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This study develops an idealized model to account for the effects of non-absorptive coating on the optical
properties of black carbon (BC) aggregates. The classic fractal aggregate is applied to represent realistic
BC particles, and the coating is assumed to be spherical. To accelerate the single-scattering simulation, BC
monomers that were overlapped with coating sphere (not those completely inside the coating) are
slightly moved to avoid overlapping. The multiple-sphere T-matrix method (MSTM) becomes applicable
to calculate the optical properties of inhomogeneous particles with any coating amount, and is generally
two orders of magnitude faster than the discrete-dipole approximation for particles we considered.
Furthermore, the simple spherical coating is found to have similar effects on the optical properties to
those based on more complicated coating structure. With the simple particle model and the efﬁcient
MSTM, it becomes possible to consider the inﬂuence of coating with much more details. The non-absorptive coating of BC aggregates can signiﬁcantly enhance BC extinction and absorption, which is
consistent with previous studies. The absorption of coated aggregates can be over two times stronger
than that of BC particles without coating. Besides the coating volume, the relative position between the
mass centers of BC aggregate and coating also plays an important role on the optical properties, and
should obviously be considered in further studies.
& 2016 Elsevier Ltd. All rights reserved.
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1. Introduction
Black carbon (BC, or soot), emitted from incomplete combustion of fossil fuel, biofuel and biomass, is one of the strongest
absorptive aerosols for solar radiation [1–4]. Once emitted into the
atmosphere, BC particles quickly become inhomogeneous during
the aging processes [5,6]. BC and its mixtures inﬂuence local and
global climate directly by strongly absorbing the solar radiation
[7,8]. Due to complex geometry and mixing structure, our understanding on BC optical properties is still limited [9], which makes
BC, especially aged BC, one of the largest uncertainties in estimating aerosol radiative forcing [10–12].
BC particles normally exist in the atmosphere as aggregates
with a large number of small spherical particles, and show really
complex overall geometries [13]. Observations indicate that,
n
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during the aging process, BC aggregates with open cluster structures may collapse and become compact [14,15]. Meanwhile, those
aggregates can mix with other aerosol components by absorption
or condensation of gaseous species, coagulation with other aerosols and oxidation [7,16], and become inhomogeneous with coatings of water, sulfate or other non-absorptive materials [17]. With
the signiﬁcant variation on particle geometry and component, the
optical properties of BC aggregates can be quite different during
the aging. Both laboratory and numerical studies show that the
absorption and scattering of BC aerosols can be greatly enhanced
after coating or hygroscopic growth [5,18,19]. The enhancement
leads to systematic errors in interpreting measurements of ambient BC concentrations [20], and brings signiﬁcant uncertainties on
estimating its radiative effects [21,22].
Numerical modeling becomes one of the most fundamental
and important methods to improve our understanding on the effects of coating on BC optical properties. For homogeneous BC
particles, the fractal aggregate is the most successful model to
represent realistic particle geometries, and is widely accepted to
estimate their optical properties [23,24]. However, due to the

444

C. Liu et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 187 (2017) 443–452

uncertainty and complexity on coated BC particles, quite different
models with both simple and complex geometries were built
[4,23–28]. The simplest models treat inhomogeneous particles as
homogeneous ones by applying the effective medium approximations [2,19,29]. The core-shell spherical model, simplest inhomogeneous model, is also widely used, because the scattering
properties can be easily given by the core-shell Mie theory
[25,30,31,32]. However, those simple geometries are signiﬁcantly
different from the realistic particles. Meanwhile, some non-spherical and inhomogeneous models are built to give a better representation on particle geometries. Liu et al. add thin water ﬁlm
independently to each monomer, and consider fractal aggregate
with core-shell monomers [30]. Dong et al. [25] and Liu et al. [29]
introduce ‘irregular’ coating to fractal aggregates, and use the
discrete dipole approximation (DDA) to calculate their optical
properties. Those models do build numerical particles quite close
to realistic ones, whereas the corresponding calculation for the
optical properties is neither simple nor efﬁcient. Thus, this study
intends to develop a model that can not only better represent real
coated BC particles but also be efﬁciently considered for light
scattering simulations.
To further improve our understanding on the optical properties
of aged BC, we build a simple model to account for the effects of
non-absorptive coating on their optical properties. The paper is
organized as follows. Section 2 introduces the model to represent
inhomogeneous BC particles, and the numerical models to calculate their optical properties are compared. The effects of coating on
BC optical properties are discussed in Section 3, and Section 4
concludes this work.

