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Abstract 23 

Many studies have shown that black carbon (BC) aerosols over Asia have 24 

significant impacts on regional climate, but with large diversities in intensity, spatial 25 

distribution and physical mechanism of regional responses. In this study, we utilized a 26 

set of Systematic Regional Aerosol Perturbations (SyRAP) using a reduced complexity 27 

climate model, FORTE2, to investigate responses of the Asian climate to BC aerosols 28 

over East Asia only, South Asia only, and both regions at once, and thoroughly examine 29 

related physical processes. Results show that regional BC aerosols lead to a strong 30 

surface cooling, air temperature warming in the low-level troposphere, and drying over 31 

the perturbed areas, with seasonal differences in magnitude and spatial distribution. 32 

Atmospheric energy budget analysis suggests that reductions in local precipitation 33 

primarily depend on the substantial local atmospheric heating due to shortwave 34 

absorption by BC. Increases in dry static energy (DSE) flux divergence partly offset the 35 

reduced precipitation over north China in summer and most of China and India in the 36 

other three seasons. Decreases in DSE flux divergence lead to stronger reduction in 37 

precipitation over south China and central India in summer. Changes in DSE flux 38 

divergence are mainly due to vertical motions driven by diabatic heating in the middle 39 

and lower troposphere. BC perturbations also exert non-local climate impacts through 40 

the changes in DSE flux divergence. This study provides a full chain of physical 41 

processes of the local climate responses to the Asian BC increases, and gives some 42 

insights to better understand the uncertainties of model responses. 43 

  44 
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1. Introduction 45 

Black carbon (BC) aerosol, a short-lived pollutant and climate forcer, is emitted 46 

from the incomplete combustion of biomass and fossil fuels, and exerts significant 47 

effects on global and regional climate (Ramanathan and Carmichael, 2008; Bond et al., 48 

2013; Stjern et al., 2017; IPCC, 2021; Li et al., 2022). Alongside rapid economic 49 

developments of China and India over the past few decades, East and South Asia have 50 

become the highest BC emissions hotspots in the world. Despite BC emissions from 51 

China decreasing substantially in the past decade, East and South Asia are expected to 52 

remain the highest BC loadings globally in the coming decades (Lund et al., 2019). 53 

Hence, the climate impacts of BC emissions from East and South Asia have been 54 

extensively investigated (e.g. Li et al., 2016; Lou et al., 2019; Xie et al., 2020; 55 

Westervelt et al., 2020; Herbert et al., 2022; Yang et al., 2022). Although many model 56 

studies have shown that Asian BC aerosols are of great importance for local climate 57 

(especially the Asian monsoonal systems), considerable uncertainty exists regarding the 58 

intensity and spatial distribution of the Asian climate responses to BC forcings, as well 59 

as the related physical mechanisms. 60 

Menon et al. (2002) found that during summer, a large BC forcing induced a 61 

“southern flooding and northern drought” (SFND) precipitation pattern in China based 62 

on a global climate model (CGCM), and moderate cooling in China and India based on 63 

the Goddard Institute for Space Studies (GISS) global climate model (CGCM). In 64 

contrast, some subsequent modeling studies found that BC forcing acted to suppress 65 

precipitation in However, many subsequent studies were not able to reproduce the 66 

SFND pattern, in part due to the poor representation of the Asian summer monsoon in 67 

models (Wilcox et al., 2015). Gu et al. (2006) found that BC forcing acted to suppress 68 

precipitation in southern and eastern China while strengthening it in the north (Gu et 69 

al., 2006; Zhang et al., 2009; Liu et al., 2018). Additionally, some studies suggested that 70 

BC aerosols caused a tripolar precipitation pattern with wetting-drying-wetting from 71 

north to south China (Mahmood and Li, 2014; Xie et al., 2020), or there was no 72 

statistically significant response in precipitation over East China (Jiang et al., 2013; 73 

Guo et al., 2013; Wang et al., 2017).due to warming in the middle to high latitudes 74 
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based on an atmospheric general circulation model (AGCM). Zhang et al. (2009) 75 

showed that the effects of direct radiative forcing due to increased BC aerosols can 76 

decrease precipitation and increase surface temperature in southern China and India, 77 

but cause the opposite responses in northern China, by comparing CAM3 AGCM 78 

simulations with the all-aerosol types and without carbonaceous aerosol. Liu et al. 79 

(2018) found a similar dipole precipitation pattern with a decrease in southern China 80 

and an increase in the north mainly due to the fast adjustments (simulations with fixed 81 

SST) of BC forcing, and a surface cooling over Asia except over the Himalayan region 82 

in the 10x modern Asian BC emissions or concentrations experiments in the 83 

Precipitation Driver Response Model Intercomparison Project (PDRMIP) (Myhre et al., 84 

2017).  85 

 86 

Regional precipitation responses to BC aerosols can be attributed to both surface 87 

cooling induced by aerosol-radiation interaction (ARI) and atmospheric heating by 88 

aerosol absorption (Stier et al., 2024). However, the relative importance of the two 89 

effects is debated. Persad et al. (2017) have shown that surface cooling dominates the 90 

reduction of the East Asian summer precipitation due to the decreased land-sea thermal 91 

contrast, whilst atmospheric heating partially offset the reduction. Xie et al. (2020) have 92 

proposed that the precipitation responses mainly result from the upper-level 93 

atmospheric heating over Asia, which enhances the upper-level meridional land-sea 94 

thermal gradient and subsequently strengthens the low-level monsoon circulation.Wang 95 

et al. (2017) conducted CESM1 simulations with increased BC emissions from 96 

preindustrial to present-day level, and proposed that the fast adjustment strengthened 97 

the EASM, while slow adjustment (response to aerosol-induced SST change) 98 

dominated the spatial pattern of precipitation response, which showed a tripolar 99 

precipitation pattern with wetting-drying-wetting from north to south China, although 100 

the responses in most regions were statistically insignificant. The fast/slow responses 101 

in Wang et al. (2017) are different with those in Liu et al. (2018). Xie et al. (2020) used 102 

the PDRMIP ensemble to show that the extremely high global/Asian BC forcing can 103 

cause the similar tripolar precipitation pattern over eastern China in summer, and they 104 
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stressed that these responses mainly result from the enhanced upper-level atmospheric 105 

temperature over Asia instead of low-level thermal feedbacks. Mahmood and Li (2014) 106 

showed that South Asian BC also can induce the tripolar precipitation pattern over East 107 

China via a propagating wave train along the Asian upper tropospheric jet based on 108 

ensemble sensitive experiments in GFDL AM2.1. 109 

Persad et al. (2017), based on GFDL AM3, have shown that surface solar dimming 110 

dominates the reduction of the East Asian summer precipitation due to the decreased 111 

land-sea contrast, whilst atmospheric heating from absorbing aerosols partially offset 112 

the reduction, which leads to a smaller reduction when both effects are considered 113 

simultaneously. Jiang et al. (2013) and Guo et al. (2013) indicated that there was no 114 

statistically significant change in precipitation over East China in response to global 115 

