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Abstract

Stratospheric Aerosol Geoengineering (SAG) is one of the solar geoengineering approaches that have been proposed to offset
some of the impacts of anthropogenic climate change. Past studies have shown that SAG may have adverse impacts on the
global hydrological cycle. Using a climate model, we quantify the sensitivity of the tropical monsoon precipitation to the
meridional distribution of volcanic sulfate aerosols prescribed in the stratosphere in terms of the changes in aerosol optical
depth (AOD). In our experiments, large changes in summer monsoon precipitation in the tropical monsoon regions are simu-
lated, especially over the Indian region, in association with meridional shifts in the location of the intertropical convergence
zone (ITCZ) caused by changes in interhemispheric AOD differences. Based on our simulations, we estimate a sensitivity
of — 1.8°+0.0° meridional shift in global mean ITCZ and a 6.9 +0.4% reduction in northern hemisphere (NH) monsoon
index (NHMI; summer monsoon precipitation over NH monsoon regions) per 0.1 interhemispheric AOD difference (NH
minus southern hemisphere). We also quantify this sensitivity in terms of interhemispheric differences in effective radiative
forcing and interhemispheric temperature differences: 3.5+0.3% change in NHMI per unit (Wm™2) interhemispheric radiative
forcing difference and 5.9 +0.4% change per unit (°C) interhemispheric temperature difference. Similar sensitivity estimates
are also made for the Indian monsoon precipitation. The establishment of the relationship between interhemispheric AOD (or
radiative forcing) differences and ITCZ shift as discussed in this paper will further facilitate and simplify our understanding
of the effects of SAG on tropical monsoon rainfall.

Keywords Stratospheric Aerosol Geoengineering (SAG) - Northern Hemispheric monsoon index (NHMI) - Indian summer
monsoon - Interhemispheric difference in aerosol optical depth (AOD)

1 Introduction

Anthropogenic activities such as emissions of greenhouse
gases and land-use changes have led to an increase in global
b< Shinto Roose mean temperature by 1.1 °C during 2011-2020 relative to
thejusshinto@gmail.com the pre-industrial period, and climate change projections
show that the warming may exceed 1.5 °C within the next
few decades (IPCC 2021a, b). Rapid reductions in green-
house emissions can potentially reduce the amount of future
warming. However, emission reductions may take decades
. . ) L and act slowly to reduce global warming. In this context,
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associated with emission reductions (Keith et al. 2010).
However, solar geoengineering does not alleviate other eco-
system stressors, such as ocean acidification (Tilmes et al.
2020; Jin et al. 2022).

A deliberate injection of sulfate aerosols into the strato-
sphere (Budyko 1977; Crutzen 2006; Wigley 2006; Svoboda
et al. 2011), termed Stratospheric Aerosol Geoengineering
(SAG) is one of the most feasible solar geoengineering
approaches (Keith et al. 2010; Mahajan et al. 2019; Aldy
et al. 2021). However, SAG could lead to unintended con-
sequences which may affect the planet in adverse ways (e.g.,
Kravitz and MacMartin 2020). For example, there is scien-
tific consensus that the deliberate alteration of solar radiation
to cool the planet would affect the global water cycle (Bala
et al. 2008; Tilmes et al. 2013) and impact regional mon-
soons (Robock et al. 2008; Nalam et al. 2018; Zhao et al.
2021; Krishnamohan and Bala 2022).

Past studies indicate large uncertainties in climate sys-
tem response to SAG. One of the uncertainties is related
to the climate's response to meridional profiles of insola-
tion reduction (Lutsko et al. 2020; Ban-Weiss and Caldeira
2010; Modak and Bala 2014; Nalam et al. 2018) which
would depend on the choice of injection location (Tilmes
et al. 2017). Hemispherically asymmetric forcing from
stratospheric sulfate aerosols would create an interhemi-
spheric temperature gradient, which would lead to shifts
in the mean latitudinal position of the intertropical conver-
gence zone (ITCZ) (Schneider et al. 2014; Haywood et al.
2013; Smyth et al. 2017; Cheng et al. 2022). The shift in
the location of ITCZ is a major factor in the tropical mon-
soon variability (Fleitmann et al. 2007; Berry and Reeder
2014; Hari et al. 2020). For instance, observations show that
an increase in aerosol loading due to large volcanic erup-
tions in one hemisphere reduces the monsoon precipitation
in the same hemisphere (Liu et al. 2016). In a modeling
study, Nalam et al. (2018) have shown that an introduction
of stratospheric sulfate aerosol loading over the Arctic cre-
ates a southward shift in ITCZ and weakens the northern
hemisphere (NH) monsoons, but enhances the southern
hemisphere (SH) monsoons. In general, the summer mon-
soon precipitation decreases in the hemisphere where sul-
fate aerosols are injected but increases in the opposite hemi-
sphere, which is linked to the changes in interhemispheric
surface temperature contrast and shifts in the location of
ITCZ (Krishnamohan and Bala 2022). This sensitivity of
monsoon precipitation to the asymmetry in aerosol forcing
between the hemispheres is consistent with the recent Inter-
governmental Panel on Climate Change (IPCC) assessment
that the decline in global land monsoon precipitation from
the 1950s to the 1980s are partly attributed to anthropogenic
NH aerosol emissions (IPCC 2021b SPM).

The SAG-induced surface cooling and heating in the
stratospheric sulfate aerosol layer could also alter the
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tropical vertical temperature profile, weakening the tropical
overturning circulation, suppressing convection and conse-
quently weakening tropical-mean precipitation (Ferraro et al.
2014). This is because the SAG-induced surface cooling and
upper-tropospheric/lower stratospheric radiative heating
could produce atmospheric stabilization with reduction in
the tropospheric turbulence and updraft velocities (Visioni
et al. 2018). Thus, SAG could alter the global-mean and
regional precipitation because of stratospheric warming due
to the absorption of shortwave and longwave radiations by
the aerosols (Ferraro et al. 2011, 2014; Simpson et al. 2019)
and because of shifts in the location of ITCZ induced by the
changes in interhemispheric temperature gradient (Haywood
et al. 2013; Smyth et al. 2017; Nalam et al. 2018; Zhao et al.
2021; Krishnamohan and Bala 2022). Recent studies have
shown that optimized simultaneous injection at multiple
locations can achieve multiple temperature targets simulta-
neously. Such simultaneous injections at multiple latitudes
could offset the changes in interhemispheric temperature
gradient and equator to pole temperature gradient in addi-
tion to offsetting the CO,-induced global mean temperature
(MacMartin et al. 2017; Kravitz et al. 2017, 2019; Tilmes
et al. 2018; Richter et al. 2018).

