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Abstract: Research on the optical properties of black carbon (BC) aerosols is highly important for
investigating global climate change. A general inhomogeneous particle superposition model is
developed. Inhomogeneous particles with arbitrary shapes can be constructed by this model. BC
aerosols with core-shell, spherical, ellipsoid, and irregular coating models are established to explore
the impact of coating shape on their optical properties. The optical properties are studied employing
the discrete dipole approximation method (DDA). The influences of the morphology of BC aerosols,
the coating volume fractions, and the shape of coatings on the optical properties are analyzed. The
irregular coating shape causes a higher forward scattering intensity and a lower extinction cross-
section. The forward scattering intensity of the core-shell model is lower than other models. The
effect of the coating shape on forward scattering intensity becomes smaller as coating volume and
fractal dimension increase. Consequently, assuming irregular coating as spherical coating models
considered in most studies leads to inaccuracy in the optical properties of BC aerosols. It is necessary
to comprehensively consider the effects of aerosol morphology and coating volume for investigating
the optical properties of black carbon aerosols.

Keywords: inhomogeneous particle superposition model; black carbon aerosols; optical properties;
discrete dipole approximation method

1. Introduction

Black carbon (BC, also known as light-absorbing carbon or soot) aerosols, generated
by incomplete combustion of biomass, biofuel, and fossil fuel, are the most important
component of atmospheric aerosols [1]. Black carbon aerosols have an important influence
on global climate change because of their strong absorption of solar radiation [2]. After
the emission of carbon dioxide, Black carbon emission is the second-largest contributor
to global warming [3]. In terms of the Fifth Assessment Report of the Intergovernmental
Panel on Climate Change (IPCC), significant challenges remain in accurately estimating the
radiative forcing of aerosols and clouds [4]. Therefore, research on the optical properties of
BC aerosols is highly important for investigating global climate change.

BC aerosol particles have fractal morphological characteristics and become heteroge-
neous during aging processing [5,6]. According to transmission electron microscopy (TEM)
and scanning electron microscopy (SEM) figures, newly generated BC aerosol particles
exist in the morphology of aggregates composed of small spheres [7]. Observations show
that, during the aging process, BC aerosols always mix with other materials, for example,
sulfate, water droplets, organics, dust, nitrate, and sea salt, by mutually wrapping, coating,
and embedding [8,9]. Meanwhile, fresh black carbon aerosols with loose structures become
compact after mixing [10-12]. Both numerical studies and experimental data have shown
that coating or hygroscopic growth will greatly enhance the absorption and scattering of
BC aerosols [13,14]. The enhancement may cause significant deviations in measurements of
environmental black carbon concentrations [15] and brings uncertainties to the estimation
of the radiation effect [11].
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A lot of research has been done on inhomogeneous aggregates particles. The simplest
model is to consider black carbon and non-absorptive materials as a homogenous sphere
using the effective medium approximations (EMA) [16-18]. Since their optical characteris-
tics can be easily obtained using the core-shell Mie theory, the core-shell model for a shell
of weak absorption material coated on BC core is extensively employed [19]. Ackerman
et al. [20] calculated the phase function and optical parameters of the concentric spherical
core-shell model composed of soot core and sulfate solution shell. However, the above
models ignore the fractal change of aggregates, i.e., from loose to compact structures during
the aging process. For accuracy to represent the morphology, the model of the aggregate
with core-shell monomers was proposed. Yin and Liu [21] combined the superposition
T-matrix method with the Maxwell-Garnett (MG) formula of EMA to investigate the effects
of the thickness of water coating on radiation characteristics of compact and lacy aggre-
gates with core-shell monomers. Fan et al. [22] calculated the optical parameters of the
soot aggregate composed of core-shell monomers by applying the superposition T-matrix
method. The influence of water coating and morphology of aggregates was studied. More
realistic and complex models are constructed in studies to calculate optical properties. The
spherical or irregular coating shapes are added to fractal aggregates. Dong et al. [23] used
DDA to compute the radiative characteristics of BC aerosols mixed with sulfate under four
states of bare, partly coated and heavily coated soot, as well as soot with inclusion. Liu
et al. [24] investigated the effects of the relative distance between centroids of BC aggregate
and spherical coating as well as coating volume on their optical properties employing
the multiple-sphere T-matrix method (MSTM). Kahnert et al. constructed the core grey
shell (CGS) model [25] and the tunable model [26] to simulate the optical parameters and
depolarization by BC aggregates with coating, respectively. For simulating different optical
properties, the morphological characteristics of the two models are very different. The CGS
model is a concentric core-shell sphere with high symmetry, while the tunable model is
an irregular geometry with realistic morphology. Recently, Kahnert and Kanngiefier [27]
developed a new core-grey-shell dimer (CGS2) model to simulate optical parameters and
the linear depolarization ratio simultaneously. In addition, the radiative transfer of par-
ticles in the medium has been extensively studied. The non-uniform size distribution of
particles and dependent scattering affect the radiative properties of the particle-containing
medium [28-30]. The DDA method considering the dependent scattering effect is applied to
calculate the optical properties of BC aerosols in this paper. BC aerosols with non-uniform
particle size distribution should be studied in future work.

