
1. Introduction
Stratospheric Aerosol Injection (SAI) is a stopgap measure proposed to mitigate some of the negative impacts 
of rising greenhouse gas (GHG) levels by reducing surface temperatures through the injection of aerosol precur-
sors into the stratosphere. Yet, despite offsetting global mean surface temperature, various studies demonstrated 
that SAI would also alter atmospheric circulation in a manner different to that arising from the climate change 
alone, thereby potentially playing an important role in modulating regional and seasonal climate variability (e.g., 
Banerjee et al., 2021; Simpson et al., 2019). Recent studies showed that warming in the tropical lower strato-
sphere brought about by the absorption of solar and terrestrial radiation by sulfate aerosols can drive a strength-
ening of the stratospheric polar vortex in the Northern Hemisphere during winter (e.g., Banerjee et al., 2021; 
Ferraro et al., 2015; Jones et al., 2022). The response manifests at the surface as a positive phase of the Northern 
Annular Mode (NAM), for the Atlantic sector only known also as the North Atlantic Oscillation, with conse-
quences for winter surface temperatures and precipitation patterns in Europe and North America (Thompson & 
Wallace, 1998).

Potential SAI impacts on the Southern Hemisphere (SH) counterpart - the Southern Annular Mode (SAM), also 
known as the Antarctic Oscillation - have not, however, so far received much attention. The SAM is the dominant 
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mode of SH high-latitude climate variability (Thompson & Wallace, 2000). Its changes have been extensively 
studied for instance in the context of climate impacts from rising GHG emissions and from stratospheric ozone 
depletion and recovery (e.g., Banerjee et al., 2020; McLandress et al., 2011; Polvani et al., 2011; Son et al., 2009), 
and its associated impacts on temperature and precipitation patterns over much of the SH (Kang et al., 2011). 
Regarding impacts from a potential SAI scenario, McCusker et  al.  (2015) found that the presence of sulfate 
aerosols in the tropical lower stratosphere drives strengthening of the SH polar vortex that extends down to the 
surface. More recently, Bednarz, Visioni, Banerjee, et  al.  (2022) showed that the signature of the equatorial 
sulfate injection corresponds to a poleward shift of the SH tropospheric eddy-driven jet and a pattern of sea-level 
pressure changes resembling the positive phase of SAM.

Importantly, most of the assessments of dynamical signatures of potential geoengineering scenarios come from 
climate model simulations in which SO2 is injected in the lower stratosphere in the equatorial or tropical region 
(i.e., 10°S–10°N). While the choice of injection location could lead to different climate impacts (see e.g., Kravitz 
et al., 2019), a detailed assessment of the role of the injection location for the simulated stratospheric dynamical 
response has so far been missing. Recently, Visioni et al. (2022) and Bednarz, Visioni, Kravitz, et al. (2022) analyzed 
sources of uncertainty in model projections of the atmospheric and surface climate responses to fixed annual 
single-point SO2 injections at either 30°S, 15°S, 0°, 15°N or 30°N simulated in three comprehensive Earth System 
Models (ESMs). However, the relatively short length of simulations (10 years) presented challenges in confident 
assessment of the associated dynamical responses. Here we extend the original 10-year long CESM2-WACCM6 
integrations into two 35-year-long ensemble members; the longer simulations allow us to better isolate the impacts 
of SAI on atmospheric circulation and the underlying physical mechanisms. We analyze the resulting impacts on 
the SAM, focusing on the dependence on the latitude of SO2 injection. We then discuss the SH high latitude signa-
ture of SAI simulated in two recent large SAI ensembles, the Geoengineering Large Ensemble (GLENS, Tilmes 
et al., 2018) and the Assessing Responses and Impacts of Solar climate intervention on the Earth system with Strat-
ospheric Aerosol Injection (ARISE-SAI, Richter et al., 2022). By doing so, we demonstrate that our fixed injection 
results largely explain the differences in the SAM responses simulated in these two experiments, thus providing 
further evidence for the role of the sulfate aerosol distribution for determining the SH dynamical response.

