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Abstract Sulfur-rich volcanic eruptions happen sporadically. If Stratospheric Aerosol Injection (SAI) were
to be deployed, it is likely that explosive volcanic eruptions would happen during such a deployment. Here we
use an ensemble of Earth System Model simulations to show how changing the injection strategy post-eruption
could be used to reduce the climate risks of a large volcanic eruption; the risks are also modified even without
any change to the strategy. For a medium-size eruption (10 Tg-SO,) comparable to the SAI injection rate, the
volcanic-induced cooling would be reduced if it occurs under SAI, especially if artificial sulfur dioxide
injections were immediately suspended. Alternatively, suspending injection only in the eruption hemisphere and
continuing injection in the opposite would reduce shifts in precipitation in the tropical belt and thus mitigate
eruption-induced drought. Finally, we show that for eruptions much larger than the SAI deployment, changes in
SAI strategy would have minimal effect.

Plain Language Summary The artificial injection of aerosols in the stratosphere (SAI) may help
mitigate risks from increasing surface temperatures by reflecting some of the incoming sunlight. Such injections
would need to be continued for decades, meaning that the chance is high for a sulfur-rich volcanic eruption to
happen during that time. When such an eruption happens, temperatures are reduced abruptly, and there might be
changes in precipitation patterns if most of the aerosols are in only one hemisphere. We show that one could
envision mitigation strategy during SAI that reduce the risks arising from the abrupt changes produced by
volcanic eruption, by shifting where the artificial injections happen and their amount. However, this depends on
the magnitude of the eruptions, as for those too large (5 times as big as the largest eruption of the 20th century)
such mitigation strategies would simply not be enough.

1. Introduction

The enhancement of the stratospheric aerosol layer after explosive volcanic eruptions perturbs the energy budget
of the atmosphere and oceans by reducing incoming solar radiation, and by warming the lower stratosphere.
Consequently, atmospheric dynamics and ocean circulation are altered, which in turn modifies stratospheric
ozone concentrations and affects the hydrologic cycle including reducing global precipitation, weakening
monsoons, and shifting the position of the Inter-Tropical Convergence Zone (ITCZ) (Aquila et al., 2013; Marshall
et al., 2022; Robock, 2000; Timmreck et al., 2012).

The eruption of Mt. Pinatubo in June 1991, which injected between 14 and 22 Tg of SO, (Bluth et al., 1992; Guo
et al., 2004), was estimated to produce a global cooling between 0.14 and 0.5 K in 1992-1993 (Canty et al., 2013;
Dutton & Christy, 1992; Soden et al., 2002) and substantially decreased precipitation over land (Trenberth &
Dai, 2007). Idealized simulations of the Pinatubo eruption within the Max Planck Institute Grand Ensemble
framework show that a sulfur injection of >20 Tg may lead to a significantly decreased monsoon precipitation
beyond the effect of internal variability, driven by changes in atmospheric circulation (D’Agostino & Timm-
reck, 2022). Similar effects were also observed for smaller volcanic eruptions (e.g., 5-13 and 13 Tg of SO, for
Agung in 1963 and Santa Maria in 1902, respectively) (Textor et al., 2004; Yang et al., 2019).

The altered hemispherical thermal contrast due to the asymmetry of the zonal stratospheric aerosol distribution
can shift the position of the Hadley cells and the ITCZ; the latter is pushed away from the cooler hemisphere
toward the warmer one, altering regional precipitation patterns (Broccoli et al., 2006; Iles & Hegerl, 2014;
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Jacobson et al., 2020; Zuo et al., 2019). Through this mechanism, volcanic eruptions in the Northern Hemisphere
(NH) may move the ITCZ southward and cause droughts in the Sahel region (Haywood et al., 2013; Jacobson
et al., 2020), whereas Southern Hemisphere (SH) eruptions may shift the ITCZ northwards, as evidenced by the
increased rainfall in Belize in the year following the Mt. Tambora eruption in 1815 (Ridley et al., 2015).

