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Abstract
We analyze the results of numerically exact computer

modelling of the scattering properties of polydisperse
compound aerosols composed of spherical soot grains
placed on the surface or encapsulated in a much larger
spherical mineral particle. The computations were
performed by using the superposition T-matrix method.
These results are also compared with the Lorenz-Mie data
obtained for a uniform external mixture of mineral and
soot particles. We show that the presence of soot grains
can significantly change both the integral and differential
scattering characteristics of the compound aerosols.

1 Introduction
Mineral and soot particles are ubiquitous constituents

of natural and artificial environments [1–4]. Such particles
can stick to each other and form various types of
compound aerosols. Whether the optical properties of a
mixture of mineral and soot particles change upon
aggregation depends on the strength of the
electromagnetic interaction between the mineral and soot
components, which can now be in direct physical contact
instead of being widely separated. This interaction and the
resulting optical effects are still insufficiently understood
and poorly quantified, and so constitute the main subject
of this work.

Previously [5], we studied potential effect of the
presence of small soot particles adhering to the surfaces of
larger mineral hosts, and this effect was shown to be quite
substantial. Here, we analyze the behaviour of the light
scattering characteristics for the compound particles in the
case when soot grains are embedded in a larger mineral
host.

2 Methodology and Computational Results
Our model of a compound mineral-soot aerosol is a

spherical mineral host particle with Ng encapsulated
identical non-overlapping small spherical grains. Such
model allows us to compute all scattering properties using
the highly efficient, numerically exact superposition T-
matrix method [6, 7] and the parallelized computer
program posted on-line [8]. In our computations, the ratio
of the radius of the mineral host to that of the small soot
particles is kept constant at R /r  10, and soot particles are
placed inside a large mineral host using a random-number

generator. The scattering and absorption characteristics of
the compound aerosol are averaged over the uniform
orientation distribution of the resulting particle as well as
over a standard power law distribution n(R) = constant 
R – 3 [9] with an effective radius Reff = 1 μm, the resulting
effective radius of the soot particles is reff = 0.1 μm. The
refractive index of the mineral hosts is adopted to be equal
to 1.55 + i0.0003, while that of the soot particles is 1.75 +
i0.435. The wavelength is fixed at 0.62832 μm. The
numerical size averaging is based on the Gauss–Legendre
quadrature formula with 100 nodes. The size averaging
has a dual purpose of (i) better representing polydisperse
particle ensembles encountered in various applications,
and (ii) smoothing out sharp resonance features typical of
monodisperse spherical scatterers [9]. In order to compare
the effect of the soot particles encapsulated in mineral host
with that produced by a uniform external mixture of
mineral and soot aerosols or soot grains adhering to the
surface of mineral particle considered in [5], the
computations have been performed for Ng =49 and 149.

Ng Cext Csca Cabs ω g
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
49cov 6.925 5.678 1.247 0.820 0.730
149cov 7.832 5.161 2.671 0.659 0.819
49enc 6.596 4.599 1.997 0.697 0.773
149enc 7.168 3.845 3.323 0.536 0.878
Table 1. Ensemble-averaged extinction, scattering,

and absorption cross sections (in μm2) per compound
aerosol particle, single-scattering albedo ω, and
asymmetry parameter g

Table 1 lists ensemble-averaged integral radiometric
characteristics, viz., the extinction, Cext, scattering, Csca, and
absorption, Cabs, cross sections as well as the single
scattering albedo ω and the asymmetry parameter g. The
subscript indicates the location of soot grains relative to
the mineral host (“ind” denotes the case of uniform
external mixture of mineral and soot particles; “cov”
applies to the case of soot grains covering the surface of
mineral host; “enc” denotes the case of encapsulated soot
grains). The data presented in the first five rows of the
table were obtained in [5]. It is seen that embedding
strongly absorbing soot particles results in a substantial
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decrease of the values of the cross sections Cext, Csca and
single scattering albedo ω. At the same time the absorption
cross section Cabs and asymmetry parameter g increase.
The subsequent increasing the number of encapsulated
soot particles Ng increases the extinction and absorption
cross sections and the asymmetry parameter, and
decreases the scattering cross section and the single
scattering albedo. This can be explained by the fact that in
the case of compound aerosol, increasing Ng results in
suppressing the contribution of the weakly absorbing host
to the scattering cross section.

-

For all models of compound particles listed in the first
column of Table 1, Figure 1 depicts non-zero elements Fij of
the 4 x 4 normalized Stokes scattering matrix [9] relating
the Stokes parameters of the incident quasi-
monochromatic light and those of the scattered light (the
scattering angle is the angle between the incidence and
scattering directions). The upper left-hand panel
demonstrates a strong effect of the presence of
encapsulated soot particles on the behaviour of the phase
function (the element F11) in the range of scattering angles
θ ≥ 30⁰. But at the exactly backscattering direction, for the
same number of soot particles Ng the values of F11 do not

differ noticeably from those obtained in [5] for soot grains
located on the surface of mineral particle.  The upper
middle panel is also indicative of a potentially strong effect
of encapsulated particles on the degree of linear
polarization for unpolarized incident light given by P(θ) =
- F12(θ) / F11(θ). In particular, this is seen when Ng = 149.

The ratio F22 (θ) / F11(θ) (the upper right-hand panel) is
identically equal to 100% for a mineral spherical particle or
the external mixture of spherical mineral and soot particles
but deviates from 100% for the compound aerosols,
signifying the behaviour typical of nonspherical scatters.

But it is seen that the presence of encapsulated soot
grains results in smaller deviation from 100% compared
the case of soot grains covering the surface of the mineral
particle. The data presented in the bottom panels show
sufficiently strong effects produced by encapsulated soot
submicron particles on the behaviour of the scattering
matrix elements F33, F44 and F34 (especially for Ng = 149).

In summary, the results of our computations performed
by using the superposition T-matrix method demonstrate
substantial effects of small soot grains encapsulated in
large mineral particle on the optical cross sections, single
scattering albedo and asymmetry parameter. The effect on

Figure 1. Elements of the normalized Stokes scattering matrix for a large mineral particle, an  external mixture of
mineral and different number of soot particles, and different models of a composition-equivalent mineral-soot particles.
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the scattering properties defined by the elements of the
Stokes scattering matrix can also be significant.
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