As mentioned above, simplified black carbon aerosol models can reproduce their
optical properties to some extent. However, based on SEM images, the geometries of BC
aerosols are generally arbitrary and irregular [9,31], and simplified models cannot represent
the sensitivity of optical properties to morphological characteristics of aerosol. Therefore, it
is necessary to construct a general model for characterizing different BC aerosol states more
realistically in the atmosphere. A general inhomogeneous particle superposition model is
developed on the basis of the particle superposition model in this paper. Inhomogeneous
particles with arbitrary shapes can be constructed by this model. BC aerosols with core-shell,
spherical, ellipsoid, and irregular coating shapes are established. The optical properties
are calculated by DDA. The effects of the morphology of BC aerosols, the coating volume
fractions, and the shape of coatings on the optical properties are analyzed.

2. Methodology
2.1. The Modeling of Black Carbon (BC) Aerosols

Black carbon aggregates contain many small spherical primary particles (also called
monomers). We construct black carbon aggregates on the basis of the particle superposition
model. The advantage of the particle superposition model is that it is more convenient
to describe and simulate realistic particles or aggregates with fewer modulating parame-
ters [32]. The monomers form fractal aggregates in point-touch to explore the influence of
sulfate coating in this paper.
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Diffusion Limited Aggregation model (DLA) [33] is used to simulate the aggregation
process. The DLA model has been extensively applied to simulate the generation of BC
aggregates with fractal structure [34-36]. The advantage of this model is that it is simpler
and faster than other algorithms [37]. The fractal rules are used to describe the fractal
morphology of BC particles as follows [38,39]:

D
No=ko(SE) )

in which N; and a are the number and radius of monomers in aggregate, respectively. The
fractal prefactor ko and fractal dimension Dy are key parameters to characterize fractal
morphology.

R, is the radius of gyration [40], given by the following equation:

1 Ns

Re=—Y (r;—1y)? 2
8 NSZ-:1 (rl 7’0) ( )

in which r; denotes the center position of iy, monomer and r( represents the mass center
position of aggregate.

The average monomer radius of the BC aggregates is usually in the range of 0.01-0.05 um [41].
Typical morphological parameters are chosen to simulate BC particles [24,35,42]. The k),
N;s and a are fixed as 1.19, 100 and 15 nm in this paper. As BC ages in the atmosphere, the
fractal dimensions of BC aggregates change from 1.8 in the fresh state (loose aggregates) to
about 2.8 in the heavily aged state (compact aggregates) [38,43]. The morphological change
of bare BC aggregates during the aging process is exhibited in Figure 1.

Figure 1. The morphological change of bare BC aggregates during the aging process.

The particle superposition model we proposed in the previous work can be used to
simulate irregular particles with complex geometries. This model was applied to create
large irregular particles [44], roughness particles [45], sintered aggregates with necking-ball
structures [32], and porous particles [46]. Based on the particle superposition model, we
develop the general inhomogeneous particle superposition model. This model is applied
to establish BC aerosols with sulfate coatings in this paper.

