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Abstract.

The paper constitutes part 2 of a styayforrning a first systematic intemodel comparison of the atmospheric responses to
stratospheric aerosol injection (SAI) at variaisgle latitudesin the tropics,as sinulated by threestateof-the-art Earth

System Models CESMZWACCM®6), UKESML.0, and GISSE2.1-G. Building on part 1 (PARTL, Visioni et al., 202R)
demonstrate the role diases in the climatological circulation and specific aspects of the model misicpim driving the
inter-model differencedn the simulated sulfate distributions. We then characterise the simulated changes in stratospheric
and freetropospheric temperatures, ozone, water vapour and thedeadge circulation, elucidating the rolé the above

aspects to the surface SAIl responses discussed in PARTL.

We show thathe differences in the aerospatial distributiorcan be explained by thsignificantly faster shallow branek

of the Brewer Dobson circulatiom CESM2,-a relatively solated tropical pipe and older tropical agfeair in UKESM,

and smaller aerosol sizes and relatively stronger horizontal mixing (thus very young stratosphefi@iaga two GISS
versionsused.We also find a large spread in the magnitudes of thapittal lower stratospheric warming amongst the
models driven by microphysical, chemical and dynamical défees These lead to large differences in stratospheric water
vapour responsewith significant increases in stratospheric water vapour uBdéin CESM2 and GISS that were largely

not reproduced in UKESMror ozone, ajood agreemenwvas foundin the tropi@l stratospheramongstthe models with
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more complexmicrophysics, with lower stratospheric ozone changes consistent with thimdesed mdulation of the
large-scale circulation and the resulting changes in transport. In contrast, we find a largeddétrspread in the Antarctic
ozone responses that can largely be explained by the differences in the simulated latitudinal distribagimsolsfas well
as the degree of implementation of heterogeneous halogen chemistry onistitfatsmodels

The use ofGISS runs with bulk microphysiaemonstrates the importance of more detailed treatment of aerosol processes
with contrastingly diffeent stratospheriSAl responses to the models using the®-momentaerosol treatmenhowever

some problems in halogen chemistry in GISSadseidentified that require further attentioBverall, our results contribute

to an increased understanding loé tinderlying physical mechanisms as welidentifying and narrowing thencertainty in

model projections of climate impacts from SAI

1. Introduction

Observations of the cooling produced by peasplosive volcanic eruptions (Robock, 2000) have prompteonerous
investigations into the feasibility and risks of artificially injecting ;.S® the lower stratosphere in order to partially
counteract the effect of rising greenhouse gases (Crutzen, 2006); this is usuallyStatespheriderosol Injection $AI)

or Solar Geoengineering. The formation of sulfate aerosols aftep8@ation prevents a portion of the incoming sunlight

from reaching the troposphere, thus cooling the surface. However, this is not the only effect that would be produced from
sulfaie aerosols in the Earth systemd. Visioni et al., 2021). The localized heating of the lower stratosphere would modify

the local chemical composition of the atmosphere as well as alter thestaigeatmospheric circulation. These sifiects

can thusmodify the direct response to SAl, further modulating the radiative balance as well as impacting regional climate
and ecosystems. Yet, past investigations of threest often focused on one single model. For instance, Ferraro et al. (2015)
analysed thempacts of a tropical sulfate injection on stratospheric dynamics itutiheersity of Reading Intermediate
General Circulation Model (IGCM). Tilmes et al. (2017, 2018a) and Richter et al. (2017) analysed the atmospheric response
to injections at differentatitudes and/or altitudes in the Community Earth System Model 1 (CESM1) with the Whole
At mosphere Community Climate Model ( WA C GNMALCMR is ordet s at

understand the underlying mechanisms in the climate response.

Howewer, models are themselves imperfect, and hence model intercomparisons are useful in understanding uncertainties i
climate responses to SABuch uncertainties arise fromanysources, including the efficiency of 3@ aerosol conversion,

the extent to wich sulfate aerosols will be transported away from the injection locations by thestaigecirculation and

mixing processeand the removal of the aerosols from the atmosphere altogétleafficiency of thedirectimpacts of
aerosols onthe radiative balance as well &®m uncertainties in anyndirect impacts, for instance on atmospheric

circulations and cloudsimulations with a number of different models can thus hegypesent the uncertainty in real world
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climate responséo a hymthetical SAldeployment whilst identifying and attributing certain characteristics of individual
model responses to particular aspects of model design or features can help in narrowing this real world urSmreaaity.

of such intercomparison studiegere carried out as a part of Geoengineering Model Intercomparison Project (GeoMIP,
Kravitz et al.,, 2011; 2015). However, the implementation of the experimental protocols often differed between the
participating climate models, which hindered confidentikattion of drivers of the intermad spread. Pitari et al. (2014)

found large differences in the simulated stratospheric ozone responses in the GeoMIP G4 experiment, which were partially
related to different profiles of the latitudinal distribution offaté aerosols used in various models. Tilmes et al. (2022)
examined the impacts of SAIl on the future evolution of stratospheric ozone using the three Earth System Models (ESMs)
with interactive chemistry participating in the GeoMIP G6 experiment. Howewdr two out of the three models included
aninteractive aerosol scheme while the third model prescribed the aerosol optical depth (AOD) from the G4SSA experiment
(Tilmes et al., 2015). Moreover, even for these two models, both the location of injegioksiai0° at 25 kmfor CESM

and 10S-10°N at 18 km in UKESM) and the yearly amounts of,8@ected (the injection rates were modified to achieve an
amount of cooling corresponding to the model difference between the Shared Socioeconomic Pathwag.658%) 5.5

scenarios (Meineshausen et al., 2020) varied considerably.

Finally, rather than injecting fixed amounts of $£8ome recent studies examined the climate response to SAlI in GESM1
WACCM using a feedback algorithm that injected varied amounts efaS@ur offequatorial locations in order to control
not only the global mean surface temperature but also the edogitole and intehemispheric temperature gradients (e.g.
Tilmes et al., 2018b). This approach has been shown to result in a more uniform surface cooling and, thus,-&ffeetside
than an equatorial injection strategy (Kravitz et al., 20R8)vidingthe basis for eplicating this approach in other climate
modelsis one of the goals of the experiments described here, as detailed in the companidiVipemeret al. (2022),
hereafter PART1)Such a multmodel comparisomill provide insights into thelimatic impacts of a more complex, time
varying SAIl strategy aimed at reducing some of the surface side effects of a potential deployment. Hiowesstgnding
intermodel differences in the simulated responses in such experiments could present izallenges due to likely
different magnitudes and distributions of the simulated B§&ctions amongst the models, and thus differences in the

stratospheric responses and their contribution to the surface climate changes.

