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The very low temperatures of the polar lower stratosphere lead to the efficient seasonal
depletion of ozone following the formation of polar stratospheric clouds (PSCs) and
heterogeneous chlorine-activating reactions on their surfaces. The Montreal Protocol
has controlled the production of major chlorine- (and bromine-) containing Ozone
Depleting Substances (ODSs) and the stratospheric Cl and Br loadings have been slowly
decreasing for over two decades. However, we are still experiencing very large (by
some measures record) ozone depletion in the Antarctic and cold Arctic springs. There
are a variety of factors involved but here we focus on the possible role of increased
stratospheric water vapour, for example as occurred due to the eruption of the
underwater volcano Hunga Tonga-Hunga Ha'apai in January 2022. We perform
idealised TOMCAT three-dimensional chemical transport model experiments to
investigate the impacts of a Hunga-like eruption being followed by conditions such as
the very cold Arctic winter of 2019/2020; and contrast the impact of the cold Antarctic
spring of 2020 with the previous warmer, more disturbed year of 2019. In the Antarctic,
efficient dehydration by sedimenting ice PSCs limits the impact of a 1 ppmv increase in
H,O to a maximum additional depletion of 16 Dobson Units (DU) in 2020 and 11 DU in
2019 at the vortex edge in late September. A 1 ppmv H,O increase in the cold Arctic
vortex of 2019/2020 causes a maximum additional depletion of 16 DU at the vortex
edge in mid March. The direct chemical impact of water vapour from a Hunga-like
eruption on polar ozone is therefore modest in any given year, given natural variability.
However, regular increased H,O injection or production from increased CH4 oxidation
could represent an important factor in gradual long-terms trends.

“School of Earth and Environment, University of Leeds, Leeds LS2 9]T, UK. E-mail: M.Chipperfield@leeds.ac.uk
*National Centre for Earth Observation, University of Leeds, UK

‘National Centre for Atmospheric Science, University of Leeds, UK

School of Atmospheric Sciences, Chengdu University of Information Technology, Chengdu, China

School of Geosciences, University of Edinburgh, UK

216 | Faraday Discuss., 2025, 258, 216-233 This journal is © The Royal Society of Chemistry 2025


http://orcid.org/0000-0002-6803-4149
http://orcid.org/0009-0000-2166-3266
http://orcid.org/0000-0003-3854-5383
http://orcid.org/0000-0002-9907-9120
http://orcid.org/0000-0001-5311-0092
http://orcid.org/0000-0003-0747-1457
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4fd00163j
https://pubs.rsc.org/en/journals/journal/FD
https://pubs.rsc.org/en/journals/journal/FD?issueid=FD025258

Open Access Article. Published on 15 listopada 2024. Downloaded on 02.03.2026 12:59:25.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online
Paper Faraday Discussions

1. Introduction

The polar lower stratosphere is one of the coldest environments in the atmo-
sphere. In the Antarctic winter and spring, temperatures are regularly below
195 K, the typical formation threshold of polar stratospheric clouds (PSCs),
composed of water vapour and nitric acid (nitric acid trihydrate (NAT)).!
Temperatures usually also fall below 188 K, at which point ice PSCs can form and
grow large enough to sediment to lower altitudes.” The formation of PSCs allows
heterogeneous reactions to activate chlorine,? i.e. convert reservoir species such as
HCI and CIONO, to photochemically active species such as Cl, and HOCI. These
species then photolyse to release Cl atoms which can lead to rapid springtime
ozone loss through catalytic cycles involving ClO and BrO. At present, large ozone
depletion regularly occurs every Antarctic spring due to the widespread occur-
rence of low temperatures and PSCs. PSC occurrence is much less frequent in the
Arctic. Temperatures in the Arctic wintertime lower stratosphere are warmer and
more variable than the Antarctic, but occasional years (e.g. 2019/2020) are cold enough
for widespread NAT PSC formation and therefore large springtime ozone loss.**

