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a b s t r a c t 

The study numerically assesses the influences of particle microphysics, including shell/core ratio, black 

carbon (BC) geometry, coated volume fraction of BC, and size distribution, on the scattering Angstrom 

exponent (SAE) of polydisperse BC aggregates coated by organics based on the multiple-sphere T-matrix 

method. The dependence of coated BC scattering on shell/core ratio is highest among all microphysical 

parameters, indicating the significance of ambient measurements of BC shell/core ratio. The SAE of coated 

BC exhibits wavelength dependence with smaller value at smaller wavelength, whereas the SAE uncer- 

tainty due to wavelength selection is limited with differences less than 10%. The SAE values of coated 

BC between 450 nm and 700 nm have broad variation with a range of 0.5–2.6 for typical coated BC mi- 

crophysics. The SAE of coated BC is highly sensitive to size distribution, and it decreases with particle 

becoming larger. Compared to size distribution, the dependence of the SAE on shell/core ratio, BC ge- 

ometry, coated volume fraction of BC is generally weak, and the SAE of coated BC with larger coated 

volume fraction of BC becomes less sensitive to BC fractal dimension but more sensitive to shell/core ra- 

tio. The popular core-shell Mie model generally shows acceptable SAE results for heavily coated BC with 

differences within 10%, whereas significant SAE errors can be introduced for thinly coated BC particles. 

Our work clearly demonstrates the impact of particle size distribution on the SAE of coated BC based on 

more realistic BC geometries, yet suggesting that smaller SAE of coated BC may not always indicate larger 

particles, particularly for thinly coated BC aerosols. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Aerosol particles from natural and anthropogenic sources, are

ommon in the air and have important effects on the climate and

nvironment [1,2] . As a significant contributor to global warming

fter CO 2 , black carbon (BC) aerosols contribute important positive

adiative forcing due to their strong absorption of solar radiation

3] . Meanwhile, BC tends to be coated by secondary aerosol species

e.g., organics and sulfate) through aging process and complicated

nternal-mixed particles are formed [4,5] . The resulting complex

icrophysical and optical properties of aged BC particles have been
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ne of the largest uncertainties in assessing aerosol radiative forc-

ng [6] . 

As one of aerosol optical properties, the Angstrom exponent is

n important property utilized to express the dependence of any

arameter (such as extinction, absorption or scattering) on incident

avelength. The extinction Angstrom exponent (EAE) is deemed

o be related to particle size, and the values of EAE higher than

 and lower than 1 indicate fine and coarse particles dominated,

espectively [7] . The EAE is not a strict indicator of particle size,

ince it is also dependent on the absorption of aerosols [8] . The

bsorption Angstrom exponent (AAE) gives information on particle

bsorbing types, and it describes wavelength variation in particle

bsorption [9] . The AAE value close to 1.0 is referred as pure BC

articles, and BC with non-absorbing coating can have AAE around

.6 [10] . Meanwhile, the AAE shows dependence on wavelength
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Table 1 

Key microphysical properties of coated BC aggregates. 

Parameter applied values 

F 0.0, 0.25, 0.5, 0.75, 1.0 

D p /D c 1.1, 1.5, 1.9, 2.3, 2.7 

BC D f 1.8, 2.8 

Size distribution r g , μm 0.075 (0.05–0.15) 

σ g 1.59 

Table 2 

Definitions of key microphysical parameters of coated BC aggregates. 

Parameter definition 

F coated volume fraction of BC 

D p /D c spherical equivalent particle diameter divided by BC core 

diameter 

D f fractal dimension of BC aggregate 
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ranges selected for the determination of its value [e.g., 9 ]. In addi-

tion to the EAE and AAE, the scattering Angstrom exponent (SAE) is

applied to assess aerosol scattering of solar radiation, and its value

is 4.0 in the Rayleigh regime [11] . Non-absorbing coatings on BC

can enhance BC absorption through the well-known “lensing ef-

fect” that scattering material can focus more photons onto BC core

[12] . BC shell/core ratio impacts the scattering and absorption of

coated BC [13] and further its Angstrom exponents, and the sun-

glasses effect may also be an influence factor [14] . 

The SAE is regarded as a parameter describing particle size with

small value indicating large size, and is considered to be in a range

of 0.0–4.0. However, is aerosol SAE always only sensitive to its par-

ticle size? Does aerosol other microphysics (such as mixing state

and morphology) also affect its SAE value under some circum-

stances? What is the typical value range of the SAE of aged BC

aerosols, since more and more observations related to aged BC mi-

crophysics are presented recently? Meanwhile, the applicability of

core-shell Mie model for the SAE of aged BC also needs to be eval-

uated, as it is widely used but debated for the obtainment of many

optical properties of coated BC. To reply to these questions, numer-

ical simulations are a powerful method to reveal the influence of

coated microphysics on its SAE, which is generally missing. 