2. BC aggregates with coating and their optical properties
The geometry of homogeneous BC is normally constructed
following the well-known framework of the fractal aggregate, and
it describes BC particles using the statistical scaling rule [33]:

⎛ R g ⎞ Df
N = kf ⎜ ⎟
⎝ a⎠

(1)

where N is the number of monomers in an aggregate, and a is the
monomer radius. kf and Df are the fractal prefactor and fractal
dimension, respectively, and they indicate the overall structure of
the aggregates. Rg, the gyration radius, is deﬁned as a measure of
the aggregate overall spatial size, and it can be calculated by

Rg2 =

1
N

computational burden for the single-scattering simulation limits
the applications of those models [25,29]. To build a realistic particle model for efﬁcient optical simulation, the simplest three-dimension geometry, sphere, is “coated” to the soot fractal aggregate.
Actually, some microscopic images of aged BC particles do show
spherical coating geometry [16,25].
To form an inhomogeneous particle, we ﬁrst generate a fractal
aggregate and a spherical coating with given sizes separately.
Secondly, the coating sphere is randomly placed “in the aggregate”
with a given distance between their mass centers. It should be
noticed that the coating sphere should be enlarged to offset the
volume occupied by the monomers inside and to reach the required coating volume. Last, the BC monomers that are completely
inside or outside of the coating sphere are kept, whereas those
that are partially inside and partially outside (overlapping) are
slightly moved to the outside of the coating sphere. Therefore, we
can generate such an inhomogeneous BC particle with only
spherical elements but without overlapping ones, and both aggregate and coating sizes can be arbitrary. The size of BC aggregate,
i.e. N, and the volume fraction of the BC aggregate or coating to the
inhomogeneous particle, i.e. fBC or fcoating, are used to specify
particle overall ‘size’. fcoating is given by:

fcoating = 1 − fBC =

Vcoating
Vcoating + VBC

(3)

where VBC and Vcoating are the volume of the BC aggregate and
coating, respectively.
The 2D images in Fig. 1 show the typical examples of monomer
movements to avoid overlapped spheres. The gray and blue
spheres represent BC monomers and coating, respectively, and the
red spheres indicate the moved monomers. The left and middle
panels show 2D particles before and after the move. The top row is
for an aggregate with relatively lacy structure (e.g., Df ¼1.8), and,
with enough space outside the coating sphere, we can simply
move the overlapped monomers to the outside and to be attached
with the coating sphere. For aggregates with compact structure
(e.g., Df ¼2.8), the outside of the coating sphere is mostly occupied
by other monomers, and we may move the monomers outward
until all overlapping avoided. This is illustrated by the 2D images
in the bottom row of Fig. 1. Considering the small monomer size
(radius of 15 nm in this study), the distance moved to avoid
overlapping is small compared with the wavelength we consider
(i.e., 550 nm). The inﬂuence of such movement on optical

N

∑ ( ri − ro )2
i=1

(2)

where ri is the position vector of the ith monomer center, and r0
indicates the position vector of the aggregate mass center. As Df or
kf increases, the aggregate tends to be more compact. For example,
aggregates with Df close 1 correspond to those with a lacy chainlike structure, and compact aggregates have Df almost 3. We keep
using the fractal aggregates to deﬁne homogeneous BC particles.
This study ﬁxes the values of kf and a to be 1.2 and 15 nm, respectively, which are both typical observed values [33]. To represent fresh (lacy/open clusters) and aged (compact particles) BC
aggregates, we consider two Df values of 1.8 and 2.8 for comparison [16,26]. A tunable particle-cluster aggregation algorithm is
used to generate aggregates with given geometric parameters (N,
a, Df, and kf) [27,34–36].
The geometries of fractal aggregates are widely applied,
whereas models for coated ones are still under discussion. Some
models oversimplify particle geometries for the sake of computational convenience [30,35,36]. Meanwhile, some complex geometries are developed to represent realistic particles, whereas the