The discovery of the Antarctic ozone hole,® and its subsequent explanation by
Cl/Br chemistry, helped to precipitate and strengthen the Montreal Protocol. This
international agreement aims to control the production of the long-lived source
gases which deliver the chlorine and bromine to the stratosphere, causing a trend
of decreasing ozone in the Antarctic, and to a smaller extent, the Arctic and mid-
latitudes. Examples of these so-called ozone-depleting substances (ODSs) are
chlorofluorocarbons (CFCs) and bromine-containing halons. Following success-
ful implementation of the Montreal Protocol, stratospheric chlorine and then
bromine peaked in the 1990s (see ref. 7). This decrease in stratospheric halogen
loading has led to the detection of ozone recovery (i.e. decreased depletion by
halogens) in the upper stratosphere® and the Antarctic lower stratosphere.’
Evidence for a clear trend in ozone recovery has not yet been detected in other
regions due to the slow decay rate of stratospheric chlorine and bromine and the
confounding effects of natural variability.*

Despite action taken under the Montreal Protocol, and the expected long-term
recovery of the ozone layer, we continue to experience years with large ozone
depletion (even record by some observational measures) in both polar regions.
For example, the calendar year 2020 saw extremely large depletion at both poles
(Chapter 4 of ref. 7). There is likely a range of factors contributing to continued
low polar ozone, some of which are linked to recent extreme phenomena. The
large Australian fires around new year 2019/2020 injected smoke particles high
into the stratosphere, causing transient perturbations to the chemistry, and
ozone depletion."** The eruption of the underwater Hunga Tonga-Hunga Ha'apai
(hereafter Hunga) volcano in January 2022 injected an enormous quantity
(~150 Tg) of water vapour into the stratosphere® (increasing the existing global
stratospheric burden by 10%). Note that Hunga only injected a very small amount
(~0.5 Tg) of SO,. The additional water vapour is expected to persist in the
stratosphere for many years and will impact the ozone layer directly through gas-
phase (increased HO,) and heterogeneous chemistry (increased occurrence of
PSCs and changed aerosol activity).”* Water vapour is also a radiatively active gas.
The excess H,O caused a strong cooling in the SH mid-latitude stratosphere

This journal is © The Royal Society of Chemistry 2025 Faraday Discuss., 2025, 258, 216-233 | 217


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4fd00163j

Open Access Article. Published on 15 listopada 2024. Downloaded on 02.03.2026 12:59:25.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online
Faraday Discussions Paper

shortly after the eruption,**** which in turn strengthened the mid-latitude jet and
slowed down the Brewer-Dobson Circulation (BDC).*

Prior to the eruption of Hunga, there had been concern over the impact of
future, long-term hydration of the stratosphere, e.g. due to increased methane
oxidation or changing tropopause temperatures, on climate, chemistry and polar
ozone. von der Gaathen et al.’” argued that Arctic ozone depletion in future cold
winters through 2100, may increase despite large reductions in chlorine and
bromine due to increases in stratospheric water vapour and increased PSC
occurrence. In some ways the current Hunga-hydrated stratosphere is a test case
for such future conditions.

This paper discusses the impact of a Hunga-like volcanic eruption on polar
ozone loss under the meteorological conditions experienced in the past 7 years.
We use idealised ‘counter factual’ simulations to explore how ozone would
respond under conditions that are optimal for the extensive occurrence of PSCs,
for example the Arctic winter 2019/2020. In reality, the Hunga water vapour from
the January 2022 eruption began to affect Antarctic ozone in 2023 and Arctic
ozone in 2023 and 2024. In the case of the Arctic, both of these years were warm
and disturbed, so the potential for additional PSC occurrence at the critical time
for ozone loss (January-March) was limited. For the Antarctic in 2023 efficient
dehydration by sedimenting ice clouds appeared to limit the effect on ozone in
the vortex core'®* and may even be a primary route for the removal of this excess
water vapour from the stratosphere. Dehydration does not occur to any large
extent in the warmer Arctic stratosphere, so this may potentially allow a larger
effect from enhanced water vapour.

