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Abstract.
The paper constitutes part 2 of a styayforrning a first systematic intemodelcomparison of the atmospheric responses to
stratosphericulfateaerosol injectioa (SAIl) at varioussingle latitudesin the tropicsas simulated by thresgtateof-the-art

Earth System Models CESMZ(WACCMG) UKESML1.0, and GISSE2.1-G. We—usea—set—ef—ﬂ%—sen&ﬂm%y—e*pemqqents
-Building on part 1

(PART1, Visioni et al., 2022/e-identi

well-aswe demonstrate the role dfiases in the climatological circulation and specific aspects of the model micraphysic
and—chemistryin driving the intermodel differencesn the simulated sulfate distribution®Ve then characterise the

simulated changes in stratospheric and-frepospheric temperatures, ozone, water vapour and thedeadg circulation,

elucidating the role of the above aspects to the surface SAlnsspdiscussed in PART1.

We show thatBuilding—en—part—1{\Visioni-et-ak—2022)we—explaintthe simulateddifferences in the aerosapatial
distributioncan be explained by tl@eMeen—th&medel@l%MQ—shew;rblgmflcantly faster shallow branebof the Brewer

Dobson circulationn CESM2

a relatively isolated tropical pipe and older tropical-agair in UKESM, -confining-the-relatively-smallesizedaerosols-to

the-tropiecs;andsmaller aerosol sizes and relatively stronger horizontal mixing (thus very young stratosphefi@iapiz
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atitudes

Wesdlkofind a large spread in the
magnitudes of the tropical lower stratospheric warming amongst the matielsn by microphysical, chemical and

dynamical diffeences These lead to large differences in stratospheric water vapour respwitBesignificant increases in
stratospheric water vapour under SAIGESM2 and GISS that were largely not reproduced in UKESMich-can-be

[ i i i istributi izeBor ozone,Regarding—the—stratospheric—ozone
responses—we-fincgood agreementas foundin the tropi@l stratosphers-amongdbetweerthe models withmedamore
complexmicrophysics, with lower stratospheric ozone dem consistent with the SAdduced modulation of the large

scale circulation and the resulting changes in transport. In cotirdstrelative-agreement-atlow-latitude® find a large

inter-model spread in the Antarctic ozone responses that carlyldsgeexplained by the differences in the simulated

latitudinal distributions of aerosols as well as the degree of implementation of heterogeneous halogen chemistryion sulfate

TrForthe use of GISS runs with bulk microphysicsemonstrates the importance of more detailed treatment of aerosol

processeswith the-SAl-simulations—sheveontrastingly different stratospherigAl responses to the models using the

modatwo-momentaerosol teatmentincluding-the-absence-of lowe atospheric-warming-as-wel-a gnificantreductions

EBSses
howeveraltheughsome problemaihalogen chemistry in GISS anksoidentified that require further attentio@verall, our
results contribute to an increased understanding afritlerlying physical mechanisms as welli@ntifying and narrowing
theseoureedhesf uncertainty in modgprojections of climate impacts from SAl

1. Introduction

Observations of the cooling produced by pasplosive volcanic eruptions (Robock, 2000) have prompted numerous
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 usually $edfa¢e StratosphericAerosol

Injection (SAI) or Solar Geoengineering. The formation of sulfate aerosols afteox@fation 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 sulfate aerosols in the Earth system (Visioni et al., 2021). The localized b&#tie@dower stratosphere

would modify the local chemical composition of the atmosphere as well as alter thesdalgeatmospheric circulation.
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These sideffectscan thus modify the direcesponse to SAfurther modilating the radiative balance as wek impacting

regional climate and ecosystenfsmve-been Yet, pastinvestigainvestigations of thesal in-thepast-by-various—studies,
which most often focused on one single model. For instance, Ferraro et al. (2015) analysed the impacts of alfedpical su

injection on stratospheric dynamics in teiversity of Reading Intermediate General Circulation Model (IGCM). Tilmes et

al. (2017, 2018a) and Richter et al. (2017) analysed the atmospheric response to injections at different latitudes and/o
altitudes in the Community Earth System Model 1 (CESM1) with the Whole Atmosphere Community Climate Model

( WACCM) as itds at mos pWAEEM) in order o prderstand the (UKIENiMg Imechanisms in the

climate response.

However, models are themselves imperfect, and hence model intercomparisons are useful in understanding uncertainties

climate responses to SABuch uncertainties arise fromanysources, including the efficiency of $@ aerosol conversion,

the extento which sulfate aerosols will be transported away from the injection locations by thesdatgecirculation and

mixing processeand the removal of the aerosols from the atmosphere altog#ibeafficiency of thedirect impacts of

aerosols onthe radiative balance as well &®m uncertainties in_anyndirect impacts for _instanceon atmospheric

circulatiors and cloudsSimulatins with a number of different models can thus helresent the uncertainty in real world

climate responsé a hypothetical SAteployment whilst identifyingand attributingcertain characteristics afidividual

model responseto particular aspects aiodel desigror featuresan help imnarrowing this real world uncertaintgeveral

of such intercomparison studies were carried out as a part of Geoengineering Model Intercomparison Project (GeoMIP,
Kravitz et al., 2011; 2015). However, the implementatmfnthe experimental protocols often differed between the
participating climate models, which hindered confident attribution of drivers of the inteshrsqtead. 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 of sulfate aerosols used in various mibeés 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. However, only two out of the three maddedsiinc
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 injections (25°Kior ZBSM and 105

10°N a 18 km in UKESM) and the yearly amounts of S@jected (the injection rates were modified to achieve an amount

of cooling corresponding to the model difference between the Shared Socioeconomic Pathway-§SSB)Nd5 24.5

scenarios (Meineshausen et 2020) varied considerably.

