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Abstract. Stratospheric Aerosol Injection (SAI) refers to a climate intervention method by which aerosols are intentionally
added to the lower stratosphere to enhance sunlight reflection and offset some of the adverse effects of global warming. The
climate outcomes of SAI depend on the location, amount, and timing of injection, as well as the material used. Here, we isolate
the role of the latitude of SO5 injection by comparing different scenarios which have the same global-mean temperature target,
altitude of injection, and hemispherically symmetric injection rates. These are: injection at the equator (EQ), and injection at
15°N and S (15N+15S), at 30°N and S (30N+30S), and at 60°N and S (60N+60S). We show that injection at the equator leads

to a substantial undercooling of the Arctic, and to a ; significant

reduction in tropical precipitation, reductions in high-latitude ozone, tropical lower stratospheric heating, and strengthening of
the stratospheric jets in both hemispheres. Additionally, we find that the most efficient injection locations are the subtropics

(15 and 30°N and S), although the 60N+60S strategy only requires around 30% more SO, injection for the same amount of

cooling; the latter also leads to much less stratospheric warming but only marginally increases high-latitude surface cooling.

.Finally, while all the

SAI strategies come with trade-offs, our work shows that the 30N+30S strategy is a good candidate strategy for an inter-model

comparison, and is easier to implement than a multi-latitude controller algorithm.

1 Introduction

Stratospheric Aerosol Injection (SAI) refers to a climate intervention method by which aerosols (or their gaseous precursors)
are added to the lower stratosphere to reflect a small portion of sunlight and thus offset some of the adverse effects of global
warming. Previous studies showed that injection at the equator leads to over-cooling of the equator relative to the poles and
a reduction in tropical precipitation (Visioni et al., 2021; Jones et al., 2022; Wells et al., 2024). An alternative strategy was
developed where injection occurs at different latitudes in the stratosphere (15° and 30°N and S), which enables a control
of not only global-mean surface temperature, but also interhemispheric and equator-to-pole temperature gradients (Kravitz

et al., 2017; Tilmes et al., 2018a; Richter et al., 2022; Henry et al., 2023). Both Fasullo and Richter (2022) and Henry et al.
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(2023) showed that the latitudinal distribution of sulphur dioxide (SO2) emission depends both on the model physics and the
background scenario. In order to calibrate the controller algorithm, which determines the injection rates at each latitude, the
response to fixed single-point SO» injection at a range of latitudes was compared in multiple models (Visioni et al., 2023a;
Bednarz et al., 2023c¢).

Previous work demonstrated that the climate outcomes of SAI depend on the strategy used. Using the CESM(WACCM)
(Community Earth System Model with the Whole Atmosphere Chemistry Climate Model as its atmospheric component)

model, a few studies have systematically varied the altitude, latitude, season, and amount of SO, injected to isolate the climate

effects of these choices. Lee et al. (2023) compared two SAI simulations with a different altitude of injection and the same
temperature target. The authors found that a higher-altitude injection substantially increases the lifetime of SO, and sulfate

aerosols and reduces stratospheric moistening, thus increasing the injection efficiency (as measured by the amount of cooling

per Tg SO2 injected). The contribution of the aerosol lifetime effects to the injection efficiency was found to be five to six times

larger than that of the water vapor feedback. Zhang et al. (2024) varied the latitude of injection using a set of hemispherically
symmetric injection strategies and found that both the equatorial injection strategy and the injection at 60°N and S require more
SO, injection to satisfy the same global-mean temperature goal compared to the injection at either 30°N and S or 15°N and S.
Furthermore, injecting at 60°N and S led to an extra 1.5K cooling in the Arctic in that model, though it is worth noting that their
polar strategy differed from the other three in that the injection happened only in the spring of each hemisphere and at a lower
altitude (i.e. 15 km instead of 21.5 km). Bednarz et al. (2023a) used the same dataset as Zhang et al. (2024) and analysed the
effect of changing the latitude of injection on the atmospheric circulation and ozone responses, showing substantial differences
in these aspects under different SAI strategies. EinallyAdditionally, Bednarz et al. (2023b) systematically varied the amount

of cooling to maintain temperatures at 0.5 to 1.5 degrees above preindustrial temperatures and show that nonlinear changes

can occur in the high-latitude circulation and ozone responses. Finally, previous work has shown that changing the season of

injection may impact regional climate outcomes(Visioni et al., 2019), and the efficiency in cooling per TgSO2 is increased

when injection is limited to spring when injecting at high Northern latitudes and at 15km (Lee et al., 2021).

Looking into the future, the next set of Geoengineering Model Intercomparison Project (GeoMIP) simulations, "G6-1.5K-
SAI", will consist of symmetric injections at 30°N and S and will aim to control the global-mean temperature only (Visioni
et al., 2023b). The simpler implementation relative to the four-latitude controller algorithm should enable more climate mod-
elling centres to contribute to the intercomparison, as it will be part of the Coupled Model Intercomparison Project (CMIP)
Assessment Report 7 (AR7) Fast Track set of simulations. A more thorough explanation for the choice of scenario and strategy
is given in Visioni et al. (2023b).

