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Key Points:

e Onset of stratospheric sulfur injection results in an abrupt deepening of the ozone
hole in the first 10 years

» The ozone hole recovers fastest with low-altitude injections and slowest with equa-
torial injections

« Stratospheric sulfur injection can lead to an increase in column ozone in tropics

and mid-latitudes
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Abstract

Stratospheric sulfur injection at multiple locations, to counter greenhouse gas induced
warming, may reduce some of the side effects of stratospheric aerosol interventions. We
explore the impact of different injection strategies on total column ozone (TCO) using
two configurations of a fully coupled Earth system model. The discussed experiments
maintain global surface temperatures at 2020 conditions, while following the unmitigated
RCPS8.5 future scenario. Within the first ten years of the injection, we find an abrupt
deepening of the Antarctic ozone hole by 8-20% and changes up to 5% for other re-
gions and seasons. Dependent on the injection strategy, the recovery of the Antarctic
ozone hole to 1980 conditions is delayed by ~25 to over 55 years. Mid to high-latitude
TCO increases by =~15% in Northern Hemisphere winter and spring between 2010-2019
and 2080-2089 due to both, increasing greenhouse gases and increasing sulfur injections.

Implications for ecosystems need to be investigated.

1 Introduction

Climate intervention strategies using stratospheric sulfate aerosols to counter the
surface warming caused by increasing greenhouse gases, have been shown to impact strato-
spheric ozone, as discussed in various studies [e.g., Tilmes et al., 2008; Rasch et al., 2008;
Heckendorn et al., 2009; Tilmes et al., 2012; Xia et al., 2017; Tilmes et al., 2018a]. In
many of these studies, a fixed amount of sulfur injections has been applied within a year
and injections were maintained for a continuous period of time. Furthermore, earlier stud-
ies prescribed fixed stratospheric aerosol distributions or varying distributions that were
based on tropical injections only. The enhanced stratospheric sulfate burden results for
instance in a reduction of total column ozone (TCO) over Antarctica during the ozone
hole period through increased chlorine and bromine activation, promoting catalytic ozone-
destroying cycles. The start of sulfur injections has been usually chosen around present
day, a time when the stratospheric halogen loading is high. Therefore, a question remains
to be answered: At what point has the stratospheric halogen loading declined sufficiently

to minimize these effects?

In recent years, strategic climate intervention modeling experiments have been de-
signed to keep future surface temperatures from changing compared to 2020 conditions,
while following different greenhouse forcing scenarios [Kravitz et al., 2017; Richter et al.,

2017; Tilmes et al., 2018a, 2020]. In particular, these studies used a feedback control al-
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gorithm to identify the required sulfur injection amounts at four stratospheric point lo-
cations at 30°N and 30°S and 15°N and 15°S in latitude, 180°W in longitude, and at
about 6 km above the tropopause in altitude. Annually varying injection amounts at those
locations were adjusted to keep global, as well as interhemispheric and pole-to-Equator
surface temperature gradients from changing [e.g., MacMartin et al., 2017]. In contrast
to many earlier studies, the geoengineering large ensemble (GLENS) simulations [ Tilmes
et al., 2018b] gradually and continuously increased sulfur injections starting in 2020, in
order to keep surface temperatures at 2020 levels while following the RCP8.5 scenario.
Similarly, a gradual increase of stratospheric sulfur injections was applied for the so called
“peak-shaving” experiments [Tilmes et al., 2020]. This experiment follows the SSP5-35-
OS overshoot greenhouse gas concentration scenario, and also requires a gradual increase
of sulfur injections to keep temperatures at 2020 conditions and a decrease in injections
towards the end of the century. However, despite the gradual increase in sulfur injections
and stratospheric sulfate burden, Tilmes et al. [2020] have noticed an strong reduction

in TCO after the onset of sulfur injections for the Southern Hemisphere (SH) ozone hole.
This effect was identified for two different starting points of the intervention, in 2020,

as well as in 2034.

