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Abstract 

Stratospheric aerosol geoengineering (SAG) is one of the several solar geoengineering options that have been proposed to counteract 
climate change. In the case of SAG, reflective aerosols injected into the stratosphere would reflect more sunlight and cool the planet. 
When assessing the potential efficacy and risks of SAG, the sensitivity of tropical monsoon precipitation changes should be also 
considered. Using a climate model, we perform several stylized simulations with different meridional distributions and amounts of 
volcanic sulfate aerosols in the stratosphere. Because tropical monsoon precipitation responds to global mean and interhemispheric 
difference in radiative forcing or temperature, we quantify the sensitivity of tropical monsoon precipitation to SAG in terms of two 
parameters: global mean aerosol optical depth (GMAOD) and interhemispheric AOD difference (IHAODD). For instance, we find that 
the simulated northern hemisphere monsoon precipitation has a sensitivity of −1.33 ± 0.95% per 0.1 increase in GMAOD and −7.62 ± 
0.27% per 0.1 increase in IHAODD. Our estimated precipitation changes in terms of the two sensitivity parameters for the global 
mean precipitation and for the indices of tropical, northern hemisphere, southern hemisphere and Indian summer monsoon precipi
tation are in good agreement with the model simulated precipitation changes. Similar sensitivity estimates are also made for unit 
changes in global mean and interhemispheric differences in effective radiative forcing and surface temperature. Our study based 
on planetary energetics provides a simpler framework for understanding the tropical monsoon precipitation response to external 
forcing agents.

Keywords: Stratospheric aerosol geoengineering (SAG); tropical monsoon; global mean aerosol optical depth (GMAOD); interhemi
spheric aerosol optical depth difference (IHAODD); effective radiative forcing (ERF); Indian summer monsoon 

Introduction
The global mean surface temperature is 1.1�C higher in the re
cent decade (2011–2020) than the preindustrial period (1850– 
1900) primarily because of anthropogenic greenhouse gas emis
sions. [1, 2]. The consequences of this increase in temperature 
are experienced across the globe. It ranges from melting glaciers, 
increase in sea level rise, shifts in precipitation patterns to in
crease in temperature and precipitation extremes. Further, these 
consequences pose significant risk to human health, agriculture, 
biodiversity, and overall global and regional economy [2, 3]. The 
actions taken to achieve the Paris Agreement’s temperature tar
gets in limiting global warming to below 1.5�C are deemed insuf
ficient [4–8]. Consequently, to counteract some of the adverse 
effects of global warming, a suite of solar geoengineering 
approaches has been proposed [9–13].

Geoengineering’ refers to deliberate planetary scale interven
tion to combat climate change impacts [14, 15]. It includes 
Carbon dioxide removal (CDR) and solar geoengineering, also 
known as solar radiation modification (SRM) [2, 16]. SRM is rela
tively a cheap but an imperfect option when compared to adapta
tion and mitigation [10, 17–20]. Three aerosol-based SRM options 

have recently gained attention: stratospheric aerosol injection, 

marine cloud brightening and cirrus cloud thinning [11, 21–25].
The most studied SRM option involves the injection of sulfate 

aerosols into the stratosphere, commonly referred to as strato

spheric aerosol geoengineering (SAG). As sulfate aerosols are 
highly reflective, they cause negative radiative forcing which can 

partly or completely offset the positive radiative forcing from 

greenhouse gases. The radiative forcing of the sulfate aerosols 
depends on the altitude, latitude, season of injection as well as 

the size distribution of the aerosols [26–33].
Despite SAG being considered as one of the more viable SRM 

options, climate modeling studies have raised concerns about its 

potential negative impacts on the global and regional hydrology 
[5, 19, 34–37]. SAG could also change the ozone concentration in 

the stratosphere [38–42], affect human health and have ecologi
cal impacts [43–45]. Additionally, significant uncertainties sur

round the climate response to the factors such as the injection 

latitude, altitude, and the overall distribution of aerosols, as 
highlighted by [15, 31, 46, 47]. Terminating SRM abruptly would 

lead to an abrupt temperature and precipitation changes, with 

rates 5–20 times larger than those associated with current 
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gradual global warming. This is commonly referred to as the 
“termination effect” [5, 48–50].

The changes in tropical monsoon precipitation in a changing 
climate is an important issue from both scientific and societal 
perspectives as monsoons characterize the fundamental aspects 
of the tropical climate [51, 52]. About 56% of total global rainfall 
occurs over Tropics [53] and the rainfall intensity over tropical 
monsoon regions are expected to increase under the warming cli
mate [54, 55]. In SRM simulations, however, global hydrological 
cycle is shown to slow down when global mean warming is 
completely offset [34, 36, 56, 57]. SRM would also influence re
gional precipitation, with large impact on tropical monsoon in
cluding Indian summer monsoon [32, 34, 35, 58–60]. Modeling 
studies have shown that the negative radiative forcing due to sul
fate SAG could lead to planetary cooling and a reduction in tropi
cal monsoon precipitation [32, 61]. Further, [32] showed that the 
interhemispheric AOD differences (IHAODD) created by injecting 
aerosols at single latitudes could lead to latitudinal shifts in the 
ITCZ. This in turn could result in tropical monsoon precipitation 
changes. [60] As the latitudinal position of ITCZ is a function of 
interhemispheric temperature differences, several studies have 
quantified the shift in ITCZ (and in turn the tropical monsoon 
precipitations) in terms of the interhemispheric temperature dif
ferences [32, 47, 62] or interhemispheric tropical temperature dif
ferences [63]. As discussed in [60], this relation is only an 
“association” since the changes in both interhemispheric temper
ature differences and ITCZ shifts represent the response to the 
introduced climate forcing. Therefore, using stylized meridional 
distribution of volcanic sulfate aerosols in the stratosphere, [60] 
quantified the sensitivity of tropical monsoon precipitation in the 
terms of IHAODD, one of the “causes”. The objective of this study 
is, as a sequel to [60], to develop a framework which relates two 
“causes” (interhemispheric difference in AOD and global mean 
AOD) to the “effect” (tropical monsoon precipitation changes), in 
the specific case of stratospheric aerosol geoengineering.[60].