It is important to analyse the strategy-dependence of SAI in a different Earth System Model to evaluate the robustness of
the conclusions drawn from the CESM(WACCM) studies. In this paper, we systematically compare simulations with different
latitudes of annually-fixed SO injections at 22 km using the United Kingdom Earth System Model 1 (UKESM1), and compare
the effects on the surface climate and stratospheric impacts. We first describe the model and simulations performed (Section
2), and then discuss the resulting tropospheric (Section 3.1) and stratospheric (Section 3.2) impacts before summarizing and

concluding the study (Section 4).
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2 Methods

The set of simulations presented in this paper use UKESM1 (Sellar et al., 2019). The physical atmosphere-land-ocean-sea ice
model used is HadGEM-GC3.1 (Kuhlbrodt et al., 2018), which uses the Met Office Unified Model (UM) as its atmospheric
component. The resolution of the UM is 1.875° longitude by 1.25° latitude resolution, with 85 vertical levels and a model
top at 85 km. The chemistry model is the United Kingdom Chemistry and Aerosol (UKCA) chemistry model (Mulcahy et al.,
2018; Archibald et al., 2020), which has troposphere-stratosphere chemistry and coupling to a multi-species GLOMAP modal
aerosol scheme (Mann et al., 2010). A more detailed description of the UKESM1 model configuration used for this paper is
given in Jones et al. (2022).

Table 1 gives an overview of the different sets of simulations with the number of members, simulation objective (i.e. target),

injection latitude , and where the set of simulations was first presented (Reference). The referencebaseline set of simulations

follows the middle-of-the-road greenhouse gas emission scenario, the Shared Socioeconomic Pathway 2-4.5 (SSP2-4.5), and

has five ensemble members. The SSP2-4.5 simulations are one of UKESM1°s core simulations carried out as part of the sixth

phase of the Coupled Model Intercomparison Project (CMIP6, Sellar et al. 2019). We compare new SAI simulations (de-

scribed below) to a set of simulations which was previously presented in Henry et al. 2023 The-SAl-set-of simulations-aimingto-keep
temperatures-at-1-5-degrees-above-preindustrial-temperatures;-called “Assessing Responses and Impacts of Solar climate intervention on
the Earth System”, and is denoted ARISE-SAI-1.5 (Richter et al., 2022; Henry et al., 2023). The ARISE-SAI-1.5 simulations
have SO, injection at 21.5 km and four latitudes: 15°N, 15°S, 30°N, and 30°S. The injection at each latitude is updated yearly

by an algorithm to maintain the global-mean temperature (TO) as well as the equator-to-pole (T1) and interhemispheric (T2)
temperature gradients at the target values; these correspond to the mean over the 20-year period (2014-2033) during which the
global-mean surface temperatures value in UKESM1 exceeds its preindustrial value by 1.5K (Henry et al., 2023). The values
for TO, T1, and T2 are 288.06K, 0.54K, and -6.05K respectively, and the equations for T1 and T2 are defined in Kravitz et al.

(2017) (their equation 1). Unlike ARISE-SAI-1.5the-other four sets-of SALsimulations The four new sets of SAI simulations presented

in this paper only aim to maintain the global-mean temperature (TO) at the same target value via SO injection at 21.5 km and
at either: the equator (EQ), the pair of 15°N and 15°S latitudes (15N+15S5), the pair of 30°N and 30°S latitudes (30N+30S),
or the pair of 60°N and 60°S latitudes (60N+60S). All SAI simulations use SSP2-4.5 as their background greenhouse gas

emission scenario and inject aerosols continuously throughout the year. The implementation of SAI starts in 2035 and lasts

for 35 years. Figure 1 shows the global-mean surface temperature for the ensemble-mean of the SSP2-4.5 simulations and the
five SAI simulation sets. The EQ strategy does not quite reach its global-mean temperature target, which may be due to the

parametrization of the controller algorithm and the relative inefficiency of increasing SO2 emission at the equator.



Table 1. Summary of simulation ensembles.
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Type # Members | Target = PI+1.5C | Injection Latitude | Reference
SSP2-4.5 5 N/A N/A Sellar et al. (2019)
ARISE-SAI-1.5| 5 TO,T1,T2 15°N/S and 30°N/S| Henry et al. (2023)
EQ 3 TO Equator Here

15N+15S 3 TO 15°N/S Here

30N+30S 5 TO 30°N/S Here

60N+60S 3 TO 60°N/S Here

Figure 1. Global-mean ensemble-mean surface temperature for SSP2-4.5 (yellow) and each SAI Stregdgghedjrey line represents

theglobatmeantenperturetargetfor all SAl stratgjies. The global-mean temperature change for 2050-69 relative to SSP2-4.5 is included

in the legend for the SAI strategies. The shading represents +/- one standard deviation of each ensemble.