Here, numerical investigations of the SAE of polydisperse BC ag-

gregates coated by organics are systematically carried out based

on current understanding. An accurate multiple-sphere T-matrix

method (MSTM) is applied to calculate scattering properties of

coated BC at several incident wavelengths and then its SAE. The

aim is to assess the influences of particle microphysical configura-

tions, including shell/core ratio, BC geometry, coated volume frac-

tion of BC, and size distribution, on the SAE of coated BC particles,

which hopefully benefits our understanding of aerosol SAE and its

further applications. 

2. Methodology: BC models and numerical simulation 

Fresh BC is usually loose chain -like aggregate with plenty of

similar-sized near-spherical monomers, and the fractal aggregate is

mathematically utilized to construct BC geometries following: 

N = k 0 

(
R g 

a 

)D f 

, (1)

R g = 

√ 

1 

N 

N ∑ 

i =1 

r 2 
i 
, (2)

where the monomer number ( N ), fractal prefactor (k 0 ), gyration ra-

dius (R g ), monomer radius ( a ), and fractal dimension ( D f ) construct

an aggregate [e.g., 15 ]. The D f of fresh BC is commonly smaller than

2, whereas it can be near 3 for aged BC due to collapse induced by

coating of secondary organic aerosols during aging process [e.g.,

16 ]. For aged BC, the coated volume fraction of BC ( F ) is a parame-

ter applied to describe BC coating state, and it can be given in the

form of 

F = 

V BCinside 

V BC 

, (3)

where V BCinside and V BC are volume of BC monomers inside coating

and volume of overall BC aggregate, respectively. With this defini-

tion, externally attached, partially coated, and fully coated BC ag-

gregates show F = 0, 0 < F < 1, and F = 1, respectively. 

To construct the model of aged BC, spherical organics is as-

sumed to coat BC aggregates following Zhang et al. [17] . BC ag-

gregate is generated with a tunable particle-cluster aggregation al-

gorithm from Skorupski et al. [18] . The D f values of BC aggregates

are assumed as 1.8 and 2.8, which represent lacy and compact BC,

respectively [19] , while the k is assumed as 1.2 [14] . we consider
0 
 of 200, as ambient BC is mostly in accumulation mode follow-

ng Zhang and Mao [20] . After BC aggregate generated, a spherical

rganics is put to coat BC aggregate with expected F values. Note

hat some BC monomers are mildly shifted to avoid overlapping,

esulting in a slight variation of BC D f , whereas the geometry of ag-

regate is still maintained. The sketch maps of constructed coated

C models are shown in Fig. 1 following Zhang et al. [21] . 

The optical properties of modelled coated BC are calculated

ith the multiple-sphere T-matrix method [22] , and this exactly

umerical method is widely utilized for various investigations BC

roperties [e.g., 23 ]. This study considers coated BC following log-

ormal size distributions, as bulk aerosol properties are meaningful

or ambient applications. Applied lognormal size distribution is in

orm of 

(r) = 

1 √ 

2 πr ln ( σg ) 
exp 

[ 

−
(

ln (r) − ln ( r g ) √ 

2 ln ( σg ) 

)2 
] 

, (4)

here σ g and r g are geometric standard deviation, and geometric

ean radius, respectively [e.g., 24 ]. As coated BC in accumulation

ode is considered, the size range is set as 0.1–1 μm while r g of

.075 μm and σ g of 1.59 are assumed [25] . Given size distribution,

ulk scattering cross sections of coated BC are calculated with the

quation following 

 

C sca 〉 = 

∫ r max 

r min 

C sca (r) n (r) d(r) (5)

Scattering Angstrom exponent can be applied to express the

cattering dependence on wavelength, and conventionally, the SAE

t two wavelengths λ1 and λ2 can be described explicitly as 

AE( λ1 , λ2 ) = − ln ( 〈 C sca ( λ1 ) 〉 ) − ln ( 〈 C sca ( λ2 ) 〉 ) 
ln ( λ1 ) − ln ( λ2 ) 

. (6)

Obviously, the SAE is the negative slope of coated BC scattering

etween incident wavelength λ1 and λ2 on a log-log scale [e.g.,

1 ]. 

