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S1 Optical models 

Four different optical models are used in this study: the core-shell (CS) Mie model and three homogeneous 

grey sphere models – the volume mixing (VM) model, Maxwell-Garnett (MG) model, and Bruggeman (BG) 

model. 

i) The core-shell (CS) model assumes the BC core is concentrically located inside non-BC materials, i.e. the 

shell. Inputs of the CS model are the refractive indices of both the core and shell and the 2-D BC size and 

mixing state (i.e., coating thickness) distribution. 

ii) For the homogeneous grey sphere models, inputs are the PNSD and effective refractive index. The three 

mixing rules that were used to compute the effective refractive index (meff = n+ki) are:  

a) The volume mixing (VM) rule, which assumes components are well mixed within the particle. 

Similar to the calculation of bulk density, the effective refractive index (meff) is calculated following 

the volume mixing rule: 

 𝑚!"" =# 𝑓#𝑚#
#

 (1) 

where fi is the volume fraction of component i, and mi is the refractive index of component i.  

b) The Maxwell-Garnett (MG) mixing rule assumes an inclusion (BC in our case) with permittivity 𝜀$ 

and volume fraction f1 is embedded within a host medium (non-BC materials) with permittivity 𝜀%. 

The effective permittivity can be computed as (Bohren and Huffman, 2008): 

 𝜖 =
𝜖$ + 2𝜖% + 3𝑓$(𝜖$ − 𝜖$)
𝜖$ + 2𝜖% − 𝑓$(𝜖$ − 𝜖%)

 (2) 

                  The refractive index is the square root of the permittivity: 

 𝑚 = √𝜖 (3) 

c) The Bruggemann (BG) mixing rule is derived from the same base equation as the Maxwell-Garnett 

mixing rule, while using a different approximation. It assumes two inclusions embedded within a 

host matrix with a permittivity (Markel, 2016):  

 𝜖 =
1
4 (𝑏 +

18𝜖$𝜖% + 𝑏%) (4) 

 𝑏 = 3𝑓$(𝜖$ − 𝜖%) + 2𝜖% − 𝜖$ (5) 

      It treats the two components more symmetrically. 

For BC-containing particles, f1 represents the volume fraction of BC, which can be calculated from BC 2-D 

size and mixing state distributions determined by the SP2. 

S2 Evaluation of the assumption of zero absorption of BrC at 660 nm 
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Figure. S1 (a) The imaginary refractive index kOA at 660 nm and (b) the aerosol/plume age for each flight. The 

aerosol/plume age was modelled with a two-week forecast using the Weather Research and Aerosol Aware 

Microphysics (WRF-AAM) model. 

 

To support our assumption of negligible BrC absorption at 660 nm, we assumed the absorption not 

attributed to BC at 660 nm to be solely from OA, and calculated the imaginary part of the refractive index of OA, 

kOA, at 660 nm with different the VM, BG, MG, and CS models, following the method in Liu et al. (2021). A 

refractive index of BC of 1.95+0.79i was used, which is an upper bound of commonly used BC refractive index 

and thereby yields an upper bound of BC absorption and a lower bound of BrC absorption. The real refractive 

index of OA was set to be 1.55. Results of kOA at 660 nm are shown in Fig. S2. The kOA at 660 nm is lowest for 

particles in RF11, the least aged with the aerosol/plume age of 6.8±0.4 days, and highest for RF05_1 and RF05_2, 

the most aged with the aerosol/plume age greater than 11 days. The increase of kOA for more aged aerosols seems 

to be in inconsistent with the fact that BrC experiences photolysis and photochemical bleaching during transport, 

which will thereby lessen its absorbance considerably (Laskin et al., 2015). Aqueous-phase aging may form light-

absorbing oligomeric products, while we observe no obvious differences in the liquid water content during the 

transport of investigated flights. Furthermore, higher absorptivity of BrC is associated with an increase in 

molecular size and decrease in volatility (Saleh et al., 2018), therefore, more aged particles that tends to exhibit 

higher volatility in this study (Dang et al., 2021) are expected to show lower absorptivity than less aged ones, 

which is again inconsistent with the increase of kOA for more aged aerosols as shown in Fig. 1. Both the aging 

time and volatility challenges the counter-assumption that absorption at 660 nm is contributed solely by BrC 

except for BC; hence, we conclude that other absorbers are expected to exist.  

