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Assessing Superspheroids in Modeling the Scattering Matrices
of Dust Aerosols
, Lei Bi’

Wushao Lin' , and Oleg Dubovik?

'Department of Atmospheric Sciences, School of Earth Sciences, Zhejiang University, Hangzhou, China, 2Laboratoire
d'Optique Atmosphérique, UMR 8518, CNRS-Université Lille 1, Villeneuve d'Ascq, France

Abstract Atmospheric dust particles are known to have diverse and irregular morphologies. In order to
account for nonsphericity, the spheroidal model with an aspect ratio distribution has been extensively
used for modeling the optical properties of dust. The spheroidal model is superior to the spherical shape
assumption, but it requires further improvement. In this study, superspheroids’ modeling capabilities were
systematically examined by comprehensively comparing the spheroid’s and superspheroid’s scattering
matrices. Superspheroids have one more degree of freedom than spheroids and can be nonspherical at an
aspect ratio of unity. The invariant imbedding T-matrix and the improved geometrical optics methods
were employed to compute superspheroids’ single-scattering properties with a wide distribution of aspect
ratios and a number of roundness parameters. We then assessed the spheroidal and superspheroidal models’
applicability for simulating the scattering matrices of 25 dust samples from the Amsterdam-Granada Light
Scattering Database. It was found that extreme aspect ratios for spheroids in reproducing the measurements
were unnecessary if superspheroids were used. Even with equi-probable aspect ratio distribution,
superspheroids with constrained roundness parameters (from 2.4 to 3.0) could achieve better performances
in concurrently matching six nonzero scattering matrix elements from the laboratory measurements.
Moreover, superspheroids demonstrated better performances than spheroids in achieving spectral
consistency for modeling dust scattering matrices. Therefore, superspheroids appear to be highly promising
for atmospheric radiative transfer and remote sensing applications.

1. Introduction

Dust is one of the major constituents of natural atmospheric aerosols and generally originates in arid and
semiarid regions (Andreae, 1995; Chiapello et al., 1999; D'Almeida et al., 1991; Ginoux et al., 2001). Small-sized
dust particles can travel over a long distance and spread over globally via the synergetic effect of convection
currents and general circulation systems (Arimoto, 2001; Ginoux et al., 2004; Prospero et al., 2002; Tegen &
Fung, 1994). For this reason, dust aerosols profoundly affect not only regional but also global climates via
their direct and indirect influences on radiative forcing (Haywood & Boucher, 2000; Haywood et al., 2001;
Kaufman et al., 2002; Konare et al., 2008; Ramanathan et al., 2001; Tegen et al., 1996). Because dust particles
have complex geometries and multiple compositions (Haywood et al., 2003; Kaufman et al., 2001), large
uncertainties exist as to how to represent dust aerosols when quantifying dust aerosols’ single-scattering
properties for radiative flux calculations and remote sensing applications. Although significant research
efforts have been made in this direction owing to theoretical and computational progress on light scattering
by nonspherical and inhomogeneous particles, a challenge remains with respect to dust aerosol optical mod-
eling with development of simplified yet effective dust models for improving atmospheric radiative transfer
and remote sensing applications.

As can be seen from dust scanning electron microscopy images (Gao & Anderson, 2001; Mufioz et al., 2001;
Okada et al.,, 2001; Reid et al.,, 2003), dust particle morphology is nonspherical and exclusively irregular with-
out any preferable morphologies. Thus, the freedom of the aerosol model plays a fundamental role in dust
optical modeling. The simplest model uses spherical approximation (one freedom such as particle size),
which is commonly used in climate studies. However, numerous studies have shown that spherical approx-
imation oversimplifies the physical process; thus, this may lead to incorrect results or large errors in dust aero-
sols modeling and then in downward radiative transfer calculations (Feng et al., 2009; Kahnert et al., 2005,
2007; Kalashnikova & Sokolik, 2004; Mishchenko et al., 1997; Yang et al., 2000, 2007). Therefore, as one of
the main error sources, it has been well recognized that nonspherical morphology must be considered

LIN ET AL.

13,917


https://orcid.org/0000-0001-6460-4207
https://orcid.org/0000-0002-1996-880X
https://orcid.org/0000-0003-3482-6460
http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-8996
http://dx.doi.org/10.1029/2018JD029464
http://dx.doi.org/10.1029/2018JD029464
mailto:bilei@zju.edu.cn
https://doi.org/10.1029/2018JD029464
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2018JD029464&domain=pdf&date_stamp=2018-12-27