Even with no IHAODD, precipitation was found to decrease in 
the tropical monsoon regions in [60]. Though this aspect was not 
further explored in [60], it was suggested that the reduction in 
precipitation could be due to global mean AOD (GMAOD) in
crease. Thus, although [32] and [60] identified and quantified the 
influence of IHAODD on tropical monsoon precipitation, a simple 
framework to characterize the tropical precipitation for SAG is 
still lacking. In this paper, we propose a simple framework based 
on planetary energetics to explain the tropical monsoon precipi
tation change for SAG. Under this framework, we characterize 
the tropical precipitation changes in terms of just two indepen
dent AOD parameters: global mean AOD (GMAOD) and interhe
mispheric AOD difference (IHAODD) The proposed estimation 
can be represented by the following equation: 

ΔP %ð Þ ¼ a
AODN þAODS

2

� �

þ b AODN � AODSð Þþ r (1) 

where ΔP denotes precipitation changes in the tropical monsoon 
regions. The coefficients ‘a’ and ‘b’ are the sensitivity factors as
sociated with the GMAOD and IHAODD respectively. The varia
bles AODN and AODS represent the mean AOD in the northern 
hemisphere (NH) and the southern hemisphere (SH), respec
tively, and r is the residual. In this paper, we apply Equation (1) 
separately for different monsoon regions as the values of these 
coefficients could be different for different monsoon regions be
cause of differences in regional geometry and regional circula
tions. We have proposed only two parameters in Equation (1) 

because our interest in this paper is primarily to characterize 
tropical monsoon precipitation changes. Future studies should 
consider additional parameters such as equator to pole AOD gra
dient which is likely an important driver for mid-latitude precipi
tation changes under SAG.

The main purpose of our study is, in the context of strato
spheric aerosol geoengineering, to characterize tropical monsoon 
precipitation changes in terms of global mean AOD and interhe
mispheric differences in AOD. As AOD, effective radiative forcing 
(ERF) and surface temperature (TS) are all linearly related, we 
also characterize the monsoon precipitation changes in terms of 
changes in global mean ERF (TS) and interhemispheric differen
ces in ERF (TS) by replacing AOD in Equation (1) with ERF and TS 
(see section “Sensitivity parameters”) [60].

Data and methodology
Model description
To quantify the influence of both GMAOD and IHAODD on tropi
cal monsoon precipitation, we use the Community Earth System 
model (CESM), a global climate model developed at the National 
Center for Atmospheric Research (NCAR), specifically version 
1.0.4 [64]. Within the CESM framework, we use the Community 
Atmosphere Model version 4 (CAM4), with a horizontal resolution 
of 1.9� × 2.5� (latitude × longitude) and 26 hybrid sigma-pressure 
vertical layers [65, 66]. Additionally, CAM4 is coupled with a land 
model, the Community Land Model version 4, following the 
methodology described by [67]. Furthermore, sea ice is coupled to 
CAM4 through the Community Ice Code version 4 [68]. Our model 
configuration and simulation design closely resemble the ap
proach by [60]. In the default configuration, approximately 0.6 Mt 
of background aerosols in the form of ammonium sulfate [47] is 
prescribed in the stratosphere in CAM4. In our SAG simulations, 
we use large volcanic sulfate aerosols that maintain a fixed frac
tional composition (75% sulfuric acid and 25% water). These 
aerosols are distributed log-normally with effective mean radius 
of 0.426 µm and geometric standard deviation of 1.25 [65].

Model simulations
We conducted two primary simulations: a baseline experiment 
referred to as '1 × CO2,' where the atmospheric CO2 concentra
tion is 400 ppm, and control climate change experiment called 
'2× CO2,' where the CO2 concentration is doubled to 800 ppm. We 
performed five SAG simulations with different meridional distri
butions (Fig. 1a) for three different total amounts of volcanic sul
fate aerosols; 25.76, 17.17 and 8.08 Mt. It may be noted that the 
additional stratospheric sulfate aerosols of 25.76 Mt in the 
Uniform case offsets the warming caused by the doubling of CO2 

(Fig. 1b). Thus, 15 SAG simulations were conducted. The aerosols 
in all SAG experiments are introduced to the climate state of 
2× CO2 (CO2 concentration of 800 ppm). The volcanic sulfate 
aerosols prescribed in the stratosphere are distributed meridio
nally following [15, 63, 69] and [60]. As aerosols are prescribed in 
this study, the aerosol microphysics, chemistry and transport are 
not simulated. To create the volcanic sulfate aerosol forcing, we 
utilized the standard CAM4 forcing file “CCSM4_volcanic_1850– 
2008_prototype1.nc” [70]. In each SAG experiment, 87% of the to
tal amount is prescribed at 37 hPa (�22 km) and 13% at 
23 hPa (�25 km).

The names of the SAG simulations with five different meridio
nal distributions considered in this study are same as in [60] 
(Fig. 1a) and are as follows: (i) Uniform—Additional aerosols are 
uniformly distributed around the globe (Legendre polynomial of 
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order 0; L0); (ii) Tropic—Aerosol concentration is parabolic with 
maximum at the equator (Legendre polynomial L0–L2, where L2 
is Legendre polynomial of second order); (iii) Polar—Aerosol con
centration is parabolic distribution with maximum at the poles 
(L0þ L2); (iv) Arctic—Aerosol concentration increases linearly (in 
sine of latitude) from south pole toward the north pole (L0þL1); 
(v) Antarctic—Linear (in sine of latitude) increase of aerosol con
centration from north pole to south pole (L0–L1).).

All 17 experiments (Table 1), including the 1× CO2, 2× CO2 
and the 15 SAG simulations are performed with both prescribed 
SST and slab ocean configurations of the model. The last 30 years 
of the 60-year prescribed-SST simulations are used for the esti
mation of effective radiative forcing [28, 71]. The prescribed SST 
simulations are used only for the estimation of the ERF. In the 
case of slab ocean simulations, the last 60 years of the 100-year 
simulations are used for the analysis of climate change. In our 
study as in [60], equilibrium climate change is estimated in slab 
ocean simulations and hence climate responses are likely overes
timated compared to transient simulations by fully coupled cli
mate models.

