commonly used metric is the ‘ozone return date’ (see Figure 1b). This is the date at which modelled ozone levels retum to
a reference value, which is often taken to be 1960 or 1980. These return dates are, for example, typically around 2040 for
global mean column ozoneand 2066 for the Antarcticin October, butwith large uncertainty dueto e.g. GHG scenarios (WMO,
2022). Perlorming-simuHationsto-update theseestimates-isAlthough an apparently simple metric, there are a number ofobvious
shortcomings with return dates. The return date measures recovery as a single event and does not take account the trajectory
of ozone prior to that date, noting that the impact of increased surface UV will depend on time history of ozone depletion.
Furthermore, small shifts in the extent of ozone depletion around the return date can cause a large ‘delay” in when ozne

recovery is deemed to have occurred. Performing simulations to update these estimates is also expensive with possibly only a
small benefit if the ODS and GHG scenarios have only changed slightly. Therefore, alternative approaches should be

investigated for estimating, for example, the dependence of the ozone return date on the chlorine and bromine return dates,
and the sensitivity of this to different GHGs.

Recently, Pyle et al. (2022) proposed the Integrated Ozone Depletion (I0D) metric and showed how it applies to similar long -
lived ODSs. 10D is an absolute measure of the time-integrated column ozone depletion for different halocarbon scenarios
which, for long-lived ODSs, reduces to a simple empirical formulawith a model -derived scaling factor. As noted above,
application of ODPs to VSLS depends on the distribution of the surface emissions, which leads to arange of 10D values.
Because VSLS can cause ozone changes in the troposphere, Zhang et al. (2020) proposed the use of ‘stratospheric ODP’
(SODP) as a simpler and more direct measure of only stratospheric column changes. Further work from the modelling
community is needed to derive a robust range of (S)ODPs for VSLS, and to also extend the work of Pyleet al. (2022) to
investigate how to apply the IOD metricto VSLS. In particular, we need to test the sensitivity of rredeHedsimulated ozone
depletion to emissions (i.e. IOD scaling factor):) in arange of models.

7 SummaryrFuture Outlook

T his Opinion article demonstrates that after 100 years of research, and nearly 4 decades after the discovery ofthe Antarctic
ozone hole, the stratospheric ozone layer is still threwirgtpproducing surprises and new research challenges—shewing-tha.
Clearly we cannot lower our guard on this global environmental issue. The great progress that we have made in ozone layer
science has been achieved through the combination of laboratory studies, observations from a range of platforms, and
modelling. All of these components are essential for continued progress in research and policymaking concerning the
preservation ofthe ozone layer.

Our reflections of the long-standing and new challenges presented in this paper can, we think, be summarised in the following

overarching research needs:
e Maintaining and expanding the observational monitoring networks to ensure compliance with the M ontreal Protool

for_the controlled gases and to understand the distribution and emissions o f important uncontrolled gases. This
monitoring should cover the important ODSs, the replacements of the ODSs and VSLS, and be of high enough

coverage that emissions can be traced to specific regional sources.

e Addressing the critical issue ofthe impending satellite gap in observational capacity ofthe stratosphere which will

greatly reduce our ability to study processes globally. In order to understand changes in stratospheric ozone, for
example to track recovery or understand new perturbations, we need height-resolved profiles of related chemica and
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aerosol species. Other targeted observational campaigns from aircraft and balloons in the low-mid stratosphere are

critical for increasing the observational databaseto morespecies and providing observations at highs patial resolution.

e Supporting the development, testing and application of process models. This will also require relevant laboratory
studies to measure key parameters. CTMs will continue to be important tools to test understanding and interpret

observations. This development can feed into the chemistry -aerosol modules used in more complex CCMs.

e Ensuringthat ESMs being developed worldwide treat the stratospherein sufficient detail. Use of ES Ms for assessment
simulations should be based on well-tested models, a sufficiently large number of ensemble members to account for

model internal variability and include provision for a range of scenarios and sensitivity runs. Ifthe full ESM is too

costly for this then regular CCMs should be used. New metrics need to be explored, e.q. to quantify 0zone recovery,

which provide direct measure of the impact of the process being considered and to reduce the need for a large number
of repeated expensive model runs as external forcings change only slightly.

