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Abstract. Sporadic explosive volcanic eruptions can inject large amounts of sulfur into the stratosphere, which
forms volcanic sulfate aerosols with the potential to affect stratospheric ozone chemistry. Future volcanic erup-
tions have been represented in climate projection studies with varying degrees of realism despite their potential
importance for polar ozone recovery. Climate projections typically use a constant volcanic forcing based on a
historical average, which very likely underestimates the magnitude of future volcanic forcing and ignores the
sporadic nature of volcanic eruptions. In this study, we use stochastic volcanic eruption scenarios and a plume-
aerosol-chemistry-climate model (UKESM-VPLUME) to assess the effect of future volcanic sulfur injections
on lower stratospheric ozone recovery over Antarctica and Southern Hemisphere mid-latitudes. We find that
sporadic eruptions can delay Antarctic total column ozone recovery by up to five years, though this delay is
relatively small when compared with the long-term ozone recovery timescale. Large-magnitude eruptions oc-
curring before mid-century can, however, episodically cause more substantial delays in the recovery. Based on
a composite analysis we show that the ozone response to volcanic sulfate aerosols over Antarctica and Southern
Hemisphere mid-latitudes weakens over the 21st century due to declining chlorofluorocarbon concentrations.
Overall, our findings underscore the need for fully interactive volcanic aerosol-chemistry coupling to assess the
resilience of the Antarctic ozone layer in response to future volcanic eruptions and other stratospheric pertur-
bation events. Our results also support previous calls for sustained monitoring of stratospheric composition and
ozone-depleting processes to better anticipate and attribute changes in ozone recovery.
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1 Introduction

The stratospheric ozone layer has been slowly recover-
ing since about the year 2000, following the implemen-
tation of the Montreal Protocol in 1987 and its subse-
quent amendments, which limited the production and con-
sumption of ozone-depleting substances (ODSs), including
chlorofluorocarbons (CFCs) and bromine-containing halons.
These ODSs are sufficiently long-lived to reach the strato-
sphere where they undergo photolysis, releasing chlorine and
bromine atoms that catalytically destroy ozone. According to
WMO/UNEP ozone assessments, polar ozone concentrations
are projected to return to their 1980 levels by 2066 (range:
2049–2077) in Antarctica and by 2045 (range: 2029–2051)
in the Arctic (WMO, 2022). Although the Antarctic ozone
layer has shown a robust recovery trend since 2000, as ob-
served and simulated in chemistry-climate models (WMO,
2022), recent years have witnessed large ozone holes related
to elevated stratospheric aerosol loading from volcanic erup-
tions and wildfires (Solomon et al., 2016; Yu et al., 2021;
Solomon et al., 2022). For instance, the 2015 Calbuco erup-
tion in Chile, with a stratospheric injection of about 0.4 Tg
of sulfur dioxide (SO2), led to a record-large Antarctic ozone
hole exceeding 25 million km2 in the same year (Solomon et
al., 2016; Ivy et al., 2017; Zhu et al., 2018). Model simu-
lations by Stone et al. (2021) suggest that volcanic sulfate
aerosols from the 2015 Calbuco eruption reduced the to-
tal column ozone by 1 % to 5 % over the entire Southern
Hemisphere (SH) mid-latitudes region (up to 32° S) from Au-
gust to December. The unpredictability of volcanic eruptions
and other stratospheric perturbation events, such as wildfires,
continue to complicate assessments of future ozone recov-
ery over Antarctica and SH mid-latitudes (Chipperfield and
Bekki, 2024).

Stratospheric volcanic sulfate aerosols provide surfaces fa-
cilitating heterogeneous chemical reactions that catalyse the
release of reactive chlorine and bromine species from their
respective reservoir species (Eqs. 1–3). At present, volcanic
eruptions that inject sulfur into the stratosphere result in a
net decrease in Antarctic column ozone. This is because vol-
canic sulfate aerosols enhance ozone loss via the HOx , ClOx ,
and BrOx catalytic cycles, which dominate over the suppres-
sion of ozone loss driven by the NOx cycle (Eq. 4). Ob-
servational and modelling studies have provided evidence
of the reduction in NOx and enhancement in halogen rad-
icals at mid-latitudes after the 1991 Mt. Pinatubo eruption
(Fahey et al., 1993). The ozone response to volcanic sulfate
aerosols is greater over Antarctica than other latitudes due
to the extreme cold temperatures and the presence of polar
stratospheric clouds inside the Antarctic polar vortex. As an-
thropogenic ODSs continue to decline in this century and as-
suming no injection of volcanic halogen or unexpected rise
in CFC emissions, future volcanic eruptions with the same
stratospheric SO2 injection are expected to cause less ozone
loss via the ClOx and BrOx cycles. Therefore, future en-

hancements in stratospheric aerosol loading are anticipated
to lead to a net increase in Antarctic column ozone towards
the middle or the end of this century (Klobas et al., 2017).

ClONO2+H2O (aerosol)→ HOCl+HNO3 (1)
BrONO2+H2O (aerosol)→ HNO3+HOBr (2)
ClONO2+HCl (aerosol)→ HNO3+Cl2 (3)
N2O5+H2O (aerosol)→ HNO3 (4)

Volcanic eruptions may also inject water vapour and vol-
canic halogen species into the stratosphere in addition to
volcanic SO2 and cause additional chemical ozone loss
(Bobrowski et al., 2003; Pyle and Mather, 2009; Evan et
al., 2023; Santee et al., 2024). Recent modelling studies
demonstrate that the co-injection of volcanic sulfur and halo-
gens into the stratosphere can lead to greater and prolonged
ozone depletion compared to sulfur injections only (Klobas
et al., 2017; Brenna et al., 2020; Ming et al, 2020; Staunton-
Sykes et al., 2021). Large amounts of volcanic water vapour
injection, as demonstrated by the 2022 Hunga Tonga-Hunga
Ha’apai eruption, can also perturb stratospheric ozone for
4–7 years (Zhu et al., 2022; Fleming et al., 2024; Zhou et
al., 2024; Zhuo et al., 2025). While volcanic halogen and
water vapor emissions are important for ozone recovery pro-
jections, strong stratospheric water vapor and halogen in-
jections are rare and highly variable. Volcanic SO2 is the
most commonly emitted species with comprehensive ice-
core and satellite emission inventories (Carn et al., 2016; Sigl
et al., 2022), whereas volcanic halogen and water vapor in-
jections lack comprehensive records, particularly prior to the
satellite era. We therefore focus only on SO2 emissions in
this study. Apart from volcanic halogen and water vapour
emissions, very short-lived (VSL) chlorine and bromine
compounds, which have lifetimes of less than 6 months, are
also important sources of stratospheric bromine and chlorine
(Sturges et al., 2000; Dorf et al., 2008; Laube et al., 2008;
Sala et al., 2014; Wales et al., 2018), which can lead to un-
certainties in future ozone changes (Klobas et al., 2017; Vil-
lamayor et al., 2023).