Tropical monsoon regions
We select the tropical monsoon regions using criteria defined by 
[52]. As per this criteria, local summer precipitation is greater 
than 35% of annual precipitation in the monsoon regions and the 
difference between the local summer (June to August in NH and 
December to February in SH) and winter precipitation (DJF in NH 
and JJA in SH) exceeds 180 mm/year in the tropical monsoon 

regions. Supplementary Fig. S1 shows the tropical monsoon 
regions following these criteria based on our 1 × CO2 slab-ocean 
simulation. In this study, we have defined Northern Hemisphere 
Monsoon index (NHMI) and Southern Hemisphere Monsoon in
dex (SHMI) as the mean summer precipitation in the northern 
and the southern hemisphere tropical regions, respectively. The 
Tropical monsoon index (TMI) is defined as the sum of NHMI and 
SHMI [32, 60]. For these three indices, analysis is solely based on 
summer monsoon precipitation over the land areas. In the fol
lowing subsections, we examine the sensitivity of TMI, NHMI, 
SHMI, and the Indian summer monsoon precipitation to both 
GMAOD and IHAODD. Roose et al. [60] quantified the sensitivity 
of the tropical monsoons to only IHAODD with a limited number 
(five) of simulations, but we use 15 simulations in our analysis to 
quantify the sensitivity to both GMAOD and IHAODD.

Sensitivity parameters
The sensitivity parameters ‘a’ for GMAOD is determined from a 
linear regression analysis using 9 simulations with symmetric 
distribution of volcanic sulfate aerosols (Uniform, Tropic and 
Polar) for 25.76, 17.17 and 8.08 Mt of aerosols amounts. The esti
mation of the sensitivity parameter ‘b’ uses all 15 simulations 
with all five latitudinal distributions and for the three aerosol 
amounts (25.76, 17.17 and 8.08 Mt). The effect of GMAOD is re
moved while performing the regression with respect to IHAODD.

Since AOD, ERF and TS are linearly related to each other [60], 
as discussed in the Introduction, our formulation can be framed 
in terms of ERF and TS as well. Hence, precipitation change can 
also be expressed in terms of ERF and TS using equation similar 
to Equation (1). 

ΔP %ð Þ ¼ c
ERFNþ ERFS

2

� �

þ d ERFN � ERFSð Þþ r (2) 

ΔP %ð Þ ¼ e
TSN þTSS

2

� �

þ f TSN � TSSð Þþ r (3) 

where coefficients ‘c’, ‘d’, ‘e’ and ‘f’ represent sensitivity parame
ter for global mean ERF (GMERF), global mean TS (GMTS), inter
hemispheric ERF difference (IHERFD) and interhemispheric TS 
difference (IHTSD), respectively. The subscripts N and S denote 
the NH and SH mean values. The procedure for estimating the 
parameters in Equations (2) and (3) is similar to the procedure 
used for the estimation of the parameters in Equation (1). We ex
pect that the coefficients in Equations (1–3) would be different for 
the different monsoon indices because of the differences in re
gional geometry and regional circulations between different 
monsoon regions.

Validation experiments
For the validation of our proposed relationships (Equations 1–3), 
we conducted six additional simulations (Table 1 and 
Supplementary Fig. S2): (i) Arctic_L—same as the Arctic simula
tion but the aerosol concentration increases linearly toward the 
north pole from the south pole; (ii) Antarctic_L—same as the 
Antarctic simulation but the aerosol concentration increases lin
early towards the south pole from the north pole; (iii) NHmid— 
Aerosols concentration is distributed as a function of sine(2lat) 
with maximum at 45� N and minimum at 45� S.; (iv) SHmid— 
Similar to the NHmid case but with maximum at 45� S and mini
mum at 45� N; (v) L0pL3—Uniform aerosol distribution (L0) is 
added to the third order of Legendre polynomial (L3); (vi) 
L0mL3—Uniform aerosol distribution (L0) minus Legendre poly
nomial of the third order (L3). The aerosol distribution in these 

Figure 1. (a) The meridional distribution of zonal mean concentration of 
volcanic sulfate aerosols prescribed in the stratosphere and (b) the 
temporal evolution of the global-mean annual surface temperature in 
the 100-year slab-ocean simulations in the 1 × CO2, 2 × CO2 and the 
Uniform cases where the total amount of aerosols is 25.76, 17.17 and 
8.08 Mt. The numbers in (b) show the global annual mean change in 
surface temperature in the respective experiment relative to the 2 × CO2 
simulation averaged over the last 60 years (non-shaded region).
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simulations were selected to ensure that they differed from the 
distributions in simulations that are used to determine the sensi
tivity parameters, in Equations (1–3).

Results
AOD, effective radiative forcing, and surface 
temperature
Aerosol optical depth (AOD) characterizes the aerosol concentra
tions and is one of the key parameters in determining the aerosol’s 
climate impact. The spatial distributions of AOD (Supplementary 
Fig. S3) and surface temperature (Supplementary Fig. S6) in SAG 
experiments relative to the 2 × CO2 simulation show patterns simi
lar to those in [60]. In all the SAG cases with 25.76 Mt for the total 
amount of aerosols, the increase in AOD relative to 2 × CO2 is 0.19. 
As expected, with the increasing amount of sulfate aerosols 
prescribed in stratosphere, the change in AOD relative to 2 × CO2 
also increases but the meridional patterns remain the same 
(Supplementary Fig. S4).

According to the IPCC's Fifth Assessment Report (AR5) [72], 
the “Effective radiative forcing (ERF)” is defined as the radiative 
flux at the TOA after accounting for adjustments in the strato
sphere, troposphere, and land surface. In this study, the ERF is 
estimated using two-point method following [27, 60].

Figure 2 shows the spatial pattern of ERF for the 1 × CO2 and 
the five stratospheric geoengineering cases with 25.76 Mt of aero
sols relative to 2 × CO2. The Tropic simulation shows more nega
tive ERF as the net solar radiation is larger in the tropics, and this 
result remains valid when the aerosol amounts prescribed in the 
stratosphere are changed (Fig. 2 and Supplementary Fig. S5;  
Table 2 and Supplementary Table S1). In the Arctic and Antarctic 
simulations, larger interhemispheric differences in ERF are 
simulated. For reduced amounts of sulfate aerosols prescribed, 

ERF follows the same pattern but with reduced magnitude 
(Supplementary Fig. S5).