Fig. 1. Procedures to generate a fractal aggregate with a spherical coating and no
overlapping monomers, and two examples of coated BC aggregates (100 monomers) with fractal dimension of 1.8 and 2.8. Gray and blue spheres represent BC
and coating, respectively, and the red ones are the moved monomers. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to
the web version of this article.)
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properties will be discussed. The right panels of Fig. 1 show two
examples of ﬁnal coated BC aggregates. The fractal aggregates both
compose 100 monomers, and have Df of 1.8 (top) and 2.8 (bottom).
The coating size is determined to make coating volume fraction
fcoating to be 0.5. The numerical particles show quite similar geometries to those realistic coated BC [16]. It should be noted that
similar models with spherical host and BC inclusions or attached
BC (i.e. inside or outside host spheres) were also investigated by
[23,35,37,38], and various important conclusions were drew from
different aspects. This work generalizes the model to provide a
more systematic investigation, and focuses on the effects of coating on BC optical properties.
By using a spherical coating and avoiding overlapped spheres,
this study takes the advantage of the multiple-sphere T-matrix
method (MSTM), which is one of the most efﬁcient and accurate
model to calculate the optical properties of a cluster of spheres
without overlapping [39,40]. To demonstrate the efﬁciency of the
MSTM, we brieﬂy compare the MSTM and DDA methods for light
scattering of coated BC particles. The MSTM employs the addition
theorem of vector spherical wave functions to account for mutual
interactions among the system, and the T-matrix of multiple
spheres can be obtained from those of individual spheres [39]. All
information required for particle optical properties can be derived
from its T-matrix. Different from most other numerically exact
models, the MSTM calculates the optical properties of randomly
oriented particles analytically without numerical averaging over
particle orientations, and the scatterer is deﬁned accurately by the
positions and sizes of the spherical elements. The popular and
robust MSTM code that is widely applied to obtain the optical
properties of fractal aggregates will be used in this study
[27,38,40–42]. Meanwhile, the DDA is a powerful method to calculate scattering and absorption of electromagnetic waves by arbitrarily shaped particles. For the DDA, the particle is discretized
into small cubical sub-volumes (namely dipoles), and the interactions of dipoles are approximated based on the integral equation
for the electric ﬁeld. To account for the optical properties of randomly oriented particles, the DDA has to be applied multiple times
for averaging over different particle orientations, whereas only one
simulation is needed for the MSTM. The Amsterdam-DDA is used
in this study [43–45]. Both the MSTM and DDA implementations
are parallelized, and can be carried out on multiple processors.
This study considers an incident wavelength of 550 nm. The BC
refractive index of 1.73þ0.59i is used following [46,47]. The coating
is assumed to be non-absorptive material with a refractive index of
1.43þ 0i, and the value is close to that of sulfate and other inorganic
aerosols [25]. To avoid the inﬂuence of random aggregation geometry and monomer movement, results for each case with given
parameters are averaged over those from ﬁve different particle
realizations. The results discussed in this study can be generally
understood as the inﬂuence of non-absorptive coating on BC optical
properties. We will discuss both the integral scattering properties
(including the extinction cross section Cext, absorption cross section
Cabs, single-scattering albedo SSA, and asymmetry factor g) and the
angular-dependent scattering matrix P.
Table 1 compares the efﬁciency of the MSTM and DDA for light
scattering simulation of homogeneous and coated aggregates.
Because the computational times used by both methods are highly
sensitive to particle size and geometry, only four extreme cases are
discussed, i.e., lacy and compact aggregates (Df ¼ 1.8 and 2.8)
without coating or with a large spherical coating. The computational times of the four cases used by the MSTM and DDA method
as well as their geometries are given in the table. Both methods
are carried out using a single node with 24 64-bit 2.5 GHz processors. Aggregates with 200 monomers are considered, and the
coating volume fraction is fcoating ¼0.99 for the coated cases. For
the DDA simulations, particles are discretized by grids with 80
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Table 1
Computational time (in seconds) of the MSTM and DDA method for BC aggregates
with and without coating sphere.
Df