Finally, rather than injecting fixed amounts ®ftfurdiexide{SO,)—aprecursoro-sulfate-aerosol-formatioisome recent

studies examined the climate response to SAl in CEBMECCM using a feedback algorithm that injetttearied amounts
of SO at four offequatorial locations in order to control not only the global mean surface temperature but also the equator

to-pole and intethemispheric temperature gradients (e.g. Tilmes et al., 2018b). This approach has been sbswininca
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more uniform surface cooling and, thus, fewer gffects than an equatorial injection strategy (Kravitz et al., 2019).
Providing the basis for eplicating this approach in other climate modsl®ne of the goals of the experiments described
here, as detailed in the companion paf)dsioni et al. (2022), hereafter PART13uch a multimodel comparisomwill

provide insights into the climatic impacts of a more complex, -thanging SAI strategy aimed at reducing some of the
surface side effectsf a potential deployment. Howevemderstanding intermodel differences in the simulated responses in
such experiments could presentatsn challenges due to likely different magnitudes and distributions of the simulated SO
injections amongst the models, and thus differences in the stratospheric responses and their contribution to the surfac

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 latitudégither 30S-15S,-0-15N-or-3Nin the tropics We

use 3 comprehensive ESMs that were previously used to inform a range of past and future climate studies as well a
participaed in the CMIP6 intercomparison, i.€ESM version 2 with WACCM6 asét atmospheric component (CESM2
WACCMBG6), United Kingdom Earth System Model (UKESM1.0) and NAGAddard Institute for Space Studiemdel
(GISSE2.1-G). By keeping thesimulated S@emissions in thanodel experiments agesesimilar as possible, we aim to
robustly identify the similarities and differences in the simulated responses amongst the models, as well as identify ancd
attribute the drivers of these differences. Such an exericigeta improve our understanding of the sources of uncertainty in
climate model projections of SAéspensas well as identify areas of future model improvements. In addition, as mentioned
above, characterising model responses to fixed i8f@ctions andorigins of intermodel differences will also help our
understanding of the simulated responsasdne complex scenariag SAl deployment employing a feedback algorithm.

PARTL1 analysed the simulated aerosol fields and their relationships to the surface temperature and precipitation responses
these experiments. Here we build on these findings by elucidating the contribution of biases in model t@arnisport

simulated slfate distributions,alongside further illustrating aspects of aerosol microphysics. We then characterise the

simulated changes in stratospheric &ma-tropospheric temperatures, ozone, water vapour and thedeadge circulation,
elucidating the rolef the above aspects to therfaceSAl responsesliscussed in PART1. We alss-well-addentifying

commonalities and differences in the simulated respoasdsbBy doing se we alse-elucidate whether thlyekey-main
findings of Tilmes et al. (2018a) andcRter et al. (2017) utilizing CESMWACCM can be reproduced in a muitiodel

framework.Section 2 summarises theodel simulations performeth Section 3.lwe focus onthe simulated sulfate aerosol

distributions,and evaluate andiscussthe role of biassin model transport in _contributing to the irt®iodel spreadWe

then discuss the associat8dl impacts on stratospheriemperature (Section 3.2), ozonand the largescale residual

circulation (Section 3.3), water vapour (Section 3.4) amhal winds (Section 3.5Finally, Section 4 summarises and

discusses the main results.
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2. Methods

2.1 Experimental description

A detailed description of the ESMs used and the simulations performed danrukin Part—1-of-this—studyRARTL).
Briefly, we use CESM2VACCM6 (Gettelman et al., 2019, Danabasoglu et al., 2020, thereafter CESM2), UKESM1.0
(Sellar et al., 2019, Archibald et al., 2020; thereafter UKESM) @IBRISE2.1-G (Kelley et al., 202D Both CESM2 and
UKESM use modaiwo-momentaerosol microphysical schemes that account for the evolutiontbfhe aerosolmass and

size distribution. FOGISSE2.1-G, we use two versiondiffering mainly-only in the aerosol scheme, i.e. ttveo-moment
MATRIX _(Multiconfiguration Aerosol TRacker of miXing statscheme with Aitken and Accumulation aerosol modes
(Bauer, et al.,, 2008; 202MereafterGISSGISSMATRIX meda) and the bulk aerosclreatmentOMA_(OneMoment
Aerosol) scheme(Koch et al. 2006hereafterGISSOMAGISShbul)-sehemesThe use of three ESMs allows ushetter

constrain the uncertainty ithe climate response to SAThe inclusion of simpler GISSOMA simulationsin addition to

GISSMATRIX can be used as a benchm#rkt-this allows us to test the importance of detailed representation of aerosol

processes for theimulated responsét is also more representative of models used in early geoenginestuities €.9.,
Robock et al., 2008; Pitari et al. 201¥Vith each of the models, we perform five simulatiamsierthe CMIP6 SSP24.5
emissionscenario(Meineshausen, et al., 202®jth constant single point injections of 12-B@/yr at 22 km altitude and
either 30S, 15S, @, 15°N, or 3CN latitude

The injections are initialised in January 2035 from the first member oEME26-SSP24.5 simulation for each model
{Meineshausen;—et-al—2028nd extend through December 2044 (i.e. 10 years in total). Since the focus of this paper is on
the simulated tanospheric responses, we diagnose the responses using the last 8 years of each simulation, i.e. slightly longe

time period than in PART1 in order to reduce the contribution from interannual variability to the diagnosed signals.

