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Abstract. Owing to the crucial role of stratospheric ozone in shielding the Earth from harmful solar ultraviolet
radiation, impacts of human activities on the ozone layer remain of interest. Here we provide an assessment of
the potential impacts of Stratospheric Aerosol Injection (SAI), a proposed method to temporarily offset global
warming, on stratospheric ozone projections over the 21st century using the new multi-model GeoMIP G6-
1.5K-SAI experiment. The experiment injects SO, at a pair of subtropical latitudes and utilizes a more plausible
“middle-of-the-road” greenhouse gas emission pathway (SSP2-4.5) and SAI start date compared to earlier stud-
ies.

All three participating Earth system models show a decrease in global mean total column ozone of a few
Dobson units (1 %-2 %) under SAI compared to the no-SAI scenario. This decrease is dominated by enhance-
ment in active halogens from heterogenous chemistry on sulfate aerosol, most clearly evident in the Southern
Hemisphere mid- and high latitudes. This is unlike previous results using strategies injecting at the equator,
which show increased global mean column ozone, partly due to larger ozone transport changes. As background
halogen levels continue to decrease, the potential of SAI to deplete ozone is found to be a factor of ~ 2 larger
in earlier part of the 21st century (2045-2064) than later (2065-2084). We further identify areas of model dis-
agreement and sources of uncertainty, but also areas of more confidence and potential emergent constraints. Our
results highlight the need to assess any projected SAI impacts in the wider strategy and scenario dimension using
a multi-model framework.
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1 Introduction

Stratospheric ozone plays a crucial role in life and ecosys-
tems on Earth, shielding the surface from harmful ultravi-
olet solar radiation. Since the discovery of the ozone hole
by Farman et al. (1985), international research has focused
extensively on how human activities — especially emissions
of both long- and short- lived ozone depleting substances
(ODSs) and greenhouse gases (GHGs) — can drive significant
changes in this important atmospheric constituent (World
Meteorological Organization, 2022). More recently, such re-
search has expanded to include impacts from so-called “cli-
mate intervention” or “geoengineering” methods, the pro-
posed methods aiming to temporarily offset some of the
most negative impacts of climate change. The most exten-
sively studied method, termed Stratospheric Aerosol Injec-
tion (SAI), involves introducing reflective aerosols (typically
sulfate), or their precursors, into the lower stratosphere in or-
der to reduce solar radiation reaching the troposphere, in a
manner analogous to that occurring under explosive sulfur-
rich volcanic eruptions.

SAI can affect stratospheric ozone via a range of chemical
and dynamical processes (e.g. Pitari, et al., 2014; Haywood
and Tilmes, 2022; Bednarz et al., 2023a, b). Amongst other
factors, sulfate aerosols provide active surfaces that facili-
tate heterogeneous halogen and nitrogen reactions that im-
pact concentrations of species directly relevant for chemical
ozone production and loss. Furthermore, sulfate aerosols ab-
sorb some of the incoming solar and outgoing terrestrial ra-
diation, thereby warming the lower stratosphere where they
reside. The resulting temperature changes alter atmospheric
circulation and affect ozone transport. Any resulting local
changes in temperature can further modulate stratospheric
chemistry, whether by altering the rates of gas-phase and het-
erogeneous chemical reactions, impacting formation of polar
stratospheric clouds, or modulating stratospheric water vapor
content by warming the cold-point tropical tropopause.

Given the range of processes affecting stratospheric ozone,
all of which can be uniquely affected by different SAI real-
izations, the analysis of ozone response to SAI needs to ac-
count for details of SAI strategy and scenario used, as well
as potential sources of inter-model differences. However, to
date research exploring the above aspects has been relatively
limited. Using a single model, the Community Earth System
Model (CESM), SAI impacts on ozone have been studied
with a focus on the choice of SAI strategy (i.e. location of
injection; Bednarz et al., 2023a; Tilmes et al., 2021), magni-
tude of surface cooling (Bednarz et al., 2023b), underlying
GHG emission scenario (Tilmes et al., 2020; Haywood and
Tilmes, 2022) and the start date of SAI (Brody et al., 2024).
However, studies exploring these aspects consistently across
different models are scarce or incomplete. For example,
Henry et al. (2024) used UKESM to explore the role of SAI
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strategy on ozone, but their model version lacked coupling of
heterogeneous chemical reactions and sulfate aerosols from
SAI thereby missing an essential process that could affect
ozone. Most recently, Jorimann et al. (2026) used a multi-
model ensemble of SAI simulations participating in the on-
going phase 2 of the Chemistry Climate Model Intercom-
parison project (CCMI-2022; Plummer et al., 2021). While
providing invaluable insights on the models’ sensitivities to
imposed stratospheric sulfate aerosols in an atmosphere-only
set-up, the experiment, by design, excluded some important
sources of uncertainty driving the aerosol, climate and ozone
responses to the intervention.

Most other multi-model studies assessing SAI impacts on
ozone come from the previous simulations from the Geoengi-
neering Model Intercomparison Project (GeoMIP), in partic-
ular the “G6sulfur” experiment with SO, (the gaseous pre-
cursor to sulfate aerosol) injection in the equatorial lower
stratosphere (Kravitz et al., 2015). Three models with in-
teractive chemistry participated in that experiment, and the
resulting stratospheric ozone responses were discussed in
Tilmes et al. (2022) and Haywood and Tilmes (2022). It has
since been shown that SAI in the equatorial region leads to
many undesirable side effects and poorer skill and efficiency
in reaching chosen climate objectives compared to strategies
injecting SO; in the off-equatorial or subtropical regions (e.g.
Kravitz et al., 2019; Zhang et al., 2024; Bednarz et al., 2023a;
Wells et al., 2024; Henry et al., 2024). Hence, a new GeoMIP
experiment — named G6-1.5K-SAI — has been proposed that
addresses some of those shortcomings by injecting SO, at a
pair of subtropical (30° N and 30° S) latitudes symmetrically
around the equator (Visioni et al., 2024; Lee et al., 2026).
This experiment aims to be more policy relevant than the
older G6sulfur by using the “middle-of-the-road” Shared So-
cioeconomic Pathway (SSP) SSP2-4.5 GHG scenario (Mein-
shausen et al., 2020), which is closer to current climate poli-
cies and commitments than the “business-as-usual” SSP5-8.5
GHG scenario used in G6sulfur. It also enables direct com-
parison with future CMIP7 simulations with similar underly-
ing emission scenarios.

In this paper we utilize the results of this new G6-1.5K-
SAI experiment to provide an updated multi-model compari-
son of SAI impacts on stratospheric ozone and its projections
over the 21st century. We also compare some of these results
with the previous CESM simulations exploring the role of
SAI strategy in Bednarz et al. (2023a). We do this to under-
stand how the choice of different SAI strategy (in particular
injection at 30° N and 30° S here compared to injection at the
equator in G6sulfur) affects the simulated ozone responses,
and also to understand the relative importance of model
structural uncertainties compared to the uncertainties com-
ing from the choice of SAI strategy within a single model.
The remainder of the paper is structured as follows. Sec-
tion 2 gives an overview of the G6-1.5K-SAI experiment and
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the models used. Section 3 discusses the evolution of global
mean total column ozone in the simulations. We then focus
on changes in tropical (Sect. 4), mid-latitude (Sect. 5) and
springtime polar (Sect. 6) ozone, including an assessment
and a discussion of drivers of the diagnosed responses. Sec-
tion 7 explores the role of heterogeneous chemical processes
versus transport changes for the SAI ozone response using
a set of sensitivity experiments with the UKESM model. Fi-
nally, Section 8 summarizes and discusses the main results.

2 Methods

We use the new GeoMIP G6-1.5K-SAI simulations proposed
in Visioni et al. (2024), which result in aerosol burdens and
large scale surface climate responses shown in Lee et al.
(2026). Briefly, the simulations follow the CMIP6 SSP2-4.5
GHG emission scenario. The SAI simulation aims to mitigate
the global mean temperature increase occurring in SSP2-4.5
(Fig. 1a) by including a symmetrical SO, injection in the
lower stratosphere at ~ 21 km altitude at two gridboxes clos-
est to 30°S and 30°N in latitude. The SO, injection starts
in 2035 and continues until 2084, with the magnitude of the
injection (Fig. 1b) adjusted interactively in each model at the
beginning of a year in order to maintain global mean near-
surface air temperatures at the baseline level, taken as the
ensemble mean 2020-2039 average of each of the model’s
SSP2-4.5 ensemble (Fig. 1a).