The layout of this paper is as follows: Section 2 describes the TOMCAT off-line
3-D chemical transport model (CTM) and set-up of the model simulations. Section
3 presents our results for long-term ozone changes and the potential impact of
a Hunga-like eruption on different Arctic and Antarctic winters. Section 4
summarises our conclusions.

2. Model simulations

We have performed a series of experiments with the TOMCAT/SLIMCAT (here-
after TOMCAT) off-line 3-D CTM.*® The model contains a detailed description of
stratospheric chemistry, including heterogeneous reactions on sulfate aerosols
and PSCs. The model was forced using European Centre for Medium-Range
Weather Forecasts (ECMWF) ERA5 winds and temperatures® and run with
aresolution of 2.8° x 2.8° with 32 levels from the surface to ~60 km, following ref.
22. The surface mixing ratios of long-lived source gases (e.g., CFCs, hydro-
fluorocarbons, CH,, N,0) were taken from ref. 7. The solar cycle was included
using time-varying solar spectral irradiance (SSI) data (1995-2023) from the Naval
Research Laboratory (NRL) solar variability model, referred to as NRLSSI2 (update
of ref. 23 and 24). Solar fluxes from December 2023 are used to extend the
simulation until August 2024. Stratospheric sulfate aerosol surface density (SAD)
data until June 2017 were obtained from the CMIP6 database https://
iacftp.ethz.ch/pub_read/luo/CMIP6/ (ref. 25). From July 2017, we use SAGE-III-
based SAD values.>® The implementation of SAD and SSI variability is described
in ref. 27 and 28, respectively. The model also has a passive ozone tracer for
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diagnosing polar chemical ozone loss which is initialised from the chemical
ozone tracer every December 1 and July 1 (see ref. 29).

We performed a total of four model simulations. The control run (CNTL) was
spun up from 1977 and integrated until August 2024 including all of the processes
described above. Sensitivity run HT was initialized from CNTL in January 2022
and integrated until June 2024 with a simulation injection of 150 Tg of H,O into
the stratosphere to mimic Hunga." Run HT2017 was similar to HT but the Hunga
eruption was assumed to occur 5 years earlier in January 2017. This allows us to
investigate the impact on a Hunga-like eruption on ozone loss in the cold Arctic
winter of 2019/2020. Finally, sensitivity run EXH20 was initialised on November
1st 2019 from CNTL but has the instantaneous injection on that date of an
additional 1 ppmv water vapour globally, again ahead of the cold Arctic winter of
2019/2020. Run EXH20 allows us to investigate the impact of a uniform addi-
tional amount of water vapour in a series of polar winters in a way that is inde-
pendent of model transport timescales to disperse a localised eruption plume.

We also diagnose the direct chemical impact of the increased H,O on strato-
spheric ozone through gas-phase and heterogeneous chemistry. The impacts are
simulated with specified realistic meteorology, which is important for
temperature-dependent processes such as PSC formation, but hence do not
account explicitly for dynamical feedback. Note that the injection of SO, from
Hunga is treated as part of the monthly total SAD fields that are read into the
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Fig.1 Antarctic (60-90°S, geographical latitude) monthly mean column ozone (DU) from
2004 to 2023. The upper panel shows September OMI/OMPS observations and model
simulations CNTL, HT (2022 on), HT2017 (2017 on) and EXH20O (2019 on). The dashed lines
show the passive ozone from CNTL for September (blue) and the previous July (green).
The lower panel shows the difference in mean October ozone (DU) between CNTL runs
and HT, HT2017 and EXH2O. Updated and adapted from ref. 5.
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model. This is the same for all runs and so in this study we do not diagnose
explicitly the impact of this additional SO, injection.

