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Abstract. Solar climate intervention using stratospheric aerosol injection (SAI) has been proposed as a method which could

offset some of the adverse effects of global warming. The Assessing Responses and Impacts of Solar climate intervention

on the Earth system with Stratospheric Aerosol Injection (ARISE-SAI) set of simulations is based on a moderate greenhouse

gas emission scenario and employs injection of sulphur dioxide at four off-equatorial locations using a control algorithm

which maintains the global-mean surface temperature at 1.5 K above preindustrial conditions (ARISE-SAI-1.5), as well as the5

latitudinal gradient and inter-hemispheric difference in surface temperature. This is the first comparison between two models

(CESM2 and UKESM1) applying the same multi-target SAI strategy. CESM2 is successful in reaching its temperature targets,

but UKESM1 has considerable residual Arctic warming. This occurs because the pattern of temperature change in a climate

with SAI is determined both by the structure of the climate forcing (mainly greenhouse gases and stratospheric aerosols) and

the climate models’ feedbacks, the latter of which favour a strong Arctic amplification of warming in UKESM1. Therefore,10

research constraining the level of future Arctic warming would also inform any hypothetical SAI deployment strategy which

aims to maintain the interhemispheric and equator-to-pole near-surface temperature differences. Furthermore, despite broad

agreement in the precipitation response in the extratropics, precipitation changes over tropical land show important inter-

model differences, even under greenhouse gas forcing only. In general, this ensemble comparison is the first step in comparing

policy-relevant scenarios of SAI, and will help in the design of an experimental protocol which both reduces some known15

negative side effects of SAI and is simple enough to encourage more climate models to participate.

1 Introduction

The 2015 Paris agreement’s goal was to limit global warming to well below 2 K, preferably below 1.5 K, above pre-industrial

levels. This temperature target is seen as a threshold for climate safety (Masson-Delmotte et al., 2018), with temperatures

beyond 1.5 K potentially triggering multiple climate tipping points (Armstrong McKay et al., 2022). The realisation by the sci-20
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entific community of the difficulty of limiting global mean temperatures to within these 1.5 or 2 K targets through conventional

emission reductions of carbon dioxide (Rogelj et al., 2016; Millar et al., 2017; Tollefson, 2018), or short-lived climate forcing

agents (e.g Jones et al., 2018) has led to increased calls for research into climate interventions which aim to partially offset

global warming by increasing planetary albedo. These are known as solar radiation modification, solar geoengineering, or

solar climate interventions. These techniques may be used to stabilise near-surface temperatures while societies cut emissions25

and remove greenhouse gases from the atmosphere. There is growing support for researching solar climate interventions; for

example, the National Academies of Sciences Engineering and Medicine (2021) report recommends an initial investment of

$200 million over five years into solar geoengineering research and proposes ways to effectively govern this research.

One of the most prominent methods of solar climate interventions in the scientific literature is stratospheric aerosol injection30

(SAI), which involves injecting aerosols or their precursors, in the lower stratosphere. SAI was first proposed by Budyko (1977)

and then by Nobel Prize winner Paul Crutzen (Crutzen, 2006) who noted that reductions in tropospheric aerosols in pollution

abatement policies may add to the warming caused by greenhouse gases. He also concluded that any detrimental impacts on

stratospheric ozone caused by stratospheric aerosols might be a price worth paying in order to significantly ameliorate the

impacts of global warming. SAI has subsequently been studied mainly by using coupled global circulation models. Those have35

some uncertainties, which are relevant to both global warming and stratospheric aerosol injection (e.g. Kravitz and MacMartin,

2020). Additionally, difficulties in comparing model outputs owing to the lack of coordination of modelled scenarios and de-

ployment strategies (e.g. Jones et al., 2010) could confound interpretation of results.

The difficulties in comparing results from non-synergisticuncoordinated modelling studies led to the formation of the Geoengi-40

neering Model Intercomparison Project (GeoMIP) (Kravitz et al., 2011, 2013, 2015). The most recent set of GeoMIP simu-

lations of SAI (GeoMIP G6) prescribed the reduction of the net radiative forcing from a high-end forcing scenario (Shared

Socioeconomic Pathway 5-8.5, SSP5-8.5) to a medium forcing scenario (SSP2-4.5) using either a reduction in the solar con-

stant (G6solar) or injection of stratospheric aerosols at the equator (G6sulfur) (Kravitz et al., 2015). Multi-model assessments

of the side effects of SAI when injecting at the Equator commonlyconsistently reveal over-cooling of the tropics, under-cooling45

of polar regions, and changes in tropical precipitation (Visioni et al., 2021; Jones et al., 2022); it appears that these side-effects

can be significantly ameliorated by injecting at multiple different latitudes in the stratosphere (e.g. Kravitz et al., 2017).

