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In contrast to the general stratospheric ozone recovery following
international agreements, recent observations show an ongoing net
ozonedepletioninthe tropical lower stratosphere (LS). This depletion

is thought to be driven by dynamical transport accelerated by global
warming, while chemical processes have been considered to be
unimportant. Here we use a chemistry-climate model to demonstrate

that halogenated ozone-depleting very short-lived substances (VSLS)
chemistry may account for around a quarter of the observed tropical LS
negative ozone trend in 1998-2018. VSLS sources include both natural and
anthropogenic emissions. Future projections show the persistence of the
currently unaccounted for contribution of VSLS to ozone loss throughout
the twenty-first century in the tropical LS, the only region of the global
stratosphere not projecting an ozone recovery by 2100. Our results show the
need for mitigation strategies of anthropogenic VSLS emissions to preserve
the present and future ozone layer in low latitudes.

After the discovery of the Antarctic ozone hole in the 1980s'?, numerous
studies have focused on the future evolution of stratospheric ozone
layer depletion givenits relevance for life on Earth®. The Montreal Pro-
tocol, signed in 1987 with later amendments and adjustments, limits
the production of ozone-depleting substances (ODS) from industrial
activity. The ODS are long-lived compounds (that is, lifetimes larger
than5-100 years*) that are unreactive in the troposphere and reach the
stratosphere unaltered, where they release chlorine and bromine spe-
ciesthatare highly reactive with ozone’. Following these controls, the
stratospheric ozone has shown the first signs of an overall recovery>®,
especially over Antarctica’ and in the upper stratosphere®,

However, ref. 9 reported that the ozone concentration in the
extra-polar (60° S to 60° N) lower stratosphere (LS; that is, from the
tropopause to ~30 hPa) continued with a negative long-term trend
during the early twenty-first century centred in tropical latitudes,
despite the decline of halogenated long-lived ODS concentrations
registered since the beginning of the century”. Indeed, the tropical
LS ozone abundanceis also linked to long-term climate change induced
by anthropogenic greenhouse gases (GHGs)". Increased atmospheric
GHGlevels contribute to accelerate the tropical upwelling, as part of the
stratospheric overturning circulation'?, and thus reduce the LS ozone
concentrations®, This apparent exception to the overall stratospheric
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Fig.1|1998-2018 trend of tropical LS ozone anomalies. a, Indices of
deseasonalized monthly ozone anomalies relative to the 1998-2018 mean
averaged over the tropical (30° S to 30° N) LS (95-30 hPa) and their linear fit
using BASIC observational database (Obs.) and the ensemble-mean VSL; and
nVSL simulations. Shadings indicate +2-sigma uncertainty from observations
and +95% confidence interval of the six-member ensemble-mean in simulations.
b, Vertical profilein pressure levels (hPa) of the tropical ozone linear trend

inobservations +2-sigma uncertainty (grey shading) and the six-member
ensemble-mean simulations + 95% confidence interval (error bars). Horizontal
lines delimit the LS vertical range. ¢, Bar charts of the tropical LS ozone linear
trend in observations and the six-member ensemble-mean VSL,;, VSL ., VSL,
and nVSL experiments + 95% confidence interval (error bars). Shaded areas
indicate the 95% probability threshold of stochastic internal variability of the
atmosphere according to anon-parametric statistical test (details in Methods).

ozonerecovery is, in turn, highly relevant given that ozone perturba-
tionsintheLS havea particularly largeimpact on the ultraviolet radia-
tionat the surfaceinthe tropics'" and the radiative balance, entailing
climate implications™°.

In addition to long-lived ODS, emissions of very short-lived sub-
stances (VSLS) also contribute to the total halogen injection into the
stratosphere and therefore to ozone depletion?°, VSLS are tropo-
spheric reactive halogenated compounds with lifetimes less than
6 months, emitted from both anthropogenic and natural sources.
They include, respectively, chlorine species from industrial activity”
and bromine and iodine substances primarily emitted by oceanic bio-
logical and photochemical processes?*’. Despite their short lifetimes,
VSLS canberapidly lifted to the stratosphere by tropical deep convec-
tion?**. Although short-lived chlorine compounds (VSL-CI) are not
considered in the Montreal Protocol, they are identified as the major
ozone-depleting VSLS due to their increasing anthropogenic emis-
sions, particularly from Asia*, leading to an estimated stratospheric
chlorine injection of ~111 (+22) parts per trillion by volume (pptv) in
2017 (ref. 27). Dichloromethane (CH,Cl,) is the most abundant, with
the fastest increasing emissions at present®, although emissions of
chloroform (CHCI;) have also grown rapidly®’. Bromine species (VSL-Br;
forexample, CHBr;and CH,Br,) provide a natural source of bromine to
the stratosphere (-5 pptv; ref. 20), whichis highly efficientin depleting
LS ozone (-60 times more than chlorine globally*°). Even thoughiodine
(VSL-I) contributes a small fraction of the total VSLS injected to the
stratosphere (-0.7 pptv; refs.19,31), it also contributes to stratospheric
ozone loss'**'* due to the large ozone-depleting efficiency of iodine