There are 3 Earth system models used in this study: the
Community Earth System Model version 2.1 coupled to the
Whole Atmosphere Community Climate Model version 6,
CESM2(WACCM6) (Danabasoglu et al., 2020; hereafter re-
ferred to as “CESM”); the Model for Interdisciplinary Re-
search on Climate, MIROC-ES2H (Kawamiya et al., 2020;
hereafter referred to as “MIROC”); and the UK Earth Sys-
tem Model version 1.1, UKESM1.1 (Mulcahy et al., 2023;
hereafter referred to as “UKESM”). These models are de-
scribed in more detail in Lee et al. (2026). Regarding model
aspects more relevant for the simulated ozone response, Ta-
ble S1 (supplement) lists heterogeneous chemical reactions
occurring on stratospheric sulfate aerosols in each model. All
models include a number of most important heterogeneous
chlorine, bromine and nitrogen reactions, with MIROC in-
cluding the most comprehensive list of reactions. We also
note that while all three models include interactive photol-
ysis schemes that account for changes in solar zenith angle
and overhead ozone column, MIROC and UKESM further
include interactive coupling of stratospheric sulfate aerosols
and photolysis rates while CESM does not. Regarding the
number of ensemble members, CESM performed 3 ensem-
ble members of the G6-1.5K-SAI simulation and 5 ensemble
members of the SSP2-4.5 simulation, MIROC performed 10
ensemble members of both the G6-1.5K-SAI and SSP2-4.5
simulations, and UKESM performed 3 ensemble members of
both the G6-1.5K-SAI and SSP2-4.5 simulations. The analy-
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sis of intra-ensemble variability in the simulated global mean
near-surface temperatures, including differences in baseline
temperature targets, is found in Lee et al. (2026).
Importantly, the default G6-1.5K-SAI UKESM simula-
tions (as presented in Lee et al., 2026) do not include het-
erogeneous chemistry on sulfate aerosols produced by the
microphysical model from the SAI SO»injection (this caveat
also applies in the studies of Tilmes et al., 2022; Henry et al.,
2024). In those simulations heterogenous reactions can only
occur on the background imposed CMIP6-recommended
stratospheric aerosol surface area density (SAD) field (used
to account for climatological background from potential fu-
ture volcanic eruptions). Since heterogeneous reactions on
SAI sulfate constitute a crucial pathway by which SAI could
affect stratospheric ozone, in this study a second revised set
of both SSP2-4.5 and G6-1.5K-SAI simulations was car-
ried out with UKESM that include heterogeneous chem-
ical reactions on SAI sulfate. Notably, doing so required
switching off heterogenous reactions on the background im-
posed SAD field; this results in slightly higher climatologi-
cal global mean ozone column (Fig. Sla, supplement) and,
hence, slightly higher global mean near-surface tempera-
ture (Fig. S1b) in the revised UKESM SSP2-4.5 compared
to the original experiment (Fig. S1b). This also affects our
revised UKESM G6-1.5K-SAI because the same absolute
near-surface temperature target from the original SSP2-4.5
was used, leading to a slight overcooling (~0.2K) com-
pared to the reference (2020-2039 mean surface temperature
in the revised SSP2-4.5, Fig. 1a). We note this slight over-
cooling occurs under smaller SO, injection rates (Fig. Slc),
as the SAI-induced ozone reduction (Sect. 3) acts to amplify
the aerosol-induced surface cooling. Correspondingly, the es-
timated cooling values per 1 Tg-SO, yr~! injected shown
for UKESM in Table 1 are about 0.01 K per Tg-SO; yr~!
higher than in the original simulations discussed in Lee et al.
(2026). Nonetheless, we expect this overcooling to have only
a marginal impact on stratospheric ozone, especially when
analyzing the differences between the SAI and no-SAI sim-
ulations, the effect of which is expected to be by far offset
by the effect of including heterogeneous chemistry on SAI
sulfate. In addition, we present many of the results as val-
ues normalized with the magnitude of the associated global
mean near-surface SAl-induced cooling, hence further re-
moving effects from small inconsistencies in the temperature
target definitions. Finally, since the background SAD is not
included in either SSP2-4.5 and SAI simulations, we assume
the impact of this on ozone is the same in both simulations
and thus cancels out when inferring the ozone response to
SAI in the model (calculated as the difference between G6-
1.5K-SAI and SSP2-4.5). However, this might not necessar-
ily be the case if the chemical ozone response is significantly
non-linear to increasing SAD magnitudes. If so, the impact
removing such background SAD would have on ozone may
be larger in the SSP2-4.5 simulation than in the SAI simula-
tion (where SAI SAD > background SAD), thus potentially
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Figure 1. Top: (a) Timeseries of ensemble mean changes in annual mean (“YM”) global mean near-surface air temperature (75g) in each
model (colors) in the G6-1.5K-SAI (solid) or SSP2-4.5 experiments (dashed). Anomalies are calculated relative to each model’s baseline (i.e.
2020-2039 ensemble mean of the SSP2-4.5 simulation). Thin lines denote the ensemble mean changes and thick lines denote their 5-year
running means. (b) Timeseries of ensemble mean annual SO, injection rates in each model’s G6-1.5K-SAI experiment (colors). Bottom:
(c—e) Annual 2045-2064 mean changes in aerosol surface area density (SAD) between G6-1.5K-SAI and SSP2-4.5 over the same period
in each model (columns). Hatching marks the region where the response is not statistically significant (taken as smaller than +2 standard
errors in the difference in means, calculated using standard deviations of both SAI and no-SAI experiments with 20 annual mean values per

ensemble members).

Table 1. Differences between the ensemble mean G6-1.5K-SAI and SSP2-4.5 simulations in the global mean near-surface air temperature,

annual SO, injection rate, and global mean near-surface air temperature change per 1 Tg-SO, yr

2045-2064 or 2065-2084 periods.

-1 injection rate, averaged over either the

2045-2064 average

\ 2065-2084 average

ATy K] SOy [Tgyr~'] ATy /SOy [Kper Tgyr—!] | ATy [K] SOz [Tgyr™'] ATy /SO, [K per Tgyr™!]
CESM —0.76 7.14 —0.11 —1.27 11.69 —0.11
MIROC —0.73 6.20 —0.12 —1.07 8.91 —0.12
UKESM —1.17 10.34 —0.11 —1.88 14.48 —0.13

increasing the inferred chemical ozone response to SAl in the
model.

The analysis of sulfate burdens and aerosol optical depths
is discussed in Lee et al. (2026). Here we focus only on the
resulting changes in aerosol SAD, the variable most relevant
for heterogeneous chemistry and the resulting ozone impacts.
As shown in Fig. 1c—e, the three models disagree regarding
the projected SAD changes. Comparing CESM and UKESM,
CESM shows smaller SAD values in the subtropics and mid-
latitudes than UKESM, likely the result of a much faster cli-
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matological shallow branch of the Brewer Dobson Circula-
tion (BDC) in CESM that more quickly transports aerosols
away from their injection latitude (Bednarz et al., 2023c). In
the polar regions, UKESM has higher SAD than CESM in
the Arctic stratosphere but lower SAD than CESM in the
Antarctic. In MIROC, the simulated SAD is significantly
higher (a factor of ~ 2) than in UKESM and CESM, despite
MIROC showing the smallest amount of global warming un-
der SSP2-4.5 needed to be offset with SAI and hence the
smallest SO injection rates (Fig. 1a—b). This could be partly
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related to the lack of coarse aerosol mode in MIROC (Sekiya
et al., 2016), resulting in most of SAI aerosol present in the
accumulation mode which has lower radius (hence larger sur-
face area) and longer lifetime. Much higher SAD values were
also previously found in MIROC simulations of impacts from
the 2022 Hunga volcanic eruption (Bednarz et al., 2026),
albeit the associated chemical ozone loss in the model was
found to be nonetheless comparable to that in other models
in that study with much smaller SAD, highlighting that the
uncertainty in SAD change is just one of many sources of
uncertainty in the resulting ozone response to SAIL

3 Global mean ozone

Figure 2 shows the evolution of global mean total col-
umn ozone. In all the SSP2-4.5 simulations (dashed lines
in Fig. 2a), global mean total column ozone is projected
to increase over the 21st century. This is the combined re-
sult of the ongoing reductions in stratospheric halogen con-
centrations achieved by the Montreal Protocol and its sub-
sequent Amendments and Adjustments, as well as strato-
spheric cooling and an accelerated BDC as the result of
increasing GHG emissions (World Meteorological Organi-
zation, 2022). Nonetheless, there are large differences in
the magnitude of this ozone increase amongst the different
models, with UKESM showing the largest increase (approx.
+16 DU global mean total column ozone increase by 2080)
and MIROC the smallest (approx. +2 DU increase by 2080).
As shown in Fig. S2a—c, while models generally agree on the
magnitude of upper stratospheric ozone increase, there are
large differences amongst the models in the magnitude of the
response in the lower stratosphere, i.e. where ozone concen-
trations are not just controlled by chemical changes but are
also strongly driven by changes in circulation and transport
(e.g. World Meteorological Organization, 2022). The inter-
model differences in the magnitude of the projected total
column ozone increase are qualitatively consistent with the
associated differences in the GHG-induced global warming,
with UKESM showing the largest concurrent global mean
near-surface temperature increase and MIROC the smallest
(Fig. 1a).

Once SAI is started in 2035, global mean total ozone
columns decrease within a few years compared to the re-
spective SSP2-4.5 simulations, and remain lower through-
out the length of the simulations (Fig. 2a-b). The relative
ozone reductions are in the order of 1 %-2 % of the 2020-
2039 baseline levels, and tend to be larger earlier in the cen-
tury than later in the century. The latter occurs despite the
increasing SO; injection rates (and hence increasing strato-
spheric aerosol burden) over the course of the 21st century
in order to offset progressively higher surface temperatures
under rising GHGs (Fig. 1a—b). This arises because the re-
duction in global mean ozone levels under SAI in G6-1.5K-
SAI is dominated by the halogen-catalyzed ozone loss in the
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lower stratosphere facilitated by halogen activation from het-
erogenous reactions on sulfate aerosols. These increase ac-
tive halogens either directly via heterogenous halogen reac-
tions (most important at low temperatures in the polar re-
gions) or indirectly via heterogenous N, O5 hydrolysis reduc-
ing active nitrogen levels and, as the result, increasing active
halogens. The extent to which SAI can cause halogen ac-
tivation and halogen-catalyzed ozone depletion depends on
the background stratospheric halogen levels, which are pro-
jected to decrease over the course of the 21st century. Hence,
for a given amount of SAI this effect is stronger earlier in
the century. This is illustrated on the left side of Fig. 2c,
whereby the global total column ozone change from SAI is
normalized by the associated amount of SAI-induced global
mean near-surface air cooling (Table 1). Such approach al-
lows comparison of the impact of SAI aerosol on ozone in
the prism of the “intended” aerosol-induced surface cooling,
and can thus aid discussion of trade-offs of different SAI
choices (scenarios and strategies). In all three models, the de-
crease in global ozone is a factor of ~ 2 larger in 2045-2064
(—4DUK™!) compared to 2065-2084 (—1 to —2DUK™1),
with a relatively good quantitative agreement amongst the
models. When normalized with the associated mean SO; in-
jection rate (Table 1), we find global mean ozone column
losses of —0.4 DU per Tg-SO, yr—! in 2045-2064 and —0.15
to —0.3DU per Tg-SO, yr~! in 2065-2084.

The G6-1.5K-SAI simulations represent just one SAI
strategy with symmetric injection at 30° N and 30° S. How-
ever, as shown in Bednarz et al. (2023a), the choice of SAI
strategy can play a first order role in determining many
of the SAI responses, especially those occurring in, or af-
fected by, changes in the stratosphere. For that reason, in
Fig. 2c we compare the G6-1.5K-SAI ozone responses with
the corresponding ozone responses diagnosed for the differ-
ent SAI strategies (over 2050-2069) within a single model
discussed in Bednarz et al. (2023a): annual mean injection
at 21.5km altitude at the equator (“EQ”), tropics at 15°N
and 15°S (“I5N + 15S”) and subtropics at 30° N and 30° S
(“30N 4 30S”, i.e. the same strategy as in G6-1.5K-SAI) as
well as springtime injection at 15km at 60°N and 60°S
(“POLAR”). The simulations followed the same SSP2-4.5
background GHG emission scenario and the model used in
that study — CESM2(WACCM6-MA) — was similar to that
used in the CESM G6-1.5K-SAI runs, albeit WACCM6-MA
has a different chemistry scheme tailored for the middle at-
mosphere (MA) studies and including only a simplified rep-
resentation of tropospheric chemistry (Davis et al., 2023).
Nevertheless, Davis et al. (2023) showed overall similar cli-
matology and evolution of stratospheric ozone between the
two model versions.