The study presented here avoids these issues by examining a set of carefully designed sensitivity experimgats with f
point injections of S@in the lower stratosphere at single latituileshe tropics We use 3 comprehensive ESMs that were
previously used to inform a range of past and future climate studies as well as participated in the CMIP6 intercomparison,
i.e., CESM version 2 with WACCM®6 as its atmospheric component (CEBMZCMS6), United Kingdom Earth System

Model (UKESM1.0) and NASAGoddard Institute for Space Studimedel (GISSE2.1-G). By keeping thesimulated S@
emissions in thenodel experiments asmilar as possible, we aim to robustly identify the similarities and differences in the

simulated responses amongst the models, as well as identify and attribute the drivers of these differences. Such an exerci
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aims to improve our understanding of the sesrof uncertainty in climate model projections of SAl as well as identify areas
of future model improvements. In addition, as mentioned above, characterising model responses to fixedt®@s and
origins of intermodel differences will also help ounderstanding of the simulated responsesdne complex scenariax

SAl deployment employing a feedback algorithm.

PART1 analysed the simulated aerosol fields and their relationships to the surface temperature and precipitation responses
these expements. Here we build on these findings by elucidating the contribution of biases in model tramspert
simulated sulfate distributionglongside further illustrating aspects of aerosol microphysics. We then characterise the
simulated changes in straftheric andree-tropospheric temperatures, ozone, water vapour and thedeadge circulation,
elucidating the role of the above aspects tostiiéaceSAl responsesliscussed in PART1. We alsdentify commonalities

and differences in the simulated respesandby doing so we elucidate whether thmin findings of Tilmes et al. (2018a)

and Richter et al. (2017) utilizing CESMAYACCM can be reproduced in a muttiodel frameworkSection 2 summarises

the model simulations performed. In Section 3.1 we $oma the simulated sulfate aerosol distributions, and evaluate and
discuss the role of biases in model transport in contributing to thenmtéel spreadWe then discuss the associatAll

impacts on stratospheric temperatures (Section 3.2), ozone andrgfescale residual circulation (Section 3.3), water

vapour (Section 3.4) and zonal winds (Section 3.5). Finally, Section 4 summarises and discusses the main results.

2. Methods
2.1 Experimental description

A detailed description of the ESMs usedighe simulations performed can be found in PART1. Briefly, we use CESM2
WACCMG6 (Gettelman et al., 2019, Danabasoglu et al., 2020, thereafter CESM2), UKESM1.0 (Sellar et al., 2019, Archibald
et al., 2020; thereafter UKESM) ail@&SSE2.1-G (Kelley et al., 20). Both CESM2 and UKESM use mod&lo-moment
aerosol microphysical schemes that account for the evolutibotbfaerosolmass andize distribution. FOGISSE2.1-G,

we use two versiondiffering only in the aerosol scheme, i.e. thego-moment MATRIX (Multiconfiguration Aerosol
TRacker of mIXing stajescheme with Aitken and Accumulation aerosol modgguér, et al., 2008; 2020ereafteiGISS
MATRIX) and the bulk aeros@MA (OneMoment AerosolschemgKoch et al. 2006hereafteiGISSOMA). The use of
three ESMs allows us to better constrain the uncertainty in the climate responseTbesiatlusion osimplerGISSOMA
simulationsin addition toGISSMATRIX can be used as a benchméihlat allows us to test the importance of dedlil
representation of aerosol processes for gimeulated responsdt is also more representative of models used in early
geoengineeringtudies €é.g, Robock et al., 2008; Pitari et al. 201¥Vith each of the models, we perform five simulations
underthe CMIP6 SSP24.5 emissionscenario(Meineshausen, et al., 202@)th constant single point injections of 12-Tg
SOJyr at22 km altitude aneither 30S, 15S, @, 15°N, or 30N latitude



The injectons are initialised in January 2035 from the first member of the 8FP&mulation for each model and extend

through December 2044 (i.e. 10 years in total). Since the focus of this paper is on the simulated atmospheric responses, w

diagnose the respoes using the last 8 years of each simulation, i.e. slightly longer time period than in PART1 in order to
135 reduce the contribution from interannual variability to the diagnosed signals.

2.2. Diagnostic of sulfate surface aerosol density

In Section 3.1 we dauss sulfate surface aerosol densities (SAD) simulated in each run. Apart from providing a measure of
the simulated sulfate burden, the diagnostic is particularly relevant for ozone chemistry, as it is directly relatede® dhe r
heterogeneous reaati® occurring on aerosol surfaces. Since the SAD diagnostic was not available for the two GISS model

140 versions, we calculate SAD dfiie for all models from the monthinean sulfate mass mixing ratios)( number
concentrations () and number densities;{rusing the formula in Eqg. 1, with the mean radiusifr each of the aerosol
modes calculated as given by Eq. @:denotes the prescribed geometric standard deviation for each mogehensulfate

aerosol density
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Note that the resultingffline-calculatedSAD responsehangs are somewhat smaller in CESM2 and UKESM than the

values obtained from the corresponding online SAdynostics (Fig. S1Supplement but for consistency we compare the

150 off-line calculated values for all models.

3. Results
3.1 . Stratosphericsulfate aerosols and the role of transport

Figure 1 shows simulated changes in sulfate surface aerosol defsitiedf-equatorial injectionsaerosols are primarily
dispersed across the hemisphere they were injected in, with little-aresgo the opposite hemisphei®uch limited
155 dispersion into the opposite hemisphere to that of injection was also noted in simulations of explosive exlpéioits,
although for higher injection rates at higher altitudes more significant-ecpssorial transport was noted (eJpnes et al.,
2017). CESM2 simulates the largest sulfate SAD in the high latitudes out of the three ESMsvavitiomentaerosol
microphysics; these highest SAD values also correspond to the largest total sulfate loads in #mel tigh latitudes as
shown in PART1. This cabe explained by the significantly faster shallow branch of the BsBwbson Circulation (BDC)
160 simulated in CESM2 in both hemispheresnpared to the other modg€Eig. 2). The fast shallow branches of the BDC,
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found in the lower stratosphere (below ~8Pa) andactive yeairound, facilitate transport of sulfate from the injection

locations in the tropics to higher latitudes, resulting in significantly elevatedamithigh latitude sulfate loadings.

