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Abstract

The contribution of individual aerosol species and greenhouse gases to precipitation changes during the South Asian summer

monsoon is uncertain. Mechanisms driving responses to anthropogenic forcings needs further characterization. We use an

atmosphere-only climate model to simulate the fast response of the summer monsoon to different anthropogenic aerosol types

and to anthropogenic greenhouse gases. Without normalization, sulfate is the largest driver of precipitation change between

1850 and 2000, followed by black carbon and greenhouse gases. Normalized by radiative forcing, the most effective driver is

black carbon. The precipitation and moisture budget responses to combinations of aerosol species perturbed together scale as

a linear superposition of their individual responses. We use both a circulation-based and moisture budget-based argument to

identify mechanisms of aerosol and greenhouse gas induced changes to precipitation, and find that in all cases the dynamic

contribution is the dominant driver to precipitation change in the monsoon region.
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Key Points: 10 

 Per unit radiative forcing, black carbon is the most effective driver of precipitation 11 

change during the South Asian summer monsoon.  12 

 Anomalous sinking and rising over the monsoon domain explain modeled precipitation 13 

responses to anthropogenic greenhouse gases and aerosols  14 

 The dynamic component dominates the mean column-integrated moisture flux 15 

convergence over the thermodynamic component 16 

  17 
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Abstract 18 

The contribution of individual aerosol species and greenhouse gases to precipitation 19 

changes during the South Asian summer monsoon is uncertain. Mechanisms driving responses to 20 

anthropogenic forcings needs further characterization. We use an atmosphere-only climate model 21 

to simulate the fast response of the summer monsoon to different anthropogenic aerosol types 22 

and to anthropogenic greenhouse gases. Without normalization, sulfate is the largest driver of 23 

precipitation change between 1850 and 2000, followed by black carbon and greenhouse gases. 24 

Normalized by radiative forcing, the most effective driver is black carbon. The precipitation and 25 

moisture budget responses to combinations of aerosol species perturbed together scale as a linear 26 

superposition of their individual responses. We use both a circulation-based and moisture 27 

budget-based argument to identify mechanisms of aerosol and greenhouse gas induced changes 28 

to precipitation, and find that in all cases the dynamic contribution is the dominant driver to 29 

precipitation change in the monsoon region.  30 

Plain Language Summary 31 

Small particles suspended in the atmosphere and emitted by human activities, known as 32 

atmospheric aerosols, contribute to changes in precipitation in South Asia, yet the exact 33 

importance of individual components is not well understood. Further, the impact of human-34 

caused greenhouse gas emissions is also uncertain. We use a computer model to simulate the 35 

monsoon and find that aerosols are the largest driver of precipitation change compared to 36 

greenhouse gases. We also breakdown the precipitation changes by their components and find 37 

that changes in atmospheric vertical and horizontal motion of air dominate over increases in 38 

moisture for explaining the total rainfall changes. These results help further understand the 39 

impact of climate change on precipitation in South Asia, which is important to the lives of 40 

billions of people.  41 

1 Introduction 42 

 43 

 The South Asian summer monsoon is an integral component of life for billions of people, 44 

delivering 80% of annual mean precipitation for most regions of India typically in the summer 45 

months of June, July, August, and September (JJAS) (Webster et al., 1998). Numerous studies 46 

over the last two or more decades have sought to both explain the observed trends in 47 

precipitation in South Asia and to project how these patterns and trends may respond or have 48 

already responded to global change, with some studies pointing to a role for anthropogenic 49 

aerosols in the observed decreasing precipitation trends over the 20
th

 century (Bollasina, Ming, & 50 

Ramaswamy, 2011; Gautam et al., 2009; Goswami et al., 2006; Guo et al., 2015; Lau & Kim, 51 

2006; Lau & Kim, 2017; Li et al., 2015; Meehl et al., 2008; Menon et al., 2002; Turner & 52 