Method

1.8

Geometry

MSTM
DDA

2.8

fcoating ¼0.0

fcoating ¼ 0.99

16.35
179.63

5.18
243.35

8.16
3.77

6.10
226.23

Geometry

MSTM
DDA

dipoles per wavelength, and such a ﬁne resolution is used to
capture the small monomer geometry (e.g., each monomer is represented by approximately 40 dipoles). At Df ¼1.8, the MSTM is
more than 10 times faster than the DDA. As the homogeneous
aggregate becomes compact, both the MSTM and DDA can be done
in a few seconds. With a heavy coating added (fcoating ¼0.99), the
MSTM becomes even more efﬁcient, whereas the DDA takes over
two hundred seconds to ﬁnish the simulation, which is over 30
times slower than the MSTM. The advantage of the MSTM will be
more signiﬁcant as the aggregate or coating size increases. Table 1
generally shows the relative efﬁciencies of the two models for
light scattering simulations of this study, and, with the MSTM almost two orders of magnitude faster than the DDA, it becomes
convenient to study the inﬂuence of non-absorptive coating in
much more details.
It should be noticed that the MSTM results can be understood
as the numerically exact solution for clusters of spheres. However,
the DDA may introduce errors due to deﬁnition of particle geometry and average over particle orientations, and its accuracy on
inhomogeneous particles is also limited [48]. To show the accuracy
of the two models, Table 2 compares the optical properties of
coated aggregates with 200 monomers and a coating volume
fraction of 0.5. The values in the parentheses are the relative differences of the DDA results (both DDA I and DDA II) compared to
the MSTM results. The DDA I considers coated aggregates without
overlapping, which is exactly the same particle modeled by the
MSTM, and, thus, the comparison between the MSTM and DDA I
indicates the relative errors given by the DDA model. The errors
are under 4%, and becomes even smaller for compact aggregates.
The errors here have similar magnitude to those of the DDA for
core-shell spheres given by Liu et al. [48]. As discussed above, this
study moves some of the aggregate monomers slightly to avoid
overlapping, and the inﬂuence of such movement is demonstrated
in Table 2. For the DDA II, we consider aggregates with coating
added but without moving overlapped monomers, and, thus, the
comparison between the DDA I and DDA II can indicate the inﬂuence of the movement on BC optical properties. Most integral
scattering properties of the DDA I and DDA II are close to each
other. The small relative differences introduced by moving some
monomers to the outside of coating can deﬁnitely be ignored,
because similar errors may be introduced by the single-scattering
simulations or by the signiﬁcant uncertainties on BC geometries.
Furthermore, the differences in the scattering matrix elements are
even smaller, and we are not shown here. This study mainly takes
the advantage of the efﬁciency provided by the MSTM, whereas its
higher accuracy compared to the DDA is not really critical due to
the uncertainty on the geometry of BC coating. More detailed
comparison between the two models can be found in [42].
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Table 2
Integral optical properties of coated BC aggregates given by the MSTM and DDA. The aggregate has 200 monomers, and the coating volume fraction is 0.5.
Model

MSTM
DDA Ia
DDA IIb

Df ¼ 1.8

Df ¼ 2.8

Cext (  10-2μm2)

Cabs (  10-2μm2)

SSA

g

Cext (  10-2μm2)

Cabs (  10-2μm2)

SSA

g

3.8
3.9(2.6%)
4.0(5.3%)

2.8
2.9(3.4%)
2.9(3.4%)

0.26
0.26(0%)
0.27(3.9%)

0.46
0.45(-2.2%)
0.45(-2.2%)

5.1
5.2(2.0%)
5.3(3.9%)

3.1
3.2(3.2%)
3.3(6.5%)

0.39
0.39(0%)
0.38(-2.6%)

0.41
0.41(0%)
0.39(-4.8%)

a

The geometry deﬁned by the DDA is the aggregate with spherical coating added, and the overlapping between the aggregate monomers and coating is removed.
The geometry deﬁned by the DDA is the aggregate with spherical coating added, whereas the overlapping between the aggregate monomers and coating is not
removed.
b

In conclusion, the inhomogeneous BC model is deﬁned based
on the fractal aggregate and spherical coating, and quite realistic
geometries are generated with great ﬂexibility. With overlapped
monomers avoided, the MSTM model is used to calculate the
single-scattering properties, and the efﬁciency of the MSTM makes
it possible to study the inﬂuence of coating on BC optical properties with more details.