3. Results

3.1 Variability of polar column ozone

Ozone levels in the polar winter/spring are maintained by a balance of dynamical
and chemical processes. In the Antarctic chemical depletion generally dominates,
while in the Arctic both processes make large and variable contributions to the
column amount in any year. Fig. 1a shows the mean September Antarctic (60-90°
S) column ozone from 2004 to 2023 from the Ozone Monitoring Instrument/
Ozone Mapping and Profiler Suite (OMI/OMPS) observations and the model
runs. From 2004 to 2018 the observed mean column, ranges from around 200 DU
to 250 DU with some interannual variability and indications of an increasing
trend. As discussed by Solomon et al.,’ this September increase is consistent with
a decreasing rate of chlorine- and bromine-catalysed chemical ozone depletion,
i.e. ozone recovery due to the actions of the Montreal Protocol. The year 2019 is
notable for a large mean September column due to a disturbed polar vortex and
increase dynamical replenishment of ozone (see below). Since then, we have
experienced a series of four winters (2020-2023) with comparatively low mean
column ozone and little interannual variability. This appears to challenge the
notion that Antarctic ozone is recovering, but these years do encompass a range of
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Fig.2 Asin Fig. 1but for the Arctic (60-90°N, geographical latitude) monthly mean March
column ozone (DU) from 2004 to 2024. The upper panel shows OMI/OMPS observations
and model simulations CNTL, HT, HT2017 and EXH2O. The dashed lines show the passive
ozone from CNTL for March (blue) and the previous December (green). The lower panel
shows the difference in mean March column ozone (DU) between run CNTL and runs HT,
HT2017 and EXH20O. Updated and adapted from ref. 5.
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exceptional atmospheric perturbations which likely contributed to lower ozone
through either increased chemical depletion or modified transport. Some studies
suggest non-negligible chemical depletion of polar ozone caused by the Austra-
lian New Year fire smoke aerosol, with the contribution to ozone loss comparable
to that of the sulfate aerosol from the Calbuco eruption in 2015.*>** The eruption
of Hunga in January 2022 is not believed to have impacted Antarctic ozone in 2022
(see discussion of H,O transport in Section 3.2). For 2023, Zhou et al.*® estimated
a modest increase in chemical ozone depletion of around 10 DU at the vortex edge
due to the increased Hunga water vapour. Interestingly, the impact of the water
vapour was limited by dehydration in the vortex core. Regardless of the initial
amount of water vapour in the model vortex, formation and sedimentation of ice
PSCs removes all of the gas-phase H,O except for a residual amount determined
by the equilibrium vapour pressure.

Fig. 2a shows mean March Arctic (60-90°N) column ozone from observations
and our model simulations from 2004 to 2024. The OMI/OMPS observations
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Fig. 3 Water vapour (H,O) evolution after the Hunga eruption. Zonal mean latitude—
pressure cross sections of H,O anomalies observed by MLS v5 and simulated by model run
HT from May 2022 to April 2024. Updated from Fig. 1b in Zhou et al.*®
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clearly show 2020 (330 DU) and 2011 (335 DU) as the 2 years with extremely low
column ozone with, by this metric, slightly lower values in 2020. The low ozone in
these cold years was caused by increased PSC activity and related chemical ozone
loss, coupled with smaller dynamical replenishment.>*” In recent years the mean
Arctic column was relatively small in 2021 and 2022, larger in 2023 and then
exceptionally large in 2024.%

The chemical ozone tracer from model run CNTL captures the overall inter-
annual variability in both polar regions very well (Fig. 1 and 2 upper panels).
Results from the model run can be used to separate the contributions of dynamics
and transport, for example by comparing the passive ozone tracer between the
start of winter (July in Antarctic, December in Arctic) with late spring. These
differences show that much of the interannual variability in springtime column
ozone, averaged over these wide latitude bands, is determined by transport (e.g.
2019 in the Antarctic, 2010/2011 and 2019/2020 in the Arctic).

