
Journal of Quantitative Spectroscopy & Radiative Transfer 162 (2015) 89–94
Contents lists available at ScienceDirect

Journal of Quantitative Spectroscopy &
Electrom
Superpo
Heterog

absorp
pende

http://d
0022-40

n Corr
E-m
Radiative Transfer

journal homepage: www.elsevier.com/locate/jqsrt
Note

Scattering properties of heterogeneous mineral particles
with absorbing inclusions

Janna M. Dlugach a, Michael I. Mishchenko b,n
a Main Astronomical Observatory of the National Academy of Sciences of Ukraine, 27 Zabolotny Str., 03680 Kyiv, Ukraine
b NASA Goddard Institute for Space Studies, 2880 Broadway, New York, NY 10025, USA
a r t i c l e i n f o

Article history:
Received 23 December 2014
Received in revised form
20 January 2015
Accepted 22 January 2015
Available online 2 February 2015

Keywords:
Maxwell equations
agnetic scattering
sition T-matrix method
eneous particles

tion characteristics of an external m
ntly scattering” mineral hosts and

x.doi.org/10.1016/j.jqsrt.2015.01.012
73/Published by Elsevier Ltd.

esponding author. Fax: þ1 212 678 5222.
ail address: michael.i.mishchenko@nasa.gov
a b s t r a c t

We analyze the results of numerically exact computer modeling of scattering and
absorption properties of randomly oriented polydisperse heterogeneous particles
obtained by placing microscopic absorbing grains randomly on the surfaces of much
larger spherical mineral hosts or by imbedding them randomly inside the hosts. These
computations are paralleled by those for heterogeneous particles obtained by fully
encapsulating fractal-like absorbing clusters in the mineral hosts. All computations are
performed using the superposition T-matrix method. In the case of randomly distributed
inclusions, the results are compared with the outcome of Lorenz–Mie computations for an
external mixture of the mineral hosts and absorbing grains. We conclude that internal
aggregation can affect strongly both the integral radiometric and differential scattering
characteristics of the heterogeneous particle mixtures.
Published by Elsevier Ltd.
1. Introduction

Mineral particles are abundant in various natural and
artificial environments and are often characterized using
non-invasive optical techniques (see, e.g., Refs. [1–4] and
references therein). Therefore, accurate numerical model-
ing of their scattering and absorption properties (such as
the optical cross sections, single-scattering albedo, and
scattering matrix) can be important in various fields of
science and engineering. Quite often mineral particles
have attached or imbedded absorbing impurities, which
can make the calculation of their scattering and absorption
properties rather involved. Whether the scattering and
ixture of “inde-
absorbing con-

(M.I. Mishchenko).
taminants change upon aggregation depends on the
strength of the resulting electromagnetic interaction
between the mineral and absorbing components, which
are now in direct physical contact instead of being widely
separated. This interaction and the accompanying optical
effects are still poorly studied and so warrant a special
analysis.

Previously, in Ref. [5], we discussed potential effects
caused by the adherence of small strongly absorbing grains
to the surfaces of larger mineral hosts (so-called semi-
external mixing [6]), as opposed to the scenario when the
hosts and the grains are all widely separated (i.e., exter-
nally mixed [6]), and these effects were shown to be quite
substantial. In this Note, we consider the case of internal
mixing [6], wherein the absorbing grains are imbedded
randomly in a larger silicate host, and compare the traits of
light scattering characteristics of such heterogeneous par-
ticles with those studied in Ref. [5]. Also, we analyze the
results of computations performed for a compound parti-

cle obtained by arranging the absorbing inclusions into a
fractal-like cluster fully imbedded in a silicate host.
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2. Modeling methodology

We consider three models of compound particles, each
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cons
whic
(iii)

colu
plan
isting of a relatively large spherical mineral host
h:
(i)
 is dusted by identical, small, non-overlapping, absorb-
ing spherical grains (Model A);
(ii)
 is randomly filled with identical, small, non-overlap-
ping, absorbing spherical grains (Model B); or
encapsulates a fractal-like cluster composed of

identical, small, touching, absorbing spherical grains

(Model C).