BC forcing during summertime, based on the CAM5 and HiGAM AGCM experiments, 116 

respectively. Although there are many differences across studies, some similarities can 117 

still be found in most of studies, such as surface cooling in the perturbation area, wet 118 

response in North China. 119 

In additionSimilarly, the South Asian summer monsoon (SASM) exhibits 120 

inconsistent responses to BC forcings. some Some AGCM/CGCMmodel studies 121 

suggested that increased BC aerosols can lead to a weakened South Asian summer 122 

monsoon (SASM) (Lau and Kim, 2007; Meehl et al., 2008), while others found that 123 

there should be a strengthened SASM via increasing the atmospheric meridional land-124 

sea thermal gradient, or an elevated heat pump effect (Lau and Kim et al., 2006; Xie et 125 

al., 2020; Westervelt et al., 2020). On the other hand, Westervelt et al. (2018) conducted 126 

aerosol removal experiments using three CGCMs, and found that Indian BC decreases 127 

lead to no change or a small decrease in precipitation in India.  128 

In addition, Jiang et al. (2017) found that BC forcing can lead to an intensification 129 

of the East Asian winter monsoon (EAWM) northern mode via heating Tibetan Plateau 130 

using the CAM5 model. On the contrary, Lou et al. (2019) suggested that BC emitted 131 

from the North China can weaken the EAWM through ocean, sea ice, and cloud 132 

feedbacks based on CESM. BC aerosol can also affect spring and autumn precipitation 133 

in China (Guo et al., 2013; Hu and Liu, 2014; Deng et al., 2014). 134 
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By comparing the sum of Asian summer climate responses to individual responses 135 

over East and South Asia with the responses to simultaneous forcing, the regional 136 

linearity of BC forcing has been investigated, but the results remain unclear. Chen et al. 137 

(2020) and Herbert et al. (2022) suggested that the responses were highly nonlinear due 138 

to the interactions of atmospheric circulation changes, based on a regional climate 139 

model and an atmospheric general circulation modelthe regional climate model 140 

RegCM4 and the Intermediate General Circulation Model 4 (IGCM4)  (AGCM), 141 

respectivelysimulations, respectively. In contrast, Reccia and Lucarini (2023) and 142 

Stjern et al. (2024) found that the responses were almost linear in most of Asian regions. 143 

The difference may be related to the different spatial extend extent of the aerosol 144 

perturbation in the simulation design (Stjern et al., 2024). 145 

For the East Asian winter climate, Jiang et al. (2017) found that BC forcing can 146 

lead to an intensification of the East Asian winter monsoon (EAWM) northern mode 147 

via heating Tibetan Plateau using the CAM5 model. On the contrary, Lou et al. (2019) 148 

suggested that BC emitted from the North China can weaken the EAWM through ocean, 149 

sea ice, cloud feedbacks based on CESM. BC aerosol also can impact on spring and 150 

autumn precipitation in China (Guo et al., 2013; Hu and Liu et al., 2014; Deng et al., 151 

2014).  152 

These inconsistent results, and the large uncertainty in the simulated response of 153 

the Asian climate to BC changes, are partly related to differences in the modeling 154 

approach (e.g., AGCMs versus CGCMs/ESMs) and also the magnitude and location of 155 

the BC perturbation. Atmosphere-only GCMs lack SST feedbacks, which are crucial in 156 

influencing the Asian monsoon (Dong et al., 2019), while CGCMs or ESMs involving 157 

more and more complex physical processes make it difficult to identify the key physical 158 

processes of behind impacts of regional BC aerosols on Asian climate. The 159 

inconsistency may also be associated with model-specific differences. Different models 160 

that include different physical processes, combined with different experiment designs 161 

that can influence the atmospheric circulation response, mean thatmake it challenging 162 

to understanding the causes of differences between studies is very difficult.  163 

Hence, reduced complexity models, such as FORTE2 (Fast Ocean Rapid 164 
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Troposphere Experiment version 2), provide an alternative and useful tool for such 165 

studies, given that such models not only include all the main mechanisms of aerosol-166 

climate interactions, but also allow fast speed of integration and longer simulations  167 

with lower cost. Stjern et al. (2024) have utilized FORTE2 to perform a series of 168 

Systematic Regional Aerosol Perturbations (SyRAP) simulations, employing 169 

regionally realistic aerosol forcing for the period 2003-2021 from the Copernicus 170 

Atmosphere Monitoring Service (CAMS) reanalysis (Inness et al., 2019). The core 171 

simulations with include: (1) baseline simulations forced by GHG concentrations at 172 

different climate states (i.e. pre-industrial, present-day and future CO2 levels) and no 173 

aerosol; (2) perturbation simulations forced by added absorbing aerosols (BC, and 174 

organic carbon, OC) or scattering aerosols (sulfate, SO4) over East Asia only, South 175 

Asia only, and over both regions simultaneously with only ARI effects, and GHG 176 

concentrations at different climate states; (3) Aerosol-cloud interactions (ACI) 177 

simulations forced by added SO4 in the combined East Asia and South Asia region in 178 

which ACI were turned on.absorbing and scattering aerosol species in East Asia only, 179 

South Asia only, and both regions simultaneously. Their results have shown thatThe 180 

SyRAP-FORTE2 is a helpful framework enables comprehensive analysis to understand 181 

and decompose the local and remote of climate effects of different regional aerosol 182 

emissionsperturbations and aerosol species, as well as ARI versus ACI, and allows 183 

comparison of their relative importance and interactions (Stjern et al., 2024).  184 

ThereforeIn this study, considering that BC aerosols mostly impact climate 185 

through ARIbased on the simulations of the regional BC perturbations in SyRAP-186 

FORTE2, this studywe aimsaim to address the following two questions focused on BC 187 

ARI effects, based on the simulations of the regional BC perturbations in SyRAP-188 

FORTE2: (1) what are the responses of Asian climate to either East Asian BC 189 

perturbations, or South Asian BC perturbationsemissions, or both regions 190 

simultaneouslyat once, respectively? (2) What are the key physical processes involved 191 

in these responses? 192 

The rest of the paper is organized as follows: section 2 describes the FORTE2 193 

model, the SyRAP simulations, and the analysis methods and datasets; section 3 briefly 194 
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evaluates the climatology of SyRAP simulations, examines responses to the regional 195 

BC perturbations in SyRAP-FORTE2, and investigates the underlying physical 196 

processes involved in these responses; section 4 compares the results of the atmospheric 197 

energy budget in SyRAP-FORTE2 with those in the PDRMIP models; Finally, the 198 

summary and discussion are provided in section 5. 199 

2. Methods 200 

2.1 The FORTE2 model 201 

FORTE2 is an intermediate-complexity coupled atmosphere-ocean general 202 

circulation model (Blaker et al., 2021). The atmospheric component is the Intermediate 203 

General Circulation Model 4 (IGCM4) with a horizontal resolution of approximately 204 

2.8° (T42), and 35 sigma levels extending up to 0.1 hPa (Joshi et al., 2015). IGCM4 205 

includes schemes for radiation, land-surface properties, convection, precipitation, and 206 

clouds (Zhong and Haigh, 1995; Betts and Miller, 1993). The oceanic component is the 207 

Modular Ocean Model-Array (MOMA) with a horizontal grid spacing 2°×2°, and 15 z-208 

layer levels increasing in thickness with depth from 30 m at the surface to 800 m at the 209 

bottom (Webb, 1996). Sea ice is represented by a barrier to heat fluxes between the 210 

ocean and atmosphere components. FORTE2 runs without flux adjustments (Blaker et 211 

al., 2021). Blaker et al. (2021) have thoroughly evaluated the skill of FORTE2’s skill 212 

in simulating the atmosphere, ocean and major climatic modes, suggesting that 213 

FORTE2 can satisfactorily simulate a climate state and climate variability. Hence, given 214 

the advantages of FORTE2 in terms of running speed, flexibility and economy, it is a 215 

useful tool to study a wide range of climate questions. For the SyRAP-FORTE2 216 

simulations, FORTE2 was updated to include a parameterization of aerosol-cloud 217 

interactions, where cloud droplet effective radius in low- and mid-level clouds is 218 

reduced from 15m to 10m in regions where optical depth is greater than 0.07. 219 

However, this parameterization is only applied for scattering aerosol, and is not used in 220 

the BC experiments described in the following section. The semi-direct effect of BC is 221 

included.  222 

2.2 The Regional BC perturbation simulations in SyRAP-FORTE2 simulations 223 
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Stjern et al. (2024) performed a set of SyRAP experiments using the FORTE2 224 

model. The main simulations include: (1) baseline simulations forced by GHG 225 

concentrations at different climate states (i.e. preindustrial, present-day and future CO2 226 

levels) and no aerosol; (2) perturbation simulations forced by added absorbing (BC, and 227 

organic carbon, OC) or scattering (sulfate, SO4) aerosols over East Asia only, South 228 