Our objective in this paper is to quantify the sensitivity of
precipitation in the tropical monsoon regions to the latitu-
dinal distribution of prescribed sulfate aerosols, in terms of
the change in interhemispheric aerosol optical depth (AOD)
differences. Earlier studies have quantified the ITCZ shifts
in terms of the interhemispheric temperature differences
(Nalam et al. 2018; Krishnamohan and Bala 2022) or inter-
hemispheric tropical temperature differences (Zhao et al.
2021). As changes in both interhemispheric temperature
differences and ITCZ shifts represent the response to the
introduced climate forcing, the relation between changes in
interhemispheric temperature difference and the shifts in the
latitudinal position of ITCZ is only an “association”. By
relating the ITCZ shift to the changes in interhemispheric
AOQOD differences or interhemispheric radiative forcing dif-
ferences, we attempt to relate the cause (interhemispheric
AQOD or radiative forcing difference) to the effect (ITCZ
shift). We believe that the establishment of the relationship
between AOD (or radiative forcing) and ITCZ shift would
further facilitate and simplify our understanding of the
effects of SAG on tropical monsoon rainfall.

Past studies Modak and Bala (2014) and Nalam et al.
(2018) have examined the global mean and summer mon-
soon precipitation response to idealized background sul-
fate aerosols (size < 0.1 pm) in the stratosphere, which are
formed by the transport of natural and anthropogenic sulfur-
containing compounds from the troposphere (Rasch et al.
2008). In this study, we analyze the monsoon responses to
idealized sulfate aerosols with sizes typical of those pro-
duced by volcanoes (~ 0.4 um) which are relevant to the SAG
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problem. Volcanic type aerosols are formed 6—12 months
after a volcanic eruption (Stenchikov et al. 1998; Rasch et al.
2008) and are more efficient in cooling the climate when
they are prescribed higher in the stratosphere (Krishnamo-
han et al. 2019).

Our simulations are similar to a recent study by Zhao
et al. (2021), in which different meridional distributions of
volcanic type sulfate aerosols are prescribed in the strato-
sphere to offset CO,-induced changes in global mean tem-
perature. Zhao et al. (2021) studied the impact of varying
meridional profiles of sulfate aerosols (as represented by
Ban-Weiss and Caldeira 2010) on the global mean tempera-
ture and precipitation changes and the global mean ITCZ
shifts. However, their analysis does not extend to global and
regional monsoon precipitation changes. In this paper, we
extend the investigation of Zhao et al. (2021) to quantify
the sensitivity of tropical monsoon precipitation changes to
unit changes in interhemispheric AOD and radiative forcing
differences. We also analyze in detail the changes in summer
monsoon precipitation over the country, India.

2 Model and experimental design

In this study, our simulations are performed using the NCAR
Community Earth System Model version 1.0.4. (Gent et al.
2011). We use the model configuration in which the atmos-
pheric component (Community Atmosphere Model ver-
sion 4—CAM4 with a horizontal resolution of 1.9°x2.5°
(latitude X longitude) and 26 hybrid sigma-pressure vertical
layers; Neale et al. 2010) is coupled to a land model (Com-
munity Land Model version 4; Oleson et al. 2010), sea ice
(Community Ice Code version 4; Bailey et al. 2010) and a
slab ocean.

A present-day experiment, called 1 X CO,, with atmos-
pheric CO, concentration corresponding to present-day
(400 ppm) and another experiment (2 X CO,) where the
CO, concentration is doubled (800 ppm, control run) are
performed. Following previous studies Ban-Weiss and
Caldeira (2010), Modak and Bala (2014) and Zhao et al.
(2021), we perform a set of SAG experiments with vary-
ing meridional distribution of sulfate aerosols (Fig. 1a). The
meridional profiles of aerosol concentration are functions
of Legendre polynomials in the sine of latitude. In our SAG
experiments, aerosols are added to the climate state where
the present-day atmospheric CO, concentration (400 ppm)
is doubled (2 X CO,). We use both prescribed-SST and slab
ocean configurations of the model in this study. In CAM4,
smaller-size background aerosols can absorb water and grow
larger depending on the relative humidity at a given location
(Krishnamohan et al. 2020). Large volcanic aerosols in the
model are assumed to contain constant fractional amount
of water: a fixed composition of 75% sulfuric acid and 25%

(a) Prescribed aerosols in the stratosphere
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Fig.1 a Meridional distribution of zonal mean concentration of vol-
canic sulfate aerosols prescribed in the stratosphere (at 37 hPa) and b
the time series of the global-mean annual surface temperature in the
100-year slab-ocean simulations. The total amount of aerosols is 22.5
Mt in all experiments. The global annual mean change in surface tem-
perature in each experiment relative to the 2 X CO, climate simulation
in the last 60-years is also shown in b

water (Neale et al. 2010; Ammann et al. 2003). Relative to
the smaller background aerosols, volcanic aerosols cause
more warming in the stratosphere as they have a larger cross
section for absorption compared to the background aerosols
(Krishnamohan et al. 2019). By default, CAM4 has 0.6 Mt
of background aerosols in the form of ammonium sulfate in
the stratosphere (Nalam et al. 2018).

