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Table S1. CMIP6 models included in this study that performed the hist-All, hist-GHG, and hist-AER 40 

simulations, with corresponding ensemble sizes and horizontal resolution. 41 

Model name Ensembles Horizontal resolution 

ACCESS-CM2 3 1.3° × 1.9° 

ACCESS-ESM1-5 3 1.3° × 1.9°  

CNRM-CM6-1 10 1.4° × 1.4°  

E3SM-2-0 5 1.0° × 1.0°  

FGOALS-g3 3 2.0° × 2.25°  

HadGEM3-GC31-LL 10 1.3° × 1.9°  

IPSL-CM6A-LR 10 1.3° × 2.5°  

MIROC6 10 1.4° × 1.4°  

MRI-ESM2-0 5 1.1° × 1.1°  

NorESM2-LM 3 1.9° × 2.5°  

42 
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Table S2. List of PDRMIP models from CMIP5 used in this study. 43 

Model name Horizontal resolution Aerosol setting 

GISS-E2-R 2.0° × 2.5° Fixed concentrations 

HadGEM3 1.3° × 1.9° Fixed concentrations 

IPSL-CM5A 1.9° × 3.8° Fixed concentrations 

MIROC-SPRINTARS 1.4° × 1.4° HTAP2 Emissions 

NCAR-CESM1-CAM4 1.9° × 2.5° Fixed concentrations 

NCAR-CESM1-CAM5 1.9° × 2.5° Emissions 

NorESM1-M 1.9° × 2.5° Fixed concentrations 

44 
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Table S3. List of RAMIP models used in this study. 45 

Model name Ensembles Horizontal resolution Data source 

CanESM5-1 10 2.8° × 2.8° [1] 

CESM2 10 1.0° × 1.3° [2] 

CNRM-ESM2-1 10 1.4° × 1.4° [3] 

EC-Earth3-AerChem 10 0.7° × 0.7° [4] 

GISS-E2-1-G 10 2.0° × 2.5° [5] 

MIROC6 10 1.4° × 1.4° [6] 

MRI-ESM2-0 10 1.1° × 1.1° [7] 

NorESM2-LM 10 2.0° × 2.5° [8] 

SPEAR 10 1.0° × 1.3° [9] 

UKESM1-0-LL 10 1.3° × 1.9° [10] 
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 77 
Figure S1. Trends in annual anthropogenic emissions of (a) sulfur dioxide (SO₂) and (b) black carbon (BC) 78 

over China and India over 1900–2023, based on the CEDS inventory. SO₂ emissions over China peak in the 79 

mid-2000s (around 2005–2007) before declining sharply. 80 

  81 
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 82 
Figure S2. The DJF precipitation climatology (1961–1990) over (a) SSA and (b) MDG from CMIP6 hist-83 

All simulations and CRU observations. Spatial distribution of the DJF climatological mean (1961–1990): (c) 84 

precipitation (CRU); (d) mean sea level pressure (shading) and 850 hPa winds (vectors) (ERA5); (e) 85 

precipitation (CMIP6 hist-All MMM); (f) mean sea level pressure (shading) and 850 hPa winds (vectors) 86 

(CMIP6 hist-All MMM). 87 

 88 
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 89 
Figure S3. Spatial distribution of linear trends in DJF precipitation derived from (a) GPCC for 1945–2005, 90 

(b) GPCC for 2006–2020, (c) CRU for 2006–2020, (d) GPCP for 2006–2020, and (e) CMAP for 2006–2020.91 
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 92 
Figure S4. Observed DJF precipitation trends over (a) SSA and (b) MDG as a function of start and end years 93 

during the twentieth century, based on CRU observational data. All trends with a minimum length of 10 years 94 

are shown. Yellow diamonds indicate the two analysis periods used in this study (1945–2005 and 2006–95 

2020). The consistent sign of trends across a wide range of start–end year combinations indicates that the 96 

identified changes are robust.97 
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 98 
Figure S5. Spatial distribution of DJF trends over 1945–2005: (a) near-surface temperature relative to the 99 

contemporaneous tropical ocean mean (25°S–25°N), (b) velocity potential (shading) with divergent wind 100 

(vectors) at 200 hPa, (c) mean sea level pressure (shading) with 850 hPa winds (vectors), and (d) vertically 101 

integrated moisture flux (vectors) and moisture flux convergence (shading) for the hist-All simulations. All 102 

trends are based on the multimodel mean (MMM) across 10 CMIP6 models. Stippling indicates regions 103 

where at least 70% of models agree on the sign of change.104 
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 105 
Figure S6. Spatial anomalies of DJF precipitation from PDRMIP experiments. Panels (a) and (b) show the 106 

total equilibrium precipitation response in the Global CO₂×2 and Global BC×10 simulations, respectively. 107 

Seven models were used to calculate the multimodel mean, and stippling indicates regions where at least 70% 108 

of the models agree on the sign of change. 109 
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 110 
Figure S7. Spatial distribution of DJF mean precipitation changes over 2035–2049 from RAMIP simulations, shown as the 111 

MMM across 10 models (100 ensemble members). Results are defined as the difference between the South Asian perturbation 112 

(SSP370-SAS126aer) and the baseline simulation (SSP370). As aerosol emissions over SAS have shown only a modest 113 

increase in recent decades—substantially smaller than the perturbation applied in RAMIP—the simulated response is rescaled 114 

(sign –of 5) to better approximate observed changes. Stippling indicates regions where at least 70% of models agree on the 115 

sign of change. 116 