2. Methods
2.1. Single-Point Injection Runs

We use version 2 of the Community Earth System Model (CESM) coupled to version 6 of the Whole Atmosphere 
Community Climate Model, CESM2-WACCM6 (Danabasoglu et al., 2020; Gettelman et al., 2019). The hori-
zontal resolution is 1.25° longitude by 0.9° latitude, with 70 vertical levels up to ∼130 km. The model is run in 
the Middle Atmosphere configuration, including comprehensive interactive stratospheric and upper atmospheric 
chemistry as well as interactive aerosol microphysics using the Modal Aerosol Module (MAM4; Liu et al., 2016).

We perform five sensitivity experiments under background CMIP6 SSP2-4.5 GHG scenario (Meinshausen 
et al., 2020) with fixed single-point 12 Tg-SO2/yr injections at 22 km in altitude and either 30°S, 15°S, 0°, 15°N, 
or 30°N longitude. Each experiment consists of two ensemble members initialized in January 2035 and extending 
up to the end of 2069. The detailed experimental protocol as well as the results of the initial 10 years of each first 
ensemble member are described in Visioni et al. (2022) and Bednarz, Visioni, Kravitz, et al. (2022). Here we 
analyze the results from the last 20 years of the simulations (i.e., 2050–2069) and compare them against the base-
line reference period chosen as the 2020–2039 mean of the corresponding control SSP2-4.5 experiment without 
SAI (mean over the three ensemble members available).

2.2. Large SAI Ensembles

We use two recent large CESM SAI ensembles - GLENS (Tilmes et  al.,  2018) and ARISE-SAI (Richter 
et al., 2022). In both cases, SO2 was injected into the lower stratosphere at four off-equatorial locations – 30°S, 
15°S, 15°N, and 30°N – using a feedback algorithm that controls the injection amount at each latitude with the 
aim to maintain the global mean surface temperature and its equator-to-pole and inter-hemispheric gradients at 
the baseline levels (Kravitz et al., 2017; MacMartin et al., 2017).

GLENS was carried out using CESM1(WACCM) under high-end Representative Concentration Pathway 8.5 
(RCP8.5; Fujino et al., 2006; Hijioka et al., 2008) GHG scenario. SO2 was injected 7 km above the tropopause at 
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each of the four latitudes starting in the year 2020 and continuing until the end of the century. The baseline chosen 
for the feedback algorithm was the 2010–2030 mean.

ARISE-SAI was carried out using CESM2-WACCM6 under the moderate SSP2-4.5 (Meinshausen et al., 2020) 
GHG scenario. SO2 was injected at 22 km (at all latitudes) starting in the year 2035 and extending to the year 
2069. The baseline chosen for the feedback algorithm was the 2020–2039 mean, corresponding to the likely 
period when the real world will reach 1.5 K above pre-industrial conditions (MacMartin et al., 2022; Tebaldi 
et al., 2021).

For ARISE-SAI, we analyze the responses over the last 20 years of the simulations (2050–2069), where a cooling 
of 0.88 K on average is necessary to keep the temperatures at the baseline level. For GLENS, we analyze the 
responses over two periods: the end of the century (2070–2089), which maximizes the amplitude of the response 
as well as the fraction of the SO2 injections occurring in the NH (Tilmes et  al.,  2018), and the mid-century 
(2038–2057), where the same amount of cooling is reached compared to baseline as for ARISE-SAI in 2050–2069 
(Figure S1 in Supporting Information S1).

3. SAM Response in the Single-Point Injection Experiments
Figure 1 (left panels) shows sulfate aerosol concentrations simulated in each of the fixed injection experiments. 
As expected, the largest aerosol concentrations are found in the lower stratosphere near the SO2 injection location. 
However, significant levels of aerosols are also found at higher latitudes for all off-equatorial injection cases, as 
the aerosols formed from the SO2 oxidation and subsequent nucleation or coagulation are transported poleward 
by the shallow branch of the Brewer-Dobson circulation.

The absorption of solar and terrestrial radiation by sulfate increases temperatures in the tropical lower strato-
sphere (right panels in Figure 1). For the off-equatorial injections, the warming extends also to the mid-latitude 
and subpolar regions, consistent with the presence of elevated aerosol levels. These lower stratospheric tempera-
ture changes modulate meridional temperature gradients, which are directly related to the vertical shear of zonal 
wind and can thus initiate a dynamical response at higher latitudes. We note that the direct radiative effect of 
SAI on lower stratospheric temperatures is difficult to fully isolate in our experiments because the temperature 
response includes not only the aerosol heating but also temperature changes caused by the dynamical response to 
SAI (see below), as well as radiative effects due to long-term changes in GHGs and ozone-depleting substances.