Unlike the relatively good multi-model agreement in the
normalized global mean total column ozone response to
SAI across the G6-1.5K-SAI models, there is a much larger
spread in the ozone response to different SAI strategies,
ranging from +5.5DUK™! for the equatorial strategy to

Atmos. Chem. Phys., 26, 12751-12770, 2026
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Figure 2. Annual and global mean total column ozone (TO3) changes for each of the models. (a) Timeseries of differences from the baseline
period (2020-2039 mean of SSP2-4.5) in the control SSP2-4.5 simulations (dashed) and the corresponding G6-1.5K-SAI simulations (solid).
(b) Timeseries of differences between the G6-1.5K-SAI and SSP2-4.5 simulations. Thin lines in (a)—(b) denote the ensemble mean changes
for each model and thick lines denote their 5-year running means. (¢) Normalized total column ozone changes between the G6-1.5K-SAI and
SSP2-4.5 simulations averaged over either 2045-2064 or 2065-2084 periods and scaled with the corresponding global mean near-surface air
temperature change. Shown also are the corresponding changes (2050-2069) in the different SAI strategies with CESM2(WACCM6-MA) —
EQ, 15N + 158, 30N + 30S, POLAR - discussed in Bednarz et al. (2023a), see text for more detail. The error bars represent +2 standard
errors in the difference in means, calculated from the annual mean values (20 per ensemble member).

—2.8DUK™! in the polar strategy (Fig. 2c). As discussed
in Bednarz et al. (2023a), the overall increase in global mean
ozone in EQ and 15N + 158 arises from the dominant role
of the SAl-induced modulation of the BDC and the asso-
ciated ozone transport by the residual circulation, alongside
reduction in active nitrogen levels in the middle stratosphere
(and the resulting nitrogen-catalyzed chemical ozone loss)
from heterogeneous N>Os hydrolysis on sulfate. The over-
all decrease in global mean ozone in 30N + 30S and PO-
LAR in turn arises because of the dominant role of the SAI-
induced halogen activation from heterogeneous chemistry
on sulfate and halogen-catalyzed chemical ozone loss in the
lower stratosphere. For the strategy injecting SO, at 30°N
and 30° S, the ozone response from the simulations in Bed-
narz et al. (2023a), diagnosed over 2050-2069, falls in be-
tween the range of ozone responses diagnosed from the G6-
1.5K-SAI simulations over 2045-2064 and 2065-2084. The
results illustrate that, for the global mean ozone response to
SAI the choice of SAI strategy in one model can have a
much larger role than inter-model uncertainty. An additional
takeaway is that the subtropical strategy used in G6-1.5K-
SAI while potentially having fewer climate side effects than
strategies injecting at the equator (as was the case for the
earlier G6sulfur experiment; see Lee et al., 2026), leads to a
net global mean total column ozone loss. This highlights the
trade-offs between optimizing surface climate response and
minimizing negative impacts on stratospheric ozone. How-
ever, these conclusions are for global mean ozone, while the
results differ depending on the region in question, and as such
the following sections analyze the corresponding regional
ozone responses in more detail.
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4 Tropical ozone

Unlike the projected increase in global mean total column
ozone, the tropical ozone column is projected to decrease
slightly under the SSP2-4.5 scenario over the second part
of the 21st century (Keeble et al., 2021), with differences in
the projected trends, including their signs, across different
models (Davis et al., 2026; also Fig. 3a for the models used
here). This arises because of offsetting between the ozone de-
crease in the lower stratosphere and ozone increase in the up-
per stratosphere (Fig. S2a—c). The lower stratospheric ozone
reduction arises because of the GHG-induced acceleration
of the BDC and the resulting increased transport of ozone-
poor tropospheric air into the lower stratosphere; the ozone
increase in the upper stratosphere arises due to reduction
in chemical ozone loss as halogen levels are reduced and
the stratosphere cools (e.g. Keeble et al., 2017; Davis et al.,
2026).

For the SAI-induced changes, the models disagree on the
sign of the total column ozone response in the tropics (Fig.
3b); while the magnitudes of the column changes are also
relatively small (i.e. a few DU) they are comparable to those
seen in the SSP2-4.5 simulations with time (Fig. 3a). CESM
shows a slight (approx. —1DU) tropical ozone column de-
crease compared to SSP2-4.5 over the first decade or so after
SAl is started in 2035, followed by a relative ozone increase
throughout the rest of the simulation (up to approx. +-2-3 DU
by early 2080s). MIROC shows a small ozone decrease (up
to approx. —2 DU) throughout the simulation that is larger
initially and gets smaller with time. UKESM in turn shows
the largest ozone decrease (up to approx. —3 DU) compared
to SSP2-4.5 in the first decade which then also weakens in
magnitude with time and turns into a small net increase in
tropical total column by the late 2070s.

https://doi.org/10.5194/acp-26-12751-2026
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These differences in tropical total column ozone responses
amongst the three models reflect the complex pattern of trop-
ical ozone changes at different altitudes. As shown in Fig.
4, all three models project relative tropical ozone increases
near the tropopause and the lower stratosphere under SAI
compared to SSP2-4.5, followed by relative ozone decreases
above it at ~40-30 hPa and ozone increases again at ~ 20—
15 hPa. However, there are differences amongst the models
regarding the horizontal and vertical extents of these anoma-
lies as well as their magnitudes (and how those change in
time). These anomalies of different signs are driven by differ-
ent processes (see below) and act to offset each other, leading
to a relatively uncertain sign and magnitude of the total col-
umn response in the tropics (Fig. 3b). We note that this also
depends on the exact choice of latitudes that are considered
to define the tropics (Fig. S3). Given that climatological to-
tal column ozone values are relatively lower in the tropics
compared to the rest of the globe and the insolation is higher,
relatively small total column ozone changes in this region can
still play an important role.

In the tropical lower stratosphere, ozone concentrations
are higher under SAI relative to SSP2-4.5 due to the SAI-
induced lower stratospheric warming (Figs. Sa—c, 6a) and the
resulting deceleration of upwelling in the tropical upper tro-
posphere and lower stratosphere (UTLS) region and shallow
branch of the BDC (Fig. 6b; see also Bednarz et al., 2023a;
Tilmes et al., 2018). The slowing of the shallow branch of
the BDC is also evidenced by the increase in model age-
of-air in the lower stratosphere (Fig. 5d—e) and is associ-
ated with less transport of ozone poor tropospheric air into
the lower stratosphere. Since SAI-induced changes in strato-
spheric circulation and BDC tend to scale with the magni-
tude of tropical lower stratospheric warming (Bednarz et al.,
2023a, b; Henry et al., 2024), there is a general tendency for
models (such as CESM) and strategies (such as the EQ injec-
tion) with larger lower stratospheric warming to also show
larger changes in stratospheric circulation (Fig. 6). As such,
the 30N + 30S strategy used in G6-1.5K-SAI does not lead
to as big changes in stratospheric circulation as some previ-
ous SAI simulations, e.g. G6sulfur, that inject SO, more in
the equatorial region.

The relative reduction in tropical ozone under SAI com-
pared to SSP2-4.5 at ~40-30 hPa (Fig. 4) likely results from
the acceleration of tropical upwelling above the aerosol layer
and the deep branch of the BDC (Bednarz et al., 2023a, b) as
well as from the enhanced halogen-catalyzed chemical loss
under higher active halogen levels (Fig. 7a—c). This ozone de-
crease is smallest in CESM, where it was previously found
to not be strongly indicative of changes in halogen chem-
istry (Tilmes et al., 2018, 2021). However, this ozone loss is
significantly larger in MIROC and UKESM, as is the concur-
rent increase in active halogen concentrations in the tropics
(as exemplified by ClO changes in Fig. 7a—c). In addition,
the corresponding normalized total column response (per 1 K
surface cooling; Fig. 3c) in these two models is significantly
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more negative in the early period (2045-2064) than the later
period (2064-2084), suggesting that halogen chemistry does
indeed play an important role in contributing to the tropi-
cal ozone response in MIROC and UKESM. Above it, the
off-equatorial ozone increase at ~ 20—15 hPa is in turn likely
indicative of the reduction in active nitrogen concentrations
(as exemplified by the NO; changes in Fig. 7d—f) due to en-
hancement of N,Os hydrolysis on sulfate and the resulting
reduction in nitrogen-catalyzed chemical ozone loss at these
altitudes.

An additional process that could decrease tropical to-
tal column ozone is an acceleration of hydrogen-catalyzed
chemical loss under increased stratospheric water vapor
brought about by warming of the cold point tropical
tropopause (e.g., Tilmes et al., 2018, 2021). However, as
shown in Fig. 7g—i, there are substantial differences across
the models regarding both the climatological stratospheric
water vapor mixing values (contours) as well as the projected
stratospheric water vapor changes in response to SAI (shad-
ing). The much lower climatological stratospheric water va-
por in MIROC (Fig. 7h) might act to reduce relative humidity
and hence aerosol water uptake, thus partially contribute to
the model showing comparable amount of halogen activa-
tion from heterogeneous processing on sulfate, and halogen-
catalyzed ozone depletion than the other two models (Sect.
3, also Sects. 5-6) despite much larger aerosol SAD (Sect.
2, Fig. 1d). For the SAI response, CESM simulates trop-
ical water vapor increase of approx. +5 %—10 %, MIROC
shows a much smaller water vapor increase of up to approx.
+1 %—-5 %, and UKESM in fact shows a relative reduction of
stratospheric water vapor of up to approx. —10 %. The nega-
tive stratospheric water vapor response to SAI in UKESM
is associated with much smaller lower stratospheric heat-
ing — and thus warming of the cold point tropopause — than
the other two models (Fig. 5c), and suggests that processes
other than changes in cold point tropopause temperatures
could be more important in determining the overall strato-
spheric water vapor response to the sub-tropical SAI strategy
in the model. Such potential factors may include: changes in
tropical tropopause pressure, overshooting tropical convec-
tion, cross-tropopause transport in the extra-tropical lower-
most stratosphere, and/or in-situ changes in stratospheric wa-
ter chemical production from methane oxidation, and should
be examined in detail in future follow-up studies to fully dis-
entangle the different processes at play. Importantly, the con-
trasting model results regarding the stratospheric water vapor
response in these simulations highlight some of the still pre-
vailing process level uncertainties in the projected SAI im-
pacts on the stratosphere.

5 Mid-latitude ozone

As was the case with the global mean total column ozone
(Sect. 3), annual mean mid-latitude total column ozone in

https://doi.org/10.5194/acp-26-12751-2026
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both hemispheres increases over the 21st century under the
SSP2-4.5 scenario without SAI (Fig. 8a, d). Unlike in the
tropics, where the GHG-induced acceleration of tropical up-
welling acts to decrease ozone, in the mid-latitudes increased
transport by the BDC acts to increase ozone and thus en-

https://doi.org/10.5194/acp-26-12751-2026

hances chemically-driven ozone increases due to the reduc-
tion in background halogen levels (World Meteorological Or-
ganization, 2022).