The five SAG experiments conducted for this study are
(see Text S1): (1) uniform case, which is similar to the
2 x CO, experiment, but an additional amount of 22.5 Mt of
volcanic sulfate aerosols are prescribed in the stratosphere
(37 hPa) and distributed uniformly around the globe, (2)
Arctic case in which the prescribed aerosol is distributed lin-
early from the South to the North Pole with a maximum con-
centration at the North Pole, (3) Antarctic case in which the
aerosol concentration increases linearly from the North to
the South Pole with a maximum concentration at the South
Pole, (4) Polar case in which the maximum concentration of
aerosols are at the poles and the minimum is at the equator,
and (5) Tropic case in which the total prescribed concentra-
tion is maximum at the equator and minimum at the poles
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(Fig. 1a). For all SAG simulations with prescribed aerosol
concentration, complex aerosol processes such as aerosol
microphysics, aerosol chemistry, transport and sedimenta-
tion are not modeled. All seven experiments are conducted
in both prescribed-SST and slab ocean configurations. Pre-
scribed-SST simulations are conducted for 60 years and data
from last 30 years is used to compute the effective radiative
forcing, which is represented by the net radiative flux change
at the top of the atmosphere (Hansen et al. 1997). In the case
of slab ocean simulations, last 60 years of data from 100-
year simulations are used for the analysis.

3 Results and discussion

Zhao et al. (2021) have investigated the effects of varying
meridional profiles of sulfate aerosols on the global mean
temperature and precipitation changes, climate sensitivity,
global mean ITCZ shifts and changes in cross equatorial
heat transport. As discussed earlier, we have used the same
meridional distribution of sulfate aerosols (Fig. 1a) as in
Zhao et al. (2021). In this study, we extend the investigation
of Zhao et al. (2021) by focusing on the effects of varying
meridional profiles of sulfate aerosols on the tropical mon-
soon precipitation after a brief discussion of radiative forc-
ing and temperature and precipitation changes.

Fig.2 The spatial pattern of

3.1 Aerosol optical depth and radiative forcing

The spatial patterns of additional AOD associated with dif-
ferent meridional distributions of volcanic sulfate aerosols
(Fig. 1a) in our simulations are shown in Fig. 2. The spatial
patterns of AOD indicate that the aerosols are distributed
uniformly in the zonal direction. Large gradients can be seen
in meridional direction (Figs. 2). The additional sulfate aero-
sols prescribed in our SAG experiments (Fig. 1a) cause an
increase in global mean AOD by ~0.2 (Fig. 2) and nearly off-
set the warming by doubling of CO, concentration (Fig. 1b).

In this study, we use the effective radiative forcing (ERF,
Hansen et al. 1997; Hansen et al. 2005; Myhre et al. 2013) as
a measure for imposed radiative forcing. ERF is estimated as
the change in net radiative flux at the top of the atmosphere
after the stratosphere, troposphere and land surface have
adjusted to the imposed forcing in the prescribed-SST simu-
lations (Duan et al. 2018; Modak et al. 2018; Krishnamohan
et al. 2019; Zhao et al. 2021). ERF is estimated using the
equations shown in SI Equations. Previous studies show that
the magnitude of global mean surface temperature scales
linearly with ERF (Forster et al. 2021).

The ERF in the Uniform, Tropic, Polar, Arctic, and Ant-
arctic cases, relative to the 2 X CO, simulation, is — 4.6+0.1,
—-5.0+0.0,—4.1+0.0, — 4.5+0.1 and — 4.4+0.0 Wm ™2,
respectively (Fig. S1), indicating that the magnitude of ERF

aerosol optical depth (AOD) in
the 1 x CO, simulation and in
the five stratospheric geoengi-
neering experiments relative
to the 2 x CO, simulation. The
changes in global mean AOD

(b) Uniform Mean=0.19
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are shown in the top right of
the panels. The subpanel on the
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zonal mean changes
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is largest, given a fixed total amount, when aerosols are
placed in the tropical stratosphere (Modak and Bala 2014).
This is because of the latitudinal distribution of incoming
solar radiation which has a maximum in the tropics. Merid-
ionally varying sulfate aerosol loading (Fig. 1a) generate
large hemispherical asymmetries in sulfate AOD (Fig. 2).
In our simulations, we find that the interhemispheric AOD
difference and ERF show strong correlation with a linear
regression coefficient of ~2 Wm™2 per 0.1 interhemispheric
AOD difference (Fig. 3a).

The interhemispheric AOD differences associated with
asymmetric aerosol loading about the equator in the Arctic
and Antarctic cases lead to large interhemispheric radiative
forcing difference of, respectively, — 3.7+0.1 and 3.6 +0.1
Wm™? (Fig. 3a). However, in the cases with hemispheri-
cally symmetric aerosol loading (Uniform, Tropic and Polar
cases), the interhemispheric ERF differences are very small
(—=0.1+0.1,0.2+0.1 and — 0.1 £0.1 Wm™?) as there is no
interhemispheric AOD difference.

3.2 Global temperature and precipitation response

In our simulations, the doubling of atmospheric CO, con-
centration from its present-day level of 400 ppm in the 1
X CO, simulation to 800 ppm in the 2 X CO, simulation
causes an increase in global mean ERF magnitude of ~4
Wm~2 (Fig. S1) at the top of the atmosphere and an increase
in global mean surface temperature by 3.3 +0.0 K (Fig. 4a).

The SAG experiment, Uniform case with spatially uni-
form stratospheric sulfate AOD values (Fig. 2) has a negative
radiative forcing of — 4.6+0.1 Wm™2 (Fig. S1) and offsets
the global mean warming of ~3.3+0.0 K due to the dou-
bling of CO, (Fig. 4b). The Tropic and Polar cases have neg-
ative radiative forcing of — 5.0+0.0 and — 4.1 +0.0 Wm™2,
respectively (Fig. S1), and simulate a reduction in global
mean surface temperature by 2.9+0.0 K and 3.6 +0.0 K,
respectively (Fig. 4). The global mean surface cooling simu-
lated in the Arctic and Antarctic cases is 3.0+0.0 K and
3.6 +0.0 K, respectively (Fig. 4). Out of the five SAG exper-
iments, the Polar and Tropic cases simulate the maximum
and minimum cooling in global mean surface temperatures,
respectively (Fig. 4). These results are consistent with Zhao
et al. (2021), and contrary to the results from Modak and
Bala (2014), which show that higher aerosol concentration in
the tropics leads to more cooling than in the Polar case. Zhao
et al. (2021) attributes these changes to different generations
of the CAM model used in these two studies. Modak and
Bala (2014) used version 3 of CAM (CAM3), whereas this
study and Zhao et al. (2021) use CAM4. It is likely that the
use of different meridional profiles of aerosols also contrib-
utes to the differences in results presented here and Modak
and Bala (2014).
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Fig.3 a Interhemispheric ERF difference (IHERF, in units of Wm™2)
vs interhemispheric AOD difference (AIHAOD) and b interhemi-
spheric temperature difference (AIHT, in unit of K) vs IHERF. The
dashed line is the best linear fit, and the regression equation is shown
in each panel. Slopes of regression lines, defined as the a IHERF per
0.1 AIHAOD and b AIHT difference per unit AIHERF are shown in
the corresponding panels. The uncertainty in the slope of regression
line is estimated as one-half of the difference between maximum and
minimum slopes (Michael 2003)