In the simulations with equatorial injections (thimaw in Fig. 1), the highest SAD are found in the tropics, with largest
variability across the models in regions poleward df lafitude. UKESM shows greatest confinement of sulfate inside the
tropical pipe out of the different models; the stronger cemfiant in UKESM is also visible for other injection locations.
Comparison of the UKESM agf-air (AoA) with MIPAS satellite observations (Stiller et al., 2020) shows significantly
older model AoA in the tropicthan observedFig. 3); this indicates a slovate of transport out of the tropics andtisis
consistent with the high fraction of sulfate aerosols found at low latitudes. In addition, UKESM simulates the fastast vertic
velocities in the tropics at the altitudes where sulfate aerosols are inje@2dkm, Fig. 4). This slows down the
gravitational settling of aerosols, thereby adding on to their tropical confinement. The effect is further amplified by the
relatively smaller aerosol sizes in UKESM than in CESM2 (as indicated by the locally Bigbein Fig. 1 see also Fig. 5

in PARTY), with maximum effective radius of ~0¢3n in UKESM compared to ~0&m in CESM2.

Both GISSMATRIX andGISSOMA show a relatively deeper aerosol layeethe-simulated-sulfate SAD-{Fig—4H-and
sulfate-aerosel-ementrations{Fig—3-in-PARTL-extend-to-higheraltituddis is partially because of the much smaller size

of sulfate aerosols, resulting in slower gravitational settling and increased lifetime of sulfate aerosols in the strafgspher
shown in PART1the maximum effective radius reaches ~E&bin GISSMATRIX (compared to ~0.6m in CESM2) but

the value drops substantially near the injection location corresponding to locally very small aerosol particles and very high
SAD values (Fig. 1). The lack @n explicit aerosol nucleation model in CESM2, where nucleating aerosols are directly
transferred to the Aitken mode, may help explain why such a drop is not present in CESM (see also Weinstein et al., 2022)
In addition, the GISS model shows anomalousburng AoA throughout the depth of tropical pipden compared to
observationgFig. 3) but relatively slow resolved upwelling (Fig. 4), thus suggesting additional diffusion processes operating

in the model that enhance transport of air (and aerosols)heradfitudedy dispersion and/or mixing

Importantly, GISSOMA shows substantially (i.ea few timeg larger sulfate SAD than any other models viitlo-moment

aerosol microphysics (Fig. 1, rightmost column). The bulk aerosol scheme restricts the mean size of aerosols (with the
imposed dry radius of 0.1&m), thereby preventing their growth by coagulation and leading to the formation of a large
number of relatiely small aerosols. These high sulfate concentrations are also readily transported to higher latitudes since
smaller particle sizeshave lower gravitational settling velocities and increased atmospheric lifetimes. In addition, horizontal

mixing in GISS is likely very strong this can be inferred from the anomalously young model AoA simulated throughout the
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stratosphere (Fig.'B In general, AoA shows combined effects of transport from the residual circulation and mixing (Garny
et al, 2014). Since the residual circulation simulated in the two GISS models is generally comparable to that in UKESM and
much weaker than in CESM (Fig. 2jet relatively younger AoA in GISS is mostly likely the result of much stronger
mixing. This is further supported by the weaker climatological zonal winds simulated in GISS in the stratosphere in both
hemispheres (Fig. S2) and, thus, weaker potential Wtyriicadients that control mixing efficiency (Abalos and Camara,
2020). Neither of the two GISS modédsable to simulate th@uasiBiennial Oscillation (QBQ see also Section 3,5vhich

is known to be an important factor in controlling the confinemédraevosols inside the tropical latitudes (Niemeier and
Schmidt, 2017; Visioni et al., 2018)

3.2 Temperature

The absorption of incoming solar and outgoing terrestrial radiation by sulfate aerosols increases temperatures inl the tropice
lower stratosphere ithe three models witlwo-momentaerosol microphysics (Fig. 5Fhese changes in stratospheric
temperatures, whilst far away from the surface, can drive a dynamical response (Sections 3.3 and 3.5) that alters
stratospheric compositio(Bection 3.3 and 3)4das well asindirectly affects regional surface clima{@ART1). In these
simulations, vhile lower stratospheric temperatures increasenarily in the tropics, both CESM2 at@lSSMATRIX also

show substantial temperature increage the midlatitude lover stratosphere in the hemisphere of injection. This is
consistent with both models showing significant aerosol levels outside of the tropics (Section 3.1, Fig. 1; see also PART1).
In each model, thopical lower stratospheric warming is strondestthe equatorial injection case (Figureebg, up to ~4

6 K for off-equatorial injections and up to ~8 K for the equatorial injedicDESM2)

The magnitude of the lower stratospheric warming is approximately a factor of two smaller in UKESM th&M&.dthis

can be partially understood by the smaller average size of sulfate aerosols (as can be inferred from SAD values & Fig. 1, se
also PART1), which are less effective at absorbing terrestrial radiation (Laakso et al., 2022), and by the sinsliéatiota
aerosol load (PART1). However, differences in the radiative codeskate still an important contributing factor (e.g.
Boucher et al., 1998; DeAngelis et al., 2015; Niemeier et al., 2020). For the equatorial injection case in UKESM, the strong
confinement of sulfate inside the tropical pipe, and their uplift via the somewhat faster tropical velocities (Fig. 8),deads

greater vertical extent of the lower stratospheric warming.

In GISSMATRIX, the lower stratospheric warming is compardbl€ESM?2 in terms of the maximum amplitude but much

more vertically spread for all injection locations. As discussed in Section 3.1, this is related to a greater deptihogbthe ae

1 Fig. 3 includes the result of a historicalSSOMA experiment with prescribed observed sea surface temperatures and sea
ice. While the presence of interactive ocean component in theG82$OMA integrations discussed in this work would
have some impact on the resulting AoA simulated by the model, noganal historical run was available for the model
with interactive ocean.