AAAAAAAAAAAAAA
'AND SPACE SCiENCE

Journal of Geophysical Research: Atmospheres 10.1029/2018JD029464

when quantifying dust aerosols’ radiative effect (Kahnert & Nousiainen, 2006; Kahnert et al., 2005, 2007). The
relative importance of treating the dust nonsphericity in climate models and remote sensing applications has
been addressed in Mishchenko et al. (1995, 2003). For most practical studies, the spheroidal model, which has
one more shape parameter (an aspect ratio) than a sphere, is often employed either in analyzing laboratory
measurements of dust samples or for relevant remote sensing applications (Dubovik et al., 2002, 2006; Huang
et al,, 2015; Mishchenko et al.,, 1997; Nousiainen & Vermeulen, 2003; Nousiainen et al., 2011). Specifically, a
mixture of spheroids with an aspect ratio distribution is employed to compute dust particles’ phase matrices.
Merikallio et al. (2011) carried out a comprehensive study of spheroids in optical modeling of mineral dusts
and recommended a power law shape distribution for reproducing measurements. Apart from spheroids,
many other aerosol models, including the Gaussian random particle (Muinonen et al.,, 1996; Veihelmann
et al,, 2006), triaxial ellipsoid (Bi et al., 2009), nonsymmetric hexahedra (Bi et al., 2010), agglomerate debris
(Zubko et al., 2013), and fractal polyhedral (Jin et al., 2016; Liu et al., 2013) models, have been developed
to improve dust optical modeling. Until now, there has not been a standard or a consistent approach for dust
optical modeling, and persistent research efforts have been devoted to developing realistic or simplified dust
models (see reviews in Nousiainen, 2009, and Kahnert et al., 2014).

To the best of our knowledge, the spheroidal model has been the most frequently used model, although
spheroids are idealistic shapes. The fundamental reason is not only due to the model simplicity but also
due to its applicability performances, for example, in the retrieval applications associated with the
Aerosol Robotic Network (Dubovik et al.,, 2006), Moderate Resolution Imaging Spectroradiometer (Levy,
Remer, & Dubovik, 2007; Levy, Remer, Mattoo, et al.,, 2007), Total Ozone Mapping Spectrometer (Sinyuk
et al,, 2003), Spinning Enhanced Visible and Infrared Imager (Govaerts et al, 2010; Wagner et al,, 2010),
Polarization and Anisotropy of Reflectances for Atmospheric Science coupled with Observations from a
Lidar (Dubovik et al., 2011), and others (e.g,, Li et al., 2006; Veselovskii et al., 2010). However, the community
has been well aware of the spheroidal model’s limitations, such as the inconsistency in matching phase
function and polarization characteristics of dust (e.g., Nousiainen, 2009). Some potential issues were iden-
tified with the phase function over large scattering angles and the magnitudes of polarization and
depolarization characteristics.

The aim of this paper was to improve the spheroidal model by investigating superspheroids in modeling dust
optical properties, following a logical development from spheres to spheroids, and then to superspheroids.
Superspheroids are considered a generalization of spheroids (see section 2 for details). For simplicity, we only
consider superspheroids with one roundness parameter. Even with this simplified treatment, a variety of
shapes can be generated to model the aspect ratio, roundness, and concavities. The motivation of this study
was twofold. First, we intended to study whether superspheroids can improve the current spheroid-based
modeling. The enlarged shape space permits an optimal choice to constrain the morphological parameters.
Second, we asked if it is possible to build a general framework of model particles with a single equation,
which can be more flexible in modeling various nonspherical aerosol particles. Such a rationale also follows
the most recent study concerning sea salts’ optical properties (Bi, Lin, Wang, et al., 2018), which uses a branch
of superellipsoids to model sea-salt aerosols. Furthermore, the superspheroidal model is expected to be pro-
mising, because it also retains the rule of simplicity when building aerosol models. It should be noted that the
above described study (with superspheroids) requires much more computational time in comparison with
the spheroidal model. However, recent advances in computational techniques permit such a study with rea-
sonable computational resources. Specifically, we employed the invariant imbedding T-matrix (Bi & Yang,
2014; Bi et al,, 20133, 2013b) and the improved geometric optics methods (II-TM and IGOM, respectively; Bi
etal, 2009; Yang & Liou, 1996; Yang et al., 2007) for computing the single-scattering properties of superspher-
oidal particles. We first investigated the way in which scattering matrix elements of superspheroids change
with respect to aspect ratio and roundness parameter. The results were compared with their spheroid coun-
terparts (spheres as a special case) to give an understanding of the overall performance of the spheroidal and
superspheroidal models. We then assessed the applicability of the two models by comparing theoretical
results with the measured scattering matrices from the Amsterdam-Granada Light Scattering Database
(Munoz et al., 2000, 2004, 2012; Volten et al., 2000, 2006, 2007). Specifically, 25 aerosol samples were studied
in order to obtain a comprehensive understanding of superspheroid modeling capabilities. In section 2, we
briefly introduce the superspheroidal model. Representative results are then discussed in section 3. The
summary and conclusions of this study are given in section 4.
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Roundness Parameter (n)