In earlier work, a controller algorithm was used to determine how much to inject at different locations in the stratosphere

(15 and 30 degrees North and South) to maintain the equator-to-pole and inter-hemispheric difference in surface temperature in50

addition to the global-mean temperature (Kravitz et al., 2017; Tilmes et al., 2018). The baseline scenario was the high-end Rep-

resentative Concentration Pathway 8.5 (RCP8.5) emission scenario and stratospheric sulphur injection started in 2020. These

simulations show that the interhemispheric and equator-to-pole temperature targets can be met, even in a high greenhouse gas

emission scenario in CESM1. However, they also show that the hydrological cycle is suppressed relative to the target climate,

results that appear common to many other SAI strategies (e.g. Tilmes et al., 2013; Irvine et al., 2019).. MacMartin et al. (2022)55
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and others (Tilmes et al., 2018) subsequently argued for a more plausible set of scenarios to inform policy-makers, with a later

start date and lower baseline greenhouse gas emission scenario. Richter et al. (2022) then simulated SAI using the Community

Earth System Model version 2, Whole Atmosphere Community Climate Model (CESM2-WACCM) with 10 ensemble mem-

bers in a moderate baseline emission scenario (SSP2-4.5) to maintain temperatures at 1.5 K above pre-industrial levels using

multiple injection locations. In order to replicate this multi-target scenario in multiple climate models, the response to �xed60

single-point SO2 injections at a range of latitudes was compared in multiple models, including UKESM1 (Visioni et al., 2023;

Bednarz et al., 2023). In this paper, we present a newensemblecomparison of SAI simulations with UKESM1 under the same

GHG emission scenario and same multi-target, multi-latitude SAI strategy as Richter et al. (2022).

2 Methods65

2.1 Models Description

The �rst set of simulations considered in this study, �rst presented in Richter et al. (2022), was conducted using the the National

Center for Atmospheric Research (NCAR) Community Earth System Model, version 2 (CESM2) with the Whole Atmosphere

Community Climate Model version 6 as its atmospheric component (CESM2(WACCM6)) (Gettelman et al., 2019; Danaba-

soglu et al., 2020). The atmospheric component (WACCM) has a 1.25° longitude by 0.9° latitude resolution, and 70 vertical70

levels with a model top at 140km. The tropospheric physics are the same as in the lower top con�guration, the Community At-

mosphere Model Version 6 (CAM6). CESM2(WACCM6) uses prognostic aerosols represented using the Modal Aerosol Model

version 4 (MAM4) (Liu et al., 2016), and also includes a comprehensive chemistry module with interactive tropospheric, strato-

spheric, mesospheric, and lower thermospheric (TSMLT) chemistry with 228 prognostic chemical species, described in detail

in Gettelman et al. (2019).Finally, the oceanmodelis basedon the Parallel OceanProgramversion 2 (POP2, Danabasoglu75

et al. (2020)).

The second set of simulations presented in this article used the U.K. Earth System Model UKESM1.0 (Sellar et al., 2019).

UKESM1 consistsof thephysical atmosphere-land-ocean-seaice modelHadGEM3-GC3.1 (Kuhlbrodt et al., 2018) and uses

the Met Of�ce Uni�ed Model (UM) as its atmospheric component, which has a 1.875° longitude by 1.25° latitude resolution,80

and 85 vertical levels with a model top at 85 km. The model includes the United Kingdom Chemistry and Aerosol (UKCA)

chemistry model (Mulcahy et al., 2018; Archibald et al., 2020), with troposphere-stratosphere chemistry and coupling to a

multi-species modal aerosol scheme (Mann et al., 2010). For a more complete description of the UKESM1 model con�gura-

tion used in the SAI scenarios the reader is referred to the GeoMIP study of Jones et al. (2022).