In the SH, we find that all single-point SAI simulations show a strengthening of the Antarctic stratospheric polar 
vortex (Figure 2, column 1), consistent with the strengthened meridional temperature gradient induced by aerosol 
heating. In the troposphere, however, we find different behavior of the zonal winds depending on the latitude 
of SO2 injection. For the NH and equatorial injections, the stratospheric westerly response extends down to the 
troposphere at ∼60°S, where it is accompanied by an easterly response in the mid-latitudes. These tropospheric 
zonal wind changes reflect a poleward shift of the eddy-driven jet. At the surface, this corresponds to a decrease 
in sea-level pressure over Antarctica and an increase in sea-level pressure in the mid-latitude/subpolar regions 
(column 2 in Figure 2). Such pattern of sea-level pressure anomalies corresponds to the positive phase of SAM 
and, similarly as the stratospheric and tropospheric zonal wind anomalies, is evident year-round (see Figure S2 in 
Supporting Information S1 for seasonal zonal wind responses). Importantly, when sulfate precursors are injected 
in the SH the strengthening of the stratospheric jet does not extend down to the troposphere. Instead, the tropo-
spheric westerly zonal winds weaken at ∼60°S and strengthen in the mid-latitudes; this corresponds to the  equa-
torward shift of the eddy-driven jet. At the surface, we thus find a year-round increase in sea-level pressure at the 
SH high latitudes and a decrease in the mid-latitudes, which corresponds to a negative phase of the SAM.

A number of factors contribute to this simulated dynamical behavior. First, as mentioned above the meridional 
distribution of sulfate aerosols and the associated heating from aerosol absorption results in different modula-
tions of meridional temperature gradients. Our results suggest that the direct influence of this heating on the 
tropospheric eddy fluxes is an important driver of the sensitivity of the SAM response to injection location. In 
idealized experiments, the location of the anomalous lower stratospheric heating was shown to play a first-order 
role in determining the sign of the tropospheric jet shift in idealized models (e.g., Haigh et al., 2005; Lorenz & 
DeWeaver, 2007; Simpson et al., 2009). For instance, Haigh et al. (2005) showed that heating in the tropical lower 
stratosphere leads to a poleward tropospheric jet shift while the shift is equatorward if the heating is imposed 
in the lower stratosphere uniformly or only at high latitudes. Similar results were also found from experiments 
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Figure 1. Column 1: Yearly mean difference in the simulated sulfate aerosol mass mixing ratio (10 −7 kg-SO4/kg-air) in each single-point stratospheric aerosol injection 
(SAI) experiment and the baseline. Column 2: Shading shows the difference in temperature (K) between each of the single-point SAI simulations and the baseline. 
Contours in column 2 show the corresponding temperatures in the baseline for reference. Hatching indicates the regions where the difference is not statistically 
significant (here assumed as smaller than ±2 standard errors).
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Figure 2. Shading: Yearly mean difference in zonal wind (column 1; m/s) and sea-level pressure (column 2; hPa; plotted 
for the latitudes southward from 30°S) between each of the single-point stratospheric aerosol injection simulations and the 
baseline. Contours in the left panels indicate the corresponding values in the baseline for reference. Hatching in all plots 
indicates regions where the response is not statistically significant (±2 standard errors).
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applying anomalous heating in the upper troposphere (e.g., Butler et al., 2010) or throughout the tropospheric 
column (Baker et al., 2017). Here, the enhanced heating under SH injections extends to near the poleward node of 
the eddy-driven jet (Figure 1, column 2). This flattens the isentropics in that region (Butler et al., 2011) and shifts 
the region of strongest isentropic slope (or eddy heat flux; Figure 3 column 1), eddy momentum flux (Figure 3, 
column 2) and tropospheric eddy-driven jet (Figure 2, column 1) equatorward (cf. Figure 9 in Baker et al., 2017). 
The opposite is true for the NH injections, where the effect of aerosol heating on the isentropic slope in the SH is 
shifted toward the subtropics, equatorward of the eddy-driven jet, which instead shifts the tropospheric eddy heat 
and momentum fluxes poleward.