Oblate 2. Model and Computational Methods
‘ 2.1. Spheroidal and Superspheroidal Models

Concave Particles with identical or close aspect ratios can have diverse shapes.
Particularly, particles with a unity aspect ratio can be irregular (Gao &
- Z ‘ ______ Anderson, 2001; Liu et al., 2018; Munoz et al., 2001; Okada et al., 2001;
Reid et al.,, 2003). The fact that the spheroid with a unity aspect ratio is

a sphere makes it preferable to use large aspect ratios in modeling dust

Convex optical properties. In this study, we enlarged the shape space of model

9 particles to represent dust aerosols by using the superellipsoidal equa-
tion, shown in the following (Barr, 1981):

z72/n

-0 e [ERON A

Sphere in which g, b, and c are the three semiaxes of a superellipsoid particle along
the x, y, and z directions in the Cartesian coordinate system. In the equa-
tion, the parameters e and n are defined as roundness parameters, which

0.5
0.1

0.5 1
Aspect

> determine the morphological variation of the particle with fixed aspect
ratios (a/c and b/c). To simplify the model without losing diversity, we
opted to focus on superellipsoids with a = b and e = n > 1.0.

1.5 2
Ratio (a/c)

Figure 1. Shape variation in a superspheroidal particle space. Equation (1) can then be simplified to the following form:

O (-

Hereafter, the superspheroidal shape was only determined by the aspect ratio a/c and the roundness
parameter n; a/c < 1 for prolate particles, and a/c > 1 for oblate particles. The size parameter can be defined
as kx,,, in which k is the wave number (k = 27/4, A is the wavelength), x,,, is the maximum of semiaxes, indicat-
ing that x,,, = ¢ for prolate particles and x,,, = a for oblate particles.

The superiority of the superellipsoidal model can be found in the fact that it contains abundant shapes, and
the shape variation is continuous, which permits flexibility in constraining the morphological parameters in
relevant remote sensing or climate modeling studies. As shown in Figure 1, when n = 1.0, the shape exists as a
spheroidal particle, and specifically, a spherical particle when a/c = 1.0. It can be seen that as n increases, the
shape becomes octahedron-like, and a perfect octahedron is formed at n = 2.0. For n > 2.0, the octahedron
becomes concave and shows sharp edges. It should be noted that another branch of superellipsoids (n < 1;
not shown here) was employed in the study by Bi, Lin, Liu, et al. (2018) and Bi, Lin, Wang, et al. (2018) to model
cube-like sea-salt aerosols.

The advantage of superspheroids can be understood in another way. The aspect ratio, volume, and projected
area are important microphysical particle properties that significantly impact a superspheroid’s optical prop-
erties. By considering the particle as composed of a number of dipoles (Bohren & Huffman, 1983), the aspect
ratio is considered as a simplified variable used to describe dipole distribution, and the particle volume deter-
mines the total number of dipoles. For relatively large particles, the projected area fundamentally determines
the diffraction and extinction cross section (van de Hulst, 1981). Therefore, for a given nonspherical particle, it
is expected to concurrently match the aspect ratio, volume, and average projected area by using a model par-
ticle. However, it is almost impossible to meet such requirement based on the spheroidal model. If a super-
spheroidal model is applied, this problem can be solved. This idea suggests that for a given aerosol particle, it
is possible to identify a superspheroid that can concurrently match both the surface area and the volume
with an identical or close aspect ratio. In reality, the aerosols are a mixture of different particle shapes rather
than a single particle. However, the aforementioned advantage of superspheroids allows for much more flex-
ibility in modeling dust aerosols’ optical properties than do spheroids.

2.2. Computational Methods

The first use of superellipsoids in light-scattering computations can be found in Wriedt (2002) by using
discrete sources method. Here a combination of the II-TM and IGOM methods was used for calculations.
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The II-TM was applied to particles with small-to-moderate size parameters, and the IGOM was used for those
with larger size parameters. The theoretical framework and details of the computational program have been
described by Bi et al.,, 2013a, 2013b, and Bi and Yang, 2014. The calculations were carried out for a variety of
superspheroids with an aspect ratio ranging from 0.5 to 2.0 and a roundness parameter ranging from 1.0 to
3.0.In total, 11 aspect ratios and 11 roundness parameters (note that n = e = 1.0 for spheroids) were selected
for calculations. In practice, a threshold size parameter should be determined by merging the II-TM and IGOM
computations. Based on a few test cases, we found that the use of IGOM at a size parameter >40.0 was suffi-
cient to determine the accuracy of the bulk scattering matrix, which is an integral of the scattering matrix
over a size distribution. Thus, the [I-TM was applied to the computation of the single-scattering properties
of superspheroids with a size parameter <40.0, and the IGOM was applied to size parameter >40.0. Results
justifying the aforesaid choice and the computational time will be illustrated in section 3.1. For spheroids,
the II-TM was used when the size parameter was <100.0, and the IGOM was applied to size parameter
>100.0. Computations were carried out for a size parameter range of [0.1, 1000].