The size of the sulfate coating is determined by the coating volume fraction, fcoating is
given by:

Vcoating . Ncoating

fcoatingzlffC: v 3)

coating + Ve Ncoating + Npc
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where feoating is the coating volume fraction, Vpc denotes the volume of the BC aggregate,
and Vioating denotes the volume of coating. Actually, the feoating depends on the ratio of
the number of BC dipoles Np¢ to the sum number of BC dipoles Npc and coating dipoles
Ncoating-

Four models of black carbon aerosols with sulfate coatings are illustrated in Figures 2 and 3.
The details for constructing the models are described as follows.

Rshelt

(d)

Figure 2. Illustration of models for black carbon aerosols with different sulfate coating shapes:
(a) core-shell model, (b) spherical coating model, (c) ellipsoidal coating model, and (d) irregular
coating model.

(b)

(©) (d)

Figure 3. Models for black carbon aerosols with different sulfate coating shapes: (a) core-shell model,
(b) spherical coating model, (c) ellipsoidal coating model, and (d) irregular coating model.

e the core-shell model: The BC aggregate is simplified as a homogeneous sphere core
with radius Reore = a(NS)l/ 3, and the spherical coating is assumed to be a concentric
shell with radius Rgj,-

e the spherical coating model: First, BC aggregates with the radius of monomer a4,
and the monomer number N; of are constructed according to Section 2.1. Next, we
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create the spherical coating with the same center position of aggregates. The radius of
spherical coating is Ry, Finally, we remove the part occupied by BC aggregates in
the spherical coating.

o the ellipsoidal coating model: The establishment process of this model is similar to
that of the spherical coating model, except that the shape of coating is ellipsoid. The
length of each axis of the ellipsoid is determined by the ratio t which is the ratio of the
length of x, y and z in aggregates, i.e, a; : by :cy =x:y:z =t

e theirregular coating model: First, BC aggregates which are the same as the aggregates
in the spherical and ellipsoidal coating model are generated. Next, we create the
overlapping coating aggregates with the same monomer center as BC aggregates. The
monomer radius of coating aggregates R, is larger than the radius of BC monomer
a. Finally, we remove the part occupied by BC aggregates in the overlapping coating
aggregates.

The general inhomogeneous particle superposition model we proposed is flexible
and versatile. The inhomogeneous particle superposition model is composed of monomer
spheres. We can modulate the number and the radius of monomers, relative positions of the
monomers, the center positions, and the size parameter of sulfate coating (Rgy,y; in spherical
coating model and core-shell model, ¢ in ellipsoidal coating model and R, in the irregular
coating model) to simulate the target aerosols with any arbitrary coating shape and different
coating volumes. In addition, the inhomogeneous particle superposition model can be
applied to different coating materials by changing the material of each monomer. In this
paper, we consider the effects of fractal dimension on optical properties in all models except
the core-shell model during the aging process. We assume that the coating has the same
center of mass as BC aggregates in the four models.

2.2. Computational Method

The discrete dipole approximation (DDA), an electromagnetic volume integral-based
method, is a popular method for computing radiation characteristics of particles with
arbitrary geometries and inhomogeneous material [47,48]. DDA was applied for calculating
the optical properties using DDSCAT 7.3.0 [49-53] jointly developed by Draine and Flatau
from America in this paper.

The parameters that need to be set in DDSCAT include the shape of the particles, the
number of dipoles, the complex refractive index, and the radius of a given spherical particle
or the volume-equivalent radius R of a non-spherical particle.

A target with volume V is described by an array of N dipoles. The volume-equivalent
radius Rep is defined as follows [49]:

3N 1/3
Reff = (E) d 4

where d denotes the spacing of a cubic lattice.