3. Inﬂuence of non-absorptive coating on BC optical properties
This study focuses on the inﬂuence of non-absorptive coating
on BC optical properties, and, thus, the properties of the coating
are our interest. With coating geometry ﬁxed, we will consider the
other two factors: coating volume and relative position between
the aggregate and coating.
To show the inﬂuence of coating volume, we consider particles
with a ﬁxed aggregate size, and increase coating amount. Starting
from homogeneous aggregates with 200 monomers, Fig. 2 illustrates the geometries of coated BC with different coating fraction
fcoating. The fractal dimensions of the aggregates are 1.8 and 2.8,
and the coating fraction fcoating are 0.5, 0.75 and 0.99. The relative
distance between the centers of aggregate and coating is set to be
0. The gray spheres in the ﬁgure are BC monomers, and the
transparent blue one is the coating. As the coating volume increases, the particle overall geometry becomes a sphere with BC
aggregate inside. When fcoating reaches 0.9, the compact aggregate
with a Df of 2.8 can be completely included in the coating sphere.
However, for the lacy aggregate with Df ¼1.8, the coating fraction
has to be increased to almost 0.99 to contain all BC monomers, and
the corresponding radius of the coating sphere is over 25 times
larger than that of a BC monomer.
Fig. 3 illustrates the optical properties of coated BC as a function of the coating volume added to the BC aggregates. The coating
volume is given in unit of the original aggregate volume, and the
largest coating volume in the ﬁgure (99 times of the corresponding aggregate volume) gives a coating fraction of 0.99. It is expected that, as the coating volume increases, Cext becomes much
stronger. With fcoating reaching 0.99, the projected area becomes
approximately 7 times larger than that of the original BC aggregates, whereas the extinction cross sections become almost 70
times larger from 0.03 μm2 to over 2 μm2. Although the volume of
the absorptive material (i.e. BC) is ﬁxed, the absorption of the
coated particles also shows a clear increase. For the lacy aggregates, the absorption cross section keeps increasing even if the
coating fraction increases to 0.99, whereas, for compact aggregates, the absorption stops increasing after the coating volume
reaching to approximately 20 times of aggregate volume. The
absorption can reach a maximum of over 2 times that of the
homogeneous aggregates with 200 monomers. For aggregates
with different geometries, the compact aggregates are more absorptive without coating or with thin coating, and the lacy ones
absorb more with heavy coating. With non-absorptive coating

Fig. 2. Some examples of coated fractal aggregates with 200 monomers. The coating
fractions from left to right are 0.5, 0.75, and 0.99.

considered, aggregates show a much stronger scattering enhancement than absorption, and, thus, the SSA increases from
approximately 0.2 to 0.8 as fcoating increases to 0.9. The asymmetry
factor g increases from 0.4 to almost 0.8 for heavily coated particles, mainly due to the increase of particle volume. It should be
noticed that, for the extreme cases with coating fraction close to 1,
the optical properties are close to that of the non-absorptive
sphere, and the BC mainly affects the absorption. We also ﬁnd that
the inﬂuence of our spherical coating on BC optical properties have
similar magnitude to those with more complex coating structures
[25,29], and the details will not be given here.
The inﬂuence of coating on the scattering matrix of BC aggregates was seldom discussed. Fig. 4 shows the normalized phase
function and other non-zero matrix elements of coated aggregates
with a fractal dimension of 1.8 and coating fractions of 0, 0.5, 0.75,
0.9 and 0.99. The phase functions are the most sensitive element
to the amount of coating. When the coating volume is comparable
to that of the BC aggregate, e.g., fcoating o0.75, the forward scattering decreases as the coating fraction increases. This is because
the forward peak of a small coating sphere is weaker than that of
the lacy aggregate, and the phase function of the coated aggregate
can be understood as ‘an average’ of those of the two (i.e., coating
sphere and aggregate). When the coating becomes dominant, the
forward peak increases as the coating fraction increases, and the
phase function of heavily coated BC is close to that of the samesized homogeneous coating sphere, which is illustrated in Fig. 4
(labeled as fcoating ¼1). The other scattering matrix elements of
homogeneous BC aggregates show clear features of Rayleigh
scattering (e.g. P22/P11 ¼1, P34 ¼0), whereas the features disappear
as the coating fraction becomes larger than 0.75. Thus, the polarization properties of the BC particles can be a potential characteristic to understand their coating and mixing state.
Fig. 5 is the same as Fig. 4 but for aggregates with a fractal
dimension of 2.8, and the results are similar to those of aggregates
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Fig. 3. Extinction cross section (Cext), absorption cross section (Cabs), single scattering albedo (SSA) and asymmetry factor (g) of BC aggregates with 200 monomers as
functions of coating volume fraction.
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Fig. 4. Scattering matrix elements of BC aggregates with 200 monomers. The fractal dimension of the aggregates is 1.8, and the coating fractions of 0, 0.5, 0.9, 0.99 and 1.0 are
considered.
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Fig. 5. Same as Fig. 4 but for aggregates with a fractal dimension of 2.8.