2.3. Bulk Scattering Matrix

The bulk scattering matrix determines the relationship between the Stokes vector of the incident beam and
that of the scattered beam. The Stokes vector contains four components [/, Q, U, V1. The first parameter | gives
the intensity of light beam. Q, U, and V describe the linear and circular polarization of the beam. The 4 x 4
scattering matrix is described below (Bohren & Huffman, 1983):

1(6) P11(0) P12(0) P13(6) P14(0) /

Q(0) _ (1)2 P21(0) Pxn(0) Py(6) Pu(0) Q 3)
u(o) kR) | P31(60) Psa(6) Ps3(6) Psa(6) [| U |

V(0)/ sa Pa1(0) Paa(0) Pas(6) Pas(0) V7 ine

in which R is the distance between the scatterer and the detector and @ is the scattering angle. For randomly
oriented superspheroidal particles (note that superspheroids have a plane of symmetry), the scattering
matrix has only six independent elements and thus can be simplified as

Pi(0) Pin(0) 0 0
| Pa) Pa0) 0 0 "
0 0 Pu(0) —Ps(0)
0 0 Ps(0) Pau(®)

The definition of random orientation is consistent with that given by Mishchenko and Yurkin (2017). In
equation (4), the phase function P;; is normalized according to the equation:

%IEP” (0) cosfdd = 1. (5)

In laboratory measurements, the phase functions are only obtained for a limited range of scattering angles.
Thus, instead of equation (5), the phase functions are sometimes normalized at a particular scattering angle
(such as 30° in a study by Muioz et al. (2012)). For comparing theoretical simulations and measurements,
theoretical phase functions are also normalized at the scattering angle of 30°.

The bulk scattering matrix can be obtained by integral over a size distribution:

o Py(r)Coca(r) ¥ dr
<Pff> - <bsca> ’ (6)

in which P; represents an arbitrary element in equation (4); Cs, is the scattering cross section; (bs.,) is the
scattering coefficient; and dN/dr is the size distribution. For theoretical studies, the lognormal size distribu-
tion is often employed:
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B 2
dN (Inr — Inrpy) ] )

No
= exp|
dinr /27 Ine p[ 2(Ino)?

where Ny is the number of particles per volume, r,, is the mean radius, and o is the standard deviation. In this
study, the particle size is defined as the radius of projected-area-equivalent sphere. The projected area size
distribution for specific aerosol samples can also be obtained from diffraction measurements. In the
Amsterdam-Granada Light Scattering Database (Muinoz et al.,, 2012), the projected area size distribution
was measured by using a Fritsch laser particle sizer that employs the Fraunhofer diffraction theory for
spheres. Either theoretical size distribution or measured data have been used in studies in the literature
according to various study perspectives.

3. Results
3.1. Computational Accuracy and Time

The IGOM accuracy was systematically examined in previous studies (Bi & Yang, 2014; Bi et al,, 2009;
Yang et al., 2007) for a number of particle shapes including ellipsoids and ice crystals. Here Figure 2 (columns
1-3) shows a typical example of comparing the phase matrix elements of superspheroids computed from the
II-TM and IGOM at three size parameters (20, 40, and 50). As expected, the IGOM accuracy improves as the size
parameter increases. As mentioned in section 2.2, a threshold size parameter should be determined for
merging the II-TM (at small-to-moderate size parameters) and IGOM (at large size parameters) computations.
To estimate the choice of a threshold size parameter on the accuracy of the size-averaged optical properties,
the rightmost panel shows the bulk scattering matrix elements obtained by using three numerical schemes
(Case 20, Case 40, and Case 50) corresponding to the threshold size parameter of 20.0, 40.0, and 50.0. A
lognormal size distribution with a mean radius of 1.9 pm and a geometrical standard deviation of 2.15 was
applied. The wavelength was selected to be 441.6 nm. It is found that slight differences exist between the
scattering matrix elements of Case 20 and Case 50. The differences between Case 40 and Case 50 are almost
indistinguishable. In terms of computation accuracy, it was expected to apply the II-TM for even large size
parameters. However, the computational time of the II-TM significantly increases with respect to the size
parameter. For example, the time spent on the three size parameters (20, 40, 50) were ~5 min, ~2.5 hr, and
~9 hr by using 24 central processing units. Finally, in considering the IGOM accuracy and affordable compu-
tation time, a threshold size parameter of 40 was chosen in all the remaining computations.