Annamalai, 2012). To date, however, there has been limited work focusing on the impact of 53 

individual atmospheric constituents, such as sulfate, black carbon (BC), and organic carbon (OC) 54 

aerosol, separately and together, on South Asian monsoon precipitation (Sanap & Pandithurai, 55 

2015). We therefore seek to compare and contrast the individual impact of different 56 

anthropogenic aerosol species and greenhouse gases (GHG) on the South Asian summer 57 

monsoon. 58 

Changes in anthropogenic aerosol and GHG emissions are important drivers of Earth’s 59 

hydrologic cycle (Ramanathan et al., 2007; Rosenfeld et al., 2008). The net effect of historical 60 
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increases in anthropogenic emissions between preindustrial and present-day have been linked to 61 

decreases in precipitation, especially in monsoon regions such as South Asia and West Africa 62 

(Biasutti & Giannini, 2006; Bollasina, Ming, Ramaswamy, et al., 2011; Undorf et al., 2018). 63 

While prior work has shown GHG and aerosols to have opposing effects on monsoon 64 

precipitation (Lau & Kim, 2017; Li et al., 2015; Wang et al., 2016), it is expected that aerosols, 65 

as strong forcers in the shortwave, wield a larger influence than GHG (Liepert & Previdi, 2009; 66 

Liu et al., 2018; Samset et al., 2016; Wilcox et al., 2020). Forced changes to precipitation can be 67 

understood through changes in moisture and temperature (thermodynamic effects) or by changes 68 

in circulation (dynamic effects) (Bollasina, Ming, Ramaswamy, et al., 2011; Marvel & Bonfils, 69 

2013; Pfahl et al., 2017). In a coupled climate model with sea surface temperature (SST) 70 

feedbacks, surface warming of GHG increases the water vapor saturation pressure roughly 71 

exponentially as given by the Clausius-Clapeyron equation, thereby enhancing precipitation 72 

(Allen & Ingram, 2002; Held & Soden, 2006) thermodynamically. The dynamic contribution 73 

from GHG and aerosols is much more uncertain, especially regionally (Li & Ting, 2017; Pfahl et 74 

al., 2017).  Aerosol extinction of incoming solar radiation via direct and indirect effects results in 75 

weaker precipitation due to weakened circulation (Ramanathan et al., 2001; Singh, 2016). 76 

Aerosol emissions and thus forcing are also spatially heterogeneous both zonally and 77 

meridionally, which can result in further enhancement of the circulation (dynamic) component of 78 

the precipitation response (Li et al., 2018; Westervelt et al., 2017; Westervelt et al., 2018, 2020). 79 

Research has also shown that the fast response (using fixed SST) dominates the total aerosol-80 

induced monsoon changes, but that SST feedbacks are more important for the GHG-forced 81 

response (Li et al., 2018).  82 

Formation of aerosol in the atmosphere is a result of emissions and multiphase chemical 83 

reactions including numerous inorganic and organic chemical species (Jimenez et al., 2009). 84 

Both aerosols local to South Asia as well as aerosols sourced from other world regions play an 85 

important role in South Asian monsoon precipitation (Westervelt et al., 2018). Aerosol 86 

composition in India is not well characterized especially outside of large cities; however, OC, 87 

sulfate, and BC are thought to be the largest contributors to overall aerosol submicron mass 88 

(Brooks et al., 2019; Gani et al., 2019; Schnell et al., 2018). Monsoon precipitation responses are 89 

dependent on aerosol composition. For example, BC and dust, absorbers of incoming shortwave 90 

radiation, are expected to have different impacts compared to sulfate aerosol, which is a 91 

scattering agent (Menon et al., 2002; Ming et al., 2010). Lau & Kim (2006) proposed an 92 

“elevated heat pump” hypothesis in which rising heat created from dust aerosol over the Tibetan 93 

Plateau (reinforced by local BC emissions) draws in warm and moist air from the southwest in 94 

the pre-monsoon season, enhancing monsoon rainfall. In addition to interaction with incoming 95 

solar radiation (“aerosol direct effect”), aerosols also impact precipitation indirectly by 96 

modulating cloud properties (“aerosol indirect effect”) (Penner et al., 2006). In particular, aerosol 97 

increase may reduce the autoconversion rate, resulting in a suppression of precipitation 98 