3.2 Transport of Hunga water vapour

Fig. 3 shows the zonal monthly mean H,O anomalies after the Hunga injection in
model run HT compared with Microwave Limb Sounder (MLS) measurements*
for selected months until April 2024 (updated from ref. 19). The model success-
fully captures many aspects of the transport of the Hunga H,O over this time
period. While the injected total mass in the model is consistent with MLS, the
simulation has slightly larger peak anomalies and a smaller horizontal extent
after injection. The simulated plume spread is in very good agreement with the
SH observations through 2024, in particular regarding the characteristics and
behaviour of the excess H,O at the mixing barriers in the stratosphere, including
the Antarctic vortex edge and the subtropics. Around 4-6 months after the
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Fig. 4 Latitude—time series of column ozone (DU) difference for runs (a) HT and (b) run
HT2017 compared to control run CNTL from 2017 to August 2024.
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Comparison of NAT and Ice areas at 68 hPa
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Fig. 6 Mean volume mixing ratios for 60-90°S for May 2019 to February 2020 at 68 hPa
from model runs CNTL, HT2017 and EXH20O (November 2019 onwards) for (a) Os, (b)
HNOs, (c) HCL, (d) CIONO; and (e) H,O.
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eruption, the excess H,O moves into the Southern Hemisphere (SH) mid-latitudes
within the shallow branch of the BDC. However, it does not intrude into the 2022
Antarctic polar vortex due to the strong polar night jet at the vortex edge. Only
after the breakdown of the Antarctic polar vortex in November 2022 did the H,O
reach the pole.*® The subtropical transport barrier in the summer of 2022, fav-
oured by a weak wave forcing in the easterly phase of the Quasi-Biennial Oscil-
lation, confines the excess H,O to the SH, until the transition to westerlies at the
end of 2022. This also explains the improvement of the model in 2023 compared
with 2022 in representing the H,O transport across the equator. H,O enters the
deep branch of the BDC in 2023, ascending from the tropics and descending into
the high latitudes in the SH. The model reproduces well the timing of the Hunga-
injected H,O penetrating the polar vortex, and the altitudes of the H,O plume.
This indicates that the model has a good representation of both the poleward
horizontal H,O transport by the shallow branch of the BDC and the ascent of the
water-enriched air to high levels by the deep branch of the BDC.

In contrast, the arrival of the Hunga H,O in the Northern Hemisphere (NH) is
not simulated as well as the SH. Comparison of the highlighted 1 ppmv contour
(Fig. 3) shows that this level of water vapour reaches the Arctic lower stratosphere
in mid-2023 in the MLS data; in the model the additional H,O in this region is still
less than this value in spring 2024. To overcome this issue we also performed
simulation EXH20 which imposes a uniform 1 ppmv increase in H,O.
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Fig. 7 Mean volume mixing ratios for 60-90°S for May 2020 to February 2021 at 68 hPa
from model runs CNTL, HT2017 and EXH2O for (a) Oz, (b) HNOs3, (c) HCL, (d) CIONO, and
(e) Hzo
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3.3 Impact of increased water vapour on polar ozone

As discussed in Section 1, increased stratospheric water vapour is expected to lead
to additional polar ozone loss through increased occurrence of PSCs. Fig. 4
quantifies this chemical effect for the model run with the realistic timing of the
Hunga eruption (HT) and the run with the eruption assumed to occur in January
2017 (HT2017). For both runs the column ozone depletion starts in the southern
mid-latitudes and reaches the Antarctic polar vortex around 18 months after
eruption (i.e. 2023 for run HT) and the Arctic around two years after eruption. The
modelled mean impact in the Antarctic maximises at around 10 DU at the vortex
edge (65°S) and decreases as H,O is removed from the model stratosphere with an
e-folding time of around 4 years (ref. 19) (Fig. 1, lower panel). In the Arctic the
largest impact occurs in run HT2017 in early 2020, i.e. as expected in the very cold
Arctic vortex of that year (see Fig. 2, lower panel).

3.3.1 Antarctic winter/springs of 2019 and 2020. The impact of the increased
water vapour in model runs HT2017 and EXH20 on NAT and ice PSC occurrence
in Antarctic winters 2019 and 2020 is shown in Fig. 5a and b. Clearly, as NAT
forms at a higher temperature than ice (195 K versus 188 K), it has an earlier onset
and more extensive coverage. The additional PSC occurrence compared to control