2.2. Diagnostic of sulfatesurface aerosol density

In Section 3.1 we discussilfate surface aerosol densities (SAD) simulated in eachApart from providing a measure of

the simulated sulfate burden, the diagnostic is particularly relevant for ozone chemistry, as it isrdlegetiyto the rates of

heterogeneous reactions occurring on aerosol surfaces. Since the SAD diagnostic was not available for the two GISS mod

versions, we calculate SAD diihe for all models from the monthljnean sulfate mass mixing ratios){ humbe

concentrations (Y and number densitiesJrusing the formula in Eq. 1, with the mean radiyyifr each of the aerosol

modes calculated as given by Eg. @:denotes the prescribed geometric standard deviation for each mogehensulfate
aerosol density

YOO 1Yl ¢ AgEn g, p
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Note that the resulting SAD changes are somewhat smaller in CESM2 and UKESM than the values obtained from the

corresponding online SABiagnostics (Fig. S1Supplement), but for consistency we compare thdiméf calculated values

for all models.

3. Resllts

3.1 . Stratosphericsulfate aerosols and the role of transport

&

Figure 1 shows simulated changes in sulfate surface aerosolieefot off-equatorial injections, aerosols are primarily

dispersed across the hemisphere they were injected in, with little-aresdo the opposite hemisphei®uch limited
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dispersion into the opposite hemisphere to that of injection was also natedulations of explosive volcanic eruptions,
although for higher injection rates at higher altitudes more significant-erpssorial transport was noted (eJpnes et al.,
2017).CESM2 simulates the largest sulfate SAD in the high latitudes out of the three ESMsaaithvo-momentaerosol
microphysics; these highest SAD values also correspond to the largest total sulfate loads in dmel igh latitudes as
shown in PARTL1. Tis can be explained by the significantly faster shallow branch of the Bi2akeson Circulation (BDC)
simulated in CESMZ2 in both hemispheres (Fig. 2). The fast shallow branches of thédBB€ jn the lower stratosphere
(below ~30 hPa) andctive yearound, facilitate transport of sulfate from the injection locations in the tropics to higher

latitudes, resulting in significantly elevated mahd high latitude sulfate loadings.

In the simulations with equatorial injections (third row in Fig. 1), thenédg 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 confinement in UKESM is iglibte\for other injection locations.
Comparison of the UKESM aggf-air (AoA) with MIPAS satellite observations (Stiller et al., 2020) shows significantly
older model AoA in the tropicthan observeFig. 3); this indicates a slow rate of transport duhe tropics and igtisthus
consistent with the high fraction of sulfate aerosols found at low latitudes. In addition, UKESM simulates the fastst vertic
velocities in the tropics at the altitudes where sulfate aerosols are inje@2dkin, 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 higher SAD ind&igalo Fig. 5

in PARTI), with maximum effective radius of ~03n in UKESM compared to ~0&m in CESM2.

Both GISSMATRIX GiSSmedaand GISSOMAGISShulkshow a relatively deeper aerosol layer, tlge simulated sulfate

SAD (Fig. 1) and sulfate aerosol cemtrations (Fig. 3 in PART1) extend to higher altitudes. This is partially because of the
much smaller size of sulfate aerosols, resulting in slower gravitational settling and increased lifetime of sulfateiraerosols
the stratosphere. As shown in PARThe tmaximum effective radius reaches ~0e2B in GISSMATRIX GlSSmedal
(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). &bk of an 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 ir
CESM (see also Weinstein et al., 2022). In addition, the GISS model shows ansisngbung AoA throughout the depth

of tropical pipewhen compared to observatio(fSig. 3) but relatively slow resolved upwelling (Fig. 4), thus suggesting
additional diffusion processes operating in the model that enhance transport of adrefasodls) to higher altituddsy

dispersion and/or mixing

Importantly, GISSOMAGiSSbulkshows substantially (i.ea few timeg larger sulfate SAD than any other models with
modatwo-momentaerosol microphysics (Fig. 1, rightmost column). The bulk aéregweme restricts the mean size of
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aerosols (with the imposed dry radius of 0lh), thereby preventing their growth by coagulation and leading to the
formation of a large number of relatively small aerosols. These high sulfate concentrations araddistraasported to

higher latitudes since smaller particle sizes have lower gravitational settling velocities and increased atmosphesic lifetime
In addition, horizontal mixing in GISS is likely very stronghis can be inferred from the anomalouslyugg model AoA
simulated throughout the stratosphere (Fif). 81 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. 2), the 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 stratosplre in both hemispheres (Fig. S2) and, thus, weaker potential vorticity gradients that control mixing efficiency
(Abalos and Camara, 2020). Neither of the two GISS madels able to simulate th®uasiBieanniual Oscillation (QBQ

see also Section 3,5vhich is known to be an important factor in controlling the confinement of aerosols inside the tropical
latitudes (Niemeier and Schmidt, 2017; Visioni et al., 2018)

