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Abstract

Emissions of anthropogenic aerosols are rapidly changing, in amounts, composition and geographical distribution. In East and

South Asia in particular, strong aerosol trends combined with high population densities imply high potential vulnerability to

climate change. Improved knowledge of how near-term climate and weather influences these changes is urgently needed, to

allow for better-informed adaptation strategies. To understand and decompose the local and remote climate impacts of regional

aerosol emission changes, we perform a set of Systematic Regional Aerosol Perturbations (SyRAP) using the reduced-complexity

climate model FORTE 2. Absorbing and scattering aerosols are perturbed separately, over East Asia and South Asia, to assess

their distinct influences on climate. In this paper, we first present an updated version of FORTE2, which includes treatment of

aerosol-cloud interactions. We then document and validate the local responses over a range of parameters, showing for instance

that removing emissions of absorbing aerosols over both East Asia and South Asia is projected to cause a local drying, alongside

a range of more widespread effects. We find that SyRAP-FORTE2 is able to reproduce the responses to Asian aerosol changes

documented in the literature, and that it can help us decompose regional climate impacts of aerosols from the two regions.

Finally, we show how SyRAP-FORTE2 has regionally linear responses in temperature and precipitation and can be used as

input to emulators and tunable simple climate models, and as a ready-made tool for projecting the local and remote effects of

near-term changes in Asian aerosol emissions.
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Abstract 11 

Emissions of anthropogenic aerosols are rapidly changing, in amounts, composition and 12 

geographical distribution. In East and South Asia in particular, strong aerosol trends 13 

combined with high population densities imply high potential vulnerability to climate 14 

change. Improved knowledge of how near-term climate and weather influences these 15 

changes is urgently needed, to allow for better-informed adaptation strategies. To 16 

understand and decompose the local and remote climate impacts of regional aerosol 17 

emission changes, we perform a set of Systematic Regional Aerosol Perturbations (SyRAP) 18 

using the reduced-complexity climate model FORTE 2. Absorbing and scattering aerosols are 19 

perturbed separately, over East Asia and South Asia, to assess their distinct influences on 20 

climate. In this paper, we first present an updated version of FORTE2, which includes 21 

treatment of aerosol-cloud interactions. We then document and validate the local responses 22 

over a range of parameters, showing for instance that removing emissions of absorbing 23 

aerosols over both East Asia and South Asia is projected to cause a local drying, alongside a 24 

range of more widespread effects. We find that SyRAP-FORTE2 is able to reproduce the 25 

responses to Asian aerosol changes documented in the literature, and that it can help us 26 

decompose regional climate impacts of aerosols from the two regions. Finally, we show how 27 

SyRAP-FORTE2 has regionally linear responses in temperature and precipitation and can be 28 

used as input to emulators and tunable simple climate models, and as a ready-made tool for 29 

projecting the local and remote effects of near-term changes in Asian aerosol emissions. 30 

 31 
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1. Introduction 32 

Aerosol emissions have a wide range of impacts on the climate both near to and far from 33 

emission sources, spanning from local changes in surface solar radiation and warming to 34 

large-scale modifications of atmospheric circulation patterns and monsoon precipitation (Li 35 

et al., 2022; Persad et al., 2023). Anthropogenic aerosols have been found to have an 36 

outsized near-term influence on extreme events in recent climate model studies (Samset et 37 

al., 2018b). In some regions, anthropogenic aerosol impacts have even been shown to 38 

dominate over climate impacts from increasing greenhouse gas emissions. One such region 39 

is South and East Asia, which is highly vulnerable to climate risk due to a high population 40 

density, rapid industrial development, and severe water stress (Giorgi and Gao, 2018; Wang 41 

et al., 2021). The region currently suffers the globe’s highest loading of anthropogenic 42 

aerosols (Zhang et al., 2012), which have impacted several aspects of Asian climate. Aerosol 43 

emission trends have been a key driver of the weakening East and South Asian Summer 44 

monsoon, causing widespread summertime drying (Bollasina et al., 2011; Dong et al., 2019; 45 

Liu et al., 2017), but have also been linked to increases in extreme precipitation over 46 

northwest China (Guo et al., 2022). A significant increase in extreme heat events over China 47 

has been moderated by high local anthropogenic aerosol emissions (Chen et al., 2019), 48 

which have also contributed significantly to catastrophic floods in southwest China (Fan et 49 

al., 2015).  50 

Some Asian regions are projected to have potentially large but highly uncertain trends of 51 

aerosol emissions in the future (Samset et al., 2019). The strong links between aerosol 52 

emissions and Asian climate indicate that future aerosol emission changes are likely to 53 

contribute markedly to climate related risk in many highly populated regions. This poses a 54 

great adaptation challenge and underlines the urgent need for improved knowledge about 55 

the near-term impacts of changes in aerosol emissions. 56 

While observational studies are crucial, a deeper understanding of the processes and 57 

mechanisms under different aerosol emission pathways necessitates the use of numerical 58 

climate models. Many modelling studies have looked at regional perturbations of specific 59 

anthropogenic aerosols with the aim of characterizing the physical response. However, while 60 

there are important, consistent findings across these model studies, the use of different 61 

experiment designs can make it difficult to understand the causes of differences in the 62 
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results. For instance, regional perturbations of BC over Asia in the Precipitation Driver 63 

Response Model Intercomparison Project (PDRMIP, Myhre et al. (2017)), involving a tenfold 64 

increase in year 2000 BC concentrations in nine earth system models (ESMs), were found to 65 

enhance the low-level monsoon circulation and precipitation (Xie et al., 2020). Dong et al. 66 

(2016) use the atmospheric component of HadGEM2-ES and remove all SO2 emissions over 67 

Asia, finding the presence of SO2 to cause local cooling and a weakening of the East Asian 68 

monsoon. Westervelt et al. (2018) performed simulations where they remove BC or SO4 in 69 

different regions, including China and India, and looked at responses compared to a year 70 

2000 control simulation. Their three earth system models all showed a local increase in 71 

precipitation from removing SO4 over China, while the local response to removing BC over 72 

India varied between the models. Using IGCM4 – the atmospheric component of FORTE2 – 73 

Herbert et al. (2022) simulate removal of BC or SO4 in China or India compared to present-74 

day concentrations in an otherwise similar setup. 75 

While the examples above show some robust findings across studies, it is difficult to assess 76 

whether differences originate from experiment design or from inherent differences in how 77 

the models respond to the forcing. In addition to the challenge of different experiment 78 

designs, model complexity also varies between studies. In complex models, where more 79 

processes and connections are at play, identifying the physical mechanisms behind a given 80 

aerosol signal is more challenging than in simpler models where there are fewer processes 81 

involved. For that reason, reduced complexity models – such as FORTE2 – are a useful tool 82 

for understanding the physical responses we see in ESMs. They also have the added benefit 83 

of speed of integration, which allows for more and longer simulations at lower cost. It is 84 

critical, however, that all main mechanisms of aerosol-climate interactions are represented. 85 

This notably includes the aerosol-cloud interactions (ACI), which was recently assessed to 86 

make up 2/3 of the total anthropogenic aerosol radiative forcing over the historical era 87 

(Forster, 2021), but which is generally not represented in reduced-complexity climate 88 

models (e.g., Nicholls et al., 2021; Nicholls et al., 2020) . Including ACI is also important for 89 

capturing the pattern as well as the magnitude of the forcing (Zelinka et al., 2023). In the 90 

present study, we therefore update our reduced-complexity model to include a basic 91 

representation of ACI.   92 
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Using FORTE2, we perform Systematic Regional Aerosol Perturbations (SyRAP) of two 93 

different aerosol types (absorbing and scattering) in two different regions (South and East 94 