3 Results
3.1 Large-scale tropospheric and surface impacts

Figure 2 summarisesomekey featuresof the climate response to SAI for the different latitudes of injection. The latitudinal

structure of the increase fe stratspheric(550nm) aerosol optical depth (AOR)eragedover 205069 is consistent with

each strategy's injection location (panel a), witlemésusthe changan AOD maximising near the latitude of injection for the
EQ and 15N+15S strategies, and generally poleward of the injection latitude for the 30N+30S and 60N+60S strategies.
The injections in the ARISE-SAI-1.5 simulation are partitioned

approximately equally between 30°S, 15°N, and 30°N at the end of the simulations (Henry et al., 2023). The con nement of
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Figure 2. (a) The ensemble-mean change in aerosol optical depth (550nm, stratosphere only) in 2050-69 relative to §$&2iid&the
basdine stratsphericAOD under SSP24.5is threeordersof magnitudesmallerthanthe changesinder SAL.) (b) The ensemble-mean total

SO, injection rate(with theaverageover2060-69 shownin thelegend). The ensemble-mean surface air temperature (¢) and precipitation (d)

change in 2050-69 relative to the reference period (2014-33) for all simulation sets. The dashed lines in panels a, ¢, and d give the latitudes

of injection. In all parels,the shadng shows+/- onestardarddeviation of theersenble.

aerosols to within the tropical regions by the the so-called “tropical pipe” is clearly evident in gure 2a and is signi cantly
stronger for UKESM1 compared to other models, as evidenced by the comparison of single point injections across models in
Visioni et al. (2023a) (their gure 2h)Theequdorial peakin AOD is alsocorsigentwith simulationspresentedn Wells etal.
(2024)which hada differentbaclkgroundscenario andtarget state.Note thatthe baséine stratsphericAOD under SSP24.5

is threeordersof magritudesmallerthanthe changesinder SAI.

The total SQ injection rate (panel b) shows that the most ef cient injection strategies in UKEBNHrmsof cooling per
Tg SO2 are 15N+15S, 30N+30S and ARISE-SAI-1.5, with around 15 to 16 Tg/ $€ar required to reach the temperature
target by the end of the simulation (1.6C cooling averaged over 2050-69). Such injection magnitudes are comparable to a
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Pinatubo eruption which is estimated to have emitted between 14 and 23180 et al., 2004)Theoptimalinjection latitudes
Therelative injection amountsateachlatitude in UKESM1 broadly agree with the CESM2 results in Zhang et al. (2024).
aweragelifetime of theinjectedstratsphericaerosolss 0.90+/- 0.019,0.87+/- 0.024,0.73+/- 0.0094,0.59+/- 0.011,0.80+/-
0.020yearsfor the EQ, 15N+15S 30N+30S 60N+60S ,andARISE-SAI-1.5 simulationsrespedively. Here,the stratspheric
aerosollifetime (yr) is calkculated asthe ratio of the anoméous stratsphericSO2 burden (Tg) to the injection rate (Tg/yr),

averagedoverthelast 10 yearsof the simulations.

For the equatorial injection, the con nement of aerosols inside the tropical pipe leads to a very high AOD increase at the
equator and a small increase outside the tropics compared to the other injection strategies. The larger injection rate is thus
due to the lower ef cacy of tropical forcing (Kang et al. 2014) and to the con nement of aerosols inside the tropical pipe,
enhancing the formation of larger aerosols which sediment faster. Figure Al shows the aerosol effective radius as calculated
in Visioni et al. (2023a) (their equation 3) for one ensemble member of each set of SAI simulations, and con rms that the EQ
simulations have much larger aerosols. The larger injection rates for 60N+60S, on the other hand, arise due to faster removal of
aerosols when injected near the descending branch of the Brewer Dobson Cir¢alstiadencedy the shorestlifetime of

stratsphericaerosoldor 60N+60S In addition, thescarcityof surlight athigh latitudesduring partsof theyearfurtherreduces

the overall cooling ef ciencyof the 60N+60Sinjection stratgy. We notethatthis shorcoming canbe overcomeby injecting

aerosolonly in springin eachhemspherg(Lee21).. Zhang et al. (2024) also reported a larger injection amount needed for

their 60N+60S simulations, although their CESM2 simulation injectegl @@y in spring and at a lower altitude (15 km) than
in UKESML1.

The zonal-mean annual-mean surface air temperature and precipitation changes relative to the target period (2014-33 o
the SSP2-4.5 simulation ensemble-mean) are shown in panels ¢ and d. While off-equatorial strategies manage to reduce th
latitudinal temperature residuals between 30°N and 60°N to near zero, the EQ strategy has almost 1K of residual warming
in that same region. In general, the zonal mean surface air temperature change does not differ by more than 1K betweer
all SAI strategies, apart from North of 80°N where the EQ strategyercoolsthe Arctic leaving leadste 4.4K of residual