225

230

235

240

245

250

layer in GISSMATRIX, resulting from smaller sulfate particle sizes, tklmwver gravitational settling, a weaker shallow
branch of the BDC and likely stronger diffusion. In addition, the associated acceleration of tropical upwelling in the
stratosphere from aerosol heating, which acts to increase adiabatic cooling and taes dpp diabatic heating from
aerosol absorption, is much smalleldiSSMATRIX than in CESM2 (Figure 6).

In contrast to the three models wittmao-momentmicrophysics, no lower stratospheric warming is simulate@l 8SOMA

(Fig. 5, rightmost column)The use of a bulk aerosol scheme with fixed aerosol sizes results in much smaller particles than
for the models with more complex aerosol schemes; the small aerosols are not as effective in absorbing radiation. Ir
addition, the simulations are associatgdh substantial reductions in lower stratospheric ozone (Section 3.3), which
otherwise contributes to the shaevaive heating there (Richter et al., 2018)esethus effectively offset any warming

tendency from aerosol absorption.

As expected, all mode simulate tropospheric cooling as the result of the reduction of the incoming solar radiation from
SAl. In each model, the strongest cooling is found in the hemisphere of injection, consistent with therfaear
temperature changes discussed in PARMleach case the cooling maximises in the tropical upper troposphere; this is
consistent with changes produced by the strong radiative feedback from water vapour, the tropospheric concentrations o
which decrease when the surface is cooled (Section Ss4the result, surface temperature signals tend to be amplified in

the upper troposphere; this is also the case under global warming from rising greagasasséSherwood et al., 2010;
Steiner et al., 2020), and predicted by the moist adiabatic lapstheaty (Stone and Carlson, 1979). However, here the
magnitude of the tropospheric cooling varies substantially between the models, with the two GISS models showing stronges
responses, consistent with the nearface temperature changes discussed in AART large difference in the upper
tropospheric temperature responses amongst models has also been observed under climate change simulations (Minschwa
et al., 2006).

3.3. Ozone and largescale circulation
3.3.1.Stratospheric ozonechangesin models with two-moment microphysics

Changes in tropospheric and stratospheric temperatures and, hence, ttsedkrgeansport as the result of SAI drive
changes in stratospheric ozofde absorption of incoming solar radiation by stratospheric e@zdays a crucial role in
shielding the Earth surface from the harmful UV radiation, thus having direct impacts on heatifrand ecosystems. In
addition, the absorption of outgoing terrestrial radiation by ozone in the troposphere and lower stratospfilenées to the
greenhouse effecTherefore,any ozonechangesherecan modulae the direct radiative response from aeroslection,

impacting the surface temperature responses discussed in PART1
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CESM2, UKESM and5ISSMATRIX all show increasedzone in the tropical lower stratosphere at ~70 hPa (Figure 7). The
response results from local deceleration of upwelling in the tropical troposphere (Figure 6) brought aboirtdpgaen
static stability associated with heating in the lower strategpbnd cooling in the troposphere (Fig. 5). This deceleration of
tropospheric upwelling slows down the transport of ozpoer tropospheric air into the lower stratosphere, thus increasing
ozone in the regionThe deceleration of tropical upwelling alseduces precipitation (e,gSimpson et al., 2019), thereby
further modulating the precipitation responses discussed in PARFlozonethe differences in the magnitudes of ozone
responses amongst the three models twithrmomentaerosol microphysics ammmensurate with the differences in the
lower stratospheric temperature responses, with larger ozone increa&SSMATRIX and CESM2 and smaller in
UKESM. As-expected\Wwe find a strong correlation between tlosver stratospheric ozone and temperat@sponses
across the models (FigS3). Thisdemonstrates that whilst differences remain in the magrsitafithese responses amongst
different moded, such uncertaintieare coherently correlated within each mogdtiereby-supperting-owrnderstanding-of
the-drivers-of-the-ozone-changes-in-the-region

At-thealtitudes—above-thelowerstratospheric-ozone—indredee middle stratospherecCESM2, UKESM andGISS

MATRIX all show local ozone reductions near the latitude of, 8Alwell as frther ozone increases higher up (CESM and

UKESM only). These changesespensecan also be explained by the associated changes in thestaige residual
circulation_which redistributes ozone to and frdte photochemical production region (i.e. tropicaddie stratosphere,
where ozone mixing ratios maximizefs-shewn-in-Fig—6-tropical-upwellinghe accelergibn of tropical upwellingesin

the stratosphereear the latitude of injectiemeaerSAL-inparticular-rearthe-latitude-of-injection—tHringsing more air

with lower ozone mixing ratiosom the lower higherdpto middle stratosphere (ancbnverselymore air with higheonzone

mixing ratiosfrom the middle to upper stratospherln-CESM2and UKESM-there-is-also-afurther-ozone-increase-above

in—downwelling
simulatal—in—the—medel Note that although the simulated tropical and -tatdude ozone responses are primarily
dynamically driven (by changes in ozone transport), any associated changes in chemistry (Tilmes et al, 2018) do contribute
to the simulated responseElfnes et al., 2022). In contrast to CESM2 and UKESMSSMATRIX shows a small ozone

decrease of a few percent in the upper stratosphere; the response is consistent with the elevated CIO in the regipn (Fig. S

and suggests problems in the chemistry sehan GISS that merit further attention by the modelling teams

When the-0zone responses are integrated vertically over the whole atmospher@q)-igve find areasonably good

agreemenbetween the tropical column ozone responses between CESM2 andWRES models showhile-there-is

ion in 0zo
dominates—and-the-simulations-shtogal decreases in column ozone near the injection latitude of the afrdd.0 DU.