(-130timeslarger than chlorine in the extra-polar stratosphere®). The
influence of anthropogenic VSL-CI” and natural VSL-Br*® on the total
stratospheric ozone column hasbeen previously described, although
acomprehensive understanding of the chemical influence of VSLS on
the LS ozone evolution has not been reached yet.

Chemical transport model simulations with prescribed meteor-
ology over 1996-2017 were used by ref. 5 to conclude that the domi-
nant cause of the observed trend in LS ozone was dynamics. Based on
specified trends in upper tropospheric anthropogenic VSL-Cl, and an
assumed increase of 0.5 pptv VSL-Br per decade, they suggested that
contributions from VSLS chemistry were small compared to atmos-
pheric dynamics controlling the long-term depletion associated with
tropical upwelling intensification and a strong interannual variability®.
Note that their model did not consider stratosphericiodine.

Inthisarticle, werevisit therole of VSLS in the long-term tendency
of tropical LS ozone using a state-of-the-art chemical scheme and emis-
sion inventories of halogens (chlorine, bromine and iodine) with the
Community Earth System Model (CESM*®). Oceanic VSL-1emissions and
a complete tropospheric chemical scheme of natural and anthropo-
genicVSLSareincluded to assess the recent past and future evolution
of tropical LS ozone. Our results show that VSLS substantially amplify
by one quarter the modelled total tropical LS ozone negative trend over
1998-2018. We find that VSLS-mediated ozone depletion occurs due
toreactionsinconcert with naturaland anthropogenic VSLS together.
A set of future projections based on Representative Concentration
Pathways (RCP) RCP6.0 and RCP8.5 combined with different VSLS
emission scenarios are also explored to estimate a range of potential
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Fig.2|Simulated ozoneloss reaction rates in tropical LS normalized by

the ozone concentration under different approaches of VSLS emissions.

a, The1998-2018 mean rates decomposed into families in units of molecules per
cubic centimetre per second per parts per billion by volume (ppbv) of ozone.
Percentages indicate the increase of the HO,'**, NO,", 0,/ and (on top) the sum

ofall halogen-mediated reaction rates relative to the nVSL experiment. b, Bar
charts of the relative linear trend over 1998-2018 of halogen-mediated families
presented as the six-member ensemble-mean + the 95% confidence interval
(error bars).

impacts. These future scenarios suggest that, by controlling emissions
of anthropogenic VSLS, up to 25% of the tropical LS ozone depletion by
the end of the twenty-first century may be prevented.

Recent past tropical lower stratospheric ozone
depletion

We first explore the role of VSLS on modelled ozone changes in the
tropical LS over the recent past (Methods). A complete set of experi-
ments is performed including all (VSL,,), only natural (VSL,,,), only
anthropogenic (VSL,,,) and neglecting VSLS (nVSL) emissionsinto the
CESM atmosphericcomponent driven by observed forcings (for exam-
ple, seasurface temperature). Each experiment includes six-member
ensembles to account for the contribution of stochasticinternal atmos-
pheric variability on ozone changes.

Figure 1ashows strong variability in the simulated monthly anoma-
lies of tropical LS (defined here between 30° Sand 30° N and between
95 and 30 hPa) ozone concentration across the experiments, which
is consistent with observations (that is, the Bayesian Integrated and
Consolidated BASIC* observational product). Previous works attrib-
ute such stronginterannual variations to modes of internal variability
associated with changesin tropical upwelling such as EINifio-Southern
Oscillation**' and the quasi-biennial oscillation®***, Across 1998-
2018, these high-frequency fluctuations dominate the tropical LS
ozone variability, representing 93% of the total variance. Nevertheless,
observations show a negative long-termtrendin tropical LS ozone over
1998-2018 (refs. 9,37), which is also present in our simulations. The
large interannual variability over a relatively short period suggests
that the 1998-2018 trend is largely determined by the leading modes
of internal variability rather than by long-term modulators (mainly
GHG-driven tropical upwelling acceleration and chemical depletion
due toincreasing VSLS emission). However, this does not necessarily
rule out that long-term modulators may still be playing a secondary
butimportantrole.