Despite the importance of future volcanic sulfate aerosols
enhancements for ozone recovery, few studies have investi-
gated the effects of future volcanic eruptions on stratospheric
ozone over the polar and mid-latitude regions due to the
unpredictability of future eruptions. The first phase of the
Chemistry Climate Model Initiative (CCMI-1) included vol-
canic aerosols in historical simulations from 1850 to 2014
but assumed zero volcanic forcing in future projections from
2015 to 2100 (Dhomse et al., 2018; Eyring et al., 2013).
In CCMI-2, the model experiments adopted the Coupled
Model Intercomparison Project (CMIP6) protocol, using a
prescribed constant volcanic forcing equivalent to the 1850–
2014 mean volcanic forcing in future projections from 2015
to 2100 (O’Neill et al., 2016). Naik et al. (2017) adopted
a similar approach, prescribing a constant volcanic forcing
equivalent to the 1860–1999 mean to examine the volcanic
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effects on stratospheric ozone recovery. They concluded that
stratospheric volcanic sulfate aerosols enhancements in two
future RCP scenarios had no impact on the polar ozone re-
turn dates (Naik et al., 2017), but their model did not re-
produce the chemical perturbations documented by Fahey et
al. (1993) following 1991 Mt. Pinatubo. Further, the use of
a prescribed and constant volcanic forcing does not repre-
sent the sporadic nature of volcanic eruptions. A recent study
by Chim et al. (2023), using a stochastic volcanic forcing
approach in a model with interactive sulfur chemistry and
volcanic aerosols, showed that future volcanic forcing from
2015–2100 is very likely to exceed the 1850–2014 mean pre-
scribed volcanic forcing used in CMIP6, with the median fu-
ture forcing expected to be about twice that of the 1850–2014
mean. This finding raises questions about the degree to which
a higher and sporadic future volcanic forcing would affect
Antarctic ozone recovery.

In this study, we employ a plume-aerosol-chemistry-
climate model with a stochastic volcanic forcing approach
to simulate the effects of future volcanic sulfur injections on
Antarctica and SH mid-latitude ozone recovery. Our stochas-
tic future eruption scenarios resemble the statistical distri-
bution of eruption frequency, latitude and sulfur mass in ice
cores and satellite records. Based on multiple ozone recovery
indicators we evaluate the effects of future volcanic eruptions
on stratospheric ozone. Our model using stochastic scenar-
ios indicates that future eruptions lead to delay in Antarctic
ozone recovery assessed via changes in total column ozone,
ozone mass deficit, and ozone hole area. We also conduct a
composite analysis to show that the ozone response to vol-
canic sulfate aerosols over Antarctica and SH mid-latitudes
is expected to decrease over this century. Given the inherent
unpredictability of volcanic eruptions, the stochastic volcanic
forcing approach offers insights into the uncertainties asso-
ciated with future volcanic eruptions and their effects on the
recovery of the Antarctic ozone layer.

2 Methods

2.1 Model Setup

We use the UKESM simulations from Chim et al. (2023) and
briefly summarise their design here. We first generate 1000
stochastic future eruption scenarios from 2015 to 2100 by
resampling eruptions recorded in bipolar ice cores and satel-
lite observations over the past 11 500 years (Sigl et al., 2022;
Carn, 2021). Our stochastic scenarios statistically resemble
the eruption magnitude (in terms of volcanic SO2 mass),
eruption frequency, and eruption latitude of past volcanic
eruptions. Based on the methodology developed in previous
studies (Aubry et al., 2016; Bethke et al., 2017), we resample
large-magnitude eruptions (defined as > 3 Tg of SO2 mass
injection) using volcanic emission datasets from both ice
cores and satellite observations, and small-magnitude erup-
tions (defined as < 3 Tg of SO2 mass injection) using satellite

volcanic emission records only. We do not resample the emis-
sions of volcanic halogen species and water vapour due to the
lack of a comprehensive record of such species in the current
ice-cores and satellite datasets. Consequently, we consider
only the stratospheric volcanic SO2 mass in the resampling
method.

We consider four scenarios as input for our future climate
simulations: the low-end scenario (VOLC2.5, with 0.64 Tg
of SO2 yr−1), the two median scenarios (VOLC50-1 and
VOLC50-2, with 1.44 Tg of SO2 yr−1) and the high-end sce-
nario (VOLC98, with 5.23 Tg of SO2 yr−1), each correspond
to a scenario sampled near to the 2.5th, 50th, and 97.5th
percentiles, respectively, of the ranked total sulfur mass of
the 1000 stochastic scenarios. We perform simulations of
the two median scenarios with small-magnitude eruptions
only (VOLC50-1s and VOLC50-2s, with 0.64 and 0.57 Tg
of SO2 yr−1) to evaluate the effects of small-magnitude
eruptions. The results of the VOLC runs are compared
against control simulations with constant volcanic forcing
as in CMIP6 ScenarioMIP (CONST, with 0.77 to 0.86 Tg
of SO2 yr−1 according to current volcanic emission records)
and without explosive volcanic emissions (NOVOLC). All
runs used the SSP3-7.0 scenario for anthropogenic forcings
with simulation years between 2015 and 2100, with three
ensemble members each. Figure 1 shows the stratospheric
sulfur burden globally, over the Antarctic, and SH mid-
latitudes for the four selected stochastic scenarios (VOLC2.5,
VOLC50-1, VOLC50-2, VOLC98).

We employ the UKESM-VPLUME framework, which
integrates the fully-coupled UK Earth System Model
version 1.1 that includes ocean-atmosphere interactions
(UKESM1.1; Mulcahy et al., 2023) with a one-dimensional
eruptive plume model (Plumeria; Mastin, 2007, 2014). This
framework allows for interactive stratospheric sulfur chem-
istry and volcanic sulfate aerosols with plume injection
heights consistent with background climate conditions, en-
abling the simulation of stratospheric aerosol life cycle con-
sistent with simulated future climate conditions. We evalu-
ate the performance of UKESM1.1 in assessing polar ozone
concentrations by comparing the UKESM historical simula-
tions with satellite observations (see Sect. 3.1). To evaluate
the volcanic-induced ozone response in UKESM1.1, we per-
form a five-member ensemble of UKESM1.1 historical sim-
ulations from 1991 to 1993 to assess the model-simulated
ozone response after the 1991 Mt. Pinatubo eruption. We in-
ject 10 Tg of SO2 across 13 latitude bands between 0 and
15° N to allow the aerosols to be distributed in both hemi-
spheres. This injection approach is consistent with previous
modelling studies using UM-UKCA and CESM (Dhomse et
al., 2014; Mills et al., 2016). We also perform a five-member
ensemble without volcanic emissions as the control simula-
tions.

