
 
Supplementary Information 
 
 
Black carbon radiative effects highly sensitive to emitted particle size 
when resolving mixing-state diversity 
 
Matsui et al. 
 
 
  



Supplementary Figures 
 

 
 
Supplementary Figure 1.  Vertical profiles of black carbon mass concentrations.  a-h, Vertical 
profiles of observed (black) and simulated (red, orange, blue, and light blue) black carbon (BC) mass 
concentrations during the (a) A-FORCE, (b) ARCTAS-A, (c) ARCTAS-B, and (d-h) HIPPO1 campaigns.  
Simulated BC mass concentrations are shown for the Base-, Large, and Small-size simulations for the 
Multiple-mixing-state and Single-mixing-state representations.  
 
  



 

 
 
Supplementary Figure 2.  Sensitivity of aerosol variables to emission size distributions.  a, Lifetimes 
of black carbon (BC), organic aerosol, dust, sea salt, and sulfate for the Multiple-MS representation and 
BC and organic aerosol for the Single-MS representation.  b-e, (b) Aerosol optical depth at 550 nm 
(AOD550), (c) BC burden, and cloud condensation nuclei (CCN) concentrations at the surface at 
supersaturations of (d) 1.0% and (e) 0.1% for the four BC mixing state representations.  Horizontal lines 
show the uncertainty ranges (a-e).  Squares, circles, and triangles show the values in the Small, Base, and 
Large emission size simulations, respectively (a-e). 
 
  



 

 
 
Supplementary Figure 3.  Zonal-mean distributions of the sensitivity of black carbon properties.  
a,b, The ratio of (a) column black carbon (BC) mass concentrations and (b) BC direct radiative effect (DRE) 
between the Small and Large simulations for the four BC mixing state representations.  Error bars show 
the standard deviation of longitudinal and inter-annual variability.  
 
  



 

 
 
Supplementary Figure 4.  Global distributions of black carbon direct radiative effect differences.  
a-b, The difference of black carbon (BC) direct radiative effect (DRE) between the Small and Large 
simulations for the (a) Multiple-mixing-state and (b) Single-mixing-state representations.  
 
  



 

 
 
Supplementary Figure 5.  Black carbon simulation results using the emission size range of the 
AeroCom models.  a-d, Black carbon (BC) results for (a) burden, (b) lifetime, (c) absorption aerosol 
optical depth at 550 nm (AAOD550), and (d) direct radiative effect (DRE) for the four BC mixing state 
representations.  All simulations were conducted by the CAM5-ATRAS2 model, but the parameters for 
emission size distributions were based on the AeroCom models shown at the horizontal axis 
(Supplementary Table 2).  Vertical bars in the small panels (for a-d) show the maximum-minimum range 
of each variable for the four BC mixing state representations.   
 
  



 

 
 
Supplementary Figure 6.  Global distributions of black carbon absorption aerosol optical depth and 
its sensitivity.  a-c, Black carbon (BC) absorption aerosol optical depth at 550 nm (AAOD550) for the three 
BC mixing state representations.  d-f, The ratio of BC AAOD550 between the Small and Large simulations 
for the three BC mixing state representations. 
 
  



 

 
 
Supplementary Figure 7.  Global distributions of black carbon direct radiative effect and its 
sensitivity.  a-c, Black carbon (BC) direct radiative effect (DRE) for the three BC mixing state 
representations.  d-f, The ratio of BC DRE between the Small and Large simulations for the three BC 
mixing state representations. 
 
  



 

 
 
Supplementary Figure 8.  Black carbon absorption aerosol optical depth for the three mixing state 
assumptions.  a,b, The results of offline optical calculations for the Core-Shell treatment (mainly used in 
this study), the dynamic effective medium approximation (DEMA), and the Bruggeman mixing rule in the 
(a) Multple-mixing-state and (b) Single-mixing-state representations.  Horizontal lines show the ranges 
between the Small-size and Large-size simulations.  Squares, circles, and triangles show the values in the 
Small, Base, and Large emission size simulations, respectively. 
 
 
  



 

 
 
Supplementary Figure 9.  Black carbon radiative effect.  Direct radiative effect (black), rapid 
adjustment (red), and cloud radiative effect (blue) of black carbon (BC) are estimated from the simulations 
with 10 times enhanced BC emissions with the Single-mixing-state representation.  Direct radiative effect 
and cloud radiative effect are instantaneous forcing of BC estimated from the definition of Ghan1.  Rapid 
adjustment associated with BC is estimated from the difference between two simulations with 10 times 
enhanced BC emissions and without BC emissions based on Stjern et al2 (see Methods).  
 
  



 

 
 
Supplementary Figure 10.  Comparisons between online simulations and offline optical calculations.  
a-d, Global distributions of (a,b) aerosol optical depth (AOD550) and (c,d) absorption aerosol optical depth 
(AAOD550) for (a,c) online simulations and (b,d) offline optical calculations (Multiple-mixing-state).  
AAOD550 includes contributions from both black carbon (BC) and non-BC (dust and organic aerosol).  
Details on optical calculations (both online simulations and offline calculations) are described in Methods.   
 