The modelalsoreproduces, within the limits of respective uncer-
tainties, the vertical distribution of the observed tropical ozone
trend with the most marked depletion in the LS (between 95 hPa
and 30 hPa) and a recovery in upper levels, roughly above 10 hPa
(Fig. 1b). Both the VSL,, and nVSL simulations show good agree-
ment in the mid-stratosphere and upper stratosphere (that is, above
30 hPa), where temperature changes strongly affect ozone*, whilein
the LS, VSL,, compares better with observations. This result reveals
that in the tropics the simulated VSLS-mediated stratospheric ozone

depletion is mostly restricted to the LS. Focusing on the mean tropi-
cal LS ozone relative anomalies, observational data show a trend of
-1.5% per decade with large 2-sigma uncertainty of +1.1% per decade
(Fig. 1c), mostly attributable to early years of the 1998-2018 period
(Fig.1a) and lowermost-level data (Fig. 1b)*’. Below the LS, the observed
100 hPaozone trendis too uncertain (+10%, denoted with dashed line
in Fig. 1b) to evaluate comparisons with simulations.

Among all simulations, only VSL,, represents an ensemble-mean
trend (-1.0% per decade) that is significantly within the 2-sigmainterval
of the observations (Fig. 1c). Although within observational uncer-
tainty, the underestimation of the observed trend in VSL,; could be
attributed to model biases and/or unresolved processes involving
ozone depletion. The other simulations (VSL,,,, VSL,,,.and nVSL) show
weaker and similar ensemble-mean trends that barely emerge fromthe
stochastic signal of atmospheric internal variability (grey shading in
Fig.1c). They allunderestimate by about 25-38% the ozone trend char-
acterized by VSL,;. This resultimplies that if any of the VSLS emissions
arenot considered (thatis, anthropogenic and natural contributions),
at least a quarter of the recent tropical LS ozone depletion tendency
cannot be explained.

Note that the large ensemble uncertainties (as a measure of the
influence of atmosphericinternal variability), along with the negative
trend consistently represented by all VSLS experiments (Fig. 1c), sup-
port the role of dynamical changes suggested by ref. 5. Nonetheless,
we show that the effect of dynamic changes on the recent tropical LS
ozone trend is amplified by VSLS through chemical mechanisms to a
substantial extent and must be considered for abetter understanding
of the different behaviour of stratospheric ozone recovery within dif-
ferent regions and heights.

VSLS-mediated ozoneloss in the tropical LS

Figure 2 shows modelled ozone loss reaction rates grouped by chemi-
cal families and normalized by ozone concentrations. Natural VSLS
emissions alone enhance by 6.2% the net ozone loss rate (mean rate
in VSL,, relative to the nVSL experiment), while anthropogenic VSLS
account for asmall 0.5% netincrement (VSL,,, relative tonVSL) (Fig. 2a).
Jointly, all VSLS emissions enhance the total budget of ozone loss
reactions (VSL,; relative to nVSL) by 6.7%, suggesting an additive con-
tribution of different VSLS sources, natural and anthropogenic. The
decompositioninto families, thatis, ozone-depleting cycles grouped
by the mediating species (Supplementary Table 1), shows that the
net ozone loss rate is dominated by hydrogen-catalysed chemistry
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Fig.3|Future long-term evolution of tropical LS ozone. a, Indices of the
change of 20 year mean ozone concentration relative to the 1998-2018 average
in UppLim8.5, LowLim8.5, UppLimé6.0 and LowLimé6.0 simulations. Indices
represent four-member ensemble-mean values + 95% confidence interval.

The horizontal dashed line marks the threshold of severe ozone depletion
relative to the recent past (Methods). A, , and Ag s for the gap obtained by 2100

Latitude (°)

by reducing anthropogenic VSLS emissions, respectively, under RCP6.0 and
RCP8.5scenarios. b,c, Latitude-height profilesin pressure levels (hPa) of the
four-member ensemble-mean stratospheric ozone change averaged across
2080-2099 represented, respectively, by LowLimé6.0 (b) and UppLim8.5(c)
simulations.

(HO,'**). However, the overall impact on ozone loss when including
VSLS and its chemistry (percentages in Fig. 2a) is mainly accounted
for by halogen-mediated reactions. In particular, iodine is found tobe
notably efficient at destroying tropical LS ozone compared with the
other halogens (Methods).