3.2. Comparisons of Scattering Matrix Elements Between Spheroids and Superspheroids

For practical applications, a mixture of model particles is usually employed to represent an ensemble of dust
aerosols. The scattering matrix is an average of the model particles’ phase matrices. As such, the scattering
phase matrices for each particle serve as the basis functions. Therefore, it is beneficial to first identify super-
spheroids’ optical characteristics with different aspect ratios and roundness parameters. The simulations
were carried out at a wavelength of 441.6 nm, and the refractive index was set at 1.50 + i0.001. In this situa-
tion, we used a lognormal size distribution (see equation (7)) to obtain a bulk scattering matrix. The mean
radius was 1.9 um, and the geometrical standard deviation was 2.15, which are the same as the coarse mode
dust-like aerosols in the Optical Properties of Aerosols and Clouds (Hess et al., 1998).

Figure 3 shows the six scattering matrix elements of spheroids with different aspect ratios, even though they
have been extensively studied in previous studies (Dubovik et al., 2006; Merikallio et al., 2011; Mishchenko
et al, 1997; Nousiainen & Vermeulen, 2003). The special case of a sphere is indicated with black dashed
curves. As can be seen from the phase function (i.e,, P;7), spheres have strong backscattering (scattering
angle >160°) and low side scattering (100° < scattering angle <150°). It can be seen that spheroid backscat-
tering becomes weak as the aspect ratio departs from unity, while side scattering becomes strong. As the
aspect ratio departs most from unity (such as a/c = 0.3 and 3.0), the phase function curves become smooth.
Such features can explain why spheroids with extreme aspect ratios are most useful, because the measured
phase function of aerosol samples is relatively smooth and flat at nearly backscattering directions (Merikallio
etal, 2011). In comparison with a sphere, spheroids also have quite different —P;,/P;; element. For example,
the —P;,/P;; element for a sphere has a shape peak at ~160°, which is rarely seen for dust particles. In
general, spheroids have higher —P;,/P;; at scattering angles <90° and smaller —P;,/P;; at scattering angles
>90°. The P,,/P;; element determines the model particles’ depolarization capability (P;, element also has
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Figure 2. Columns 1-3: comparison of the phase matrix elements computed from the II-TM and IGOM at three different size parameters (i.e., 20, 40, and 50). The
rightmost panel: the bulk scattering phase matrix elements obtained by using three numerical schemes (Case 20, Case 40, and Case 50) corresponding to the
threshold size of 20.0, 40.0, and 50.0 for merging the II-TM and IGOM computations. A lognormal size distribution with a mean radius of 1.9 um and a geometrical
standard deviation of 2.15 was applied. The wavelength was selected to be 441.6 nm.

impact for side scattering). For spheroids, P,,/P; is sensitive to the particle aspect ratio. Readers are referred
to a study by Bi, Lin, Liu, et al. (2018) for a systematical study of the depolarization of nonspherical particles in
a superellipsoidal shape space. Another interesting feature is that both P33/P1; and P44/P;1 have a peak near
the backscattering angle and then quickly drop to —1 at 180°, which was not found for spheroids. Overall, an

LIN ET AL. 13,922



Ar |

100 Journal of Geophysical Research: Atmospheres 10.1029/2018JD029464
10%F
= Spheroid n=1.0
A=442nm
.| m=1.50+i0.001
107 % r=1.9um

0=2.15 —a/c=0.3

_a/C:O.S 0 1 1 1 1 1 )
--dl \l/ 0 30 60 9 120 150 180
i —a/c=0.7
[ ---sphere
o_: 101§- a/c=1.4
i —a/c=2.0
10°F
107

'P12/P11

-1 L

0 30 60 90 120 150 180 0 30 60 90 120 150 180
Scattering Angle (°) Scattering Angle (°)

Figure 3. Scattering matrix elements of spheroids with different aspect ratios. The dashed line represents the spheres’
results.

obvious characteristic of the scattering matrix elements of spheroids is that curves have strong oscillation
structures, which gradually disappear as the aspect ratio becomes extreme. This feature also explains to
some extent why extreme aspect ratios (>2.0) have to be used to reproduce the laboratory measurements
(e.g., Merikallio et al., 2011).

Figure 4 shows the scattering matrix elements of a set of superspheroids with the same roundness parameter
(n = 2.0) but with different aspect ratios. In Figure 4, the actual shapes of the superspheroids appear to be
octahedral. Similar to the case of spheroids, the backscattering becomes weak as the aspect ratio departs
from unity except for the aspect ratio of 0.8. However, strong side scattering observed in Figure 3 was not
found for superspheroids. It can be seen that the —P;,/P;; become more significant and more positive as
the aspect ratio departed from unity at large scattering angles (>~50°). P,,/P;; has a minimum value at a
scattering angle of around 135° and then peaks near the backscattering angle (except for the aspect ratio
of 2.0). In comparison with the case of spheroids (shown in Figure 3), the values of —P;5/P;1 and P43/P;; have
smaller ranges. The oscillation structures become much weaker for all the six scattering matrix elements.