(Albrecht, 1989), though this remains uncertain (Stevens & Feingold, 2009).   99 

We expand on past work by conducting single-forcing experiments with an extensively 100 

used global climate model with detailed treatement of emissions and chemistry. A control 101 

simulation with pre-industrial conditions is contrasted with simulations in which forcers such as 102 

BC, sulfate, OC, and well-mixed GHG are individually set to 2000 levels, with all other model 103 

features identical between the sets of simulations. All simulations use fixed SST fields such that 104 

the SST response (slow response) is not diagnosed in this paper. We also perturb different 105 

forcing agents together in order to understand the interplay between forcing agents and their 106 
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additivity. We estimate the precipitation change by differencing perturbation simulations with 107 

the control, and break down the precipitation response into dynamical and thermodynamical 108 

effects to better understand the underlying mechanisms. We also analyze changes in circulation 109 

in both horizontal and vertical directions. Finally, we compare the relative importance of each 110 

individual forcing agent on the South Asian summer monsoon.  111 

2 Methods 112 

2.1 Model and simulations 113 

 We use the NOAA Geophysical Fluid Dynamics Atmospheric Model version 3 (GFDL-114 

AM3), the atmospheric component of the fully coupled GFDL climate model (Donner et al., 115 

2011). All simulations are carried out with fixed 1950-2000 climatological sea surface 116 

temperatures (SST) in order to exclude any SST impacts. The model uses 48 vertical layers from 117 

the surface up to about 0.01 hPa and a six-face cubed-sphere grid with 48 grid cells along each 118 

edge (C48), resulting in about a 200 km by 200 km horizontal resolution. Emissions of 119 

anthropogenic aerosols and their precursors are taken from Lamarque et al. (2010). 120 

Concentrations of long-lived GHG are specified according to Meinshausen et al. (2011). 121 

 We conducted a total of 7 simulations, each 65 years long, using GFDL-AM3. The 122 

control simulation consisted 1850 anthropogenic pollutant emissions and GHG concentrations. 123 

We performed simulations changing aerosol emissions or GHG concentrations of a forcing agent 124 

to year 2000 levels globally while keeping all other conditions identical to the control, creating 125 

six perturbation cases as outlined in Table 1. For example, the “GHG” case refers to a difference 126 

between a simulation in which GHG concentrations are specified at year 2000 levels globally 127 

versus the control. Anthropogenic emissions of SO2, BC, and OC are individually perturbed to 128 

2000 levels and compared to the control to create three additional cases, and two additional cases 129 

consist of perturbing SO2 and BC together, and SO2, BC, and OC together. All cases were 130 

differenced as 2000 emissions minus 1850, representing the impact of a large increase in the 131 

abundance of each forcing component (see Fig. S1). We remove the first 5 years as spin-up and 132 

test for statistical significance using a Student’s t-test on seasonal mean responses with the null 133 

hypothesis being that the difference between the control and the perturbation simulation is zero.   134 

Table 1: List of anthropogenic emissions pertubations considered and their assocaited global and regional effective radiative 135 
forcing. Monsoon region is defined as 0 - 50 N latitude, 50 - 180 E longitude 136 

Case name Response tested (all other forcings held consistent between 

simulations) 

Global mean TOA 

radiative forcing in 

W m
-2

 (monsoon 

region mean) 

GHG 2000 minus 1850 global anthropogenic greenhouse gases 2.57 (2.53) 

SO4 2000 minus 1850 global anthropogenic sulfur emissions -2.14 (-5.22) 

BC 2000 minus 1850 global anthropogenic black carbon 

emissions 

0.16 (0.86) 

OC 2000 minus 1850 global anthropogenic organic aerosol 

emissions 

-0.4 (-1.15) 
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SO4+BC 2000 minus 1850 global anthropogenic sulfur and black 

carbon emissions 

-1.94 (-4.21) 