with Df ¼1.8. Unlike the lacy aggregates, the forward peak for
compact aggregates shown in Fig. 5 increases with the increase of
coating fraction, when the coating fraction becomes larger than
0.5. Because the forward peaks in phase functions of a compact
aggregate and a similar-sized sphere are similar, their average
becomes larger if the sphere increases.
The simulations discussed above assume the centers of the
non-absorptive coating and fractal aggregate to coincide, whereas
this does not always stand for realistic particles. The relative position of mass centers of the fractal aggregate and coating can be
arbitrary, which would be certainly true for realistic particles.
Fig. 6 shows some examples of coated aggregates with 200
monomers and a coating fraction of fcoating ¼ 0.5, but particles with
different relative distances are illustrated. We deﬁne distance between the mass centers of a fractal aggregate and a coating sphere
as d, which is a variable to generate inhomogeneous particles. For
the lacy aggregate in the top row, the distance d can be as large as

480 nm to keep the aggregate and sphere connected (right). When
d reaches 240 nm, the compact aggregate and coating become
separated. With different volume fractions, the maximum distances to keep the two materials connected are also different.
The integral scattering properties of coated aggregates are
shown in Fig. 7 as functions of coating position d. Both lacy and
compact aggregates with 200 monomers are considered, and the
three columns correspond to particles with coating fractions of
0.5, 0.75 and 0.99. As mentioned above, we move the coating
sphere from the aggregate center until it becomes untouchable
with the aggregates, and the x-axis is for the relative distance
between the centers of aggregate and coating sphere, i.e. d. It is
evident that the integral optical properties are very sensitive to the
coating position. When the coating volume is similar to that of
aggregate (left and middle panels), the extinction and absorption
both decreases as d increases, and the decrease is more signiﬁcant
for compact aggregates. If the coating becomes much heavier

Fig. 6. Some examples of coated aggregates (200 monomers) with different distances between the aggregate and coating sphere.
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Fig. 7. Extinction cross section (Cext), absorption cross section (Cabs), single scattering albedo (SSA) and asymmetry factor (g) of BC aggregate with 200 monomers and
different coating positions.

(fcoating ¼0.99), the extinction may increase as two elements (i.e.,
coating and aggregate) depart, whereas the decrease on the absorption becomes more signiﬁcant. For coated aggregates with
fcoating ¼ 0.99, the absorption decreases over 50% as the centers of
the aggregate and coating departs, because the aggregate that is
originally inside the coating sphere is moved to the outside. With
the changes on the extinction and absorption discussed, the inﬂuence on the SSA can be easily understood. For fcoating ¼0.5, the
SSA decreases as d becomes larger, whereas a slow increasing
trend shows for particles with large fcoating. The inﬂuence on the
asymmetry factor g seems more complicated, and this may be
because of the signiﬁcant changes on particle geometries at different d.
Fig. 8 compares the scattering matrix elements of coated aggregates with different relative coating positions. The results include those for coated aggregates with two coating fractions
(fcoating ¼0.5 and 0.99) and three relative coating positions. For the
three different relative positions, the coating spheres are located at
the center, gyration radius and edge of the aggregates. It is evident
that the phase function shows slight sensitivity to the relative
positions between the coating and aggregate when the coating
fraction is small. When the coating volume becomes much larger
than that of the aggregate, the inﬂuence of position on the phase
function can be ignored. Meanwhile, there is little difference on
the other scattering matrix elements for coated aggregate with
different coating positions.
Atmospheric applications interest in the bulk optical properties
averaged over certain particle size distributions and this study

consider an ensemble of aggregates with different sizes but the
same coating fraction. The equivalent volume spheres of BC aggregates are assumed to follow a lognormal size distribution in the
form of:

n (r ) =

2⎤
⎡ ⎛
ln (r ) − ln (rg ) ⎞ ⎥
1
⎟⎟ ,
exp ⎢ −⎜⎜
⎢⎣ ⎝
2π r ln (σg )
2 ln (σg ) ⎠ ⎥⎦