85
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2.2 Simulations Description

The reference simulations use the SSP2-4.5 scenario, which follows on from the Representative Concentration Pathway 4.5

(RCP4.5) scenario, and is considered a "middle-of-the-road" intermediate mitigation scenario (O'Neill et al., 2016), which is

arguably close to our projected emission trajectory (Pielke Jr et al., 2022). The reference SSP2-4.5 simulations begin in 2015

and run until 2100. The CESM2 ensemble comprises 10 members, and the UKESM1 ensemble comprises 5. The SAI simula-90

tions branch from SSP2-4.5 beginning in 2035 and run until 2070.

The stratospheric aerosol injection (SAI) simulations are part of a set of different solar climate intervention (SCI) implemen-

tation scenarios collectively called "Assessing Responses and Impacts of Solar climate intervention of the Earth system", or

"ARISE", and the SAI simulations are denoted "ARISE-SAI". Following MacMartin et al. (2022) and Richter et al. (2022), we95

begin SAI at 2035 with the target of maintaining global-mean surface temperatures at 1.5 K above pre-industrial levels. Hence,

this simulation set is called ARISE-SAI-1.5, other ARISE-SAI simulations are planned with different temperature targets and

start dates. The stratospheric aerosol injection occurs at an altitude of 21.5 km at four locations: 15°N, 15°S, 30°N, and 30°S.

Thelongitudeof injection is 180° for bothUKESM1 andCESM2. The control algorithm starts with a “best-guess” (or feed-

forward) for the desired injection rates, which is then corrected by feedback. In this case, the initial guess is set to only apply100

injection at 15°N and 15°S to manage the global-mean surface temperature (T0). The control algorithm (MacMartin et al.,

2018; Kravitz et al., 2017) then (i) adjusts the total amount of injection across all four latitudes to maintain T0, (ii) adjusts the

balance between Northern and Southern Hemisphere injection rates to maintain the hemispheric temperature difference (T1),

and then (iii) adjusts the balance between 15°N/S and 30°N/S to maintain the equator-to-pole temperature difference (T2). Im-

portantly, the priority is chosen in that order; as the injection rate cannot be negative at any latitude, this introduces constraints105

on simultaneously meeting the multiple objectives (Lee et al., 2020). T1 and T2 are de�ned in equation 1 from Kravitz et al.

(2017).The integral andproportional control gainsare0.0183,0.0753,and0.3120for T0, T1, andT2 respectively, for both

CESM2andUKESM1.

The values for the temperature targets T0, T1, and T2 are based on the 2020-2039 mean of the SSP2-4.5 simulations110

for CESM2 (288.64K,0.8768K,and-5.89K respectively) (Richter et al., 2022) and on the 2014-2033 mean for UKESM1

(288.06K,0.54K,-6.05Krespectively). The target period for CESM2 was chosen as representative for when the climate might

reach 1.5 K (MacMartin et al., 2022); this is not based on the ensemble of the CESM2 SSP2-4.5 scenarios, but on a combination

of observational temperature trend extrapolations and estimates from climate models (the median estimate for crossing that

threshold from CMIP6 models is 2028, but with a large uncertainty (Tebaldi et al., 2021)).In 2020-39,CESM2reaches1.58K115

aboveits preindustrial level (287.06K),andit reaches1.5K abovepreindustrial in 2016-2035. The target period for UKESM1

was chosen based on the UKESM1 historical simulations as the 20-year period over which the global-mean surface temperature

value exceeds UKESM1's preindustrial value by 1.5 K. In what follows, comparisons will be made relative to each model's

own reference period.
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3 Results and Discussion120

3.1 Temperature Targets

Figure 1 shows the global-mean near-surface air temperature (T0), inter-hemispheric temperature gradient (T1), and the

equator-to-pole temperature gradient (T2) for all simulations of the reference scenario (SSP2-4.5 in red) and the ARISE-

SAI-1.5 scenario (blue). In CESM2, both the interhemispheric temperature gradient and the equator-to-pole gradient do not

change much in the reference SSP2-4.5 scenario runs, hence the difference between ARISE-SAI-1.5 and SSP2-4.5 simulations125

for these metrics is small. UKESM1 ARISE-SAI-1.5 simulations, on the other hand, only reach the global-mean and interhemi-

spheric temperature gradient targets by around 2045. In addition, while the increase in equator-to-pole temperature gradient is

smaller in the ARISE-SAI-1.5 simulations compared to the SSP2-4.5 simulations, it does not reach the relevant T2 target. This

was also the case for the Geoengineering Large Ensemble Project using CESM1 (Tilmes et al., 2018), though the discrepancy

from the T2 target was smaller.130

3.2 Injection Rates

A comparisonof injection ratesbetweenUKESM1 andCESM2chosenby the controller is given in Figure 2. In the �rst simulation which used

this multi-target strategy in CESM1(WACCM) (Kravitz et al., 2017), the required injection rates were roughly hemispheri-

cally symmetric. Subsequently, there was a land model change in CESM1(WACCM), and more injection was needed in the135

Northern than Southern hemisphere in order to maintain the interhemispheric temperature difference T1 (Tilmes et al., 2018).