(a) OMI TOZ 28/09/2019
U 4 : 450

(b) CNTL TOZ 28/09/2019

(c) CNTL O3loss 28/09/2019 (d) TOZ diff(HT2017-CNTL) 28/09/2019

-100

-120

—-140

—-160

—-180

Fig. 8 Total column ozone (DU) on September 28, 2019, (a) observed by OMI, (b) from
model run CNTL, (c) chemical ozone loss (DU) from run CNTL (active minus passive) and
(d) difference in column ozone (DU) between runs HT2017 and CNTL. In panels (a and b)
the 220 DU contour is indicated in white.
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run CNTL is small but most pronounced in early winter. As noted by Zhou et al.,*
efficient dehydration of the model vortex core after the onset of ice PSCs in June
removes most of the additional water vapour. This is confirmed by the modelled
time series of water vapour for these two years (Fig. 6e and 7e). The excess mean

(a) OMI TOZ 27/09/2020

(b) CNTL TOZ 27/09/2020

(c) CNTL O3loss 27/09,/2020

Fig. 9 Total column ozone (DU) on September 27, 2020, (a) observed by OMI, (b) from
model run CNTL, (c) chemical ozone loss (DU) from run CNTL (active minus passive), (d)
difference in column ozone (DU) between runs HT2017 and CNTL and (e) difference in
column ozone (DU) between runs EXH20O and CNTL. In panels (a and b) the 220 DU
contour is indicated in white.
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water vapour in May is removed so that by September the model runs CNTL,
HT2017 and EXH2O all have similar mean mixing ratios. This difference in early
PSC occurrence has only a small effect on chlorine processing (Fig. 6a-d and 7a-
d). Again, the largest differences in the areal mean occur in early winter. By late
winter and spring, the main period for ozone loss, the extent of activation is
similar in the three simulations.

Fig. 8 and 9 show the impact on column ozone of the additional H,O on two
example days in late September 2019 and 2020. The largest additional depletion
occurs at the edge of the polar vortex where the PSC occurrence is not saturated,
and dehydration is not extensive. In the warmer, more disturbed vortex of 2019
the approximately 1 ppmv additional H,O (Fig. 6e) in run HT2017 causes
a maximum additional Oz depletion of 11 DU (Fig. 8d). In 2020 the additional H,O
in run HT2017 is reduced to 0.4 ppmv (Fig. 7e) and the column impact is only
8 DU. In contrast, the additional 1 ppmv H,O in run EXH2O causes a depletion of
an additional 16 DU (Fig. 9e). For polar-cap-mean ozone, these impacts translate
to September-mean depletion in run HT2017 of 11 DU in 2018 (not discussed
above), 7 DU in 2019 and 3 DU in 2020. Run EXH20 produces additional deple-
tion of 8 DU in 2020 (Fig. 1, lower panel).

3.3.2  Arctic ozone. Fig. 2 upper panel, summarises the observed mean March
column ozone in recent years and indicates how Arctic ozone levels depend on the
occurrence of low temperatures. Both the 2022/2023 and 2023/2024 Arctic ozone
loss seasons showed comparatively warm conditions in the polar vortex in spring

TOMCAT 60N-90N 68hPa 2019-2020
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Fig. 10 Mean volume mixing ratios (ppmv) for 60-90°N for November 2019 to August
2020 at 68 hPa from model runs CNTL, HT2017 and EXH2O for: (a) Os, (b) HNOs, (c) HCL,
(d) CIONO, and (e) H,O.
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relative to the long-term climatology. These conditions are unfavourable for
ozone loss initiated by heterogeneous reactions, preventing a significant effect
from the Hunga eruption on ozone depletion in these years. While the 2022/2023
Arctic winter started with temperatures below the long-term average in January
2023, a major sudden stratospheric warming (SSW) on February 16th, 2023

(a) OMI TOZ 21/03/2020

(b) CNTL TOZ 21/03/2020

(d) TOZ diff(HT2017—CTNL) 21/03/2020

> -0.5

Fig.11 Total column ozone (DU) on March 21, 2020: (a) observed by OMI, (b) from model
run CNTL, (c) chemical ozone loss (DU) from run CNTL (active minus passive), (d) differ-
ence in column ozone (DU) between run HT2017 and CNTL and (e) difference in column
ozone (DU) between runs EXH20 and CNTL. In panels (a and b) the 220 DU contour is
indicated in white.
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caused the vortex to break up by the end of February, before chlorine-catalysed
ozone loss could have a major effect.** Although the 2023/2024 Arctic winter
was initially unusually cold, it was characterised by an early major SSW on 16
January, from which the vortex recovered, and a second major SSW on March 4th
that caused an early breakup of the vortex.*