The change in surface temperature (TS) in the 1 × CO2 simula
tion relative to 2 × CO2 is about –3.22 K (Supplementary Fig. S6). 
On introducing 25.76 Mt of volcanic sulfate aerosols in the strato
sphere, the warming is almost offset in the case of Uniform dis
tribution (Supplementary Fig. S6). The Tropic and Arctic 
simulations show less cooling than the Uniform simulation and 
the cooling is larger in the case of Polar and Antarctic simula
tions. For different aerosol masses, the global mean temperature 
changes show maximum cooling in the Polar cases whereas min
imum cooling is simulated in the Tropic cases (Table 2 and 
Supplementary Table S1). This is consistent with the findings of 
[60] and [63]. The SAG cases with total aerosol mass of 25.76 Mt, 
17.17 Mt and 8.08 Mt (Supplementary Fig. S7) show similar sur
face cooling pattern and the amount of cooling increases as the 
mass of aerosols increases. The larger cooling in the Polar experi
ment is likely due to the combined effect of local lapse-rate, ice- 
albedo and Planck feedback [73]. This is also consistent with the 
finding that a forcing in the extratropical regions leads to more 
global mean temperature changes than a forcing in the tropics 
[31, 74, 75].

Precipitation response and ITCZ shift
A reduction in global mean precipitation is expected with a de
crease in the global mean temperature [76, 77]. Consistently, 
many solar geoengineering studies [15, 27, 34, 36, 47, 59, 60, 78, 
79] have shown that the cooling produced by SAG leads to a 
weakening of the hydrological cycle. However, when the global 
mean cooling in SRM simulations exactly offsets the CO2 induced 
global mean warming, an exact offset of global mean precipita
tion is not simulated by models, because the precipitation reduc
tion resulting from the fast tropospheric adjustment to CO2 

radiative forcing is not offset by fast adjustment to sulfate aero
sol forcing [36, 79–81].

Global mean precipitation changes relative to the 2 × CO2 
simulations show a decline with the largest reduction in the 
Antarctic case (−8.67%) and least reduction in the Arctic 
case (−7.29%) with 25.76 Mt for the aerosol mass (Supplementary 
Fig. S8). In the Uniform case where the magnitude of global mean 
cooling is similar to the 1 × CO2 case (Supplementary Fig. S6), the 
global mean precipitation is reduced by 7.9% which is larger than 
the reduction in the 1 × CO2 case (−5.52%). These results are con
sistent with [34] and [36].

The spatial pattern of precipitation changes relative to 
2 × CO2 is nearly similar in the Uniform, Tropic and Polar cases 
when compared to 1 × CO2 (Supplementary Fig. S8a). In the case 
of Arctic and Antarctic, however, there are major spatial pattern 
changes, and this can be attributed to the interhemispheric tem
perature difference leading to shift in the intertropical conver
gence zone (ITCZ; the latitudinal position of the ascending 
branch of the Hadley cells) [60, 63, 82]. The NH tropical region 
receives more rainfall in the Antarctic case with reduction in 
rainfall in the SH tropical region while the reverse is simulated in 
the Arctic case.

Several recent modeling studies have shown that the latitudi
nal position of ITCZ changes in response to changes in interhemi
spheric temperature differences [32, 47, 60, 63, 83–85]. For 
instance, an uneven radiative forcing due to the asymmetric dis
tribution of dust aerosols shifts ITCZ position leading to changes 
in the tropical precipitation [86]. The change in the latitudinal lo
cation of ITCZ or equivalently tropical precipitation maximum 
can be quantified using precipitation centroid (Pcentroid) and 

Table 1. List of simulations

Experiment Details

1 × CO2 CO2 concentration 400 ppm (Baseline)
2 × CO2 CO2 concentration 800 ppm (Control cli

mate change)
SAG experiments
Uniform 25.76 Mt, 17.17 Mt, 8.08 Mt of aerosols; uniform 

distribution
Tropic 25.76 Mt, 17.17 Mt, 8.08 Mt of aerosols; parabolic 

distribution with maximum at the equator
Polar 25.76 Mt, 17.17 Mt, 8.08 Mt of aerosols; parabolic 

distribution with maximum at the poles
Arctic 25.76 Mt, 17.17 Mt, 8.08 Mt of aerosols; increases 

linearly (with sine of latitude) from the south to 
north pole

Antarctic 25.76 Mt, 17.17 Mt, 8.08 Mt of aerosols; increases 
linearly (with sine of latitude) from the north to 
south pole

Validation
Arctic_L 25.76 Mt of aerosols, increases linearly from the 

south pole to the north pole
Antarctic_L 25.76 Mt of aerosols, increases linearly from the 

north to the south pole
NHmid 25.76 Mt of aerosols, function of sin (2xlat) with 

maximum at 45� N and minimum at 45� S
SHmid 25.76 Mt of aerosols, function of sin (2xlat) with 

maximum at 45�S and minimum at 45�N
L0pL3 25.76 Mt of aerosols, Uniform plus Legendre poly

nomial of third order (L3)
L0mL3 25.76 Mt of aerosols, Uniform minus Legendre poly

nomial of third order (L3)
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this metric is defined as the median latitude of zonal mean 
area-weighted precipitation between 20� S and 20� N [87]. The 
mean latitudinal position of ITCZ is sensitive to the hemispherical 
asymmetry in forcing [85, 88, 89]. We calculate Pcentroid after in
terpolation of the precipitation data onto a 0.01� grid [47, 60, 87, 90, 
91]. Cheng et al. [89] and Roose et al. [60] discussed the ITCZ shift 
with respect to inter-hemispheric surface temperature and AOD re
spectively. However, they do not discuss the response in ITCZ and 
precipitation to GMAOD. Therefore, in this study we study the ITCZ 
position change both in terms of both global mean and interhemi
spheric differences in AOD for a complete characterization. We find 

a sensitivity of about 0.36� ±0.18� in the latitudinal position of ITCZ 
to GMAOD and −1.8� ±0.04� to 0.1 IHAODD (Fig. 3). The slight north
ward shift in ITCZ for GMAOD is likely due to the difference in 
land-sea distribution between the two hemispheres. Though we 
have considered a larger number of SAG simulations here, the sen
sitivity of ITCZ position to IHAODD is similar to [60].