Under SAI, the impacts on mid-latitude ozone differ sig-
nificantly between the hemispheres. In the SH, all three

Atmos. Chem. Phys., 26, 12751-12770, 2026
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response is not statistically significant (defined as in Fig. 1).

models show long-term ozone reductions of up to approx.
—10DU (with the 2045-2064 average of —7 to —9 DU SH
mid-latitude ozone loss depending on the model) under SAI
compared to SSP2-4.5 throughout the length of the simu-
lation (Fig. 8b). The ozone response there is dominated by
enhancement of active halogen levels in the lower strato-
sphere from heterogeneous reactions on sulfate (Fig. 7a—
c¢) and the resulting acceleration of the halogen-catalyzed
ozone loss. Owing to the reduction in background halo-
gen levels with time, all models show a consistent reduc-
tion in the magnitude of the SAl-induced ozone loss per

Atmos. Chem. Phys., 26, 12751-12770, 2026

unit global temperature offset in the later period (2065-2084;
—4 to —6DUK™!) compared to the earlier period (2045—
2064; —7 to —12DUK™"), Fig. 8c. When comparing the
SH midlatitude ozone response to different SAI strategies
within CESM2(WACCM6-MA) (right side of Fig. 8c), only
the equatorial injection — which shows the largest strato-
sphere circulation changes (Fig. 6b) and aerosol tropical con-
finement (not shown) — leads to an increase in the SH mid-
latitude total ozone column while in the other strategies the
presence of significant aerosol concentrations in the extra-
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Figure 8. Annual mean (top, a—¢) SH mid-latitude (60-30° S) and (bottom, d—f) NH mid-latitude (30-60° N) total column ozone changes
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tropics combined with smaller BDC changes lead to an over-
all reduction in the SH mid-latitude total column ozone.

A very different picture emerges for the NH mid-latitude
ozone (Fig. 8d—f). Here, higher climatological lower strato-
spheric temperatures than in the SH (Fig. 5) slow down the
rates of heterogeneous reactions on sulfate, and so any SAI-
induced changes in transport can be as important in determin-
ing the overall impact on ozone. Accordingly, the three G6-
1.5K-SAI models disagree more in terms of the projected ef-
fects of SAI on ozone in the NH mid-latitudes. CESM shows
very little total column changes over most of the simulation,
with only a small ozone increase of a few DU compared to
SSP2-4.5 simulated towards the end of the experiment (Fig.
8e). MIROC shows a small ozone decrease of a few DU in
the first ~ 10-20 years followed by a similarly small ozone
increase in the last ~20 years. In stark contrast, UKESM
shows ozone decreases of ~ 5—-10 DU throughout the simula-
tion. These differences are likely a manifestation of large dif-
ferences amongst the models in their projected chemical and
dynamical responses to SAI and their relative importance in
determining the overall NH mid-latitude ozone response.

These differences become even more evident when consid-
ering the analogous NH mid-latitude ozone responses in win-
ter only (Fig. 9). Using the equatorial injection in G6sulfur
simulations, Tilmes et al. (2022) and Haywood and Tilmes
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Figure 9. As in Fig. 8f but for the NH mid-latitude (30-60° N) to-
tal ozone column in boreal winter, i.e. December—January—February
(DJF) mean.

(2022) concluded that SAI will increase the NH mid-latitude
ozone columns in winter due to the SAl-induced changes in
ozone transport. However, this conclusion is not supported
by the new G6-1.5K-SAI results (Fig. 9), where only CESM
shows such an ozone increase (and MIROC shows a small
ozone increase toward the end of the simulations only). This
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contrasting result is due to a number of factors. First, the
30N + 30S strategy used in G6-1.5K-SAI is associated with
much smaller transport changes (Fig. 6b) and resulting dy-
namical impacts on ozone (Bednarz et al., 2023a), as illus-
trated here by the results of different strategies done with
CESM2(WACCM6-MA) on the right of Figs. 9 and 8f. Sec-
ond, the models appear to disagree with respect to the impor-
tance of heterogeneous chemistry versus transport for the NH
mid-latitude ozone response. Only MIROC projects a signif-
icantly more negative normalized ozone response in the early
(2045-2064) versus late (2065-2084) period (Figs. 8f and 9).
This suggests that heterogeneous processes are not of domi-
nant importance for determining the NH mid-latitude ozone
response to SAI in CESM or UKESM, which instead likely
favour more SAI-induced transport changes and dynamical
impacts on ozone (which tend to scale with the amount of
surface warming and stratospheric heating, Fig. 6). (It is also
to be noted that the previous UKESM results in Tilmes et
al., 2022; Haywood and Tilmes, 2022, had a bug in that
heterogeneous processing was not occurring on SAI sulfate
aerosols). Thirdly, the models appear to show important dif-
ferences in their projected SAl-induced changes in transport
(both BDC and mixing) and the resulting impacts on ozone,
with CESM showing transport changes that act to increase
the NH mid-latitude ozone and UKESM simulating trans-
port changes that acts to decrease the NH mid-latitude ozone.
Further evidence of different transport changes and the net
effects of varying BDC and mixing changes between mod-
els can also be seen when comparing the model age-of-air
changes (Fig. 5d—e), with MIROC showing increases in age-
of-air (i.e. older air) extending throughout the lower strato-
sphere and UKESM showing such increases limited to the
tropics and the UTLS region while the extra-tropical lower
stratosphere shows younger age-of-air instead (especially in
the NH). See Sect. 7 for more analysis of the relative impor-
tance of dynamical versus chemical process for the ozone
response to SAI in UKESM. Importantly, the differences
amongst the models here with respect to the projected NH
mid-latitude ozone impacts, as well as contrasting conclu-
sions to those made previously based on G6sulfur results in
Tilmes et al. (2022), highlight the still very large model un-
certainties in the projected SAI impacts, including at the pro-
cess level, and underscores the need to further assess such
impacts in the wider strategy and scenario dimension as well
as in a multi-model framework.

6 Springtime polar ozone

The following section discusses changes in springtime polar
ozone in both hemispheres. Given the interplay of chemical
and dynamical processes, the springtime Antarctic saw the
largest historical ozone losses due to anthropogenic emis-
sions of long-lived ODSs (World Meteorological Organiza-
tion, 2022). Consequently, it is projected to see the largest in-
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creases in total column ozone over the 21st century as back-
ground halogen concentrations decline (Fig. 10d; see also
e.g. Dhomse et al., 2018; Keeble et al., 2021).

Under SAI (Fig. 10b), all three models show relative de-
creases of Antarctic total column ozone compared to SSP2-
4.5 (though UKESM starts to show a small increase relative
to SSP2-4.5 around 2070s). The ozone losses are about twice
as large in CESM (—33 DU on average between 2045-2064)
compared to MIROC (—16DU) and UKESM (—15DU).
The differences in magnitude become even larger when the
magnitude of ozone loss is normalized with the associated
SAl-induced global mean surface cooling, with —44 DUK™!
loss in CESM, followed by —22DUK™! in MIROC and
—13DUK™! in UKESM (Fig. 10c), highlighting substan-
tial structural uncertainty in the magnitude of this SAI “side-
effect” on Antarctic ozone. When normalized with the asso-
ciated annual mean SO, injection rate, these Antarctic ozone
losses range between —4.7 DU per Tg-SO, yr~! to —1.4DU
per Tg-SO, yr~!. Importantly, all three models project that
the normalized ozone loss in the later part of the century
(2065-2084) becomes a factor of ~2 smaller than earlier
in the century (Fig. 10c; ranging from —22 to 0DUK™!
and —2.4 to 0DU per Tg-SO,yr™!), in line with lower
background halogen concentrations available for activation
on sulfate. Unlike changes in global mean and mid-latitude
ozone (Sects. 3 and 5), where the choice of SAI strategy
was found to play a much larger role in determining both
the sign and magnitude of ozone response than inter-model
uncertainty, the inter-model spread of Antarctic springtime
total column ozone responses by far outweighs the uncer-
tainty stemming from the choice of SAI strategy alone (Fig.
10c).

Nonetheless, we find a very strong correlation (R =
—0.949) between the magnitude of the SAl-induced spring-
time Antarctic ozone loss and the strengthening of the aus-
tral polar vortex across the three different models and two
time periods (Fig. 11a, c). This correlation is even stronger
(R = —0.974) if annual mean stratospheric wind changes are
considered instead (Fig. S4). The inter-model spread of mag-
nitudes of the Antarctic polar vortex strengthening (Fig. 11a)
is closely related to the inter-model spread of the magni-
tudes of the associated tropical lower stratospheric heating
(Fig. 6a) as aerosols absorb infra-red radiation, with mod-
els with a larger tropical heating also showing a stronger
Antarctic polar vortex strengthening. A similar relationship
has also been found for the different SAI strategies in Bed-
narz et al. (2023a), as shown here in the right-hand-side parts
of Figs. 11a and 6a. However, unlike the normalized mag-
nitude of the tropical lower stratospheric heating — which,
as expected, does not change between the early and late pe-
riods (Fig. 6a) — the normalized magnitude of the Antarc-
tic vortex strengthening is consistently larger in early period
(2045-2064) than late period (2065-2084) in all three mod-
els, thus following the behaviour of stratospheric ozone re-
sponse (Fig. 10c). Such a close relationship between spring-
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Figure 10. Springtime (top, a—c) SH high-latitude (90-60° S, September-October-November, SON) and (bottom, d—f) NH high-latitude
(60-90° N, March—April-May, MAM) total column ozone changes for each of the models. (a, d) Timeseries of differences from the baseline
period (2020-2039 mean of SSP2-4.5) in the control SSP2-4.5 simulations (dashed) and the corresponding G6-1.5K-SAI simulations (solid).
(b, e) Timeseries of differences between the G6-1.5K-SAI and SSP2-4.5 simulations. Thin lines in (a), (b), (d), (¢) denote the ensemble mean
changes for each model and thick lines denote their 5-year running means. (¢, f) Normalized total column ozone changes between the G6-
1.5K-SAI and SSP2-4.5 simulations averaged over either 2045-2064 or 2065-2084 periods and scaled with the corresponding global mean
near-surface air temperature change. Shown also are the corresponding changes (2050-2069) in the different SAI strategies discussed in
Bednarz et al. (2023a; see text for more details). The error bars represent +2 standard errors in the difference in means, calculated from the

annual mean values (20 per ensemble member).

time Antarctic ozone and polar vortex arises because changes
in Antarctic ozone drive changes in polar stratospheric tem-
peratures that modulate the strength of the polar vortex,
and conversely, changes in polar vortex strength are associ-
ated with both changes in polar stratospheric temperatures
that control chemical ozone loss as well as with changes in
ozone transport and mixing. A similar relationship between
changes in polar ozone and vortex strength has been also pre-
viously found in the context of impacts of ODSs and GHG
(e.g., McLandress et al., 2010; Zhang et al., 2017; Butler and
Domeisen, 2021). Our study thus constitutes the first demon-
stration that such a relationship would also exist in the con-
text of SAI impacts, thus providing a potential constraint to
narrow the uncertainty in SAI impacts in the Antarctic across
different models.