3.2 Temperature

The absorption of incoming solar and outgoing terrestrial radiation bgtswerosols increases temperatures in the tropical

lower stratosphere in the three models withdatwo-momentaerosol microphysics (Fig. 5Jhese changes in stratospheric

temperatures, whilsfar away from the surface, can drive a dynamical respdgB8setions 3.3 and 3.5) that alters

stratosphericcomposition(Section 3.3 and 3.4as well asindirectly affectsregional surface climatéPART1) In these
simulations, vhile lower stratospheric temperatures incredbe—change—oceurprimarily in the trofcs—however both
CESM2 andGISSMATRIX GiSSmedalalso show substantial temperature incre@sehe midlatitude lower stratosphere

in the hemisphere of injection. This is consistent with both models showing significant aerosol levels outside otshe tropi

(Section 3.1, Fig. 1; see also PARTL1). In each modelithenitude—of-the-response-istargiegiical lower stratospheric
warming is strongedor the equatorial injection case (Figureeho)—FerexampleCESM2-simulations-shew-tropical-ower
stratespheric-warming-olip to ~46 K for off-equatorial injections and up to ~8 K for the equatorial injedticRESM?2)

The magnitude of the lower stratospheric warming is approximately a factor of two smaller in UKESM than in CESM2. This
can be partiallunderstood by the smaller average size of sulfate aerosols (as can be inferred from SAD values in Fig. 1, see
also PART1), which are less effective at absorbing terrestrial radiation (Laakso et al., 2022), and by the smallesittotal sulf
aerosol load (PAR1). However, differences in the radiative codes are 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

! Fig. 3 includes the result of a historic&8llISSOMAGISShulk experiment with prescribed observed sea surface
temperatures and sée. While the presence of interactive ocean component in the&s§28 OMAGISSbulkintegrations
discussed in this work would have some impact on the resulting AoA simulated by the meodeglogous historical run
was available for the model with interactive ocean.
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of sulfate inside théropical pipe, and their uplift via the somewhat faster tropical velocities (Fig. 3), leads to a greater

vertical extent of the lower stratospheric warming.

In GISSMATRIX GISSmeda| the lower stratospheric warming is comparable to CESM2 in terms omthémum
amplitude but much more vertically spread for all injection locations. As discussed in Section 3.1, this is relateddp a grea
depth of the aerosol layer iGISSMATRIX GISSmedsl resulting from smaller sulfate particle sizes, thus slower
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}) acts to increase adiabatic cooling and thus
opposes the diabatic heating from aerosol absorption, is much smalEATRIX GISSmedathan in CESM2 (Figure

6).

In contrast to the three models withraedatwo-momentmicrophysics, no lower stragpheric warming is simulated in
GISSOMAGISShukk(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 compiexdalaerosol schemes; the small aerosols areasaffective in
absorbing radiation. In addition, the simulations are associated with substantial reductions in lower stratospheric 0zone
(Section 3.3), which otherwise contributes to the sivate heating there (Richter et al., 2018esethus effectvely offset

any warming tendency from aerosol absorption.

As expected, all models 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 hemispherejeafiom, consistent with the neaurface
temperature changes discussed in PARTL. In each case the cooling maximises in the tropical upper troposphere; this |
consistent with changes produced by the strong radiative feedback from water vapour, thédrapospcentrations of

which decrease when the surface is cooled (Section 3.4). As the result, surface temperature signals tend to be amplified |
the upper troposphere; this is also the case under global warming from rising greegdsasséSherwood ef., 2010;

Steiner et al., 2020), and predicted by the moist adiabatic lapse rate theory (Stone and Carlson, 1979). However, here th
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 PART1. A large difference in the upper
tropospheric temperature responses amongst models has also been observed under climate change simulations (Minschwa
et al., 2006).
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3.3.0zone and largescale circulation

3.3.1.Fropiesimid-latitudesStratospheric 0zonechangesn models with medaltwo-moment microphysics

Changes in tropospheric and stratospheric temperatures and, hence, tisedkirdgeansport as the result of SAI drive

changes in stratospheric ozofée absorption of incoming solar radiation by stratospheric ozone plays a crucial role in

shielding theEarth surface from the hafut UV radiation, thus having direct impacts on huntalthand ecosystems. In

addition, theabsorption of outgoing terrestrial radiation by ozone in the troposphere and lower stratosphere contributes to the

greenhouseffect Therefore,any ozonechangegherecan modulae the directradiative response from m@sol reflection,

impacting the surface temperature responses discussedinlPA
CESM2, UKESM andSISSMATRIX GiSSmedalall show increased ozone in the tropicalver stratosphere at ~70 hPa

(Figure 7). The response results from local deceleration of upwelling in the tropical troposphere (Figure 6) brought about by

theincreasdn static stability associated with heating in the lower stratosphere and coolingtiopbsphere (Fig. 5). This
deceleration of tropospheric upwelling slows down the transport of gzometropospheric air into the lower stratosphere,

thus increasing ozone in the regidre deceleration of tropical upwelling also reduces precipitdgan Simpson et al.,