Asia). The linearity of the simulated climate to the strength of the perturbations can readily 95 

be tested and, in situations where it holds, the SyRAP simulations can be summed and 96 

combined to provide information on climate responses to combinations of aerosol emissions 97 

from different regions. 98 

The climate impact of regional aerosol perturbations (e.g., Persad and Caldeira, 2018), 99 

perturbations of different aerosol species (e.g., Myhre et al., 2017), and comparisons of 100 

purely radiative responses versus aerosol-cloud interactions (e.g., Dong et al., 2019) have all 101 

been considered in isolation in earlier work. In the framework of the SyRAP concept, we can 102 

analyze the relative importance of each of these elements, as well as how they interact, 103 

hopefully providing new insight in the topic of regional aerosol impacts. 104 

In the next section we describe the FORTE2 model, the aerosol input data, and how ACI are 105 

emulated in the model. Section 3 describes the details of the SyRAP simulation setups. The 106 

climatology of FORTE2 is described in Section 4, including an account of its representation of 107 

important Pacific circulation patterns. Finally, in Section 5, we present responses in a 108 

selection of variables starting with core responses in temperature, precipitation, clouds and 109 

dynamics, an account of FORTE2 ACI impacts, regional linearity of the perturbations and 110 

dependence on the climate state. Simulations and the general FORTE2 responses are 111 

summarized in Section 6. 112 

 113 

2. An updated version of the FORTE2 model, and its aerosol representation 114 

2.1 The FORTE2 Model 115 

FORTE 2.0 (FORTE2) is an intermediate-complexity coupled atmosphere–ocean general 116 

circulation model (Blaker et al., 2021) consisting of the Intermediate General Circulation 117 

Model 4 (Joshi et al., 2015) and the Modular Ocean Model-Array (Webb, 1996). The 118 

atmospheric model has a standard T42 resolution and 35 sigma layers, extending up to 0.1 119 

hPa, while the ocean model has 15 vertical layers going down to 800m depth. The 120 

atmospheric model has been used in the past in studies of aerosols over Asia (Herbert et al 121 

2022), and its predecessors have been used to explore climate sensitivity (Forster et al., 122 
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2000), the importance of the semi-direct effect of absorbing aerosols (Cook and Highwood, 123 

2004), climate impacts of explosive volcanic eruptions (Highwood and Stevenson, 2003), and 124 

precipitation responses to geoengineering (Ferraro et al., 2014). 125 

2.2 The CAMS reanalysis as aerosol perturbation input data 126 

The global gridded speciated aerosol optical depth and vertical distributions used in SyRAP 127 

are based on the Copernicus Atmosphere Monitoring Service (CAMSRA) reanalysis (Inness, 128 

2019; Inness et al., 2019). CAMSRA has an 80km (T255) horizontal resolution and provided 129 

data from 2003 to 2021 at the time of writing. CAMSRA uses cycle 42R1 of the IFS, which 130 

includes an interactive aerosol scheme (Morcrette et al., 2009). Anthropogenic emissions of 131 

black carbon, organic carbon, and sulphur dioxide are taken from the MACCity inventory 132 

(Granier et al., 2011) for 2003 to 2010, and Representativie Concentration Pathway (RCP) 8.5 133 

thereafter (Riahi et al., 2011). Biomass burning emissions are from the Global Fire 134 

Assimilation System, version 1.2 (GFASv1.2; (Kaiser et al., 2012)). Dust and sea salt emissions 135 

are calculated interactively. The reanalysis assimilates aerosol optical depth at 550nm from 136 

the Advanced Along-Track Scanning Radiometer (AATSR; (Popp et al., 2016)), and the 137 

Moderate Resolution Imaging Spectroradiometer (MODIS) aboard Terra and Aqua (Levy et 138 

al., 2013). CAMSRA has smaller biases relative to independent observations than the 139 

Monitoring Atmospheric Composition and Climate (MACC) reanalysis and CAMS interim 140 

analysis (Xian et al., 2023). For more details of CAMSRA, including key updates compared to 141 

previous reanalyses, and an evaluation of the CAMSRA aerosol product compared to 142 

previous reanalyses and the Aerosol Robotic NETwork (AERONET; (Holben et al., 1998)), see 143 

Inness et al. (2019a).  144 

To produce the SyRAP aerosol perturbations used in the experiments described in Section 3, 145 

CAMSRA monthly fields of speciated aerosol optical depth and 3D mass mixing ratios for 146 

2003-2021 are interpolated to T42 resolution, to produce monthly climatologies of total 147 

anthropogenic (BC, OC and SO4), absorbing (BC and OC), and scattering aerosol (SO4) optical 148 

depth at each gridpoint. Aerosols are not transported in FORTE2. The aerosols are vertically 149 

uniform from the 2nd lowest model layer (, or p/psurface = 0.88 or approximately 950 m 150 

above the surface) until a pressure level pmin. pmin is defined, for each gridbox, from CAMSRA 151 

as 850 hPa or the first pressure level where the 2003-2021 mean mixing ratio of BC+OC+SO4 152 
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falls below 5x109 kg kg-1, whichever is smaller. Over topography, an additional pmin threshold 153 

is set such that min    0.75 and pmin > 300 hPa. Typical values of pmin are 600hPa over much 154 

of South Asia and 700hPa over much of East Asia in May. These profiles are then fed into the 155 

FORTE2 radiation scheme. 156 

2.3 New Aerosol-cloud-interactions in FORTE2 157 

Aerosol-cloud interactions such as aerosol impacts on cloud albedo or lifetime, are not 158 

included in the original setup of FORTE2. However, we include new functionality for SyRAP, 159 

used in some of the SO4 perturbation simulations (Section 3). Within a specified region, ACI 160 

is parameterized when  aerosol optical depth  >  0.07. If any of low-level cloud, mid-level 161 

cloud, or shallow convective cloud are present, the effective cloud particle radius in those 162 

clouds is changed from 15m to 10m. (Dong et al., 2019) The  >  0.07 threshold ensures 163 

that ACI forcing does not occur in each gridbox of the specified region, which would be too 164 

unrealistic, and gives an ACI distribution in the tropics similar to that seen in CMIP6 models.  165 

A potential caveat in the SyRAP set-up, particularly related to the ACI effect, is the 166 

experiment design of a zero-aerosol background. As the susceptibility of clouds to 167 

microphysical impacts of aerosols tend to be stronger the cleaner the background (Platnick 168 

and Twomey, 1994), this is likely to have some impact on the magnitude of the ACI effects in 169 

this study. Note, however, that while this would make the clouds in more complex earth 170 

system models including a microphysics scheme extremely susceptible to aerosol 171 

perturbations, this is not an issue in the simpler FORTE2, where the magnitude of the ACI 172 

effect is designed to be comparable to findings in the literature. Note also that ACI effects 173 

are only included in two experiments, as described in the next section. The core experiments 174 

in this paper include only aerosol-radiation interactions, which should not be sensitive to the 175 

background aerosol level.  176 

 177 

3. Systematic Regional Aerosol Perturbations (SyRAP) in FORTE2 178 

3.1 Core SyRAP simulation overview 179 

In the Systematic Regional Aerosol Perturbation (SyRAP) simulations performed here, 180 

baseline simulations with no aerosols are compared to perturbation simulations with added 181 
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absorbing (black carbon, BC, and organic carbon, OC) or scattering (sulfate, SO4) aerosols 182 

over India and surrounding regions (“IND”, coordinates 65E-95E, 5N-35N) or over parts 183 

of East China and surrounding regions (“CHI”, coordinates 95E-133E, 20N-53N). IND and 184 