We took the kOA of the least aged particles in RF11 as the upper limit of kOA for all flights and used it to 

calculate the meBC and absorption coefficients of BrC at 660 nm. Results showed that the difference between the 

BrC absorption coefficients with kOA of RF11 and those calculated with the assumption of non-absorbing OA at 

660 nm is smaller than 9 % for the extreme case of RF10 with the thickest coating. Therefore, we neglected the 

possible contribution of BrC at 660 nm in the retrieval of meBC. 
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S3 Uncertainty analysis 

The uncertainty of the imaginary part of the effective refractive index of BC (keBC) and absorption 

coefficients calculated with meBC and mBC of 1.95+0.79i at 470, 530, and 660 nm (σabs,eBC and σabs,BC) were 

estimated using the Monte Carlo uncertainty analysis. It is applied because of the complexity of the retrieval 

process of keBC and the calculation of σabs,BrC and σabs,eBC. The uncertainty of absorption coefficients of BrC at 470 

and 530 nm (σabs,470,BrC and σabs,530,BrC), the mass absorption cross section of OA at 470 nm (MACOA,470), and the 

contribution of BrC to the total absorption at 470 nm (RBrC,470) were then calculated analytically. 

Following the approach in Taylor et al. (2020), we used the uncertainty in each input variable to generate 

an array of scale factors to represent the variability of the variable may have when measured a large number of 

times. Specifically, we first generated an array of scale factors that follows the Gaussian distribution with a mean 

of 1 and a standard deviation of the uncertainty for each input variable. The array of scale factors was then 

multiplied by the corresponding input variable to generate an array of variables, representing the possibility of 

this input variable if it were measured a large number of times, 10000 is used in this study. Variables considered 

in this analysis include the BC core size distribution, BC coating thickness, absorption coefficients, and OA mass 

concentration (Fischer et al., 2010). For the BC coating thickness and OA mass concentration, we used the 

conservative value of 2-σ uncertainty (Bahreini et al., 2009; Taylor et al., 2020). Input variables and corresponding 

uncertainties are shown in Table S1. An uncertainty of 4% was given to the real part of refractive index of the 

coating following Taylor et al. (2020). 

 

Table S1. Uncertainty of input variables of the Monte-Carlo uncertainty analysis, corresponding instruments were 

also given. 
 Uncertainty Instrument 
BC core mass 20% SP2 
Coating thicknesses 22% SP2 
Measured absorption coefficients 20% PSAP 
OA mass 38% AMS 

 

The results of uncertainty analysis are shown in Table S2. The uncertainties from VM, MG, and BG 

models are very close. The uncertainty of keBC obtained from homogeneous models and the CS model was 24 % 

and 35 %, respectively. The uncertainty of RBrC,470 and MACOA,470 was ~35% and 48%, respectively. The high 

uncertainty of MACOA,470 mainly results from the large uncertainty of OA mass measured by the AMS. All 

MACOA would be subject to this large uncertainty if the OA mass was determined by AMS. 

 

Table S2. Monte Carlo relative standard deviations of keBC, σabs,eBC, and σabs,BC, and uncertainties of σabs,BrC, RBrC,470, 

and MACOA,470 with different optical models. 
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 VM MG BG CS 
keBC 0.24 0.24 0.24 0.35 
σabs,660,eBC 0.22 0.23 0.23 0.24 
σabs,530,eBC 0.21 0.22 0.22 0.23 
σabs,470,eBC 0.21 0.21 0.21 0.23 
σabs,660,BC 0.56 0.56 0.56 0.51 
σabs,530,BC 0.53 0.53 0.55 0.47 
σabs,470,BC 0.51 0.51 0.51 0.45 
σabs,530,BrC 0.29 0.30 0.30 0.30 
σabs,470,BrC 0.29 0.29 0.29 0.30 
RBrC,470 0.35 0.35 0.35 0.36 
MACOA,470 0.48 0.48 0.48 0.48 

 

 

Figure S2. Modelled (blue and orange markers) and measured (green markers) absorption coefficients (sabs) at PSAP 

wavelengths for RF05_3. Variables are modelled with two mBC values (shown in the legend) using the CS, MG, BG, 

and VM models (specified on the top of each plot). OA is assumed to be non-absorbing with the refractive index mOA 

equal to 1.55+0i. The horizontal lines in the boxes represent the median value, the boxes represent 25th to 75th percentile, 

the whiskers represent 1.5 inter-quartile range, and the diamonds represent outliers. 
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