2019), thereby further modulating the precipitation responses discussed in PE&Tazone,tFhe differences in the

magnitudes of ozone responses amongst the three modelsimdtitwo-momentaerosol microphysics are commensurate
with the differences in the lower stratospheric temperature responses, with larger ozone increaseksssn
MATRIX GISSmalal and CESM2 and smaller in UKESM. As expected, we find a strong correlation betwelemdhe
stratospheric ozone and temperature responses across the model)(RigerSby supporting our understanding of the

drivers of the ozone changes in the regio

At the altitudes above the lower stratospheric ozone increase, CESM2, UKESBIS8HATRIX GiSSmedalall show

local ozone reductions near the latitude of SAIL. The response can also be explained by the associated changes in the larg
scale residual atulation. As shown in Fig. 6, tropical upwelling accelerates in the stratosphere under SAl, in particular near
the latitude of injection, thus bringing more air with lower ozone mixing ratios highdn (pESM2and UKESM there is

also a further ozone inease above thand, for CESM2 onlyat middle/higher latitudes, consistenith the enhanced
transport of ozone from the production region (tropical middle stratosphere, i.e. where ozone mixing ratios maximize). The
ozone increases in the high latitudéddie stratosphere evident in CESM2 are not reproduced in UKESM because of the
smaller changes in downwelling simulated in the model. Note that although the simulated tropical -tatdutéd ozone
responses are primarily dynamically driven (by changezdme transport), any associated changes in chemistry (Tilmes et

al, 2018) do contribute to the simulated responses (Tilmes et al.,, 2022). In contrast to CESM2 and UKESM,
MATRIX GlSSmedalshows a small ozone decrease of a few percent in the uppespgirare; the response is consistent

with the elevated CIO in the region (Fig. S4) and suggests problems in the chemistry scheme in GISS that merit further

attention by the modelling teams

10
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When the ozone responses are integrated vertically overtible atmosphere (Fig. 8), we find a reasonably good agreement
between the tropical column ozone responses between CESM2 and UKESM. While there is some cancelation between th
local ozone decrease at ~30 hPa and the ozone increase below, the reduciore idaoninates and the simulations show

local decreases in column ozone near the injection latitude of the order of ~10 DU. These tropical column ozone decrease
are larger for UKESM, in particular for the equatorial injection case, consistent with aersinaliease in lowermost
stratospheric ozone as the result of weaker warming discussed above. In the opposite hemisphere to the location of injectiol
both models show small but statistically significant increases in tropical ozone columns of a fewhBUWessilt of changes

in transport.In general, 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 latitudesarpsittarn of

tropical column @ responses was also found@SSMATRIX GiSSmedal although the column £xhanges there tend to

be more negative, presumably because of the contribution of the reductions in upper stratosphe(ihezoigns of

which inthis model, as discussed above, are not fully understood and spggdsmsin the chemistry scheme

3.3.2.Antarctic stratosphere

Previous decades hasgeen significant reductions ozoneitn the Southern Hemisphere (SH) high latitudesught aboti

by acceératedheterogenous halogen reactionside the Antarctic polar vortex dset result of anthropogenic emissions of

ozone depleting substancésd so futuresvolution andecovery & Antarctic ozone continues to Ilee focus of significant

sciertific and politicalinterest(WMO, 2018) CESM2 shows a significant ozone decrease in the lower stratosghére

result of SAJ in particular for the SH injections (up to ~35% ozone decrease in the polar lowermost stratosphere, Fig. 7, or
up to ~50 DUvertically averaged, Fig. 8). These yearly mean changes are dominated by the response during austral spring

(Fig. S6 and Fig. 8).e., when the impact of heterogenous halogen activation on polar ozone maxirAgaliscussed in

Section 3.1., CESM2 has\wery fast shallow BDC, which effectively transports sulfate aerosols from thanfotion
locations in the tropics to higher latitudes. The presence of increased surface area densities in polar regions (Fig. 1
facilitates heterogenous halogen reactiosgle the cold polar vortex that convert halogen species from their reservoir forms

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

spring.

A similar decrease in the SH lowdratospheric ozone is not reproduced in UKESM in the yearly mean (Fig. 7). The model
also does not show any significant Antarctic ozone depletion during austral spring (Fig. 8 and Fig. S6). First, UKESM shows
greater confinement of sulfate aerosols insidetropical pipe and weaker shallow BDC than CESM2 (Sect. 3.1). Therefore,
the model simulates much lower aerosol concentrations at high latitudes (Fig. 1). Second, d&&SNbtinclude the

importantheterogenou€£IONQO; + HCI reaction on sulfate aerosphor any heterogenous bromine chemisty sulfate
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aerosolsBoth effects significantly reduce the concentrations of activated halogens simulated in the lower stratosphere under

SAl (Fig. S4 and Fig. S5), which thus limits the amount of catalytic ozepketibn in the Antarctic lower stratosphere.

We note that, in general, the magnitude of the chemical response depends on the background stratospheric haloge
concentrations, which are projected to decrease over theehtury, and thus any halogeatdysed ozone reduction from

SAl would be lower in later parts of the century (Tilmes et al., 2021). Similar considerations will also apply to thedmpacts
SAl on the Arctic ozone; however, the short length of the simulations§iyears analysed) doest allow to assess this

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

In comparison, thenedatwo-momentversion of GISS also show decreases of Antarctic ozone in the lower stragosphe
coinciding with local increases in CIO (Figure S4). Howevercthgled QG-CIO responsés qualitatively and quantitatively
similar for all injection cases (despite large differences in the high latitude sulfate levels), suggesting that factbemothe
the latitudinal distribution of sulfate and, thus, of anomalous heterogenous haldgaticaicon sulfate surfacesould bean

importantbut erroneousontributingdriverin the model.