where rg and sg are the geometric mean radius and geometric
standard deviation, respectively [20,43]. r is the radius of a sphere
with the same volume as that of a fractal aggregate (i.e. equivalent
volume sphere). We consider the size distribution of aggregates
without coating with rg of 0.06μm and sg of 1.5 [22,44], and aggregates with monomer sizes from N ¼ 25 to 1000 in steps of 25
are considered for the averaging. The formulas for the bulk property simulations can be found in [47]. To calculate the bulk properties, the coating fraction is ﬁxed for each aggregate.
Table 3 compares the bulk optical properties of BC aggregates
under different coating conditions, and results with coating fractions of 0, 0.5, 0.75, 0.9 and 0.99 are given. The distance between
the aggregate and coating is 0. The results for bulk optical properties are similar to those of the single-sized aggregate as shown
in Fig. 3 but with different magnitudes. The enhancement on the
extinction is caused by the increase in particle volume, and is
mainly contributed by the increase of scattering. The inﬂuence of
coating on the absorption is quite sensitive to aggregate geometry.
For the aggregates with Df ¼1.8, the enhancement on absorption is
weak when the coating fraction is small. This can be explained by
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Fig. 8. Scattering matrix elements of BC aggregate with 200 monomers and non-absorptive coating, and the coating is located at the center, gyration radius and edge of the
aggregate.

Table 3
Bulk optical properties of coated BC aggregates.
Df ¼ 1.8
fcoating
-2

2

Cext(  10 μm )
Cabs(  10-2μm2)
SSA
g

Df ¼ 2.8

0.00

0.50

0.75

0.90

0.99

0.00

0.50

0.75

0.90

0.99

1.7
1.5
0.12
0.54

2.1
1.5
0.30
0.55

3.8
1.6
0.58
0.62

11
1.8
0.83
0.70

98
3.5
0.96
0.76

2.0
1.5
0.25
0.50

2.7
1.6
0.41
0.54

4.8
2.4
0.51
0.58

11
2.8
0.74
0.67

98
3.5
0.96
0.75

the different trends of the two lines in the upper right panel of
Fig. 3. The bulk absorption cross sections can be over two times
larger as the coating fraction close to 1. For coated BC aggregates,
when the volume fraction of the non-absorptive coating reaches to
approximately 0.75, the scattering and absorption becomes comparable, i.e. SSA close to 0.5. The asymmetry factor also increases
from 0.5 to over 0.75 for both lacy and compact aggregates.
The corresponding bulk scattering matrix elements of coated
BC with different coating fractions are shown in Fig. 9, and the
results are for aggregates with a fractal dimension of 1.8. The volume fractions of the coating used are the same as those for Fig. 4.
As expected, the inﬂuence of the non-absorptive coating on the
phase functions is similar to that for a single-sized particle (see
Fig. 4). When the volume fraction of coating is small, the forward
peak of the phase function decreases as the coating increases.
After the coating fraction fcoating becoming larger than 0.9, the
forward peak becomes much stronger. For the other non-zero
scattering matrix elements, the feature of the Rayleigh scattering
becomes weak as the coating volume fraction becomes larger than
approximately 0.75. Compared to the results shown in Fig. 4, the
oscillations in the scattering matrix elements of Fig. 9 for particles
with large coating spheres are smoothed out by the averaging over

particle size distribution. The results for aggregates with compact
structures are similar, and will not be given here.

4. Conclusion
This study develops a simple inhomogeneous model to study
the optical properties of coated BC aggregates, and reveal the inﬂuence of non-absorptive coating on BC optical properties. With
all geometric elements deﬁned using spheres and overlapping
avoided, it becomes possible to use the MSTM to calculate the
optical properties of coated BC aggregate, and the MSTM is approximately two orders of magnitude faster than the DDA for
particles we consider. Furthermore, the spherical coating shows
similar inﬂuence on BC optical properties to those with highly
complex coating structures. Our results show that the absorption
of BC aggregates becomes over two times stronger if they are
heavily coated by non-absorptive materials, and the coating also
signiﬁcantly affect the scattering matrix elements. When the
coating fraction becomes larger than 0.75, the Rayleigh features of
the BC aggregates disappear. We ﬁnd that the relative position
between the coating and aggregates is also a key factor to
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Fig. 9. Same as Fig. 4 but for an ensemble of coated aggregates with a given size distribution.

determine the optical properties of coated aggregates. With the
signiﬁcant inﬂuence on BC optical properties, it becomes urgent to
consider the coating for BC measurements and radiative simulations. The efﬁcient model developed in this study can play an
important role for further applications as a large amount of simulations are needed.
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