A recent modeling study Stuecker et al. (2018) uses both
the slab ocean and fully coupled configurations of the NCAR
CESM model and finds that CO, forcing in the polar regions
results in much larger climate sensitivity than in the trop-
ics, which is in agreement with this study. In fully coupled
climate model simulations, it has been shown that the ocean
heat uptake efficacy has a strong dependence on geographic
location (Rose and Rayborn 2016), and a sensitivity analy-
sis of global surface temperature to ocean heat convergence
forcing shows that the polar forcing causes greater global
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Fig.4 The spatial pattern of

changes in annual surface
temperature (K) in the 1 xCO,
simulation and five geoengi-
neering experiments relative
to the 2 X CO, simulation. The
changes are significant every-
where at the 95% confidence

Mean=-3.27K

level estimated by a student’s

t test for 60 annual means cor-
responding to the last 60 years
of the 100-year simulations. The
changes in global mean surface
temperature are shown in the
top right of the panels. The
subpanel on the right of each
panel shows the zonal mean
changes and the gray shading
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cooling/warming efficacy compared to the tropics (Liu et al.
2018).

The cooling produced by SAG reduces global mean
precipitation (Fig. 5; Bala et al. 2008; Tilmes et al. 2013;
Modak and Bala 2014; Nalam et al. 2018; Krishnamohan
et al. 2019). We calculate the changes in precipitation in
the five SAG experiments relative to the 2 X CO, simula-
tion. In agreement with previous climate modelling studies
(Nalam et al. 2018; Krishnamohan et al. 2019; Zhao et al.
2021), we simulate a reduction in global mean precipitation
by 5.4+ 0.0% when the concentration of CO, in the atmos-
phere is reduced by half (Fig. 5). The Uniform, Tropic and
Polar cases simulate a reduction in global mean precipita-
tion of 7.9+0.0%, 7.6+ 0.0% and 8.1 +0.1%, respectively
(Fig. 5). The spatial pattern of precipitation change in the
1 X CO, case is similar to the cases with AOD values sym-
metric about the equator (Uniform, Tropic and Polar cases),
albeit with different magnitudes. Similarity in precipitation
patterns is likely associated with the similarity in the pattern
of temperature change (Fig. 4) and a potential manifestation
of the mode behaviour in the system (Lu et al. 2021). The
largest decline in precipitation is simulated for the Antarc-
tic case (8.8 +0.1%) and the smallest decline is simulated
in the Arctic case (7.3+0.0%, Fig. 5). The difference in
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precipitation changes can be associated with the difference
in global mean surface cooling and the shifts in the location
of ITCZ in response to the interhemispheric temperature
difference (Zhao et al. 2021). An increase in the tropical
precipitation in the SH and a decrease in the NH is simulated
in the Arctic case. In the Antarctic case this pattern reverses
where an increase in precipitation is simulated in the NH
(Fig. 5).

Several previous studies Donohoe et al. (2013), Devaraju
et al. (2015), Nalam et al. (2018), Zhao et al. (2021) and
Krishnamohan and Bala (2022) have shown a link between
changes in the position of ITCZ and interhemispheric tem-
perature difference. The associated changes in atmospheric
heat transfer at the equator and the changes in tropical mon-
soon precipitation are also shown. In this study, we focus on
the interhemispheric AOD difference, and quantify its effects
on the location of ITCZ and, thereby, monsoon precipitation
at global and regional scales.

3.3 Tropical monsoon responses
We examine changes in tropical monsoon precipitation

in response to SAG and the sensitivity to the meridional
distribution of stratospheric sulfate aerosols. Following
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Fig. 5 The spatial pattern of (a) 1xCO,
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changes in precipitation in the
1xCO, simulation and in the
five geoengineering experi-
ments relative to the 2x CO,
simulation. The percentage
change in global mean precipi-
tation is shown in the top right

Mean=-7.93%

1

of each panel. Stippled areas
represent regions where changes
are not significant at the 95%
confidence level estimated by
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a student’s t test for 60 annual
means corresponding to the last
60 years of the 100-year simula-
tions. The subpanel on the right
of each panel shows the zonal
mean changes and the gray

shading represents +2 standard
deviation estimated from the
1 xCO, simulation
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the criteria discussed in Wang and Ding (2006), we define
the tropical summer monsoon regions as the areas where
the local summer minus winter precipitation rate exceeds
180 mm/year, and the local summer precipitation exceeds
35% of annual precipitation. For the NH, the summer season
extends from June to August and the monsoon precipita-
tion domain consists of three regions: South Asian monsoon
(SAs), North African monsoon (NAf) and North American
monsoon (NA). For the SH, the summer season extends
from December to February and the monsoon precipita-
tion domain consists of three regions: Australian monsoon
(AUS), South African monsoon (SAf) and South American
monsoon (SA).