SO4+BC+OC 2000 minus 1850 global anthropogenic sulfur, black carbon, 

and organic aerosol emissions 

-1.57 (-4.41) 

2.2 Moisture budget calculation  137 

 To quantify physical mechanisms responsible for driving modeled precipitation changes, 138 

we employ a diagnostic atmospheric moisture budget analysis (Seager et al., 2014; Seager & 139 

Henderson, 2013). Briefly, the steady-state moisture budget equation is:  140 

�̅� − �̅� =  −
1

𝑔𝜌𝑤
∇ ∙ ∫ 𝒖𝑞𝑑𝑝

𝑝𝑠

0
 ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ≈  −

1

𝑔𝜌𝑤
∇ ∙ ∑ 𝒖𝒌𝑞𝑘∆𝑝𝑘

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅10
𝑘=1      (1) 141 

where precipitation (P) minus evaporation (E) is balanced by the moisture convergence (MC) 142 

term (right hand side), where w is density of water, g is acceleration due to gravity, p is 143 

atmospheric pressure, ps is surface pressure, u is the horizontal wind vector, and q is specific 144 

humidty. Quantities are integrated over 10 total vertical levels k ranging from 1000 to 200 hPa. 145 

The MC can be separated into a mean and transient eddy component. Previous work has found 146 

the transient eddy component to be negligible over the South Asian monsoon region (Li et al., 147 

2018). We therefore quantify the forced response using the mean MC term as follows, with 148 

subscript F indicated the forced perturbation simulation (e.g., 2000 aerosol emissions) and C 149 

indicating the control simulation (e.g., 1850 emissions): 150 

∆𝑀𝐶̿̿̿̿̿ = (−
1

𝑔𝜌𝑤
∇ ∙ ∑ 𝒖𝒌𝑞𝑘∆𝑝𝑘

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅

10

𝑘=1

̿̿ ̿̿ ̿̿ ̿̿ ̿̿ ̿̿ ̿̿ ̿̿ ̿̿ ̿̿

)

𝐹

− (−
1

𝑔𝜌𝑤
∇ ∙ ∑ 𝒖𝒌𝑞𝑘∆𝑝𝑘

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅

10

𝑘=1

̿̿ ̿̿ ̿̿ ̿̿ ̿̿ ̿̿ ̿̿ ̿̿ ̿̿ ̿̿

)

𝐶

 

≈  −
1

𝑔𝜌𝑤
∇ ∙ ∑ �̿�𝒌,𝑪∆�̿�𝑘∆𝑝𝑘

̿̿ ̿̿ ̿10
𝑘=1 −

1

𝑔𝜌𝑤
∇ ∙ ∑ ∆�̿�𝒌�̿�𝑘,𝐶∆𝑝𝑘

̿̿ ̿̿ ̿10
𝑘=1    ≈   ∆𝑇𝐻̿̿ ̿̿ +  ∆𝐷𝑌̿̿ ̿̿   151 

where double overbar refers to 60-year seasonal mean. The thermodynamic component (∆TH), 152 

representing changes in moisture, and the dynamic component (∆DY), representing changes in 153 

circulation approximately sum to the mean MC. For ∆TH, the circulation component is fixed via 154 

holding the wind vector, u, as the control simulation value. Conversely, the specific humidty (q) 155 

is held at control value to calculate ∆DY. The quadratic term representing covariances between u 156 

and q is found to be small compared to ∆DY and ∆TH and therefore has been neglected (Li et 157 

al., 2018). 158 

3 Relative importance of anthropogenic forcing agents on precipitation response 159 

The 60-year summertime precipitation response in each of our 6 cases (perturbation 160 

minus control simulation differences) is shown in Fig. 1. As expected, increases in GHG (Fig. 161 