We perform future climate simulations under a high-
end future shared socio-economic pathway (SSP3-7.0) from
2015 to 2100, with three ensemble members for each
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Figure 1. Stratospheric sulfur burden (in Tg of S) averaged (a) globally, (b) over Antarctica, and (c) over SH mid-latitudes from 2015 to
2100 for the four stochastic scenarios. The dotted line in panel (b) shows the stratospheric sulfur burden threshold of 0.2 Tg of S, which is
used to select eruptions for composite analysis. The injection latitudes of the selected eruptions are shown in panel (b).

stochastic scenario. The emission projections in our sim-
ulations follow the ScenarioMIP experiment under SSP3-
7.0, which do not include the emission of VSL chlorine and
bromine compounds.

2.2 Ozone recovery indicators

We assess the effects of future eruptions on Antarctic ozone
recovery by evaluating three ozone recovery indicators over
the Antarctica (60 to 90° S) and SH mid-latitudes (30 to
60° S), including (1) total column ozone, (2) ozone mass
deficit, and (3) ozone hole area. Total column ozone and
ozone mass deficit have been used as ozone recovery indica-
tors in previous studies to assess the recovery trend of ozone
in the historical and future periods (Dhomse et al., 2018; De
Laat et al., 2012; Stone et al., 2021). We assess the impact of
volcanic forcing on Antarctic ozone return dates by compar-
ing results of the VOLC runs versus the NOVOLC control
run.

Total column ozone quantifies the ozone mass within the
entire atmospheric column, measured in Dobson units (DU).
The total column ozone recovery back to historical baseline
(i.e., 1980 conditions) is a metric used by the UNEP/WMO
Ozone Assessment Report (WMO, 2022). We use the 1978–
1982 mean October total column ozone over Antarctica from
UKESM1.1 historical simulations (hereafter referred to as
“1980 baseline”) to evaluate the return year of total column
ozone concentrations relative to pre-industrial levels. We de-
fine the return year of the total ozone column as the last year
of having an October mean total column ozone averaged over
Antarctica that is lower than the 1980 baseline total column
ozone value. We then assess the delay in total column ozone
recovery by comparing the return dates of VOLC runs with
the control simulation NOVOLC.

Ozone mass deficit represents the deviation of the ob-
served or model-simulated ozone mass from a reference
value of the total ozone column over Antarctica. The value of
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220 DU serves as a reference point frequently used to iden-
tify the depletion of Antarctic stratospheric ozone, as val-
ues less than 220 DU were not observed before 1979. In this
study, we define two metrics for ozone mass deficit, one with
a reference value of 220 DU and the second with a reference
value of 175 DU. We define the return year of ozone mass
deficit as the last year of having an October mean ozone
mass deficit averaged over Antarctica that is lower than the
220 and 175 DU thresholds.

To quantify the uncertainty in return dates arising from in-
terannual variability, we apply a Monte Carlo analysis to the
ensemble mean of the October total column ozone and ozone
mass deficit time series. Each series is first decomposed into
a smoothed long-term trend and residuals. We then gener-
ate 1000 realizations by resampling the residual variability
and superimposing it on the trend. This approach yields a
probabilistic distribution of return dates for crossing a speci-
fied ozone threshold, from which we report the median return
year as well as the 5th to 95th percentile range.

Ozone hole area represents the spatial extent over the
Antarctic where the total ozone column falls below a refer-
ence value. To define the presence or absence of an ozone
hole in any given year, we use thresholds of total column
ozone less than 220, 175 and 150 DU, respectively. We as-
sess recovery trends of the October Antarctic ozone hole area
by performing linear regression to evaluate the return dates,
and compare against the control simulation NOVOLC.

2.3 Composite analysis of ozone chemical loss

We evaluate the chemical loss of Antarctic ozone using the
stratospheric diagnostics developed by Lee et al. (2002). This
method estimates the rate of odd oxygen (Ox = O3+O(3P)+
O(1D)) destruction for each catalytic cycle by determining
the reaction rates of the rate-limiting steps. Under the as-
sumption that [Ox] ≈ [O3], the rate of odd oxygen loss is ap-
proximately equal to the rate of ozone loss for each catalytic
cycle. We calculate the cumulative stratospheric ozone loss
over Antarctica for the halogen cycles (i.e., the sum of ClOx

and BrOx cycles), NOx cycle, and HOx cycle by integrating
the monthly-mean ozone loss rate over time (from October
to March) and altitude (up to 25 km). We calculate the cu-
mulative stratospheric ozone loss over SH mid-latitudes by
integrating the monthly-mean ozone loss rate up to 25 km for
12 months since the eruption month.

To evaluate the volcanic-induced ozone loss via catalytic
cycles, we perform a composite analysis of the cumulative
stratospheric ozone loss for selected eruptions. We identify
9 large-magnitude eruptions with stratospheric sulfur burden
peaks greater than 0.2 Tg of S over the Antarctic (Fig. 1b)
for performing composite analysis to evaluate the chemical
changes via each catalytic cycle.

To assess the volcanic effects on Antarctic stratospheric
ozone, we evaluate the relative differences in the chemical
loss between the VOLC and NOVOLC runs. We calculate the

cumulative stratospheric ozone loss anomaly relative to the
control run (NOVOLC) for each catalytic cycle over Antarc-
tica and SH mid-latitudes, using a 2-year window prior to
the eruption as reference to compare with the 5-year post-
eruption period. The peak ozone response (i.e., at year 0 since
the eruption) for each selected eruption is normalised with
the respective total sulfur mass and plotted against the erup-
tion year for comparison.

3 Results

3.1 Model Evaluation

We assess the performance of UKESM in simulating ozone
concentrations by comparing the total column ozone sim-
ulated by UKESM1.1 during the historical period (1850–
2014) with satellite observations (Fig. 2). UKESM1.1 is the
latest version of UKESM, incorporating several improve-
ments compared to the previous model version, which re-
duced the cold bias in the historical global mean surface tem-
perature by 50 % (Mulcahy et al., 2023).