Recent studies have also suggested that TCO changes as the result of climate in-
tervention using stratospheric sulfur injection are dependent on the injection location.
Kravitz et al. [2019] investigated differences between the four-point injection strategy used
in GLENS and injections at the Equator only. Differences between these injection strate-
gies result in changes in the stratospheric sulfate distributions, radiative heating, strength
of the polar vortex, as well as water vapor concentration, which are expected to also change
stratospheric ozone. In addition, Tilmes et al. [2018a] showed that the effect of strato-
spheric aerosol interventions on ozone depends on the altitude location of the injections.
Furthermore, seasonally varying injections can change the impacts of SAI, for instance
on ozone [ Visioni et al., 2019]. Finally, we expect that the sensitivity of the ozone re-
sponse to stratospheric aerosol interventions is also model dependent [Pitari et al., 2014].

So far, no study has investigated the ozone response to these various different factors.

Here, we use four different model experiments that are based on the future unmit-
igated greenhouse gas forcing scenario RCP8.5. Sulfur injections are determined by the
same feedback control algorithm as used in GLENS to keep global surface temperature

at 2020 conditions. Three of these experiments are based on the same Earth system model
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version but use different injection strategies. One additional experiment has been per-
formed using a different model setup, with higher vertical model resolution. We quan-
tify and discuss the effects of these different experiments on column ozone for an ear-
lier period (2030-39) and a later period (2080-2089) compared to present day (2010-2019).
We further explore the cause of the abrupt decrease in column ozone during the onset

of stratospheric sulfur injection, especially during the Antarctic ozone hole period.

2 Experimental Design

Simulations were conducted with the state-of-the-art Community Earth System Model,
version 1 [Hurrell et al., 2013] with the Whole Atmosphere Community Climate Model
CESM1(WACCM) as its atmospheric component. WACCM uses a 0.9° latitude x 1.25°
longitude grid. The model includes comprehensive, fully interactive middle atmosphere
chemistry with 95 solution species, two invariant species, 91 photolysis reactions, and
207 other reactions. The chemical scheme includes gas-phase and heterogeneous reac-
tions important for stratospheric ozone chemistry, as well as sulfur-bearing gases impor-
tant for stratospheric sulfate formation [Mills et al., 2017]. A simplified chemistry scheme
is used in the troposphere, which supports the formation of aerosols and is coupled to
interactive biogenic emissions from the land model. Three of the model experiments use
the standard WACCM version with 70 vertical layers (70L), while one uses a higher ver-
tical resolution version with 110 vertical levels (110L) [Garcia and Richter, 2019], both

reaching up to 150 km (= 1076 hPa).

All of the model experiments follow the unmitigated RCP8.5 baseline future con-
centration pathway. A control RCP8.5 simulation has been performed for both the 70L
and 110 WACCM versions. All of the sulfur injection experiments are performed for
the period between the years 2020 and 2100 and they include annual sulfur injections
that are adjusted with a feedback controller [MacMartin et al., 2017] in order to main-
tain 2020 global surface temperatures (Table 1). The WACCM experiments using 70 ver-
tical layers include a) results from the geoengineering large ensemble (GLENS) simula-
tions [Tilmes et al., 2018b], with stratospheric point injections at 15°N, 15°S, and 30°N,
30°S, ~ 6 km above the tropopause with 20 ensemble members; b) and ensemble of 3
simulations of low-altitude (Low) stratospheric point injections at 15°N, 15°S, and 30°N,
30°S & 1 km above the tropopause, and c¢) an ensemble of 3 simulations of stratospheric

point injections at the Equator (EQ) = 6 km above the tropopause. The WACCM 110L
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Table 1. CESM WACCMS5.4 model experiments with 0.9° x 1.25° horizontal resolution and a

model top at &~ 150km

Experiment Ensemble | Vertical Injection Latitudes Injection Altitude
Members | Levels above Tropopause