The SAE of BC coated by non-absorbing organics is studied at

ncident wavelengths of 450 nm, 550 nm and 700 nm. The re-

ractive indices of BC and non-absorbing organics are assumedly

avelength-independent with values of 1.85 − 0.71 i [26] , and

.55 − 0 i [27] , respectively for considered wavelengths. The BC

hell/core ratio D p / D c is spherical equivalent particle diameter di-

ided by BC core diameter ( D c ), and is assumed in a range of 1.1–

.7 [28,29] . BC key microphysical parameters considered and their

efinitions are summarized in Table 1 and 2 , respectively. Note that

ome SAE results of coated BC with small D p / D c and large F can-

ot be shown, because F, D p / D c and BC D f restrict each other in a
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Fig. 1. Sketch maps of geometries of coated BC with BC aggregates containing 200 monomers based on Zhang et al. [21] . The fractal BC aggregates are externally attached 

to organics with F = 0.0 (a), as well as partially coated BC with F = 0.5 (b), and BC fully encapsulated in organics with F = 1.0 (c). 

Fig. 2. Scattering cross sections (C sca ) of coated BC as a function of shell/core ratio (Dp/Dc) at 350 nm (upper row), 550 nm (middle row), and 700 nm (bottom row). 

Coated volume fractions of BC (F) of 0.00, 0.25, 0.5, 0.75, and 1.00 are considered (from left to right). Black squares and red circles indicate BC D f of 2.8 and 1.8, respec- 

tively. For F = 1.0, black solid squares indicate BC aggregates at particle geometric center, whereas black open squares denote BC at an outmost position close to coating 

boundary. 
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c  
xed coated BC particle. With more realistic coated BC models de-

ned, the impact of detailed coated BC microphysics on its SAE is

nvestigated as follows. 

. Results and discussion 

.1. Scattering properties of coated BC at a single wavelength 

Fig. 2 illustrates scattering cross sections of coated BC at three

avelengths of 450 nm, 550 nm and 700 nm at different shell/core

atios. Five coated volume fractions of BC with F = 0.0, 0.25, 0.5,

.75 and 1.0 and two BC fractal dimensions with D f = 1.8 and 2.8

re considered. The scattering properties are averaged over coated

C ensembles with the aforementioned size distribution. As shown

n Fig. 2 , scattering cross sections of coated BC are dependent on

hell/core ratio, coated volume fraction of BC, BC position inside

oating, and BC fractal dimension. Among all four BC microphysical

arameters, the dependence of scattering cross sections of coated

C on shell/core ratio is highest, indicating the significance of BC

hell/core ratio measurement in ambient air. Starting from incident

avelength of 550 nm, as D p / D c increases from 1.1 to 2.7, the C sca 

f externally attached BC with a BC D f of 2.8 increases from ~0.05
m 

2 to ~0.06 μm 

2 . With BC becoming fully coated, their C sca val-

es at 550 nm also vary in a range of ~0.05 μm 

2 to ~0.06 μm 

2 ,

s D p / D c changes from 1.9 to 2.7. For a fixed BC D f , the C sca gen-

rally decreases slightly, as F increases from 0 to 1. This is owing

o that the coating of non-absorbing organics suppresses the con-

ribution of BC aggregate core to scattering cross section of coated

C. In addition to D p / D c and F , the C sca is also sensitive to BC ge-

metry, and the sensitivity of C sca to BC geometry becomes weaker

s D p / D c and F become larger. When BC aggregates become com-

act, i.e., increased D f , the C sca of coated BC with fixed D p / D c and

 becomes large, and this is consistent with the bare BC results of

iu et al. [15] . For fully coated BC, the C sca of coated BC with an

utmost off-center core-shell structure is slightly higher than that

iven by the concentric core-shell structure. With increased inci-

ent wavelength, the C sca of coated BC decreases, indicating posi-

ive scattering Angstrom exponent, which will be discussed in fol-

owing subsection. 

.2. Scattering Angstrom exponent of coated BC 

With scattering properties at various wavelengths, the SAE of

oated BC can be obtained based on their scattering cross sections
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Fig. 3. Scattering Angstrom exponent of coated BC at different wavelengths as a 

function of shell/core ratio (Dp/Dc). Coated BC with coated volume fraction of BC of 

0.5 and BC D f of 2.8 is considered as an example. 