Asia only, and over both regions simultaneously with only aerosol-radiation 229 

interactions (ARI), and GHG concentrations at different climate states; (3) Aerosol-230 

cloud interactions (ACI) simulations forced by added SO4 in the combined East Asia 231 

and South Asia region in which the ACI were turned on. This study focusses on the 232 

effects of adding regional BC perturbations, but the SyRAP-FORTE2 design allows the 233 

impacts of different aerosol species to be compared in a consistent framework.  234 

FORTE2 did not use aerosol gas emissions/concentrations as most CMIP6 models 235 

use. SyRAP-Instead,FORTE2 used the global gridded monthly aerosol optical depths 236 

(AOD) and vertical distributions were used from the CAMSCopernicus Atmosphere 237 

Monitoring Service reanalysis (CAMSRA) (CAMSRA) duringfor 2003-2021 (Inness 238 

et al., 2019), rather than aerosol gas emissions/concentrations employed by most 239 

CMIP6 models. The CAMSRA incorporates anthropogenic BC emissions from the 240 

MACCity inventory (Granier et al., 2011) for 2003-2010, transitioning to 241 

Representative Concentration Pathway 8.5 emissions (Riahi et al., 2011) post-2010. 242 

The simulations were idealized with monthly AOD climatologies prescribed as 243 

repeating annual cycles. The regional annual mean BC AOD perturbation is about 0.015 244 

for East China, and about 0.01 for India, respectively (Fig. S1). Aerosols were 245 

distributed vertically uniformly from the second lowest model layer (σ, or p/psurface = 246 

0.88 or approximately 950 m above the surface) up to a pressure level pmin. For each 247 

gridbox, pmin was derived from CAMSRA as either 850 hPa or the lowest pressure level 248 

where the 2003-2021 mean BC+OC+SO4 mixing ratio falls below 5×10⁹ kg/kg, 249 

whichever value is lower. In topographic regions, additional constraints require σmin < 250 

0.75 and pmin > 300 hPa. The seasonal changes of the regional mean pmin over China 251 

and India are illustrated in Figure S2. Aerosols are not transported in FORTE2. The 252 

application of aerosol distributions from a reanalysis means that the simulations include 253 
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a realistic aerosol spatial distribution, but the lack of aerosol transport means that there 254 

are no feedbacks between the climate response and the aerosol distribution (e.g. 255 

increased precipitation leading to increased aerosol removal). For more details on 256 

aerosols implementation in FORTE2, see Stjern et al. (2024).All simulations were run 257 

for 200 years, with years 51-200 used for analysis. 258 

There is no significant difference in Asian climate responses to BC aerosols 259 

between the pre-industrial and present-day climate conditions in the SyRAP-FORTE2 260 

simulations (Stjern et al., 2024). Hence, iIn this study the baseline simulation (piC) and 261 

the BC perturbation simulations of three different regions at the pre-industrial climate 262 

conditions (280 ppmv) were performed to explore potential physical processes of Asian 263 

BC aerosols influencing the local climate (Table 1). There is no significant difference 264 

in Asian climate responses to BC aerosols at different background climate states in the 265 

SyRAP-FORTE2 simulations (Stjern et al., 2024). The regional annual mean BC AOD 266 

perturbation is about 0.015 for East China, and about 0.01 for India, respectively 267 

(Figure 1a in Stjern et al., 2024). Given that BC primarily influences climate through 268 

direct scattering and absorption of radiation (Bond et al., 2013), Note that only climate 269 

impacts due to ARI (including the semi-direct effect of BC) were considered here.. All 270 

simulations were run for 200 years, with years 51-200 used for analysis. 271 

2.3 Analysis methods and Datasets 272 

The response to a particular regional forcing is estimated by the mean difference 273 

between the perturbation simulation and the baseline simulation. Statistical significance 274 

of the response is assessed using a two-tailed Student’s t-test. 275 

The atmospheric energy budget is applied to understand the precipitation 276 

responses (Muller and O’Gorman, 2011; Richardson et al., 2016; Liu et al., 2018). The 277 

energy associated with precipitation can be separated into a thermodynamic component 278 

with only changes in the diabatic cooling (Q), and a dynamic component with only 279 

changes in the dry static energy (DSE) flux divergence (H), as shown in Eq. (1):  280 

                                                   LୡδP = δQ + δH (1)  281 

where Lୡ is the latent heat of condensation, P is precipitation, δ denotes a perturbation. 282 
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Then, 283 

 δQ = δLWC − δSWA − δSH (2) 284 

where LWC is atmospheric longwave cooling, SWA is atmospheric shortwave 285 

absorption, and SH is sensible heat flux from the surface. 286 

 δH is calculated as a residual between LୡδP and δQ. Furthermore, H can be seen 287 

as the sum of the changes in mean (Hm) and eddy (Htrans) components. δHm can be 288 

decomposed into four components associated with dynamic and thermodynamic effects 289 

on vertical and horizontal advection of DSE, as shown in Eq. (3):  290 

δH୫ = δHୈ୷୬_୴ + δH୘୦ୣ୰୫୭_୴ + δHୈ୷୬_୦ + δH୘୦ୣ୰୫୭_୦ 291 

                                   = ∫ δω
பୱ

ப୮

ୢ୮

୥
+ ∫ ωδ(

பୱ

ப୮
)

ୢ୮

୥
+ ∫ δu • ∇s

ୢ୮

୥
+ ∫ u • δ(∇s)

ୢ୮

୥
 (3) 292 

where ω is vertical velocity, s is DSE, p is pressure, g is the gravitational acceleration, 293 

u is horizontal wind vector, ∇  is the horizontal gradient, and an overbar indicates 294 

climatological monthly means. Therefore, HDyn_v is related to changes in vertical 295 

velocity, HThermo_v is related to changes in vertical DSE gradients, HDyn_h is related to 296 

changes in horizontal winds, and HThermo_h is related to changes in horizontal DSE 297 

gradients. δH୲୰ୟ୬ୱ is calculated as a residual between δH and δH୫. 298 

To evaluate the ability skill of FORTE2 to represent simulate the observed climate 299 

variables, climate monthly  precipitation, surface temperature (Ts), and horizontal wind 300 

components were used from the NOAA-CIRES-DOE 20th Century Reanalysis V3 301 

(20CR) on a 2° × 2° grid spanning 1836 1806 to 2015 (Compo et al., 2011). The 20CR 302 

is only based on surface observations of synoptic pressure of NOAA’s physical Sciences 303 

Laboratory. Monthly sea level pressure (SLP) data were from the Hadley Centre 304 

(HadSLP) in a horizontal resolution of 5° × 5° (Allan & Ansell, 2006).  305 

To compare the response of FORTE2 to BC perturbations to the responseswith 306 

those offrom CMIP class models, we used the PDRMIP 10 times the modern Asian BC 307 

concentrations/emissions perturbation simulations, and the their corresponding 308 

baseline simulations with modern aerosol concentrations/emissions and greenhouse 309 

gases under year-2000 conditionswith the year 2000, based onfrom the 5 GCMs 310 

(CESM1-CAM5, GISS-E2-R, HadGEM3, MIROC, and NorESM1; Table S1). More 311 
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details of the PDRMIP design can be found in Myhre et al. (2017), while and an 312 

overview of the Asian monsoon response is given in Liu et al. (2018). 313 

3. Results 314 

3.1 Evaluation of baseline climate in SyRAP-FORTE2 315 

Blaker et al. (2021) present a detailed overview of the FORTE2 climatology. The 316 

model simulates the Asian climate well, and the more focused evaluation presented by 317 