Figure 2 shows the total column ozone over different lat-
itude bands simulated by UKESM1.1 with prescribed vol-
canic forcing in the historical period from 1850 to 2014,
along with satellite measurements from 1978 to 2023 ob-
tained from the NASA Ozone Watch (NASA Ozone Watch,
2024). UKESM1.1 tends to overestimate the global, tropi-
cal and NH mid- and high-latitudes total column ozone as
compared to satellite measurements. The total column ozone
over SH mid-latitudes and Antarctica shows good correspon-
dence with satellite measurements. Nonetheless, UKESM
has a high bias (+20 %) in stratospheric ozone compared to
other CMIP6 models (Keeble et al., 2021), which stems from
the bias over the tropics and Northern Hemisphere (NH). Fig-
ure S1 in the Supplement shows the comparison of the zonal
mean ozone mass mixing ratio averaged from 2000 to 2014
for UKESM1.1, ML-TOMCAT merged 4-D ozone dataset
(Dhomse et al., 2021; Dhomse and Chipperfield, 2023), and
the CMIP6 multi-model mean (Keeble et al., 2021). We find
that the zonal mean ozone distribution in UKESM1.1 in gen-
eral agrees well with the ML-TOMCAT dataset. UKESM1.1
simulates higher ozone mass mixing ratio over the trop-
ics and extratropical regions, lower ozone over Antarctic
stratosphere from 1–10 hPa, and higher ozone in the Antarc-
tic lower stratosphere between 10 and 30 hPa compared
to both ML-TOMCAT and the CMIP6 multi-model mean
(Fig. S1d and e). This suggests that UKESM1.1 may overes-
timate lower stratospheric (10–30 hPa) ozone concentration
over Antarctica relative to other CMIP6 models and ML-
TOMCAT. UKESM1.1 also simulates higher total column
ozone between 30° S and 60° N, and a deeper, more per-
sistent Antarctic ozone hole compared to the CMIP6 multi-
model mean (Fig. S2).

To assess the ozone response after volcanic eruptions
in UKESM1.1, we performed a five-member ensemble of
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Figure 2. Annual mean total column ozone (in DU) averaged (a) globally (90° S to 90° N), over the (b) tropics (20° S to 20° N), (c) Antarctica
(60 to 90° S), (d) Arctic (60 to 90° N), (e) SH mid-latitudes (30 to 60° S), and (f) NH mid-latitudes (30 to 60° N). The blue lines represent
the UKESM historical simulations from 1850 to 2014, and the red markers represent satellite measurements from 1978 to 2023. The blue
shading shows the maximum and minimum values of the ensemble members.

UKESM1.1 historical simulations for a case study of the
1991 Mt. Pinatubo eruption. We compared the UKESM1.1
model-simulated stratospheric aerosol optical depth (SAOD)
and total column ozone with the Global Space-based Strato-
spheric Aerosol Climatology (GloSSAC) v2.2 dataset (Kovi-
lakam et al., 2020) and the National Institute of Water and At-
mospheric Research – Bodeker Scientific (NIWA-BS) filled
total column ozone dataset v3.5.2 (Bodeker and Kremser,
2021) to evaluate the model performance (Fig. 3). Our re-
sults show that UKESM1.1 simulates a higher SAOD over
the tropics and NH (Fig. 3a and b), and the peak global
mean SAOD value is 22 % higher than that of GloSSAC
(Fig. 3c). The ensemble-mean of the UKESM1.1-simulated

total column ozone is able to capture total column ozone loss
over Antarctic summer in 1991 and 1992, with a magnitude
comparable to NIWA-BS total column ozone loss (Fig. 3d
to f). Although our simulations capture the magnitude of the
Antarctic total column ozone response, the timing of ozone
loss in 1991 does not match NIWA-BS. This discrepancy
likely reflects differences between our free-running ensem-
ble climatology and the 1991 atmospheric conditions, as our
Pinatubo simulations are not nudged to observations. How-
ever, UKESM1.1 simulates a prolonged Antarctic total col-
umn ozone loss until spring when compared to NIWA-BS
dataset (Fig. 3f).

Atmos. Chem. Phys., 26, 6781–6797, 2026 https://doi.org/10.5194/acp-26-6781-2026
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Figure 3. Stratospheric aerosol optical depth (SAOD) and total column ozone responses following the 1991 Mt. Pinatubo eruption.
(a, b) Zonal monthly mean SAOD from the UKESM1.1 simulation and GloSSAC. (c) Time series of global monthly mean SAOD anomalies
(UKESM1.1 relative to control and GloSSAC relative to 1986–1990 climatological mean) and Antarctic monthly mean total column ozone
anomalies (UKESM1.1 relative to control and NIWA-BS relative to 1986–1990 climatological mean). (d, e) Zonal monthly mean total col-
umn ozone anomalies from UKESM1.1 (relative to control) and NIWA-BS (relative to 1986–1990 climatological mean). (f) Difference in
total column ozone anomalies between UKESM1.1 and NIWA-BS (d–e).

Figure 4 presents our model-simulated daily size of the
Antarctic ozone hole averaged over a 5-year period from
2015 to 2065 for one of our stochastic scenarios (VOLC50-
1). Satellite observations from 1979 to 2022 suggest that the
closure date of the Antarctic ozone hole typically occurs be-
tween mid-November and late December (Copernicus At-
mosphere Monitoring Service (CAMS), 2023). However, the
timing of the Antarctic ozone hole in our model results de-
viate significantly from historical observations. Our model
simulations show a considerably prolonged duration of the
Antarctic ozone hole extending well into February during
the earlier decades of this century (Fig. 4). This discrepancy
is attributed to the stratospheric cold bias of UKESM over
Antarctica, which is associated with a strong polar night jet
and the strong downdraught of mesosphere air during polar
winter (Sellar et al., 2019), resulting in a stronger and more
persistent polar vortex over Antarctica.

Despite these limitations, we show that UKESM repro-
duces reasonably well the historical evolution of the Antarc-

tic total column ozone (see Fig. 2c), when the ozone hole
is at its deepest. This provides confidence in the model’s
ability to assess Antarctic ozone recovery by assessing the
October-mean values of the ozone recovery indicators. The
magnitude of Antarctic total column ozone response in our
Pinatubo simulations also show a good agreement with ob-
servational datasets, suggesting that our estimates of relative
impacts across different volcanic scenarios are robust. Since
the stratospheric cold bias and strong winter polar vortex in
UKESM (Sellar et al., 2019; Hall et al., 2021) likely hinder
the transport of volcanic aerosols into the Antarctic strato-
sphere, we assess the ozone responses over both Antarctica
and SH mid-latitudes.