1a) increase precipitation over large swaths of land area in South and East Asia with some 162 

statistical significance, though over the ocean the opposite (drying) occurs. Increases in sulfate 163 

aerosols (Fig. 1b) on the other hand significantly decrease precipitation over land areas in South 164 

and East Asia, especially over northern India, whereas additional wetting occurs over the 165 
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surrounding ocean. Sulfate aerosols exert about a factor of 2 larger absolute change in 166 

precipitation rate compared to all well-mixed GHG combined. The precipitation response to BC 167 

is statistically significant wetting. Over India, precipitation rate increases by about 0.3 to 0.6 mm 168 

d
-1

 due to BC increases, partially offsetting some of the drying response caused by sulfate 169 

aerosol. Despite having a small total aerosol mass and a small aerosol radiative forcing (Table 1), 170 

BC has an outsized impact on monsoon precipitation. However, if all precipitation responses are 171 

normalized by either global radiative forcing (Fig. S2) or monsoon region radiative forcing (Fig. 172 

S3), BC is the most important driver of precipitation change during the JJAS monsoon season, 173 

followed by sulfate and GHG. Anthropogenic OC has a small and mostly insignificant effect on 174 

precipitation changes between 2000 and 1850, shown in Fig. 1d. We attribute this to the lower 175 

hygroscopicity of OC compared to sulfate (Petters & Kreidenweis, 2007), hindering the direct 176 

forcing via scattering and the indirect forcing via cloud condensation nuclei formation. When BC 177 

and sulfate are perturbed together (Fig. 1e), key features from each separate component are 178 

evident in the precipitation response, namely a strong north-south dipole pattern with strong 179 

wetting from BC in South India and over the ocean, and a slightly weaker drying over land due 180 

to the opposite competing effects from BC and sulfate. The dipole pattern seen here is robust 181 

across many atmosphere-only simulations that do not include coupling to the ocean (Li et al., 182 

2018). The combined precipitation response to BC and sulfate is nearly a linear superposition of 183 

the individual responses, as can be seen by comparing Figs. 1b, 1c, and 1e, and also shown 184 

explicitly in Fig. S4. Linear superposition holds when perturbing BC, OC, and sulfate together 185 

(Fig. 1f) and results in a similar precipitation response as BC and sulfate together (Fig. 1e) due to 186 

the insignificant impact of OC on precipitation.   187 

 188 

Figure 1: JJAS mean precipitation change in response to 2000 anthropogenic emissions compared to 1850 anthropogenic 189 
emissions for (a) greenhouse gases, (b) sulfate, (c) black carbon, (d) organic carbon aerosol, (e) black carbon and sulfate 190 
combined, and (f) black carbon, sulfate, and organic aerosol combined. Stippling indicates statistical significance at the 95% 191 
confidence interval using a Student’s t test.  192 
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 193 
  194 

4 Mechanisms of monsoon precipitation response 195 

Figure 2 shows the summer monsoon 850 hPa wind reponse for each of our six 196 

anthropogenic forcing cases. For GHG (Fig. 2a), summertime winds are enhanced over the 197 

Arabian Sea and reduced further south over the Indian Ocean and Bay of Bengal. Both of these 198 

act to invigorate the moisture-laden monsoon circulation from the southwest, delivering 199 

additional rainfall. GHG exert an anomalous meridional temperature gradient (Fig. S5) due to the 200 

differential heating of the two hemispheres, which may also contribute to enhanced precipitation 201 

in response to GHG. Since SST are not changing, this temperature gradient is likely due to the 202 

larger amount of landmass in the northern versus southern hemispheres. Sulfate aerosol (Fig. 2b) 203 

weakens wind speed over central India and directs it westward, leading to drying over central 204 

India. Sulfate aerosol also exert an anomalous meridional temperature gradient, which may be 205 

related to the existence of a dipole pattern with wetting just south of the drying in Central India. 206 

In contrast, BC forcing strongly increase southwesterly-to-westerly moisture-laden winds 207 

resulting in enhancement of precipitation throughout most of the South Asian land mass. BC 208 

exerts a weak temperature gradient with warming north of the equator.  209 

 210 

Figure 2: JJAS mean 850 hPa wind speed change in response to 2000 anthropogenic emissions compared to 1850 anthropogenic 211 
emissions for (a) greenhouse gases, (b) sulfate, (c) black carbon, (d) organic carbon aerosol, (e) black carbon and sulfate 212 
combined,, and (f) black carbon, sulfate, and organic carbon aerosol combined 213 