9
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small but statistically significant increases in tropical ozone
columns of a few DUurther awags-theresult-of changes-in-transpbrigeneral, these tropical ozone changes, whilst small

in absolute terms, can play a relatively important role given the much lower climatological column ozone values found in the
tropics than at higher latitudes. A similar pattern of tropical colunarré®ponses was also found GISSMATRIX,

although the colums changes there tend to be more negative, presumably because of the contribution of the reductions in
upper stratospheric ozor{the origins of which in this model, as discussed above, are not fully understood and suggest

problemsin the chemistry scheme

3.3.2.Antarctic stratosphere

Previous decades have seen significant reductions of ozahe Southern Hemisphere (SH) high latitudesught about by
accelerated heterogenous halogen reactions inside the Antarctic polar vortex as the resulbmdgemic emissions of

ozone depleting substances. And so future evolution and recovery of Antarctic ozone continube fodes of significant
scientific and politicainterest(WMO, 2018) CESM2 shows a significant ozone decrease in the lower sthai@as the

result of SA| in particular for the SH injections (up to ~35% ozone decrease in the polar lowermost stratosphere, Fig. 7, or
up to ~50 DU vertically averaged, Fig8). These yearly mean changes are dominated by the response during atistral sp
(Fig. 6 and Fig.98), i.e., when the impact of heterogenous halogen activation on polar ozone maxifkszéiscussed in

Section 3.1., CESM2 has a very fast shallow BDC, which effectively transports sulfate aerosols from ihjecB@n
locationsin the tropics to higher latitudes. The presence of increased surface area densities in polar regions (Fig. 1)
facilitates heterogenous halogen reactions inside the cold polar vortex that convert halogen species from their reservoir for

into active spees like CIO or BrO (Figure S4 and Figure S5); these then enhance catalytic ozone destruction during austral

spring.

A similar decrease in the SH lower stratospheric ozone is not reproduced in UKESM in the yearly mean (Fig. 7). The model
also does not slw any significant Antarctic ozone depletion during austral spring @&a@nd Fig. $6). First, UKESM

shows greater confinement of sulfate aerosols inside the tropical pipe and weaker shallow BDC than CESM2 (Sect. 3.1)
Therefore, the model simulates rhutower aerosol concentrations at high latitudes (Fig. 1). Second, UKd&e not
includethe importanheterogenou€lONO, + HCI reaction on sulfate aerospf®r anyheterogenous bromine chemistny

sulfate aerosolsBoth effectssignificantly reduce the concentrations of activated halogens simulated in the lower
stratosphere under SAIl (Fig3&and Fig. 35), which thus limits the amount of catalytic ozone depletion in the Antarctic

lower stratosphere.

10



We note that, in generahe¢ magnitude of the chemicatoneresponse depends on the background stratospheric halogen
320 concentrations, which are projected to decrease over theedtury, and thus any halogeatalysed ozone reduction from

SAl would be lower in later parts of tleentury (Tilmes et al., 2021). Similar considerations will also apply to the impacts of

SAl on the Arctic ozone; however, the short length of the simulations§iyears analysed) does not allow to assess this

confidently, as any changes in ozone inlkté high latitudes will be dominated by natural interannual variability.

325 In comparison, thewo-momentversion of GISS also show decreases of Antarctic ozone in the lower stratosphere coinciding
with local increases in CIO (Figure3§. However, thecoupled G-CIO responsés qualitatively and quantitatively similar
for all injection cases (despite largdferences in the high latitude sulfate levels), suggesting that factors other than the
latitudinal distribution of sulfate and, thus, of anomalous heterogenous halogen activation on sulfate satflacbsan

importantbut erroneousontributingdriverin the model.

330 3.3.3. Tropospheric ozone changes

In addition to acting as a greenhouse gas, in the troposphere ozone constitutes an atmospheric pollutant, adversely impacti
humanhealth (e.gEastham et al., 20)8crop production (e.g. Xia et &017) and ecosystems (e,garnetske et al., 2021
Here we find-significant reductions of tropospheric ozone (up to ~15)GISSMATRIX throughout most of the
troposphere. The responseuld-bés likely related to the significantly stronger troposphearimling (Fig. 5) and thus a

335 stronger reduction in tropospheric water vapour (Fig2), which plays an important role in tropospheric ozone production.
The responseeduction in topospheric ozone in the tropiis not reproduced in either CESM2 or UKEShich—could

bdikely because of the smaller level of tropospheric cooling in these models. In addition, the CESM2 version used includes
a chemistry scheme tailored for middle atmosphere studies and, thus, does not include comprehensive tropospheri
chemestry; this factor thus likely played a role in determining the tropospheric ozone response simulated in théhmodel.

340 CESM2 model does, however, show significant reidust in tropospheric ozone in the SH mid and hiatitudes, in

particular for the SHnjections. The responsg likely driven by theAntarctic lower stratospheric ozone depletion (Section

3.3.2 and the resulting reduction in stratospheréroposphere ozone transport (e.g. Xia et al., 2017).

3.3.4. Response in GISS model with bulk aerosol microphysics

In stark contrast to the ozone responses in the three modelsnaith detailecaerosol micropysics, the bulk version of
345 GISS simulates substantial reductions of lower stratospheric ozone throughout the globe (locally-6@ %, 44g.78). In

the tropics, the GIS®MA results constitute an outlier in the previously identified relationship legtwmver stratospheric

temperature and ozone responses (8jgThe different ozoneresponsen GISSOMA is likely related to thewumber and

size of sulfate aerosols produced fraitme SO, injectionsin-GISSOMA, i.e, the very high concentrations of vesynall
aerosols. Since smaller aerosols have proportionally larger surface areas than their larger counterparts, this leads to mut

350 higher sulfate SAD compared to tio-momentversion of GISS (Fig. 1). In addition, smaller aerosols have longer
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lifetimes,and can also be transported rapidly by the presumed strong mixing in the model (Section 3.1). All of these factors
lead to significantly elevated sulfate SAD simulatedGiSSOMA throughout the lower stratosphere. These could in
principle enhance heterageus halogen activation and, thegplain thesubstantial ozone depletidoundin these runs. We

note, however, that the simulations do not show elevated active halogen concentrations in the lower stratosphere (th
simulated lower stratospheric CIO andX levels in fact decrease under SAIGISSOMA, Fig. 34 and SI5) but only

spurious increases in ClO at higher altitudes, highlighting problems in the chemistry scheme in GISS that merit future

attention.