Figure 5 is similar to Figure 4 except that the roundness parameter is 3.0. In contrast, the scattering matrix
elements demonstrated little sensitivity to the aspect ratio. When compared to Figure 4, the oscillation struc-
ture almost disappears. Two facts may explain the relative insensitivity to the aspect ratio. First, concave sur-
face structure may have suppressed particular scattering features. Second, although the aspect ratio was
quite different, the portion of volume associated with those geometry edges was small (but the point edge
part is critical to determine the aspect ratio). Thus, the major bodies of the particles contributing to the
scattering appear to be similar. In addition, it was found that high —P;,/P;; was associated with relatively
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Figure 4. Scattering matrix elements of superellipsoids with different aspect ratios. The roundness parameter is 2.0. The
dashed line indicates an aspect ratio of unity.

small volume (—P;,/P;1 = 1 at 90° scattering angle for the Rayleigh scattering); this scattering matrix element
was positive and relatively high at 90° for most measurements in the Amsterdam-Granada Light Scattering
Database (Muiioz et al., 2012). Note that for spheroids, small volumes can be obtained by changing the
aspect ratio, while for superspheroids, small volumes can be obtained by increasing the roundness
parameter. Therefore, the extreme aspect ratios for spheroids and large roundness parameters of
superspheroids tend to produce expected scattering features for —P;,/P;;.

Next, by fixing the aspect ratio, we were able to investigate the change in the scattering matrix elements with
respect to the roundness parameter. The shape of the superspheroids varied from a spheroid (n = 1.0) to a
concave octahedron (n > 2.0). Figure 6 shows the scattering matrix elements of spheres and superspheroids
with an aspect ratio of unity but with different roundness parameters. It is noteworthy that the superspher-
oids are seen as nonspherical particles although the aspect ratio is 1.0. The scattering matrix elements of
superspheroids with a roundness parameter of 1.2 demonstrate large difference compared to those of
spheres, although the superspheroids are seen as nearly spherical. As the roundness parameter increases,
the curves can be seen to change to be smooth and featureless. The flat side scattering and backscattering
of the phase function was found for large roundness parameters, and P,,/P, is shown to decrease in the fig-
ure as the roundness parameter increases.

Figure 7 shows the scattering matrix elements of five prolate particles (a/c = 0.5) with shapes that change
from spheroid to concave octahedron-like superspheroids. The scattering matrix elements of superspheroids,
except for those with the roundness parameter of 1.2, demonstrate large differences compared to those of
the spheroid. However, it can be seen in the figure that the differences between the concave superspheroids
(n=2.4and n =3.0) are relatively small. An outstanding feature of the spheroidal model (in general) is a phase
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Figure 5. Results are similar to those in Figure 4, but the roundness parameter is 3.0.

function peak at approximately 90°, which is an intrinsic property associated with the geometry. Furthermore,
the phase function is usually fairly low between 100 and 150°. Such features are not found with
superspheroids. In particular, as the roundness parameter increases, the curves of —P;,/P1; and P,3/Pq4
become relatively smooth and resembled those characteristics of aerosol optical measurements (next
section). Thus, as a particle model (similar to a basis function), superspheroids are expected to be a better
candidate than spheroids.

The modeling performances in relation to roundness parameter of oblate superspheroids (a/c = 2.0) are simi-
lar to prolate superspheroids, as presented in Figure 8. However, the scattering matrix elements of the oblate
spheroid have quite different characteristics in comparison with those of the prolate spheroid (see Figure 7).
For example, the two curves of P,,/P;; demonstrated the opposite trend as seen in the figure. Again, it can be
seen that the features of the scattering matrix elements for spheroids gradually disappear for large
roundness parameters.

From the comparisons made in Figures 3-8, it can be seen that the overall patterns of the scattering matrix
elements of superspheroids with large roundness parameters demonstrated similarity with those of the mea-
surements, which indicates that the superspheroidal model may be an appropriate model to reproduce the
scattering matrices of measurements without using extreme aspect ratios. Note that the minimum and max-
imum values of the aspect ratios of superspheroids were 0.5 and 2.0, respectively. Comparisons between
simulations and the laboratory measurements are presented in section 3.2.

3.3. Comparison Between Simulations and Measurements

Laboratory measurements are an important approach for obtaining characteristics of realistic dust aerosols’
scattering matrix properties. A number of experiments that have been conducted have addressed this
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Figure 6. Scattering matrix elements of superspheroids with different roundness parameters and an aspect ratio of 1.0.

subject (e.g., Liu et al., 2018; Muioz et al., 2012; Volten et al.,, 2006; Wang et al., 2015). Although the shapes
and structures of dust particles were too complicated and differed from region to region, the light
scattering property results obtained from experiments may provide a valuable reference for building a
dust aerosol model. With improved knowledge of dust models, theoretical approaches can be used to
obtain reasonable optical properties of dust aerosols in various application perspectives. Furthermore,
experimental approaches can provide information about refractive index, size ranges, and dust particle
shapes, all of which are important parameters for simulations. Simulations and experiments can be
mutually beneficial and both of them are indispensable.