The1998-2018linear trends of the individual halogen-mediated
ozonelossreactionrates are characterized by an underlying negative
trend (due to the ongoing control of long-lived halogens emission)
(Fig. 2b). The comparison across experiments reveals different trends
inthereaction rates that are coherent with the corresponding ozone
changes and highlights the dependence on the different VSLS con-
sidered. When VSLS are included, the overall negative trend of the
ozoneloss rates fromreactions catalysed by halogensis bufferedin the
corresponding halogen families (that is, the absolute negative trend
isless pronounced), compared with nVSL (Fig. 2b). Separately, emis-
sions of natural (mostly bromine and iodine species) or anthropogenic
(mostly chlorine compounds) VSLSinduce substantial bufferingin the
Cl0,/°* or BrO,**trends, respectively, while both modulate the ClO,~
BrO,°* crossed reactions to a similar extent (Fig. 2b). In contrast, the
combined effect of both natural and anthropogenic sources leads to
substantial trend changesinall chlorine- and bromine-mediated reac-
tion rates, particularly in the CIO,—Br0O,"°* crossed reactions, which
presents the largest percentage trend change. In comparison with
these families, iodine-mediated reactions show weak trend values,
consistent with anearly constantiodine injectioninto the tropical LS

(Extended DataFig.1), and no significant differences across VSL,,and
VSL,.. experiments. Therefore, even though the amplification of the
netozonelossintropical LS cannotbelinearly attributed to therelative
trends of individual families, as noted before, this result supports the
relevant role of crossed catalytic reactions between halogens (par-
ticularly bromine and chlorine) from naturaland anthropogenic VSLS
sources. Thatis, the effectiveness of VSLS modulation of the dynami-
cal 1998-2018 long-term change in tropical LS ozone concentration
relies on the reactions in concert with natural and anthropogenic
compounds together.

Humaninfluence ontheLS ozone fate
Accordingto theresultsshown above, VSLS may well play animportant
roleinthe long-term fate of the tropical LS ozone as a consequence of
the combined effect of natural and anthropogenic compounds. Note
alsothat GHG-driven tropical upwelling accelerationis anotherimpor-
tant long-term modulating factor? identified as the dominant driver
ofthe future tropical LS ozone depletionin chemistry-climate model
(CCM) simulations*. Considering this, we now investigate whether the
projected GHG-driven reduction of tropical LS ozone by the end of the
twenty-first century can be to some extent buffered by controlling
anthropogenic chlorinated VSLS emissions.

A set of four future simulations, spanning to the year 2100, were
performed with the CESM fully coupled configuration using two RCP
emission scenarios, namely RCP6.0 and RCP8.5 (ref. 46). For both
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emission scenarios, we explore arange of future anthropogenic chlo-
rine VSLS emissions determined by lower- and upper-limitapproaches
(Methods). These lower- and upper-limit scenarios, respectively, rep-
resent a progressive mitigation starting in 2031 to zero emissions in
2100 and an uncontrolled business-as-usual emissions growth along
the twenty-first century (Extended Data Fig. 2). In turn, future natural
bromine and iodine VSLS emissions are coupled and vary in response
to climate change"’.

Under the RCP8.5 with the upper-limit chlorine VSLS scenario
(UppLim8.5; thatis, assuming business-as-usual increasing emissions
of anthropogenic GHG and VSLSinthe future), tropical LS ozone s pro-
jectedtodecrease by 5.1% (20 year mean; 2080-2099) compared with
the 1998-2018 (recent past) mean (Fig. 3). Following the RCP8.5 with
the lower-limit chlorine VSLS scenario (LowLim8.5; that is, assuming
business-as-usual GHG butincluding reductionsin VSLS anthropogenic
emissions; Extended DataFig.2), the model represents similar tropical
LS ozonelong-termevolution up tothe 2060s, when it diverges toward
a smaller 4.2% ozone loss by 2100. Similarly, the projections under
the RCP6.0 in combination with the upper-limit (UppLimé6.0) and
the lower-limit (LowLim6.0) chlorine VSLS emission scenarios also
reveal decreasing tropical LS ozone concentrations compared with
the recent past, although to a smaller extent (2.9% and 2.0% by 2100,
respectively).Inall cases, simulated ozone concentrations by 2100 are
below the threshold of severe depletion values relative to the recent
past, defined as the lower limit of the 20 year mean ozone changesin
1998-2018 (horizontal dashed line in Fig. 3; Methods).

Therefore, tropical LS ozone is projected to undergo very low
levels by the end of the twenty-first century without precedent in the
recent past. The lowest ozone concentrations are reached by 2100,
regardless of the anthropogenic VSLS emissions scenario, highlight-
ing the dominant role of GHG-driven effects on atmospheric dynam-
ics. However, our results show a substantial and important role of
VSLS modulating tropical LS ozone abundances at the end of the cen-
tury. We find a substantial difference between the upper-limit and
the lower-limit chlorine VSLS scenarios (denoted with Agsand A, in
Fig.3a), representing between 18% and 30% larger ozone decrease by
2100 under RCP8.5 and RCP6.0 conditions, respectively. This result
suggests that, if the ongoing rate of increase of anthropogenic VSLS
emissions continues, VSLS-driven ozone destruction will reinforce the
negative GHG-driven effects on the tropical LS by up to one quarter at
the end of the twenty-first century.