Considering the practical CPU speed and computer memory, the number of dipoles
is limited to N < 10° [50]. In order to calculate the cross-section and scattering phase
function accurately, | m|kd < 0.5 is needed:

A N1 /3
R 494 —(— 5
in which m denotes the complex refractive index and k = 27t/ A denotes the wavenumber.
For this reason, this paper ensures |m |kd < 0.1 for each model.
The extinction efficiency factor Q.yt, absorption efficiency factor Q,s, and scattering
efficiency factor Qs¢,; can be computed by DDSCAT 7.3.0, and the corresponding extinction
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cross-section Ceyt, absorption cross-section C,s, and scattering cross-section Cse, [54] can be
obtained by the following equation:

Cext = QextnRgff (6)
Cabs = Qabs Nszf (7)
Csca = Qsca NRgff ®)

w denotes the single-scattering albedo is defined as follows [55]:

W= Csca
Cext

©)

The asymmetry parameter g [56,57] depicts the directionality of the scattered energy
distribution. It is defined by

1
g =< cosf >= E/MCD(G) cos 6d0) (10)

The Mueller matrix P describes the scattering characteristics of the targets, which is
related to the Stokes vectors of the incident and scattered radiation. It is defined as:

Isca = Csca p- IO (11)
7T

The conversion between a scattering matrix S given by DDA and a phase matrix [58]
is required:
_A4m
B k2 Csca

We focus on the Mueller matrix elements Py;, —P12/P11, and Pyy/P11. P11 means
normalized phase function, representing the scattering intensity distribution. The Mueller
matrix element ratio —P15 /P11 denotes the linear polarization degree of scattering light
when the incident light is unpolarized light. The Py, /P11, a depolarization-related term,
represents the non-spherical degree of geometry, and the Py, /Pj; of a sphere is equal to 1.

(12)

3. Results and Discussion

The incident wavelength is set as 550 nm. At this wavelength, the refractive in-
dex of BC is m = 1.73 + 0.59i [24,59]. The refractive index of sulfate coating is chosen
as 1.43 + 0i [23,24]. For each BC aerosol model under different circumstances shown in
Figure 3, five stochastic realizations of geometry are generated. We average the computa-
tional results over the five realizations to reflect their general optical properties.

3.1. Sensitivity Studies of the Numbers of Target Orientations

For evaluating the angular integration more accurately and applying Simpson’s rule,
odd numbers of orientation angles should be selected. Considering the computational
cost and precision, the optimum numbers of discrete orientations of Euler angles 8, ® and
@ have to be chosen. Sensitivity studies are implemented with the optical properties of
BC aggregates with D = 2.2 and BC aerosols with spherical sulfate coating. The coating
volume fraction is assumed as 0.8.

Figure 4, Tables 1 and 2 show the influence on extinction cross-section C,y, single-
scattering albedo w, and asymmetry parameter g of BC aggregates with different discrete
orientation numbers. As shown in Figure 4, Cey, w, and g of aggregate and BC aerosols
with spherical coating are almost constant when the orientation number is greater than
343 (7 x 7 x 7). Observing the calculation results in Tables 1 and 2, the relative error J of
Cext, w, and g is close to 0 as the number of directions is greater than 729 (9 x 9 x 9). It
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is found that averaging over 729 (Ng X Ng X No =9 x 9 x 9) discrete orientations
results in enough accuracy for optical properties.
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Figure 4. Extinction cross section C,y, single-scattering albedo w, and asymmetry parameter g of BC

aggregates and BC aerosols with spherical coating for different numbers of orientations.

Table 1. Extinction cross-section Cey, single-scattering albedo w, and asymmetry parameter ¢ of BC

aggregates with different discrete orientation numbers.

Nﬁliuﬁge;s% Cext X 10-2 pm? e % w S0 % g S5 %
3x3x3 1.61878 - 013428 - 03752 -
5x5x5 1.61939 00376  0.13445 013038 036852 —1.7856
7X7x7 1.61939 0 0.13450 0.03495 036799 —0.1438
9x9x9 1.61939 0 013450 0 036790 —0.0245

11 x 11 x 11 1.61939 0 013451 0.00699 036790 0
13 x 13 x 13 1.61939 0 013451 0 036790 0

Table 2. Extinction cross-section Cey, single-scattering albedo w, and asymmetry parameter g of BC

aerosols with spherical coating for different discrete orientation numbers.