Through a similar mechanism, the increase in anthropogenic aerosol emissions in the NH since the early 1900s
might have produced an asymmetric cooling between the hemispheres leading to a southward migration of the
ITCZ, a drying of the northern tropics, most significant in the Sahel region, and a moistening of the southern
tropics (Hwang et al., 2013).

Stratospheric Aerosol Injection (SAI) would act to mimic the mechanism behind volcanic-induced cooling by
continuously injecting SO, in the lower stratosphere to temporarily offset some fraction of the greenhouse gas
induced global warming (Crutzen, 2006). If the locations of the anthropogenic SO, injections are limited to one
hemisphere, SAI would produce a forcing asymmetry and lead to similar changes in regional precipitation as
observed for volcanic eruptions (Haywood et al., 2013; Jones et al., 2010). On the other hand, a combination of
multiple injection locations results in a more even aerosol distribution and allows the management of not just
global mean temperature, but also inter-hemispheric and equator-to-pole temperature gradient (Kravitz
et al., 2017; Lee et al., 2020; MacMartin et al., 2017).

The length of a SAI deployment would likely range anywhere between half a century and multiple centuries,
depending on the emission pathway, the desired cooling target and the timescale for the reduction of greenhouse
gases concentrations (Baur et al., 2023; MacMartin et al., 2014, 2018). Since medium and large explosive
eruptions are not infrequent on a centennial timescale (Schmidt et al., 2018), it is likely that under any potential
SAI deployment one would occur. Thus, it is necessary to assess volcanic impacts under SAI conditions, since
such an event would further affect the stratospheric aerosol layer and the resulting surface cooling.

Laakso et al. (2016) simulated a volcanic eruption of 17 Tg of SO, injected at the location of Mt. Pinatubo during
a SAI deployment of a constant injection of 16 Tg-SO,/yr uniformly distributed between 30°N and 30°S. The
possibility of either continuing or completely suspending the SAI deployment was considered. They found that in
all simulations (with or without SAI) surface cooling and precipitation change occurred mainly in the tropics, but
with different patterns depending on the background in which the eruption occurred. They also found that the
volcanic-induced increase in the negative radiative forcing and the decrease in global temperature and precipi-
tation were smaller for the eruption occurring under SAI conditions than non-SAI conditions. The non-linearity
was attributed to the underlying microphysical factors that determine the responses to volcanic eruption and SAL

Here we consider two potential kinds of eruption: one we define as “medium” magnitude (10 Tg-SO,), and one as
“large” magnitude (50 Tg-SO,) occurring at the latitude of Pinatubo during SAI deployment, and we place
ourselves upon the same SAI deployment framework as MacMartin et al. (2022), where injection amounts are
latitude-dependent to manage multiple temperature-dependant degrees of freedom. We demonstrate that in such a
scenario it is possible to modify the injection strategy in response to the exogenous increase in aerosol load, and
that different ways of doing so come with different trade-offs. Ultimately, we show that an eruption happening
under a SAI deployment leads to potentially less detectable surface impacts, and thus reduced risks, as opposed to
a similar eruption happening without SAI.

2. Model and Simulations
2.1. The CESM2(WACCM6) Earth System Model

We use the Community Earth System Model, version 2, with the Whole Atmosphere Community Climate Model
version 6 as the atmospheric component, CESM2(WACCM6) (Danabasoglu et al., 2020; Gettelman et al., 2019).
CESM2(WACCMDO) is a global Earth System Model that includes interactive atmosphere, ocean, land, and sea ice
components, with a horizontal resolution of 0.95° latitude X 1.25° longitude, and 70 vertical layers up to
~140 km; the resolution allows a reasonable simulation of internal variability in the stratosphere (e.g., internally
generated Quasi-Biennial Oscillation).

The WACCM6-MA configuration used here includes the Middle-Atmosphere (stratospheric) chemistry without
representation of species and reactions that are significant only in the troposphere (Davis et al., 2023; Mills
et al., 2017). Aerosols are simulated using the Modal Aerosol Model version 4 (MAM4) that includes black
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carbon, primary organic matter, secondary organic aerosols, sea salt, dust, and sulfate internally mixed in four
lognormal modes (Primary carbon, Aitken, Accumulation, and Coarse modes) (Liu et al., 2016).