By defining a point of no return from which the simulated tropical
LS ozonessignificantly exceeds the threshold of very low values, we can
estimate thatalarger delay of significant ozone depletionin the future
associated with the mitigation of chlorinated VSLS emissions can be
achieved under the RCP6.0 scenario than in the RCP8.5 conditions
(Fig. 3a). In addition, anthropogenic emissions are projected to have
a greater contribution to the absolute VSLS-induced ozone loss by
2100, compared with natural VSLS, especially under RCP8.5 conditions
(Supplementary Table 2). This reinforces that reducing anthropogenic
chlorine VSLS emissions to preserve the tropical LS ozone willbe more
efficientinthe future, and particularly if GHG effect is simultaneously
mitigated, notonly in preventing ozone loss by 2100 (12% more efficient
under RCP6.0 than RCP8.5 conditions) but also in delaying a stage of
severely low ozone levels, relative to the recent past.

Particularly strikingis the ozone evolutionin the tropical LS rela-
tive to the whole stratosphere during this century. Our projections
show that the tropical LS is the only region in the global stratosphere
where ozone levels do not show a recovery to the pre-ODS period
(-1950) or present day regardless of the scenario considered (Fig.3b,c
and Extended Data Fig. 3), which is consistent with other modelling
studies**®*’, Such a peculiarity calls for further research on the dynami-
cal and chemical drivers of the evolution of tropical LS ozone in this
climatically relevant region of the atmosphere, which could affect the
LS ozone recovery at high latitudes (Extended Data Fig. 4).

Discussion

VSLS are found to substantially amplify the modelled tropical LS
ozone depletion through chemistry-dynamics couplings. In contrast,
the previous work of ref. 5 did not identify a significant role of chlorine
and bromine VSLS in the recent-past trend of extra-polar LS ozone,
including the tropical region, compared with the dominant control of
atmospheric dynamics. Two main differences with this work, respec-
tively concerning chemical and dynamical processes, can explain such
adiscrepancy. First, we consider a full chemical scheme of halogens
bothinthetroposphereandinthe stratosphere in combination with
the most complete inventory of natural and anthropogenic VSLS
emissions to date. This includes emissions of iodine species—not
considered by ref. 5, but which are found to be highly efficient in
depleting tropical LS ozone and, hence, relevant to characterize its
evolution—and the tropospheric chemical pre-processing of natural
VSLSinto reactive species from their emission at the surface to their
injectionin the LS, instead of prescribed mixing ratios of organic
compoundsat the tropopause. Second, the ensemble approach used
in our CCM simulations allows constraining the large component of
theinternal atmospheric variability in tropical LS ozone changes and
thereby the identification of the VSLS effect comparing different
sensitivity experiments.

Regarding the future long-termevolution of the tropical LS ozone,
allscenarios considered in this work represent a continuous depletion
by the end of the twenty-first century that offsets the overall strato-
spheric ozone recovery. This is consistent with an increase in tropical
upwelling (Extended Data Fig. 5) in agreement with other CCMs with
prescribed long-lived chlorine and bromine and GHGs***~°°, These
works conclude that the strengthened upwelling associated with global
warming due to GHGs is the main cause of future depleting tropical LS
ozonerather than changing long-lived halogens. However, our results
show that combined naturaland anthropogenic halogens, in the form
of VSL compounds, may also have a substantial effect on the future
tropical LS ozone amounts.

In summary, we find that VSLS, currently not considered in cli-
mate models, play an important role in the observed recent tropical
LS ozone trend. The results indicate that it is essential to consider a
complete inventory of halogen emissions and chemical processing
thatincludes all VSLS (natural VSL-Br and VSL-1 and anthropogenic
VSL-Cl, in particular, reacting in concert) both in the troposphere
and in the stratosphere to accurately characterize ozone trends in
the tropical LS. In consequence, based on currently available VSLS
inventories, we can estimate that, if no steps are taken to restrict the
emissions of VSLS species from industrial activity, the tropical LS
ozone depletion expected by the end of the twenty-first century due
to GHG effects may be amplified by up to one quarter due to VSLS. This
resultisastep forwardin modelling key chemistry-climate couplings
controlling the tropical LS ozone long-term changes to consider in
future work with other CCMs. This is important not only for under-
standingtherecent observed ozone trendsin the tropical LS butalso to
assessits future evolution, suggesting the need of considering restric-
tionsonanthropogenic VSLS species inupcoming Montreal Protocol
amendments.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements and peer review information; details of author con-
tributions and competing interests; and statements of data and code
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Methods