Precipitation indices
Global mean precipitation response
In this section, we examine the influence of AOD, ERF and TS on 
the global mean precipitation. About 4.37% decline in global 

Figure 2. The spatial pattern of effective radiative forcing (ERF) for the 1 × CO2 and the five SAG simulations: (a) 1 × CO2, (b) Uniform, (c) Tropic, (d) 
Polar, (e) Arctic and (f) Antarctic, relative to 2 × CO2 with 25.76 Mt of volcanic sulfate aerosols prescribed in the stratosphere (23 hPa (�25 km) and 
37 hPa (�22 km)). The change in global mean value is shown on the top right of each panel. Stippled areas show areas which are not significant at 95% 
confidence level estimated by student’s t-test using the last 30 years of the 60 years prescribed-SST simulation. The side subpanel shows the zonal 
mean changes, and the shaded region (gray) represents ± 1 SD from the 1 × CO2 simulation.

Table 2. Changes in global mean and interhemispheric difference in AOD, ERF and TS in the 1 × CO2 and the five SAG simulations with 
25.76 Mt of volcanic sulfate aerosols relative to the 2 × CO2 simulation

Variables Experiment

1 × CO2 Uniform Tropic Polar Arctic Antarctic

ΔGMAOD 0 0.19 0.19 0.19 0.19 0.19
ΔGMERF (Wm−2) −4.02 ± 0.05 −4.56 ± 0.05 −4.94 ± 0.06 −4.1 ± 0.05 −4.52 ± 0.05 −4.42 ± 0.05
ΔGMTS (K) −3.22 ± 0.01 −3.23 ± 0.02 −2.88 ± 0.02 −3.58 ± 0.02 −2.96 ± 0.01 −3.52 ± 0.02
ΔIHAODD 0 0 0 0 0.18 −0.18
ΔIHERFD (Wm−2) −0.17 ± 0.08 0.03 ± 0.07 0.14 ± 0.09 −0.05 ± 0.09 −3.71 ± 0.08 3.68 ± 0.08
ΔIHTSD (K) −0.06 ± 0.02 0.07 ± 0.03 −0.14 ± 0.03 0.26 ± 0.03 −2.14 ± 0.03 2.21 ± 0.03

The interhemispheric differences are calculated as the difference between northern and southern hemispheric mean values.

Tropical monsoon precipitation changes and stratospheric sulfate aerosol optical depth | 5  
D

ow
nloaded from

 https://academ
ic.oup.com

/oocc/article/4/1/kgae016/7737801 by guest on 26 June 2026



mean precipitation is simulated for every 0.1 increase in GMAOD 
(Fig. 4a) whereas a slight increase of 0.36% per 0.1 increase in 
IHAODD (Fig. 5a). The small sensitivity to IHAODD is likely due to 
the difference in land-sea distribution between the two hemi
spheres. The sensitivity of ERF and TS is also estimated (Fig. 6a). 
For each unit increase (Wm−2) in GMERF and unit increase (K) in 
GMTS, global mean precipitation is seen to increase by 1.84% and 
2.54% respectively. In the case of interhemispheric differences, 
global mean precipitation slightly decreases by 0.22% and 0.1% 
for per unit increase in IHERFD and IHTSD.

Thus, the global mean precipitation is mainly influenced by 
global mean AOD, ERF and TS and interhemispheric difference in 
these quantities have little influence. For asymmetric forcing 
with large interhemispheric differences, the precipitation 
increases in the warmer hemisphere with a compensating de
crease in the other hemisphere (shift in ITCZ shown in Fig. 3b). 
The net result is only a slight change in the global mean precipi
tation and little sensitivity to the interhemispheric differences.

Northern hemisphere monsoon precipitation response
The NHMI has contribution from precipitation in the three NH 
monsoon regions: North African, North American and South 
Asian monsoon region. Figs 4b and 5b shows the changes in the 
northern hemisphere precipitation (%), for different amounts 
(25.76 Mt, 17.17 Mt and 8.08 Mt) of volcanic sulfate aerosols. We 
estimate a sensitivity of −1.33 ± 0.95% per 0.1 increase in GMAOD 

and −7.62 ± 0.03% per 0.1 increase in IHAODD. Thus, NHMI is 
more sensitive to IHAODD than to GMAOD.

The sensitivity of NHMI to global mean and interhemispheric 
difference in ERF and TS are also estimated (Supplementary 
Fig. S9) and the results are summarized in Fig. 6b. NHMI shows a 
sensitivity of 0.6 ± 0.4% per unit increase (Wm−2) in GMERF and 
0.8 ± 0.9% per unit increase (K) in GMTS. In case of interhemi
spheric differences, 3.79 ± 0.08% and 6.46 ± 0.06% per unit 
increase (Wm−2 and K) in IHERFD and IHTSD respectively is esti
mated. Similar to AOD, NHMI shows larger sensitivity to interhe
mispheric differences in ERF and TS than to respective 
global means.

The precipitation response shows some degree of nonlinearity 
with respect to GMAOD. As shown in Table 2, the reduction in 
global mean surface temperature is most pronounced for the 
Polar case and least for the Tropic case though the GMAOD 
changes are the same. This spread in surface temperature re
sponse for same GMAOD arises because the global mean surface 
temperature change is larger when forcing is imposed in the po
lar regions [93, 94]. Given that surface temperature change is a 
primary driver of precipitation changes, the NHMI reduction is 
relatively larger for the polar case. However, we use a linear fit to 
provide a simpler assessment but the departure from linearity 
indicates the dependence of climate sensitivity on the latitudinal 
distribution of forcing even when the mean forcing is the same in 
the two hemispheres.