Numbers

N[j % N@ % Nq> Cext x 10—2 me (Scm % w 50.; % g (Sg %
3x3x3 4.14741 - 0.53359 - 0.41788 -
5x5x5 4.14785 0.01074 0.53241 —0.22200 0.41699 —0.21298
7x7x7 4.14785 0 0.53249 0.01613 0.41678 —0.05036
9x9x9 4.14785 0 0.53250 0.00202 0.41675 —0.00960

11 x 11 x 11 4.14785 0 0.53250 0 0.41674 0
13 x 13 x 13 4.14785 0 0.53250 0 0.41674 0

As can be seen from the calculation results in Figure 5, the numbers of discrete
orientations have little influence on the phase function P;; for BC aggregates and BC
aerosols with spherical coating. The forward scattering overlaps under different numbers
of discrete orientations. The backscattering almost coincides when the number of directions
is greater than 5 x 5 x 5. The depolarization-related term Py, /P17 also almost coincides
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when the number of directions is greater than 5 x 5 x 5, as shown in the rightmost
panel in Figure 5. The degree of linear polarization —P1,/P1; coincides under different
numbers of orientations, which shows that the —P7,/Pqq is less sensitive to orientation
numbers. Overall, the optical properties of BC aerosols were calculated by averaging over
729 (9 x 9 x 9) discrete orientations for accuracy.

-P,,/P P, /P
12/4711 1,000 201471
N,=N, 1.0 N\ i W
/ \ 998 - W
0.8} / 0998 i
./
0.6+ ,\" 0.996
/
041 / 0.994}
/
aggregate | 02 / . 0992}
——————— e 0.0 |~ N—
0.0 : : : : 0.990 : :
0 60 120 180 0 60 120 1800 60 120 180
1.000
35E 1.0} N %W
30 O \ X
N\ 0.8} / \ ’\?Q'Lh
25F \ / \ 0.998 R
\ / \
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2.0 \ / \.\
1.5F '\ herical coati del 04+ / \
spherical coating mode \‘\ 0996 |
1.0} " 02f \.
. N\
L . .
0.5 — | oo -
0.0 : : : . 0.994 : :
0 60 120 180 0 60 120 180 0 60 120 180

Scattering angle

Scattering angle Scattering angle
Figure 5. Mueller matrix elements of BC aggregates and BC aerosols with spherical coating for
different discrete orientation numbers.

3.2. Spherical Coating Model for BC Aerosols with Different Coating Volumes

For obtaining the influence of coating volumes on the optical properties of BC aerosols,
BC aerosols are assumed as spherical coating models, as shown in Figures 2b and 3b. The
volume fractions of coating are 0, 0.3, 0.5, 0.7,0.8, 0.9 and 0.95. In addition, we also consider
the morphology of BC aggregates during the aging process. The fractal dimensions Dy of
aggregates are set as 1.8, 2.0, 2.2, 2.4, 2.6, 2.8. With different sulfate coating volumes, the
effects of BC aggregates partially or fully embedded in the coating on optical properties are
studied.

Figure 6 depicts the Ceyt, Cpps, w and g of BC aerosols as a function of coating volume
fraction. The optical properties with different D have the same trends as fcoating increases.
The Ceyt, Caps and w increase with the increase of the coating volume. The asymmetry factor
g does not increase monotonically with the increase of coating volume. The g decreases
first and then increases as the coating volume increases, which is mainly determined by
the mixing state of BC aggregates and coating. With the coating volume fraction reaching
0.95, g increases to about 0.65 due to the increase in coating volume, suggesting that
the forward scattering becomes more dominant. Although the volume of black carbon
is fixed, the absorption cross-section of the BC aerosol increases obviously because of
the “lensing effects” [36]. The increased single scattering albedo reflects that BC aerosols
show a stronger scattering enhancement than absorption. The larger coating volume
induces stronger scattering, so the single-scattering albedo w increases from less than 0.2
to about 0.85 which indicates that the absorption dominant particles gradually become
the scattering dominant particles. The aging of BC also affects the optical properties of
BC aerosols. Compact aggregates induce a larger extinction and absorption cross-section
than loose aggregates at the same coating volume fraction. It is because the larger Dy
causes stronger electromagnetic interaction led by the superposition of the scattered field
among the monomers and the probability of absorption increases with the shrinkage of
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an aggregated particle [22]. When the coating volume fraction is greater than 0.9, the
extinction cross-sections with different Dy coincide. When the volume fraction is less than
0.8, the larger Dy leads to greater single scattering albedo. With the volume fraction greater
than 0.8, smaller Dy shows greater w. In addition, asymmetry factor g decreases with the
increase of Dy. The analysis shows that both coating and BC aggregate have an impact on
the optical properties of BC aerosol. Therefore, to investigate the optical properties of BC
aerosols, the effects of coating and BC aggregate should be considered together.