The attraction of these models consisting of only spherical
components is that they allow one to isolate unequivocally
the scattering effects of the host shape from the effects of
the host being mixed with grains of another size and
refractive index. In order to generate such scattering
targets, we use random-number subroutines that create
fixed quasi-random and quasi-uniform configurations of
small grains while ensuring that the grains do not overlap
and lie on the surface of the host or are imbedded inside
the host without crossing its boundary. Fig. 1 illustrates
these models of compound particles.

It is assumed that a small polydisperse group of such
heterogeneous particles is illuminated by a parallel quasi-
monochromatic beam of light and that the observation
point is located sufficiently far from the group (e.g.,
Chapter 14 of Ref. [7]). It is also assumed that all scattering
and absorption characteristics are averaged over the uni-
form orientation distribution of the resulting host–grains
configurations with respect to the laboratory reference
frame. The transformation of the Stokes parameters I, Q, U,
and V caused by electromagnetic scattering by the poly-
disperse group of compound particles is then written in
terms of the normalized Stokes scattering matrix [7,8]:

Isca

Q sca

Usca

Vsca

2
6664

3
7775p

a1ðθÞ b1ðθÞ 0 0
b1ðθÞ a2ðθÞ 0 0
0 0 a3ðθÞ b2ðθÞ
0 0 �b2ðθÞ a4ðθÞ

2
66664

3
77775

Iinc

Q inc

Uinc

V inc

2
66664

3
77775; ð1Þ

where θA ½01; 1801� is the angle between the incidence
(“inc”) and scattering (“sca”) directions, while both Stokes
mn vectors are defined with respect to the scattering
e. In our notation, the zeros denote the scattering

Fig. 1. Three models of
matrix elements negligibly small (in the absolute-value
sense) relative to the nonzero elements at the same
scattering angles. The (1,1) element, a1(θ), is called the
phase function and satisfies the integral normalization
condition

1
2

Z π

0
a1ðθÞ sin θ dθ¼ 1: ð2Þ

The elements of the scattering matrix (1) can be used to
identify specific optical observables corresponding to dif-
ferent types of polarization state of the incident radiation.
For example, if the incident beam is unpolarized then the
phase function characterizes the angular distribution of
the scattered intensity, while the ratio –b1/a1 gives the
degree of linear polarization of the scattered light. In the
case of linearly polarized incident light, the ratio a2/a1 can
serve as an indicator of nonsphericity of the scattering
particles (e.g., [7,8]).

The specific morphologies of the three models of com-
pound aerosols allow us to compute all their scattering and
absorption characteristics using the highly efficient and
numerically exact superposition T-matrix method [9,10]
implemented in the form of the public-domain parallelized
FORTRAN program MSTM Version 3.0 [11]. To eliminate
oscillations typical of monodisperse particles [7,8], we
average all scattering and absorption characteristics over a
standard power-law size distribution

nðRÞ ¼ constant� R�3; R1rRrR2;

0; otherwise:

(
ð3Þ

Another benefit of size averaging is that it yields a better
quantitative representation of polydisperse particle ensem-
bles typically encountered in natural and artificial
environments.

3. Numerical modeling and discussion

3.1. Mixtures of host particles with randomly distributed
small grains

In order to identify distinct optical effects of absorbing
grains randomly imbedded in mineral hosts, all computa-
tions were performed for the same parameter values as in
Ref. [5]. Specifically, the ratio of the radius of a mineral
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host to that of small absorbing grains was kept constant
at R/r� 10. The numerical size averaging according to

compound particles.
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Eq. (3) was based on the Gauss–Legendre integration
quadrature formula with 100 nodes in the range
0.661 μmrRr1.439 μm, corresponding to an effective
radius of the mineral hosts Reff¼1 μm, the effective radius
of the absorbing grains reff¼0.1 μm, and the effective
variance of the size distribution veff¼0.05. The refractive
indices of the mineral hosts and absorbing grains were
adopted to be 1.55þ i0.0003 and 1.75þ i0.435, respectively,
while the wavelength λ was fixed at 0.6283 μm. Here, we
discuss the results of computations performed assuming
that the number of absorbing grains per mineral host is
Ng¼49 or 149.