The superspheroids were divided into several groups according to roundness parameters. In each group, the
superspheroids had 11 different aspect ratios (namely, 0.5-1.0 in increments of 0.1 and 1.2-2.0 in increments
of 0.2) but with the same roundness parameter. The simulating scattering matrices were compared to the
laboratory measurements from the Amsterdam-Granada Light Scattering Database (Mufoz et al., 2000,
2004, 2012; Volten et al., 2000, 2006, 2007). To obtain a comprehensive assessment of how the superspher-
oidal model performs in modeling the scattering matrices of dust aerosols, comparisons were conducted
for a total of 25 samples at both 441.6 and 632.8 nm (if available). The microphysical properties and refractive
indices of these samples are given in Table 1. These selected samples are shown to cover a wide range of
refractive index and size distribution. Samples that have very large refractive indices such as hematite and
rutile or aggregate morphology such as fly ash were not considered in this study. In addition, the Sahara sand
from Libya was not considered because its effective radius was too large (124.75 um). All of the scanning elec-
tron microscopy images of different samples were acquired from the database (Muiioz et al., 2012; Volten
et al., 2006). To retain the consistency between simulations and measurements as much as possible, the size
distribution of each sample we selected for modeling was the same as its measurement counterpart,
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Figure 7. Results are similar to Figure 6, but the aspect ratio is 0.5.

although uncertainties exist. The minimum and maximum size parameters were 0.1 and 1,000, respectively,
indicating that the actual size ranges were 0.007-70.3 and 0.01-100.7 pm at 441.6 and 632.8 nm, respectively.
Although some particles in the samples had size parameters that exceeded these ranges, their contribution
to the scattering matrix elements was negligible. It should be noted that the refractive index of each sample
we chose for simulation may have been slightly different from the estimated one suggested by the database.

In traditional studies, an optimal aspect ratio distribution (such as, a power law distribution) is applied to
match theoretical simulations based on the spheroidal model with those from measurements, although this
shape distribution is most often inconsistent with real distribution values (Chou et al., 2008; Kandler et al.,
2011; Okada et al.,, 2001; Reid et al., 2003). For superspheroids, an optimal shape distribution can also be
obtained by following similar procedures. However, the exact shape distribution is usually unknown in most
cases. Thus, in this study, an equi-probable distribution of aspect ratio was employed for assessing the mod-
eling capabilities of superspheroids, although it might be unrealistic neither (e.g., Veghte & Freedman, 2014).
It should be noted that an equi-probable aspect ratio distribution might be unfair in comparison with spher-
oids, since it is clear that if one uses spheroids, near-spherical particles should be excluded. For consistency,
equi-probable distribution was used for spheroids, because we want to understand how the roundness
parameter affects the comparison. The use of power law aspect ratio distribution for spheroids was pre-
sented in section 3.3.

3.3.1. Feldspar, Red Clay, and Quartz

Feldspar was the most extensively studied sample. The effective radius was shown to be 1.0 um, and the
effective standard deviation of the radius was 1.0. The real part of the refractive index was estimated to range
from 1.50 to 1.60, and the imaginary part ranged from 10> to 10>, Figure 9 shows the comparison between
simulations and measurements at the wavelength of 632.8 nm. The six nonzero elements (namely, P, —P,/
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Figure 8. Similar to Figure 6, but the aspect ratio is 2.0.

P11, P23/P11, P33/Pqq, Pa3/Pqq, and P44/Pqq) were plotted. The refractive index used for simulation was
1.50 + i0.001. Note that P;; was normalized to unity at a fixed scattering angle, namely, 30°. From the
figure, we can see that spheroids with an equi-probable shape distribution completely failed to reproduce
the measured scattering matrix elements of feldspar. The values of —P;,/P;; was negative for spheroidal
model, while the measured results were positive. Pronounced differences between results of spheroids
and measurements were found for P,,/P1; and P,3/P;; at scattering angles ranging from 90° to 180°. After
considering the aspect ratio distribution, results of superspheroids with roundness parameter of 1.2 were
similar to that of the spheroids. That is because these two groups of particles have very close shapes. As
the roundness parameter increased, the superspheroids started to demonstrate its superiority in modeling
the scattering matrix. Concave particles (n > 2.0) appear to be more practical than convex particles
(n < 2.0) according to the results. As illustrated in Figure 9, simulations with n = 2.6 and n = 3.0 present
similar results with observable differences. In contrast, as seen in the figure, when the roundness
parameter changes from 1.2 to 1.8, the particle’s volume and surface area changed significantly as the
shape of the particle changed from spheroid to octahedron-like. Superspheroids with a roundness
parameter of 3.0 can reproduce all six scattering matrix elements with great consistency in
the measurements.