CHI are shown as black dashed and solid boxes, respectively, in Figure 1. Aerosols are 185 

perturbed separately in either CHI or IND, or over both regions at once (IND+CHI) – see Table 186 

1 for an overview of the perturbations. The experiments adding BC and OC are labelled “BC” 187 

for simplicity. 188 

 189 

CORE BC 
[AOD of added 
BC+OC] 

SO4 
[AOD of added 
SO4] 

ACI only SO4 with ACI Climate 
states 

IND (India) 
65:95E, 
5:35N 

BC_IND 
[0.010] 

SO4_IND 
[0.104] 

--- --- piC, +1K 

CHI (East 
China) 
95:133E, 
20:53N 

BC_CHI 
[0.015] 

SO4_CHI 
[0.126] 

--- --- piC, +1K 

IND+CHI BC_IND+CHI SO4_IND+CHI aci_IND+CHI SO4aci_IND+CHI 
Changing effective 
droplet radius from 15 
µm to 10 µm 

piC, +1K 

LINEARITY TESTS, smaller India region   

NIND 
(India) 
65:95E, 
20:35N 
 

BC_NIND SO4_NIND --- --- piC 

NIND+CHI BC_NIND+CHI SO4_NIND+CHI --- --- piC 

ACI SENSITIVITY TEST, done for IND+CHI    

Changing 
effective 
droplet 
radius 
from 15 
µm to 13 
µm 

--- --- aci_reff13_IND+CHI SO4aci_reff13_IND+CHI piC, +1K 

 190 

Table 1: SyRAP-FORTE simulations performed for the present study. Each indicated 191 

simulation was run for 200 years. Core simulations are shown in bold, the rest are linearity 192 

or sensitivity tests. “Climate state” refers to the global mean surface temperature change 193 

relative to preindustrial conditions. The geographical regions where aerosol optical depth is 194 

perturbed are shown in Figure 1.  195 
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 196 

Figure 1: Map showing the region of applied Aerosol Cloud Interactions in white, as well as the India (IND; 197 

black, dashed), the smaller North India region (NIND; light grey, dotted) and China (CHI; black, solid) regions, on 198 

top of the climatological piC summertime (JJA) convective cloud cover. 199 

The added absorbing (BC and OC) and scattering (SO4) AODs are shown in Figures 2a and d. 200 

The regional mean BC+OC AOD added in the BC_CHI and BC_IND experiments are 0.015 and 201 

0.010, while the regional mean SO4 AOD added in the SO4_CHI and SO4_IND experiments 202 

are 0.126 and 0.104.  To illustrate the magnitude of these perturbations we show in Fig. 2 203 

the change in surface short wave radiation from adding BC to CHI (panel b) and to IND (panel 204 

c). The panels in Fig. 2e and f show corresponding plots for SO4 but note that these 205 

perturbations do not include ACI effects of SO4. Examples of the impact of the new FORTE2 206 

ACI parameterization will be given in Section 5.2.  207 

 208 

Figure 2: Maps showing the anthropogenic aerosol optical depth (AOD) of a) BC and OC and d) SO4 within the 209 

China (CHI, solid) and the India (IND, dashed) regions, as well as the response in downwelling surface solar 210 

radiation to adding the BC/OC to b) CHI and c) IND, and the SO4 to e) CHI and f) IND, respectively. Grey hatching 211 

indicates where responses are not statistically significant. 212 



9 
 

3.2 ACI implementation 213 

In the SyRAP simulations FORTE2 is for the first time set up with the ability to emulate the 214 

indirect aerosol effect – in isolation or in combination with aerosol radiation interactions 215 

(ARI). While typically not included in reduced-complexity climate models, aerosol cloud 216 

interactions (ACI) account for most of the aerosol forcing globally (Forster, 2021; Zelinka et 217 

al., 2014), and there are indications that the ACI is important for the Asian response to 218 

aerosol specifically (Dong et al., 2019). The scientific body of evidence points towards 219 

dynamical rather than thermodynamical mechanisms dominating the aerosol response over 220 

Asia (Tian et al., 2018), making it particularly important to get the total aerosol forcing and 221 

its geographical pattern right. 222 

The SyRAP ACI simulations allow us to test how important the ACI is for the simulated 223 

response to aerosol forcing in this region. The magnitude and pattern of the ACI effect can 224 

be easily changed in the model set-up, by scaling the applied effective radius anomaly and 225 

scaling the aerosol optical depth at which cloud changes occur, respectively. This flexibility 226 

can be used to provide insight into, for instance, why ESMs differ in their responses to 227 

standardised aerosol emission changes.  The ACI can be turned on even when the direct 228 

aerosol radiative forcing is turned off, so that the effects of nonlinearities when including ACI 229 

can be assessed.  230 

Since the ACI effects of aerosol from China and India are hard to disentangle in reality, and 231 

as aerosol is not transported in SyRAP, the ACI runs were only done for the experiments 232 

perturbing SO4 in the combined IND+CHI region. For these experiments, ACI is parametized 233 

within a box bounded by coordinates 60E-140E, 0N-53N (see white box in Fig. 1). The 234 

region where ACI is prescribed is chosen to capture regions where significant ACI-induced 235 

changes in cloud properties were seen in response to regional aerosol perturbations in 236 

HadGEM3 (Dong et al., 2019). In that model, the ACI was shown to be important for the local 237 

precipitation response, partly by changing the response in the season when the forcing 238 

occurs, and partly by preconditioning the SST pattern that governs the response in later 239 

seasons.  240 

As shown in Table 1, we simulate the ACI effect on top of the default radiation-only 241 

experiment (SO4aci_IND+CHI), but also the ACI-only effect (aci_IND+CHI). In addition, we do 242 
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sensitivity tests reducing the magnitude of the ACI by reducing droplet sizes from 15 to 13 243 

µm, as opposed to from 15 to 10 µm in the regular ACI runs. These runs will be discussed in 244 

Section 5.2. 245 

3.3 Background climate states 246 

The conditions under which aerosols influence climate are not constant in time. For instance, 247 

GHG-induced warming may change cloud distributions and properties, influencing the 248 

pattern and magnitude of aerosol forcing, or change the monsoon climatology to which 249 

aerosol forcing is being applied, potentially introducing  nonlinearities. To understand how 250 

aerosol impacts depend on global warming level, we perform all aerosol perturbations in 251 

different baseline climates: one with preindustrial CO2 levels (280 ppmv, piC) and one with 252 

approximately present-day CO2 levels for which climate is about 1 degree warmer (500 253 

ppmv, +1K). We also did a baseline simulation with future CO2 levels for which climate is 254 

about 2 degrees warmer than preindustrial conditions (850 ppmv, +2K). The relatively large 255 

CO2 concentrations in the latter two runs reflect the low climate sensitivity of IGCM4 of 2.1K 256 

on doubling CO2 (Joshi et al., 2015) and subsequent low transient climate response of 257 

FORTE2. 258 

In addition to the core experiments, we also perform an additional set of experiments where 259 

the IND region is reduced to a much smaller region comprising only the northern parts of 260 