Experimental set-up

In this work, the CESM (version1.1.1) is used, which includes the Com-
munity Atmospheric Model with interactive chemistry (CAM-Chem,
version 4), with a spatial resolution of 1.9° in latitude, 2.5° in longi-
tude and 26 vertical levels from surface to 3.5 hPa (refs. 51,52). The
‘standard’ chemical scheme includes 169 species with comprehen-
sive photochemistry (gas-phase and heterogeneous reactions) and is
coupled to the radiation scheme®. The latter is complemented with
a state-of-the-art chemical processing of VSLS (containing chlorine,
bromine andiodine) inthe troposphere and the stratosphere, includ-
ing heterogeneous recycling reactions, and dry and wet deposition
of natural halogens'***"*, broadly validated by previous work (Sup-
plementary Section 1). Changes in the baseline emission inventory of
natural sources of biogenic halogens (CHBr;, CH,Br,, CH,BrCl, CHBr,ClI,
CHBrCl,, CH,l, CH,l,, CH,IBrand CH,ICI)*, centred around year 2000,
follow observational estimate trends (-2% increase between 1998 and
2018)°”°%, Even with this slight increase, the relative contribution of
VSLStototal stratospheric bromine hasincreased up to 25% duetothe
declinein the abundance of regulated long-lived bromine'. The anthro-
pogenic emissions inventory includes chlorinated species (CH,Cl,,
CHCl,, C,Cl,, C,HCl,and C,H,Cl,)* that follow an~8% incrementin the
recent past (Supplementary Table 3). Note that other anthropogenic
VSL-Br were not included*® as they have comparatively minor and
more uncertain contribution to the tropospheric halogen budget than
that arising from anthropogenic VSL-CI**%°, Finally, oceanic iodine
emissions also include an abiotic route (HOI and I,), implemented as
a parameterization of ozone deposition to the ocean and reactions
with seawater iodide®. Further evaluation of the VSLS sources used is
included in Supplementary Section1.

A first set of recent-past experiments over 1960-2018 were per-
formed to detect changes in tropical LS ozone concentration over
1998-2018 driven by VSLS and to attribute them to natural or anthro-
pogenic species. Following the Chemistry-Climate Model Initiative
(CCMI) REF-C1 reference set-up®®, free-running simulations with
the CESM atmospheric component were used to this aim includ-
ing observed monthly data from the Hadley Centre seaice and sea
surface temperature dataset® as boundary conditions. Then, four
experiments were performed considering different combinations of
emissions from natural and anthropogenic sources, that s, including
all (VSL,,), only natural (VSL,,), only anthropogenic (VSL,,) and no
VSLS (nVSL). Six-member ensembles were run for each experiment
using different initial states following ref. 38, that is, taking initial
conditions from a generic CESM simulation of the twentieth cen-
tury to initialize each member in a different consecutive year from
1950 as spin-up and keeping the simulations since 1960. The ensem-
ble size was tested to be significantly representative of the uncer-
tainty in the 1998-2018 trend of the simulated tropical LS ozone
arising from the stochastic internal variability of the atmosphere
(Supplementary Section 3).

We used ensembles to account for the noisy effect of internal
atmospheric variability on tropical LS ozone and reduce it by analys-
ing ensemble-mean values. We therefore ruled out the use of specified
dynamics simulations (CCMI REFCISD set-up®®), which are typically
used to isolate the contribution of atmospheric dynamics (that is,
by fixing all experiments to a common meteorology) and have also
been reported to result in inconsistencies in the simulated tropical
upwelling®°°,

Asecond set of simulations was performed to evaluate the evolu-
tion of tropical LS ozone in the future (1960-2099) under different
scenarios of GHG and anthropogenic VSLS emissions. In this case, the
fully coupled configuration of the CESM, following the CCMI REF-C2
reference set-up®®, was used including monthly varying boundary
conditions for atmospheric concentrations of GHGs, following the
intermediate RCP6.0 and the business-as-usual RCP8.5 scenarios*** in

the future (2006-2099), along with long-lived compounds containing
halogens according to the Alscenario of rapid economic development
(WMO, 2011). These pathways were combined with a lower-limit and
an upper-limit scenario of anthropogenic VSLS emissions to repre-
sent a range of different eventual changes in the emissions trend by
2100 (described in the paragraph below). To constrain the influence
of internal variability from the response to GHGs forcing and VSLS,
four-member ensembles of each simulation are run to analyse the
long-term evolution of the ensemble-mean tropical LS ozone concen-
tration. Asmaller ensemble size thanin the previous exercise was used
aslong-term changes of tropical LS ozone were analysed in these future
projections (that is, low-pass-filtered indices with a 20 year moving
mean, which largely removes the signal of internal variability from
decadal to lower timescales).