RCP8.5 3 70

RCP8.5 110L 1 110

GLENS 20 70 15°N, 15°S, 30°N, 30°S ~6 km

EQ 3 70 Equator ~6 km

Low 3 70 15°N, 15°S, 30°N, 30°S ~1 km

100L 1 110 15°N, 15°S, 30°N, 30°S ~6 km

experiment (110L) follows the setup of case a), but with only 1 ensemble member. Global,
interhemispheric and pole-to equator surface temperatures have been maintained at 2020
conditions (Fig. S-1), except for the EQ case which does not maintain the equator-to-
pole gradient. The 110L experiment shows somewhat less warming in the RPC8.5 sce-
nario, which may be a result of reduced stratospheric water vapor in this model config-

uration [Wang et al., 2018].

3 Results

Stratospheric sulfate distributions for the four performed experiments are very dif-
ferent (Fig. 1, panels a to d). For high-altitude injections, the enhanced sulfate aerosol
burden is extended into higher altitudes compared to the low-altitude injections. The
EQ case shows the largest burden in the tropics, while the other 70L experiments show
larger burdens in the Northern Hemisphere (NH). In contrast, the 110L experiment shows
a more equal distribution between the hemispheres (Fig. 1, panel c¢). The increase in SOy
burden with time is approximately linear, with largest burdens for the EQ case and low-
est burden for the 110L case. The injection rate (Fig. 1, panel f) differs between the four
considered cases with largest annual injections for the low case, primarily as a result of
faster removal of gases and aerosols with injections closer to the tropopause. For the high-
altitude injection experiments, the EQ requires the largest injection rates (up to 60 Tg

SOs per year by the end of the century), because of a faster removal of larger particles
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Figure 1. Left panel a-d: Difference of zonally and annually averaged sulfate burden be-
tween the ensemble average of stratospheric sulfur injection cases in 2070-2089 and the control
experiment for the same period for GLENS (a), Low (b), 110L (c) and EQ (d). The lapse rate
tropopause is indicated as a black line for the control and a blue line for the SO2 injection cases.
Yellow dots indicate locations of injection. Right panel e-f: Annual averaged stratospheric sulfate
aerosol burden in TgS for the sulfur injection experiments minus the control with time (e) and
with injection rate (f). The stratospheric burden vs. injection amount (in unit years) is listed in

the panel f for all ensemble members of each experiment.

in the tropical regions compared to the other cases (Fig. S-2). Both Low and EQ exper-
iments further show larger increases in stratospheric water vapor than the other cases,
which will lead to more tropospheric warming to be countered by additional injections.
The lowest injection rates are needed for the 110L case, possibly because of the reduced
stratosphere-troposphere exchange as the result of a better resolved tracer gradient across
the tropopause in the 110L model [von Hobe et al., 2021]. Furthermore, the 110L con-
trol simulation shows less increase in surface temperature, which may require less sul-

fur injections to maintain 2020 surface temperature conditions.

Changes in stratospheric ozone as the result of the increasing stratospheric sulfate
aerosol burden between 2020 and 2100 differ with region and season, as shown for GLENS
(Fig. S-3). The radiative heating of the tropical lower stratosphere results in a warm-
ing of the tropical lower stratosphere and an increase of the tropical cold point temper-
ature. This further causes an increase in stratospheric water vapor and a strengthening

of the winter polar vortex [e.g., Richter et al., 2017; Kravitz et al., 2019], as well as in-
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creases in the vertical velocity above the injection points and increased horizontal trans-
port of tracers towards the poles [Tilmes et al., 2018a]. In addition, the enhanced sul-
fate mass results in an increase in surface area density (SAD) of aerosols, which, in ad-
dition to changes in water vapor and temperature, results in changes in the net photo-
chemical production of ozone through changes (increase and decrease) in different cat-
alytic ozone-destroying cycles. Net chemical production rate changes are also dependent

on changes in stratospheric halogen and nitrogen between 2020 and 2100.