 

 

 

 

 

 

 

 

 

 

 

 

o  

B  

i  

o  

a  

S  

o  

fi  

t  

g  

v  

s  

g  

t  

m  

c  

a  

l  

c  

B  

i

 

B  

s  

t  

o  

B  

7  

B  

B  

D  

w  

i  

c  

l  

o

o  

fi  
at wavelengths of 450 nm and 700 nm, and the SAE 450–550 and

SAE 550–700 , referring to values between wavelengths of 450 nm and

550 nm and between 550 nm and 700 nm, are also considered for

comparison. Fig. 3 shows scattering Angstrom exponents of coated

BC with a F of 0.5, and BC D f of 2.8 based on different wavelength

selections. One can see that the SAE between smaller wavelengths

has smaller values, and the SAE between wavelengths of 450 nm

and 700 nm have moderate value. The wavelength selection can

result in SAE uncertainty within 10%, and we consider SAE between

wavelengths of 450 nm and 700 nm for further investigations of

the SAE impacted by coated BC microphysics. 

Fig. 4 illustrates the SAE of coated BC with the aforementioned

size distribution, and the SAE is calculated based on wavelengths
Fig. 4. Scattering Angstrom exponent of coated BC as a function of shell/core ratio (Dp/Dc

(from left to right). Black squares and red circles indicate BC D f of 2.8 and 1.8, respecti

center, whereas black open squares denote BC at an outmost position close to coating bo
f 450 nm and 700 nm. It is clear to see that the SAE of coated

C is sensitive to BC fractal dimension, BC position inside coat-

ng, coated volume fraction of BC, and shell/core ratio. The SAE

f coated BC varies in ranges of 2.0–2.2, 1.9–2.0, 1.7–2.0, 1.5–2.0

nd 1.6–1.9 for F = 0.0, 0.25, 0.5, 0.75 and 1.0, respectively. The

AE of coated BC increases with increased D p / D c for F ≥ 0.5, as

pposed to a decrease of the SAE for externally attached BC. For

xed D p / D c and BC D f , the SAE of coated BC decreases along with

he increase of F , indicating more BC coated in non-absorbing or-

anics can reduce the SAE. This is probably related to the fraction

olume-equivalent size parameter that is covered by absorbing ver-

us non-absorbing medium. More BC coated in non-absorbing or-

anics reduces coated BC scattering due to the suppression of scat-

ering contribution of BC core by the coating [30] . The SAE shows

ildly sensitive to BC D f , and more compact BC leads to smaller

oated BC SAE. BC position inside coating can also affect the SAE,

nd coated BC with BC at an outer position within coating has

arge SAE. In addition to single effects, coated BC microphysics has

omprehensive effects its SAE. With increased F , the SAE of coated

C becomes less sensitive to BC D f , but more sensitive to D p / D c ,

.e., showing larger variation. 

In addition to BC microphysics (i.e., BC fractal dimension,

C position inside coating, coated volume fraction of BC, and

hell/core ratio) considered above, we also study the impacts of

he distributions of BC geometry shape and coated volume fraction

f BC on the SAE of coated BC. Fig. 5 illustrates the SAE of coated

C with the aforementioned size distribution between 450 nm and

00 nm as functions of shell/core ratio and percentage of compact

C. The percentage of compact BC is the fraction of coated BC with

C D f of 2.8 among all considered coated BC particles including BC

 f values of both 1.8 and 2.8, and the SAE results for coated BC

ith F of 0.0 and 0.25 are shown from top to bottom in Fig. 5 . It

s clearly that the SAE of coated BC decreases with increased per-

entage of compact BC particles, indicating that more compact BC

eads to smaller SAE of coated BC. The influence of the distribution

f coated volume fraction of BC on the SAE of coated BC with BC D f 

f 2.8 is illustrated in Fig. 6 . Coated BC follows the aforementioned

xed size distribution, and F values of 0.0, 0.5 and 1.0 are con-
). Coated volume fractions of BC (F) of 0.00, 0.25, 0.5, 0.75, and 1.00 are considered 

vely. For F = 1.0, black solid squares indicate BC aggregates at particle geometric 

undary. 
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Fig. 5. Scattering Angstrom exponent of coated BC as functions of shell/core ratio 

(Dp/Dc) and percentage of compact BC (Df = 2.8) among coated BC with BC Df 

values of 1.8 and 2.8. Coated volume fractions of BC of 0.0 (a) and 0.25 (b) are 

considered. 
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idered for the F distribution. We can see that coated BC particles

ith more percentage of F = 0.0 or less fraction of F = 1.0 show

arger SAE values for all considered shell/core ratios. This indicates

hat more externally attached BC structures or less fully coated BC

tructures result in larger SAE of coated BC. 
ig. 6. Scattering Angstrom exponent of coated BC as a function of coated volume fraction

oated volume fractions of BC (F) of 0.0, 0.5 and 1.0 are considered for the F distribution.