However, in CESM2(WACCM), the same control algorithm required more injection in the Southern Hemisphere to satisfy

T1 (Tilmes et al., 2020; Richter et al., 2022). There are 3 contributors to this difference (Fasullo and Richter, 2022): the fast

cloud-adjustment to CO2 in CESM2 results in decreased cloud cover over the Southern Hemisphere requiring more aerosols

from SAI to compensate; the North Atlantic warming hole (which has been linked to a reduction in the Atlantic Meridional140

Overturning Circulation (AMOC), increased heat transport out of the North Atlantic, and a poleward shift of westerly winds

as a response to external forcings (Keil et al., 2020; He et al., 2022)) means the Northern hemisphere needs less aerosols

from SAI; and the decrease in tropospheric aerosol pollution in SSP2-4.5 (primarily in the Northern hemisphere) is smaller in

CESM2 than in CESM1 (due to a change from RCP8.5 to SSP2-4.5) which results in less need for Northern hemisphere miti-

gation from SAI.All threeof thesefactorsareexpectedto bedifferentin UKESM1 andotherclimatemodels,resulting in a differencein thedistribution145

of injection ratesthatarerequiredto satisfy theT1 objective.Thefastcloud-adjustmentto CO2is expectedto bedifferentin otherclimate

models(Smithet al. 2020,Wanget al. 2021).Howeverasshownin Fasullo andRichter(2022),separating thefastadjustment

from the surfacetemperature dependentresponserequiresfurther idealized experiments,which arebeyond the scopeof the

presentstudy.The baseline scenario (SSP2-4.5) is the samefor both models; nonetheless,the responseto the sameaerosol

forcing andshort-lived greenhousegasesforcing might be different betweenthe two models (Smith et al. 2020).The North150

Atlantic warming hole,however,is not presentin UKESM1 (�g ure4) andis expectedto bedifferentfor otherclimatemodels

(furtherdiscussedin section 3.4).Thesedifferencesresult in a differencein thedistribution of injection ratesthatarerequired
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Figure 1. Comparison of global-mean temperature (T0), interhemispheric temperature difference (T1), and equator-to-pole temperature

gradient (T2) for the SSP2-4.5 simulations (red) and the ARISE-SAI-1.5 simulations (blue) for UKESM1 (left) and CESM2 (right). Thin

lines represent individual ensemble members, whereas the thick lines show the ensemble mean. The temperature targets for the controller are

shown in the black dashed lines.

to satisfy thetemperatureobjectives.And, becausetheT1 objective takespriority overtheT2 objective in thesesimulations,this canalsoaffect the

ability to meetT2.

155

A comparisonof injection ratesbetweenUKESM1andCESM2chosenby thecontroller is givenin Figure2. While CESM2

has a linear increase in injection rates, UKESM1 has a large initial increase followed by a slower increase in the injection rate.

This is caused by having the same 2035 start date for both sets of simulations: by 2035, the global-mean temperature in

UKESM1 already exceeds its target temperature (de�ned as the 2014-2033 period), hence it requires a large initial increase

in injection. The target period for CESM2 however is 2020-2039, hence by 2035 the temperature has not exceeded its target160

by much, making the initial increase in injection rates much smoother. Since the initial guess is set to only apply injection at

15°N and 15°S to manage the global-mean surface temperature (T0), the algorithm preferentially injects at those latitudes in
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Figure 2. Comparison of injection rates at four different latitudes in the stratosphere for UKESM1 and CESM2. Thin lines represent indi-

vidual ensemble members, whereas the thick lines show the ensemble mean. Note that while CESM2 has 10 ensemble members, UKESM1

only has 5.

the initial decade for UKESM1. Then, the majority of the injection happens at 30 degrees North and South. However, after

2055, there is a marked increase of injection at 15 degrees North while the injections at 30 degrees North and South stabilise.