Figure S2 shows the tropical monsoon regions based
on the precipitation from the slab ocean simulation (2 X
CO,). The tropical monsoon regions defined here (Fig. S2)
are similar to those identified in Krishnamohan and Bala
(2022). Since our study investigates only the tropical mon-
soon regions that are influenced by the ITCZ movement,
we do not consider the East-Asian monsoon as it is a sub-
tropical monsoon system (Wang and Lin 2002). Also, in
this analysis, we account for the precipitation changes only
over the land monsoon regions shown in Fig. S2. Mean pre-
cipitation in the tropical monsoon regions can be influenced

by a change in the global mean surface temperature (Chou
et al. 2013) and a change in the interhemispheric tempera-
ture difference (Chiang and Friedman 2012; Friedman et al.
2013). Accordingly, previous modeling studies also show
that an increased summer insolation over NH can enhance
the NH summer monsoon (Zhao and Harrison 2012; Jiang
et al. 2015) and a decline in insolation can lead to reduction
in precipitation (Devaraju et al. 2015).

The NH monsoon is a significant component of the
Earth’s hydrological cycle as it provides water resources
for the livihood of 60% of the world’s population (Sun
et al. 2019). Future climate projections indicate that global
warming would lead to an overall enhancement in the global
monsoon precipitation by the end of the twenty-first century
(Hsu et al. 2013) with a larger increase in the NH (Wang
et al. 2020), including the Indian region (Katzenberger et al.
2021). A multi-model study by Wang et al. (2020) show that
the total land monsoon precipitation is likely to increase in
the NH (2.8% per 1 °C of global warming), and the increase
is likely to be smaller in the Southern Hemisphere (SH).

In our simulations, we find that the NH summer mon-
soon index (NHMI; summer monsoon precipitation
over NH monsoon regions) decreases in all SAG experi-
ments except in the Antarctic case relative to the 2 X CO,
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simulation (Fig. 6a). The Uniform, Tropic, Polar, Arctic and
Antarctic cases show a change in NHMI of — 3.7+0.7%,
—-19+0.7%, — 6.6 +0.7%, — 16.5+0.6% and + 9.2 + 0.8%,
respectively (Fig. 6a), indicating that the Arctic and Antarc-
tic cases simulate the largest decline and an enhancement
in NHMI, respectively. The tropical SH summer monsoon
index (SHMI; summer monsoon precipitation over SH mon-
soon regions) reduces in all the SAG experiments (Fig. 6b)
with least reduction in the Arctic case (— 4.0+0.7%). The
largest decline in SHMI is simulated in the Antarctic case
(— 16.940.5%, Fig. 6b). The reduction in monsoon precipi-
tation can be associated with the decrease in global mean
surface temperature in the SAG experiments relative to the
2 x CO, case. Besides the global mean surface temperature,
the latitudinal position of ITCZ is one of the primary fac-
tors controlling tropical monsoon precipitation. Hence, we
analyze the response of ITCZ to the interhemispheric AOD
difference in SAG experiments. Similar to previous studies
(Donohoe et al. 2013; Devaraju et al. 2015; Nalam et al.
2018), the mean position of ITCZ is identified using the
precipitation centroid (P, the median latitude of zonal
mean area-weighted precipitation between 20° S and 20° N
after interpolating the precipitation data to a 0.01° grid. We
estimate a sensitivity of — 1.8°+0.0° meridional shift in
global mean ITCZ per 0.1 interhemispheric AOD difference
(Fig. 7a). A sensitivity of 0.9°+0.0° and 1.5°+0.1° meridi-
onal shift is also estimated per unit (Wm™2) interhemispheric
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Fig.6 Percentage changes in the a northern hemisphere and b
southern hemisphere monsoon precipitation index in the 1xCO,
simulation and in the five geoengineering experiments rela-
tive to the 2xCO, simulation. Absolute changes in the ¢ north-
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differences in ERF and interhemispheric temperature (°C)
difference, respectively (Fig. 7b, c).

In the Arctic case, the larger AOD values in the NH
(Fig. 2) cause more cooling in the NH than the SH (Fig. 4)
which leads to a larger interhemispheric temperature con-
trast (Fig. 3). As a response to the interhemispheric tempera-
ture contrast in Arctic case, the ITCZ shifts southward by
about 2.5° latitudes towards the warmer SH (Fig. 7). Thus,
due to the cooling in NH and associated shift in ITCZ, a
decrease of more than 15% in NHMI is simulated in the Arc-
tic case (Fig. 6a). In the Antarctic case, the interhemispheric
radiative forcing asymmetries associated with larger AOD
values in the SH result in an interhemispheric temperature
difference (Fig. 3), which causes the ITCZ to shift to the
relatively warmer NH (Fig. 7) and thereby enhancing the NH
monsoon precipitation (NHMI) by ~9% (Fig. 6a). Therefore,
the NHMI changes under the Arctic and Antarctic cases are
primarily associated with interhemispheric AOD differences
(Fig. 8). The changes in NHMI have strong negative correla-
tion with the interhemispheric AOD difference (mean AOD
in the NH minus SH) with a linear regression coefficient
of — 6.9 +0.4% per 0.1 interhemispheric AOD difference
(Fig. 8, Table S1). In contrast, the changes in SH summer
monsoon precipitation (SHMI) and interhemispheric AOD
differences show a positive correlation, with an increase in
the monsoon precipitation by about 3.4+0.3% per 0.1 AOD
interhemispheric difference (Figure S3a, Table S1).
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Fig.7 Changes in tropical precipitation centroid (P.,) vs a change
in interhemispheric AOD difference (AIHAOD), b interhemispheric
ERF difference (IHERF, in units of Wm™2), and ¢ change in inter-
hemispheric temperature difference (AIHT, in unit of K). The dashed
line is the best linear fit, and the regression equation is shown in each
panel. Slopes of regression lines, defined as the a change in P, per
0.1 ATHAOD, b per unit AIHERF, and ¢ per unit AIHT are shown in
the corresponding panels. The uncertainty in the slope of regression
line is estimated as one-half of the difference between maximum and
minimum slopes (Michael 2003)

The sensitivity analysis also indicates that the regression
lines do not pass through the origin and y-intercepts give an
estimate of 4.1% (Fig. 8a) and 8.9% (Figure S3a) reduction
in the NHMI and SHMI, respectively, indicating that the
tropical monsoon precipitation decreases even in the Uni-
form, Tropic and Polar cases with no interhemispheric AOD
difference (Fig. 8a, Figure S3a). The decrease in monsoon
precipitation in these cases is due to an increase in global
mean AOD. A slight northward shift in the position of ITCZ

in the cases of no interhemispheric AOD difference (Fig. 7)
results in a smaller decrease in the NHMI (Fig. 8a) but a
relatively larger decrease in the SHMI (Figure S3a) in these
cases. Regardless of the location of the forcing, such a ten-
dency for the ITCZ to shift northward in slab-ocean simu-
lations may arise from the asymmetry in land distribution
between the hemispheres and the intrinsic nonlinearity of
the climate system (Harrop et al. 2018). Our results dem-
onstrate that the monsoon precipitation changes in the two
hemispheres are contributed by two factors, globally mean
AOD and interhemispheric AOD difference.

