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Text S1: Emissions of primary brown carbon 
Emissions of primary brown carbon (BRpri) were obtained from organic carbon (OC) 

inventories using the mass ratio MBRpri/MOC, as noted in the main text (Section 2.1.2).  
Following Jo et al. (2016), the ratio MBRpri/MOC is determined using emission factors 

(EF) of BC and OC, mass absorption efficiencies (MAE) of BC (7.5 m² g⁻¹) and BRpri (1.0 m² 
g⁻¹), and the absorption coefficient ratio Babs,BRpri/Babs,BC, expressed as 
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By assuming BC and BRpri are the only two light-absorbing species of combustion-
emitted carbonaceous aerosols (CAs), the absorption coefficient ratio Babs,BRpri/Babs,BC can 
be derived from 
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where λ0 is 550 nm and λ is set as wavelengths from 300 to 900 nm with the interval of 50 
nm for the regression. The absorption Angstrom exponents (AAE) of BC (1.0) and BRpri 
(5.48) are adopted from Jo et al. (2016); AAECAs is calculated as, 

AAE'.* = −17.34 × MCE + 18.20 (S3) 

where MCE is the modified combustion efficiency, calculated by the molecular weights and 
EFs of CO2 and CO (Eq. S4). 
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Emissions of BRpri from both open biomass burning (OBB) and residential solid fuel 
combustion (RES) were estimated using this method. The corresponding OC inventories 
and parameters used in the calculations (i.e., EFBC, EFOC, EFCO2, EFCO, MCE) are summarized 
in Table S1.  
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Text S2: Observation-derived absorption of BrC in Nanjing 
Ambient aerosols were collected through a PM2.5 inlet at Nanjing University of 

Information Science and Technology (NUIST, 38.21°N, 118.72°E) from January to 
December 2019. Their light absorption coefficients at seven wavelengths (370, 470, 520, 
590, 660, 880, 950 nm) were measured using an Aethalometer (AE33, Magee Scientific, 
USA) at a flow rate of 5 L min-1. Detailed information on the instrument and its 
measurement principle can be found in Drinovec et al. (2015). Filter-based absorption 
measurements are affected by both the loading effect and filter matrix scattering effect 
(Coen et al., 2010). In the AE33, the loading effect is compensated for using the dual-spot 
measurement technique, while a multiple scattering correction factor of 1.39 was applied 
as the default value for the M8060 filter tape (Savadkoohi et al., 2023). 

Atmospheric aerosol light absorption is mainly attributed to BC, BrC and mineral dust. 
In this study, mineral dust was assumed to have a negligible influence since the AE33 was 
operated with a PM2.5 impactor and dust storm influence at the sampling site was limited. 
Thus, as indicated by previous studies (Bao et al., 2021; Chow et al., 2018; Meda et al., 
2025), the total light absorption at a certain wavelength can be expressed as, 

B()*(λ) = B()*,!'(λ) + B()*,!$'(λ) (S5) 
Then, a simplified two component model was used to estimate the contribution of BC and 
BrC at a certain wavelength as follows, 

B()*(λ) = q!' × λ-../$! + q!$' × λ-../$'! (S6) 
where qBC and qBrC are fitting coefficients, and AAEBC and AAEBrC are the absorption 
Ångström exponent of BC and BrC, respectively. Here, AAEBC assumed to be 1, Eq. (S6) can 
be simplified as, 

λ × B()*(λ) = q!' + q!$' × λ(2-../$'!) (S7) 
For each potential AAEBrC value between 1.5 to 15, the fitting coefficients were determined 
by least-squares minimization between the calculated and measured values. The AAEBrC 
corresponding to the lowest mean squared error (MSE) was selected as the effective AAEBrC. 
Previous study noted that the AAE of internally mixed BC can vary from 0.55 to 1.7, and 
assuming AAEBC of 1 may introduce an uncertainty of up to 20% (Zotter et al., 2017). 
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Figure S1. Study area and observation sites for (a) BC and OC mass concentrations and (b) 

BrC absorption (Babs,BrC). 

 
 

 
Figure S2. Comparison between simulation (black line) and observation (colored bar): (a-

c) BC and (d-e) OC mass concentrations, (f) BrC absorption (Babs,BrC) at 370 nm. 
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Figure S3. Multi-year (2012–2019) mean BrC/BC over Asia. East Asia (EA), South Asia (SA) 

and Southeast Asia (SEA) are highlighted with blue rectangles. 