In the polar lower stratosphere, halogen and hydrogen are the dominant ozone de-
stroying cycles. These cycles are accelerated due to the enhanced SAD with sulfur in-
jections and result in a reduction of net chemical ozone production rates (defined as the
differences between chemical production and loss) [e.g., Tilmes et al., 2009, 2018a]. A
reduction in the nitrogen cycle with enhanced SAD is dominant in the polar mid-stratosphere
(around 25 km) (see below). Furthermore, the hydrogen cycle is important in the up-
per stratosphere, where the increase in stratospheric water vapor results in a reduction
of net chemical ozone production rates. In mid-latitudes and tropics in the mid-stratosphere,
the nitrogen cycle is the most important ozone destroying cycles. The increase in SAD
leads to a reduction of reactive nitrogen via hydrolysis of dinitrogen pentoxide [e.g., Fa-
hey et al., 1993] and therefore an increase in net chemical ozone production rates. Com-
bined changes in chemistry and vertical and horizontal transport result in changes of strato-

spheric ozone and therefore of total column ozone (TCO).

The slow phase-in of sulfur injections in GLENS results in an abrupt reduction in
TCO during the ozone hole period in October over Antarctica within the first 10 years
of the start of the injection (Fig. 2a). Thereafter, TCO in GLENS remains around 60—
70 DU below the values of the control simulation (as further discussed below). Reduc-
tions of column ozone over the NH high latitudes in spring are noticeable but smaller
(Fig. 2b) compared to the SH, given the larger variability and dynamical influence in the
NH. There are no significant changes in TCO after 2070 compared to the control sim-
ulation over the Arctic, and both the control and the injection experiments show a sig-
nificant increase in TCO by the end of the 21st century. January averages over 40-60°N
and over the tropics (20°S-20°N) (Fig. 2c,d) also show a significant increase in TCO in
the RCP8.5 control experiment by the end of the 21st century. In these regions, increas-
ing SAD due to sulfur injections leads to an increase of TCO compared to the control

simulation, which is a result of both, an increase in net ozone production in the trop-
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Figure 2. Ensemble average of total column ozone for selected and regions and seasons for
the control simulations betweeen 1975-2015 and the future RCP8.5 experiment between 2015
and 2100, based on three ensemble members (black) with standard deviation (grey shaded area),
20 GLENS ensemble members between 2020 and 2100 (blue) with standard deviation (light

blue shaded area), and total ozone observations from the Solar Backscatter Ultraviolet (SBUV)
Merged Ozone Data (MOD) set (purple symbols). The thin black lines in each panel indicate

1980 conditions.

ics and changes in vertical and horizontal advection [e.g., Tilmes et al., 2018a]. For the
four injection experiments, ozone changes are similar in terms of general changes in ozone
destroying cyles and dynamical response, and rather differ in magnitude depending on

the details of the altered aerosol burden and SAD destribution (Figs. S-4-7).

TCO changes of different sulfur injection experiments in March and October be-
tween 2030-2039 and 2010-2019 differ in magnitude and, especially for high latitudes,
in sign from the changes between 2080-2089 and 2010-2019 (Fig. 3). These changes are
also different from the Control experiment for the same period (Fig. 3 black lines). For
the low-altitude injection experiment, to reach a similar sulfate burden as in GLENS,
an additional 50% injection rate per year compared to GLENS is required (Fig. 1f). The
resulting aerosol distribution is concentrated closer to the tropopause region. This causes
more constrained heating at lower altitudes compared to GLENS and a stronger increase
in water vapor and thus an increase in the HO,-ozone destroying cycle, especially pro-
nounced towards the end of the century (Fig. S-5 vs. Fig. S-4). On the other hand, stronger

transport of ozone in the low-altitude case from the tropics to the mid- and high lati-
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tudes counters the larger reduction of net chemical ozone production rates [Tilmes et al.,
2018a]. The low-altitude case therefore shows the lowest decline in TCO in the SH po-
lar region spring of less than 8% (Fig. 3c) and the largest increase in TCO in the NH
polar region spring in 2080-2089 of up to 20% compared to 2010-2019 (Fig. 3b).