In CESM2,82%of theinjection occursin theSouthernhemisphereby 2070,whereasin UKESM1 it is only 27%.165

As describedin the introduction, thecontrol algorithm prioritisessatisfying T0, thenT1, and� nally T2. In UKESM1, from 2040to 2055,thealgorithm

mainly injectsin 30N and30Sin an effort to satisfy all threetargets.However,starting around2055,the nearlyhemispherically symmetric injection is no

longersuf� cient to maintain T1, becauseof the largeArctic ampli� cation of warming (�g ure4e).Thereafter,themostdirectway to satisfy theT1 objective

is to increaseinjection at 15N. Becauseof the prioritisation, this limits the ability of the control algorithm to simultaneously satisfy the T2 objective. In170

UKESM1, thetemperatureresponseto injection at 15N only and30N only is quitesimilar, in contrastwith CESM2(Visioni

et al. 2023).Thusthe in�u encematrix betweeninjection ratesandchangesin T0, T1, andT2 is almostsingular, therefore

smallchangesin whatthecontroller needsto respondto canresult in largechangesin thecontroller-de�ned injection rates,as

observedafter 2055in thesesimulations.In aneffort to correct for an increasing error in meeting theT1 objective causedby

continuedArctic warming andslight southernhemispherecooling after 2050,thecontroller increasesthefraction of injection175

at 15N. However,redistributing the injection ratesis unableto significantly changeT1, resulting in further increasesin the

fraction injection at 15N. Therefore the setof injection latitudeschosenin CESM2during initial studies to simultaneously

meetthesetemperatureobjectives(MacMartin et al. 2017)might not necessarily work in otherclimatemodelsandmayneed

to be adjustedto ensurethat the setof injection latitudesyield distinct in�u enceson the zonal-meantemperature response.

It is worth noting that the decrease in the equator-to-pole temperature gradient from the increase in greenhouse gases is still180

moderated by using SAI (�gure 1e and 4e,f).
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3.3 Stratospheric aerosols

Figure 3 compares the increase in stratospheric aerosols in the �rst (2035-2054, top) and last (2050-2069, bottom) two decades

of the simulations between UKESM1 (left) and CESM2 (right) relative to their respective reference periods. The aerosol distri-

butions are consistent with the injection rates (�gure 2). In UKESM1, there is a higher concentration of aerosols in the Northern185

Hemisphere in 2050-2069, which is consistent with the increase in injection at 15 degrees North. In CESM2, the aerosols are

mostly in the Southern hemisphere, which is consistent with the majority of the injection occurring at 15°S.

In previous work (Visioni et al., 2023), the output of single latitude injection simulations was compared. Notably, the sul-

phate lifetime and increase in SO4 burden are approximately 50% higher for CESM2 than for UKESM1 for a given constant190

SO2 injection, though this depends somewhat on the latitude of injection.In this setof simulations, the total injection is approximately

50%higherin UKESM1thanin CESM2(�g ure2).This reducedlifetime is compensatedby thetotal injection being approximately50%

greaterin UKESM1 thanin CESM2(�g ure2). Hence, the total SO4 burden increase is similar by 2050-69 in the two models

(6.2 TgS for UKESM1 and 6.8 TgS for CESM2). Figure 3e and 3f show the increase in aerosol optical depth for both models,

the global-mean increases are 0.20 for UKESM1 and 0.12 for CESM2with 31%of the increasein thenorthernhemisphere195

for CESM2and57% for UKESM1. Again, this is consistent with Visioni et al. (2023), who found that the normalised SO4

increase per 0.1 AOD is approximately 50% larger for CESM2 than for UKESM1. Finally, this agrees with the larger effective

radius of aerosols in CESM2 relative to UKESM1 (Visioni et al., 2023), as for the same mass, smaller particles are generally

more re�ective hence lead to a higher optical depth.