Given the nature of the Arctic winters since the Hunga eruption, here we look
at the potential for a larger impact during a cold Arctic winter. We therefore use
TOMCAT to simulate the impact that Hunga could have had on the cold Arctic
winter of 2019/2020 through simulation HT2017. In order to allow the modelled
H,O injection to reach the Arctic (given the slower than observed interhemi-
spheric transport shown in Fig. 3) we inject the H,O in 2017, 3 years ahead of the
target winter. To circumvent uncertainty in the timing of H,O transport, in run
EXH20 we simply increase model H,O globally by 1 ppmv in November 2019.

In contrast to the Antarctic, the occurrence of ice PSCs in the Arctic is rare. The
additional water vapour in runs HT2017 and EXH2O at the start of winter is
maintained through to spring (Fig. 10e). There appear to be two small signals of
dehydration around early December in all 3 runs and in late January, especially in
run EXH20. This January event is reflected in the larger scale occurrence of ice
PSCs across the polar region (Fig. 5¢) This lack of dehydration could potentially
allow the additional H,O to have a larger impact in a cold Arctic winter than in the
dehydrated Antarctic. However, the impact of NAT occurrence in run EXH20
compared to run CNTL is small. The corresponding impact on chlorine activation
and polar cap ozone is also small.

The largest column ozone depletion modelled on March 21st 2020 is 3 DU at
the vortex edge in run HT2017 and 16 DU in run EXH20 with the large H,O
perturbation (Fig. 11). The polar cap March mean ozone impacts for 2020 are
around 2 DU and 9 DU, respectively (Fig. 2, lower panel), with a decreasing impact
in later warmer years with less additional H,O.

4. Conclusions

We have performed a series of three-dimensional model experiments to investi-
gate the impact of a large injection of water vapour into the stratosphere on polar
ozone depletion. These simulations mimic some details of a Hunga-like under-
water volcanic eruption. In particular, we investigated the potential impact of
increased water vapour in cold Antarctic and Arctic winters, through increased
PSC occurrence.

As noted by previous studies™*’ efficient Antarctic dehydration by sedimenting
ice PSCs limits the impact of an example additional 1 ppmv H,O, to a maximum
additional depletion of 16 DU in 2020 and 11 DU in 2019 at the vortex edge in late
September. Similar dehydration does not occur in the warmer Arctic, even in the
extreme cold conditions of 2019/2020. Under these conditions an additional
1 ppmv H,O causes a maximum of 16 DU additional depletion at the vortex edge
in mid March. Note that our simulations only diagnose the direct chemical
impact of the increased water vapour. As an important climate gas, changes in
stratospheric water vapour will lead to changes in temperature and circulation
which can also have an impact on column ozone in different regions.

Our model results show that direct chemical impact of water vapour from
a large Hunga-like eruption (which would produce increases of less than 1 ppmv
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after large-scale spreading of the plume) would be small compared to observed
interannual variability in springtime column ozone,”” especially in the Arctic.
However, should increases in stratospheric water vapour be sustained, this
additional depletion could be important for long-term trends. Such hydration
could occur, for example, through warmer tropical tropopause temperatures or
through increasing levels of stratospheric methane, which produces H,O on
oxidation.

Finally, it is worth noting, that around 40 years after the discovery of the ozone
hole, and after over 20 years since stratospheric chlorine and bromine started to
decline, we are still experiencing very large ozone depletion at both poles. These
low levels are related, at least in part, to a series of exceptional events such as
wildfire smoke and volcanic eruptions. Nevertheless, these events and state of the
ozone layer, emphasise the need for continued observations, laboratory studies
and chemistry-climate modelling of the stratosphere.*
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