Arctic warming compared to 2.1K for the 60N+60S strategy. Remarkably, the 30N+30S and ARISE strategiestiehbyve
2.6K and 2.4K of residual Arctic warming respectively; hence they have a similar temperature change pattern to the 60N+60S

forcing-hasno-effect duiing-the pdar-winter. This showsthat no patern of AOD from SAl is ableto ertirely carcel out the spdial

forcing from greerousegasesn themodel.Thisis eecially the casein the Arctic wheregreermousegasesxertalongwave

forcing yearroundwhereaso SAIl aerosolshortvaveforcing will occur during the polar winter. This mismatch in forcings

is ampli ed by UKESM1's climate feedbacks, which have been noted to lead to a strong Arctic ampli cation in comparison
to other models (Swaminathan et al., 2022), yielding a relatively strong residual Arctic warming for all AOD forcing patterns.
We notethatthelargeArctic tenperaturechangehidesthe paternof surfacetenperaturechangeslsavherein g ure2c,hence

Figure A2(a) showsthe tenpetature changeexcluding the Arctic region. Additionally, the smalleramountof cooling for the
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EQ straegy (g 1) may exaggerate the undercooling of the Arctic. Therdore Figure A2(b) showsthe surface temperature

changefor the SAI stratgiesrelative to SSP24.5 nomalized by the globaltmeantenperature change.

Finally, the zonal-mean precipitation in SSP2-4.5 increases everywhere except the Southern Hemisphere subtropics, anc
generally increases more where climatological precipitation is higher. For the EQ strategy, there is a signi cant reduction in
precipitation at the equator (where climatological precipitation is high) and increase in precipitation in the subtropics (where
climatological precipitation is low). This is consistent with a marked reduction in the Hadley Circulation intensity ( gure
A3) andwith ndingsfrom Wells et al. 2024 (their g ure 7). This pattern of precipitation change likely results from the

SAl-induced tropical lower stratospheric heating ( gure A4) (Simpson et al., 2019) as well as the reduction in the surface solar
irradiance and associated reductions in latent and sensible heat uxes, both of which are particularly evident in the tropics under
the EQ strategy in UKESM1 owing to the high tropical sulfate and AOD ( g 2a; Visioni et al. (2023a); Wells et al. (2024)).

For the 15N+15S strategy, precipitation decreases signi cantly near the injection latitudes. In general, unlike for surface air
temperature changes, there are more marked differences in precipitation changes between the different strategies, which ar
explored further below. Figure A5 shows the zonal-mean change in surface air temperature and precipitation over land only for
the ensemble-mean of SSP2-4.5 and all SAI strategies. The surface air temperature change patterns are broadly similar, thoug
the strength of Arctic ampli cation is less accentuated over land. The increase in precipitation in SSP2-4.5 is muted over land
and the decrease in precipitation at the equator over land is much larger (up to Imm/day). The change in precipitation over land
is otherwise broadly similak\Ve alsoshowmapsof theamualmeanensenble-meansuifaceair temperature andprecipitation

changesn g ures A6 and A7 respectively.

Both troposphericandstratsphericaerosols

arewell knownto haveimpactson the position of the intertropcal corvergencezone(ITCZ). Figure 3 showsthe latitude of
theITCZ in 205069 for eachernsenble-meanalongwith the stardarddeviation of the 205069 meanof ersenble menbers
(3to 5 menbersdependng ontheersenble), asa function of theintethemisphericsuifacetemperaturegradient T1 asde ned

in Kravitz et al. (2017) (their equdion 1). The grey shadng showsthe stardard deviation of the SSP24.5 ersenble in the
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target period (20142033).Here,the ITCZ is computedasthe linearinterpaation of the latitude nearthe equdor wherethe

zonatlmeanmassstreanfunction at500hPachangesign.As discussedn Byrneetal. (2018),thel TCZ location is deemined

by theneterergyinputinto thetropical atmospherewhich is affectedby cloud andradiation processesaswell asoceanheat

uptake.Theirequdion 5 showsthatunderawarmerworld, the ITCZ will tendto shift towardsthe equdor.
In the EQ strategy, the ITCZ shifts northwarglative to thereferenceperiod. In the 15N+15S and 30N+30S strategies, the

ITCZ is within the reference period's range. In the ARISE-SAI-1.5 strategy however, the ITCZ shifts southward by approx-
imately 1.3 degrees; this is consistent with higher, $@ection rates in the Northern Hemisphere and the resulting higher
tropical AOD in that hemisphere ( gure 2a, Henry et al. (2023)). In the 60N+60S strategy, the ITCZ also shifts southward
(by approximately 1.1 degrees); again there are asymmetries in the corresponding tropical AOD in that strategy, with slightly
higher AOD in the northern hemisphere than the southern hemisphere. While these tropical AOD changes are much smaller
than those in the EQ strategy, they also in uence temperature gradients close to the equator. While Haywood et al. (2013, 2016)
showed that preferential injection of stratospheric aerosols into the northern hemisphere leads to a southward shift in the ITCZ
in HadGEM2-ES, the predecessor of UKESM1, the more nuanced approach of Hawcroft et al. (2017) showed that it is more
subtle changes in cross-equator temperature gradients that primarily in uence the ITCZ position.