India (“NIND”, Table 1). This region is marked in light grey dotted lines in Fig. 1. These 261 

simulations will be used when addressing the regional additivity of the climate response to 262 

the CHI and IND aerosol perturbations, as discussed further in Section 5.3.  263 

All simulations are run for 200 years, enabling studies of radiative responses over a timescale 264 

of < 1 year, fast surface ocean responses on timescales of 10-30 years, and slower deeper 265 

ocean changes and equilibrium climate responses. All figures in the present analysis show 266 

averages for years 51-200, with the first 50 years discarded to let the climate state 267 

equilibrate. Climate responses are calculated as the mean response for a perturbation 268 

experiment minus the mean response for the corresponding control simulation. For each 269 

grid cell, we perform a two-tailed Student’s t-test to identify where differences between the 270 

control and perturbed simulation are statistically significant at the 5% level. In map plots, we 271 

add hatching to areas where changes are not statistically significant. 272 
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4. FORTE2 climatological characteristics 273 

4.1 Baseline climatology  274 

 The climatological distribution of temperature and precipitation in the baseline (piC) 275 

simulations are shown in Fig. 3 a) and d), respectively.  A thorough evaluation of the 276 

preindustrial climatology of FORTE2 was conducted in Blaker et al. (2021). Blaker et al. 277 

(2021) show that the model’s near-surface air temperature compares well to the NOAA-278 

CIRES-DOE Twentieth Century Reanalysis (20CR), both in terms of averages and seasonal 279 

variability. The largest biases are cold temperature anomalies over the polar regions and the 280 

Himalayas, and a warm anomaly over the Southern Ocean.  FORTE2 simulates too little 281 

rainfall compared to the 20CR, in particular over the tropical west Pacific, and the South 282 

Pacific ITCZ in FORTE2 is too narrow and zonal compared to the reanalysis. While the model 283 

performs well in terms of wintertime precipitation over South and East Asia, there is a dry 284 

bias in the summer monsoon. Such a bias is typical for the majority of both the CMIP5 and 285 

the CMIP6 ensemble (Sperber et al., 2013; Wilcox et al., 2020). The Asian summer monsoon 286 

circulation is also too zonal over South East and East Asia, again consistent with the biases 287 

seen in CMIP models.  288 

 289 
Figure 3: Baseline climatologies (for piC) of annual mean a) temperature (T) and d) precipitation (PR), as well as 290 
geographical patterns of b) T and e) PR changes for +2K-piC. Rightmost panels show zonal annual mean 291 
changes of c) T and f) PR. Included in the zonal precipitation panel is also the +2K-piC precipitation change 292 
divided by the global mean +2K-piC temperature change (dT), illustrating the hydrological sensitivity compared 293 
to +1K-piC. 294 
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The middle panels of Figure 3 show the climatological differences between +2K and piC and 295 

illustrate how temperature and precipitation in FORTE2 respond to a strong increase in CO2. 296 

The 2 K global mean surface warming in FORTE2 reproduces known patterns such as an 297 

Arctic amplification (Fig. 3b), seen also in the zonal mean temperature changes in Fig. 3c (in 298 

the zonal panels we include differences for both +1K-piC and +2K-piC). However, this 299 

warming, while causing clear responses in regional precipitation (Fig. 3e), produces a global 300 

mean precipitation change of only 0.02 mm/day or 0.64 %. This gives a hydrological 301 

sensitivity (HS) of merely 0.32 %/K. In comparison, energy budget constraints dictate a 302 

theoretical HS of about 2 %/K (Allen and Ingram, 2002), and the CMIP6 model average HS 303 

after 150 years of the 1pctCO2 simulation is 1.6 %/K (Norris et al., 2022). There are two main 304 

reasons for the low FORTE2 HS. One is the low climate sensitivity, which means that the 305 

relative increase in CO2 per Kelvin of warming is high in this model. This, in turn, means that 306 

the long wave absorption from CO2 acts to mute the precipitation increase (Myhre et al., 307 

2018). The other reason is that FORTE2 has a relatively higher fraction of its rain over land, 308 

where the HS is markedly lower than the global mean (Samset et al., 2018a). While the HS is 309 

low, muting the absolute precipitation response to climate forcings, the overall patterns are 310 

still in line with expectations when compared e.g. to CMIP6 (Tebaldi et al., 2021) or PDRMIP 311 

(Samset et al., 2016) responses.  312 

The dashed line in Fig. 3f shows the +2K-piC precipitation change divided by the +2K-piC 313 

global mean temperature difference. As the global mean temperature change between piC 314 

and +1K is by definition around 1K, we can compare the dashed and the light blue line to see 315 

that the precipitation response in the two climate states (+1K and +2K) is reasonably linear. 316 

There are some differences around Southern Hemisphere midlatitudes and at higher 317 

Northern Hemisphere latitudes, but the zonal mean precipitation response to warming is 318 

very consistent around the latitudes of the region of focus in this study. In Section 5.4 we 319 

take a closer look at how aerosol responses may differ when aerosols are added at different 320 

global warming levels. 321 

The Asian precipitation response to +1K and +2K warming is shown in Fig. 4. In winter, there 322 

is little precipitation during the winter monsoon, and the precipitation response to warming 323 

is also small. In summer, global warming results in increased precipitation over most of Asia. 324 

Note, however, that while Fig. 3f suggested a linear precipitation increase from +1K to +2K, 325 
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the geographical patterns in Fig. 4 do not show such linearity over for instance Northeast 326 

China. The pattern of the precipitation increase in +2K reflects the climatological 327 

precipitation pattern, with the maximum increase located in the region of the maximum 328 

precipitation in piC.  329 

 330 

 331 
 332 
Figure 4: DJF precipitation over Asia for a) piC, b) the difference between piC and +1K, and c) the difference 333 
between piC and +2K. Corresponding JJA plots are given in panels d), e) and f), respectively. Maps show 334 
averages over simulated years 51-200, and hatching indicates gridcells where the anomalies relative to piC are 335 
not  significant at the 5% level. 336 

 337 

Zooming in on the region of interest in this paper, we show in Fig. 5 climatological (piC) 338 

surface pressure and 850 hPa wind for the summer (JJA) and winter (DJF) months, 339 

respectively. FORTE2 is compared to ERA5 reanalysis (Hersbach et al., 2020), averaged over 340 

the 1940-2022 period. The direction of the monsoon flow over South Asia is well captured by 341 

FORTE2. However, the flow is too weak over India and the Bay of Bengal, and is too zonal 342 

over Southeast Asia. The zonal flow over Southeast Asia, and an easterly bias in the location 343 

of the West North Pacific Subtropical High contribute to a dry bias over northeastern China. 344 

Most of the Asian summer monsoon precipitation in FORTE2 falls over Myanmar and 345 
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southern China (Fig 4d), while India and northeastern China are too dry.  Such dry biases are 346 

common in CMIP6 models (Wilcox et al., 2020). However, the atmosphere component of 347 

FORTE, IGCM4, has been shown to reproduce the observed seasonal cycle in precipitation 348 

well (Herbert et al., 2022). 349 

In winter, the Aleutian low is too weak in FORTE2 compared to ERA5. Combined with a low 350 

pressure bias over land, this causes the East Asian Winter Monsoon to also be too weak, 351 

although the direction of the flow over northeast Asia is in good agreement with the 352 

reanalysis. The seasonal variation in sea level pressure over Asia is small in FORTE2 353 

compared to ERA5, which is largely due to the pressure over land being too high in winter.  354 