We also estimate the sensitivity of NHMI and SHMI in
terms of interhemispheric differences in ERF and interhemi-
spheric temperature differences. The slopes in Fig. 8b and
S3b indicate a NHMI sensitivity of a 3.5+ 0.3% increase
(Table S1) and a 1.8+0.1% (Table S1) decrease in SHMI per
unit interhemispheric difference in ERF (per Wm™2). The
slopes in Figs. 8c and S3c indicate a sensitivity of 5.9 +0.4%
increase in NHMI (Table S1) and 3.0 +0.2% decrease in
SHMI (Table S1) per unit interhemispheric temperature dif-
ferences (1 K). For the tropical monsoon index (TMI, sum
of the NHMI and SHMI), the changes in NHMI and SHMI
nearly offset each other (Figure S3d; no significant slope of
regression line). The sensitivity analysis of TMI in terms of
interhemispheric differences in AOD, ERF and temperature
indicate no significant slope in the regression lines and the
y-intercepts of ~ 7% decrease in TMI is due to an increase in
the global mean AOD.

Analysis of individual monsoon region indicates that all
the tropical monsoon regions except the North American
monsoon region show a decline in summer monsoon precipi-
tation (Fig. S4) in response to the solar dimming by SAG.
The Antarctic case with the highest AOD values in the SH
(Fig. 2) leads to a northward shift of ITCZ to the warmer
NH (Fig. 7a) and enhances (declines) the monsoon precipi-
tation over NH (SH) monsoon regions. The SH monsoon
precipitation declines in all the SAG experiments and the
least reduction is simulated in the Arctic case (Fig. 6b). In
general, the summer monsoon precipitation decreases in the
hemisphere with larger sulfate AOD values and increases in
the opposite hemisphere.

A recent study by Krishnamohan and Bala (2022) esti-
mated the impact of varying the latitudinal position of aero-
sol injection on the global monsoon precipitation and found
that the hemispheric mean summer monsoon precipitation
declines in the hemisphere where aerosols are injected and
enhances in the opposite hemisphere. Their study investi-
gated the transient responses of a coupled ocean—atmosphere
model with continuously increasing concentrations of green-
house gases. In contrast, we have used slab-ocean simula-
tions to study equilibrium climate change. Therefore, our
estimates of monsoon precipitation changes per 0.1 inter-
hemispheric AOD difference in our equilibrium slab-ocean
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simulations are larger when compared to the fully cou-
pled transient simulations used in Krishnamohan and Bala
(2022). The lack of deep ocean dynamics in our slab ocean
simulations is likely the source for difference in monsoon
precipitation sensitivity between our study and Krishnamo-
han and Bala (2022) which uses fully coupled simulations.
Further, in the real world, anthropogenic aerosols (Smith
et al. 2011) affect the cloud properties through aerosol-cloud
interactions in the troposphere (Haywood and Ramaswamy
1998). However, our geoengineering simulations are forced
with highly idealized distributions of reflective sulfate aero-
sols injected only into the stratosphere.

The sulfate AOD patterns in our study differ from
Krishnamohan and Bala (2022). For instance, in their
study, sulfate injection at 30° S (30° N) increases sulfate
AOD only in the southern (northern) hemisphere. In our
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study, in the Arctic and Antarctic cases with the aero-
sol distribution asymmetric about the equator, the sulfate
AOD varies gradually from one pole to another. Moreover,
in all our SAG experiments, AOD increases in all regions
(Fig. 2). In our simulations, the hemispherically asymmet-
ric distribution of sulfate aerosols in the Arctic and Ant-
arctic cases are created by making use of the linear com-
binations of Legendre polynomial of order zero and one.
The parabolic distributions in the Tropic and Polar cases
are created by the linear combinations of Legendre poly-
nomial of order zero and two. More simulations using such
multiple hemispherically asymmetric patterns of aerosols
would help to test the robustness of our results. Simula-
tions using multiple models would be useful to quantify
the uncertainties.
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3.4 Response of the Indian summer monsoon
to SAG

The Indian summer monsoon season, which lasts from June
to September, contributes about 80% to the annual precipi-
tation of India and impacts the lives of more than one bil-
lion people (Mooley and Parthasarathy 1984; Turner and
Annamalai 2012). The Indian summer monsoon is one of
the significant atmosphere—ocean coupled climate systems
in the tropics, and it exhibits large variability at interannual
and intraseasonal timescales (Goswami and Mohan 2001;
Goswami and Chakravorty 2017).

In response to a doubling of CO, in the atmosphere (2 X
CO, simulation), the mean surface temperature in India dur-
ing the summer monsoon season increases by about 2.2 K
(Fig. S5a), and the summer monsoon precipitation in India
increases by about 9% (Fig. 9a). Aerosol-induced solar dim-
ming can reduce evaporation from the north Indian Ocean
and the Indian sub-continent, which is the primary source
for water vapour for the Indian monsoon (Ramanathan et al.
2005). Recent modeling studies indicate that an increase
in stratospheric sulphate aerosols can reduce the precipita-
tion in India (Sherman et al. 2020; Krishnamohan and Bala
2022). We quantify the monsoon precipitation sensitivity
in terms of interhemispheric AOD difference (Fig. 8d).
We find that the Indian monsoon precipitation decreases
by 7.9+£0.6% per 0.1 interhemispheric AOD difference
(Fig. 8d, Table S1). The y-intercept of 10.6% reduction in
the monsoon precipitation is caused by the global mean
increase in AOD (Fig. 8d). The slopes in Fig. 8¢ and f indi-
cate a precipitation sensitivity of a 4.0+0.4% and 6.7 +0.6%
(Table S1) increase in terms of unit interhemispheric differ-
ences in ERF (per Wm™) and surface temperature change
(per K).