A different picture emerges for Arctic ozone (Fig. 10d—
f). CESM and MIROC both show moderate springtime Arc-
tic ozone decreases of up to approx. —10 DU compared to
SSP2-4.5 that are largest earlier in the century and then de-
crease with time (Fig. 10e). On the other hand, UKESM
shows much larger ozone decreases of approx. —10-30 DU
that persist with time, similar to what was seen for the
NH mid-latitude ozone (Fig. 8e). Regarding the relation-
ship with the concurrent winter-to-springtime (December-to-

https://doi.org/10.5194/acp-26-12751-2026

May, DJFMAM) polar vortex changes, while all three mod-
els show overall strengthening of the Arctic vortex under SAI
(Fig. 11b), no obvious relationship is found with the spring-
time Arctic ozone loss across the three models and two time
periods (Fig. 11d). In general, while changes in Arctic ozone
have been found to be connected to changes in Arctic po-
lar vortex strength under different contexts (Bednarz et al.,
2016; Friedel, 2022a, b; Chiodo et al., 2023; Kult-Herdin
et al., 2023), such correlations tend to be more difficult to
detect, and this could be partly because of much larger vari-
ability of the NH polar vortex, both in time and space, thus
making such a relationship more difficult to diagnose using
monthly and zonal mean data.

7 Diagnosing the role of heterogeneous chemistry
versus transport in UKESM

Attributing stratospheric ozone changes under SAI to spe-
cific dynamical and chemical processes, in particular dis-
entangling the relative importance of accelerated heteroge-
neous chemical processing on sulfate versus dynamically in-
duced ozone changes, in fully coupled simulations remains
inherently difficult. For that reason, in this final section we
compare the results of the fully-coupled UKESM simula-
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for Antarctic (¢) and Arctic (d).

tions discussed in the previous sections with the results of
the analogous simulations that do not include heterogeneous
chemistry on SAI sulfate aerosols (which are the original
UKESM G6-1.5K-SAI simulations discussed in Lee et al.,
2026). As discussed in Sect. 2, while the two sets of simula-
tions have slightly different injection rates (10.7 vs. 10.3 Tg-
SO, yr~! for 2045-2064 and 15.7 vs. 14.5Tg-SO, yr~! for
2065-2084 using the simulations in Lee et al. (2026) vs here,
respectively) and surface cooling values (—1.1 vs. —1.2 K for
2045-2064 and —1.8 vs. —1.9K for 2065-2084 using the
simulations in Lee et al. (2026) vs. here, respectively), those
effects are not expected to lead to first-order differences in
the simulated ozone responses and so the dominant differ-
ences will be driven by the presence or absence of heteroge-
neous chemistry on sulfate from SAL

Figure 12 shows annual mean ozone changes in UKESM
for 2045-2064 (top) and 2065-2084 (bottom) between G6-
1.5K-SAI and SSP2-4.5 over the same period, with panels (a,
¢) being for the fully coupled experiment discussed through-
out the manuscript (here denoted “WITH_HET”) and panels
(b, d) for the corresponding simulations without heteroge-
neous chemistry on SAI sulfate (denoted “NO_HET”). As
expected, both sets of simulations show tropical ozone in-
creases in the lower stratosphere due to the SAl-induced

Atmos. Chem. Phys., 26, 12751-12770, 2026

deceleration of upwelling in the UTLS and shallow BDC
branch. In addition, while the fully coupled simulations show
decreases in polar ozone in both hemispheres driven by the
halogen-catalyzed chemical ozone loss and its coupling with
circulation (Sect. 6), the simulations without heterogeneous
chemistry on SAI sulfate do not show such polar ozone re-
ductions. However, in the off-equatorial tropical and mid-
latitudes, the NO_HET simulations also show ozone de-
creases in the lower stratosphere resembling those in the fully
coupled simulations but of lower magnitude. These lower
stratospheric ozone losses contribute to the corresponding
changes in total ozone columns (Figs. 13a, S5), especially
if only stratospheric ozone columns are considered (Fig.
13b; here approximated as altitudes of 150 hPa and above
to remove the offsetting positive ozone changes in the extra-
tropical UTLS under SAl-induced lowered tropopause).
This shows that while heterogeneous chemical processing
on SAI sulfate is partially responsible for the ozone losses in
the subtropical and mid-latitudes in the fully coupled run, a
second important contribution comes from the SAI-induced
changes in transport, at least in UKESM. Such ozone de-
creases likely arise here due to enhanced transport of ozone
poor-air from the tropical lower stratosphere (as also sug-
gested by the corresponding changes in model age-of-air
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Figure 12. Shading: Annual (top, a—b) 2045-2064 mean and (bottom, c—d) 2065-2084 mean changes in 0zone volume mixing ratios between
the UKESM G6-1.5K-SAI simulations and the SSP2-4.5 simulations over the same period. Left (a, ¢) is for the fully coupled simulation
discussed in the paper (as in Fig. 4), and right (b, d) is for the analogous simulation without heterogeneous chemistry on SAI sulfate aerosols.

Contours and shading as in Fig. 4.

pointing towards younger air in the regions with lower ozone,
Fig. S6), either as the result of acceleration of the BDC above
the aerosol layer (likely responsible for the ozone losses in
the subtropics at ~ 50-30 hPa) and/or enhanced isentropic
mixing (likely responsible to the ozone losses in the mid-
latitudes ~ 100-50 hPa). Given the disagreements between
the three G6-1.5K-SAI models regarding their projected SAI
impacts on ozone in the NH mid-latitudes (Sect. 5), thereby
pointing to model differences in the representation of trans-
port processes and their response to SAI, the results highlight
some prevailing process level uncertainties — in this case re-
lating to the details of SAI-induced modulation of transport
— that needs to be addressed and narrowed.

8 Summary and conclusions

Stratospheric Aerosol Injection (SAI) using sulfate aerosols,
a proposed method of temporarily offsetting a portion of an-

https://doi.org/10.5194/acp-26-12751-2026

thropogenic climate change, is recognized to affect the ozone
layer (e.g. Haywood and Tilmes, 2022). In this paper we
provide an assessment of SAI impacts on the ozone layer
and stratospheric ozone projections over the 21st century us-
ing the new GeoMIP G6-1.5K-SAI multi-model experiment.
The experiment constitutes an advance on the older GeoMIP
Gosulfur experiment by utilizing a symmetric injection of
SO; at a pair of subtropical latitudes (30 and 30° N), as op-
posed to the equator, as well as a more plausible middle-of-
the-road GHG scenario and SAI start date.

All three comprehensive Earth system models with fully
coupled aerosols and chemistry that performed this experi-
ment — CESM2(WACCM6), MIROC-ES2H and UKESM1.1
— project a decrease in global mean total column ozone in
G6-1.5K-SAI relative to SSP2-4.5 of a few DU. This is in
contrast to previous simulations that utilized SAI strategies
injecting in the equatorial region, which tend to induce an in-
crease in global mean ozone, largely due to a larger SAI im-
pact on stratospheric circulation (especially BDC) and ozone

Atmos. Chem. Phys., 26, 12751-12770, 2026
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of latitude.

transport. In the case of subtropical injections (30°N and
30°S, as examined here), SAI impacts on circulation are
much smaller, and so the global mean column ozone re-
sponse is dominated by — now larger — lower stratospheric
ozone decreases from increased active halogen levels driven
by heterogeneous chemistry (both halogen and nitrogen pro-
cessing) on sulfate and the resulting enhancement of the
halogen catalyzed ozone loss in the lower stratosphere. Ow-
ing to the continued reduction in background stratospheric
halogen levels over the 21st century available for activation,
all three models consistently simulate much larger (factor of
~ 2) potential of SAI to deplete ozone (taken as global mean
ozone loss normalized per degree of the associated global
mean surface cooling) in the earlier part of the 21st century
than later (~ —4 DUK™! in 2045-2064 compared to ~ —1—
2DUK™! in 2065-2084). The results illustrate that whilst
the sub-tropical injection strategy employed in G6-1.5K-SAI
might have fewer adverse effects on aspects of regional sur-
face climate compared to earlier strategies, e.g. in G6sulfur,
injecting at the equator (e.g. Lee et al., 2026; Zhang et al.,
2024), for stratospheric ozone it is projected to lead to an
overall global mean ozone reduction and thus potentially a
less favourable outcome (Fig. S7; see also discussion below),
highlighting potential trade-offs of different SAI choices.
Furthermore, by comparing the multi-model G6-1.5K-SAI
experiment with a multi-SAI strategy ensemble from one
model, we have shown how the choice of SAI strategy can
have a much larger role in determining the global mean total
column ozone response to SAI than the inter-model uncer-
tainty.

At regional scale, the models agree that SAI will lead to a
reduction in annual mean total column ozone in the SH mid-
latitudes compared to SSP2-4.5 (at larger magnitude than for
global mean ozone), likely dominated by the halogen activa-
tion from heterogenous processing on sulfate. In contrast, al-
though SAl-induced total column ozone changes in the trop-
ics and the NH mid-latitudes are modest in absolute terms,

Atmos. Chem. Phys., 26, 12751-12770, 2026

models disagree on their sign and magnitude. This arises be-
cause SAI induced ozone changes in these regions are caused
by the interplay of a number of chemical and dynamical pro-
cesses, and the models disagree in terms of their relative im-
portance under SAI. We further find that the conclusion of
Tilmes et al. (2022) based on the G6sulfur simulations in that
the NH mid-latitude ozone columns will increase under SAI,
especially in winter, no longer holds in G6-1.5K-SAI. This
is likely due to the combination of different SAI strategy
used and inter-model differences in the simulated transport
changes under SAI, although differences in GHG and SAI
scenarios could be a further potential contributing factor.
Regarding changes in springtime polar ozone, all three
models show a relative decrease of Antarctic springtime total
column ozone compared to SSP2-4.5 throughout the length
of the simulation, but with substantial differences in the mag-
nitude of this decrease across the models. For the 2045-
2064 mean, the magnitudes of the springtime Antarctic total
column ozone loss per degree of global mean surface cool-
ing range between —44DUK™! in CESM to —13DUK™!
in UKESM. Nonethless, all models agree that the normal-
ized ozone loss in the later part of the century (2065-2084)
becomes a factor of ~2 smaller than earlier in the cen-
tury, in line with lower background halogen concentrations
available for activation on sulfate. Importantly, we find a
very strong correlation (R = —0.95) between the simulated
Antarctic springtime total ozone column loss and the associ-
ated strengthening of the SH stratospheric polar vortex across
the three models and two time periods (hence background
halogen levels). Similar relationships between changes in
Antarctic ozone and the polar vortex strength have been
found in other contexts, and our study thus provides the first
demonstration that such a relationship would also exist in the
context of SAI impacts, thus providing a potential constraint
to narrow the uncertainty in SAI impacts in the Antarctic
across the models. For the Arctic, models simulate decreased
springtime Arctic ozone under SAI compared to SSP2-4.5,
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but with no clear correlation to either the strength of the
Arctic winter-to-spring polar vortex or time period. This be-
haviour could be due to much larger variability characteriz-
ing the Arctic stratosphere and hence difficulty in detecting
any such relationship in general, especially using monthly
and zonal mean data.