The equatorial injection case requires an ~ 10% larger injection rate per year than
GLENS. About a 35% larger burden is confined in the tropics and reaches towards higher
altitudes than the GLENS experiment (Fig. 1). This results in increased radiative heat-
ing of the tropopause and with that in even larger increases in water vapor compared

to GLENS and Low, and more pronounced changes in the HO,, cycle. The equatorial

injections further result in a stronger confinement of air masses in the tropical pipe [Niemeier

and Schmidt, 2017; Visioni et al., 2020; Kravitz et al., 2019] and a stronger and colder
polar vortex. Increases in ozone destroying catalytic cycles and reduced horizontal trans-
port result in the slowest TCO recovery during SH spring towards the end of the cen-
tury compared to the other experiments (Fig. 3, Fig. 4b) and also results in larger in-

creases in NH mid-latitude TCO in January (Fig. S-8).

The 110L experiment requires ~ 30% less sulfur injections to reach the same tem-
perature targets as GLENS (Fig. 1f), resulting also in a smaller SAD compared to the
other experiments, until about 2070. Afterwards, SAD in the 110L experiment is indi-
cating a steeper increase. The increase in stratospheric water vapor and therefore the
effects on the ozone destroying HO,. cycle are comparable to GLENS (Figs. S-4 and S-
5). The more evenly distributed aerosol burden between the hemispheres results in a shift
of the net chemical production rate through the reduced NO, cycle from the NH towards
the SH and a more equal change in ozone in the tropical lower stratosphere (Fig. S-7).

In this experiment, effects on the SH polar vortex are smaller compared to GLENS, while

there is a faster recovery of TCO towards in 2080-2089 compared to 2010-19 (Fig. 3).

In contrast to the sulfur injection experiments, the Control experiment shows a pos-
itive change (recovery) of TCO between 2030-2039 and 2010-2019, in particular for high
polar latitudes in spring of each hemisphere. Differences between the climate interven-
tion and the Control experiment for changes in TCO between 2080-89 and 2010-2019 show
the same sign, however are smaller for the NH mid-and high latitudes, while larger for

the SH polar region.
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of the one ensemble of the 110L experiment. Total column ozone observations from the Solar
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Panel b): Differences of column ozone between sulfur injection experiments and correspond-
ing baseline experiments; the two black lines around zero indicate the standard deviation from
the GLENS baseline simulations. A running mean over 3 years has been applied to the results.
Panel ¢): Column ozone difference per sulfur injection per year. Black thick line indicates the
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The Antarctic October TCO evolution in both control simulations, WACCM 70L
and WACCM 110L, follows the observed decline between 1980 and 2000 (Fig. 4a). Af-
ter the minimum has been reached in the model around year 1990-2000, TCO increases
(following RCP8.5) until reaching 1980 conditions around 2045. The super recovery (above
1980 values) is caused by a speed-up of the stratospheric Brewer-Dobson circulation, as
well as by a cooling of stratospheric temperatures with increasing greenhouse gases, which
reduces gas-phase ozone production in the upper stratosphere [Butler et al., 2016]. De-
spite the differences in injection strategies, all four experiments show an abrupt decrease
in column ozone in the first 10 years after the start of the injections. Afterwards, dif-
ferences between the sulfur injection experiments and the control simulations stay ap-
proximately constant with =~ 40-50 DU reductions for the Low and 110L case, 60—70 DU
for GLENS, and around 80 DU for the EQ experiment (Fig. 4b). The recovery of the
ozone hole to 1980 conditions is therefore delayed by 20-30 years for the Low and 110L
case and =~ 55 years for GLENS. The EQ experiment does not show a recovery by the

end of the 21st century.