Stjern et al. (2024) demonstrated demonstrates that FORTE2 is an appropriate tool to 318 

study the Asian climate effects of local aerosol perturbations on Asian climate. Here, 319 

for completeness, we present assess an overview of the skill of FORTE2 in simulating 320 

the Asian climate. The seasonal evolutions of precipitation and surface temperature (Ts) 321 

in East China and India, and the climatology of lower tropospheric circulation (SLP and 322 

850 hPa horizontal wind) in the baseline experiment (piC) are compared with those in 323 

the reanalyses from 1851 to 1896. FORTE2 reproduces the seasonality of precipitation 324 

in East China reasonably well, but slightly overestimates the averaged magnitude with 325 

about 1 mm/day in summer (Fig. 1a). However, the model underestimates the 326 

magnitude of South Asian Summer Monsoon precipitation by approximately 4 mm/day 327 

during June-September relative to the 20CR reanalysis. Dry biases in Indian summer 328 

precipitation of similar magnitudes are found in many CMIP5 and CMIP6 models 329 

(Sperber et al., 2013; Wilcox et al., 2020; Liu et al., 2024). Differences between 330 

reanalyses and observational datasets can also have similar magnitudes (Wilcox et al., 331 

2020). Hence, we conclude that the FORTE2 representation of monsoon precipitation 332 

is suitable for our study. The model performs fairly well in the seasonality of 333 

temperature and the magnitudes in both regions (Fig. 1b). 334 

 The simulated SLPs are generally lower than that those in HadSLP in all four 335 

seasons, especially the Siberian High in winter, the western North Pacific Subtropical 336 

High (WPSH) and the Indian Low in summer (Fig. 1c-j). Compared to the reanalyses, 337 

the simulated Indian Low is too overly strong, and its eastern fringe and the westerly 338 

from the Indian Ocean extend too far east into the western North Pacific, so does the 339 

Indian summer monsoon trough (Fig. 1g and h). This corresponds to the model dry bias 340 
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over the Indian subcontinent (Fig. 1a and S1eS3e-f). Meanwhile, the WPSH is too weak 341 

to expand sufficiently far west, corresponding to the very weak easterly easterlies along 342 

the southern fringe of the WPSH, which leads to relatively less rainfall over the 343 

Philippines (Fig. S1eS3e-f) and underestimates of the effects of the WPSH on the East 344 

Asian summer monsoon (Fig. 1g-h). Despite these deficiencies, the model captures the 345 

essential features of lower tropospheric circulation, precipitation and temperature over 346 

Asia, which is consistent with the results of Stjern et al. (2024). 347 

3.2 Temperature and Precipitation responses 348 

Figure 2 shows spatial patterns of Ts responses to increased Asian BC aerosols in 349 

four seasons. Firstly, there is a substantial land cooling over the perturbed regions in all 350 

four seasons, but with distinct seasonal differences in distributions and values. Under 351 

BC_CHI, a cooling can be seenis observed in most of China in winter and spring (Fig. 352 

2a-b), with the area-averaged values of -0.9±1.2 K (mean value ± 1 standard deviation) 353 

and -1.1±0.9 K, respectively (Fig. 3a). The large standard deviations indicate the large 354 

spread of distributions of responses (Fig. S2S4). There is a slight warming of sea surface 355 

temperatures near China in spring.  In summer and autumn, a cooling is seen mainly in 356 

the region to the north of the Yangtze River valley, especially in North China, while 357 

there is a weak warming to the south (Fig. 2c-d). The area-averaged values are therefore 358 

are relatively smaller than those in winter and spring, showing aboutwith values of 359 

approximately -0.7±0.7 K for summer and autumn (Fig. 3a).  360 

Under BC_IND, the strongest cooling occurs in the whole India in spring with the 361 

area-averaged value of -1.4±1.4 K, but with a weak warming in the tropical Indian 362 

Ocean (Fig. 2f and 3b). The significant cooling is concentrated in northern India in the 363 

other three seasons, with the area-averaged Ts decreased by 0.9±1.3 K for winter and 364 

autumn, and 0.6±1.1 K for summer (Fig. 2e, g, h and 3b). The ocean surrounding the 365 

Indian subcontinent shows a smaller cooling in the three seasons.  366 

Secondly, the BC perturbations not only cause the local responses, but also non-367 

local responses through atmospheric circulations. The increased BC over East China 368 

leads to a dipolar pattern in India with a warming to the north and a cooling to the south 369 
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in summer and autumn, and a significant warming in Central Asia in summer and 370 

Southeast Asia in autumn (Fig. 2c-d). BC emissions over India can induce a cooling in 371 

Southeast Asia in all seasons, with and in summer the responses are the strongest 372 

responses occurring in summer (with the averaged value of about 1.15 K). Meanwhile, 373 

there is a significant cooling in central and southern China in summer and autumn, with 374 

temperature decreases of 0.3±0.7 K and 0.2±0.7 K, respectively (Fig. 2g-h and 3a). 375 

These addedse added impacts lead to a strongern East Asian cooling response under 376 

BC_CHI+IND than that is stronger than that under BC_CHI in summer and autumn 377 

(Fig. 2k-l and 3a). Moreover, comparison between the combined regional responses and 378 

the sum of individual regional responses shows nearly insignificant differencesby 379 

comparing the responses to both regions at once to the sum of responses to the two 380 

separate regions, it is found that the differences are almost insignificant, suggesting that 381 

the impact of Asian BC aerosol on the Asian Ts is linear regionally linear in all four 382 

seasons (Fig. S3S5). 383 

In contrast to Ts responses, the responses in air temperature (Ta) at 850 hPa show 384 

a significant warming over much of the perturbed regions (Fig. 3c-d and 4). A cooling 385 

occurs over a few perturbed regions, such as central China under BC_CHI and 386 

BC_CHI+IND in winter (Fig. 4a, i). The vertical distribution of the temperature 387 

response is characterized by cooling at the surface and warming in the lower 388 

troposphere. This is a result of atmospheric absorption of solar shortwave radiation (SW) 389 

by BC aerosols, and is consistent with many previous studies (e.g., Li et al., 2016). 390 

Outside the perturbed regions, the Ta responses are in line with the Ts response, for 391 

example a cooling over China and Southeast Asia under BC_IND in summer and 392 

autumn (Fig. 3c and 4g, h). 393 

Increased BC over East China primarily induces robust drying over most of China 394 

in all four seasons (Fig. 3e and 5a-d). Specifically, the spatial distribution in summer 395 

shows a substantial decrease over southern China (up to 40%), a relatively weaker 396 

decrease over north China and a weak increase over northwest China, with the area-397 

averaged precipitation decreased by 0.5±0.5 mm/day (Fig. 3e, 5c and S4cS6c). In spring 398 

and autumn, the decreased precipitation is mainly located in south and northeast China 399 
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by up to about 40% (Fig. 5b and d). Although the absolute change is the weakest in 400 

winter (-0.2±0.3 mm/day), the relative change in central China decreases by up to about 401 

60% (Fig. 3e, 5a and S4aS6a). Under BC_IND, the response over the Indian 402 

subcontinent is only statistically significant in summer, with a decrease of 0.5±1.1 403 

mm/day (~21%) (Fig. 3f and 5g).  404 

Additionally, under BC_CHI there is increased rainfall over India in summer and 405 

autumn, which can counteract the local decrease due to the Indian BC forcing (Fig. 3f 406 

and 5c-d). Hence, when considering the simultaneous BC forcing in the two regions 407 

(BC_CHI+IND) in summer and autumn, there is no significant change in the regional 408 

mean, showing a dipolar pattern with more rainfall over northern India and less rainfall 409 

over southern India (Fig. 3f and 5k-l). On the other hand, BC_IND can induce a 410 

significant precipitation increase over China and Southeast Asia in spring and summer 411 