It is commonin the stratsphericaerosolinjection literature to cortrol for T1 asa way of redudng changesn the loca

tion of the ITCZ. In ARISE-SAI-1.5, T1 is usedby the cortroller to assessthe intethemispherictemperature differenceand

minimise changesn the ITCZ location. For the SAl simulations, thereis a correlation betweenthe latitude of the ITCZ and

the hemiphericdifferencein temperature (T1) asshownin g ure 3 (dashedine), which is egimatedhereby t ting a line

which minimisestheleastsquarecerror. Thelinearfunction is asfollows: ITCZ latitude= 11.8*T1- 2.9.Basedonthislinear
asumpion, the predictedITCZ latitudefor the valueof T1 simulatedin the SSP24.5 ensenble meanin 205069 shouldbe

approximately 7°N. Its actual latitude (5.3°N) is found at lower latitude thanthe predicted one, suggesing that the warming
itself may haveshiftedthe ITCZ towardsthe equdor asdiscussedabove.The T1-measureis-usedby-the cortroller-in-ARISE-SAl-1.5t0

whenT1 does(asis the casefor ARISE-SAI-1.5-and 60N+60S). We further notethat a similar relationship inferred from the UKESM1
historical simulation suggeststhata 0.4K changein T1 is neededo inducea 0.8 changein ITCZ latitude( g A8). (Thiswas

notincludedin g ure 3 for clarity purposes.)As suchvaluesalsodonot t therelationshipinferredfrom the SAI simulations

above theresultshighlight thatfactorsotherthantheinter-hemiphericdenperturegradientaloneareimportantin modulating

thelTCZ position. Thus, further developments of the controller might bene t from utilising more sophisticated metrics than a

simple measure of interhemispheric temperature gradient to re ne injection strategfiesbeendemorstratedin Leeetal.
(2020).

3.2 Stratospheric impacts

Figure 4 shows changes in zonal-mean zonal wind for each SAI strategy in 2050-69 relative to SSP2-4.5 in the same period
(i.e. 2050-69), along with the locations of injection marked by black diamonds. The stratospheric jets are strengthened in all

strategiesexcept60N+60S, with the strongest response for the equatorial injeatiax
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Figure 3. Latitude of the intertropical convergence zone (ITCZ) of the ensemble-mean of the different SAI strategies (black) and SSP2-4.5
(red) in 2050-69. The whiskers denote the standard deviation of the 2050-69 mean of ensemble members (3 to 5 members depending ol
the ensemble). The horizontal grey line is the mean ITCZ latitude of SSP2-4.5 in the reference period (2014-33). The x-axis is the inter-
hemispheric temperature difference (T1) as de ned by Kravitz et al. (2017) (their equation 1). The vertical grey line is the interhemispheric
temperature difference (T1) in the SSP2-4.5 reference period (2014-33). The grey boxes show the standard deviation of the SSP2-4.5 enserr
ble in the reference perio@hedashedineis alinear t for the SAl simulationsonly, andthelinearfunction is asfollows: ITCZ latitude=
11.8*T1-2.9.

egy. This is consistent with Bednarz et al. (2023a), and is caused by the anomalous increase in the equator-to-pole temperatur:
gradient in the stratosphere as the result of aerosol-induced tropical lower stratospheric heating ( gures A4 and A9) altering
stratospheric winds via the thermal wind relationship and feedbacks with wave propagation and breaking. Since the strength
of all these effects is roughly proportional to the magnitude of the aerosol-induced tropical lower stratospheric heating ( gures
A4 and A9), this explains the strong dependence of the magnitude of stratospheric vortex strengthening on the latitude of the
injection. in-th ;
with-thelargestchangedorthe equaeriakinjeaion:IN the tropasphereall SAI stratgiessimulate the largestcooling in the tropical up-
pertropospherg Figure A9); this causes yearroundwealkenng of the suliropical jets,againwith the largestchangedor the

equdorial injection. In theextratropics, stratspherioveserly responsegsanat cettain timespropagatedownto thetroposphere

beow in the form of a poleward shift of the eddy-drivenjet (e.g.Bedharzetal. 2023);a suggedion of sucha responséds for

instancefoundin the soutlernhemispheresunmerunderthe equdorial injection (not shown).

The age of air refers to the transport time of air from the troposphere to the stratosphere and acts as a proxy for understanding
stratospheric circulation, transport, and mixing. While it cannot be measured directly, it can be inferred from stratospheric
measurements of conserved gases, such as carbon dioxide or sulfur hexa uogyléWaegh, 2009). Figure 5 shows the
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Figure 4. The ensemble-mean change in zonal wind for each SAl strategy in 2050-69 relative to SSP2-4.5 in 2050-69. The grey contour lines
denote the horizontal wind values for the ensemble-mean of SSP2-4.5 in 2050-69 in m/s. The black diamonds give the location of injection.
Gray shading indicates areas where the difference is not statistically signi cant, as evaluated using a double-sided t test wéttjyst6dd5

for thefalsediscovery rateand considering all ensemble members and 20 years as independent samples.