Inboth sets of simulations, anthropogenic VSLS mixing ratios are
fixed at the surface as lower boundary conditions following the inven-
tory of ref. 27 in the recent past (2000-2017). In addition, our future
simulations include anthropogenic VSLS trends extended into the
futuretoyear2031. Then, the range of different scenarios of anthropo-
genic VSLS emissions is represented by alower limit, which considers
alinear reduction to zero emissions in 2100, and an upper limit with
extended trend until 2100 (Extended Data Fig. 2). Natural emissions
arebased ontheref. 56 inventory around year 2000 and scaled using
observationally derived trendsinref. 58 torepresenta3.7%increase
intherecent past (from1998 to 2018) and a15.0% increase by the late
twenty-first century (2080-2099 mean) relative to the recent past
(Supplementary Fig. 3a). However, other estimates of future natural
VSLS emissions have been also proposed based on their link to climate
change®**”", Toaccount for these uncertainties, we used the extended
observed trend by ref. 58 in the upper-limit VSLS emission scenarios;
inthe lower-limit emission case, the lowermost approach proposed
by previous works, whichis derived from the sea surface temperature
and biogeochemical response to climate change, was used repre-
sentinga9.7% and 4.1% increase in the late twenty-first centuryin the
RCP8.5and RCP6.0 scenarios, respectively (Supplementary Fig. 3a).
Inthe absence of anthropogenic VSLS sources, the different natural
emissions considered induce no significant changes in the tropical
LS ozone levels by 2100 (Supplementary Fig. 3b). This supports the
suitability of this experimental set-up to assess the tropical LS ozone
fate mainly associated with changesin the future anthropogenic VSLS
emissions. Two more subsets of nVSL-like future projections (that s,
with no VSLS included) were also run under the RCP6.0 and RCP8.5
scenarios (used to perform Supplementary Table 2).

Ozonelossreactionrates

In this work, the ozone loss reaction rates normalized by ozone con-
centrations from the different recent-past VSLS experiments are ana-
lysed. These ozone loss rates are grouped by families of reactions
(Supplementary Table 1), which allows decomposing the net ozone
loss rate and assessing the main chemical reactions involved in the
VSLS effect on tropical LS ozone. First, the ozone loss rate averaged
in1998-2018 is evaluated (Fig. 2a), showing an increment in the net
ozone loss rate when VSLS are included that is mostly accounted for
by halogen-mediated reactions.

Although to a much lesser extent than halogen-mediated reac-
tions, the other families (HO,**, NO ' and 0,'°**) were also found to
differ across experiments (Fig. 2a), indicating a partial counteraction
across allfamiliesinresponse to VSLS such that the net ozone loss rate
cannotbelinearly attributed tothe trends in the reaction rates. There-
fore, secondly, the linear trend in halogen-mediated reactions was
assessed individually to estimate which ozone loss mechanisms domi-
nate the 1998-2018 tropical LS ozone loss when all VSLS are included
(Fig.2b). This analysis focused on halogen-mediated reactions due to
their prominent shiftin contrast to the small trends of the main deplet-
ing families (HO,'°**, NO,°* and 0,/°*%; Supplementary Fig. 4).
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Statistics (ensemble-mean relative trend and uncertainties)

A monthly index of tropical LS ozone relative anomalies (in %) was
computed as the average across the area-weighted 30° Sto 30° N zonal
band and the 95-30 hPa vertical levels and deseasonalized relative to
the1998-2018 climatology. Relative anomalies were assessed because
the absolute value of the mean-state ozone concentrationin the REF-C1
experiments depends on the content of depleting VSLS considered.
Then, the tropical LS ozone trend was approached as the linear fit by
least squares of the index over 1998-2018. In contrast to the multiple
linear regression or dynamical linear modelling methods, broadly used
toassess the long-term tendency of ozone removing the main sources
of interannual variability®*, we used the simple linear fit. To accurately
isolate the VSLS-induced component ofthe 1998-2018 trend, we relied
on a detection-and-attribution modelling approach using the VSLS
experiments described above.