By analyzing the roles of atmospheric transport versus
chemistry for the SAI ozone response in UKESM, we
demonstrate how altered circulation and ozone transport un-
der SAI make an important contribution to the subtropi-
cal and mid-latitude ozone losses in the model. In conjunc-
tion with the disagreement amongst the different models in
terms of the sign of the projected NH mid-latitude ozone re-
sponses to SAI the results highlight some of the still preva-
lent process level uncertainties regarding SAI impacts on at-
mospheric circulation, including the relative interplay and
importance of altered residual circulation and mixing. Incon-
sistencies between climate model simulations and observa-
tions regarding changes in mid-latitude lower stratospheric
ozone, including even their sign, has also been found in the
context of recent ozone trends (e.g. Dietmiiller et al., 2021;
Ball et al., 2020); while the reasons behind those differences
are still not fully understood, some evidence points to the
models’ deficiencies in simulating the details of recent strato-
spheric transport changes (BDC and mixing) under changing
climate. All of these thus underscore the need to improve and
constrain climate model representation of stratospheric trans-
port, which will also have broader implications for wider
range of contexts, including impacts of explosive volcanic
eruptions (e.g. Bednarz et al., 2026) or space industry (e.g.
Maloney et al., 2025).

Importantly, the SAI impacts discussed in this paper are
largely shown as changes relative to the SSP2-4.5 simula-
tion over the same time period. The ozone decreases due
to SAI emerge within a few years from the onset of SAI,
and thereafter stratospheric ozone continues to recover (i.e.
increase) over the course of the 21st century, just lagging
the ozone evolution projected under the no-SAI scenario, at
least until near the end of the 21st century. In addition, any
SAl-induced ozone losses are likely to be smaller than any
losses from peak ODS-induced depletion (e.g. Dhomse et
al., 2018). Furthermore, SAI discussions often assume that
impacts of any future SAl-induced ozone reduction on hu-
man and ecosystem health will be strictly negative, and im-
pacts of any SAl-induced ozone increase will be strictly pos-
itive. However, decreasing ODSs and increasing GHGs un-
der SSP2-4.5 are projected to lead to ozone “super-recovery”
compared to historical levels (and even more under higher
GHG emission scenarios, World Meteorological Organiza-
tion, 2022). Yet, human impacts of the projected ozone super-
recovery are still not well understood, including the interplay
of both negative and positive impacts from UV exposure, e.g.
on skin cancer and vitamin D production, as well as health
implications from changes in surface ozone exposure (see
e.g. United Nations Environment Programme, 2023, 2024).
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Hence, implications of any SAl-induced ozone changes need
to be studied properly and carefully weighed against the un-
certainties in full health and ecosystem implications of such
baseline ozone super-recovery.

All in all, our results highlight the need to assess SAI
impacts on atmospheric composition and circulation in the
wider strategy and scenario dimension using a multi-model
framework.

Data availability. Data used in this work is available from:
https://doi.org/10.5281/zenodo.21382844 (Bednarz et al., 2026).

Supplement. The supplement related to this article is available
online at https://doi.org/10.5194/acp-26-12751-2026-supplement.

Author contributions. EMB designed the study, performed the
analysis and wrote the manuscript, with contributions from all au-
thors. WRL (CESM), SW and TS (MIROC), AJ and MH (UKESM)
ran model simulations.

Competing interests. At least one of the (co-)authors is a mem-
ber of the editorial board of Atmospheric Chemistry and Physics.
The peer-review process was guided by an independent editor, and
the authors also have no other competing interests to declare.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. The authors bear the ultimate responsibil-
ity for providing appropriate place names. Views expressed in the
text are those of the authors and do not necessarily reflect the views
of the publisher.

Acknowledgements. The CESM project is supported primarily
by the National Science Foundation. Computational support and
computer and data storage services, including the Derecho and
Casper supercomputers (https://doi.org/10.5065/qx9a-pg09), were
provided by the Computational and Information Systems Lab-
oratory (CISL) at NSF NCAR. The MIROC-ES2H was devel-
oped under the support of MEXT-Program for the advanced stud-
ies of climate change projection (SENTAN) Grant Number JP-
MXDO0722681344 and simulations were conducted using the Earth
Simulator at the JAMSTEC. The UKESM simulations were carried
out using Monsoon2, a collaborative high-performance computing
facility funded by the Met Office and the Natural Environment Re-
search Council.

Financial support. EMB acknowledges support by the National
Oceanic and Atmospheric Administration (NOAA) cooperative
agreement (grant no. NA220AR4320151), NOAA Earth Radiative
Budget (ERB) program, and the Reflective’s Fellowship program.

Atmos. Chem. Phys., 26, 12751-12770, 2026


https://doi.org/10.5281/zenodo.21382844
https://doi.org/10.5194/acp-26-12751-2026-supplement
https://doi.org/10.5065/qx9a-pg09

12768

Support for MH, AJ and JH was provided by SilverLining’s Safe
Climate Research Initiative (SCRI). JH also acknowledges support
provided by Quadrature Climate Foundation. SW and TS are sup-
ported by the Environment Research and Technology Development
Fund S-20 (grant no. JPMEERF21S12010) of the Environmental
Restoration and Conservation Agency of Japan and the JSPS KAK-
ENHI grant (grant no. JP25K03324). Support for BK was provided
in part by NOAA’s Climate Program Office, Earth’s Radiation Bud-
get (ERB) (grant no. NA220OAR4310479), and the Indiana Univer-
sity Environmental Resilience Institute. The Pacific Northwest Na-
tional Laboratory is operated for the US Department of Energy by
Battelle Memorial Institute (grant no. DE-AC05-76RL01830). Sup-
port for WRL has been provided by the Quadrature Climate Foun-
dation (grant no. 01-21-000349).

Review statement. This paper was edited by Peer Nowack and
reviewed by four anonymous referees.

References

Ball, W. T., Chiodo, G., Abalos, M., Alsing, J., and Stenke,
A.: Inconsistencies between chemistry—climate models and ob-
served lower stratospheric ozone trends since 1998, Atmos.
Chem. Phys., 20, 9737-9752, https://doi.org/10.5194/acp-20-
9737-2020, 2020.

Bednarz, E. M., Maycock, A. C., Abraham, N. L., Braesicke,
P, Dessens, O., and Pyle, J. A.: Future Arctic ozone recov-
ery: the importance of chemistry and dynamics, Atmos. Chem.
Phys., 16, 12159-12176, https://doi.org/10.5194/acp-16-12159-
2016, 2016.

Bednarz, E. M., Butler, A. H., Visioni, D., Zhang, Y., Kravitz,
B., and MacMartin, D. G.: Injection strategy — a driver of
atmospheric circulation and ozone response to stratospheric
aerosol geoengineering, Atmos. Chem. Phys., 23, 13665-13684,
https://doi.org/10.5194/acp-23-13665-2023, 2023a.

Bednarz, E. M., Visioni., D. Butler, A. H., Kravitz, B., Mac-
Martin, D. G., Tilmes, S.: Potential non-linearities in the
high latitude circulation and ozone response to Stratospheric
Aerosol Injection, Geophys. Res. Lett., 50, e2023GL104726,
https://doi.org/10.1029/2023GL104726, 2023b.

Bednarz, E. M., Visioni, D., Kravitz, B., Jones, A., Haywood,
J. M., Richter, J., MacMartin, D. G., and Braesicke, P.: Cli-
mate response to off-equatorial stratospheric sulfur injections
in three Earth system models — Part 2: Stratospheric and
free-tropospheric response, Atmos. Chem. Phys., 23, 687-709,
https://doi.org/10.5194/acp-23-687-2023, 2023c.

Bednarz, E. M., Aquila, V., Butler, A. H., Colarco, P., Fleming,
E., Osterstrgm, F. F., Plummer, D., Quaglia, I., Randel, W.,
Santee, M. L., Sekiya, T., Tilmes, S., Wang, X., Watanabe, S.,
Yu, W., Zhang, J., Zhu, Y., and Zhuo, Z.: Multi-model assess-
ment of impacts of the 2022 Hunga eruption on stratospheric
ozone and its chemical and dynamical drivers, Atmos. Chem.
Phys., 26, 11355-11370, https://doi.org/10.5194/acp-26-11355-
2026, 2026.

Bednarz, E. M., Hawes Butler, A., Haywood, J., Matthew, H.,
Jones, A., Kravitz, B., Lee, W., MacMartin, D., Maycock,
A., Sekiya, T., Watanabe, S., and Visioni, D.: Data from

Atmos. Chem. Phys., 26, 12751-12770, 2026

E. M. Bednarz et al.: Stratospheric ozone projections under sulfur-based SAIl

“Stratospheric ozone projections under sulfur-based strato-
spheric aerosol injection: Insights from the multi-model G6-
1.5K-SAI experiment” by Bednarz et al. (2026), Zenodo [data
set], https://doi.org/10.5281/zenodo.21382844, 2026.

Brody, E., Visioni, D., Bednarz, E. M., Kravitz, B., MacMartin,
D. G., Richter, J. H., and Tye, M. R.: Kicking the Can Down
the Road: Understanding the Effects of Delaying the Deploy-
ment of Stratospheric Aerosol Injection, Environ. Res. Clim., 3,
https://doi.org/10.1088/2752-5295/ad5313, 2024.

Butler, A. H. and Domeisen, D. I. V.: The wave geometry of final
stratospheric warming events, Weather Clim. Dynam., 2, 453—
474, https://doi.org/10.5194/wcd-2-453-2021, 2021.