 355 

 356 
Figure 5: Mean sea level pressure and 850hPa winds (arrows) for ERA5 (averaged over 1940-2022) for DJF (a) 357 
and JJA (b), and for FORTE2 piC (years 51-200) for DJF (c) and JJA (c). Note that color scale limits are different 358 
between ERA5 and FORTE. 359 

   360 

4.2 Pacific Ocean Response 361 

Due to the proximity of the perturbation zones to the Pacific region it is useful to assess the 362 

Pacific climatological state across the baseline climates. If differences are found between the 363 

baselines (i.e., between piC, +1K and +2K) due to different CO2 loadings, they are likely to 364 

modify the Asian responses to regional aerosol perturbations at the different warming 365 

levels, as changes in the Pacific circulation are an important part of the response to Asian 366 

aerosol forcing (e.g.,Dong et al., 2019; Wilcox et al., 2019; Williams et al., 2022). 367 
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Experiment Niño 3 Index 

Standard 

Deviation 

Niño 3.4 Index 

Standard 

Deviation 

Number of 

El Niño 

Events 

Number of 

La Niña 

Events 

piC 0.52 0.59 15 16 

+1K 0.53 0.58 17 23 

+2K 0.52 0.58 16 21 

Table 2: ENSO related statistics including the two commonly used Niño regions and a breakdown of the 368 

number and type of ENSO events in the three SyRAP FORTE2 baseline climates.  369 

 370 

Standard deviations of the Niño 3.4 index are presented in Table 2 (column three) and 371 

remain within a 0.1 tolerance of one another; FORTE2’s Nino 3.4 variance is on the weaker 372 

end of CMIP6 models, though not an outlier (Chen et al., 2023). ENSO frequency is between 373 

2 and 3 years for each baseline, which is consistent with the observed ENSO occurrence of 374 

around once every 2-7 years (Allen, 2000).  Table 2 demonstrates that broadly speaking, 375 

variability over this key dynamical region is insensitive to changes in the global warming 376 

level. Analysis is repeated for the Niño 3 index (column two) and confirms that the Pacific 377 

climatological state is insensitive to CO2 loading. 378 

The large-scale SST patterns and associated winter precipitation anomalies for El Niño and La 379 

Niña composites from the piC baseline are presented in Figure 6. This analysis was repeated 380 

for the +1K and +2K baselines and the large-scale structures remain consistent across all 381 

three baseline climates (not shown). The spatial structures of both El Niño and La Niña SST 382 

composites are consistent with events captured in the Extended Reconstructed SST version 383 

3b (ETSSTv3b) reanalysis over the period 1949 to 2015 (see Li et al., 2018). Notable 384 

differences are: in the El Niño composite, Fig 6a, the magnitude of SST anomaly is around 385 

30% weaker on the equatorial South American coastline, and in the La Niña composite the 386 

cold anomaly extends too far towards the Maritime continent. Anomaly peak  strength is 387 

weaker than observed, around 35% and 45% weaker for the El Niño and La Niña composites 388 

respectively, consistent with Blaker et al. (2021).  389 

 390 
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 391 

Figure 6: (Top Row) Composite anomalies of monthly sea surface temperature during (a) El Niño and (b) La 392 

Niña events. (Bottom Row) Winter, DJF, precipitation anomalies for (c) El Niño and (d) La Niña years. 393 

Precipitation anomalies with a magnitude of less than 0.5 mm/day are in white. Data from piC baseline only. 394 

Winter precipitation patterns during ENSO years are consistent with literature (Davey et al., 395 

2014) over the Pacific and maritime continent. Expected remote precipitation impacts, such 396 

as a drying signal over southern Africa in El Niño winters (Fig. 6c) and a drying tendency 397 

stretching towards India in the La Niña winters (Fig 6d) are captured but are weak. Some 398 

remote signals, such as that over Europe, are not captured. FORTE2 is showing some 399 

promise in simulating the teleconnections associated with ENSO but this remains an active 400 

area for further investigation and model development. 401 

Overall, ENSO events occur with a good frequency but are weaker than observed; 402 

particularly La Niña events are short lived and lack strength. ENSO frequency, biases and 403 

teleconnections are consistent over all three global warming levels, giving us confidence that 404 

any ENSO changes in SyRAP are primarily due to aerosol perturbations, regardless of 405 

warming level.  406 

 407 

5. Results 408 

5.1 Climate responses to individual aerosol perturbations 409 

In both IND and CHI, the presence of BC causes strong local reductions of up to 75 Wm-2 in 410 

downwelling surface solar radiation at the surface (Fig. 2b,c). Similar albeit much weaker 411 
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reductions are seen for the SO4 perturbations (Fig. 2e,f). These radiative perturbations 412 

trigger thermodynamic responses which manifest as (rapid) changes in near-surface 413 

temperature, surface fluxes, precipitation, and clouds, but they also influence the 414 

atmospheric circulation patterns in the region, including the Asian Summer Monsoon.  415 

 416 

Figure 7: Local (bars shaded by grey area) and remote impacts on regional mean near-surface temperature [K] 417 

in the experiments involving adding a) BC to CHI, b) SO4 to CHI, c) BC to IND, d) SO4 to IND, e) BC to CHI+IND 418 

and f) SO4 to CHI+IND. Light bars show wintertime (DJF) temperature changes, while dark bars show 419 

summertime (JJA) changes. Framed bars indicate where changes are statistically significant, and star symbols in 420 

the lowermost row show the summed responses (BC_CHI + BC_IND) or (SO4_CHI + SO4_IND) – responses being 421 

linear where bars and stars are comparable in magnitude. We use years 51-200 of the simulation in the 422 

analysis. 423 

 424 

The dominant local response of adding BC or SO4 to India or China is a statistically significant 425 

cooling (Fig. 7). The only exception is SO4 emissions over China, which cause insignificant 426 

local warming but still trigger a strong cooling effect over India (Fig. 7b). A significant remote 427 

effect is also seen for BC over China, which causes significant summertime warming over the 428 

USA (Fig. 7a). Regional mean precipitation responses (Fig. S1) are less clear, partly because 429 
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the precipitation changes are not uniform in sign across the regional boxes. The regional 430 

mean precipitation responses to aerosol predominantly involve local drying, but interestingly 431 

SO4 emissions over China cause significant local summertime precipitation increase over 432 

China, but decrease over India. Comparing precipitation responses from the CHI+IND 433 

experiment to the all-Asia perturbations of absorbing or scattering aerosols in Herbert et al. 434 

(2022), we see that both these studies find a summertime drying over India in response to 435 

absorbing aerosols over the larger region. However, while the perturbations cause a 436 

significant precipitation increase over China in Herbert et al., we find that Asian absorbing 437 

aerosols cause significant drying also over China. Similarly, SO4 emissions over CHI+IND 438 

trigger drying over both regions in FORTE2, while Herbert et al. (2022) find scattering 439 

aerosols to cause drying over parts of India but a precipitation increase over China in IGCM4. 440 