(Fig. 5f-g), and partiallyly offsetting the decrease in response to BC_CHI over China. 412 

Hence, the responses under BC_CHI+IND are weaker for China than those under 413 

BC_CHIthere are weaker responses under BC_CHI+IND for China than those under 414 

BC_CHI (Fig. 3e). For regional linearity, the responses are almost linear (Fig. S5S7). 415 

Only a few regions exhibit nonlinear responses, such as a decrease over south Thailand 416 

in winter and, an increase over northeast India in spring and summer. The above 417 

analysis regarding the summer part has been included presented in Stjern et al. (2024), 418 

but is included here as a precursor to the detailed mechanistic analysis that follows. 419 

3.3 Energy balance response 420 

The following analysis mainly focuses on summer for clarity; the results in for the 421 

other three seasons are in the supplement (Figures S7S9-S120, S12S14-S16S18). The 422 

spatial patterns of net TOA and surface energy responses to regional BC aerosols in 423 

summer are illustrated in figure 6. As expected, there are increases in net downward 424 

TOA shortwave (SW), with area mean responses of 7.3~9.6 W/m2 associated with 425 

decreases in convective clouds over the perturbed regions (Fig. 6a-c and S6jS8j-l). 426 

Decreases in net surface downward SW can be seen with area mean responses of -427 

22.6~-27.8 W/m2 due to SW absorption by BC aerosols (Fig. 6d-f). Significant 428 
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increases in low and middle clouds also contribute to the reduction ined surface SW 429 

(Fig. S6dS8d-i). Hence, there is warming in the troposphere and while cooling at 430 

surface in these perturbed regions. The enhanced net surface upward longwave (LW) 431 

has a small contribution to the local surface cooling with area mean responses from -432 

3.2 to -5.8 W/m2 (Fig. 6g-i), which is related to the decreases decreased in convective 433 

clouds (Fig. S6jS8j-l). On the contrary, the positive changes in downward sensible heat 434 

(SH) (8.1~9.8 W/m2) and latent heat (LH) (9.5~12.9 W/m2) cause a warming effect 435 

partly offsetting the cooling in the perturbation regions (Fig. 6j-o). The decreased 436 

reduced SH is caused by the weakened vertical temperature differences between the 437 

surface and lower atmosphere., and tThe decrease in decreased upward LH is associated 438 

withassociated with upper-level heating aloft through atmospheric stabilization that 439 

suppresses moisture transport, and reduced soil moisture availability due to decreased 440 

rainfalland precipitation. Outside the perturbation regions, the negative changes in SW, 441 

LW and LH are responsible for the cooling in Southeast Asia and south China induced 442 

by the increased BC in India (Fig. 6e, h, n). Similar results can be seen in other three 443 

seasons (Table S2). 444 

Figure 7 shows area-averaged atmospheric column energy budget terms (see Eq. 445 

1) over East China and India in summer. For the drying in East China/India under 446 

BC_CHI/BC_IND, the substantial reductions of the diabatic cooling (δQ) are the prime 447 

driver of the decreases in the energy of precipitation (LୡδP), while the increases in the 448 

DSE flux divergence (δH) offset the effect of δQ to a large extent.  449 

The enhanced precipitation in China under BC_IND, and in India under BC_CHI, 450 

is the result of increased δH (blue and green bars in Fig. 7 are almost identical), with 451 

negligible contribution from δQ. Hence, the local precipitation response to local BC 452 

increases is largely driven by δQ, while the remote precipitation response is largely 453 

driven by δH. Consequently, it can be found that the larger changes in δH lead to the 454 

smaller responses in LୡδP over China and India under BC_CHI+IND, relative to the 455 

changes under BC_CHI and BC_IND. It should be mentioned that the relatively large 456 

uncertainties (error bars in Fig. 7) of LୡδP  mainly depend on δH . The other three 457 

seasons show the similar results (Fig. S7S9). 458 
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Spatially, δQ shows a significant decrease throughout the entire perturbed regions 459 

in the three simulations, with large decreases located over North China and northern 460 

India (Fig. 8d-f). Under BC_CHI, δH is characterized byexhibits a dipolar pattern with 461 

positive changes in north of the Yangtze River and negative in south (Fig. 8g). Hence, 462 

δH and δQ cancel each other out in North and Northeast China, and while combine with 463 

each other in south of the Yangtze River. As a result, there is the strongest precipitation 464 

decrease in precipitation in south China, and a relatively weaker decrease in north China 465 

(Fig. 8a). Under BC_IND, significant positive changes in δH can be found along the 466 

southern edge of Himalayas and the southern tip of the Indian subcontinent, and weak 467 

and nonsignificant negative changes in central India (Fig. 8h). δH can therefore offset 468 

the negative changes in δQ in north and south India. The substantial LୡδP reduction is 469 

concentrated in central India is mainly due todriven by δQ (Fig. 8b).  470 

In addition, δH is the dominating factor for LୡδP beyond the perturbation regions, 471 

for example positive changes in northeast India under BC_CHI, and positive changes 472 

from Southeast Asia to the tropical western Pacific and central China under BC_IND 473 

(Fig. 8g-h). Under BC_CHI+IND, it can be found that the extent and magnitude of δH 474 

are larger than those in the simulations of individual regions (Fig. 8i), which indicates 475 

more greater balance between δH  and δQ , corresponding to relatively weaker 476 

precipitation over East China and India (Fig. 7 and 8c). Relative to summer, δQ and δH 477 

has have negative and positive changes, respectively, in the wholethroughout the 478 

perturbation regions in the other three seasons, respectively (Fig. S8S10-120). In winter 479 

and spring, there is a marked seesaw pattern of δH between Asia and the tropical Indian 480 

Ocean and maritime continent under BC_CHI+IND, leading to lessreducing 481 

precipitation in the latter regions (Fig. S8cS10c, i and S9cS11c, i). Overall, the 482 

combined effect of δH and δQ shape the spatial pattern of precipitation responses to the 483 

regional BC. 484 

The reductions in δQ (see Eq. 2) are dominated by the strong atmospheric heating 485 

due to SW absorption by BC aerosols (−δSWA ), and also contributed by the small 486 

decreases in the atmospheric longwave cooling (δLWC) (Fig. S11aS13a-f). The sensible 487 

heat flux from the surface ( −δSH ) plays a role inslightly increasesing 488 
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δQ, but with relatively small values (Fig. S11gS13g-i). 489 

3.4 Dynamic processes responsible for responses 490 

Due to storage constraints, 3D atmospheric output from FORTE2 was archived on 491 

three pressure levels, 250 hPa, 500 hPa, and 850hPa, to capture three key aspects of the 492 

tropospheric circulation response. While this precludes a quantitative analysis of the 493 

component terms of  of Hm and HtransδH୫ (Eq. 3), it is sufficient to identify the to main 494 

contributing termor to Hm. We now examine the four terms of δH୫  (see Eq. 3), 495 

including the dynamic components with changes in vertical and horizontal atmospheric 496 

circulations (δHୈ୷୬_୴ and δHୈ୷୬_୦), and thermodynamic components with changes in 497 

vertical and horizontal DSE gradients (δH୘୦ୣ୰୫୭_୴ and δH୘୦ୣ୰୫୭_୦). Figure 9 displays 498 

spatial patterns of the four components in summer in the three simulations. In general, 499 

the δHୈ୷୬_୴ highly resembles the δH in the threeall simulations, and the magnitudes in 500 

δHୈ୷୬_୴ are far greater than those in the other three terms, suggesting that dynamic 501 

effect of vertical circulation is the primary contributor to δH  (Fig. 9a-c). δH୘୦ୣ୰୫୭_୴ 502 

and δHୈ୷୬_୦  are smallshow minimal anomalies in all regions for all experiments. 503 