200

3.4 Surface temperature and precipitation

Figure 4 shows the near-surface air temperature change for SSP2-4.5 and ARISE-SAI-1.5 between the 2050-2069 and the

reference periods for UKESM1 and CESM2. Panel e shows the zonal-mean temperature change for both models and scenar-

ios, and panel f shows the zonal-mean surface temperature cooling from SAI compared to the same period of the SSP2-4.5

simulation. The most notable difference between models is the large Arctic ampli�cation in UKESM1 compared to CESM2205

(a ratio of 3.6 for UKESM1 compared to 2.1 for CESM2 when de�ned as warming northward of 70°N relative to the global

mean).Thecouplednatureof theArctic climatemakesit dif� cult to quantify therole of individual mechanismsin theArctic

ampli�ed warming, which werereviewedin Previdi et al. (2021)andTaylor et al. (2022).Theuncertainty in theseaice feed-

backwould bereducedin a world with SAI astheseaice would berestored.However,theuncertainties in cloudresponseto

CO2andaerosol-cloud interactionswould beat leastasimportant. The Arctic warming in UKESM1 in the ARISE-SAI-1.5210

scenario happens mostly in winter with no warming in summer, this is in contrast to CESM2 which has no seasonality of Arctic

temperature change (�gure A1). The total Arctic warming in UKESM1 under ARISE-SAI-1.5 is equivalent to the warming of

CESM2 under SSP2-4.5 (�gure 4e). Moreover, the cooling from SAI is much more Arctic ampli�ed in UKESM1 (�gure 4f),

even though the T2 target was not reached in that model. The latitudinal pattern of the AOD increase (roughly hemispherically
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Figure 3. Comparison of zonal-mean ensemble-mean SO4 increase in 2035-2054 (a,b) and 2050-2069 (c,d) between UKESM1 (left) and

CESM2 (right), relative to their respective reference period mean of the SSP2-4.5 simulations. The black diamonds denote the injection

locations. (e,f) Comparison of zonal-mean ensemble-mean aerosol optical depth (AOD) increase in 2035-2054 (blue) and 2050-2069 (red)

between UKESM1 (left) and CESM2 (right), relative to their respective reference period mean of the SSP2-4.5 simulations.

symmetric for UKESM1 and Southern hemisphere ampli�ed for CESM2) is poorly correlated with the pattern of cooling (Arc-215

tic ampli�ed for both models). This indicates that the pattern of surface cooling is dominated by the model's climate feedbacks

rather than the pattern of the direct radiative forcing from aerosol scattering.This alsoexplainswhy thedistribution of SO2injection over

thefour latitudesis verydifferentbetweenmodelsThiswill alsohaveanimpacton thedistribution of SO2injection : until the amount of

future Arctic warming is further constrained, it will be hard to determine which injection strategy will maintain T1 and T2.

220
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Another notable difference is the North Atlantic warming hole, which is present in CESM2 but not in UKESM1. The North

Atlantic warming hole has been associated with oceanic heat transport processes (slowdown in the Atlantic meridional over-

turning circulation (AMOC) and increased heat transport out of the North Atlantic), but it is also linked to a poleward shift of

westerly winds as a response to external forcings (Keil et al., 2020; He et al., 2022); and all CMIP6 models show a decline

in AMOC in SSP2-4.5 including UKESM1 and CESM2 (Weijer et al., 2020). Figure A2 shows the AMOC for one ensemble225

member for UKESM1 and for the 10 ensemble members for CESM2 : both models show a decline in AMOC in SSP2-4.5

(� 25% for UKESM1 and� 28% for CESM2), andit recoversonly slightlya smallerdecline in AMOC in ARISE-SAI-1.5 (� 18%

for UKESM1 and� 24% for CESM2). Thus it is unclear what drives the difference in North Atlantic temperature change

between these two models, though this affects the pattern of temperature change outside of the area as the controller optimises

for theglobal-meantemperaturechangeT0, T1, andT2.230

Figure 5a and b show the time-series of global-mean precipitation for all simulations and �gure 5candd show the annual-

meanprecipitationtemperature change as a function of theannual-meantemperaturechangepercentagechangein annual-meanprecip-

itation for both models and scenarios relative to their respective reference periodfor the global meanand the tropics only

(betweenlatitudes30Sand30N). The effects of SAI on precipitation and other hydrological variables (reviewed in Ricke et al.235

(2023)) are very uncertain. The reduction in precipitation as a consequence of SAI is consistent with previous workwhichshows

thatsolar geoengineering over-correctsfor precipitation (Irvine et al., 2019; Seeley et al., 2021), and is also consistent with observations

of a spin-down in the hydrological cycle subsequent to the volcanic eruption of Pinatubo in 1991 (Trenberth and Dai, 2007).