3.2 Volcanic effects on Antarctic ozone recovery
indicators

We use three ozone recovery indicators to assess the volcanic
effects on Antarctic ozone return years, as summarised in Ta-
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Figure 4. Daily size of the ozone hole area (5-year averaged) over Antarctica (60 to 90° S, in million km2) for VOLC50-1 (solid lines) and
NOVOLC (dotted lines). The colour shading shows the range of the maximum and minimum UKESM ensemble members. The grey shading
shows the range of historical ozone hole (defined as area < 220 DU) closure date from satellite observations over 1979–2022 (Copernicus
Atmosphere Monitoring Service (CAMS), 2023).

ble 1. We find that the return year of ozone mass deficit to
220 DU threshold is delayed by 0 to 2 years for the low-end
and median future scenarios (VOLC2.5 and VOLC50, Ta-
ble 1), and 5 years for a high-end future eruption scenario
(VOLC98, Table 1). Although some stochastic scenarios in-
dicate a later median return year, the overlap in uncertainty
ranges suggests that the delay is not distinguishable from
internal variability (Table 1). On the other hand, the return
year of ozone mass deficit to the 175 DU threshold ranges
between 0 to 5 years across the stochastic scenarios.

Figure 5a and b shows the October-mean ozone mass
deficit over Antarctica with 220 and 175 DU thresholds re-
spectively, shown as 30- and 3-year moving means. The 3-
year moving mean reveals substantial interannual variabil-
ity in ozone mass deficit across scenarios, driven by in-
dividual eruptions and internal variability. When smoothed
with a 30-year moving mean to show longer-term trends, all
stochastic scenarios consistently exhibit higher ozone mass
deficit compared to NOVOLC prior to their respective re-
turn years (Fig. 5a and b). The relative contribution of vol-
canic effects to ozone mass deficit in year 2030 ranges be-
tween 5.7 % to 8.7 % (0.7 to 1.0 million t) using a 220 DU
threshold, and 8.9 % to 23.0 % (0.2 to 0.5 million t) using
a 175 DU threshold across the stochastic scenarios (Fig. 5a
and b). The median return years for ozone mass deficit with
a 220 DU threshold are the same for the VOLC50 scenar-
ios and their respective runs with small-magnitude eruptions
only (VOLC50-1s and VOLC50-2s). For the 175 DU thresh-
old, VOLC50-2s shows an earlier return by 5 years for both
the median and 5th to 95th percentile ranges as compared to
VOLC50-2, while VOLC-501s shows a 1-year delay in re-
turn year as compared to VOLC50-1.

Figure 5c shows the time series of the October-mean
Antarctic total column ozone. Compared to the NOVOLC
run, our stochastic scenarios show a 0.5 % to 2.8 % (1.5 to
8 DU) lower Antarctic total column ozone averaged over
2030 to 2050, which lasts until around 2060s for some
stochastic scenarios. The greater volcanic-induced impact on
ozone loss in the near-term is likely due to the higher chlo-
rine concentrations in the atmosphere as compared to the
later decades. In our model and without considering future
volcanic eruptions, Antarctic total column ozone returns to
its 1980 baseline in 2066 (range: 2062–2072, NOVOLC).
Among all the simulated stochastic scenarios, only the me-
dian scenario VOLC50-2 and the high-end scenario VOLC98
show delays in the Antarctic total column ozone return date,
by 3 and 5 years respectively. One of the median scenarios
with small-magnitude eruptions only (VOLC50-1s) has a 4-
year delay in the median return date of total column ozone
compared to VOLC50-1, while the other median stochastic
scenario (VOLC50-2) has the same return year as the sce-
nario with small-magnitude eruptions only (VOLC50-2s).

We also examine the responses of the annual mean total
column ozone globally and over SH mid-latitudes (Fig. S3a
and b). Our results show that volcanic sulfate aerosols in-
duce a reduction of 0.4 % to 0.6 % (1.2 to 1.9 DU) in to-
tal column ozone over SH mid-latitudes, and 0.3 % to 0.5 %
(0.9 to 1.6 DU) globally, relative to the NOVOLC simula-
tion for the period 2030–2086. The magnitude of response
in global and SH mid-latitude total column ozone is consis-
tently negative throughout this century and comparable to or
slightly greater than that over Antarctica (+0.1 % to−0.5 %,
Fig. S3d), where the response shows greater variability.

Atmos. Chem. Phys., 26, 6781–6797, 2026 https://doi.org/10.5194/acp-26-6781-2026



M. M. Chim et al.: Impacts of future volcanic eruptions on lower stratospheric ozone recovery 6789

Table 1. Return years of the ozone recovery indicators for Antarctic October-mean values, including total column ozone (median return year
relative to the model 1980 baseline), the Antarctic October-mean ozone mass deficit (median return year relative to the 220 and 175 DU
thresholds), and the Antarctic October-mean ozone hole area (220 DU threshold). Numbers in brackets indicate the 5th to 95th percentile
uncertainty range from the Monte Carlo uncertainty analysis. For the ozone hole area recovery trend, the uncertainty range corresponds to
the spread across the three ensemble members.

Indicator NOVOLC VOLC2.5 VOLC50-1 VOLC50-1s VOLC50-2 VOLC50-2s VOLC98

Total ozone 2066 2065 2064 2068 2069 2069 2071
column (2062–2072) (2063–2074) (2058–2072) (2059–2075) (2062–2075) (2062–2077) (2066–2074)

Ozone mass deficit 2062 2064 2060 2060 2062 2062 2068
(220 DU) (2054–2065) (2059–2066) (2050–2069) (2052–2062) (2051–2064) (2053–2064) (2047–2073)

Ozone mass deficit 2038 2041 2038 2039 2044 2039 2041
(175 DU) (2022–2041) (2024–2044) (2022–2042) (2023–2043) (2036–2046) (2030–2041) (2030–2044)

Ozone hole area 2058 2058 2059 2059 2059 2059 2061
(220 DU) (2058–2059) (2056–2060) (2058–2060) (2059–2060) (2058–2060) (2058–2059) (2060–2062)