Larger anomalies are seen in δH୘୦ୣ୰୫୭_୦, where negative anomalies offset some of the 504 

influence of δHୈ୷୬_୴ over the Indo-China peninsula in the BC_IND and BC_CHI+IND 505 

experiments. However, these anomalies are not insufficient to influence the sign of δH, 506 

which is still primarily driven by δHୈ୷୬_୴ in this region. In the other seasons, δHୈ୷୬_୴ 507 

remains the most important factor (Fig. S12S14-1416), although it is more strongly 508 

offset by δHୈ୷୬_୦ and δH୘୦ୣ୰୫୭_୦ in winter. The effects of horizontal circulation are 509 

relatively weak in spring and autumn.  510 

Based on the above analysis, we conclude that vertical movement is the most 511 

importantprimary contributor to δH୫. As expected, the spatial patterns of responses in 512 

Omega (vertical velocity (Omega)) at 500 hPa correspond well to those in δHୈ୷୬_୴ (Fig. 513 

10a-c). Anomalous ascent corresponds to the increase in δHୈ୷୬_୴ , leading to more 514 
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precipitation, which offsets the precipitation reduction driven by decreased δQ. While 515 

aAnomalous descent amplifies suppresses precipitation suppression, adding to the 516 

precipitation reduction driven caused by the reducetion ind δQ.  517 

Why does the vertical velocity exhibit such changes? It seems to be related to the 518 

tropospheric  temperature responses in the troposphere, reflected by a good 519 

corresponding relationship between the Omega and Ta responses at 500 hPa (Fig. 10a-520 

f). The warm anomalies favor a divergence in the middle troposphere, which in turn are 521 

associated with anomalous ascent. The cold anomalies are associated with a 522 

convergence and descending motion. The above-mentioned relationship also exists in 523 

the other seasons, and it is more pronounced at 850 hPa (Fig. 4 and S15S17).  524 

From the transects of zonal mean diabatic heating over the perturbation regions, 525 

changes to tropospheric heating can be seen more clearly (Fig. 11). Under BC_CHI, the 526 

responses in diabatic heating show a meridional dipolar structure through the whole 527 

troposphere over East China, with a cooling over the region to south of 32°N (the 528 

Yangtze River basin), and a warming to north (Fig. 11a). The dipolar pattern 529 

corresponds well to the meridional distributions of precipitation, vertical velocity and 530 

Ta at 500 hPa. The cooling center located at the middle troposphere is due to the reduced 531 

latent heat release caused by the substantial decrease in precipitation over south China. 532 

The heating center at the lower troposphere in the north mainly results from SW 533 

absorption by increased BC aerosol. The difference between south China and north 534 

China is associated with the larger AOD perturbation imposed north of the Yangtze 535 

basin in SyRAP-FORTE2 (Stjern et al., 2024Fig. S1). In BC_CHI+IND, there is a 536 

similar dipolar pattern, except for a warming at the lower troposphere around south of 537 

30°N (Fig. 11b). The warming is related to the increased precipitation over south China 538 

because of the BC aerosols over India. 539 

For India in BC_IND, there is also a cooling center associated with the reduced 540 

precipitation in the middle troposphere (Fig. 11c), corresponding to a cold anomaly and 541 

descending motion at 500 hPa (Fig. 10b, e). In the lower troposphere, a warming can 542 

be seen at south of the Qinghai-Tibet Plateau. Compared with BC_IND, the cold 543 

anomaly is weaker, but the warm anomalies are strengthened under BC_CHI+IND (Fig. 544 
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11d). Hence, a significant ascending motion can be found in northeast India resulted 545 

from the effect of increased BC over East Asia (Fig. 10c), which is consistent with that 546 

in Herbert et al. (2022). In the other three seasons, however, unlike in summer, there is 547 

no cooling center in the middle troposphere, and the heating centers are situated at the 548 

lower troposphere (Fig. S16S18). Overall, the diabatic heating induced by the increased 549 

BC aerosols at the lower troposphere leads to an ascending motion explaining the 550 

increased δH over the perturbation regions.  551 

Considering that the dynamic and thermodynamic effects of horizontal 552 

atmospheric circulations have some contributions to δH , we look at the changes in 553 

lower tropospheric horizontal circulation in response to changes of regional BC 554 

aerosols (Fig. 10g-i). Under BC_CHI, the cyclone anomaly over East China leads to 555 

anomalous easterly wind over North China with cutting off the moisture supply from 556 

south (Fig. 10g). Under BC_IND, the westerly anomalies associated with the cyclonic 557 

circulation over India favor to strength the Indian summer monsoon, which corresponds 558 

to the increase in δHୈ୷୬_୦ (Fig. 10h). The responses in the circulations to both regions 559 

at once can be seen as the sum of responses to the two separate regions (Fig. 10i). 560 

Additionally, there is a cyclonic circulation over East China and an anticyclonic 561 

circulation over central China in winter under BC_CHI (Fig. S17S19), leading to 562 

anomalous northerly wind across central China and then suppress precipitation over 563 

there, which is in agreement with the decrease in δHୈ୷୬_୦  (Fig. S10gS14g). The 564 

changes in horizontal circulations are related to the changes in Ta and omega in the 565 

lower troposphere (Fig. 4 and S15S17). 566 

4 Energy budget analysis in other coupled models 567 

To evaluate the precipitation response and the mechanisms in FORTE2, we 568 

compare the results of energy budget analysis (see Eq. 1) in the PDRMIP simulations 569 

forced by 10 times the present-day Asian BC concentrations/emissions in five CMIP-570 

class models to those in the SyRAP-FORTE2 BC_CHI+IND experiment. Spatial 571 

patterns of summer energy budgets in the PDRMIP and FORTE2 models are illustrated 572 
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in Figure 12. There are significant decreases in δQ  over most of Asia in all of the 573 

PDRMIP models, which is generally consistent with the results under BC_CHI+IND 574 

(Fig. 12f12g-jl). Three models (CESM1-CAM5, GISS-E2-R and NorESM1) have 575 

similar distributions of δQ  to BC_CHI+IND, showing a maximum center in North 576 

China and northern India.  δH increases significantly in India and most of East China 577 

in these models (Fig. 12k12m, ln, oq), again roughly resembling the changes of 578 

BC_CHI+IND (Fig. 8i12r), while the other two models show a significant increase in 579 

northern India and North China with weaker magnitudes (Fig. 12m12o-np). The 580 

PDRMIP multi-model mean changes in δH  [figure 7 in Liu et al. (2018)] are also 581 

similar to the changes in BC_CHI+IND. In addition, GISS-E2-R and MIROC show 582 

evident decreases in δH  and precipitation in Southeast Asia, while the other three 583 

models show no significant changes. This is contrary to the significant increases seen 584 

in FORTE2. There are large differences in the total LୡδP responses across these models 585 

(Fig. 12a-f). However, some precipitation changes are consistent in most of the models, 586 

such as decreases over South China and increases over North China and northern 587 

India.In spite of these model differences in the individual terms, models are broadly 588 

consistent in their total LୡδP responses. Precipitation generally increases over India and 589 

North China, and decrease over South China in the PDRMIP models and FORTE2 (Fig. 590 

12a-e). There is no significant increase in δH and precipitation in Southeast Asia in the 591 

PDRMIP models. 592 

 Figure 13 shows the regional means of each energy budget term over East China 593 

and India in summer under the PDRMIP and FORTE2 models. There is a weak and 594 

insignificant reduction in LୡδP from -0.6 (HadGEM3) to -7.2 W/m2 (NorESM1) for 595 

East China, which are is comparable to the value of -3.8 W/m2 under BC_CHI+IND 596 

(Fig. 13a). Hence, the result under BC_CHI+IND in FORTE2 is agreement with the 597 