The strong decline in TCO in the first 10 years of the start of the injections can
be understood by illustrating TCO changes per injection amount in comparison to changes
in the effective equivalent stratospheric chlorine (Fig. 4c) and surface area density (Fig. 4d)
in the polar lower stratosphere. Reductions TCO per injection amount reach maximum
values during the first 10 years of the start of the injections and show a strong decline
thereafter. The equivalent effective stratospheric chlorine (EESC) content is decaying
almost linearly after 2020 and can therefore not be responsible for the strong initial de-
cline of TCO. On the other hand, surface area density shows a strong increase in the first
10 years and then changes to a moderate increase in 2030, while the increase in sulfate
mass per year is about constant. This is aligned with the increase in effective radius in
the polar regions, which is almost the same for all the four injection experiments (Fig. S-
2). The effective radius in the SH polar region in SON requires up to 10 years to reach
~ 0.4 microns. After that, it grows about 0.03 micron per 10 years. The initial small in-
jection amounts result in relatively larger SAD compared to larger injection amounts and

are therefore much more efficient in destroying ozone.
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4 Summary

The rate of change of TCO caused by stratospheric sulfur injections in the SH po-
lar region during October is largest within 10 years after the start of the injection ex-
periments. These relatively abrupt changes, as the result of a sharp increase in SAD and
effective radius, result in a decrease of TCO between 8% and 20% in 2030-39 compared
to 2010-2019, depending on the injection strategy and model version. Smaller changes
of £5% are simulated for other regions and seasons. The onset of stratospheric aerosol
intervention using sulfate aerosols is therefore expected to result in an abrupt decline of
SH October TCO. Tilmes et al. [2020] have also shown declines of similar magnitude in
SH polar ozone assuming a later start of injections in 2034, a time when the chlorine bur-

den is reduced.

After about 2030, the continuous increase of SH polar TCO following the non-mitigated
RCPS8.5 control simulation dominates the trend in column ozone with or without strato-
spheric sulfur injection between 2030 and 2100. In the SH polar vortex, TCO recovers
in all scenarios towards the end of the century, except for the EQ injection case, which
is likely to recover a few years later. The ozone hole recovery to 1980 conditions is how-
ever delayed for about 25 years for the low-altitude and the 110L experiment and = 55
years for GLENS. In the NH polar vortex in spring, initial small reductions of less than
5% in TCO between 2030-39 and 2010-19 are reversed with an increase in TCO of up
to 20% depending on the scenario between 2010-19 and 2080-89. Stratospheric aerosol
interventions would increase TCO by 10-20 DU in tropics and mid latitudes towards the
end of the century compared to the Control for the same period, with some changes de-
pending on the injection experiment. Theses results are based on continously increas-
ing sulfur injections towards the end of the 21st century. In case of a different greenhouse
gas emission scenario with SAT using declining sulfur injections in the second half of the
21st century, the delay of the ozone hole recovery may be shortened by 20-30 years [ Tilmes
et al., 2020].

For this analysis monthly and zonal mean TCO changes have been investigated.
We have not considered regional and daily extremes that could be much larger, for ex-
ample for cold Arctic winters [Tilmes et al., 2008]. Further in-depth analyses have to be
performed to identify processes that result in the TCO changes, in particular over the

SH and NH high latitudes and within the polar vortex. Effects of TCO changes on sur-
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face UV have not yet been investigated. Impact assessments, for instance of UV changes
on ecosystems may need to take into account changes and trends starting from the present-
day conditions in order to project impacts of potential future changes in TCO. To sup-
port these analyses, we have chosen to present ozone changes relative to present-day con-
ditions (2010-19) (see Fig. 3). Finally, results in this study are based on two configu-
rations of one model with somewhat different outcomes, in particular with regard to the
aerosol distribution. Experiments of the different injection scenarios have to be inves-
tigated in a multi-model context using multiple ensemble members, in order to under-

stand the range of outcomes and uncertainties.
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