Figure 3. Shading: Difference in yearly mean northward eddy heat flux � ′�′ (column 1; m ∙ K/s), yearly mean northward eddy momentum flux � ′� ′ (column 2; 
m 2/s 2), June-to-November mean EP flux divergence 𝐴𝐴 ∇ ⃖⃖⃗𝐹𝐹  (column 3; m/s/day), and June-to-November mean vertical component of the residual circulation, 𝐴𝐴 𝑤𝑤 ∗ (column 
4; mm/s; positive values indicate upwelling) between each of the single-point stratospheric aerosol injection simulations and the baseline. Contours indicate the 
corresponding values in the baseline for reference. Hatching indicates regions where the response is not statistically significant (±2 standard errors).
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Notably, there are also changes in tropospheric temperatures brought about by the reduction of incoming solar 
radiation by sulfate aerosols. As shown in Figure  1 (column 2), the SH SO2 injections lead to tropospheric 
cooling primarily in the southern mid- and high latitudes relative to present-day conditions. Correspondingly, 
the NH injections result in tropospheric cooling primarily in that hemisphere, while the southern tropospheric 
temperatures increase in mid- and high latitudes (as the increase in the radiative forcing from GHGs is not offset 
by the reduction in incoming solar radiation). In all cases, the tropospheric temperature response is strongest in 
the mid-latitudes, consistent with the associated shifts of eddy-driven jets under altered meridional temperature 
gradients between the tropics and mid-latitudes, and between the mid- and high latitudes. We note that, as with 
the lower stratospheric changes discussed above, the direct radiative impact of SAI on tropospheric temperatures 
is difficult to isolate here as the temperature response is also modulated indirectly by the dynamical response to 
SAI itself.

Changes in lower tropospheric temperature gradients drive changes in meridional heat fluxes. Strengthening of 
the SH tropospheric temperature gradient between the tropics and mid-latitudes under SH injections broadly 
increases poleward eddy heat flux in the southern subtropical to mid-latitude troposphere, while the opposite 
is true under the NH injections (Figure 3, column 1). The increased (decreased) meridional heat flux under SH 
(NH) SO2 injections constitutes an increased (decreased) tropospheric source of wave activity into the strato-
sphere, which may contribute to the enhanced (reduced) propagation of waves in the stratosphere (see Figure S3 
in Supporting Information S1).

In addition, in the stratosphere meridional distribution of sulfate aerosols modulates the location and strength of 
the maximum meridional temperature gradient. This process controls the thermal wind response. In all exper-
iments, the lower stratospheric temperature gradient in the SH is enhanced, leading to an increase in westerly 
wind shear in the stratosphere, though the specific latitudes where this occurs varies depending on the injection 
location. For instance, under injection at 30°S (30°N), the strengthening of the stratospheric zonal wind occurs 
primarily on the poleward (equatorward) flank of the polar vortex (Figure 2, column 1). Changes in the strength 
of the stratospheric mean flow can further modulate stratospheric wave propagation and breaking. Since plan-
etary wave propagation requires the background circulation to be westerly (Charney & Drazin, 1961), we focus 
here on changes during austral winter and spring (June to November, JJASON). The enhanced propagation and 
breaking of planetary-scale waves in the southern stratosphere under SH SO2 injections is illustrated by the 
increase in Eliassen-Palm flux (EP flux, see e.g., Andrews et al., 1987) convergence in Figure 3 (column 3). The 
opposite is true for the NH injections which show reduced wave propagation and breaking (increase in EP flux 
divergence in Figure 3). The changes in wave propagation under SH (NH) injections are associated with increased 
(decreased) high latitude downwelling (column 4 in Figure 3), and increased (decreased) adiabatic warming. This 
modulation of the waves can modulate the stratospheric vortex response expected due to thermal wind alone. The 
stratospheric response can couple downwards to the troposphere through wave-mean flow interactions and eddy 
feedbacks. During austral spring and summer, when stratosphere-troposphere coupling occurs, this can thus act 
to amplify the equatorward (poleward) shift of the tropospheric jet stream for SH (NH) injections.

We note that all of these processes are inherently connected. Further idealized experiments would thus be needed 
to decouple the various processes and to identify the dominant drivers of the contrasting responses of the SH high 
latitude circulation and surface climate to the different SAI locations. The year-round character of the response 
points to the dominant role of the eddy heat and momentum fluxes within the troposphere caused by the changes 
in the meridional temperature gradients in the lower stratosphere and the troposphere below, rather than to the 
dynamical top-down influence from the stratosphere on its own (which is more seasonal in character). Nonethe-
less, the later can constitute a plausible contributing factor in austral spring.