change in age of ajlasoutput by the model, for each SAI strategy relative to SSP2-4.5 in 2050-69. In the EQ and 15N+15S
strategies, we nd relatively older air in the upper troposphere and lower stratosphere (UTLS) region, which shows that the

tropical upwelling in UTLS and the shallow branch of the Brewer-Dobson circulation (BDC) slow down as a result of SAI.
We also nd relatively younger air in the middle and upper stratosphere under these two SAI strategies, showing the associated
acceleration of the deep branch of the BDC above the aerosol layer. Both of these effects are much weaker for injections away
from the tropics, in agreement with the smaller SAl-induced lower stratospheric heating ( gure A4) and the resulting changes
in planetary wave propagation and breaking (not shown, see e.g. Tilmes et al. (2018a); Bednarz et al. (2023a)). These SAl-
induced changes in stratospheric circulation and transport modulate concentrations of stratospheric species, including ozone
and sulfate aerosols, as well as the removal of aerosols from the stratosphere.

Figure 6 shows the ensemble-mean change in ozone for each SAI strategy in 2050-69 as a percentage change relative t
SSP2-4.5 in the same period (2050-69), along with the location of injections marked by black diamonds. Also shown in panel
dis the zonal-mean change in column o0zone in 2050-69 relative to SSP2-4.5 in 2050-69. Comparing the same time period with
and without SAIl enables us to see a clearer picture as the signal from the long-term decline in ozone depleting substances an
increase in greenhouse gases is removed, thus isolating the impact of the different SAI strategies. For reference, gure A10

10
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Figure 5. The ensemble-mean change in age of air for each simulation set in 2050-69 relative to SSP2-4.5 in 2050-69. The grey contour
lines denote the age of air for the ensemble-mean of SSP2-4.5 in 2050-69 in days. The black line shows the tropopause in the SSP2-4.5 ir
2050-69, and the red line is the tropopause in the SAI simulation in 2050-69. The black diamonds give the location of injection. Shaded

areas indicate where the difference is not statistically signi cant, as evaluated using a double-sided t test witlags€t&Eor the false

discovery rateand considering all ensemble members and 20 years as independent samples.

shows the zonal-mean change in column ozone in 2050-69 for all simulation ensembles relative to the reference period (2014-
33) and a time-series of the total ozone for all simulation ensembles, which increases as the concentration of ozone-depleting
substances is reduced.

With the exception of the equatorial strategy, the annual mean total column ozone changes at different latitudes are relatively
small (< 5 DU, g 6d). More interesting structure is found when considering latitudinal cross-sections - in this case, the
clearest common signal across all strategies is the increase in the tropical lower stratospheric ozone. This arises due to th
aerosol-induced reduction in upwelling in the UTLS (as illustrated by older age-of-air in the lower stratosphere in g 5) and
the resulting reduction in the input of 0zone-poor tropospheric air into the stratosphere (e.g Tilmes et al., 2018a; Bednarz et al.,
2023a). This effect is strongest for the equatorial injections as it has the largest concentration of stratospheric aerosols in the
tropics ( g 2a) and thus largest increases in tropical stratospheric temperature (g A4).

In the EQ and the 15N+15S strategies, there i28% and 5% reduction, respectively, in stratospheric ozone just above
the location of injection, with these changes dominating the corresponding total column ozone changes near the latitudes of
the injection. This results from the acceleration of upwelling above the aerosol layer as the result of the aerosol-induced lower

11
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Figure 6. (a,b,c,e,f) The ensemble-mean change in ozone mixing ratios for each SAl strategy in 2050-69 as a percentage change relative
to SSP2-4.5 in 2050-69. The grey contour lines denote the volume mixing ratio of ozone in ppm for the ensemble-mean of SSP2-4.5 in
2050-69. The black diamonds give the location of injection. Gray shading indicates areas where the difference is not statistically signi cant,

as evaluated using a double-sided t test with p<@@53stedfor thefalsediscovery rateand considering all ensemble members and 20 years

as independent samples. (d) The change in zonal-mean column ozone for each SAl strategy in 2050-69 relative to SSP2-4.5.

stratospheric warming and the subsequent impacts on stratospheric winds and wave propagation and breaking (Bednarz et al
2023a). This increase in upwelling brings more ozone-poor air from the lower to mid-stratosphere, leading to local decreases
in ozone in g 6, as well as reduces mean age-of-air in most of the mid and upper stratosphere {lgeS¢changesare
corsigentwith Wells etal. 2024(their g ure9).

Furthermore, there is a reduction in ozone in the extratropical stratosphere for the EQ strategy, likely caused by the aerosol-

induced strengthening of the stratospheric polar vortices (see g 4). These stronger and colder stratospheric polar vortices
reduce mixing-in of ozone-rich midlatitude air into the polar stratosphere and colder temperatures enhance chemical ozone
depletion (Rex et al., 2004; Tegtmeier et al., 2008; Bednarz et al., 2016). In the upper stratosphere, the equatorial strategy als
shows small but statistically signi cant ozone reductions at all latitudes, likely as the result of the enhangechétiated

ozone loss under aerosol-induced stratospheric moistening (Tilmes et al., 2018a, 2022), which is also largest in the EQ strateg)
due to the largest associated changes in tropical cold point tropopause temperatures.