PDRMIP models, suggesting that the increased BC perturbations over Asia lead to 598 

slight decreases in precipitation over East China in all of the models. The regional 599 

means range from -1.2 (MIROC) to 13.7 W/m2 (NorESM1) for India (Fig. 13b). Except 600 

for MIROC, LୡδP  in the other models have stronger increases than that under 601 

BC_CHI+IND, about 0.6 W/m2, which may be related to the larger drying bias of Indian 602 
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summer precipitation in FORTE2, or the much larger BC perturbation in PDRMIP. 603 

The effect of δQ decreases LୡδP with a large range from -4.7 (HadGEM3) to -29.8 604 

W/m2 (GISS-E2-R) for East China, while δH has an opposite effect from 2.1 (MIROC) 605 

to 24.4 W/m2 (GISS-E2-R) (Fig. 13a). Similarly, δQ changes from -5.7 (HadGEM3) to 606 

-25.8 W/m2 (GISS-E2-R) for India, and δH from 4.9 (MIROC) to 36.5 W/m2 (GISS-607 

E2-R) (Fig. 13b). The magnitudes in δQ and δH under the PDRMIP models are much 608 

smaller than those in FORTE2 in both the two regions, except for GISS-E2-R. The 609 

negative effect of δQ and the positive effect of δH also can also be seen in the PDRMIP 610 

multimodel mean for the whole Asian region (Liu et al., 2018). There are Despite 611 

largesubstantial differences in the magnitudes and spatial patterns of their responses, 612 

which are to be expected from their large range of aerosol radiative forcing and 613 

climatological precipitation. However, these precipitation responses among, the results 614 

of these models are overall consistent qualitatively, indicating that thermodynamic 615 

processes dominantly decrease precipitation, while dynamic processes increase 616 

precipitation and partially offset the effects of δQ.. 617 

5 Conclusion and Discussion 618 

In this study, we have investigated the Asian climatic responses to adding BC 619 

aerosols to the separate regions (East China and India), and both regions at once, and 620 

examined the associated physical processes, with the SyRAP simulations based on the 621 

reduced-complexity climate model FORTE2.  Our main findings are as follows. 622 

i. BC increases over East Asia or South Asia lead to a local strong surface cooling 623 

and lower tropospheric air temperature warming in all four seasons, with seasonal 624 

differences in magnitude and spatial distribution. The responses in temperature are 625 

dominated by the substantial decreases in surface SW radiation due to SW absorption 626 

by BC aerosols. BC over East Asia causes significant drying in south and northeast 627 

China in spring, summer and autumn. In winter, there is a significant reduction in 628 

central China. BC over South Asia induces a substantial decrease in rainfall in India in 629 

summer. Also, South Asian BC induces significant decreases in temperature decreases 630 

and precipitation increases in Southeast Asia in during summer and autumn.  631 



23 
 

ii. Responses in temperature and precipitation to Asian BC forcing are mostly 632 

linear regionally in all four seasons. There are relatively smaller decreases in 633 

precipitation responses to adding BC over both regions simultaneously, compared to 634 

the local reductions in precipitation responses to BC increases over East Asia and South 635 

Asia separately. This is because BC over East Asia (BC over India) increases 636 

precipitation in northeastern India, while BC over South Asia increases precipitation 637 

over southern and central China. 638 

iii. Using an energy budget analysis, we find that reductions in the energy of local 639 

precipitation ( LୡδP ) over the perturbation regions result from decreases in net 640 

atmospheric diabatic cooling (δQ). The increases in the dry static energy (DSE) flux 641 

divergence ( δH ) play a role in offsetting the effects of δQ  to a large extent. 642 

Consequently, the responses in precipitation to Asian BC can be considered as the result 643 

of interactions between thermodynamic and dynamic processes. For δQ, the reductions 644 

are mainly due to the strong atmospheric heating (−δSWA ). For δH , the increases 645 

depend mainly on the positive changes in the dynamic processes associated with 646 

vertical atmospheric circulations (δHୈ୷୬_୴). We find that δHୈ୷୬_୴ patterns correspond 647 

well to vertical velocity change patterns at the middle and lower troposphere. 648 

Anomalous ascent is primarily triggered by the warming in the middle and lower 649 

troposphere over north China in summer and in most of Asia in the other seasons. 650 

However, there is anomalous descent in southern China and central India in summer, 651 

which is a result of cool anomalies in the middle troposphere due to the reduced latent 652 

heat release caused by the substantial decrease in precipitation. The difference in 653 

diabatic heating at the middle and lower troposphere is related to the difference in 654 

spatial distributions of AOD in the different seasons.  655 

It is well known that the EASM and SASM underwent weakening trends during 656 

the second half of the 20th century (Wang et al., 2001; Bollasina et al., 2011). Although 657 

the variations of ASM have been attributed to many factors including internal 658 

variability and external forcing, the strong increases in BC emissions from East and 659 

South Asia (Lund et al., 2019) could play a role in weakening the ASM over the past 660 
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decades according to this study. The increased BC also could also alleviate the enhanced 661 

precipitation over south China due to GHG increase since the mid-1990s (Tian et al., 662 

2018). Since the early 2010s, anthropogenic aerosols (including BC and sulfate) have 663 

been decreasing in East China, while they have continued to rise in India; these are 664 

trends which are expected to continue over the coming decades (Lund et al., 2019; 665 

Samset et al., 2019). Hence, there is a new dipole pattern characterized by decreasing 666 

aerosols over East China and increasing aerosols over India. Given that responses to 667 

Asian BC forcing are linear regionally in the SyRAP-FORTE2 simulations, the impacts 668 

of the dipole pattern on the Asian climate can be roughly estimated by the sum of 669 

responses to BC over China multiplied by -1 and responses to BC over India. The result 670 

shows that there are warm anomalies in north China and cold anomalies in south China, 671 

southeast Asia and most of India, and positive precipitation anomalies over most of 672 

China (especially south China) and southeast Asia, and negative anomalies over India 673 

(Fig. S18S20). It is overall consistent with the result in Xiang et al. (2023), although 674 

their result involves the combined effect of BC and sulfate. 675 

Comparative analysis with the CGCMs/ESMs results from PDRMIP has 676 

elucidated the key physical mechanisms of Asian climate responses to regional BC 677 

perturbations. The thermodynamic process dominates the precipitation reduction, while 678 

the dynamic process provides partial compensation. The SyRAP-FORTE2 experiment 679 

series allows systematic comparison of impacts of different Asian subregions, aerosol 680 

species, and climate backgrounds within a consistent modeling framework. Notably, 681 

FORTE2 includes a parameterization of ACI, enabling direct comparison of the relative 682 

contributions of ARI and ACI. These related works will be conducted in next step, and 683 

may provide new insights into regional aerosol impacts. 684 

Large differences in the magnitude and spatial pattern of precipitation responses 685 

to BC can beexist across all the models. These discrepancies may partly be due to the 686 

much larger BC perturbation in PDRMIP, and partly be due to model-specific 687 

differences. The FORTE2 simulation only accounts for ARI effects, incorporating the 688 

semi-direct effect of BC, while PDRMIP models exhibit varying treatments of indirect 689 

effects. The models with all aerosol indirect effects (particularly CESM1-CAM5 and 690 
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NorESM1) increase precipitation over India, contrasting with the reduced precipitation 691 

in FORTE2. Additionally, despite the much weaker BC forcing in FORTE2, it produces 692 

larger thermodynamic (δQ) and dynamic (δH) responses than most PDRMIP models 693 

(except for GISS-E2-R). This may arise from the absence of wet deposition feedbacks 694 

in FORTE2 (Stjern et al., 2024). The smaller precipitation responses over India in 695 

FORTE2 relative to PDRMIP may partly be due to much larger BC perturbation in 696 