0.030
020 ——D,=1.8 N
——D;=2.0 0.026
~ 0.16F ——D;=22 -
E ——D,=24 E 0om
Z0.12F ——D=26 S
3] . <
) ——D,=2.8 S ool
0.08 | 0.018
0.04 | 0.014 =
0.00 ; s s ' 0.010 ' s s s
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
1.0
0.8F
0.6F

0.4

g(asymmetry factor)

0.2

w(single scattering albedo)

L 1

L 0 .
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

fcoating fcoating

Figure 6. Optical properties of BC aerosols with spherical coating with different coating volume fractions.

The effects of coating volume fractions on the phase function P1; of BC aerosols with
different fractal dimensions are depicted in Figure 7. The phase function P1; with different
fractal dimensions shows a similar angular variation trend. The forward scattering intensity
is stronger than the backscattering intensity. The angular patterns of P;; with a small
coating volume fraction are smoother. Py; is sensitive to the coating volume. Scattering
intensity does not increase monotonically as the coating volume fraction increases. Figure 8
shows the variation of the forward scattering intensity (at scattering angle = 0°) as the
coating volume fraction increases. The forward scattering intensity first decreases and then
increases with the increase of coating volume. This is because the BC aggregate and coating
work together to affect the phase function. The P17 of BC aerosols can be understood as
the average of BC core and coating, as analyzed in [24]. The forward scattering peak of
BC aerosols at a small feoating is weaker than that of the bare BC aggregates. The forward
scattering peak of BC aerosol increases as the coating volume increases, when the coating
is dominant. The smaller the Dy, the stronger the forward scattering intensity of BC aerosol
is at the same coating volume fraction.
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Figure 7. Scattering phase function P17 of BC aerosols with different coating volume fractions.

Forward scattering intensity

2.0 L 1 L 1 L 1 L 1 "
0.0 0.2 0.4 0.6 0.8 1.0

féoating

Figure 8. Forward scattering intensity (P;; at scattering angle = 0°) of BC aerosols with different
coating volume fractions.

Figure 9 illustrates the linear polarization degree —P1, /P11 of BC aerosols with dif-
ferent coating volume fractions. When feoating < 0.9, due to the small size parameter
X (X = 27mR,f5/A), the degree of linear polarization —P15/ P11 shows a Rayleigh bell shape
and it also can be seen that the “peak moving backward” phenomenon, that is the location
of maximal linear polarization moves to larger scattering angles with an increase of coating.
The Rayleigh characteristics disappear and peaks and valleys show in the linear polariza-
tion degree when feoating > 0.9. The —P12/ P13 of BC aerosols with different coating volume
fractions are similar in different Dy, which indicates that Dy is not sensitive to —P1p /P11 of
BC aerosols.
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Figure 9. Mueller matrix element —Pj, /P11 of BC aerosols with different coating volume fractions.

Figure 10 shows the angular patterns of the depolarization-related term Py, /P11 with
different coating volume fractions. With increasing the coating fraction, the mixing state of
the BC aggregate and coating gradually approaches the spherical shape, which results in
the Py, /P11 gradually approaching 1. The Py, /P1; represents the sphericity of geometry,
and the Py, /P11 of a sphere is equal to 1. Moreover, fractal dimensions D ¢ also have an
effect on Py /Pq1. Larger Dy causes the Py /Py close to 1. Thus, the mixing state of BC
aggregate and coating has an influence on the Mueller matrix elements of BC aerosols.
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Figure 10. Mueller matrix element P,, /P11 of BC aerosols with different coating volume fractions.