3.3.3. Tropospheric ozone changes

In addition to acting as a greenhouse gashe troposphere ozomenstitutesan atmospheri@ollutant, adversely immding

humanhealth €.9.Eastham et al., 20)8crop production (e.g. Xia et al. PD) and ecosystems (e.darnetske et al., 2021

Here we findi-a

ggnificantreductions of
tropospheric ozone (up to ~15%)GISSMATRIX throughoutsfmost of the troposphere. The response could be related to

the significantly stronger tropospheric cooling (Fig. 5) and thus a stronger reduction in tropospheric water vapd); (Fig. 1
which plays an important role in tropospheric ozone production. The response is not reproduced in either CESM2 or
UKESM, which could be because of the smaller level of tropospheric cooling in these models. In addition, the CESM2
version used includesanemistry scheme tailored for middle atmosphere studies and, thus, does not include comprehensive
tropospheric chemistry; this factor thus likely played a role in determining the tropospheric ozone response simulated in the

model.

3.3.4. Response in GIS®odel with bulk aerosol microphysics

In stark contrast to the ozone responses in the three modelsradtiinore detailecaerosol microphysics, the bulk version
of GISS simulates substantial reductions of lower stratospheric ozone throughout the gaheupoto 4060 %, Fig. 8).
The response is likely related to thember and sizef sulfate aerosols produced frahe SOy injectionsin GISSOMA,, i.e,

to the very high concentrations of very small aerosalsulated-inGISSbhulk Since smaller aerosolsve proportionally
larger surface areas than their larger counterparts, this leads to much higher sulfate SAD companesbtdtiremoment

version of GISS (Fig. 1). In addition, smaller aerosols have longer lifetimes, and can also be transporetyrdpél
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presumed strong mixing in the model (Section 3.1). All of these factors lead to significantly elevated sulfate SAD simulated
in GISSOMA GIsSSbhuk-throughout the lower stratosphere. These could in principle enhance heterogenous halogen
activation ad, thus,preduceexplain thesubstantial ozone depletidound in these runs. We note, however, that the
simulations do not show elevated active halogen concentrations in the lower stratosphere (the simulated lower stratospheri
ClO and BrOx levels in fact decrease under SAEIBSOMAGISShulk Fig. S4 and S5) buindy spurious increases in CIO

at higher altitudes, highlighting problems in the chemistry scheme in GISS that merit future attention.

3.4 Stratospheric water vapour

Figure 9 shows the associated changes in water vapeurith ozone, thebsorptionof ougoing terrestrial radiation by

water vapour in t@ lower stratosphere aride troposphere contributes to the greenhouse effiduis, ay SAl-induced

changes int canfurther modulate the radiative balance andface temperature responses discussed RITRAIn addition,

the photolysis oftratospheric water vapour (SW¥pnstates the main source refictiveHOX in the stratosphereyhich

acts to reduce stratospheric ozone levels #meteby further modulate tlezone responses discussedsection 3.3We find
large differences in thEWYV stratespheric-watervaper{SWY@sponses amongst the models. SWV increases in CESM2
andGISSMATRIX GiSSmedafor all injection locations, consistent with the increase in cold point tropopause temperatures

associated wittesulting-fromthe warming of the lower stratosphere. The increase in SWV is strongest in the simulations
with equatorial injections, consistent with tegest-magnitude-of-tirongesiower stratospheric warming (Section 3.2,
Fig. 5). However, while the increase in SWV in CESM2 is simulated throughout the entire stratosphehe;the

GISSGISSMATRIX medalsimulations 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 large-significant increase in SWV under SAIl is not reproducedUKESM, which does not shovwrge-substantial
changes in SWV in any of the experiments except for the equatorial injeetianin fact, instead of an increase in SWV

seen in CESM and GISSMATRIX GISSmeda| there is a very small decrease in SWV for satiohs with injections at

30°S and 30N. This may be related to anomalously high climatological SWV iattmodel (Archibald et al., 2020)The
increasein SW\Vin-stratospheric-watervapounder SAl is also not reproduced time-GISS OMAGISShulksimulatiors,

which showvg decreases of SWV consistent with the absence of warming in the lower stratosjshezgeiNonethelessin

all simulations carried out with the four models water vapor decreases in the troposphere as the result of surface ant
tropospheric cooling, with the largest changes foarfdr GISSOMAGISSbulk

Apart from the differences in the SAI responses ambtize models, we also find large differences in the climatological

SWV values (contours in Fig. 9). These differences are consistent with the largmanter spread in SWV reported
amongst all CMIP6 model (Keeble et al., 2021).
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3.5 Zonal winds

Figure 10shows changes in zonal winds resulting from SAI. Note that both CESM2 and UKESM include an internally
generated QBO, whilst the two GISS models do not. The equatoriainftion in CESM2 and UKESM leads to a
westerly response in the tropical lower gisphere and an easterly response above. This pattern corresponds to a locking of
the QBO in a permanent westerly phase (Fig. S7; see alsé\guja et al., 2014Jones et al., 2022nd arises because of

the acceleration of equatorial upwelling undéd §-ig. 6) inhibiting the downward propagation of the westerly QBO shear
(Franke et al., 2021). A similar response was also foundK&SM -in the G6 GeoMIP experiment (Jones et al., 2022).

general, the variability in equatorial zonal winds has bednkéd to variability in tropical tropospheric convection,

subtropical and midatitude tropospheric jets as well a®des of high latitude variability, e.g. North Atlantic Oscillation