The hydrological sensitivity is commonly de�ned as a change in precipitation for a given change in surface temperature.240

We �nd a good agreement in the hydrological sensitivity simulated under SSP2-4.5 for CESM2 and UKESM1. In contrast, in

ARISE-SAI, the hydrological sensitivity is higher in UKESM1 than in CESM2:for a 1.5K temperaturechange,thereis a 0.015mm/day

reduction in precipitation for CESM2anda 0.03mm/dayreduction in precipitation for UKESM1whenthesurfacetemperatureis returnedto that

of the referenceperiod, thereis a � 0.5% reduction in precipitation in CESM2anda � 1.2% reduction in UKESM1. This

apparent difference in the hydrological sensitivity may be due to the difference in the pattern of cooling. UKESM1 undercools245

the Arctic and overcools the tropics, and the change in global-mean precipitation is strongly in�uenced by tropical surface

temperatures. Figure 5d reproduces the analysis of �gure 5c focused on the tropics and shows a more consistent slope between

temperature and precipitation changes between both models.

Figure 6 shows the seasonal precipitation change (December, January, and February (DJF) and June, July, and August (JJA))250

for UKESM1 and CESM2 between 2050-2069 and their respective reference period, for SSP2-4.5 and ARISE-SAI-1.5. The

annual-mean changes may hide important seasonal differences, for example in the monsoon precipitation, hence we choose

to show seasonal changes here. The shaded areas indicate where the difference is not statistically signi�cant, as evaluated

using a double-sided t-test with p < 0.05 considering all ensemble members and the 20 years as independent samples. We

�nd large differences in the simulated precipitation responses to SAI between the two models. Importantly, large inter-model255
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Figure 4. (a-d) Comparison of annual-mean ensemble-mean surface temperature change at 2050-2069 for UKESM1 and CESM2, and for

SSP2-4.5 and ARISE-SAI-1.5, relative to their respective reference period mean. (e) Zonal-mean surface temperature change for UKESM1

and CESM2, and for SSP2-4.5 and ARISE-SAI-1.5. (f) The corresponding cooling from SAI.

differences in the precipitation responses are also found for the SSP2-4.5 simulations without SAI.This is hardlysurprising as

it haslongbeenknownthatclimatemodelslargelydisagreeonregionalprecipitation change(Box Ts.6Figure1 in Arias et al.

(2021)). For example, in the Northern Hemisphere summer (JJA), there are important inter-model differences in key areas of

high population and vulnerability such as Central Africa and South Asia.Theuncertaintyaroundprecipitation changesin thegeoengineered

climateis acompoundproductof theuncertaintiesin theprecipitation responsedueto greenhousegasesandthosedueto increasedstratosphericaerosols.The260
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Figure 5. Comparison of global-mean precipitation for the SSP2-4.5 simulations (red) and the ARISE-SAI-1.5 simulations (blue) for

UKESM1 (a) and CESM2 (b). Thin lines represent individual ensemble members, whereas the thick lines show the ensemble mean. (c)

The annual-mean precipitation change as a function of temperature change for both models and both scenarios relative to their reference

periods. (d) Same as (c) but for the tropics (between latitudes 30°S and 30°N).

uncertaintyaroundprecipitation changesin theclimatewith SAI is drivenin partby thesurfacetemperaturechangeandin part

by thedirecteffectsof bothincreasedgreenhousegasesandstratosphericaerosols.

Figure 7 shows the zonal-mean change in land precipitation over land for DJF and JJA and for all simulations. The shaded

area shows the ensemble standard deviation at each latitude point, whereas the thick lines show the ensemble mean. This lets265

us analyse the intra-ensemble variability in precipitation response and the difference in precipitation response between models

and scenarios. Outside of the tropics, both models broadly agree for both DJF and JJA and for both scenarios. However, there

are important differences in precipitation over tropical land (also seen in �gure 6). In the reference SSP2-4.5 simulations, the

precipitation response in JJA over land in the tropics are of opposite sign between UKESM1 and CESM2 (�gure 7b). This is

consistent with an increase in JJA T1 in the reference SSP2-4.5 simulations for UKESM1 and a decrease in JJA T1 for CESM2270

(not shown), as the ITCZ generally migrates towards the warmer hemisphere. CESM2 has a larger standard deviation, which

indicates a larger role for internal variability in its precipitation response.Finally, thereis noclearexacerbation of precipitation changesover

land under ARISE-SAI-1.5 relative to SSP2-4.5.Finally, the precipitation changesover land under ARISE-SAI-1.5 arenot largerthan

thatunderSSP2-4.5.
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