Chiodo, G., Friedel, M., Seeber, S., Domeisen, D., Stenke,
A., Sukhodolov, T., and Zilker, F.: The influence of fu-
ture changes in springtime Arctic ozone on stratospheric
and surface climate, Atmos. Chem. Phys., 23, 10451-10472,
https://doi.org/10.5194/acp-23-10451-2023, 2023.

Danabasoglu, G., Lamarque, J.-F., Bacmeister, J., Bailey, D. A.,
DuVivier, A. K., Edwards, J., Emmons, L. K., Fasullo, J., Gar-
cia, R., Gettelman, A., Hannay, C., Holland, M. M., Large,
W. G., Lauritzen, P. H., Lawrence, D. M., Lenaerts, J. T. M.,
Lindsay, K., Lipscomb, W. H., Mills, M. J., Neale, R., Ole-
son, K. W., Otto-Bliesner, B., Phillips, A. S., Sacks, W., Tilmes,
S., van Kampenhout, L., Vertenstein, M., Bertini, A., Dennis,
J., Deser, C., Fischer, C., Fox-Kemper, B., Kay, J. E., Kinni-
son, D., Kushner, P. J., Larson, V. E., Long, M. C., Mickel-
son, S., Moore, J. K., Nienhouse, E., Polvani, L., Rasch, P. J.,
and Strand, W. G.: The Community Earth System Model Ver-
sion 2 (CESM2), J. Adv. Model. Ea. Syst., 12, e2019MS001916,
https://doi.org/10.1029/2019MS001916, 2020.

Davis, N. A., Visioni, D., Garcia, R. R., Kinnison, D. E.,
Marsh, D. R., Mills, M. J., Richter, J. H., Tilmes, S.,
Bardeen, C., Gettelman, A., Glanville, A. A., MacMartin,
D. G., Smith, A. K., and Vitt, F.: Climate, variability, and
climate sensitivity of “Middle Atmosphere” chemistry con-
figurations of the Community Earth System Model Ver-
sion 2, Whole Atmosphere Community Climate Model Ver-
sion 6 (CESM2(WACCM6)), J. Adv. Model. Earth Sy.,
15, €2022MS003579, https://doi.org/10.1029/2022MS003579,
2023.

Davis, S., Ball, W., Jia, Y., Chiodo, G., Alsing, J., Keeble,
J., Akiyoshi, H., Arosio, C., Bednarz, E., Chrysanthou, A.,
Coldewey-Egbers, M., Damadeo, R., Dhomse, S., Diallo, M., Di-
etmuller, S., Eichinger, R., Frith, S., Hassler, B., Hegglin, M.,
Hubert, D., Jockel, P., Josse, B., Kramarova, N., Loyola, D.,
Maillard Barras, E., Marchand, M., Morgenstern, O., Plummer,
D., Portmann, R., Rosenlof, K., Rozanov, A., Sofieva, V., Stae-
helin, J., Sukhodolov, T., Tourpali, K., Van der A, R., Wang,
H. J. R, Wargan, K., Watanabe, S., Weber, M., Wild, J., Ya-
mashita, Y., and Ziemke, J.: Uncertainties in recent tropical
stratospheric and tropospheric ozone changes restrict our un-
derstanding of future total column ozone change, EGUsphere
[preprint], https://doi.org/10.5194/egusphere-2026-532, 2026.

Dhomse, S. S., Kinnison, D., Chipperfield, M. P., Salawitch, R.
J., Cionni, I., Hegglin, M. 1., Abraham, N. L., Akiyoshi, H.,
Archibald, A. T., Bednarz, E. M., Bekki, S., Braesicke, P,
Butchart, N., Dameris, M., Deushi, M., Frith, S., Hardiman, S.
C., Hassler, B., Horowitz, L. W., Hu, R.-M., Jockel, P., Josse,
B., Kirner, O., Kremser, S., Langematz, U., Lewis, J., Marchand,

https://doi.org/10.5194/acp-26-12751-2026


https://doi.org/10.5194/acp-20-9737-2020
https://doi.org/10.5194/acp-20-9737-2020
https://doi.org/10.5194/acp-16-12159-2016
https://doi.org/10.5194/acp-16-12159-2016
https://doi.org/10.5194/acp-23-13665-2023
https://doi.org/10.1029/2023GL104726
https://doi.org/10.5194/acp-23-687-2023
https://doi.org/10.5194/acp-26-11355-2026
https://doi.org/10.5194/acp-26-11355-2026
https://doi.org/10.5281/zenodo.21382844
https://doi.org/10.1088/2752-5295/ad53f3
https://doi.org/10.5194/wcd-2-453-2021
https://doi.org/10.5194/acp-23-10451-2023
https://doi.org/10.1029/2019MS001916
https://doi.org/10.1029/2022MS003579
https://doi.org/10.5194/egusphere-2026-532

E. M. Bednarz et al.: Stratospheric ozone projections under sulfur-based SAl

M., Lin, M., Mancini, E., Marécal, V., Michou, M., Morgen-
stern, O., O’Connor, F. M., Oman, L., Pitari, G., Plummer, D.
A., Pyle, J. A., Revell, L. E., Rozanov, E., Schofield, R., Stenke,
A., Stone, K., Sudo, K., Tilmes, S., Visioni, D., Yamashita, Y.,
and Zeng, G.: Estimates of ozone return dates from Chemistry-
Climate Model Initiative simulations, Atmos. Chem. Phys., 18,
8409-8438, https://doi.org/10.5194/acp-18-8409-2018, 2018.

Dietmiiller, S., Garny, H., Eichinger, R., and Ball, W. T.
Analysis of recent lower-stratospheric ozone trends in chem-
istry climate models, Atmos. Chem. Phys., 21, 6811-6837,
https://doi.org/10.5194/acp-21-6811-2021, 2021.

Farman, J. C., Gardiner, B. G., and Shanklin, J. D.: Large losses of
total ozone in Antarctica reveal seasonal C1Ox/NOx interaction,
Nature, 315, 207-210, https://doi.org/10.1038/315207a0, 1985.

Friedel, M., Chiodo, G., Stenke, A., Domeisen, D., Fueglistaler, S.,
Anet, J., and Peter, T.: Springtime arctic ozone depletion forces
Northern Hemisphere climate anomalies, Nat. Geosci., 15, 541—
547, https://doi.org/10.1038/s41561-022-00974-7, 2022a.

Friedel, M., Chiodo, G., Stenke, A., Domeisen, D., and Peter,
T.: Effects of Arctic ozone on the stratospheric spring onset
and its surface impact, Atmos. Chem. Phys., 22, 13997-14017,
https://doi.org/10.5194/acp-22-13997-2022, 2022b.

Haywood, J., Tilmes, S. (Lead Authors), Keutsch, F., Niemeier, U.,
Schmidt, A., Visioni, D., and Yu, P.: Stratospheric Aerosol Injec-
tion and its Potential Effect on the Stratospheric Ozone Layer,
Chap. 6 in Scientific Assessment of Ozone Depletion: 2022,
GAW Report No. 278, 509 pp., WMO, ISBN: 978-9914-733-
97-6, Geneva, 2022.

Henry, M., Bednarz, E. M., and Haywood, J.: How does
the latitude of stratospheric aerosol injection affect the cli-
mate in UKESM1?, Atmos. Chem. Phys., 24, 13253-13268,
https://doi.org/10.5194/acp-24-13253-2024, 2024.

Jorimann, A., Sukhodolov, T., Tilmes, S., Plummer, D., Watanabe,
S., Akiyoshi, H., Chiodo, G., Visioni, D., Vattioni, S., Rozanov,
E., Bednarz, E. M., Josse, B., Yamashita, Y., and Peter, T.: Mid-
dle atmosphere chemical and dynamical effects in the CCMI-
2022 stratospheric aerosol injection scenario, Atmos. Chem.
Phys., 26, 11207-11234, https://doi.org/10.5194/acp-26-11207-
2026, 2026.

Kawamiya, M., Hajima, T., Tachiiri, K., Watanabe, S., and
Yokohata, T.: Two decades of Earth system modeling
with an emphasis on Model for Interdisciplinary Re-
search on Climate (MIROC), Prog. Ea. Planet. Sci., 7,
https://doi.org/10.1186/s40645-020-00369-5, 2020.

Keeble, J., Bednarz, E. M., Banerjee, A., Abraham, N. L., Harris, N.
R. P., Maycock, A. C., and Pyle, J. A.: Diagnosing the radiative
and chemical contributions to future changes in tropical column
ozone with the UM-UKCA chemistry—climate model, Atmos.
Chem. Phys., 17, 13801-13818, https://doi.org/10.5194/acp-17-
13801-2017, 2017.

Keeble, J., Hassler, B., Banerjee, A., Checa-Garcia, R., Chiodo, G.,
Davis, S., Eyring, V., Griffiths, P. T., Morgenstern, O., Nowack,
P, Zeng, G., Zhang, J., Bodeker, G., Burrows, S., Cameron-
Smith, P., Cugnet, D., Danek, C., Deushi, M., Horowitz, L. W.,
Kubin, A., Li, L., Lohmann, G., Michou, M., Mills, M. J., Nabat,
P, Olivié, D, Park, S., Seland, ., Stoll, J., Wieners, K.-H., and
Wau, T.: Evaluating stratospheric ozone and water vapour changes
in CMIP6 models from 1850 to 2100, Atmos. Chem. Phys., 21,
5015-5061, https://doi.org/10.5194/acp-21-5015-2021, 2021.

https://doi.org/10.5194/acp-26-12751-2026

12769

Kravitz, B., Robock, A., Tilmes, S., Boucher, O., English, J. M.,
Irvine, P. J., Jones, A., Lawrence, M. G., MacCracken, M.,
Muri, H., Moore, J. C., Niemeier, U., Phipps, S. J., Sillmann, J.,
Storelvmo, T., Wang, H., and Watanabe, S.: The Geoengineering
Model Intercomparison Project Phase 6 (GeoMIP6): simulation
design and preliminary results, Geosci. Model Dev., 8, 3379—
3392, https://doi.org/10.5194/gmd-8-3379-2015, 2015.

Kravitz, B., MacMartin, D. G., Tilmes, S., Richter, J. H., Mills,
M. J., Cheng, W., Dagon, K., Glanville, A. S., Lamarque, J.-
F., Simpson, I. R., Tribbia, J., and Vitt, F.: Comparing surface
and stratospheric impacts of geoengineering with different SO2
injection strategies, J. Geophys. Res.-Atmos., 124, 7900-7918,
https://doi.org/10.1029/2019JD030329, 2019.