(Anstey et al., 2022). Thereforany SAl impacts on the OBO, includinits locking in a permanent westerly phase under

equatorial injections, lv& a potential to impact the circulationrigions outside the equatorial stratosphalthoughlonger

simulations would be neededdonfidently diagnose such telecortiens.Iln any casefihe QBO locking is not reproduced

for the 18 and 30 injection cases in CESM2 and UKESW¥ig. S7) this isbecause the acceleration of tropical upwelling
occurs offequatorial near the injection latitudes (Fig. 6). The results illustrate thagoétorial injections successfully
avoid QBO locking, in agreement with Kravitz et §2019). Sincehetwo GISSmodels do not include any representation

of the QBO thezonal wind is always easterly in the entire tropical stratosphere (Fig. S7).

In the extratropical stratosphere, CESM2, UKESM andISSMATRIX GISSmedal all simulate strengthening of
stratospheric jets in both hemispheres, consistent with geostrophic balance and the strengthening of the horizonta

temperature gradient brought about from heating in the lower stratosphergssults suggest impacts on thedes of high

latitude variability, including the Northern and Southern Annular Modes (NAM and SAM, respectivélich would

influence regional midand highlatitude surfacetemperature and precipitation respondesng dynamically active seasons
(e.g, winter in the NH) However, herethe derived responses asebjectto—a-tot-aubsantially affected byinterannual
variability due tothe short length of the integrationshiswhich prevens confident analysis of any intenodel differencesr

the degndence of the stratospheric polar vortex response on the latitude of injddfilike the three models with

moedatwo-momentmicrophysics GISSOMAGISShulkshows 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 patterndn particular, the off

equatorial injection cases:ggesishowan equatorward shift of the tropospheric jet in the hemigpbginjection and an
oppositesign response in the other hemisphdrethe case of equatorial injections, tropospheric jets weaken in both
hemispheres. The qualitative agreement betweEsS OMAGISShulk which does not show a warming in the tropical
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lower stratosphere, and the other three models illustrates the role of changes in meridional temperature gradients within th

troposphere in contributing to the simulated changes in tropospheric jets.

450 4. Summary and Discussion

This paper constitutes Part 2tofa study performinga first systematic intemodel comparison of atmospheric responses to

equatorial and ofequatorial stratospherizifate-aeres80; injections. We used thrammprehensiv&arth System Models

- CESM2WACCM6, UKESML.0, and GISSE2.1-G; for the latter we used two model versions, one withdatwo-

momentand one with bulk aerosol microphysics, to illustrate the importance of a detailed treatment of aerosol processes. We
455 performeda set of five sensitivity experiments with constpotint injections ofl2 TgSQy/yr in the lower stratospherat

either30° S, 15 S, @, 15° N or 30° N.

Building on Part 1 of this study,evdemonstratehow intermodel differences in the simulatedIfate aerosol fieldselate to
biases in the climatotpcal circulation and specific aspects of the model microplysicparticular, CESM2 was found to
460 simulate the highest concentrations of sulfate aerosols in the high latitudes than the other two modetsdsbitho-
momentmicrophysics. This could be uarstood in light of the significantly fastefimatological shallow branch of the
Brewer Dobson circulation in CESM2, and a relatively isolated tropical pipe and older tropiazla@igen UKESM. The
two GISS versions also simulated elevated sulfateasarérea densities at higher latitudes, consistent with smaller sizes of
aerosol particles and relatively stronger horizontal mixing (thus very young stratosphesfea@ige
465

We then characteridehe simulated changes in stratospheric and-ti@@ospleric temperatures, ozone, water vapour and

the largescale circulation, elucidating the role of the above aspects to the surface SAIl responses discussed WePART1.

then-furtherelucidated-therole-of- these factorsin-driving-the- SAlrespdnlarge spread in the magnitudes of the tropical

lower stratospheric warming was found amongst the models, and these could partially be attributed to the differences in

470 aerosol distributions and their sizes. Whilst differencewmdliative parametrizatiancertainly also played an important role,
those are harder to isolate and would require further sensitivity experimentsvigadixed size distribution and specified
chemistry). For eactmodel, the strongest lower stratospheric warming was foundh®retjuatorial injection case, in
agreement with previousimulationsstudies(e.g, Kravitz et al.,, 2019). Regardinthe—associatestratospheric ozone
respensesall models with medatwo-moment aerosol microphysicsvere—found—to—agregreedin the tropicd and

475 subtropicallatitudegegions The ozone responséhere could be explained by the associated changes in upwelling and the
largescale BreweiDobson circulation, and were thus commensurate in magnitude to the associated changes in lower
stratospherictemperatures amongst the models. These lower stratospheric ozone changessamountedto local
decreases in total column ozone near the latitude of injection and small increases in the tropical/subtropical regions furthe

away.
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In contrast to the tative agreement amongst the modelsegardingozone 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 modéis.particular; CESM2 showedimulatedelevated surface area densitieshe high latitudes;
thesefacilitated heterogenous halogen reactions that accelerated catalytic springtineedestmiction in the Antarctic
stratosphere. A similar response was not simulatédet/KESM-mede| consistent witha stronger confinement of sulfate
aerosols inside the tropical pipe as wellamsincomplete treatment of heterogenous halogen chemistryufate in the

model versiorused

For stratospheric water vapour, the study found very large differences in the responses to sulfate injections amongst th
models. CESM2 and GISSATRIX -medalboth showed substantial increases in stratospheric waieuraonsistent with

the increases in the tropical cold point temperatures. The response was not reproduced in UKESM, which onlgrgkowed
substantiaincrease in stratospheric water vapour in the equatorial injection case, or HOGISSulk, where statospheric

water vapour decreased as the result of absence of lower stratospheric warming. The latter is consistent with the GIS:

response reported in Pitari et al. (2014).