Toevaluate the uncertainty of the observed ozone anomalies and
its trend, the 95% confidence interval was represented considering
the +2-sigma uncertainty provided by the BASIC database®®, which
accounts for the inherent uncertainty in the data product®. In case of
simulations, the 95% confidence interval of the ensemble-mean anoma-
liesand trend was assessed, calculated from the standard deviation of
the individual ensemble members and a ¢-test statistic, as a measure
ofthe uncertainty induced by the internal atmospheric variability. To
assess the statistical significance of the 1998-2018 trend of tropical LS
ozone, the 95% probability threshold of the internal atmospheric noise
wasrepresented (grey shadingin Fig.1c), accordingtoanon-parametric
test. To do that, a probability density function of 10,000 trend values
was performed for observations and allindependent simulations (using
individual members) from the bootstrapped monthly indices of the
corresponding tropical LS ozone anomalies in 1998-2018.

Inthe case of the future simulations until the end 0f 2099, annual
indices of delayed 20 year moving-mean (that is, each annual value
representing the average across the previous years) tropical LS ozone
anomalies (relative to the 1998-2018 mean) are analysed to assess the
evolutionofthe long-term mean state of the ozone content. The result-
ing ensemble-mean index represents the long-term ozone content
evolution highlighting the influence of external forcings common
to all members, and the 95% confidence interval of the discrepancy
across single membersis an estimate of therole of the coupled climate
system internal variability (Fig. 2). To set a benchmark value for very
low tropical LS ozone concentrations reached over the twenty-first
century relative to the recent past, a threshold of severe ozone deple-
tion is defined as the lower limit of the 20 year moving-mean indices
of tropical LS ozone anomalies in 1998-2018 of all simulations with a
95% confidence interval.

Data availability

The BASIC observational ozone dataset was downloaded from https://
data.mendeley.com/datasets/2mgx2xzzpk/. Datarelated to this article
areavailablein Mendeley (https://doi.org/10.17632/bmjnwmdd2s.1)*’.

Code availability
The CESM software used in this work is publicly available for download
at https://www.cesm.ucar.edu/models/.
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emission scenarios.

Nature Climate Change


http://www.nature.com/natureclimatechange

Article https://doi.org/10.1038/s41558-023-01671-y

3 3
10 10
o &
a 30 30 8
&
100 100
300 UppLim6.0 | ‘ ‘ ‘ 300 LowLim8.5 | ‘
-90 -60 -30 0 30 60 90 -90 -60 0

°lat °lat

Extended DataFig. 3 | Long-term ozone change by 2100. Latitude-height profile of the ensemble-mean stratospheric ozone change averaged across 2080-2099
relative to the 1998-2018 mean represented by (a) the UppLim6.0 and (b) LowLim8.5 simulations. Equivalent results for the LowLim6.0 and UppLim8.5 are shown

inFig.3.
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Extended Data Fig. 4 | Future long-term evolution of LS ozone in high
latitudes. Indices of the change of 20-year mean ozone concentration anomalies
averaged in100-200hPa and 50°-90° latitudes of the Northern (NH) and the
Southern Hemisphere (SH) relatives to the 1998-2018 mean represented by (a)

the (solid red line) UppLim8.5 and (solid blue line) LowLim8.5 simulations and (b)
the (dashed red line) UppLimé6.0 and (dashed blue line) LowLimé.5 simulations.

Indices represent the 4-member ensemble-mean values + the 95% confidence
interval.
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Extended DataFig. 5| Projected tropical upwelling. Change of the 20-year scenarios of anthropogenic VSLS emissions and dashed/solid lines consider the
moving mean vertical wind in the tropical LS relative to the 1998-2018 average RCP6.0/8.5 concentration pathways (color code in the legend). Indices represent
represented by future projections: blue/red consider the lower/upper limit the 4-member ensemble-mean values + the 95% confidence interval.

Nature Climate Change


http://www.nature.com/natureclimatechange

	Very short-lived halogens amplify ozone depletion trends in the tropical lower stratosphere

	Recent past tropical lower stratospheric ozone depletion

	VSLS-mediated ozone loss in the tropical LS

	Human influence on the LS ozone fate

	Discussion

	Online content

	Fig. 1 1998–2018 trend of tropical LS ozone anomalies.
	Fig. 2 Simulated ozone loss reaction rates in tropical LS normalized by the ozone concentration under different approaches of VSLS emissions.
	Fig. 3 Future long-term evolution of tropical LS ozone.
	Extended Data Fig. 1 Time evolution of reactive halogens entering the tropical LS.
	Extended Data Fig. 2 Concentrations of anthropogenic VSLS species considered.
	Extended Data Fig. 3 Long-term ozone change by 2100.
	Extended Data Fig. 4 Future long-term evolution of LS ozone in high latitudes.
	Extended Data Fig. 5 Projected tropical upwelling.