In the Uniform case, the surface temperature over India
during summer monsoon season decreases by 2.4 K relative
to the 2 X CO, simulation, which nearly offsets the mean
summer warming from a doubling of CO, concentration
(Fig. S5a). In response to the cooling, the Indian summer
monsoon precipitation decreases by about 9.3% in the Uni-
form simulation (Fig. 9b) relative to the 2 x CO, simula-
tion. In the Tropic, Polar, Arctic and Antarctic cases, surface
cooling over India ranges from — 1.6 to — 3.2 K (Fig. S5).
The Antarctic case simulates the maximum cooling (~ 3 K)
in the Indian region during the monsoon season (Fig. S5),
because the northward shift in the ITCZ location is associ-
ated with an increase in cloud cover over the Indian region
(Fig. S6), reducing shortwave radiation reaching the surface
(Fig. S7) and thus leading to larger surface cooling.

Figure 9 shows the changes in Indian summer monsoon
precipitation in each experiment relative to the 2 X CO, case.
The Indian summer monsoon precipitation decreases in the
1 X CO, case relative to the 2 X CO, simulation (Fig. 9a)

(a) 1xCO2 (b) Uniform  Mean=-9.25%

Mean=-9.06%

35°N |

20°N r

SON 1 1 L 1 1
65°E 80°E 95°E

(c) Tropic Mean=-9.19% (d) Polar  Mean=-12.36%

(e) Arctic  Mean=-26.53% (f) Antarctic  Mean=2.84%

mm day’”

Fig.9 The changes in Indian summer monsoon precipitation (June to
September) in the 1 X CO, simulation and in the stratospheric aerosol
geoengineering simulations relative to the 2xCO, simulation. Stip-
pled areas represent regions where changes are not significant at the
95% confidence level estimated by a student’s t test for 60 seasonal
means corresponding to the last 60 years of the 100-year simulations.
The mean changes over India are shown at the top right of each panel

because of global mean cooling. According to the crite-
ria adopted by Indian Meteorological Department (IMD-
Met Glossary 2023), a year with more than 10% deficit in
the monsoon precipitation from long term climatological
mean and when the spatial coverage of the deficiency is
more than 20% of the country is considered as a drought
year. 10% is approximately the standard deviation of Indian
summer monsoon precipitation (Gadgil 2018; Roose et al.
2019). Relative to the 2 x CO, simulation, the change in
the Indian summer monsoon precipitation in the Uniform,
Tropic, Polar, Arctic, and Antarctic cases is — 9.3%, — 9.2%,
— 12.4%, — 26.5% and +2.8%, respectively (Fig. 9), indi-
cating that the monsoon precipitation decreases in all geo-
engineering simulations except the Antarctic case. In the
Antarctic case, the monsoon precipitation increases over the
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most parts of India except northeast India. A relatively larger
increase in AOD in NH in the Arctic case leads to enhanced
cooling in NH and causes a southward shift in the ITCZ in
the Indian Ocean. The meridional change in the position of
ITCZ is crucial for the Indian summer monsoon precipita-
tion (Fleitmann et al. 2007; Hari et al. 2020). In the Arctic
case, a southward shift of ITCZ to the relatively warmer SH
reduces the precipitation over most parts of India (Fig. 9e).
The simulated reduction in the Indian summer monsoon pre-
cipitation is more than 26% is in the Arctic case (Fig. 9e),
which is the largest reduction over India in our geoengi-
neering simulations. Therefore, frequent droughts are likely
over India if stratospheric aerosols are used to offset global
warming and maximized in the Arctic region.

4 Summary and conclusions

In this study, we have used the Community Earth System
Model (CESM) to investigate the impact of different meridi-
onal distributions of sulfate aerosol (Fig. 1a) in the strato-
sphere (37 hPa) on the tropical monsoon and the Indian sum-
mer monsoon precipitation. The aerosol-induced cooling in
our Stratospheric Aerosol Geoengineering (SAG) simula-
tions partially offsets the warming from a doubling of CO,
concentration except in the Antarctic and Polar simulations
where global mean warming is overcompensated (Figs. 4).
In response to SAG, a decline in global mean precipita-
tion is simulated in the geoengineering simulations, with
a maximum reduction of up to about 8.8% in the Antarc-
tic case (Fig. 5). The NH summer (June—August) monsoon
precipitation decreases in all cases except in the Antarctic
case (Fig. 6). The asymmetric sulphate aerosol distribution
about the equator leads to changes in interhemispheric AOD
differences, which result in more negative radiative forc-
ing in one hemisphere relative to the other (Fig. 3a). In our
simulations, the interhemispheric AOD and ERF differences
are negatively correlated with a linear regression coefficient
of ~2 Wm™2 per 0.1 AOD difference.