 214 

As with precipitation response, horizontal winds do not strongly respond to OC, likely 215 

due to the weak impact of OC on radiative forcing in the GFDL-AM3 model. Finally, BC and 216 

sulfate together (Fig. 2e) and BC, OC, and sulfate together (Fig. 2f) exhibit mixtures of each of 217 
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the individual wind responses, with the anomalous southwesterly-to-westerly wind response to 218 

BC forcing dominating over the Arabian Sea and Bay of Bengal. 219 

 220 

Figure 3 shows the vertical velocity summertime response () averaged over the 221 

monsoon domain (50E to 180E longitude) in each of our anthropogenic forcing scenarios. The 222 

climatological vertical motion is shown in black contours with solid lines representing positive 223 

velocity (sinking) and dashed lines representing negative (rising). The reduced climatological 224 

rising at about 15 ºN latitude due to GHG forcing (Fig. 3a) explains the decrease in precipitation 225 

modeled over the Bay of Bengal, the Southeast Asia land surface, and into the South China Sea. 226 

Conversely, rising is slightly enhanced closer to 25-30 ºN latitude, consistent with the small 227 

increases in precipitation over most of northern India. Vertical motion is more substantially 228 

perturbed by aerosol forcing, in particular sulfate (Fig. 3b). The significant decreases in 229 

precipitation over the Asian land surface, including northern India and most of China, can be 230 

explained by significant weakening of the climatological rising from 20-30 ºN seen in the 231 

vertical velocity data (Fig. 3b). Conversely, the climatological rising is enhanced from 10-15 ºN 232 

which explains the corresponding precipitation increase in that latitude band that includes the 233 

Arabian Sea, Bay of Bengal, and the South China Sea. Unlike suflate, BC significantly enhances 234 

the rising motion (Fig. 3c) throughout the region north of the equator and south of 30 ºN, leading 235 

to the precipation increases. Below the equator, BC forcing hinders the bottom flank of the 236 

climatological rising, corresponding to the small precipitation decreases in Fig. 1c at about 5-10 237 

ºS. With BC and sulfate perturbed together, the climatological rising is further enhanced 238 

compared to sulfate and BC alone. The dipole structure is also more pronounced in the sulfate 239 

and BC combined perturbation. The response of vertical velocity to OC is similar in sign to 240 

sulfate but is not statistically significant. The alternating sinking/rising motion induced by 241 

several individual climate forcers in Fig. 3 explains the dipole patterns between drying and 242 

wetting in the precipitation response (Fig. 1).  243 

 244 
Figure 3: JJAS mean omega change in response to 2000 anthropogenic emissions compared to 1850 anthropogenic emissions 245 
for (a) greenhouse gases, (b) sulfate, (c) black carbon, (d) organic carbon aerosol, (e) black carbon and sulfate combined, and 246 
(f) black carbon, sulfate, and organic cabon aerosol combined. Stippling indicates statistical significance at the 95% confidence 247 
interval using a Student’s t test. 248 

 249 
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5 Moisture budget analysis 250 

Figure 4 shows the regional land and ocean mean precipitation, evaporation, mean 251 

column-integrated moisture convergence (MC), and the contribution of dynamics (atmospheric 252 

circulation, DY) and thermodynamics (moisture amount, TH) to the precipitation responses to 253 

each forcing. The averaging domain is 0-50 ºN and 50-180 ºE. As reported in Fig. 1, 254 

precipitation decreases in response to increased sulfate, OC, but increases in response to BC. By 255 

total precipitation rate, sulfate is the dominant driver; however, if normalized by radiative 256 

forcing, BC wields the largest influence on precipitation. When perturbed together, precipitation 257 

decreases are less than with sulfate alone due to offsetting effects of BC. Precipitation increases 258 

in response to GHG over land, though the change is relatively small compared to sulfate. Over 259 

the ocean, the signs are flipped such that precipitation increases in response to sulfate due to the 260 

the side-by-side anomalous sinking and rising dipole patterns.  261 

 The change in MC is well balanced by the change in DY and TH, with the changes in 262 