Southern hemisphere monsoon precipitation response
SHMI is the sum of summer monsoon precipitation from the 
South African, South American and Australian monsoon regions. 
We estimate a sensitivity of –5.08 ± 0.01% per 0.1 increase in 
GMAOD (Fig. 4c) and 3.91 ± 0.36% per 0.1 increase in IHAODD 
(Fig. 5c). SHMI has larger sensitivity to GMAOD which is likely 
related to a sensitivity of�0.4� northward shift in ITCZ to 0.1 
increase in GMAOD (Fig. 3a). This leads to a larger sensitivity of 
SHMI to GMAOD than in case of NHMI (Fig. 4b and c, 
Supplementary Fig. S15b and d). Because of the differences in 
land-sea distribution between the hemispheres, we find that a 
symmetric forcing of aerosols results in a larger decrease in pre
cipitation over SH. This is consistent with [95, 96].

SHMI is found to have similar sensitivity to global mean 
changes in ERF and TS and to respective changes in interhemi
spheric differences (Supplementary Fig. S10, Fig. 6c). For a unit 
increase in global mean ERF (1 Wm−2) and TS (1 K), SHMI 
increases by 2.1% and 3%, respectively. For similar increase in 
the interhemispheric differences, the respective changes 
(decreases) are 1.99% and 2.89%.

Tropical monsoon precipitation response
The tropical monsoon index (TMI) is the sum of NHMI and SHMI. 
For 0.1 increase in GMAOD, TMI decreases by 3.63 ± 0.1% (Fig. 4d), 
and for a similar increase in IHAODD, TMI changes by −0.54 ± 
0.29% (Fig. 5d). For an increase in IHAODD, changes in NHMI and 
SHMI nearly cancel each other, hence the decrease in precipita
tion is mostly due to the increase in GMAOD as indicated by the 
y-intercept (� 0.28%; Fig. 5d).

Similar to AOD, the sensitivity of TMI (Supplementary Fig. 
S11, Fig. 6d) to global mean of ERF and TS is larger than the re
spective interhemispheric differences. TMI is found to increase 
by 1.5% and 2.1% for global mean ERF and TS increases of 
1 Wm−2 and 1 K, respectively. However, for similar increases in 
interhemispheric differences, the respective increases are only 
0.24% and 0.71%.

Figure 3. (a) Changes in precipitation centroid (Pcentroid) as a function 
of changes in GMAOD (global mean AOD). The red dots indicate the 
mean of the Uniform, Polar and Tropic cases with different aerosols 
amounts (25.76, 17.17 and 8.08 Mt). (b) Changes in precipitation centroid 
(Pcentroid) as a function of changes in IHAODD (interhemispheric AOD 
difference) in the Arctic and Antarctic cases with different aerosols 
amounts. The red line shows the best linear fit. The linear equation and 
slope (% per 0.1 GMAOD or IHAODD) are shown at bottom left of each 
panel. The uncertainty in slope is measured as one-half of the difference 
between the maximum and minimum slopes of the regression line [92].
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Indian summer monsoon precipitation response
The Indian summer monsoon rainfall (June–September) contributes 
about 80% to India’s annual mean rainfall [97, 98]. For our analysis 
over the Indian subcontinent, we have considered the June- 
September (JJAS) season, and the precipitation over India during this 
season is defined as the Indian summer monsoon index (ISMI). ISMI 
is found to reduce by 6.35 ±0.69% per 0.1 increase in GMAOD and 
about 9.32 ±0.47% per 0.1 increase in IHAODD (Figs 4e and 5e). The 
maximum reduction is seen in the case of the Arctic (25.76 Mt) with 
rainfall decrease of about −29.59% (Supplementary Fig. S13e). This 
is due to the southward shift in the ITCZ location in for the Arctic 
case as discussed in section “Precipitation response and ITCZ shift” 
(Fig. 3b). This southward shift is seen in most longitudes, and we 
demonstrate it for the Arctic and Antarctic simulations with 25.76 
Mt of volcanic sulfate aerosols (Supplementary Fig. S14).

To illustrate the spatial distribution of the sensitivity of precip
itation to GMAOD and IHAODD, we normalized the Indian sum
mer monsoon precipitation changes by GMAOD and IHAODD 
(Fig. 7a and b). For an increase of 0.1 in GMAOD, precipitation 

decreases throughout the Indian subcontinent with a slight posi

tive anomaly over the north and south. For every 0.1 increase in 

IHAODD, precipitation is suppressed over entire India except in 

the northeast where there is slight increase in precipitation. The 

spatial pattern of ISMI sensitivity to GMAOD follows the ISMI re

sponse to the Uniform, Tropic and Polar cases (symmetric aerosol 

distribution) (Supplementary Fig. S13b–d) while the sensitivity to 

IHAODD follows the ISMI response in the Arctic and Antarctic 

cases (asymmetric aerosol distribution) (Supplementary Fig. S13e 

and f). The domain mean value of ISMI per 0.1 increase in GMAOD 

and IHAODD (Fig. 7) are in good agreement with the mean sensi

tivity calculated in Figs 4e and 5e. The sensitivity of ISMI to the 

global mean and interhemispheric difference in ERF and TS is 

found to be positive with larger sensitivity to interhemispheric dif

ferences (Supplementary Fig. S12, Fig. 6e).

Regional monsoon precipitation responses
The North American monsoon region shows an increase in pre

cipitation in all simulations (Fig. 8a) with a maximum magnitude 

Figure 4. Changes in (a) global mean precipitation, (b) NHMI (northern hemisphere monsoon index), (c) SHMI (southern hemisphere monsoon index), 
(d) TMI (tropical monsoon index), and (e) ISMI (Indian summer monsoon index) as a function of GMAOD (Global mean AOD). The redline is the best 
linear fit. The regression equation with slope (% per 0.1 GMAOD) is shown on the bottom left of each panel. The uncertainty in slope is measured as 
one-half of the difference between the maximum and minimum slopes of the regression line [92].
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in the case of Antarctic simulation where the ITCZ shifts north

ward by 3.9� for 25.76 Mt of volcanic sulfate aerosols (Fig. 3b). 

The increase is the least in the Arctic case where the ITCZ shifts 

southward by about 2.5� (Fig. 3b). In the case of North African 

monsoon domain, increase in precipitation is simulated in the 

Antarctic and Tropic cases (Fig. 8b) and this is also evident in the 

spatial pattern of precipitation changes (Supplementary Fig. S8). 

