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The discrete dipole approximation (DDA) method is used to calculate the scattering matrix elements and
optical cross-sections for a wide variety of complex soot aggregates in random orientation at a visible
wavelength of 0.628 um. The effects of the material composition and the size of the larger particle that is
in touch with soot cluster on scattering and radiative properties of complex soot aggregates are analyzed.
It is shown that the material composition and the size of the larger particle can strongly influence or even
dominate the overall scattering and radiative properties of the aggregates.
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Soot aggregates, well known as air pollutants, are primar-
ily produced by imperfect combustion of fossil fuels and
biomass burning. Knowledge of the scattering properties
of soot aggregates is essential in a variety of applications
such as optical diagnostics for industrial aerosol processes
and combustion!!], environmental issues (visibility and
haze problems), remote sensing[?, and astrophysical phe-
nomena involving the effect of interstellar grains on light
propagation and scattering. In the realm of terrestrial at-
mospheric physics, soot aggregates are perhaps the most
important particulate absorber in the troposphere that
absorb short-wave radiation from the sun, heat the air,
and contribute to global warming®%. Moreover, the
effects of scattering and absorbing of soot aerosol on at-
mosphere radiation lead to the radiative properties of
soot aerosol playing a significant role in infrared radiation
transfer in atmosphere, as well as in remote atmospheric
sensing and climate predictions®=7). Despite significant
recent progresses in theory, model simulations, and mea-
surements, the degree of quantitative understanding of
the direct and indirect radiative forcing caused by car-
bonaceous aerosols remains limited®!, in part because of
the complicated morphology of soot aerosols!® and their
tendency to mix with other aerosol species and act as
cloud condensation nuclei.

It is well known that dry soot particles tend to exist in
the form of clusters potentially consisting of hundreds of
tiny monomers. It was demonstrated by Lei et al.l10~12
that the effects of aggregation, fractal morphology, and
refractive index on the integral extinction, scattering,
and absorption properties of soot aerosols could be quite
significant. Those results suggest that the cluster struc-
ture of soot aerosols must be explicitly taken into account
in remote sensing and radiation balance applications.

It has also been demonstrated that dry soot clusters
may tend to aggregate with relatively large sulfate or
dust particles. Even more complex semi-external aggre-
gates consisting of more than two chemical components
have often been encountered in various field campaigns.
Therefore, the objective of this letter is to compute and
analyze the scattering and radiative properties of these
specific types of complex aerosols.
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Carbonaceous soot particles frequently exist in the
form of clusters of small, nearly spherical monomers
(spherules). It has been demonstrated that the overall
morphology of a dry soot aerosol is well represented by a
fractal cluster described by the following statistical scal-

ing law3!:
D¢
o () y
a

where a is the monomer mean radius, k¢ is the fractal
prefactor, Dy is the fractal dimension, N is the number
of monomers in the cluster, and Ry, called the radius of
gyration, is a measure of the overall cluster radius, and
is defined by

1 2
L (2)

where 7; is the distance from center of sphere i to the cen-
ter of mass of aggregate. The fractal aggregate simula-
tion was numerically generated using the cluster—cluster
aggregation algorithm. The detailed description of the
algorithms can be found in Ref. [14].

In this letter, the discrete dipole approximation (DDA)
method is used to calculate the scattering and radiative
properties of the numerically generated fractal complex
aggregates in random orientation. The DDA is a gen-
eral technique for calculating scattering and absorption
of electromagnetic radiation by targets of arbitrary ge-
ometry and composition. The DDA was first proposed
by Purcell et al.'®!, who replaced the scatterer by a set of
point dipoles. These dipoles interact with each other and
the incident field, giving rise to a system of linear equa-
tions, which is solved to obtain dipole polarizations. All
the measured scattering quantities can be obtained from
these polarizations. The DDA was further developed by
Draine et al.['=18]. The key single-scattering character-
istics of randomly oriented particles are the orientation-
averaged scattering cross-sections Cyc,, extinction cross-
sections Couyt, and the elements of the normalized scat-
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tering matrix S(0)[19]

S Si2 0 0
Sz S22 0 0
0 0 S Sz |’ (3)

S(0) =

where 0° < 6 < 180° is the scattering angle. The scatter-
ing matrix element Sp; is traditionally called the phase
function and satisfies the following normalization condi-
tion,

0

Another useful quantities are the orientation-averaged
absorption cross-section, Cyps = Cext — Csca, the single-
scattering albedo, w = Cisca/Coxt, and the asymmetry
parameter defined by

g = (cost) = / S11(0)sinfcosfdb . (5)

For randomly-oriented aggregates, the optical charac-
teristics are given as

<Q>—8 2/277/ / Q(B,0,P)d3d(cosO)dd
(6)

where Euler angles 3, ©, and ® specify the particle’s ori-
entation with respect to the laboratory reference frame.
For a randomly-oriented target with no symmetry, the
Euler angles 8 € [0,27),0 € [0,7),and ® € [0,27). We
use tuple (ng, ne, ne) to denote that there are ng angles
chosen for 3, ng for ©, and ng for ®. In this study,
ng = 10,ng = 7, and ne = 7 , i.e., 490 orientations
are considered in the determination of the orientation-
ally averaged values of all the scattering matrix elements
and optical cross-sections .The number of orientations
required in the calculations for the randomly-oriented
aggregates are enough!?"!