DY dominant, consistent with the circulation arguments made in Sect. 4. TH contributes very 263 

little to the overall moisture budget changes. The spatial distributions of DY and TH are shown 264 

in Figs. S6 and S7. Over land, dynamic effects tend to drive decreases in MC for the scattering 265 

aerosols and increases in MC for GHG and BC. The opposite is true for TH, which work to 266 

offset a small amount of the change induced by DY. Over the ocean, dynamic effects contribute 267 

to increases in the moisture budget for scattering aerosols and decreases for BC and GHG, 268 

further evidence of the dipole pattern of anomalous rising and sinking. Over the ocean, the TH 269 

component is close to zero for nearly all anthropogenic forcing, since SST are held fixed. 270 

Evaporation contributes a substantial fraction to the P-E balance, especially over land, in 271 

response to the change in precipitation. As expected transient eddy MC (difference between total 272 

MC and P-E) is insignificant. MC is also well balanced by the net surface water budget, 273 

precipitation minus evaporation (P-E). Besides precipitation, additional components of the 274 

moisture budget such as DY, TH, MC, and E also appear to form linear superpositions of the 275 

individual aerosol components when those components are perturbed simultaneously.  276 

 277 

Figure 4: Land versus ocean moisture budget component change from 1850 to 2000 due to increase in anthropogenic emissions 278 
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6 Summary and conclusions 279 

We employ a widely-used atmosphere general circulation model GFDL-AM3 to simulate 280 

the response of the South Asian summer monsoon to individual anthropogenic forcing agents 281 

including GHG, sulfate, OC, and BC, and combinations thereof. Per unit radiative forcing, BC is 282 

the most effective driver of precipitation change during the South Asian summer monsoon. 283 

Sulfate is the largest driver without normalization, and relative importance of OC is small in both 284 

cases due to limited hygroscopicity. However, OC abundances are likely underestimated in 285 

climate models (Shrivastava et al., 2017). Anthropogenic GHG are an important but smaller 286 

driver than both BC and sulfate on both a normalized and non-normalized basis. When 287 

combinations of BC, sulfate, and OC are simulataneously perturbed, we find that the sulfate and 288 

BC responses dominate but the overall response is approximately a linear superposition of the 289 

individual responses.  290 

 Changes in precipitation can be mostly explained by horizontal and vertical circulation 291 

arguments. Moisture-laden flow from the Arabian Sea is invigorated by GHG and BC forcing 292 

and largely hindered by scattering aerosol forcing. In response to sulfate aerosol, the model 293 

simulates dipole patterns of drying to the north over land, and wetting to the south over the 294 

ocean, which is consistent with an anomalous sinking to the north and an anomalous rising to the 295 

south over the ocean. The dynamic contribution (atmospheric circulation) to the moisture budget 296 

is responsible for the vast majority of the total precipitation response, whereas thermodynamic 297 

influences (moisture supply) are small.   298 

A caveat to this study is the use of a single atmospheric general circulation model, 299 

GFDL-AM3. However, GFDL-AM3 has been widely used for South Asian summer monsoon 300 

studies (Bollasina et al., 2013; Bollasina, Ming, & Ramaswamy, 2011; Li et al., 2020) and 301 

simulates the monsoon with accuracy (Li & Ting, 2017). We also used a fixed SST approach 302 

which limits our results to only the fast response and not changes in SST, which are covered in 303 

Li et al. (2020). When slow responses are included as in the coupled ocean-atmosphere model, 304 

the thermodynamic contribution may be stronger, particularly for GHG forcing (Li & Ting, 305 

2018). Future work should be carried out with fully coupled higher resolution CMIP6-era 306 

models. 307 
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