While the 30N+30S and 60N+60S simulations do not lead to substantial changes in circulation (g 4 and 5) and hence

dynamically driven ozone changes, one would expect chemical ozone losses resulting from in-situ heterogeneous halogen re
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actions on aerosol surfaces to dominate the ozone response in the extratropical lower stratosphere, particularly in the Antarctic
However, we nd no signi cant ozone reductions in these regions in the 30N+30S and 60N+60S simulations. This likely occurs
as the most important heterogeneous halogen reaction (HCI + Cjpi@ot included on sulphate aerosols in this version of
UKESM1 (Dennison et al., 2019).

Finally, aside from enhancing halogen activation, sulphate aerosols facilitate @ehydrolysis reaction on their surfaces
(N2Os + H,O!' 2*HNO3) which acts to reduce active nitrogen concentrations and, thus, increase ozone in the middle strato-
sphere. While this has an important effect in CESM2 (Tilmes et al., 2018b; Bednarz et al., 2023a), it does not have a large
impact in UKESML1 despite this reaction occurring on sulphate surfaces, thus underlining the uncertainties in these processes
and their parametrizations.

4 Conclusions

In this study we have compared ve different sets of UKESML1 simulations of stratospheric aerosol injection (SAl) strategies
using SQ. The background simulation, global-mean temperature target, altitude, and season of injection are the same in all ve
sets of simulations in order to isolate the role of the latitude of injection. The background emission scenario is the CMIP6 SSP2-
4.5 scenario and the global-mean temperature target under SAl is 1.5 degrees above model preindustrial temperatures, whic
corresponds to the mean of 2014-33 in UKESML1. This is the rst such comparison between different latitudes of injection
for this scenario in UKESML1. It is inspired from a similar study using CESM2 (Zhang et al., 2024) with the only differences
being that the high-latitude injectiois CESM2 were done at a lower altitude and only in the spring of each hemisphere. It

is important to analyse the impacts of different injection latitudes for SAl in a different Earth System Model to evaluate the
robustness of the conclusions drawn from Zhang et al. (2024). In this study, one set of simulations injects at the equator (EQ),
three sets of simulations use pairs of latitudes (15N+15S, 30N+30S, 60N+60S) and inject equal amounts of aerosols in eack
hemisphere, and one set injects at the combination of 15°N, 15°S, 30°N, and 30°S, adjusting the injection amount yearly at
each location in order to not only satisfy the global-mean temperature target, but also the interhemispheric and equator-to-pole
temperature targets. The next proposed set of Geoengineering Model Intercomparison Project simulations will consist of SO
injection at both 30°N and S and controlling only the global-mean temperature (Visioni et al., 2023b). Hence it is important to
assess the merits of such a strategy relative to other choices in the latitude of injection and the number of objectives (thus the
complexity of the control algorithm).

needed he maintakeawaysare

thatthe30N+30Sstrakegyis theseondmostef cientstraegyamongthosepresentedn this manuscriptn termsof amountof

SO2needed12%moreinjection thanthemostef cient15N+15Sstraegy),andis amongthe stratgieswhich haveleadsto the

smallest changes in precipitation, position of intertropical convergence zone, ozone concentrations and atmospheric circulation
(both in the troposphere and stratosphes@jve-to-theotherstratgies. , Which is broadly corsigent with previousresultsusng

CESM2. In both observed trends and future projections, the Arctic warms much faster than the rest of the planet. The 30N+30S

strategy leads to 5.1 K Arctic cooling compared to 5.6 K for the 60N+60S strategy, despite having a much more latitudinally
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homogeneous AOD distributiorthis is differentto CESM2 which hasmore than 1K extra Arctic cooling for their polar

straegy, thoughthe injection takesplaceat a lower altituderelative to UKESM1 andin the springof eachhemspherelt is
alsoworth noting that Arctic anpli céion is muchlesspronouncedin CESM2 relative to UKESM1. While the 30N+30S

strategy leads to around 1.9 K of tropical lower stratospheric warming compared to 1.1 K for 60N+60S, which results in larger
consequences on atmospheric circulation and chemistry, these are still much smaller than for the equatorial and 15N+15S
strategies (4.1 K and 3.3 K respectively). The strategy using three different temperature objectives (ARISE-SAI-1.5) has a
larger ITCZ shift relative to 30N+30S, but otherwise presents similar outcomes for other metrics. This shows that controlling
for the interhemispheric temperature difference might be insuf cient to maintain the ITCZ latitude as it is in uenced by a
number of other factors. Future implementations of the controller might thus bene t from using better proxies for maintaining
the ITCZ positionaswasdonein Lee et al. (2020). The 60N+60S strategy also shows a signi cant southward shift in the