 441 

 442 
Figure 8: Mean summer (JJA) responses in near-surface temperature, precipitation and 443 

850hPa wind over the Asian region. Solid brown and blue squares mark the region where BC 444 

or SO4 is perturbed, respectively. Maps are based on years 51-200 of the simulations, and 445 

hatched regions show areas where differences from the baseline are not statistically 446 

significant (by Student’s t-test, p-value 0.05). 447 

 448 

Figure 8 shows the geographical pattern of the summer (JJA) responses in near-surface 449 

temperature, precipitation and wind speed and direction. The addition of BC over China 450 

results in near-surface cooling, which is largely located to the north of the Yangtze river 451 
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(Figure 8), where the largest reductions in downwelling shortwave radiation at the surface 452 

are found (Figure 2). Precipitation south of the Yangtze decreases, associated with a strong 453 

reduction in convective cloud there (Figure 9). Adding BC over India also results in a cooling 454 

co-located with the change in AOD, but the strongest cooling in this case is seen over 455 

southeast Asia, where there is also a large increase in precipitation due to an increase in the 456 

strength of the monsoon flow from the Bay of Bengal (Figure 8). However, as in the BC_CHI 457 

case, precipitation and convective clouds decrease over the perturbation region  due to the 458 

combined impact of reduced surface temperatures and increased atmospheric temperatures 459 

in response to the absorbing aerosol (see maps of temperature changes at the 850 hPa level 460 

in Fig. S2), which has a strong stabilizing effect on the atmosphere.  461 

 462 

 463 
Figure 9: Mean summer (JJA) responses in low, mid-level, high and convective clouds over 464 

the Asian region. Solid brown and blue squares mark the region where BC or SO4 is 465 

perturbed, respectively. Maps are based on years 51-200 of the simulations, and hatched 466 

regions show areas where differences from the baseline are statistically insignificant (by 467 

Student’s t-test, p-value 0.05). 468 

 469 
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The presence of SO4 also cools the surface, though not as strongly as for BC for the SyRAP 470 

perturbations. In SO4_CHI, the cooling is only significant over southeast Asia and northeast 471 

Asia. Drying is seen over eastern China, but it is again weaker than in response to BC 472 

increases, consistent with a weaker circulation response (Figure 8). Significant cooling is seen 473 

in the northwest of the perturbation domain for SO4_IND, co-located with the largest 474 

reductions in downwelling shortwave at the surface. This cooling results in a weaker South 475 

Asian summer monsoon circulation, and a reduction in precipitation in the northwest of the 476 

region (Figure 8). Precipitation and convective cloud increase in the northeast of the 477 

perturbation region (Figure 9). Increasing scattering aerosol over South Asia also results in a 478 

weakened East Asian summer monsoon, which results in significant warming and drying over 479 

eastern China.   480 

Both observations and modelling studies indicate that the drying of the Asian summer 481 

monsoon seen over the past decades can be linked to increasing concentrations of 482 

anthropogenic aerosols (Li et al., 2015; Liu et al., 2019; Tian et al., 2018). The SyRAP-FORTE2 483 

simulations presented here allow us to decompose and understand contributions from 484 

different regions or aerosol species to the total response. As shown in Section 4, FORTE2 485 

reproduces the important features of Asian climate. To confirm that it also has aerosol-486 

driven climate responses consistent with more complex climate models, and thus can be 487 

used to explain the decomposition of the response into the main drivers (BC vs. SO4 or India 488 

vs. China), we can compare the responses above to those from earth system model 489 

simulations. Note that even among ESMs, the response to aerosol forcing varies strongly 490 

between individual models, which means that we do expect there to be some differences 491 

between FORTE and other studies. 492 

While most literature on the monsoon response to aerosol focuses on global all 493 

anthropogenic aerosol perturbations (Salzmann et al., 2014; Song et al., 2014; Wilcox et al., 494 

2020), some regional aerosol ESM studies exist (see Section 1), for instance based on 495 

PDRMIP (Xie et al., 2020; Xie et al., 2022). We find that the Asian JJA precipitation response 496 

to combined India and China BC (BC_IND+CHI) is comparable to the multi-model mean 497 

MJJAS response of 7 PDRMIP models to a tenfold increase of BC over Asia (Xie et al., 2020). 498 

Although set-ups between these two studies are different in many aspects, including 499 

different baseline climates (preindustrial versus present-day) and a much stronger 500 
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perturbation in the latter case, both FORTE2 and PDRMIP simulations display a BC-induced 501 

increase in precipitation over India, although PDRMIP result indicate a drying over Southeast 502 

Asia that we do not see. The cooling seen over India in our simulations is found in 8 out of 9 503 

models in the PDRMIP simulations, but the more widespread cooling over East Asia is only 504 

seen in a few of the models. Similarly, the impact of regional PDRMIP perturbations of Asian 505 

SO4 on precipitation is studied by Xie et al. (2022), who find a drying of much of the Asian 506 

continent but an increase in summer precipitation over arid Central Asia. In FORTE2, the 507 

sulfate response is also a drying over much of the region, but the Central Asian JJA 508 

precipitation increase extends down to northern India. Recchia and Lucarini (2023) find BC 509 

over China to cause local drying but wettening over India and surrounding parts of China, 510 

consistent with our findings, as do Krishnamohan et al. (2021) who perform strong  BC 511 

perturbations in a global climate model and find that local BC enhancement causes a drying 512 

over India while BC in China increases India precipitation. 513 

 514 

5.2 ACI responses 515 

The new ACI setup allows us to simulate the separate impacts of direct aerosol radiation 516 

interactions (ARI) only (the default simulation set-up), the indirect (ACI) effect only, or the 517 

simultaneous impact of both effects. Figure 10 shows the impacts of direct and indirect 518 

aerosol effects on temperature, precipitation, and SW ERF. The the direct effect of sulfate 519 

causes an average (over the ACI region shown in Fig. 1) SW ERF of -1.61 W/m2, while the 520 

indirect effect yields a response of -2.16 W/m2, see Table 3. While the direct effect cools 521 

most areas over Asia, the indirect effect causes a strong warming over southern parts of 522 

India and the region around Thailand (Fig. 10). The contrast between direct and indirect 523 

effects of Asian sulfate is particularly stark in the precipitation response (Table 3), and Fig. 10 524 

shows that these differences largely originate in the regions for which the ACI trigger 525 

warming. 526 
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 527 
Figure 10: Summer (JJA) response to direct aerosol radiation interactions due to Asian SO4 528 

(ARI, top row), as in the default setup in FORTE2, to aerosol-cloud interactions due to Asian 529 

SO4 (ACI, middle row) of sulfate as represented, and both the response to Asian SO4 530 

including both ARI and ACI  (bottom row). Maps are based on years 51-200 of the 531 

simulations, and hatched regions show areas where differences from the baseline are 532 

statistically insignificant (by Student’s t-test, p-value 0.05). 533 

 534 

 

 
Experiment name Temp. 