An overall reduction in precipitation for all the cases is simulated 

for the other regions, indicating a dominant influence of the in

crease in GMAOD.
In the case of Arctic simulation, more aerosol is prescribed in 

the northern hemisphere. This causes a larger cooling in the 

northern hemisphere and the precipitation centroid (ITCZ) shifts 

south of its normal position by 3.18�, 2.29� and 1.33� latitude for 

25.76, 17.17 and 8.08 Mt of aerosol loading simulations respec

tively (Fig. 3b). This asymmetric cooling causes a reduction in re

gional rainfall in the northern hemisphere ([99], Supplementary 

Fig. S15a and c) with the largest decrease for the case with 

25.76 Mt prescribed volcanic aerosols. Conversely, when there is 

a larger aerosol loading in the southern hemisphere, the in

creased cooling in that hemisphere causes a shift of the ITCZ 

northward by about 3.2�, 2.4� and 1.3� in latitude for the three 

aerosols amounts (Fig. 3b). This northward ITCZ shift results in 

increased precipitation in the northern hemisphere monsoon 

regions (Fig. 8, Supplementary Fig. S15a and c).
It is also found that the southern hemisphere monsoon 

regions show least reduction for the Arctic case irrespective of 

the aerosol amount. Broadly, our results are consistent with re

cent studies which show that when sulfate aerosols are injected 

in high latitudes in the northern hemisphere there is precipita

tion reduction over north Africa and south Asian monsoon 

regions and when aerosols are is injected in the southern hemi

sphere high latitude, north African monsoon precipitation 

increases [32, 59, 88]. It may be noted that we have not calculated 

Figure 5. Changes (%) in (a) global mean precipitation, (b) NHMI (northern hemisphere monsoon index), (c) SHMI (southern hemisphere monsoon 
index), (d) TMI (tropical monsoon index), and (e) ISMI (Indian summer monsoon index) as a function of IHAODD (Interhemispheric AOD difference). 
The redline is the best linear fit. The regression equation with slope (% per 0.1 IHAODD) is shown on the bottom left of each panel. The uncertainty in 
slope is measured as one-half of the difference between the maximum and minimum slopes of the regression line [92].
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the sensitivity parameters for each regional monsoon domain, 

but the same methodology used for NHMI, SHMI, TMI and ISMI 

can be applied in principle.

Validation
In order to validate our framework (Equation 1), we have per

formed additional simulations as discussed in section “Validation 

experiments.” The latitudinal distribution of aerosols in these 

simulations are selected such that these distributions differed 

fundamentally from those used to estimate the sensitivity 

parameters. We estimate the changes in precipitation for all the 

precipitation indices considered in our study using Equation (1) 

and compare them with the model simulated precipitation 

changes (Supplementary Table S2). These changes are all com

puted relative to the control run (2 × CO2). For the validation, the 

root mean square error (RMSE) between the estimated and model 

simulated precipitation changes are calculated (Fig. 9).

For the global mean precipitation, the RMSE is found to be 

0.29%, while for the tropical monsoon indices TMI, NHMI and 

SHMI, RMSE is 0.88%, 1.91% and 2% respectively (Fig. 9). 

However, in the case of the Indian summer monsoon precipita

tion index (ISMI), the RMSE value is slightly larger at 2.83%. 

Clustering of the points near the dashed line in Fig. 9 indicates 

that estimated precipitation changes are in good agreement with 

the model precipitation changes. The RMSE is calculated be

tween the spatio-temporally averaged model simulated and esti

mated precipitation from our framework (Equation 1).
Thus, in the validation simulations, the estimated precipita

tion changes are close to the model simulated precipitation 

changes. The estimated and model simulated precipitation are 

also in good agreement when the formulation is framed, in terms 

of effective radiative forcing and surface temperature (Equations 

(2) and (3); Supplementary Figs S16 and S17; Supplementary 

Tables S3 and S4). We also performed the validation for the 

15 experiments with which the sensitivity was estimated 

Figure 6. Sensitivity (%) of (a) global mean precipitation, (b) NHMI (northern hemisphere monsoon index), (c) SHMI (southern hemisphere monsoon 
index), (d) TMI (tropical monsoon index) and (e) ISMI (Indian summer monsoon index) to per unit (0.1 for AOD, 1 Wm−2 for ERF, and 1 K for TS) changes 
in global mean and interhemispheric difference in AOD (aerosol optical depth), ERF (effective radiative forcing) and TS (surface temperature). Error 
bars represent uncertainty, measured as one-half of the difference between the maximum and minimum slopes of the regression line [92].
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(Supplementary Table S5). The estimated sensitivity coefficients 
(Equations 1–3) are listed in Supplementary Table S6 and the 
changes in the global mean and interhemispheric difference in 
AOD, ERF and TS for the validation experiments are shown in 
Supplementary Table S7.

Discussions and summary
In this paper, as an extension to [60], we performed additional 
SAG simulations with varying amounts of volcanic aerosols to es
timate the sensitivity of the tropical monsoon precipitation to 
unit changes in global mean and interhemispheric differences in 
AOD, ERF and surface temperature. We have proposed that the 
tropical monsoon precipitation changes under SAG are mainly 
influenced by two mechanisms: (i) The cooling effects of sulfate 
stratospheric aerosols due to an increase in GMAOD lead to a re
duction in precipitation. (ii) A change in IHAODD causes a shift in 
ITCZ toward the warmer hemisphere, thereby changing the pre
cipitation patterns in the tropics. Hence, we propose that the 
changes in the tropical monsoon precipitation due to aerosols in 
the stratosphere can be determined by two key AOD parameters 
(Equation 1): the global mean AOD, and the interhemispheric 
AOD difference.

We use simulations with a symmetric aerosol distribution i.e. 
Uniform, Tropic and Polar for estimating the sensitivity to 
GMAOD. Next, we remove the influences of GMAOD from the 
precipitation indices to obtain the IHAODD influence for all the 
regressions with respect to IHAODD. Hence, we estimate the sen
sitivity of the tropical monsoon precipitation to IHAODD using all 
the 15 simulations. The reduction in monsoon precipitation indi
ces, NHMI, SHMI, TMI and ISMI with an increase in GMAOD is ev
ident in Fig. 4.