 

 
Figure S4. Time series of BC and BrC in East Asia, South Asia and Southeast Asia. Trends 

(dash line) with slope and statistical significance (p < 0.05, denoted by *) are shown inset. 
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Figure S5. Simulations of OBB-emitted BC and BrC concentrations (normalized) compared 

to satellite-retrieved burned area (normalized): (a–b) East Asia and (c) Southeast Asia. 

(a) East Asia (January–May & December)

(b) East Asia (June–November)

(c) Southeast Asia
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Figure S6. Relative importance of emissions (anthropogenic and OBB) and meteorological 

variables (T: temperature; P: pressure; U10: 10 m zonal wind; V10: 10 m meridional wind; 

RH: relative humidity) for long-term variations of (a-c) BC and (d-f) BrC. 
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Table S1. OC inventories and parameters used for BRpri emission calculations. 

Source Inventory EFBC 

(g/kg) 
EFOC 

(g/kg) 
EFCO2 

(g/kg) 
EFCO 

(g/kg) 
Modified Combustion 

Efficiency (MCE) 

OBBa FEER 
ER!"
ER#$%.'

 
ER("
ER#$%.'

 
ER"(%
ER#$%.'

 
ER"(
ER#$%.'

 
Calculated by  

Eq. (S4) 

RESb CEDS 0.52 2.39 / / 0.925 

aEmissions from open biomass burning (OBB). Emission factor (EF) of species are calculated 
using the emission rate (ER) provided by FEER. 
bEmissions from residential solid fuel combustion (RES). EFs of BC and OC are obtained 
from https://github.com/emcduffie/CEDS/tree/CEDS_GBD -MAPS. Due to the lack of EFCO2 
and EFCO, the MCE measured for wood, crop and coal combustion (Chen et al., 2012; Qian 
et al., 2021; Stockwell et al., 2014) is used instead. 

 
 
Table S2. Estimated emissions of BRpri from open biomass burning (OBB) and residential 
solid fuel combustion (RES), compared to a bottom-up inventory (Xiong et al., 2022). 

 
Global Emission of BRpri Mass Ratio MBRpri/MOC 
Total OBB RES Total OBB RES 

this study 8.58 Tg C/yr 63% 37% 20.5% 19% 26% 
(Xiong et al., 2022) 7.26 Tg C/yr 57% 43% 20% 16%±2% 29%±2% 

 
 
Table S3. Imaginary refractive index (k) of BRpri and BRsec used in this study. 

Species 300 nm 400 nm 440 nm 550 nm 550 nm 

BRpri (kBRpri) 0.291 0.120 0.078 0.047 0.034 

BRsec (kBRsec) 0.036 0.007 0.006 0.006 0.006 
 
 
Table S4. Short-term site observations of BC and OC mass concentrations collected from 
previous studies. 

 
Table S5. Short-term site observations of BrC absorption collected from previous studies.  
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Table S6. Optimized hyperparameters and performance metrics of RF statistical models 
built separately for East, South and Southeast Asia (EA, SA, SEA). 

Regions 
Hyperparameters 10-fold 

cross validation 
test set 

validation 

n_estimators max_depth min_sample_leaf R2 R2 

analysis for BC 
EA 100 6 4 0.70 0.73 
SA 107 15 4 0.61 0.65 
SEA 100 10 4 0.82 0.82 

analysis for BrC 
EA 90 6 4 0.61 0.63 
SA 111 6 4 0.58 0.65 
SEA 100 10 4 0.88 0.88 

analysis for BrC/BC 
EA 100 15 4 0.76 0.78 
SA 100 15 4 0.67 0.72 
SEA 100 15 4 0.94 0.94 

 
 
Table S7. Estimated clear-sky DRF of BC and BrC from this study (averaged over 2012–
2019) compared with previous studies. 

Regions DRF (W m–2) this study previous studies 

East Asia 

BC 0.92 
1.06 (all sky) (X. Zhang et al., 2020) 
0.91~1.23 (Yang et al., 2024) 

BrC 0.35 
0.40 (Zhou et al., 2025) 
0.11~0.15 (Yang et al., 2024) 
0.11~0.21 (Xu et al., 2024) 

South Asia 

BC 1.69 1.2~4 (A. Zhang et al., 2020) 

BrC 0.86 
0.3~0.6 (A. Zhang et al., 2020) 
0.3~0.8 (Xie et al., 2025) 
0.5~2 (Navinya et al., 2025) 

Southeast Asia 

BC 0.81 
0.4~2 (A. Zhang et al., 2020) 
2.70 (Huang et al., 2025) 

BrC 0.58 
0.3~0.6 (A. Zhang et al., 2020) 
0.3~0.6 (Xie et al., 2025) 
0.58 (Huang et al., 2025) 
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