[K] 
Prec. 
[mm/day] 

Surf. SW 
[W/m2] 

ERF_SW 
[W/m2] 

ARI 
 

SO4_IND+CHI -0.10 0.003 -1.92 -1.61 

ACI aci_IND+CHI -0.05 -0.30 -2.98 -2.16 

(ARI) + (ACI) SO4_IND+CHI + 
aci_IND+CHI 

-0.15 -0.303 -4.90 -3.77 

ARI+ACI SO4aci_IND+CHI -0.35 -0.29 -4.79 -4.48 

ACI_13um aci_reff13_IND+CHI -0.04 -0.06 -1.28 -0.87 

ARI+ACI_13um SO4aci13_reff13_IND+CHI -0.31 -0.19 -2.73 -2.95 

Table 3: Regional mean JJA impacts of the different ACI simulations, as well as the ARI only 535 

simulation (topmost table row). Changes are relative to the piC simulation and are averaged 536 

over the ACI region shown in Fig. 1. 537 
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Compared to the CMIP5 ensemble (Zelinka et al., 2014), FORTE2 has a similar spatial extent 538 

of the ACI-driven SW forcing (see middle panel in rightmost column of Fig. 10). In CMIP5, the 539 

maximum negative ACI forcing from scattering aerosols is located a bit north of Indonesia, a 540 

pattern that is largely reproduced in FORTE2, albeit with a relatively strong forcing also over 541 

Indian land regions. Dong et al. (2019), performing simulations with HadGEM3 with and 542 

without the ACI effect, find a much more complex ACI forcing pattern, with positive SW 543 

forcing over India and negative over China. In terms of the relative importance of ACI versus 544 

ARI, both (Zelinka et al., 2014) and Dong et al. (2019) are consistent with the present study 545 

in that ACI exert the strongest radiative impact in the region. Dong et al. (2019) found that 546 

ARI resulted in weak circulation and precipitation changes, and that ACI was the dominant 547 

driver of monsoon changes. An important part of this mechanism, however, was the ACI-548 

induced warming in Maritime Continent SST, which is not something we see in FORTE2. The 549 

precipitation response pattern of  Dong et al. (2019) is also very different from FORTE2, with 550 

an increase in South Asian and and decrease in East Asian precipitation. The comparison of  551 

Guo et al. (2015) showing differences in Asian precipitation patterns between CMIP5 models 552 

with and without ACI, however, is more consistent with FORTE2 results. The nine CMIP5 553 

models with only ARI show a drying over China and increased precipitation over India, while 554 

the models including ACI give a drying over both India and China, similar to what we find 555 

here (Fig. 10). 556 

The clean separation into simulations with ARI-only, ACI-only and both ARI and ACI allows for 557 

an assessment of the linearity of these two processes. Looking at the regional means in 558 

Table 3, comparing the sum of ARI and ACI (see row “(ARI) + (ACI)”) to the experiment 559 

including both processes (“ARI+ACI”), we find that while precipitation and downwelling 560 

shortwave radiation are close to linear, temperature is not. By closer inspection, this 561 

nonlinearity originates from the northernmost latitudes of this region, for which ARI or ACI 562 

individually cause warming, but which cools when both ARI and ACI operate simultaneously 563 

(Fig. 10). Remote impacts of including the ACI effect, as well as nonlinearities, can be seen in 564 

the global maps in Fig. S3. For instance, while both the ARI and ACI effects cause a similar 565 

pattern of remote warming over the eastern parts of USA and Canada, the combined impact 566 

of these effects does not include such a warming (compare lower two rows of Fig. S3). Likely, 567 
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the “double” kick to the system is strong enough to trigger a different set of circulation 568 

responses including a more unified cooling over the entire North American region. 569 

The SyRAP-FORTE2 setup also allows for testing how important the uncertainty in ACI is for 570 

the simulated response to aerosol forcing in this region. In the present study, we have tested 571 

the sensitivity to the emulated aerosol-induced cloud radius reduction (which in the default 572 

setup is reduced from 15 to 10 µm) by performing additional experiments only reducing the 573 

droplet radius to 13 µm. Although the relative droplet radius reduction change between 574 

default ACI and sensitivity ACI experiments is only 2 µm, the radiative impacts (Surf. SW and 575 

ERF_SW in Table 3) are almost halved. Though a large difference, this is not necessarily 576 

unrealistic, as the effect on radiation tends not to scale linearly with effective cloud radius 577 

(Boers and Rotstayn, 2001). While we also find that the difference in ACI impact on 578 

precipitation between these two experiments is substantial, the temperature change is 579 

almost the same between the experiments (-0.05 K for the default ACI experiment, and -0.04 580 

K for the sensitivity experiment). We also note that the difference in precipitation impacts 581 

from ARI+ACI in default versus sensitivity setup is much smaller than when comparing only 582 

ACI impacts. Clearly, many nonlinear processes are involved between an initial droplet 583 

change, the radiative impact and resulting changes to meteorological variables. 584 

 585 

5.3 Regional linearity of the perturbations 586 

There are many examples of idealized model simulations of regional aerosol perturbations in 587 

the literature, and some of these studies have investigated the regional linearity or additivity 588 

of the climate responses. A recent example is Herbert et al. (2022), who used the 589 

atmospheric component of FORTE2 and performed separate simulations removing BC or SO4 590 

from India or China. In stark contrast to our results, they find strongly nonlinear responses in 591 

the summer monsoon precipitation. Chen et al. (2020) also conclude, after comparing 592 

regional climate model simulations adding BC to India, China or both combined, that 593 

responses to BC are highly nonlinear. In contrast, Recchia and Lucarini (2023), also using a 594 

reduced-complexity model, find relatively linear responses in idealized experiments 595 

emulating the addition of BC aerosols over India, China, and Southeast Asia separately or at 596 

once.  597 



25 
 

Here, we investigate the regional linearity in BC/SO4 perturbations by comparing the added 598 

impacts of BC/SO4 perturbations over IND and CHI to experiments where we perturb BC/SO4 599 

over both regions at once. The bottom row of Fig. 11 (left half) illustrates the nonlinearity to 600 

BC perturbations in the two regions. Positive values mean that adding BC to both regions at 601 

once triggers a stronger response than the sum of responses when adding BC to the two 602 

regions individually. As indicated by the hatchings in Fig. 11, the regional BC perturbations 603 

are significantly nonlinear only in a very small region in Northern India. As can be seen by 604 

comparing the individual maps, this region is typically a transitional region between different 605 

climate responses. It is also a region of complex topography, and Herbert et al. (2022) 606 

showed that different circulation patterns interacting with the orography was a key factor 607 

for the nonlinearity of the response. 608 

609 
Figure 11: The linearity of mean summer (JJA) temperature and precipitation responses to 610 

BC and SO4. Topmost row shows the sum of the responses from the individual regional 611 

experiments, middle row show responses from and experiment where aerosol is added to 612 

both IND and CHI at once, and bottom row shows the difference between the two above, 613 

thus quantifying the nonlinearity. Maps are based on years 51-200 of the simulations, and 614 

grid cells with statistically significant nonlinearity are indicated by absence of hatchings. 615 

 616 

Nonlinearities in responses to SO4 (right half of Fig. 11) are slightly larger than for BC. 617 

Significant nonlinearities are, like for BC, present over parts of Northern India, but also over 618 

China around the same latitudes. In particular, when SO4 is added to both CHI and IND at 619 
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once (middle row) there is a small cooling over China not present in the added responses 620 

(first row). Looking back at Fig. 8 (upper right corner panel) we see that adding SO4 to India 621 

alone caused a statistically significant warming over China, and this warming is associated 622 

with a region of significant anomalous descent (not shown) and reduction in mid-level clouds 623 

(Fig. 9). To summarize, some processes are only evident when particularly SO4 is added to a 624 

specific region, and not necessarily when adjacent regions are  cooled by SO4 625 

simultaneously. In general, however, responses to both BC and SO4 in FORTE2 are 626 

reasonably linear. 627 

As IGCM4 used by Herbert et al. (2022) is FORTE’s atmospheric component, their much 628 

stronger nonlinearity is surprising. One possible cause of this disparity could be the 629 

substantially larger spatial extent of our forcing. To test this, we performed an additional 630 

version of the IND experiment where the IND region was limited to the Northern parts of 631 