Figure 6 shows the October-mean Antarctic ozone hole
area for the VOLC and NOVOLC runs, with the zonal-mean
stratospheric aerosol optical depth of the respective VOLC
runs shown in each panel. To assess the return year of the
Antarctic ozone hole area, we assess the recovery trend of
the Antarctic ozone hole area. We find that the recovery of
the Antarctic ozone hole area back to 220 DU is delayed by
1 to 3 years, except for the VOLC2.5 scenario (Table 1).
Small-magnitude eruptions (VOLC50-1s and VOLC50-2s)
have no impact on the median return dates of the Antarc-
tic ozone hole area. The longer delay in the VOLC98 sce-
nario can be attributed to the occurrence of a large-magnitude
tropical eruption in 2056 emitting 114 Tg of SO2 (Fig. 1),
which results in a high SAOD over Antarctica and an Antarc-
tic October ozone hole area of 5 million km2 relative to NO-
VOLC (Fig. 6). Although we see a delay in the recovery of
the Antarctic ozone hole area in most of the VOLC scenar-
ios for a 220 DU threshold, our simulation results also show
that the Antarctic ozone hole area is highly variable between
ensemble members. We are not able to perform robust statis-
tical tests due to the limited number of ensemble members.
We also examine the Antarctic ozone hole area recovery un-
der a lower total column ozone threshold of 175 and 150 DU.
The Antarctic ozone hole area recovery is delayed by 1 year
in most VOLC scenarios except for VOLC2.5 for a 175 DU
threshold, and there is no delay in return date in all scenarios
for a 150 DU threshold (Figs. S4 and S5).

3.3 Chemical changes in the Antarctic and SH
mid-latitudes lower stratosphere

To assess the volcanic effects on the chemical loss of ozone,
we select 9 large-magnitude eruptions with stratospheric sul-
fur burden > 0.2 Tg of S over Antarctica for composite anal-
ysis (Fig. 1b). Figure 7a shows the composite analysis re-
sults of the cumulative stratospheric ozone loss anomaly rel-
ative to NOVOLC over Antarctic and SH mid-latitudes for

each catalytic cycle. A positive value indicates a net ozone
loss via the catalytic cycle, while a negative value indicates
a net ozone gain. Our analysis shows a net ozone loss via
halogen cycles at year zero after volcanic eruptions, and a
net ozone increase via NOx cycle over Antarctica and SH
mid-latitudes (Fig. 7a and b). The volcanic-induced ozone re-
sponse via halogen and NOx cycles is stronger over Antarc-
tica than the SH mid-latitudes, as shown in Fig. 10a. Strato-
spheric volcanic sulfate aerosols catalyse the release of active
chlorine from reservoir species via heterogeneous chemistry,
forming ClOx (Fig. S6). This enhances stratospheric ozone
loss via halogen cycles over Antarctica and SH mid-latitudes
(Figs. S8 and S9). The sulfate aerosols also catalyse the hy-
drolysis of N2O5 (Fig. S7), suppressing the NOx-catalysed
ozone loss for 1 to 2 years after the eruption (Figs. S8
and S9).

Figure 7c shows the peak ozone response (i.e., the re-
sponse at year 0 or 1 of the composite analysis) via the
catalytic cycles, normalised by the respective peak strato-
spheric sulfur burden and total area over Antarctica and SH
mid-latitudes. The normalised peak ozone response exhibits
a decreasing trend with eruption year for both regions and is
stronger over Antarctica than the SH mid-latitudes (Fig. 7a
and b). However, the overall magnitude of ozone response,
summing all catalytic cycles, is comparable between the
Antarctica and SH mid-latitudes (Fig. 7c). Although we see
clear decreasing trends in ozone response over both regions,
we are unable to identify the shift in the ozone chemistry
response due to a lack of large-magnitude eruptions with
> 0.2 Tg of S over Antarctica after 2070 in these simulations.

4 Discussion

Using a plume-aerosol-chemistry-climate model UKESM-
VPLUME with an improved stochastic volcanic forcing, we
assess the effect of future volcanic eruptions with sulfur in-
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Figure 5. October-mean ozone recovery indicators over Antarctica. (a) Ozone mass deficit using the 220 DU threshold (in million tonnes),
(b) ozone mass deficit using the 175 DU threshold (in million tonnes), and (c) total column ozone (in DU). The left column shows the values
applied with a 30-year moving mean, and the right column shows the values applied with a 3-year moving mean.

jections on Antarctic and SH mid-latitude ozone recovery
by evaluating the October-mean values of three ozone re-
covery indicators. We find that the extent of the delay in
Antarctic ozone return dates depends on the eruption tim-
ing, latitude and aerosol distribution in the stochastic sce-
narios, with two scenarios showing delays in ozone mass
deficit of 2 years (VOLC2.5) and up to 5 years (VOLC98)
with a 220 DU ozone threshold (Table 1). If we use a lower
ozone threshold of 175 DU, the relative effect of volcanic
eruptions on ozone mass deficit can be up to 23 % in 2030
for a high-end future scenario (Fig. 5b). For the 175 DU
threshold, VOLC50-2 shows the longest delay (6 years),

while VOLC2.5 and VOLC98 both show 3-year delays, and
VOLC50-1 has the same return year as NOVOLC. The ap-
parent inconsistencies in the delays of recovery across sce-
narios arise from the different recovery timelines, which is
due to differences in the timing of volcanic eruptions across
scenarios, as well as varying sensitivities of the two ozone
mass deficit thresholds. The recovery for the 175 DU thresh-
old is much faster (median year of 2038 in NOVOLC) than
the 220 DU threshold (median year of 2062 in NOVOLC),
making each metric sensitive to eruptions occurring at dif-
ferent times. For instance, VOLC2.5 and VOLC98 both have
large-magnitude eruptions with SH aerosol distribution be-
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Figure 6. October-mean ozone hole area (in million km2) averaged over Antarctica for (a) VOLC50-1, (b) VOLC50-2, (c) VOLC2.5, and
(d) VOLC98. The blue lines show the ensemble mean values and the linear regression for each VOLC scenario, the red lines show the
ensemble mean values for NOVOLC, and the shading shows the values of the maximum and minimum values across the ensemble members.
The triangles refer to the occurrence of eruptions in each stochastic scenario: the black triangles refer to eruptions with > 3 Tg of SO2
injection, the grey triangles refer to eruptions with 1 to 3 Tg of SO2 injection, and the light grey triangles refer to eruptions with 0.1 to 1 Tg
of SO2 injection. The lower panel shows the zonal mean stratospheric aerosol optical depth at 550 nm for the four VOLC runs.

fore 2062, thus showing greater delay in return years for the
220 DU threshold. VOLC50-2 shows the longest delay for
the 175 DU threshold because it has higher SH SAOD than
VOLC2.5 and VOLC98 before 2038 (Fig. 6). In contrast, the
first large-magnitude eruption in VOLC50-1 occurs in 2047,
after the 175 DU threshold recovery year, and thus showing
no delay for this metric.