3.4 Stratospheric water vapour

Figure 109 shows the associated changes in water vagasuwith ozone, thabsorptionof outgoing terrestrial radiation by
water vapour in the lower stratosphere dhe troposphere contributes to the greenhouse effdulis, ay SAl-induced
changes in it can furtr modulate the radiative balance and surface temperature responses discussed inlf Aédition,
the photolysis of stratospheric water vapour (SWi)stitutesenstatethe main source akactive HOx in the stratosphere,

which acts to reduce stratoggeric ozone levels and thereby further modulate the ozone responses discussed in Section 3.3.

We find large differences in th&WV responses amongst the modelsnging from 40%o -15% in the tropical lower

stratosphere for the equatorial injectior8W increases in CESM2 anGISSMATRIX for all injection locations,

consistent with the increase in cold point tropopause temperassesiated witlthe warming of the lower stratosphere.

The increase in SWV is strongest in the simulations with equatorial injectiopn® 40% and 25% ithe tropical lower

stratosphere for CESM2 and GKMBATRIX, respectively, consistent with thestrongestlower strabspheric warming

(Section 3.2, Fig. 5). Howevewhile the increase in SWV in CESM2 is simulated throughout the entire stratosphere, the
GISSMATRIX simulations show negative SWV changes in the upper stratosphere, especially at high latitudes; the latter

may be related to its problems with halogen chemistry there (see Section 3.3.).

The significantincrease in SWV under SAl is not reproduced in UKESM, which does not shiostantiathanges in SWV

in any of the experiments except for the equatorial figacup to 15% in the tropical lower stratospheila)fact, instead of

an increase in SWV seen in CE3Mnd GISSMATRIX, there is a very small decrease in SWV for simulations with
injections at30°S and 30N. This may be related to anomalously high clitabbgical SWV in ttat model (Archibald et al.,
2020) Theincreasdén SWV under SAl is also not reproduced@SSOMA, which showg decreases of SWYup to~-20%
in_the high latitude upper stratosphecensistent with the absence of warming in the lowratesphere-—Fhelatteris
censistent-withsimilar tothe GISS response reported in Pitari et al. (20Mléhethelessin all simulations carried out with

the four models water vapodecreases in the troposphere as the result of surface and tropospheric cooling, with the largest
changes found foBISSOMA.
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We note that Apart from the differences in the SAI responses amongst the models, we also find large differences in the
climatological SWV values (contours in Fid09). These differences are consistent with the large-mtatel spread in
SWV reported amongst all CMIP6 modéKeeble et al., 2021).

3.5 Zonal winds

Figure 110 shows changes in zonal winds resulting from SAIl. Notd both CESM2 and UKESM include an internally
generated QBO, whilst the two GI$&delsversionsdo not. The equatorial S@njection in CESM2 and UKESM leads to

a westerly response in the tropical lower stratosphere and an easterly response abovieFheopasponds to a locking
of the QBO in a permanent westerly phase (F&F; See also e.gAquila et al., 2014Jones et al., 2022nd arises because
of the acceleration of equatorial upwelling under SAI (Fig. 6) inhibiting the downward propagétioa westerly QBO
shear (Franke et al., 2021). A similar response was also fouldkilBEM in the G6 GeoMIP experiment (Jones et al.,
2022).In generalthe variability in equatorial zonal winds has been linked to variability in tropical troposphemieciion,
subtropical and midiatitude tropospheric jets as well as modes of high latitude variability, e.g. North Atlantic Oscillation
(Anstey et al., 2022). Thereforany SAl impacts on the QBO, includinigs locking in a permanent westerly phassder
equatorial injections, have a potential to impact the circulation in regions outside the equatorial stratospherelcalsrugh
simulations would be needed ¢onfidently diagnose such teleconnections. In any cheeQBO locking is not reproduced
for the 15 and 30 injectionseasedn CESM2 and UKESMFig. $57); this is because the acceleration of tropical upwelling
occurs offequatorial near the injection latitudes (Fig. 6). The results illustrate thaoétorial injections successfully
avoid QBO locking, in agreement with Kravitz et al. (2019). Sithetwo GISS models do not include any representation of

the QBO thezonal wind is always easterly in the entire tropical stratosphere (&iy). S

In the extratropical stratosphere, CESM2 KBESM andGISSMATRIX all simulate strengthening of stratospheric jets in

both hemispheres, consistent with geostrophic balance and the strengthening of the horizontal temperature gradient broug
about from heating in the lower stratosphdiee results sggest impacts on the modes of high latitude variability, including

the Northern and Southern Annular Modes (NAM and SAM, respectively), which would influence regionahchidigh

latitude surfacetemperature and precipitation responses during dynamieallive seasons (e,gwinter in the NH).
However, herethe derived responses asabstantially affected binterannual variability due tthe short length of the
integrations this prevens confident analysis of any intenodel differenceor the depende® of the stratospheric polar

vortex response on the latitude of injectidsnlike the three models wittwo-momentmicrophysics,GISSOMA shows
weakening of zonal winds in the lower stratosphere and the free troposphere below, consistent with the tropical tropospheric

cooling simulated in the model.

In the troposphere, however, j.@vhere the interannual variability is lower, all modelgygest qualitatively consistent

impacts on the tropospheric jetshich are important for modulating midtitude weather patterngn particular, the off
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equatorial injection caseshowan equatorward shift of the tropospheric jet in the hemisphereedttion and an opposite
sign response in the other hemisphé&rghe case of equatorial injections, tropospheric jets weaken in both hemispheres. The
qualitative agreement betwe@&SSOMA, which does not show a warming in the tropical lower stratosphedethe other

420 three models illustrates the role of changes in meridional temperature gradients within the troposphere in contribauting to th

simulated changes in tropospheric jets.

4. Summary-and-Biscussion

This paper constitutes Part 2tbe study perfoming a first systematic intemodel comparison of atmospheric responses to
equatorial and ofequatorial stratospheri80; injections. We used thremomprehensivdEarth System Models CESM2

425 WACCM®6, UKESML.Q, and GISSE2.1-G.; Ffor the latter we used twoadel versions, one wittwo-momentand one with
bulk aerosol microphysics, to illustrate the importance of a detailed treatment of aerosol processes. We esetmid
five sensitivity experiments with constant point injectionsl®fTgSQy/yr in the bwer stratospherat either30° S, 15 S,
0°, 15 N or 30° N.