3.3. BC Aerosols with Different Coating Models

The coating volume has a great influence on the optical properties of BC aerosols as
illustrated in the previous section. Only the spherical coating model has been considered.
Nevertheless, transmission or scanning microscopic images show that the geometry of
BC aerosol is irregular during the aging process. In order to further discuss the impact of
the coating shape on optical properties, we establish four models as shown in Figure 3,
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and analyze their optical properties. In addition, we also consider the morphology of BC
aggregates so that the Dy is set as 1.8, 2.2, and 2.8. The feoating are 0.5, 0.7 and 0.9.

Figure 11 describes the influences of sulfate coating shapes on the optical properties.
It can be concluded that the coating shape affects the optical properties of BC aerosols. The
extinction cross-section C,yt and single-scattering albedo w increase as the coating volume
increases, whereas the asymmetry parameter ¢ does not increase monotonically. This is
consistent with the result of Section 3.2. The optical properties of the spherical coating
model are almost the same as those of the ellipsoidal coating model. So, the spherical
coating model and the ellipsoidal coating model can replace each other, when studying
the optical properties of BC aerosols. The larger Dy, the closer the optical properties of
the spherical and the ellipsoidal coating model are to the core-shell model. It is because
that large D causes compact aggregate whose shape is close to the sphere. The Cey of
the core-shell model is the largest among all shapes. The results indicate that ignoring the
fractal structure of the BC core and assuming aggregates as spheres overestimate extinction
cross-sections. The Cey of the irregular coating model is the smallest. This result shows
that the irregular shape of the coating leads to a lower extinction cross-section. The single-
scattering albedos of the spherical and the ellipsoidal coating model are larger than the
irregular coating model and lower than the core-shell mode at a small coating volume
fraction (fcoating = 0.5). However, when fcoating is greater than 0.7, the result is the opposite.
The asymmetry parameters of BC aerosols are greater than 0, suggesting that scattering of
the forward scattering is dominant. The g of the irregular coating model is the largest at
feoating = 0.3, and the smallest at fcoating = 0.9. In conclusion, assuming irregular coating
as spherical coating models considered in most studies leads to the inaccuracy in the optical
properties of BC aerosols. It is necessary to comprehensively consider the influences of
coating volume and aerosol morphology for studying the optical properties of BC aerosols.
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Figure 11. Optical properties of BC aerosols with different coating models.
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Figure 12 depicts the scattering phase function P1; with different coating models. It
can be seen from the figures that as the fcoating increases, the gap between the forward
and the backward scattering becomes larger. The forward scattering intensity of the core-
shell model is lower than other models. Therefore, neglecting the fractal structure of BC
aerosols can result in underestimating forward scattering. The scattering phase function
Py1 of spherical and ellipsoidal models almost coincide, indicating that they have the same
influence on the scattering phase function. The forward scattering intensity of the irregular
coating model is higher than other models. Its most irregular shape may be responsible for
this. The rise of coating volume fractions leads to a decrease in the difference in forwarding
scattering intensity among different shapes. Besides, at the same coating volume fractions,
larger Dy also leads to a decrease in the difference in forward scattering intensity among
different shapes. In summary, the coating shapes affect the phase function of the BC
aerosols and the influence of the coating shape on forward scattering intensity becomes
smaller as coating volume fractions and Dy increase.
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Figure 12. Phase function P;; of BC aerosols with different coating models.

Figure 13 illustrates the differences in linear polarization —P1, /P11 among different
coating models. In all models, linear polarization is basically Rayleigh bell-like with the
maximum close to 1, and as the coating volume fractions fcoating increases, the location of
maximal shifts from 6 = 90° to larger scattering angles. This result is consistent with the
result shown in Section 3.2 for “peak moving backward” phenomenon. The peak of the
irregular coating model is at a smaller scattering angle than other shapes under the same
coating volume. In addition, the —Pj5/P1 of BC aerosols with different coating volume
fractions are similar under different Dy.
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Figure 13. Linear polarization —Pj, /P11 of BC aerosols with different coating models.
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Figure 14 describes the Py, /P11 of BC aerosols with different coating models. Since
the morphology of BC aerosols with the core-shell model is spherical, the Py, /P11 of the
core-shell model is almost equal to 1. The elements Py, /P11 of compact aggregates are closer
to 1 than loose aggregates at the same coating volume fraction. The elements Py, /P11 of
BC aerosols with spherical coating model, ellipsoidal coating model, and irregular coating
model are close to each other at feoating = 0.5. When fcoating is greater than 0.5, the Py, /P1q
is different in different coating models. The Py, /P11 of the spherical coating model is the
largest, followed by the ellipsoidal coating model and the P,; /P11 of the irregular coating
model is the smallest, except for the core-shell model. In conclusion, the more irregular the
morphology of BC aerosol leads to the smaller the Py, /P1;.
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Figure 14. Mueller matrix elements P5, /P11 of BC aerosols with different coating models.
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4. Conclusions