ITCZ compared to SSP2-4.5, but leads to no substantial strengthening of the stratospheric jets or changes in Brewer Dobsor
circulation. The 60N+60S strategy requires 30% more injection, though it is worth noting that injecting in the spring of each
hemisphere may lead to better ef ciencies at high latitudes (Lee et al., 282day plawsibly makethe 60N+60Sstraegy

moreef cientthanthe 30N+30Sstraegy in UKESM1. Furthemore, our simulations do not accountfor any ddivery limita-

tions of currenttecmologies. It might be aguedthat emissionsinto the stratsphereat significantly lower altitudesmight be

achiewablewith relatively few mod cationsto thecurentaircraft eet atlatitudesof 60N+60Sowing to thelow altitudeof the

tropopauserFinally;
impactson-atmesphericterperaturesandeircdation.Finally, the equdorial straegy leadsto trapping of the aerosolgnsidethetropical
pipe,thusresulting in thelargestimpactson atmaspherictenperaturesandcirculation. To achieve the same temperature target,

the strategy requiresorethantwice theamounpfl4%more injection relative to 30N+30S, and results in large reductions in tropical
precipitation and total column ozone in the tropieserthwardshiftinthelFcza markedredudion in the HadleyCirculation inter

sity, and a large tropical lower stratospheric warmifigeseareall corsigentwith nd ingsfrom Wells etal. 2024 ,which used

UKESM1 butwith adifferentbaclgroundscenarioandtargetclimate. Theargedecrease in ef ciency for equatorial injection is

subtly different from conclusions drawn from volcanic eruptions using an earlier version of the climate model (HadGEM2-ES,
Jones et al. (2017)), where the greatest cooling impact was found to be for high-altitude equatorial eruptions. These differences
may be due to the altitude of injection being 23-28km in Jones et al. (2017), which is above the altitude of injection for this
work (21.5km).

The conclusions drawn from the UKESM1 model are broadly consistent with similar studies using the CESM2 model (Zhang
et al., 2024; Bednarz et al., 2023a), in that the 30N+30S strategy yields similar climate outcomes to the more complicated
multi-objective SAI simulations (ARISE-SAI-1.5) and is one of the most ef cient in terms of @{@cted to achieve the same
temperature target. Bednarz et al. (2023a) also found that moving the injection location further away from the equator reduces
tropical lower stratospheric heating and its resulting dynamical effects. The changes in total column ozone in UKESM1 have a
broadly similar structure but the amplitude of change is smaller than in CESMZ2; this could be because of the generally smaller
magnitude of the associated aerosol-induced stratospheric heating in UKESM1 compared to CESM2 (Bednarz et al., 2023a)
as well as incomplete representation of heterogeneous halogen reactions on sulphate aerosols in this version of UKESM1
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The shifts in ITCZ, however, are less pronounced in CESM2 (Zhang et al., 2024) and are inconsistent with the UKESM1
330 simulations. Thus, understanding what controls shifts in ITCZ in SAl simulations deserves more enquiry. Finally, both models
agree that equatorial injectiagtheleastef-cientin-termsof-the-amountof-SO2injectedand has themestnegtive sideeffectson-stratespheric
healng;atmeosphericcircuation, andozondargeststratsphericheatng, andcorncurentchangesn atmosphericcirculation andozone.
Finallyln conclusion, this workeenmmssupportstheidea that injection at 30N+30S aiming for a single global-mean tempera-

ture target is an adequate choice for a multi-model comparison, combining improved outcomes compared to the previously usec
335 equatorial strategy whilst maintaining relative design simplicity, thus enabling a larger number of climate modelling centres to
participate.

Code and data availability.The code to reproduce the gures is available at https://github.com/matthewjhenry/Henry24_latdep/. The data
for the UKESM1 SSP2-4.5 simulations is available on the Earth System Grid Federation database. The data for the UKESM1 SAI simulations

will be uploaded to Zenodo upon acceptance of the manuscript.
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Figure Al. Effective radius for one ensemble member of the ARISE-SAI-1.5 (a), EQ (b), 15N+15S (c), 30N+30S (d), and 60N+60S (e)

ensembles, as calculated in Visioni et al. (2023a) (their equation 3).
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Figure A2. (a) Zonal-mean surface temperature change relative to SSP2-4.5 for the SAI strategies excluding the Arctic region (North of
60°N). The shading corresponds to +/- 1 standard deviation of the ensemble. (b) Zonal-mean surface temperature normalized by the global
mean surface temperature change (shown in the legend of gure 1).
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Figure A3. Change in annual-mean streamfunction for the ensemble-mean of each simulation set in 2050-69 relative to the reference period
(2014-33). The black contour lines denote the streamfunction in the reference period. The blue contours and solid lines are associated with

clockwise circulation, and the red contours and dashed lines are associated with anticlockwise circulation.
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Figure A4. Difference in tropical (between 20°N and 20°S) atmospheric temperature between each SAl ensemble-mean and SSP2-4.5 in
2050-69.
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Figure A5. Same as gure 2c,d but over land only.
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Figure A6. Maps of the ensemble-mean temperature change relative to the target period (2014-33) in SSP2-4.5.
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