2.2. Simulations

The volcanic eruptions and SAI are simulated under the Shared Socioeconomic Pathway 2-4.5 (Meinshausen
et al., 2020) (SSP2-4.5) as a background greenhouse gas and anthropogenic aerosols emission scenario (Mac-
Martin et al., 2022).

The SAI simulations are 35 years long, starting in 2035, and consist of annually constant injections of SO, at four
latitudes (30°N, 15°N, 15°S, and 30°S) all at 180°E longitude and in the gridbox centered at 21.5 km altitude (with
a vertical resolution of 1.2 km). The injection rates of SO, (Figure S1 in Supporting Information S1) are
controlled by a feedback algorithm aimed at maintaining global mean temperature at 1.5°C above the prein-
dustrial level (defined as the average over the 2020-2039 period in CESM2), and also at maintaining inter-
hemispheric and equator-to-pole temperature gradients at the values corresponding to the same reference
period (Kravitz et al., 2016; MacMartin et al., 2022). At the time of the eruption, the SAI injection rate is of 7.5
Tg-SO,/yr, with 74% located in the SH and 26% in the NH, and the mean stratospheric aerosol optical depth
(sAOD) is 0.16 in SH and 0.10 in NH.

The “medium” (10 Tg-SO,) and “large” (50 Tg-SO,) volcanic eruptions are simulated both in the background
scenario without SAI (Volc10Tg and Volc50Tg, respectively) and in the SAI scenario (Volc10Tg + SAI and
Volc50Tg + SAL respectively). For the case of a medium volcanic eruption, we also performed a simulation in
which SAI injections are stopped in the hemisphere of the eruption and maintained in the opposite hemisphere
(Volc10Tg + SAI_nhoff). Volcanic eruptions consist of an injection uniformly distributed between 18 and 25 km
altitude at the location of Mt. Pinatubo (15.1°N, 120.4°E); for simplicity, we chose the date of 1 January 2055 for
the eruption. All simulations are summarized in Table S1 in Supporting Information S1.

3. Results
3.1. Process for SAI Strategy Determination

For the eruptions happening under a SAI deployment, changes to the post-eruption injection strategy are
considered based on the global evolution and the latitudinal distribution of the anomalous stratospheric sulfate
burden and stratospheric aerosol optical depth (sSAOD) in the two eruption cases occurring under background
conditions (Figure 1).

Figure 1 shows the evolution of the changes in the global sulfate burden and stratospheric aerosol optical depth
with respect to SSP2-4.5, and the zonal mean changes of sSAOD averaged during the first year after the eruption
(2055), for both 10 Tg-SO, and 50Tg-SO, eruptions.

Both Volc10Tg and Volc50Tg global sulfate burdens and sAOD reach their maximum value 5 months after the
eruption (May 2055), at 6.3 and 28.1 Tg-S for the sulfate burden and at 0.13 and 0.55 for the SAOD, respectively.
Volc10 Tg values are close to the sulfate burden and SAOD achieved in the SAI simulations with no volcanic
eruptions. However, all eruptions considered increase SAOD mainly in the northern hemisphere, where they
occur. During the first year after the eruption when both sulfate burden and sAOD show the highest values
(Figures 1c and 1f), Volc10 Tg produces an extra sSAOD of 0.18 in NH (0.03 in SH); this is higher than that
produced by SAI in the NH (0.10) but comparable to that in SH (0.16). For the same year, Volc50 Tg results in an
extra 0.77 sAOD in the NH and 0.15 in the SH.