BC aerosols with core-shell, spherical, ellipsoid, and irregular coating models are
established by the general inhomogeneous particle superposition model we developed
in this paper. The shape of the BC core, that is, different fractal dimensions or assuming
a spherical shape, the sulfate coating shape, and the coating volume fractions affect the
optical properties of BC aerosols.

The influences of coating volumes on the optical properties of BC aerosols are inves-
tigated by assuming that BC aerosols are spherical coating models. The Ceyt, Cpp5, and w
increase as the coating volume increases. The g decreases first and then increases as the coat-
ing volume increases. The forward scattering intensity first decreases and then increases
with increasing the coating volume fraction. The angular patterns of P;; with a small
coating volume fraction are smoother. When fooating < 0.9, the degree of linear polarization
—P12/P11 shows a Rayleigh bell shape and the “peak moving backward” phenomenon
also can be seen with the increase of coating volume. The features disappear and peaks
and valleys appear in the linear polarization degree when fcoating > 0.9. With the increase
of coating volume fraction, the mixing state of the BC aggregate and coating gradually
approaches the spherical shape, which results in the P,;/P1; gradually approaching 1.

The coating shape influences the optical properties of BC aerosols. The optical proper-
ties of the spherical coating model are very close to those of the ellipsoidal coating model.
So, the spherical and the ellipsoidal coating model can replace each other when studying
the optical properties of BC aerosols. Ignoring the fractal structure of BC aggregate and
assuming aggregates as spheres overestimate extinction cross-sections. The irregular shape
of the coating leads to a lower C,y;. The single-scattering albedos of the spherical and
ellipsoidal coating model are larger than the irregular coating model and lower than the
core-shell mode at a small coating volume fraction (fcoating = 0.5). However, when fcoating
is greater than 0.7, the result is the opposite. The g of the irregular coating model is the
largest at feoating = 0.3, and the smallest at feoating = 0.9. Among all the models, the
forward scattering intensity of the core-shell model is the lowest and the irregular coating
model is the highest. The influence of the coating shape on forward scattering intensity
becomes smaller as coating volume fractions and Dy increase. The peak of —P15/Pq1 of the
irregular coating model is at a smaller scattering angle than other shapes under the same
coating volume. The more irregular the morphology of BC aerosol leads to the smaller the
Py /P1y.

Besides, Dy also affects the optical properties. The compact aggregates induce a larger
extinction and absorption cross-section than loose aggregates at the same coating volume
fraction. Asymmetry factor ¢ and the forward scattering intensity of BC aerosol decrease
with the increase of Dy. The larger Dy causes the Py, /P11 close to 1 and the closer the optical
properties of the spherical and the ellipsoidal coating model are to the core-shell model.

Consequently, assuming irregular coating as spherical coating models considered in
most studies leads to inaccuracy in the optical properties of BC aerosols. It is necessary to
comprehensively consider the influences of aerosol morphology and coating volume for
studying the optical properties of BC aerosols. Establishing different BC aerosols models
based on different morphologies in nature can more accurately calculate the optical proper-
ties. The general inhomogeneous particle superposition model we developed provides a
general method to construct different geometries and materials of inhomogeneous particles.
In this paper, we assume the coating and the BC aggregate have the same center of mass,
whereas the relative position of their center of mass also affects the optical properties of BC
aerosols [23,24]. The effects of the relative distance between aggregate and coating on the
optical properties of BC aerosols can be further verified in future research.
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