Similar impacts of SAI on SAM are diagnosed from the simulations if the results are compared against the 
corresponding control SSP2-4.5 experiment using the same time period (Figures S4–S5 in Supporting Infor-
mation S1); this further confirms that the diagnosed SAM impacts arise from SAI, and the differences in SAI 
locations, rather than from climate change alone. We note that our results could be model dependent and, thus, 
future studies should investigate this with other climate models.

4. SAM Response in the Large SAI Ensembles
Having discussed the SH high latitude response to the constant single-point SO2 injections to understand the 
dependence on the latitude of injection, we now analyze the analogous SAM responses in the two large CESM 
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SAI ensembles utilizing more complex SAI strategies. In particular, both GLENS and ARISE-SAI injected SO2 
at four off-equatorial locations using a feedback algorithm that aims to maintain the global mean surface temper-
atures and their equator-to-pole and inter-hemispheric gradients at the baseline levels. The two ensembles utilized 
two different GHG emission scenarios - RCP8.5 and SSP2-4.5, respectively – resulting in different total magni-
tudes of the injections (Richter et al., 2022). Furthermore, the distribution of the SO2 injections across the four 
latitudes differed significantly between the two ensembles (Fasullo & Richter, 2022), resulting in contrasting 
distributions of the sulfate aerosols simulated in the stratosphere (Figure 4, top panels). GLENS shows the largest 
concentrations of sulfate in the NH tropics, in particular for the end of the century. In contrast, the aerosol cloud in 
ARISE-SAI maximizes in the SH tropics, consistent with the largest injection rates at 15°S (Richter et al., 2022). 
The underlying reasons behind the change in the dominant injection locations between the two ensembles is 
investigated in Fasullo and Richter (2022).

Both GLENS and ARISE-SAI show year-round strengthening of the SH stratospheric zonal winds under SAI 
compared to their baseline periods (Figure S6 in Supporting Information S1). The GLENS westerly response is 
stronger than in ARISE-SAI, in particular for the end of the century (2070–2089) but also for the mid-century 
period (2038–2057, i.e., when a similar level of cooling is reached in GLENS to that in the last 20 years of 

Figure 4. Shading: Changes in the yearly mean sulfate aerosol mass mixing ratios (10 −7 kg-SO4/kg-air; top), DJF zonal wind in the southern hemisphere (m/s; middle), 
and DJF sea level pressure southward of 30°S (hPa, bottom) compared to the respective baseline periods (here chosen as 2011–2030 and 2020–2039 for Geoengineering 
Large Ensemble (GLENS) and Assessing Responses and Impacts of Solar climate intervention on the Earth system with Stratospheric Aerosol Injection (ARISE-SAI), 
respectively). Column 1 is for GLENS averaged over 2070–2089, column 2 is for GLENS averaged over 2038–2057, column 3 is for ARISE-SAI averaged over 
2050–2069. Contours in row 2 indicate the corresponding baseline values for reference.
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ARISE-SAI, see Section 2). This is commensurate with the larger injection rates needed in GLENS both to offset 
the end of the century RCP8.5 GHG scenario (38 Tg-SO2/yr over 2070–2089) or to reach the same amount of 
global cooling (15 Tg-SO2/yr over 2038–2057) as in ARISE-SAI (10 Tg-SO2/yr over 2050–2069).

Despite the qualitative similarities in the SH stratospheric zonal wind responses between GLENS and ARISE-SAI, 
contrastingly different impacts are found in the troposphere. We choose to focus here on the austral summer (DJF, 
rows 2–3 in Figure 4), that is, when the tropospheric response is particularly clear, although overall similar results 
are also found if the yearly mean data is considered instead (Figure S6 in Supporting Information S1). In GLENS, 
the strengthening of the stratospheric zonal winds extends down to the troposphere, resulting in a poleward shift 
of the eddy-driven jet and sea-level pressure anomalies corresponding to the positive phase of SAM. The tropo-
spheric GLENS responses are qualitatively similar for both the end of the century (left columns in Figure 4 and 
Figure S6 in Supporting Information S1) and mid-century (middle columns in Figure 4 and Figure S6 in Support-
ing Information S1) periods. In contrast, an opposite sign tropospheric response is found in ARISE-SAI (right 
columns in Figure 4 and Figure S6 in Supporting Information S1), that is, an equatorward shift of the eddy-driven 
jet and a sea-level pressure response resembling a negative phase of SAM. We note that the yearly mean Antarctic 
polar vortex response in ARISE-SAI is largely not symmetrical, and thus both zonal wind and sea-level responses 
become diminished when averaged over all longitudes (Figure S6 in Supporting Information S1, right column). 
A more symmetric response is found during austral summer (Figure 4, right column).