In general, the sensitivity simulations with GISS using simple balsol microphysicsllustrate the importance & more

detailed treatment of aerosol processes. In particular, the simulalion&d very high sulfate surface area densities as the

result of the very small aerosol sizes; these were in turn associated witkeglastratospheric ozone (including substantial

reductions in lower stratosphere of up to -60%), temperatures, water vapour and zonal winds that contrasted strongly

with the models using twomoment aerosol microphysics. While problems in the halogemistry were identifieth GISS

that require further assessment by the modelling teams, the results point towards the importance of detailed treatment ¢

aerosol microphysics, including resolving the complex relationships between the size distributt@mesofs and their

physical and chemical properties, for accurate modelling of climate impacts from SAIl. The importance of a detailed

treatment of aerosol microphysics for the simulated SAI responses was also recently highlighted by 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 distributions led to varying

estimates of th overall radiative forcing produced by SAl.

Our findings illustrate the importance efalistic-a detailed and adequatepresentation of a range of microphysical,

dynamical and chemical processes in models for accurately representing the potential firmpa8Al, both directly in the

stratosphere as well as lower down at the surfabg.demonstrating the role of biases in climatological circulation, our

results highlight the importance of not only model microphysics but also transport processesltirgi the evolution of
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the aerosol plumethey also highlight the large uncertainties in the representation of these processesnittarth System
Models andFhis-highli the need for realistic representation of both aspi for determining the aerosol

response and, thus, the potential impacts of SAI on atmospheric radiative balance, composition and ciFdgtaao
TWisdthlss suggests that

certain degree of caution is needed in interpreting the results of studies conductestwithial-single models, and that
more work should be undertaken to improve the models and evaluate them against the available observationdiaata

recent volcanic eruptions to evaluate the model aerosol microphysicmoidarsylived tracers to evaluate model transport

For modelling intercomparisons, understanding and attributing the reasons behind thmodegkrspread rather than

focusing only onthe-multi-model mean responses would help identifyich model responsesme likely more trustworth

and representative of thencertainty ina hypotheticalreatworld SAIl responseand whicharise from spurious model

features orproblems withthe code. This in turn would help to identify tlaeeas in need of potential future model

developmentand thus to narrowng the uncertainties in future model projections of SAl impacts.

jcal schemes

varying
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TFinalhsthe resultshustrateunderscordhe dependence of the dynamical response to SAl on the latitude afj&&ions.
For example, CESM2 and UKESM both showed thategffidorial injections avoid locking of the QBO in a perpetual
westerly phase that was otherwise found for the equatorial injectieg In the troposphere, all models suggested
550 qualitatively similar impacts on tropospheric jets, iegjuatorward shift of thi#opospheric jet in the hemisphere of injection
and an oppositeign response in the other hemispheeelowever—gven the short length of the simulatiortetailed

analysis of the dynamical responsmth in the stratosphere and in the troposplier®., impacts on the Northern and

Southern Annular Modesand its dependence on the latitude of Slhgsidendthe underlying mechanisnisbeyond the

scope of this study, beteuldwill be explored in the future with longer simulatigasdmultiple ensemle members

555

Finally, our results futher confirm the neetb think of potentialSAl deploynent considering multiple injection locations

outside of the equatonjecting SO at the equator gives rise to the lowestogfincy of global cooling per AOD (PART1) as

the result ofthe confinement of sulfate inside the tropical pifteereby reducing the AOD global coveragdRT1 and

Section 3.1 hedeas well as leading to the largéstreasesn lower stratospheric tempeuaés (Section 3.2). The lattkad

560 to the strongest increases in tropical lower stratospheric water vapsmioS3.4) and ozone (Section 3.3) whiatt to

partially dfset the direct aeroséhduced surface cooling as well as causehe strongest gurbations of stratospheric and

tropospheric_circulationSection 33 and 3.5), thereby indirectly affecting the surface temperature and precipitation

responses discussed in PART1.
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Stippling indicates regions where the response is not statistically significant (here taken as smaller than +2 startarrors of the
difference in mears).
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Figure 2. Climatological mass streamfunction of the residual circulation, averaged over 202064, in the control SSP2.5 for each
of the four models.
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AoA were averaged over the Fear period from May 2005 to Apr 2012 inclusive. Both model and observetloA were normalised
to be zero at the tropical tropopauseby subtracting the values calculated in each case for the tropical tropopause layer (here
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approximated as mean over25°S25°N, 16-17 km). CESM_is not included as no AoA diagnostic is available from its historical
CMIP6 simulations.
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Figure 6. Shading: Yearly mean changes in transfoned vertical velocity [mm/s], averaged over the last 8 years of the simulations,
compared to the same period in the SSP2.5 run for CESM (column 1), UKESM (column 2),GISS-MATRIX GlSSmedal (column
3) and GISS-OMA GiSShulk (column 4). Positive values indica anomalous upwelling. Contours show the vertical velocities in the
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