PDRMIP. Liu et al. (2024) have proposed that the responses of Asian summer rainfall 697 

to Asian aerosols are strongly modulated by regional precipitation biases. Some other 698 

factors or mechanisms may play a role in causing differences in responses to Asian BC, 699 

such as bias of atmospheric circulations, land-atmosphere interaction. Further work to 700 

understand the mechanisms behind model differences in the response to BC would help 701 

to reduce uncertainties and would improve the confidence in future Asian climate 702 

change projections.  703 
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Table 1. Summary of SyRAP-FORTE2 simulations used in the study 941 

Experimenta Name Aerosol Region GHG Years 

Baseline piC 
No 

aerosol  
-- 

Preindustrial 
climate 

conditions 
(280 ppmv) 

200 

Perturbation 

BC_CHI 
Added 
BCb 

 

East China 
(95-133°E, 20-53°N) 

BC_IND India 
(65-95°E, 5-35°N) 

BC_CHI+IND both East China 
and India region 

a. only ARI effect is considered 942 
b. CAMSRA monthly climatology of BC AOD for 2003-2021 943 
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 944 
Figure 1. Seasonal evolutions of (a) the regional mean precipitation (unit: mm/day) of 945 

20CR (solid lines) and the baseline simulation of FORTE2 (dashed lines) for East Asia 946 

(95°E-133°E, 20°N-53°N, the solid, white box in (c)) (light blue and blue lines), and 947 

India (65°E-95°E, 5°N-35°N, the dashed, white box in (c)) (pink and red lines). (b) 948 

same as (a), but for surface temperature (unit: K). Climate state of SLP (unit: hPa) and 949 

850 hPa horizontal winds (unit: m/s) in (left) 20CR and HadSLP and (right) the baseline 950 

simulation of FORTE2 in four seasons (c-j). 951 
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 952 

Figure 2. Spatial patterns of Ts responses in (a-d) BC_CHI, (e-h) BC_IND, and (i-l) 953 

BC_CHI+IND for four seasons. The green gridlines indicate the regions where the 954 

responses are statistically significant above 95% level based on a two-tailed Student’s 955 

t-test. The black boxes in (a), (e) and (i) highlight the region where BC aerosols are 956 

perturbed. Unit: K 957 
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 958 

Figure 3. Area-averaged land responses of (a-b) Ts, (c-d) Ta at 850 hPa, and (e-f) 959 

precipitation over East China (CHI: 95°E-133°E, 20°N-53°N) and India (IND: 65°E-960 

95°E, 5°N-35°N) for four seasons (DJF: blue bars, MAM: light blue bars, JJA: red bars, 961 

and SON: yellow bars). Solid bars indicate the responses are statistically significant 962 

above 95% level based on a two-tailed Student’s t-test. Error bars represent ±1 standard 963 

deviations of the response. 964 
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 965 

Figure 4. Spatial patterns of Ta responses at 850 hPa in (a-d) BC_CHI, (e-h) BC_IND, 966 

and (i-l) BC_CHI+IND for four seasons. The green gridlines indicate the regions where 967 

the responses are statistically significant above 95% level based on a two-tailed 968 

Student’s t-test. The black boxes in (a), (e) and (i) highlight the region where BC 969 

aerosols are perturbed. Unit: K 970 
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 971 

Figure 5. Spatial patterns of precipitation responses in (a-d) BC_CHI, (e-h) BC_IND, 972 

and (i-l) BC_CHI+IND for four seasons. The green gridlines indicate the regions where 973 

the responses are statistically significant above 95% level based on a two-tailed 974 

Student’s t-test. The black boxes in (a), (e) and (i) highlight the region where BC 975 

aerosols are perturbed. Unit: mm/day 976 

977 
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 978 

Figure 6. Spatial patterns of net TOA and surface energy responses in summer in 979 

BC_CHI, BC_IND, and BC_CHI+IND, respectively. (a-c) TOA SW, (d-f) surface SW, 980 

(g-i) surface LW, (j-l) surface SH, and (m-o) surface LH. Positive values mean 981 

downward for radiation and flux changes. Area-averaged values over East China and 982 

India are given in the lower right corners and lower left corners, respectively. The green 983 

gridlines indicate the regions where the responses are statistically significant above 95% 984 

level based on a two-tailed Student’s t-test. The black squares highlight the regions 985 

where BC are perturbed. Units: W/m2 986 
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  987 

Figure 7. Summer area-averaged responses of the atmospheric energy budget terms 988 

over East China (CHI: 95°E-133°E, 20°N-53°N) and India (IND: 65°E-95°E, 5°N-989 

35°N) in BC_CHI, BC_IND, and BC_CHI+IND. Error bars represent ±1 standard 990 

deviations of the response. Unit: W/m2 991 



42 
 

  992 

Figure 8. Summer spatial patterns of responses of the atmospheric energy budget terms 993 

in BC_CHI, BC_IND, and BC_CHI+IND. (a-c) LୡδP , (d-f) δQ and (g-i) δH. The green 994 

gridlines indicate the regions where the responses are statistically significant above 95% 995 

level based on a two-tailed Student’s t-test. The black squares highlight the regions 996 

where BC are perturbed. Unit: W/m2 997 
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  998 

Figure 9. Summer spatial patterns of responses in the four terms decomposed by δHm 999 

in BC_CHI, BC_IND, and BC_CHI+IND. (a-c) the dynamic components with changes 1000 

in vertical atmospheric circulations (δHୈ୷୬_୴), (d-f) the thermodynamic components 1001 

with changes in vertical atmospheric circulations ( δH୘୦ୣ୰୫୭_୴ ), (g-i) dynamic 1002 

components with changes in horizontal DSE gradients ( δHୈ୷୬_୦ ), and (j-l) 1003 

thermodynamic components with changes in horizontal DSE gradients (δH୘୦ୣ୰୫୭_୦) 1004 

The black squares highlight the regions where BC are perturbed. Unit: W/m2 1005 

 1006 
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 1007 
Figure 10. Summer spatial patterns of responses in (a-c) Omega at 500 hPa (Unit: Pa/s), 1008 

(d-f) Ta at 500 hPa (Unit: K), and (g-i) SLP (Unit: hPa) and horizontal wind at 850 hPa 1009 

(Unit: m/s) in BC_CHI, BC_IND and BC_CHI+IND. The green gridlines indicate the 1010 

regions where the responses are statistically significant above 95% level based on a 1011 

two-tailed Student’s t-test. Wind vectors are only shown for grid boxes where at least 1012 

one component of the wind significant above the 95% level are shown. The black 1013 

squares highlight the regions where BC are perturbed. 1014 
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 1015 

Figure 11. Zonal mean of diabatic heating responses averaged over (a-b) East China 1016 

(95°E-133°E, the black square in Fig.10a) for BC_CHI and BC_CHI+IND, and over 1017 

(c-d) India (65°E-95°E, the black square in Fig.10b) for BC_IND and BC_CHI+IND 1018 

in summer. The green gridlines indicate the regions where the responses are statistically 1019 

significant above 95% level based on a two-tailed Student’s t-test. The white part 1020 

indicates a symbol of topography. Unit: K/day 1021 
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Figure 12. Summer spatial patterns of responses of the atmospheric energy budget 1024 

terms in the five PDRMIP models and the BC_CHI+IND simulation in FORTE2. (a-e) 1025 

LୡδP  , (f-j) δQ  and (k-o) δH . The green gridlines indicate the regions where the 1026 

responses are statistically significant above 95% level based on a two-tailed Student’s 1027 

t-test. Unit: W/m2 1028 

 1029 

Figure 13. Summer area-averaged responses of the atmospheric energy budget terms 1030 

over (a) East China (CHI: 95°E-133°E, 20°N-53°N) and (b) India (IND: 65°E-95°E, 1031 

5°N-35°N) in the five PDRMIP models and the BC_CHI+IND simulation in FORTE2. 1032 

Error bars represent ±1 standard deviations of the response. Unit: W/m2 1033 