This latitudinal distribution of aerosols in the eruptions case suggests two possible subsequent SAI strategies
based on two potential objectives: (a) to minimize the change in global mean temperature due to the eruption, one
would stop all SAI injections immediately (Volc10Tg + SAI_off, Volc50Tg + SAI_off); (b) to minimize the
changes in ITCZ due to inter-hemispheric temperature differences arising from the horizontal distribution of
stratospheric aerosols, one would modify the strategy depending on the magnitude of the eruption. For objective
(b), if the volcanic eruption is smaller or comparable to the amount of SAI injections (as in the case of Volc10Tg),
SAI injections are either reduced or stopped in the hemisphere of eruption and maintained in the opposite
hemisphere (Volc10Tg + SAI_nhoff). If it is larger, the injection should be increased in the opposite hemisphere,
since stopping the injection in the eruption hemisphere would not yield an appreciable change in the hemispheric
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Figure 1. Monthly values of globally averaged sulfate burden change and stratospheric aerosol optical depth. (a, d) Globally
averaged sulfate burden change with respect to SSP2-4.5 for 10 Tg and 50 Tg of SO, eruption, respectively. (b, ) Globally
averaged stratospheric aerosol optical depth for 10 Tg and 50 Tg of SO, eruption, respectively. (c, f) Zonal aerosol optical
depth averaged over 2055 for 10 Tg and 50 Tg of SO, eruption, respectively.
asymmetry of AOD. However, for our large eruption case this would likely have significant adverse impacts on
global mean temperature and precipitation, and as such is unlikely to represent a plausible mitigation strategy.
Therefore, for the Volc50Tg case, we only consider stopping SAI everywhere following the eruption
(Volc50Tg + SAI off). A third strategy would consist of keeping SAI injection unchanged despite the eruption,
but that would not bring additional benefits and therefore we do not consider it here.
The changes in sulfate aerosol burden and sAOD due to volcanic eruptions are smaller, and their lifetime is
shorter, when the eruption occurs during SAI (Volc10Tg + SAI_off and Volc50Tg + SAI off) than under SSP2-
4.5 (Volc10Tg and Volc50Tg) (Figures 1b and 1e). This happens both because SAI injections are suspended post-
eruption and because the injection of SO, on top of a perturbed stratospheric aerosol layer enhances aerosol
QUAGLIA ET AL. 4 of 12
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growth since condensation would prevail over nucleation, resulting in larger aerosols and, in turn, faster sedi-
mentation (Laakso et al., 2016; Visioni et al., 2019; Yu et al., 2023).

For the same reasons, the stratospheric sulfate burden and aerosol optical depth returns to pre-eruption levels
significantly slower under SSP2-4.5 than under SAI, taking about 3 years in total. For the medium eruption (10
Tg-SO,) under SAI, the global sulfate burden and SAOD take 1 year to return to the pre-eruption SAI values if
SAl is suspended everywhere, and around 2 years if SAI is suspended only in the hemisphere of eruption. For the
large eruption (50 Tg-SO,) occurring under SAI, where the SAl is suspended everywhere, two years are necessary
for the stratospheric aerosols to return to the pre-eruption levels.

Volc10Tg + SAIL off and Volc50Tg + SAIL off are run for the duration it takes for the stratospheric aerosol
burden to reach roughly the same levels as for the eruption under SSP2-4.5, which is around 2 and 3 years
respectively, to investigate the e-folding time. In Volc10Tg + SAI_nhoff, the NH SAI injections are restarted
2 years after the eruption to allow the global sulfate burden and SAOD to converge to pre-eruption values. In that
case, during the first year after the eruption, stopping the injection only in the NH results in a more symmetrical
inter-hemispheric distribution of SAOD than the case where SAl is suspended everywhere; it does, however result
in a higher global sAOD. The climatic-trade-offs between these two cases will be analyzed in the next sections.

3.2. Global Changes in Temperatures

The three degrees of freedom for near-surface air temperatures (defined in Appendix A) that are being managed
by the multi-location SAI strategy are: global mean temperature (GMT, T,) in Figure 2a, the inter-hemispheric
temperature gradient (T,), and the equator-to-pole temperature gradient (T,) in Figures S2a and S2b in Supporting
Information S1, respectively.