  



 

 
 
Supplementary Figure 11.  Comparisons between online simulations and offline optical calculations.  
a, Scatterplot of absorption aerosol optical depth at 550 nm (AAOD550) between online simulations and 
offline calculations (Multiple-mixing-state).  AAOD550 includes contributions from black carbon (BC), 
dust, and organic aerosol.  Each point corresponds to each horizontal grid.  b, Sensitivity of BC AAOD550 
to emission size distributions for online simulations (closed symbols) and offline calculations (open 
symbols).  Horizontal lines show the ranges between the Small-size and Large-size simulations.  Squares, 
circles, and triangles show the values in the Small, Base, and Large emission size simulations, respectively. 
 
  



Supplementary Tables 
 
Supplementary Table 1.  Aerosol representations used in this study a 

Model Explanation 
Multiple-MS (EpureBC = 100%) 
 

a. 12 size (1-10000 nm) and 8 mixing state bins (pure BC, non-
BC, and 6 different internally-mixed BC particles) 

b. BC emissions as pure BC particles and the other emissions as 
BC-free particles 

c.  
Multiple-MS (EpureBC = 50%) 
 

a. 12 size (1-10000 nm) and 8 mixing state bins (pure BC, non-
BC, and 6 different internally-mixed BC particles) 

b. Emissions as pure BC (50% of total BC mass), internally-
mixed BC (50% of total BC mass), and non-BC particles 

c. Shell (total) to core (BC) diameter ratio of 1.1 (FF sources) 
and 1.4 (BF/BB sources) for emissions of internally-mixed 
BC particles 
 

Double-MS a. 12 size (1-10000 nm) and 2 mixing state bins (thinly-coated 
BC (BC mass fraction > 0.9) and others) 

b. BC emissions as pure BC particles and the other emissions as 
BC-free particles 

 
Single-MS 
 

a. 12 size (1-10000 nm) and 1 mixing state bins (internally-
mixed BC particles only) 

b. Emissions as internally-mixed BC particles 
a Multiple-MS (EpureBC = 100%) and Single-MS are mainly used in this study.  
 
 
 
 
Supplementary Table 2.  Parameters of aerosol number size distributions in emissions used in this study 

a  
Simulation Median diameter Sigma Comment 

 FF BF/BB   
Base 70 100 1.8 Matsui3 and Matsui and Mahowald4 
Large 80 200 1.8 Lee et al.5 and Carslaw et al.6 
Small 30 50 1.8 Lee et al.5 and Carslaw et al.6 

 
Sens 1 80 80 1.8 CAM5-MAM3 7 
Sens 2 60 150 1.59 HadGEM3-UKCA 8, EMAC 9, and ECHAM5-SALSA 10 
Sens 3 30 30 1.59 TM5 11 
Sens 4 30 80 1.8 GLOMAP 12,13, CanAM4-PAM 14,  

and GISS-TOMAS 15 
Sens 5 60 60 1.59 ECHAM5-HAM2 16 
Sens 6 50 100 1.8 GISS-MATRIX 17  
Sens 7 60 150 1.8 GEOS-Chem-APM 18 

a Aerosol emissions are assumed to have lognormal size distributions. 
 
  



Supplementary Table 3.  Summary of global-mean BC statistics obtained in this study 
Parameter Unit Multiple-MS 

(EpureBC = 100%) 
Single-MS 

  Base Large Small Base Large Small 
Online simulation        

Emission Tg y-1 7.8 7.8 7.8 7.8 7.8 7.8 
Burden Tg 0.10 0.096 0.13 0.095 0.091 0.11 
Lifetime d 4.9 4.5 6.0 4.5 4.3 5.1 
AAOD550 ×1000 1.8 1.1 2.6 2.5 2.3 2.5 

MAC m2 g-1 8.8 6.0 10.3 13.6 12.9 11.7 
DRE W m-2 0.28 0.18 0.42 0.37 0.35 0.38 

        
Offline optical calculation        

AAOD550 (core+shell) ×1000 1.8 1.2 2.6 2.6 2.3 2.5 
AAOD550 (core only) ×1000 1.2 0.79 1.5 1.1 1.0 1.1 

Eabs,coat --- 1.6 1.5 1.8 2.4 2.3 2.2 
MACcore m2 g-1 5.6 4.2 5.9 5.9 5.7 5.4 

AAOD550 (DEMA a) ×1000 1.8 1.3 2.4 2.3 2.4 2.2 
AAOD550 (Bruggeman b) ×1000 1.7 1.3 2.3 2.1 2.2 2.1 

a The dynamic effective medium approximation19-21 (see Methods).  
b The Bruggeman mixing rule20 (see Methods).  

 

 
 
 
 
 
Supplementary Table 4.  Direct radiative effect, rapid adjustment, and cloud radiative effect of BC 
estimated from simulations with 10 times enhanced BC emissions 

Parameter Unit Base Large Small 
Direct radiative effect W m-2 3.2 ± 0.082 2.7 ± 0.048 3.9 ± 0.087 

Rapid adjustment W m-2 -1.1 ± 0.19 -0.71 ± 0.25 -1.8 ± 0.32 
Cloud radiative effect W m-2 -0.81 ± 0.16 -0.48 ± 0.15 -1.2 ± 0.14 

Rapid adjustment / DRE --- -0.32 ± 0.060 -0.25 ± 0.095 -0.44 ± 0.080 
Averages and standard deviations of 15-year simulations (Single-mixing-state) are shown (see Methods).  
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