430 Building on Part 1 of this study,exdemonstratthow intermodel differences in the simulatsdifate aerosol fieldselate to
biases in the climatological circulation and specific aspects of the model micraptyarticular, CESM2 was found to

| simulate thehighestlargestconcentrations of sulfate aerosols in the high latitudes than the other two modeta/avith
momentmicrophysics. This could be understood in light of the significantly fadberatological shallow branch of the
Brewer Dobson circulation in CESM2, and a relatively isolated tropical pipe and older tropiazftaigén UKESM. The

|435 two GISS versionsilso simulated elevated sulfate surface area densities at higher latitudes, consistent witlsisasatér

aerosol particles and relatively stronger horizontal mixing (thus very young stratosphesfeaaige

We then characterideghe simulated chamg in stratospheric and fré®pospheric temperatures, ozone, water vapour and
the largescale circulation, elucidating the role of the above aspects to the surface SAIl responses discussed iA PARTL.

440 large spread in the magnitudes of the tropical lowmtaspheric warming was found amongst the models, and these could
partially be attributed to the differences in aerosol distributions and their sizes. Whilst differencadiaitive
parametrizations certainly also played an important role, those arer harésolate and would require further sensitivity
experiments (e.gwith fixed size distribution and specified chemistry). For eaxidel, the strongest lower stratospheric
warming was found for the equatorial injection case, in agreement with prestiodies (e.g, Kravitz et al., 2019).

445 Regarding stratospheric ozone, all models witlo-momentaerosol microphysicagreedin the tropical and subtropical

regionsand suggested local decreases in total column ozbrn20 DUnear the latitude of injectioand small increases in

the tropical/subtropical regions further awahe ozone resporséhere could be explained by the associated changes in

upwelling and the largsecale BreweiDobson circulation, and were thus commensurate in magnitude to the gehocia
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In contrast to the relative agreement amongst the moegdsdingozone responses at low latitudes, we found a large inter
model spread in the Antarctic ozone responses; these could largely be explained by the differences in the simulate
latitudinal distributions of sulfate noted above as well as the degree of imp#tioerdf heterogeneous halogen chemistry

on sulfate amongst the models. particular CESM2 showedelevated surface area densitiasthe high latitudes; these
facilitated heterogenous halogen reactions that accelerated catalytic springtime ozoneiomestruthe Antarctic
stratosphere. A similar response was not simulated in UKESM, consisterd siitnger confinement of sulfate aerosols

inside the tropical pipe as well anincomplete treatment of heterogenous halogen chemistry on sulfate in teévaision

used

For stratospheric water vapotine study foundubstantial spread ekrylarge-differencesm-the modelresponses to sulfate
injections ranging from15% to +40% in the tropical lower stratosphamengstthe-modelCESM2 and GISSIATRIX

both showedsubstantiakignificantincreases in stratospheric water vapour consistent with the increases in the tropical cold
point temperatures. The response was not reproduced in UKESM, which only shadvetahtialup to ~15%)increase in

stratospheric water vapour in the equatoriaétipn case, or in GISOMA, where stratospheric water vapour decreased as

the result of absence of lower stratospheric war i etal

2034,

In general, the sensitivity simulations wiB1SS using simple bullkerosol microphysic#lustrate the importance @& more

detailed treatment of aerosol processes. In particular, the simulatiom®d very high sulfate surface area densities as the
result of the very small aerosol sizes; theseevite turn associated with changes in stratospheric ozone (including substantial
reductions in lower stratosphere of up to -600%), temperatures, water vapour and zonal winds that contrasted strongly
with the models using twmoment aerosol microphysidé/hile problems in the halogen chemistry were identifie®1SS

that require further assessment by the modelling teams, the results point towards the importance of detailed treatment ¢
aerosol microphysics, including resolving the complex relationshépseen the size distributions of aerosols and their
physical and chemical properties, for accurate modelling of climate impacts from SAl. The importance of a detailed
treatment of aerosol microphysics for the simulated SAI responses was also recetitinteidtby Laakso et al. (2022),

where multiple injection scenarios were simulated with the same model using two different microphysical schemes (in this
case amodal and a sectional scheme)the resulting differences in simulated aerosol size distdbatied to varying

estimates of the overall radiative forcing produced by SAl.
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We summarise the results of this work in Fig. 12, where we offer an overview of relevant stratospheric changes due to SAl

in_ two ways, both in terms of absolute responses (aftels) and responses normalised by the associated gielaal

changs in surface temperature (right panelsj each experiment and model (similar to what is done in PART1). Black

points and whiskers show the corresponding rmtidel responses (note that GIOMA results are excluded from the

multi-model means). This allows us to highlight some novel and integefsiatures.

We find thatthe inte-model uncertainty in the absolute stratospheric responses increases uradpratdfial injections

compared to the equatorial ones. Thisnicontrast to whabne would expect based on the uncertainty in AOD, wtdch i

largely driven by aerosehicrophysicalproperties and thus maximises under equatorial injections (Fig. 13a), where a strong

confinemenbf the aerosol cloudesults in much larger differences in the aerosol size distribution (PART1, see also Visioni

et al., 2018). In the stratosphere, however, uncertainties areswmsibicantly affected by other drivers that, moreover,

change depending on the injection location. For equatorial injections, thesmaiteof uncertainty is the differences in

tropical dynamics (and its interplay with aerosol microphggsi¢or 15° injections, uncertainties are larger because models

disagree over the strength and location of the tropical pipe edges. In that case, UKESM results are still characterised by th

relatively large confinement of the simulated aerosol cloud inside the tropical pipe, resulting in a different response

compared to models for which 15° lies outside of it. Finally, foriigi@¢tionsuncertainties are driven mainly by differences

in isentropic mixing ad the largescale poleward transport.