Figure 2a shows that SSP2-4.5 GMT increases over the 21st century at a rate of 0.3 K decade™, but is held at
1.5 = 0.1 K above preindustrial levels under SAI Following each eruption under SSP2-4.5, a cooling of 0.3 and
1.1 K'in Volc10Tg and Volc50Tg is simulated (2055-2056 average). The volcanic contribution to GMT is 0.1 K
smaller when SAI is stopped in one hemisphere (Volc10Tg + SAI_nhoff) and 0.2 K smaller for either eruption
happening under SAI when stopped everywhere. GMT returns to the respective background values in SSP2-4.5
after 3 years for Volc10Tg and 5 years for Volc50Tg. Under SAI, the return time for GMT depends on the
strategy: if artificial SO, injections are suspended everywhere it takes about 2 years less in either cases than under
SSP2-4.5, whereas if the injections are maintained in one hemisphere the return time is similar to that under
SSP2-4.5.

While both SSP2-4.5 and SAI maintain a roughly constant inter-hemispheric temperature gradient (0.93 + 0.07 K
in SSP2-4.5 and at 0.84 + 0.06 K in SAI, Figure S2a in Supporting Information S1, all simulations with volcanic
eruptions mainly cool the NH and thus result in the reduction of values of T,. All of the cases with a medium-size
eruptions lead to a similar decrease in T in the two following years: 0.75 = 0.7 K in Volc10Tg, 0.72 £ 0.07 K
Volc10Tg + SAI_off and 0.73 £+ 0.07 K Volc10Tg + SAI_nhoff. The large size (50 Tg SO,) eruptions lead to
much lower values of T, (lowest value of 0.13 in Volc50Tg and 0.14 K in Volc50Tg + SAI_off) and a subsequent
return toward higher values at a rate of about 1.25 K/year.

In Figure S2b in Supporting Information S1, the equator-to-pole temperature gradient increases (becomes less
negative) in SSP2-4.5 from 2035 at a rate of 0.03 K/decade due to Arctic amplification, while under SAI it stays at
around —5.89 + 0.06 K. After the volcanic eruptions, a larger cooling in the northern extratropics compared to the
tropics leads to a decrease in T, by 0.1 and 0.3 K for the 10 and 50 Tg-SO, eruptions compared to the respective
background, with a slightly smaller decrease in Volc10Tg + SAI_nhoff and Volc50Tg + SAL off.

3.3. Regional Changes in Temperatures

In Figures 2b—2h we show the regional distribution of temperature changes, only highlighting regions where the
differences are statistically significant at the 95% significance level (see Appendix B). Panels 2b and ¢ show the
temperature change in SSP2-4.5 and SAI in 2050-2069 compared to the 20-year average over 2020-2039 in
SSP2-4.5 (Baseline). The increase in greenhouse gas concentrations in SSP2-4.5 results in a warming over almost
the entire globe except for a region in the North Atlantic Ocean due to a projected continued slowdown of the
Atlantic Meridional Overturning Circulation (see Figure 3 in MacMartin et al. (2022); see also Gervais
etal. (2018)). A higher warming compared to the global mean is evident in the Arctic region (1.8 K) due to Arctic
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Figure 2. (a) Time series of monthly mean of global temperature (T,) in K above preindustrial levels (PI) from 2035 to 2070
(left) and zoom in (right) on years highlighted by gray box. T, is a 12-month rolling mean over 12 months and deseasonalized
by subtracting detrended background values with a linear fit over the years 2035-2069. (b—h) Maps of statistically significant
change of temperature from different background simulation based on the considered simulation. Gray areas are the region
where the differences are non statistically significant at the 5% significance level. (b, ¢) Show the temperature change in
SSP2-4.5 and SAI averaged over 2050-2069 from Baseline (SSP2-4.5 averaged over 2020-2039) and the statistics are
calculated over all the simulation years for the three ensemble members. (d, e) As (b, ¢) for Volc10 Tg and Volc50 Tg
averaged over 2055-2056 from the 20-year average in SSP2-4.5. (f-h) As (b, c) for Volc10Tg + SAI_off,

Volc10Tg + SAI_nhoff and Volc50Tg + SAI_off averaged over 2055-2056 from the 20-year average in SAL

amplification with associated reduction in September sea ice (Figure S3 in Supporting Information S1, black
line). Under SAI, the injection was not quite sufficient to meet the desired target temperature, leading to a residual
warming relative to Baseline of 0.1 K (globally averaged) and a fraction of land with statistically significant
change of 25.2% versus the of 0.9 K and 99.9% in SSP2-4.5.