Table 1 lists the resulting ensemble-averaged integral
radiometric characteristics, viz., the extinction, Cext, scatter-
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ing, Csca, and absorption, Cabs, cross sections as well as the
single-scattering albedo ϖ and the asymmetry parameter g.

Table 1
Polydisperse mineral hosts with randomly distributed absorbing grains.
Ensemble-averaged extinction, scattering, and absorption cross sections
(in μm2) per compound particle “hostþNg grains”, single-scattering
albedo ϖ, and asymmetry parameter g.

Ng Cext Csca Cabs ϖ g

0 (pure host) 6.314 6.265 0.049 0.9923 0.668
49ind 8.279 6.924 1.355 0.836 0.635
149ind 12.291 8.268 4.023 0.673 0.585
49A 6.925 5.678 1.247 0.820 0.730
149A 7.832 5.161 2.671 0.659 0.819
49B 6.596 4.599 1.997 0.697 0.773
149B 7.168 3.845 3.323 0.536 0.878
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Fig. 2. Elements of the normalized Stokes scattering matrix for uncontaminated
with Ng¼149 absorbing grains. (For interpretation of the references to color in
The subscripts in the left-most column specify the distribu-
tion of Ng absorbing grains relative to the mineral host: the
subscript “ind” denotes a uniform external mixture of the
mineral hosts and absorbing grains resulting in “indepen-
dently scattering” components; the subscript “A” applies to
the case of absorbing grains randomly covering the surfaces
of the mineral hosts, i.e., Model A; and the subscript “B”
denotes the case of encapsulated, randomly distributed
absorbing grains, i.e., Model B. The data in the first five rows
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ne can see that:

The presence and increasing number Ng of absorbing
grains always increases the extinction and absorption
cross sections; the increase in the extinction cross
sections is slower in the case of Model B, while the

slowest increase in the absorption cross section is
observed for Model A.
The presence and increasing number Ng of absorbing
grains always decreases the single-scattering albedo
ϖ. This can be explained by the suppression of the
contribution of the weakly absorbing mineral hosts to

the total scattered light, the suppression being more
pronounced for Model B.
The asymmetry parameter g in the external-mixture
case decreases with increasing Ng because the asym-
metry parameter of the small absorbing grains is much
smaller than that of the large mineral hosts. In the case
of Models A and B, increasing Ng causes the resulting
phase function to be increasingly controlled by the

forward-scattering diffraction peak and thereby to
become progressively anisotropic.
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Fig. 2 visualizes the dependence of all non-zero ele-
bottom panels show a strong dependence on Ng of the ratios
ments of the normalized Stokes scattering matrix (1) on
the type of compound aerosol. Here, for the case of
Ng¼149, we depict the results of computations performed
for the external mixture of mineral particles and absorbing
grains (green curves), mineral hosts coated by absorbing
grains (blue curves), and mineral hosts with encapsulated
absorbing grains (pink curves). For comparison, we also
plot the data corresponding to uncontaminated mineral
particles (red curves).

The upper left-hand panel demonstrates a strong effect
of aggregation on the phase function, especially in the case
of encapsulated absorbing grains. The phase functions
show order-of-magnitude differences at backscattering
angles and pronounced differences at side-scattering
angles. Interestingly, however, at the exact backscattering
direction the phase-function values for Models A and B are
essentially the same.