In contrast, if the intemodel uncertainties are considered in terms of the responses normalised with the associated global

mean surface cooling, the picture changes and the largestrati] spread is observed fine equatorial injections (right

panels in Fig. 12)0verall, Fig. 12 highlights that determining how S#&lated uncertaintieshange withchanging injection

location strongly depends on how these uncertainties are deffmigedsespeciallytrueif the efficacy of the producegiobal

cooling is considered as the most relevant parameter, and all other changes are defined per unit of

5. Conclusionsand outlook

Our findings illustrate the importance afdetailed and adequatepresentation of a range of microphysical, dynamical and
chemical processes in models for accurately representing the potential impacts from SAI, both directly in the stratosphere a
well as lower down at the surfadg®y demonstrating the role of bias@sdlimatological circulation, our results highlight the
importance of not only model microphysics but also transport processes for simulating the evolution of the aerosol plume.
They also highlight the large uncertainties in the representation of thessgee irturrentEarth System Models anthe

need for realistic representation of both aspects for determining the aerosol response and, thus, the potential imipacts of S/
on atmospheric radiative balance, composition and circulafilois. thus suggesthata certain degree of caution is needed

in interpreting the results of studies conducted sitlglemodels, and that more work should be undertaken to improve the
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models and evaluate them against the available observationakdpttom recent volecac eruptions to evaluate the model
aerosol microphysics or using lofiged tracers to evaluate model transp&idr modelling intercomparisons, understanding
and attributing the reasons behind the imw@rdel spread rather than focusing only on mmuitidel mean responses would
help identifywhich model responses are likely more trustwordhy representative of the uncertaintyaihypotheticateat
world SAI responseand which arise from spurious model features or problems with the code. This in wichhetp to

identify the areas in need of potential future model development timud to narrow the uncertainties in future model

projections of SAl impactsiV-e have demonstratdgbrethatour experimentgrovidea framework toassessnodel skills in

simulating SAIl responsand attributesome of thesource of uncertaintyand drivers of inte-model spreadAs such, we

would like to suggest them as a possible Testbed experime@eoMIP to assessnodel structurabincertainty which

would in turnhelp develop an intercomparison of more comprehensive SAI strategies

The resultsunderscoreghe dependence of the dynamical response to SAl on the latitude,ahj8Qions. For example,
CESM2 and UKESM both showed that-effjuatorial injections avoid locking of the QBO in a perpetual westerly phase that
was otherwise found for the equatorial injection. In the troposphere, all models suggested qualitativelyngoadis on
tropospheric jets, i.eequatorward shift of the tropospheric jet in the hemisphere of injection and an ofsrsitesponse

in the other hemispher&iven the short length of the simulatiorietailed analysis of the dynamical resporsih in the
stratosphere and in the troposph@gy.,impacts on the Northern and Southern Annular Mgde®)l its dependence on the
latitude of SAlalongsidethe underlying mechanisnis beyond the scope of this study, witl be explored in the future

with longer simulationgandmultiple ensemble membgrs

Finally, our results further confirm the nedd think of potentialSAl deploynent considering multiple injection locations
outside of the equatomjecting SQ at the equator gives rise to the I@wefficiency of global cooling per AOD (PART1) as
the result ofthe confinement of sulfate inside the tropical pifibereby reducing the AOD global coveraggdRT1 and
Section 3.1 here) as well as leading to the largpeseasesn lower stratospheriemperatures (Section 3.2). The latter lead
to the strongest increases in tropical lower stratospheric water vaptio(S3.4) and ozone (Section 3.3) whiatt to
partially offset the direct aerosoiduced surface cooling as well @scausethe strogest perturbations of stratospheric and
tropospheric circulation (Section.33 and 3.5), thereby indirectly affecting the surface temperature and precipitation

responses discussed detailedin PARTL1 and summarised in Hige 13 hereln a modelling framework a feedback

algorithm that adjusts injection rates annually to achieve some specified climate goals (e.g., global mean surfacegtemperatut

and its interhemispheric and equatoipole gradients, as in Kravitz et al 2017, Tilmes et dl8») would compensate for

some of the differences in physical processes among the models (whether due to models not matching observations in son

respect or due to Atrueod uncertainty), | e a(@sial® discussed imo r e

detail in PART1) While this uncertainfcompensation may be more representative of a hypothetical deployment of SAl, it

would also confound diagnosis of the mechanisms underlyingrimielel differences by creating a dependence between
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thee underlying mechanisms and the amount and distribution of injection rates across latitudes (see Fasullo and Richter

2022, for an exampleDur fixed-injectionrate intercomparisorthus constitutes an essential enabler to comparing

simulations that incograte such a feedback algorithm.
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780 Figure 1. Yearly mean changes in surface area density [I@m?cm?], averaged over the last 8 years of the simulations, compared
to the same period in the SSR2.5 run for CESM (column 1), UKESM (column 2),GISS-MATRIX (column 3) and GISS-OMA
(column 4). The SAD values were calculated offine using monthly mean diagnostics, see text for detailStippling indicates
regions where the response is not statistically significant (here taken as smaller than +2 standard errors of thiéerence in

mears).

26



TEM PSI, CESM 10'%g/s TEM PSI, UKESM

10"%g/s
15 1.5
1.0 1.0
0.5 0.5
0.0 0.0
0.5 -0.5
-1.0 -1.0
-1.5 -1.5

-50 0 50 -50 0 50
TEM PSI, GISS-MATRIX 10'%g/s TEM PSI, GISS-OMA 10'%g/s

1.5

1.0

0.5

0.0

-0.5

-1.0

1.5

785

Figure 2. Climatological mass streamfunction of the residual circulation, averaged over 202964, in the control SSP2.5 for each
of the four models.
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| Figure 98. Yearly mean (YM; left) and October mean (OCT, right) changes in total column ozone [DU], averaged over the last 8
years of the simulations, compared to the same period in the SSBZ run for CESM (red), UKESM (orange), GISS-MATRIX
(dark blue) and GISS-OMA (light blue). Error bars indicate +2 standard errors of the difference in means.
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Figure 109. Yearly mean changes in specific humidity [%] averaged over the last 8 years of the simulations, compared to the same
period in the SSP24.5 run for CESM (column 1), UKESM (column 2),GISS-MATRIX (column 3) andGISS-OMA (column 4).
Contours indicate the corresponding values in the SSP25 experiment in the units of ppmv for referenceStippling as in Fig. 1.
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835 Figure 110. As in Fig.5 but for zonal wind changes [ms]. Stippling as in Fig. 1.
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