India only, more similar to Herbert et al. (Table 1). Compare black dashed (IND) and light 632 

grey dotted line (NIND) in Fig. 1. However, as seen in Figure S4, results are no less linear with 633 

this smaller perturbation region. Instead, this discrepancy might arise from the fact that our 634 

simulations are fully coupled to an ocean model, or it may be related to the simulation 635 

design (for instance, Herbert et al. (2022) remove aerosols from a present-day climate and 636 

aerosols field, while we add aerosols to a preindustrial climate with no aerosols). Either way, 637 

the linearity allows for the utilization of these simulations in an additive manner. 638 

5.4 Aerosol impacts on Asian climate for different climate states 639 

In the core simulations presented in Section 3, aerosols were perturbed on top of a 640 

preindustrial climate (piC) in terms of CO2 levels (280 ppmv). However, in both the present-641 

day as well as the future, the climate will be in a different state, notably with higher 642 

concentrations of CO2 and higher average temperatures. In a separate set of simulations, we 643 

have investigated how the Asian climate responds to BC and SO4 aerosols on top of a climate 644 

that is one degree warmer (+1K; CO2 level at 500 ppmv) than in our core simulations. 645 

Comparing these sets of simulations allows an assessment of whether different climate 646 

responses to aerosols can be expected to emerge as climate warms. 647 

In general, BC aerosols cause similar geographical precipitation response patterns as climate 648 

warms (compare rows in the leftmost half of Fig. 12). The lowermost row indicates that 649 

adding BC to China in the different climates does not lead to significant differences in 650 
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precipitation responses in any widespread subregions, while adding BC to India leads to a 651 

significantly weaker precipitation increase over Myanmar and Thailand in the warmer 652 

climate.  653 

 654 

 655 
Figure 12: Mean summer (JJA) responses in precipitation in a preindustrial climate (upper 656 

row), a 1 degree warmer climate (middle row) and the difference between the two (bottom 657 

row). Maps are based on years 51-200 of the simulations, and hatching indicates where the 658 

difference between the aerosol responses in the two different climates are not statistically 659 

significant. 660 

 661 

In both SO4 experiments, we see stronger differences in the precipitation response between 662 

the different climates. Adding SO4 over India causes a drying over the Himalayas and the 663 

south tip of India in the preindustrial climate but not in the warmer climate. A similar effect 664 

in the Himalayan region can be seen for SO4 over China, but the starkest difference is found 665 

over Myanmar and Thailand. In the preindustrial climate the Indian SO4 triggers a 666 

precipitation increase, while in the warmer climate the signal changes sign and becomes a 667 

drying. This sensitivity of the SO4 response to the background climate underlines the 668 

importance of the simulation setup when studying aerosol-climate interactions, and also 669 

how inferences drawn about sensitivities to aerosol emissions in today’s climate may not 670 
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hold for future levels of global warming. This remains a largely unquantified source of 671 

uncertainty in future projections of aerosol emission influences.  672 

 673 

6. Conclusions 674 

Aerosol climate impacts can follow patterns and time evolutions that are different to those 675 

from greenhouse gas driven global surface warming, potentially enhancing climate risk when 676 

combined with regionally differing socioeconomic factors. However,  our understanding of 677 

these aerosol specific patterns and processes is still limited. For instance, in Asia, a high 678 

population density in combination with high water stress makes the region vulnerable, in 679 

particular to changes in precipitation. Recognizing this vulnerability, many previous model 680 

studies have analyzed impacts of different types of aerosols from different Asian subregions, 681 

studied the role of direct versus indirect aerosol effects, or explored how specific aerosol 682 

impacts change in a changing climate.  683 

In this work, using a reduced-complexity climate model, we address all these processes, 684 

allowing for a comparison of the relative importance of the different effects. We have shown 685 

how a set of systematic aerosol emission perturbations in a reduced-complexity climate 686 

model can be used to identify physical responses to regionalized aerosol emissions, with a 687 

range of physical properties, and that it is possible to combine these into a tool for building 688 

hypotheses about the joint influence of baskets of aerosol emission types.  689 

We found that perturbations of absorbing or scattering aerosols in FORTE2 reproduce 690 

important features already shown in the literature, based on observations, and on 691 

simulations using more complex earth system models. We find that the presence of black 692 

carbon (BC) and sulfate (SO4) aerosols in China and India cause local reductions in surface 693 

solar radiation that trigger thermodynamic responses, leading to changes in temperature, 694 

surface fluxes and precipitation. The dynamical responses in pressure, winds, and circulation 695 

patterns contribute to changes in clouds and precipitation and have widespread impacts 696 

outside the perturbed areas. Adding BC over China causes a strong local precipitation 697 

reduction. BC over India also causes local drying but a strong increase in precipitation over 698 

Southeast Asia. Adding SO4 over China leads to reduced precipitation locally, while SO4 over 699 
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India leads to increased precipitation in northwestern India and warming and drying over 700 

East China. 701 

The same amount of BC or SO4 aerosols cause weaker near-surface cooling and precipitation 702 

changes in a warmer climate. However, the geographical distribution of precipitation 703 

changes on a sub-regional scale reveal important differences. For instance, SO4 over China 704 

causes increased precipitation over Southeast Asia in a preindustrial climate, but in a 705 

warmer climate, the precipitation impact of SO4 on this region changes sign entirely. 706 

Adding the separate response to a given aerosol impact in the two different regions (IND and 707 

CHI) are comparable to the impact of adding aerosols to both regions at once. In other 708 

words, responses are reasonably linear, which makes the SyRAP simulations well suited as a 709 

tool for understanding joint influences of multiple aerosol-driven climate forcings. While the 710 

focus of our work has been on Asia, and the regions home to the current dominant emitters 711 

of anthropogenic aerosols, similar studies for other regions would be highly useful as a 712 

future exercise. They could also include the responses to natural aerosol sources such as 713 

dust, biomass burning and sea salt, expected to become more important as we transition 714 

into a post-fossil future with a warmer global climate.  715 
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Data availability statement 727 

The present analyses is based on model simulations using the FORTE2 (version v2.0) 728 

reduced-complexity climate model . The model is freely available for download at 729 

https://zenodo.org/records/3632569. Aerosol perturbation simulations use aerosol optical 730 

depth from the CAMSRA, as detailed in the Methods section. The Copernicus Atmosphere 731 

Monitoring Reanalysis (CAMSRA) was downloaded from the Copernicus Atmosphere 732 

Monitoring Service (CAMS) Atmosphere Data Store (ADS) 733 

https://ads.atmosphere.copernicus.eu/cdsapp#!/dataset/cams-global-reanalysis-734 

eac4?tab=overview. Figure 5 compares FORTE2 sea level pressure and winds to that from 735 

ERA5 reanalysis (Hersbach et al., 2020), which is available for download here: 736 

https://zenodo.org/records/3632569
https://ads.atmosphere.copernicus.eu/cdsapp#!/dataset/cams-global-reanalysis-eac4?tab=overview
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https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-737 

levels?tab=overview. All FORTE2 model results are available for download at the repository 738 

https://archive.sigma2.no/, at 739 

https://archive.norstore.no/pages/public/datasetDetail.jsf?id=10.11582/2023.00140 [data 740 

are currently awaiting a DOI and will be available at https://doi.org/xxxx]. Python code for 741 

analysis of the FORTE2 results as well as for plotting figures in the manuscript will be 742 

available for download at the same repository.  743 
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