We also show that future scenarios with small-magnitude
eruptions only (VOLC50-1s and VOLC50-2s) have no effect
on the return years of Antarctic ozone mass deficit with a
220 DU threshold, but have a mixed effect on the recovery of
deeper ozone holes at the 175 DU threshold. One of the sce-
narios with small-magnitude eruptions only (VOLC50-2s),
which has the lowest annual SO2 flux (0.57 Tg SO2 yr−1),
shows earlier recovery by 5 years for the 175 DU threshold
metric, while the other small-magnitude scenario (VOLC50-

1s) shows a 1-year delay compared to VOLC50-1 (Table 1).
This suggests that ozone recovery timing is primarily gov-
erned by large-magnitude eruptions, with small-magnitude
eruptions playing a secondary role. However, the large uncer-
tainty ranges and overlapping values in the return years be-
tween VOLC and NOVOLC scenarios reflect substantial in-
ternal variability between ensemble members; this highlights
that recovery projections should be interpreted as ranges
rather than median values alone. Our simulations are also
limited by the number of ensemble members. Future mod-
elling experiments with larger ensemble sizes would further
quantify the uncertainty in volcanic effects on ozone recov-
ery and distinguish between volcanic forcing effects and in-
ternal variability.

In terms of the total column ozone, we find a delay of
up to 5 years in the high-end volcanic scenario (VOLC98),
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Figure 7. Composite analysis of the cumulative stratospheric ozone loss (up to 25 km) relative to NOVOLC for the 9 selected eruptions
(a) over Antarctica, integrated by time from August to the following July, and (b) SH mid-latitudes, cumulative loss for 12 months after the
onset of each eruption. Year 0 denotes the year of eruption. The shaded region shows the range of the first and third quartiles. (c) Peak ozone
response of the selected eruptions to halogen cycles, NOx cycle, HOx cycle, and all cycles (halogen+NOx +HOx ) over Antarctica (circles)
and SH mid-latitudes (triangles). The values are normalised with the respective peak stratospheric S burden for each eruption and total area
over Antarctica and SH mid-latitudes, respectively.

which includes volcanic eruptions with large stratospheric
sulfur burdens and SAOD over Antarctica between the years
2055 and 2065 (Figs. 1 and 5). Our results show that an
adopted large-magnitude tropical eruption in the year 2056
in the VOLC98 scenario, with an Antarctic sulfur burden
of 2.7 Tg of S, leads to an Antarctic ozone hole exceeding
5 million km2 in October (Fig. 6d). This occurs despite the
Antarctic ozone column being otherwise close to returning to

1980 values in the 2050s. The simulated ozone hole is com-
parable in size to that caused by the 2015 Calbuco eruption,
which emitted around 0.4 Tg of SO2 and resulted in an Oc-
tober ozone hole of about 4.5 million km2 larger (Solomon
et al., 2016). The comparable ozone hole size is attributable
to the substantially higher stratospheric chlorine loading in
2015 compared to that projected for the mid-21st century.
These findings demonstrate that future eruptions with signif-
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icant volcanic sulfur injections have the potential to cause
large Antarctic ozone holes in the middle of this century ac-
cording to our simulations.

Our results differ from with the findings of Naik et
al. (2017), another previous modelling study that assessed the
effects of future volcanic eruptions on stratospheric ozone re-
covery in climate projections. Naik et al. (2017) use a pre-
scribed constant future volcanic forcing equivalent to the
1860–1999 mean volcanic forcing to evaluate stratospheric
ozone responses in climate projections using the GFDL-CM3
model under the RCP4.5 and RCP8.5 scenarios. Their model
results suggest that an enhanced volcanic sulfate aerosol bur-
den does not affect Antarctic ozone column return dates but
leads to an earlier recovery of global stratospheric ozone. The
disagreement between Naik et al. (2017) and our study poten-
tially arises from differences in forcing magnitude, model re-
sponses and chemistry representations between GFDL-CM3
and UKESM. For instance, the ClO / Cly ratio at 50° N in
Naik et al. (2017) is a factor of 4 lower than observations on
22 March 1992, following the 1991 Mt. Pinatubo eruption
(Fahey et al., 1993), suggesting that the GFDL model may
not adequately capture the response of halogen chemistry.
In addition, the UKESM model version used in our study
has limited heterogeneous reactions, whereas a recent study
by Ming et al. (2020) used a new heterogeneous scheme in
UKESM with eight additional reactions, producing a better
match with the observed total column ozone over Antarctica.
Beyond differences in model chemistry responses, the con-
trasting results are likely stemming from the experimental
design (prescribed versus interactive volcanic forcing) and
different future emission scenarios used (RCP versus SSP).
These differences hinder direct comparison between the two
studies. Future model comparison studies using consistent
future emission scenarios and volcanic forcing magnitudes
are necessary to assess the projected ozone responses to vol-
canic eruptions across different models.

Our composite analysis of cumulative stratospheric ozone
response reveals a net ozone loss for the 9 selected large-
magnitude eruptions (Fig. 7c). The stratospheric ozone re-
sponse to volcanic eruptions is sensitive to the amount of
aerosol mass transported into the polar vortex (Fig. 1). Our
results show a linear decreasing trend of peak ozone response
after large-magnitude eruptions. However, due to the lack of
large-magnitude eruptions after 2070 with high sulfur bur-
den over Antarctica in our stochastic scenarios, we do not
see a clear shift from net stratospheric ozone loss to produc-
tion over Antarctica. We expect that eruptions occurring after
year 2070 will eventually lead to a net ozone gain instead of
ozone loss. Such shifting in the chemistry will affect the fu-
ture ozone recovery trend. Our findings indicate that even a
small-magnitude eruption in 2092, with a SO2 injection mass
of less than 3 Tg of SO2 and an Antarctic sulfur burden as
low as 0.08 Tg of S, can lead to a small net ozone loss over
Antarctica (Fig. S8). The stratospheric ozone response to vol-
canic eruptions is also influenced by stratospheric dynamics.

However, due to the coupled nature of our model simulations,
we are unable to isolate and quantify the dynamical compo-
nent of the ozone response. Furthermore, the stochastic na-
ture of our scenarios and the limited model run length con-
strain our ability to identify the timing of the shift in strato-
spheric ozone response to volcanic eruptions, as the shift in
the ozone chemistry may occur after 2100. Nonetheless, our
study demonstrates that the composite analysis of the strato-
spheric ozone loss via catalytic cycles is a valuable tool for
evaluating the chemical response of stratospheric ozone to
volcanic eruptions.