In Figures 2d and 2e we show the temperature change over the 2 years following the eruptions compared to the 20-
year average in SSP2-4.5 (2050-2069); likewise, Figures 2f-2h show the changes for the eruptions occurring
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under SAI (Volc10Tg + SAIL_off, Volc10Tg + SAI_nhoff, Volc50Tg + SAI_off) compared to the 20-year
average in the SAI case without eruptions. Unlike for panels b and c), here we aim to highlight the direct
perturbation produced by the eruption compared to the simulated climatology: shaded areas here are meant to
indicate regions where the change produced by the eruption are not significant compared to the variability
(considered here as the standard error calculated over 20 years and three ensemble members) over a longer
climatological period.

As discussed before, the eruptions mainly decrease near-surface air temperatures in the hemisphere of the
eruption; however, the temperature change compared to the respective background is significantly smaller when
the eruptions occur during SAI (Figures 2d and 2e compared to Figures 2f-2h). The average cooling from the
eruption in the NH is 0.6 K in Volc10Tg and 2.0 K in Volc50Tg (Figures 2d and 2e); this is 0.4 K smaller,
regardless of the eruption magnitude, when occurring under SAI (Figures 2f-2h). Furthermore, the fraction of
land with statistically significant temperature changes from the background is lower for eruptions occurring under
SAI background, as shown in the table in Figure 2.

3.4. Precipitation and ITCZ Shift

Variations in global surface temperatures affect global precipitation, and variations in the inter-hemispheric
thermal contrast affect the location of the tropical Hadley circulation, including the location of the ITCZ, in
turn resulting in changes in the regional distribution of precipitation.

The most significant changes in precipitation occur over the Tropics, as shown in Figure 3 (calculated as in
Figure 2). Global warming (Figure 3a) produces an increase in precipitation around the equator in the Pacific
Ocean, in the Atlantic Ocean extending over Brazil and regions of west-central Africa, and over a small eastern
region on the Indian Ocean facing east-central Africa; above these regions, a drying belt extends into the northern
tropic. In our simulations, the overall change in precipitation is statistically significant over 29.9% of land areas.
This percentage decreases to 14.0% when SAI is deployed.

The clear hydrological response from volcanic eruptions (Figures 3c—3g), driven mainly by changing inter-
hemispheric temperature gradients resulting in a southward shift of ITCZ, is a decrease in precipitation in the
northern tropics and an increase in the southern tropics; these changes are larger and more statistical significant in
the case of the larger eruption. If injections are stopped everywhere (Figures 3e and 3g), the fraction of land
affected by the change in precipitation (see table in Figure 3) and the magnitude of precipitation changes over land
are comparable (medium eruption) or only slightly attenuated (large eruption) with respect to those occurring
under SSP2-4.5 (Figures 3¢ and 3d); however, if injections are maintained in the opposite hemisphere (Figure 2f),
then these changes are reduced.

In Figure 3h, the annual mean position of the ITCZ is calculated as the latitude near the equator where the
meridional mass stream function at 500 hPa changes sign, and the shift is calculated compared to the ITCZ
position in Baseline (mean value over the reference period, 2020-2039). For volcanic eruptions, with or without
SALI, the decrease in inter-hemispheric temperature gradient about a year after the eruption forces a southward
shift of ITCZ. The ITCZ shift is —4.4° in Volc10Tg and decreases to —3.0° in Volc10Tg + SAI_off and further to
—2.6° in Volc10Tg + SAI nhoff. Similarly, the ITCZ shift is larger in Volc50 Tg, with a shift of —8.2° without
SAI, decreasing to —7.3° for Volc50Tg + SAI_off.