The upper middle panel also illustrates a potentially
strong effect of the type of particle heterogeneity on the
degree of linear polarization. In particular, the polarization
becomes more neutral at side-scattering angles when
absorbing grains cover the surfaces of mineral hosts,
whereas it is substantially positive in the external-mixing
case as well as in the case of encapsulated absorbing
grains. At backscattering angles, a deep negative minimum
occurs for all particle types except for Model B.

The ratio a2/a1 (see the upper right-hand panel) is
identically equal to 100% for uncontaminated mineral
hosts and for the external mixture of mineral hosts and
absorbing grains, but deviates from 100% for Models A and
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B, thereby revealing the most symptomatic trait of com-
pound particles lacking perfect spherical symmetry. The
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Fig. 3. As in Fig. 2, but for composite particles
presence of encapsulated absorbing grains results in a
somewhat smaller deviation from 100% compared to the
case of absorbing grains covering the surfaces of the
mineral hosts. This may qualitatively be explained by the
stronger effect of the spherical surface of the mineral hosts
in the case of Model B.

The data depicted in the bottom panels also reveal
noticeable effects caused by different types of aggregation
on the ratios a3/a1, a4/a1, and b2/a1, especially in the case
of Model B.

Fig. 3 demonstrates the effects of increasing the number
of absorbing grains on the behavior of the elements of the
Stokes scattering matrix for compound particles. It shows the
numerical results for Ng¼49 and 149 absorbing grains
covering the surfaces of or being randomly imbedded inside
mineral hosts. It is seen that for both types of aggregation the
phase function a1 and the degree of linear polarization �b1/
a1 change significantly with Ng and that for Model B this
effect is much more pronounced. However, the curves in the
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a3/a1, a4/a1, and b2/a1 only for Model B.

3.2. Absorbing fractal clusters imbedded in spherical mineral
hosts

It is well known that tropospheric soot aerosols often
exist in the form of clusters consisting of large numbers of
monomers. Extensive analyses of scattering properties of
such particles based on the results of numerically exact
solutions of the Maxwell equations have been performed

in, e.g., Refs. [12–16] (see also the reference list in
Ref. [17]). In particular, the case when a larger dust particle
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touches a soot cluster was studied in Ref. [13], while
Ref. [16] described an analysis of optical properties of
compound particles consisting of an internal mixture of
cloud water droplets with black-carbon fractal clusters. A
thorough analysis of the optical properties of heteroge-
neous aerosols composed of soot clusters imbedded in
sulfate particles was performed in Ref. [15]. To parallel the
analyses in Refs. [15,16], we consider polydisperse hetero-
geneous particles obtained by imbedding an absorbing
fractal cluster inside a spherical mineral host.

We assume that the absorbing fractal cluster is com-
posed of identical spherical monomers and parameterize
its morphology by the standard statistical-scaling law [18]

Ns ¼ k0
Rg

r

� �Df

; ð4Þ
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where r is the monomer radius, 1rDfr3 is the fractal
dimension, k0 is the fractal prefactor, Ns is the number of

Table 2
Polydisperse mineral hosts with encapsulated fractal clusters of absorb-
ing grains. Ensemble-averaged extinction, scattering, and absorption
cross sections (in μm2) per compound particle “hostþcluster”, single-
scattering albedo ϖ, and asymmetry parameter g.