Although our study primarily focuses on the ozone re-
sponse over Antarctica and SH mid-latitudes, volcanic erup-
tions can also induce significant changes in ozone concentra-
tions over the Arctic and NH mid-latitudes (Figs. S3c, S10
and S11). Composite analysis of 15 selected eruptions (with
a stratospheric sulfur burden exceeding 0.5 Tg of S over the
NH mid-latitudes) reveals substantial net ozone loss of 9
DU over the Arctic (interquartile range: 18 to −2 DU) and
2 DU loss over the NH mid-latitudes (interquartile range: 6 to
−3 DU) (Fig. S12). However, the ozone response over these
regions exhibits greater uncertainties and variability com-
pared to the SH. The limited ensemble size in this study con-
strains our ability to draw robust conclusions regarding the
NH ozone response. Furthermore, the occurrence of multiple
volcanic eruptions between 2040 and 2060 in the VOLC98
scenario (Fig. 1) may introduce biases in the composite anal-
ysis, as the overlapping ozone responses from these closely
timed eruptions could potentially interfere with one another
(Fig. S12). Consequently, while our findings highlight the
potential for volcanic eruptions to impact stratospheric ozone
recovery over polar regions, additional research with larger
ensemble simulations is necessary to more comprehensively
characterise the ozone response over the Arctic and NH mid-
latitudes.

We acknowledge that UKESM1.1 exhibits a stratospheric
cold bias and excessively strong polar vortex that leads
to prolonged ozone depletion over Antarctica (Fig. 4).
The comparison of the UKESM1.1 simulation with ML-
TOMCAT shows that the climatological mean of UKESM1.1
overestimates lower stratospheric ozone loss over Antarctica
and SH mid-latitudes. Due to these model biases, our results
likely overestimate the cumulative ozone loss over Antarctica
and SH mid-latitudes. However, the relative volcanic effects
on ozone in our simulated scenarios remain robust. In addi-
tion, our stochastic scenarios include stratospheric volcanic
SO2 emissions only, but not volcanic halogen species, water
vapour and VSL chlorine and bromine compounds, which
affect stratospheric ozone recovery. Klobas et al. (2017)
emphasised the sensitivity of future ozone changes to a
Pinatubo-like eruption with VSL bromine injection between
0 to 8 pptv, which can lead to changes in total column ozone
over Antarctica between−3 % and 3 % under one future rep-
resentative concentration pathway (i.e., RCP6.0). Although
VSL chlorine has a small contribution to total stratospheric
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chlorine (about 3 %) between 2010 to 2019 (Bednarz et
al., 2022), the increasing emission of VSL chlorine high-
lights the potential importance of its impact on future ozone
changes. By not accounting for VSL species in our simula-
tions, we likely underestimate the full magnitude of volcanic
impacts on ozone recovery. The lack of comprehensive his-
torical records on volcanic halogen emissions, the variabil-
ity in halogen injections across different eruptions, and the
uncertainties in future VSL halogenated compounds emis-
sions make it challenging to project future stratospheric halo-
gen loadings using our stochastic approach. Therefore, our
model-simulated effects on ozone represent a lower bound
of the potential effects of future volcanic eruptions on ozone
depletion. We anticipate that including volcanic halogen, wa-
ter vapour, and VSL chlorine and bromine emissions in our
stochastic scenarios would likely result in further delays to
Antarctic and SH mid-latitude ozone recovery. It is essential
to improve current volcanic halogen emission datasets and
proxy records, and account for the emission of halogenated
VSL compounds to better assess the impact of future vol-
canic eruptions on stratospheric ozone recovery.

Our model experiments use a high-end future anthro-
pogenic emission scenario (SSP3-7.0) which has high fu-
ture methane emissions (Meinshausen et al., 2020). Previ-
ous studies showed that stratospheric ozone responses to
volcanic eruptions are sensitive to the background anthro-
pogenic greenhouse gas emissions (Naik et al., 2017; Klobas
et al., 2017). For instance, Klobas et al. (2017) demonstrate
that ozone depletion after volcanic eruption is stronger in
low-end RCP scenarios, which is attributed to a warmer
stratosphere and lower methane emissions. As methane re-
acts with chlorine in the atmosphere, higher methane emis-
sions in the future will lead to lower stratospheric reactive
chlorine species and thus suppress the ClOx-catalysed ozone
loss. For the same model simulation under a low-end SSP
scenario, we expect a stronger volcanic-induced ozone re-
sponse and potentially a later year of shift in ozone response
(net loss versus net gain, see Sect. 3.3). Future studies can
design specific model experiments with the co-injection of
halogen species and water vapour to quantify the timing of
the shift in Antarctic ozone chemistry under different future
emission scenarios.

5 Conclusion

Using the plume-aerosol-chemistry-climate model UKESM-
VPLUME with a stochastic representation of volcanic sulfur
emissions, we quantified the effects of six stochastic scenar-
ios on projected ozone recovery over Antarctica and South-
ern Hemisphere mid-latitudes. We showed that a high-end
future eruption scenario delays the recovery of the Antarc-
tic total column ozone and ozone mass deficit for up to
5 and 6 years respectively. These delays represented rela-
tively small perturbations to the overall Antarctic and SH

mid-latitudes ozone recovery. Our results also showed that
the peak ozone loss due to large-magnitude volcanic erup-
tions in our stochastic scenarios weakens from 2015 to 2070
(Fig. 7c) as a result of declining CFC concentrations. Al-
though our stochastic future eruption scenarios caused only
a few years of delay in the ozone recovery metrics, large-
magnitude eruptions can still potentially lead to substantial
perturbations in stratospheric ozone prior to its recovery. For
example, the mid-century eruption in the VOLC98 scenario
led to an Antarctic ozone hole up to 5 million km2 (Figs. 5c
and 6d). Our results also showed that small-magnitude erup-
tions have little effect on the recovery of Antarctic and SH
mid-latitudes stratospheric ozone. These results highlighted
the importance of accounting for volcanic variability in as-
sessing stratospheric ozone recovery over Antarctica and SH
mid-latitudes. Volcanic eruptions along with other events
that perturb the stratospheric aerosol layer, such as wild-
fires and deliberate stratospheric aerosol injections, remain
as future challenges in assessing ozone recovery (WMO,
2022; Solomon et al., 2022; Chipperfield and Bekki, 2024).
Enhancing our understanding of volcano-induced ozone re-
sponses, including the effects of volcanic halogen emissions,
is a crucial aspect for accurately assessing the healing of the
Antarctic ozone layer. Continued improvements in models,
volcanic emission datasets, and observational monitoring of
the stratosphere will be critical to assess the stability and re-
silience of ozone layer recovery in the coming decades.
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