Finally, we focus our analyses on two regions within the tropical belt in which precipitation changes during the
monsoon season might be of particular interest and has been demonstrated to be affected by volcanic eruptions in
the past (Haywood et al., 2013): the Sahelian region and the Indian subcontinent (Figure 4). As shown in
Figures 4c and 4d, precipitation is reduced in these regions in late summer and early autumn under a medium size
eruption occurring under SSP2-4.5. In contrast, limiting the ITCZ shift by a change in the SAI injection strategy
post-eruption, especially in the case when the injections are suspended only the in the NH, results in a significant
amelioration of the volcanic-induced precipitation reduction and, thus, potentially, food and water security.

4. Conclusion

If SAI is ever deployed, it is highly likely that it would have to be maintained over many decades to centuries
(Baur et al., 2023; Ricke et al., 2017): it is therefore also highly likely that, given the frequency of large-magnitude
volcanic eruptions, one might happen during a deployment, underscoring both the importance of assessing the
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Figure 3. Maps of statistically significant changes in precipitation as a deviation from the respective background simulation. Gray areas indicate regions where the
differences are not statistically significant at the 5% level. (a, b) Show the precipitation change in SSP2-4.5 and SAI averaged over 2050-2069 from Baseline (SSP2-4.5
averaged over 2020-2039) and the statistics are calculated over all the simulation years for the three ensemble members. (c, d) As (a, b) for Volc10 Tg and Volc50Tg
averaged over 2055-2056 from the 20-year average in SSP2-4.5. (e-g) As (a, b) for Volc10Tg + SAI_off, Volc10Tg + SAI_nhoff and Volc50Tg + SAI_off averaged
over 2055-2056 from the 20-year average in SAI (h) Time series of annual mean of the ITCZ shift with respect to ITCZ position in Baseline. ITCZ position in Baseline
is calculated as the average position of the ITCZ in SSP2-4.5 over the reference period (2020-2039).

combined effects of the two and of better understanding the future frequency of sulfur-rich volcanic eruptions
(Carn et al., 2017; Galetto et al., 2023; Schmidt et al., 2018).

The decrease of the hemispheric and land-ocean thermal contrast after an explosive volcanic eruption, due to the
differential cooling of one hemisphere, weakens the cross-equatorial flow and consequently shifts the ITCZ
position, causing drying and wetting of the climatological wet and dry regions, respectively (Haywood
et al., 2013; Iles & Hegerl, 2014; Zuo et al., 2019).

In this work we have therefore asked the question of how the two increases of stratospheric loading, one pulse-like
from a volcanic eruption and one sustained from a SAI deployment, would interact. In particular, we consider a
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Figure 4. Precipitation change calculated over the Sahelian (left) and Indian (right) regions as defined in Figure S4 in Supporting Information S1. (a, b) Changes
compared to Baseline for SSP2-4.5 and SAI Shadings represent + one standard error considering three ensemble members and 20 years. (¢, d) Changes compared to the
respective background cases (SSP2-4.5 and SAI) under a 10 Tg volcanic eruption. (e, f) Changes compared to the respective background cases under a 50 Tg volcanic
eruption. In panels (c—f), the shading indicates the variability in the long-term, 20 years response as in (a, b), but is here centered around O to indicate if the volcanic-
produced changes fall outside of the long-term variability. The circles on the right axis represent the average values over the summer monsoon (MJJAS).

SAI injection strategy that consider multiple injection locations in both hemisphere, to prevent not just a global
mean temperature increase but also an imbalance in the rates of warming between hemisphere. In this context, we
simulate two volcanic eruptions with either 10 or 50 Tg of SO, at a location close to 15°N in 2055 (after 20 years
of SAI deployment).