Our formulation based on planetary energetics represented by 
Equation (1) is validated by performing an additional set of simu
lations with different meridional distribution of aerosols. The 
precipitation estimated using Equation (1) is in good agreement 
with the model simulated precipitation. This verifies our hypoth
esis that the change in the global mean precipitation and the 
tropical monsoon indices can be estimated to a very good 

accuracy using just two independent parameters: the global 
mean AOD and the interhemispheric AOD difference. We find 
good agreement as the residuals are too small, indicating that 
the two factors, GMAOD and IHAODD can explain most of the 
changes in the tropical monsoon precipitation. We have also 
demonstrated that the formulation could be framed, instead of 
AOD, in terms of effective radiative forcing and surface tempera
ture as well (Equations 2 and 3; Supplementary Figs S16 and S17; 
Supplementary Tables S3 and S4). Supplementary Table S8 
shows the quotient (ratio) between the responses to global mean 
and interhemispheric differences in AOD, ERF and TS, which 
clearly shows that our approach is effective for NHMI, SHMI, and 
ISMI. However, the influence of interhemispheric differences on 
global mean precipitation and TMI sensitivity are too small, and 
hence we find large variations in the ratios. Nonetheless, it is in
triguing to note that the order of magnitudes of these ratios are 
the same for the global mean precipitation and TMI, indicating a 
near-linear behavior in these cases too.

However, there are several limitations to our study. First, we 
have considered idealized distributions of aerosols which may be 
challenging to achieve in the real world. Second, our slab-ocean 
simulations do not include the effects of deep ocean dynamics 
and transient climate response. A coupled model simulation 
would enable the assessment of transient climate response. As 
ocean heat transport is fixed in slab ocean simulations, the re
quired heat transport changes are reflected in atmospheric 
transport only. Hence, the ITCZ shift and the corresponding 
monsoon precipitation response are likely overestimated in the 
slab ocean simulations [60]. Third, we prescribe aerosols, and 
their concentrations do not vary with season. Thus, our simula
tions do not include the effects of complex processes like aerosol 
transport, microphysics, chemistry, and sedimentation. Recent 
studies [33, 100–102] have shown that the season of injection, 
transport and aerosol physics and chemistry have strong influ
ence on the spatial distribution of injected aerosols.

Fourth, we focused mainly on two parameters to explain the 
tropical monsoon precipitation changes. However, it is important 
to note that regional monsoon precipitation is also influenced by 
various other factors such as regional geometry and geography. 

Figure 7. The spatial pattern of changes in ISMI (Indian summer monsoon index; %) per 0.1 increase in (a) GMAOD (global mean AOD) and (b) IHAODD 
(interhemispheric AOD difference). The domain mean (%) is shown in the top right of the panels.
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Other planetary scale factors such as equator to pole gradient in 
AOD may also have influence. These additional factors might ac
count for the disparities between our estimated and model simu
lated precipitation changes. Fifth, we have only investigated the 
radiative effects of stratospheric aerosols and hence the effects 
of aerosol-cloud interaction that is important for the tropo
spheric aerosols are not represented in our simulations; future 
research should examine the potential of extending this frame
work to understand the link between tropospheric aerosols and 
the tropical monsoon precipitation. Sixth, it should be noted that 
only reflective aerosols are considered in this study. In the case 
of absorbing type of aerosols, the effect could be opposite to the 
results presented here [103, 104]. Seventh, we have not studied 
the sensitivity to the altitude or size of the aerosol particles. An 
investigation of the sensitivity to altitude and particle size of 
aerosols merits further studies. Eight, we have studied only the 
mean monsoon precipitation changes and did not investigate 
variability. We do recognize the importance of monsoon variabil
ity on interannual and decadal timescales to agriculture and 

water resources. Investigation of changes in variability for SAG 
merits further studies.

Ninth, the proposed formulation is only used for the tropical 
monsoon precipitation changes in our study, and its validity for 
the extra-tropical precipitation is yet to be explored. We have not 
attempted to explain the differences in sensitivity factors, for ex
ample between NHMI and SHMI. We recognize that the regional 
monsoon responses would differ as regional geometry could play 
an important role in determining the sensitivity factors for indi
vidual monsoon regions. It is important to note that we have pre
sented a simpler framework based on planetary energetics in this 
paper to explain large scale changes in precipitation in the 
tropics. We intend to identify the causes for the differences in 
sensitivity factors for individual regional monsoon regions and 
also between NHMI and SHMI in future studies. Tenth, we recog
nize that CAM4 is an older version and newer versions simulate 
the climate better. Our investigation is a sequel to an earlier 
study from our group [60], which used CAM4. CAM4 is computa
tionally inexpensive compared to later versions, CAM5 and 

Figure 8. Changes (%) in summer monsoon precipitation in the 1 × CO2 simulation and in the five SAG experiments for three amounts of prescribed 
aerosols (25.76, 17.17, 8.08 Mt) relative to the 2 × CO2 simulation for the northern hemisphere monsoon regions (a–c) and the southern hemisphere 
monsoon regions (d–f). The error bars show the standard error derived from the last 60 years of the 100-year slab-ocean simulations.
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CAM6. Therefore, to ensure consistency, continuation and 
cheaper computational costs we have used CAM4. However, we 
believe that the qualitative findings of our study will remain 
unchanged in simulations using later versions. Finally, our study 
uses simulations from a single climate model. Further studies us
ing multiple comprehensive coupled climate models are needed 
in the future to assess the robustness of the results pre
sented here.

Despite these limitations, we believe our findings are funda
mental as we have relied on basic constraints in planetary ener
getics to explain the tropical monsoon precipitation change. The 
framework proposed here (Equation 1) provides valuable guid
ance to understand the tropical precipitation changes in terms of 
a single variable (AOD) in case of a potential SAG deployment. 
The framework could be also useful in estimating the tropical 
monsoon precipitation changes for past and future volcanic 
eruptions. Further, if extended to tropospheric aerosols with ap
propriate modifications to account for aerosol-cloud interactions, 
it could provide insight into historical changes in monsoon pre
cipitation caused by tropospheric aerosols.
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