Model Cext Csca Cabs ϖ g

1 0.933 0.931 0.002 0.9987 0.706
2 0.891 0.783 0.108 0.878 0.697
3 2.379 2.372 0.007 0.9974 0.641
4 2.162 1.728 0.434 0.799 0.699
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Fig. 4. As in Fig. 2, but for uncontaminated mineral particles with Reff¼0.3 a
encapsulating a fractal-like cluster composed of Ns¼108 and 500 absorbing gra
monomers in the cluster, and Rg is the radius of gyration
serving as a measure of the overall cluster radius. We
again consider polydisperse compound particles, with
two values of the effective radius of the mineral hosts
Reff¼0.3 μm (corresponding to the size range 0.219 μmr
Rr0.399 μm) and Reff¼0.5 μm (with 0.365 μmrRr
0.665 μm). These size ranges imply the same effective-
variance value veff¼0.03. We further adopt the fractal
parameters Df¼2.6 and k0¼1.2, while fixing the effective
radius of the absorbing monomers at reff¼0.025 μm and
the wavelength at λ¼0.6283 μm. The volume fraction of a
cluster in a compound particle f is fixed at 6.25%, which
implies that Ns¼108 for Reff¼0.3 μm and Ns¼500 for
Reff¼0.5 μm. Computations were performed for the fol-
lowing four models: uncontaminated polydisperse
mineral hosts with Reff¼0.3 μm (Model 1); polydisperse
mineral hosts with Reff¼0.3 μm with imbedded clusters
composed of Ns¼108 absorbing monomers (Model 2); as
in Model 1, but with Reff¼0.5 μm (Model 3); and as in
Model 2, but with Reff¼0.5 μm and Ns¼500 (Model 4).

Table 2 summarizes the corresponding ensemble-
averaged integral radiometric characteristics. For both
values of Reff, the insertion of an absorbing cluster inside
a mineral host results in a noticeable decrease in the
extinction and scattering cross sections and a dramatic
increase in the absorption cross section, the latter causing
a decrease in the single-scattering albedo. This tendency
is more pronounced for Reff¼0.5 μm. On the other hand,
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the behavior of the asymmetry parameter depends on the
size of the mineral hosts. Specifically, g slightly decreases
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in the case of the smaller hosts with Reff¼0.3 μm, but
increases in the case of Reff¼0.5 μm.

In Fig. 4, we plot the corresponding non-zero elements
of the normalized Stokes scattering matrix. It is seen that
for both host sizes, the optical effects of inserting absorb-
ing clusters are rather weak. In particular, the phase
function slightly decreases at backscattering angles; the
degree of linear polarization –b2/a1 becomes more neutral
at side-scattering angles (especially for Reff¼0.3 μm); and
the ratio a2/a1 deviates slightly from 100% (especially for
Reff¼0.5 μm), thereby indicating the loss of spherical
symmetry in compound particles. It is quite possible that
these rather insignificant changes can be explained by the
relatively small value of the cluster volume fraction
(f¼6.25%) and can become greater for larger f.

4. Concluding remarks

Our numerically exact computer solutions of the Max-
well equations demonstrate that optical effects caused by
contaminating mineral particles with absorbing inclusions
can often be significant. Specifically, all integral radio-
metric characteristics can change quite substantially, espe-
cially in the case of internally mixed absorbing grains.
Furthermore, there is strong sensitivity of some integral
and differential optical properties to the type of mixing
and/or to the total volume fraction of the impurities. In
particular, the phase function a1 can exhibit an order-of-
magnitude variability at backscattering angles and signifi-
cant changes at side-scattering angles, while the degree of
linear polarization –b1/a1 becomes more neutral at side-
scattering angles when absorbing grains cover the surfaces
of the mineral hosts but is positive if the absorbing grains
are mixed internally. On the other hand, strong variations
in the ratios a3/a1, a4/a1, and b2/a1 with increasing the
number of absorbing grains Ng are observed only in the
case of internal mixing. The ratio a2/a1 (which is indicative
of the lack of perfect spherical symmetry in the particle
morphology) appears to depend noticeably on type of
aggregation (internal or semi-external) but rather weakly
on the number of absorbing grains Ng. Our data show
rather weak effects of the presence of imbedded absorbing
clusters on the elements of the scattering matrix. However,
this conclusion may need to be revised when larger
volume fractions occupied by the clusters are considered.

We hope that the results of this Note will be useful in
optical particle characterization applications as well as in
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radiation budget computations.

[18] Sorensen CM. Light scattering by fractal aggregates: a review.
Aerosol Sci Technol 2001;35:648–87.
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