Without an SAI deployment, and lacking any means to artificially reduce the stratospheric aerosol load, there is
little that can be done to counteract the adverse climatic effects of a volcanic eruption. During a coordinated (and
thus controllable) SAI deployment, on the other hand, we can consider potential responses to volcanic eruptions
by means of modifying the SAI injection strategy. In this work, we consider as an example two possible response
strategies: one that aims to minimize the overall excessive cooling caused by the volcanic eruption, and one that
prioritizes preventing a thermal imbalance between the hemisphere, insuring that the aerosol load is balanced
between the hemispheres. The first case involves stopping SAI injections everywhere, regardless of the spatial
and temporal evolution of volcanic plume. In contrast, the latter defines the modification of the second SAI
strategy based on what we first observed for a volcanic eruption in a non-SAI background. We note that in general
a volcanic eruption in one hemisphere tends to perturb the aerosol layer mainly in the hemisphere of eruption
(Oman et al., 2006; Schoeberl et al., 2023; Self, 2006). In a real-world deployment, one could further constrain the
post-eruption evolution of a volcanic plume, and thus the particulars of SAI strategy that need to be modified,
using parallel forecast model simulations.
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In the eruption cases we consider here, the SAI deployment by 2055 is comparable in magnitude to the smaller
one; this means that injections can either be stopped everywhere for that year, for the first strategy, or be
completely stopped only in the same hemisphere as the eruption, and continued as planned in the other, for the
second strategy. In the former case, we demonstrate that the post-eruption abrupt global cooling can be reduced
compared to the case without SAI by 67%; in the latter, we demonstrate that the post-eruption hydrological
changes in the tropical belt (in particular in specific regions that might be particularly sensitive to changes in the
monsoonal season, such as Central Africa and the Indian Subcontinent) can be minimized compared to the case
without SAI. For the eruption case that is much larger than the SAI deployment, we provide a strategy where SAI
injections are stopped everywhere, and which manages to partially reduces the post-eruption abrupt global
cooling by 17% and minimizes changes over 11% of the land. However, we argue that a strategy that aims to
prevent an hemispheric imbalance would not be feasible as it would overcool too much compared by the cooling
already provided by the volcanic eruption. Nonetheless, even the case where injections are completely stopped
offers some reduction in the hydrological changes produced by the 50 Tg of SO, eruption.

More generally, our considerations can be applied whenever considering volcanic eruptions with sulfate loading
smaller or comparable to a certain SAI injection rate: we demonstrated that in those cases injection strategy
considerations could affect, and for the aspects considered here, minimize, post-eruption risks. For eruptions
much larger than SAI injection rates, we demonstrate that the concurrence of SAI and eruption would, at the very
least, not increase climatically relevant risks as argued elsewhere (Tang & Kemp, 2021), and potentially reduce
them just by reducing the resulting abrupt cooling.

Appendix A: Temperature Metrics

Global mean temperature (GMT, T,), the inter-hemispheric temperature gradient (T;), and the equator-to-pole
temperature gradient (T,) are defined as follows based on Kravitz et al. (2016):

1
To=—| T(¥Y )d¥ Al
0= 1 ) TePcoser) (A1
T
T, =Z/ sin(P)T(P) cos (P)d¥ (A2)
v
T, = % f 3Sir12(#T(w)cos (P)a¥ (A3)
v

where T(W) is zonal-mean temperature, W is latitude, and A is area-weighted latitude.

Appendix B: Temperature and Precipitation Changes

The statistically significant changes in temperature and precipitation are calculated at the 95% level of signifi-
cance and considering three ensemble members. The number of years and the background scenario against which
changes and statistics are calculated is always explicitly discussed in the figure captions and in the text; often,
when considering changes in SSP2-4.5 and SAI, the comparison considers averages over 2050-2069 as compared
with the Baseline period (always defined as SSP2-4.5 averaged over 2020-2039); when considering changes in
Volc10Tg and Volc50Tg, we use the period 2055-2056 against the 20-year average in SSP2-4.5 (2050-2069); in
Volc10Tg + SAIL_off, Volc10Tg + SAI_nhoff and Volc50Tg + SAI_off we consider an average over 2055-2056
against the 20-year average in SAI (2050-2069).
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