Our personal experience has also convinced us of the great importance of collaborative international programmes and
campaigns which have been truly instrumental in advancing our knowledge on the topic. Ultimately, society’s interest in the
ozone layer is due to the impact of ozone depletion on surface UV and climate. As this article has shown, although the ozone
layer is demonstrating recovery from the effects of long-lived ODSs, other processes such as uncontrolled short-lived species,
changing dynamics, and wildfire smoke, threatercould cause further depletienperturbations. We need to continue to observe,
understand and model these processes; Atmospheric Chemistry and Physics will continue to previge-aprimarybe an important
journal for our community’s major advances in these areas.
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1090 Figure 1: (a) Past observations and projections of the equivalent effective chlorine (EECI; total chlorine + 65 x total bromine
1091  at surface, ppb) from different long- lived ODSs between 1960 and 2100. After the signing ofthe Montreal Protocol and
1092  subsequent phase—ewtphaseout of many long-lived ODSs, the EECI began to decline and is expected to return to 1980 levels
1093 by around 2050, as indicated by the horizontal and vertical dashed lines. }-Meast+eetNote that more recent estimates of EECI
1094  would give aslightly later return date (W MO, 2022). (b) Measured (red line) and predicted (black line, with uncertainty shown
1095  as grey shading) October Antarctic column ozone (Dobson units) between 1960 and 2100. In this simulation the Antarctic
1096  ozonelayer is expected to return to 1980 levels around 2061, around a decade later than the EECI (horizontal and vertica
1097  dashed lines). CFC, chlorofluorocarbon; HCFC, hydrochl orofluorocarbon. Note that this Antarctic October return date is
1098  slightly earlierthan themostrecent estimategiven in WMO (2022) butstill within the model uncertainty range. Figure adapted
1099  from WHMOL2618)-anrd-Chipperfield et al. (2020-) and based originally on WMO (2018).
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Figure 2. Annual mean anomalies of ozone in (a) the lower stratosphere, near 19 km altitude (70 hPa pressure) and (b) the
upper stratosphere, near 42 km (2 hPa), for four latitude bands: 60°S—60°N, 35-60°N, 20°S-20°N (tropics), and 60-35°S.
Anomalies are referenced to a 1998-2008 baseline. Coloured lines are long-term records obtained by merging data fom
different nadir (SBUV NASA (MOD) and SBUV NOAA (COH)) or limb-viewing (OZCARDS, SWOOSH, SAGE-CCI-
OMPS, SAGE-OSIRIS-OMPS, SAGE-SCIAMACHY-OMPS) satellite instruments. Dashed coloured lines are long-tem
records from ground-based observations (Umkehr, lidar, microwave, FTIR and ozonesondes); see Steinbrecht et al. (2017),
W MO (2018), and Arosio et al. (2018) for details on the various datasets. The gray shaded areas show the range (10th and
90th percentiles) of 16 CCM simulations performed as part ofthe CCMI-1 REF-C2 experiment (see Morgenstern et d., 2017)
with the black line indicating the median. Taken from Figure 3-9 in WMO (2022).
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Figure 3. Perturbation of the stratospheric aerosol optical depth (SAOD) due to Australian fires and the strongest events since
1991. The curves represent the SAOD perturbation at 746 nm following the Australian wildfires, the previous record -bresking
Canadian wildfires in 2017, and the strongest volcanic eruptions in the last 29 years (eruptions of Calbuco volcano in 2015
and Raikoke volcano in 2019). Thetime series are computed from OMPS-LP aerosol extinction profiles as weekly-mean
departures of aerosol optical depth above 380 K isentropic level from the levels on the week preceding the ANY event. The
weekly averages are computed over equivalent-area latitude bands roughly corresponding to the meridional extent of
stratosphericaerosol perturbation for each event. Theshading indicates a30% uncertainty inthe calculated SAOD, as estimated
from SAGE Il coincident comparisons. See Khaykin et al. (2020) for more details.
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Figure 4. Zonal mean H0 anomalies (%) in the tropics, between 10°S and 10°N (the so-called atmospheric tape recorder),)

for January 2005 to August 2023. H,O abundances are based on GOZEARBSHFrotdevam—etal—2015)andversion 5
Microwave Limb Sounder data. SeeBased on Figure 5ain Millan et al. (2022)fermere-detats:). Figure courtesy of Xin Zhou

(University of Chengdu).
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