enter. 
Fig. 7 shows the SAE variations for coated BC (BC fractal dimen-

ion of 2.8) with different particle size distributions and shell/core

atios. The panels in Fig. 7 from left to right correspond to coated

olume fractions of BC with F = 0.0, 0.5 and 1.0, and a concen-

ric spherical core-shell structure. Again, the SAE is obtained on

he basis of wavelengths of 450 nm and 700 nm, and lognormal

ize distributions are assumed for coated BC with r g (x axis) rang-

ng from 0.05–0.15 μm and σ g fixed as 1.59. As shown in Fig. 7 ,

he SAE of coated BC shows broad variations with values in ranges

f 0.9–2.6, 0.8–2.6 and 0.5–2.5 for F = 0.0, 0.5 and 1.0, respectively.

eanwhile, most of SAE values obtained for aged BC particles are

ess than 2.0, and this can potentially explain observed relatively

mall SAE values in ambient air [e.g., 31–33 ]. The coated BC SAE

s highly sensitive to size distribution, and for fixed F and D p / D c , it

ecreases as r g increases, i.e., particle becoming larger. Compared

o F and D p / D c , the dependence of the SAE on size distribution is

ignificantly stronger. This demonstrates that the SAE is a param-

ter depending primarily on particle size. However, other coated

C microphysical parameters, such as F and D p / D c , can also have

ome impacts on its SAE. For instance, the dependence of the SAE

n D p / D c becomes close to the dependence on size distribution

or thinly coated BC (i.e., small D p / D c ). This indicates that smaller

AE may not always be indicative of more large particles, espe-

ially for thinly coated BC, due to the influences of other parti-

le microphysics. Compared to more realistic BC geometries, the

oncentric spherical core-shell structure generally produces accept-

ble SAE results for heavily coated BC (differences within 10%),

hereas significant SAE errors can be induced for thinly coated BC

articles. 
 of BC distribution for shell/core ratios of 1.9 (a), 2.3 (b) and 2.7 (c). Percentages of 

 BC Df of 2.8 is considered, and for F = 1.0, BC aggregates are at particle geometric 
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Fig. 7. Scattering Angstrom exponent of coated BC (BC D f of 2.8) with different shell/core ratio (Dp/Dc) and particle size distribution. Three coated volume fractions of BC, 

i.e., 0.00, 0.50, and 1.00, as well as spherical concentric core-shell, are shown from left to right. For fully coated BC structure, BC is located at particle geometric center. The 

geometric standard deviations ( σ g ) for applied lognormal distribution are 1.59. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D

A

 

e  

F  

s  

E  

M  

p  

D

R

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4. Conclusions 

This study investigates the influences of shell/core ratio, BC ge-

ometry, coated volume fraction of BC, and size distribution on

the SAE of coated BC aerosols. Realistic BC geometry is modelled

by the fractal aggregate, and coated BC SAE is calculated based

on the MSTM method. Our results indicate that among all mi-

crophysical parameters, the dependence of coated BC scattering

on shell/core ratio is important, indicating the significance of BC

shell/core ratio measurement in the atmosphere. The SAE of coated

BC shows wavelength dependence with smaller value at smaller

wavelength, whereas the SAE differences due to wavelength selec-

tion are within 10%. The SAE of coated BC between 450 nm and

700 nm shows broad variation with a range of 0.5–2.6 for typi-

cal coated BC microphysics. Our study demonstrates that the SAE

of coated BC is highly sensitive to particle size distribution, and

for fixed F , BC D f and D p / D c , it decreases with particle becoming

larger. Compared to size distribution, the dependence of the SAE

on other coated BC microphysics (such as F or D p / D c ) is generally

weak, and the SAE of coated BC with larger F becomes less sen-

sitive to BC D f but more sensitive to D p / D c . Nevertheless, smaller

SAE of coated BC may not always indicates larger particles, espe-

cially for thinly coated BC, and the dependence of their SAE on

D p / D c becomes close to the dependence on size distribution. The

popular core-shell Mie model generally gives acceptable SAE re-

sults for heavily coated BC with differences within 10%, while sig-

nificant SAE errors can be introduced for thinly coated BC particles.

Overall, this work clearly demonstrates the impact of particle size

distribution on the SAE of coated BC based on more realistic BC

geometries. However, caution should be taken in interpreting the

SAE values as an absolute reference to particle size, particularly for

thinly coated BC aerosols. Furthermore, there still remains a fair

amount of parameter-unification, such as q-space [34] , and the ra-

tio of light penetration depth to particle size is likely to provide a

quasi-wavelength-independent view of SAE affected by aerosol mi-

crophysics [e.g., 35 ], which will be our further works. 
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