The interhemispheric ERF difference leads to interhemi-
spheric surface temperature difference (~0.6 K increase
per Wm™2, Fig. 3b). This interhemispheric temperature
contrast is associated with a shift in the location of ITCZ
into the warmer hemisphere (Fig. 7). In our simulations,
we find that the interhemispheric AOD difference is cor-
related with ITCZ shift with a linear regression coefficient
of — 1.8 +0.0° per 0.1 interhemispheric AOD difference
(Fig. 7a). The asymmetric AOD changes about the equator
and resulting ITCZ shifts in the SAG experiments alter the
spatial distribution precipitation, with a reduction in the NH
summer monsoon precipitation in the Arctic case (Fig. 8).
The AOD increase in the SH in the Antarctic case enhances
the NH monsoon precipitation. We estimate a sensitivity of
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6.9 +0.4% reduction in NH summer monsoon precipitation
per 0.1 interhemispheric AOD difference (Fig. 8, Table S1).
In cases with hemispherically symmetrical aerosol loading
(Uniform, Tropic and Polar cases), the slight decline in NH
monsoon precipitation (Figs. 6a, 8) is due to an increase
in the global mean AOD. Thus, we find that both global-
mean surface cooling due to global-mean AOD increases
and the ITCZ shift due to interhemispheric AOD difference
cause changes in tropical monsoon precipitation. We also
estimate the sensitivity of SH summer monsoon precipita-
tion in terms of interhemispheric differences in AOD, ERF
and temperature. The sensitivity of the SH summer mon-
soon precipitation is — 3.0+ 0.2% per unit interhemispheric
temperature (°C) difference, — 1.8 +0.1% per unit (Wm™2)
interhemispheric differences in ERF and 3.4 +0.3% per 0.1
interhemispheric AOD difference (Table S1). Our results
are consistent with a recent assessment of declining trend in
the South Asian and North African monsoon precipitation
during the second half of the twentieth century due to the
radiative effects of NH anthropogenic aerosols (IPCC 2021b
SPM, Douville et al. 2021).

The Indian summer monsoon is reduced in cases with
AOQOD changes that are symmetric about the equator (Uni-
form, Tropic and Polar cases) due to the aerosol induced
surface cooling. However, the maximum reduction (of
26.5%) in Indian monsoon precipitation is simulated in the
Arctic case (Fig. 9). The Arctic case with the largest increase
in AOD values in the NH creates more cooling in the NH
than the SH. Larger cooling in NH leads to a southward
ITCZ shift to the relatively warmer SH, adversely affect-
ing Indian summer monsoon precipitation. Therefore, in
the Arctic case, the Indian monsoon precipitation decreases
due to a global-mean cooling of ~3 K in association with an
increased global mean AOD and a southward shift in ITCZ
associated with an increase in interhemispheric AOD dif-
ference. In the Antarctic case, the northward shift of ITCZ
leads to an enhancement of the Indian summer monsoon
by ~3%. The sensitivity of the Indian summer monsoon pre-
cipitation is estimated as 6.7 +£0.6% per unit (°C) interhemi-
spheric temperature difference, 4.0 +0.4% per unit (Wm™2)
interhemispheric differences in ERF and — 7.9 +0.6% per
0.1 interhemispheric AOD difference (Table S1). The sen-
sitivity of tropical monsoon precipitation indices is sum-
marized in Fig. 10 and Table S1.

There are several limitations to our study. First, we have
performed equilibrium simulations using a slab-ocean
model and hence our simulations do not include the tran-
sient effects of climate change and deep ocean dynamics.
As ocean heat transport is prescribed in slab ocean simu-
lations, the atmospheric heat transport across the equator
and the associated ITCZ shifts and precipitation changes in
the tropical monsoon regions are likely overestimated in our
simulations. This is evident when our results are compared
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Fig. 10 Sensitivity of tropical monsoon precipitation indices for the
interhemispheric AOD difference (AIHAOD), interhemispheric effec-
tive radiative forcing difference (IHERF), and changes in interhemi-
spheric temperature difference (AIHT). The change (A) in the SAG-
cases is relative to the 2 X CO, climate simulation in the last 60-years
of 100-year slab-ocean simulations. The sensitivity is estimated from
the linear regression analysis and the error bars represent uncertainty
as one-half of the difference between the maximum and minimum
slopes of the regression line (Michael 2003)

to Krishnamohan and Bala (2022) which uses data from
transient coupled simulations with full ocean dynamics.
Analysis using transient simulations from coupled climate
models driven by idealized forcing like in our study merits
further studies.

Second, we have prescribed sulfate aerosol concentrations
in the stratosphere with highly idealized distributions with
no seasonal changes. Thus, our modeling framework lacks
the explicit representation of complex aerosol processes such
as aerosol microphysics, aerosol chemistry, transport and
sedimentation. The time and location where aerosol injected
into the stratosphere can impact the spatial distribution of
aerosols and AOD (MacMartin et al. 2017; Visioni et al.
2019, 2020). However, the use of a simpler modelling frame-
work with idealized aerosol distributions help us isolate and
study the sensitivity to individual factors such as the pattern
of aerosol distribution that are challenging in more complex
model configurations.

Third, as the aerosols are prescribed in the stratosphere in
our simulations, direct aerosol-cloud interactions not simu-
lated and hence the sensitivity to AOD changes estimated in
this study are relevant to only stratospheric sulfate aerosols
and not relevant to tropospheric aerosols. As aerosol-cloud
interaction in the troposphere leads to more negative radia-
tive forcing (Forster et al. 2021), it is likely that changes in
global mean AOD and interhemispheric AOD differences
due to tropospheric aerosols could lead to larger sensitivity
of tropical monsoon precipitation to AOD changes than our
estimates. Further, we have assessed the sensitivity of tropi-
cal monsoon precipitation only to sulfate aerosols which are
highly reflective. The sensitivity of ITCZ shifts and mon-
soon precipitation change would be different for aerosols

with different optical properties such as black carbon (Wang
2004; Modak and Bala 2014; Krishnamohan et al. 2021).
Our estimates of the sensitivity of the ITCZ shift, and
changes in hemispheric and Indian monsoon precipitation
per unit changes in interhemispheric AOD differences and
interhemispheric radiative forcing are based only on the
Arctic and Antarctic experiments. To assess the robust-
ness of these sensitivities, we added two more points to the
regressions as shown in Figs. S8, S9 and S10. The additional
points represent simulations which are similar to the Arc-
tic and Antarctic simulations with same amount of sulfate
aerosol, but the meridional distribution is linear in latitudes
rather than sine of latitudes. Robustness of our estimates
is indicated as the two new points fall on the same line.
Nevertheless, we plan to perform multiple simulations with
different interhemispheric AOD differences to improve our
estimates of the sensitivities in a future study. Finally, our
results are based on a single model and future work based
on multi-model simulations will be required to assess the
uncertainty and robustness of the results from this study.
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