Kult-Herdin, J., Sukhodolov, T., Chiodo, G., Checa-Garcia, R., and
Rieder, H.: The impact of different CO2 and ODS levels on the
mean state and variability of the springtime Arctic stratosphere,
Environ. Res. Lett., 18, 024032, https://doi.org/10.1088/1748-
9326/acb0e6, 2023.

Lee, W. R., Visioni, D., Wagman, B. M., Wentland, C. R.,
Kravitz, B., Watanabe, S., Sekiya, T., Jones, A., Haywood, J.,
Henry, M., and Bednarz, E. M.: G6-1.5K-SAI and Gé6sulfur:
changes in impacts and uncertainty depending on stratospheric
aerosol injection strategy in the Geoengineering Model In-
tercomparison Project, Atmos. Chem. Phys., 26, 7463-7483,
https://doi.org/10.5194/acp-26-7463-2026, 2026.

Meinshausen, M., Nicholls, Z. R. J., Lewis, J., Gidden, M. J.,
Vogel, E., Freund, M., Beyerle, U., Gessner, C., Nauels, A.,
Bauer, N., Canadell, J. G., Daniel, J. S., John, A., Krummel,
P. B., Luderer, G., Meinshausen, N., Montzka, S. A., Rayner,
P. J., Reimann, S., Smith, S. J., van den Berg, M., Velders, G.
J. M., Vollmer, M. K., and Wang, R. H. J.: The shared socio-
economic pathway (SSP) greenhouse gas concentrations and
their extensions to 2500, Geosci. Model Dev., 13, 3571-3605,
https://doi.org/10.5194/gmd-13-3571-2020, 2020.

Maloney, C. M., Portmann, R. W., Ross, M. N., and Rosenlof,
K. H.: Investigating the potential atmospheric accumulation
and radiative impact of the coming increase in satellite reen-
try frequency, J. Geophys. Res.-Atmos., 130, €2024JD042442,
https://doi.org/10.1029/20241D042442, 2025.

McLandress, C., Jonsson, A. I., Plummer, D. A., Reader, M. C.,
Scinocca, J. F., and Shepherd, T. G.: Separating the Dynam-
ical Effects of Climate Change and Ozone Depletion, Part I:
Southern Hemisphere Stratosphere, J. Clim., 23, 5002-5020,
https://doi.org/10.1175/2010JCLI3586.1, 2010.

Mulcahy, J. P., Jones, C. G., Rumbold, S. T., Kuhlbrodt, T., Dittus,
A. J., Blockley, E. W., Yool, A., Walton, J., Hardacre, C., An-
drews, T., Bodas-Salcedo, A., Stringer, M., de Mora, L., Harris,
P, Hill, R., Kelley, D., Robertson, E., and Tang, Y.: UKESM1.1:
develop ment and evaluation of an updated configuration of the
UK Earth System Model, Geosci. Model Dev., 16, 1569-1600,
https://doi.org/10.5194/gmd-16-1569-2023, 2023.

Pitari, G., Aquila, V., Kravitz, B., Robock, A., Watanabe, S.,
Cionni, I., Luca, N. D., Genova, G. D., Mancini, E., and
Tilmes, S.: Stratospheric ozone response to sulfate geoengineer-
ing: Results from the Geoengineering Model Intercomparison
Project (GeoMIP), J. Geophys. Res.-Atmos., 119, 2629-2653,
https://doi.org/10.1002/2013JD020566, 2014.

Plummer, D., Nagashima, T., Tilmes, S., Archibald, A., Chiodo,
G., Fadnavis, S., Garny, H., Josse, B., Kim, J., Lamarque, J.-

Atmos. Chem. Phys., 26, 12751-12770, 2026


https://doi.org/10.5194/acp-18-8409-2018
https://doi.org/10.5194/acp-21-6811-2021
https://doi.org/10.1038/315207a0
https://doi.org/10.1038/s41561-022-00974-7
https://doi.org/10.5194/acp-22-13997-2022
https://doi.org/10.5194/acp-24-13253-2024
https://doi.org/10.5194/acp-26-11207-2026
https://doi.org/10.5194/acp-26-11207-2026
https://doi.org/10.1186/s40645-020-00369-5
https://doi.org/10.5194/acp-17-13801-2017
https://doi.org/10.5194/acp-17-13801-2017
https://doi.org/10.5194/acp-21-5015-2021
https://doi.org/10.5194/gmd-8-3379-2015
https://doi.org/10.1029/2019JD030329
https://doi.org/10.1088/1748-9326/acb0e6
https://doi.org/10.1088/1748-9326/acb0e6
https://doi.org/10.5194/acp-26-7463-2026
https://doi.org/10.5194/gmd-13-3571-2020
https://doi.org/10.1029/2024JD042442
https://doi.org/10.1175/2010JCLI3586.1
https://doi.org/10.5194/gmd-16-1569-2023
https://doi.org/10.1002/2013JD020566

12770

F., Morgenstern, O., Murray, L., Orbe, C., Tai, A., Chipperfield,
M., Funke, B., Juckes, M., Kinnison, D., Kunze, M., Luo, B.,
Matthes, K., Newman, P. A., Pascoe, C., and Peter, T.. CCMI-
2022: A new set of Chemistry-Climate Model Initiative (CCMI)
community simulations to update the assessment of models and
support upcoming ozone assessment activities, SPARC Newslet-
ter, 57, 22-30, 2021.

Sekiya, T., Sudo, K., and Nagai, T.: Evolution of stratospheric sul-
fate aerosol from the 1991 Pinatubo eruption: Roles of aerosol
microphysical processes, J. Geophys. Res.-Atmos., 121, 2911-
2938, https://doi.org/10.1002/2015JD024313, 2016.

Tilmes, S., Richter, J. H., Mills, M. J., Kravitz, B., Mac-
Martin, D. G., Garcia, R. R., Kinnison, D. E., Lamarque,
J. F, Tribbia, J., and Vitt, F: Effects of different strato-
spheric SO2 injection altitudes on stratospheric chemistry
and dynamics, J. Geophys. Res.-Atmos., 123, 4654-4673,
https://doi.org/10.1002/2017JD028146, 2018.

Tilmes, S., MacMartin, D. G., Lenaerts, J. T. M., van Kampen-
hout, L., Muntjewerf, L., Xia, L., Harrison, C. S., Krumhardt,
K. M., Mills, M. J., Kravitz, B., and Robock, A.: Reaching
1.5 and 2.0 °C global surface temperature targets using strato-
spheric aerosol geoengineering, Earth Syst. Dynam., 11, 579—
601, https://doi.org/10.5194/esd-11-579-2020, 2020.

Tilmes, S., Richter, J. H., Kravitz, B., MacMartin, D. G.,
Glanville, A. S., Visioni, D., Kinnison, D. E., and Miiller, R.:
Sensitivity of total column ozone to stratospheric sulfur in-
jection strategies, Geophys. Res. Lett., 48, €2021GL094058,
https://doi.org/10.1029/2021GL094058, 2021.

Tilmes, S., Visioni, D., Jones, A., Haywood, J., Séférian, R., Nabat,
P., Boucher, O., Bednarz, E. M., and Niemeier, U.: Stratospheric
ozone response to sulfate aerosol and solar dimming climate in-
terventions based on the G6 Geoengineering Model Intercom-
parison Project (GeoMIP) simulations, Atmos. Chem. Phys., 22,
4557-4579, https://doi.org/10.5194/acp-22-4557-2022, 2022.

Atmos. Chem. Phys., 26, 12751-12770, 2026

E. M. Bednarz et al.: Stratospheric ozone projections under sulfur-based SAIl

United Nations Environment Programme (UNEP): Environmental
Effects of Stratospheric Ozone Depletion, UV Radiation, and In-
teractions with Climate Change, 2022 Assessment Report of the
Environmental Effects Assessment Panel, UNEP, Nairobi, ISBN:
978-9914-733-91-4, 2023.

United Nations Environment Programme (UNEP), Environmental
consequences of interacting effects of changes in stratospheric
ozone, ultraviolet radiation and climate: UNEP Environmental
Effects Assessment Panel, Update 2024, UNEP, Nairobi, ISBN:
978-9914-733-74-7, 2024.

Visioni, D., Robock, A., Haywood, J., Henry, M., Tilmes, S., Mac-
Martin, D. G., Kravitz, B., Doherty, S. J., Moore, J., Lennard,
C., Watanabe, S., Muri, H., Niemeier, U., Boucher, O., Syed,
A., Egbebiyi, T. S., Séférian, R., and Quaglia, I.: G6-1.5K-
SAI a new Geoengineering Model Intercomparison Project (Ge-
oMIP) experiment integrating recent advances in solar radia-
tion modification studies, Geosci. Model Dev., 17, 2583-2596,
https://doi.org/10.5194/gmd-17-2583-2024, 2024.

Wells, A. E, Henry, M., Bednarz, E. M., MacMartin, D. G.,
Jones, A., Dalvi, M., and Haywood, J. M.: Identifying cli-
mate impacts from different stratospheric aerosol injection
strategies in UKESM1, Earth’s Future, 12, e2023EF004358,
https://doi.org/10.1029/2023EF004358, 2024.

World Meteorological Organization (WMO): Scientific Assessment
of Ozone Depletion: 2022, GAW Report No. 278, 509 pp.,
WMO, Geneva, ISBN: 978-9914-733-97-6, 2022.

Zhang, Y., MacMartin, D. G., Visioni, D., Bednarz, E. M., and
Kravitz, B.: Hemispherically symmetric strategies for strato-
spheric aerosol injection, Earth Syst. Dynam., 15, 191-213,
https://doi.org/10.5194/esd-15-191-2024, 2024.

Zhang, Y., Li, J., and Zhou, L.: The Relationship between Po-
lar Vortex and Ozone Depletion in the Antarctic Stratosphere
during the Period 1979-2016, Adv. Meteorol., 2017, 3078079,
https://doi.org/10.1155/2017/3078079, 2017

https://doi.org/10.5194/acp-26-12751-2026


https://doi.org/10.1002/2015JD024313
https://doi.org/10.1002/2017JD028146
https://doi.org/10.5194/esd-11-579-2020
https://doi.org/10.1029/2021GL094058
https://doi.org/10.5194/acp-22-4557-2022
https://doi.org/10.5194/gmd-17-2583-2024
https://doi.org/10.1029/2023EF004358
https://doi.org/10.5194/esd-15-191-2024
https://doi.org/10.1155/2017/3078079

	Abstract
	Introduction
	Methods
	Global mean ozone
	Tropical ozone
	Mid-latitude ozone
	Springtime polar ozone
	Diagnosing the role of heterogeneous chemistry versus transport in UKESM
	Summary and conclusions
	Data availability
	Supplement
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