As demonstrated in Ref. [21], soot clusters may tend to
aggregate with ammonium sulfate, dust or other aerosol
particles, as shown in Fig. 1. In the following, we
will describe and analyze the scattering and absorption
properties of such complex aerosols. Once again, the
cluster-generation code developed by Lei et al.[??l was
used to simulate a soot cluster. We fixed the fractal
prefactor at 5.8, the fractal dimension at 1.8['% and the

Fig. 1. Aggregates formed by fractal soot clusters (Df = 1.8,
K¢ =5.8, N =100, a = 0.02 um) attached to a larger aerosol
particle (soot, ammonium sulfate, dust or other aerosol par-
ticle) with different sizes.

number of monomers in each soot cluster was fixed at
100. After a soot cluster was generated, it was randomly
attached to a larger aerosol particle, thereby resulting in
a specific realization of a chemically heterogeneous aggre-
gate. In this study, all computations of light scattering
and absorption by complex soot aggregates have been
performed at a fixed visible wavelength of 0.628 um.

Table 1 summarizes the orientation-averaged inte-
gral photometric characteristics of the complex aerosols
formed by aggregation of soot clusters with a larger par-
ticle. The soot monomer radius is 0.02 gm, and the soot
refractive index is 1.754i0.435 at 0.628 pm!?3!. The ra-
dius of larger particle is from 0.02 to 0.3 pm, and can be
either an ammonium sulfate, or dust particle with the re-
spective refractive index 1.44 or 1.53+i0.008[24. In Table
1 the relative deviation o is defined as

C1 —Cs
Gy

g =

, (7)

where C7 and Cy are the results calculated for the soot
clusters with a larger particle (soot-soot, soot-sulfate,
or soot-dust aggregates) and the single larger parti-
cle, respectively. As shown in Tablel, the orientation-
averaged extinction Ceyt, scattering Cyca, and absorption
Caps, cross-sections, the single-scattering albedo, and the
asymmetry parameter are all gradually increased, and
the relative deviations of the radiative properties rapidly
decrease with the increasing of the radius of larger par-
ticle. This indicate that the size of the larger particle
has a pronounced effect on the overall radiative proper-
ties of the aggregates, i.e., the larger particle dominates
the overall radiative properties of the complex aggre-
gates. Furthermore, the material composition of the
larger particle has a very significant effect on the radia-
tive properties of the aggregates.

Figure 2 depicts the scattering matrix elements of a
soot-soot aggregate in random orientation. The radia
of the larger particle are 0.05 and 0.1 gm. The angular
scattering characteristics calculated for the soot-sulfate,

Table 1. Radiative Properties of Soot-soot Aggregates

r(pm)  Cexy (pm?)  Caps (pm?)  Cica (um®) w

0.02 0.02501 0.02073 0.00428  0.1710
0.05 0.02887 0.02385 0.00502  0.1738
0.10 0.07382 0.05167 0.02213  0.2997
0.20 0.38791 0.20675 0.18117  0.4671
0.25 0.60485 0.31441 020044  0.4802
0.30 0.82713 0.44459 0.40055  0.4843

g Oext Cabs Osca Ow Og
0.5213  0.9927  0.9912 0.9997 09613  0.9833
0.5431 0.8766 0.8633 0.9396 0.5109  0.9004
0.5748  0.3648 0.3876  0.3117  0.0837  0.5780
0.6826  0.0643 0.0828 0.0433 0.0225 0.0184
0.7421 0.0373  0.0509  0.0225 0.0153  0.0077
0.7825  0.0202 0.0326 0.0129 0.0074 0.0038
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Fig. 2. Orientation-averaged scattering matrix elements ver-
sus scattering angle for aerosols formed by aggregation of soot
clusters with a larger soot particle.
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Fig. 3. Orientation-averaged scattering matrix elements ver-
sus scattering angle for aerosols formed by aggregation of soot
clusters with a larger particle with different chemical compo-
nents.

soot-dust aggregates are rather similar except for magni-
tude and are not discussed specifically. It is quite obvious
that larger particle contributes considerably to total scat-
tering matrix elements of the complex aggregates, larger
particle dominates cumulative scattering matrix. The
total phase function Sp; is strongly forward-directed,
which is typical of wavelength-sized scatterers. With the
increase of the radius of larger particle, the value of S1;
increases rapidly, especially at the forward-scattering di-
rection, and S33 increases at smaller scattering angles,

but decreases at large scattering angles. The values of
S12 and S34 decrease or increase rapidly at side-scattering
angles as the radius of larger particle increase.

Figure 3 illustrates the differences in the scattering
matrix elements between the soot-soot, soot-dust, and
soot-sulfate aggregates. The radia of the larger particles
are 0.05 pm (left panels) and 0.1 pm (right panels), re-
spectively. As shown in Fig. 3, the chemical component
of the larger particle has a strong effect on the total
scattering matrix elements of the complex aggregates,
and the effect will become stronger with the increase of
the radius of the larger particle.

In conclusion, we analyze the effects of the material
composition and the size of the larger particle that is
in touch with a soot cluster on scattering and radiative
properties of complex soot aggregates. Our numerical re-
sults show that the material composition and the size of
the larger particle can strongly influence, or even domi-
nate, the overall light-scattering and radiative properties
of the aggregates. The larger particle can absolutely
dominate the overall scattering and radiative properties
of complex soot aggregates.

We thank Professor Draine for providing the DDA
codes.
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