The differences between the tropospheric zonal wind and sea-level pressure responses to SAI between the two 
large SAI ensembles agree with the results of the fixed single-point injection simulations. In particular, the SAI 
impacts on SAM in GLENS, where the largest sulfate concentrations are found in the NH tropics, qualitatively 
agree with the results of the fixed NH SO2 injection simulations. The SAI impacts on SAM found in ARISE-SAI, 
on the other hand, where the largest aerosol concentrations are found in the SH tropics, qualitatively agree with 
the results of the fixed SH SO2 injection simulations.

Our results thus demonstrate that the differences in the SAI impacts on the SH high latitude climate simulated by 
these two large ensembles can be explained by the corresponding differences in the sulfate aerosol distributions. 
We note that other potential drivers of the differences in the SAI responses between GLENS and ARISE-SAI 
exist, for instance inter-model differences between CESM1(WACCM) and CESM2-WACCM6 models or the 
different spatial and temporal patterns of the radiative forcings in RCP8.5 and SSP2-4.5 scenarios (Fasullo & 
Richter, 2022). Yet, the results of our idealized runs with fixed single-latitude injections point strongly to the 
dominant role of sulfate distributions in driving the different SAM impacts in the CESM model.

5. Summary and Discussion
Numerous modeling studies in the past investigated impacts of potential SAI on atmospheric circulation, with 
particular attention given to the impacts on the NH winter polar vortex and the NAM. Yet, potential impacts on 
its SH counterpart, the SAM, have so far received less attention. Here we analyzed the impacts of SAI on SAM 
using a number of simulations carried out with the CESM model, and demonstrated the first-order dependence of 
the simulated SH high latitude response on the latitude of injection.

First, we analyzed the results of a set of runs with fixed annual SO2 injections in the lower stratosphere at either 
30°S, 15°S, 0°, 15°N or 30°N. All simulations showed year-round strengthening of the SH stratospheric polar 
vortex, consistent with overall strengthened horizontal temperature gradients from aerosol heating in the tropical 
lower stratosphere. However, for the equatorial and NH SO2 injection simulations, the year-round tropospheric 
circulation response is a poleward shift of the eddy-driven jet with a corresponding pattern of sea-level pressure 
changes projecting on the positive phase of SAM. In contrast, in the SH SO2 injections the tropospheric jet 
shifts equatorward and the sea-levels pressure changes project on the negative phase of SAM. These contrasting 
responses are associated with consistent changes in eddy heat and momentum fluxes within the troposphere, as 
well as with changes in stratospheric wave propagation/breaking and the high latitude downwelling during austral 
winter and spring. We then demonstrated that the results of the single-point injections explain the differences 
in the SAM responses diagnosed from the two large CESM SAI ensembles utilizing more complex SAI strate-
gies – GLENS and ARISE-SAI. In particular, the predominantly NH-distributed sulfate aerosols in GLENS led 
to the poleward shift of the SH eddy-driven jet and the positive phase of SAM. In contrast, the predominantly 
SH-distributed aerosols in ARISE-SAI resulted in the equatorward shift of the SH eddy-driven jet and the nega-
tive SAM phase.
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The results highlight the dominant role of horizontal sulfate aerosol distribution in driving the different SAM 
impacts from geoengineering simulations in the CESM model. Our results point to the importance of the merid-
ional distribution of the aerosol-induced lower stratospheric heating as an important driver of the sensitivity of 
the SAM response to injection location. However, further idealized studies would be needed to decouple the 
different radiative and dynamical processes operating and influencing stratospheric-tropospheric coupling and, 
thus, to quantify the relative importance of the various drivers. Our findings illustrate and highlight the complex 
interplay of the microphysical, radiative and dynamical processes contributing to the SAI responses on regional 
scales.
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