The simulated results of the red clay sample and the corresponding measurements at a wavelength of
632.8 nm are presented in Figure 10. In the last panel of the figure, it can be seen that red clay shows a larger
effective radius (1.5 um) than feldspar with an effective variance of 1.6. The refractive index used for the simu-
lation was 1.50 +j0.001. Superspheroids with a roundness parameter of 3.0 can be used to successfully repro-
duce red clay’s measured phase function and —P,,/P;; (but failed for other elements, especially for P44/P;1).
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Table 1
Summary of the Samples Investigated in This Study
Sample reff/UM  Veff Re (m) Im (m)
Allende 0.8 33 1.65 0.001
Feldspar® 1.0 1.0 1.50-1.60 0.001-0.00001
Red claya 1.5 1.6 1.50-1.70 0.001-0.00001
Green claya 1.55 14 1.50-1.70 0.001-0.00001
Quartz 23 23 154 0
Martian analog palagonite 45 73 150 0.001-0.0001
Loess® 39 26 1.50-1.70 0.001-0.00001
Sahara® 82 40 1.50-1.70 0.001-0.00001
Forsterite (initial) 1.8 54 1.63 0
Forsterite (small) 13 3.1 163 0
Forsterite (washed) 33 47 163 0
Olivine (S) 13 1.8 1.62 0.00001
Olivine (M) 2.6 50 1.62 0.00001
Olivine (L) 38 37 162 0.00001
Olivine (XL) 6.3 6.8 1.62 0.00001
Volcanic ash (El Chichon) 3.2 54 1.50-1.60 0.001
Volcanic ash (Pinatubo) 3.0 123 1.50-1.60 0.001-0.00001
Volcanic ash (Lokon) 7.1 26 150-1.60 0.001-0.00001
Volcanic ash (Mnt. St. Helens) 41 95 1.48-1.56 0.0018
Volcanic ash (Redoubt A) 4.1 9.7 1.48-156 0.0018
Volcanic ash (Redoubt B) 6.4 76 148-156 0.0018
Volcanic ash (Spurr Ashton) 2.7 49 1.48-156 0.0018-0.02
Volcanic ash (Spurr Gunsight) 35 82 1.48-1.56 0.0018-0.02
Volcanic ash (Spurr Ahchorage) 48 88 1.48-156 0.0018-0.02
Volcanic ash (Spurr Stop 33) 144 6.6 1.48-156 0.0018-0.02

Note. resris the effective radius; vegf is the variance; Re (m) and Im (m) are the real
part and the imaginary part of the estimated refractive index, respectively.
“These samples have been investigated in Merikallio et al. (2011) for studying
spheroid applicability.

103- * measurement )
10t i

) N
N TN

Feldspar

Similar results were also obtained at 441.6 nm (data not shown). It can
be seen that red clays’ P,,/P,, and P44/P,; demonstrated a scattering-
angle dependence that was quite different from those of feldspar. Jin
et al. (2016) employed the Koch-fractal model, which is really an irre-
gular particle with complex small structures on surface, and success-
fully reproduce all six scattering matrix elements concurrently,
although the refractive index 1.80 + i0.0005 was much larger than
the red clay’s suggested values. A clear explanation about the features
of P44/P14 is still lacking.

Figure 11 shows the simulated results of the quartz sample and the
corresponding measurements at a wavelength of 632.8 nm, in which
quartz shows an effective radius of 2.3 um and an effective variance of
2.3. The refractive index was estimated to be 1.54. Note that the
refractive index used for modeling was 1.55 + i0.001, which was
slightly different from the measurement. As can be seen from the fig-
ure, the spheroidal model again demonstrates its incapability for use
in modeling the scattering matrix based on an equi-probable distribu-
tion. However, superspheroids with a roundness parameter of 2.6
demonstrated fairly good agreement with the measurements. The
group of superspheroids with a roundness parameter of 3.0 also per-
formed reasonably well for all of the elements. A comparison at a
wavelength of 441.6 nm was also conducted, but the results are not
shown (the wavelength dependence will be studied in section 3.3).
3.3.2. Volcanic Ash

Volcanic ash is an important type of atmospheric aerosol, which can
remain for a long time after being emitted into the stratosphere; thus,
this ash has a great impact on the global climate. Comparisons
between measurements and simulations were conducted for all 10
volcanic ash samples collected from different regions.
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Figure 9. Comparison of scattering matrix elements between measurements and simulations with spheroids and superspheroids for feldspar at the 632.8-nm wave-
length. The refractive index used for simulations was 1.50 + i0.001, and an equi-probable aspect ratio distribution was used.
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Figure 10. Similar to Figure 9, but the red clay sample is shown. The refractive index that was chosen for simulations was 1.50 + i0.001.

Volcanic ash sample from the Pinatubo volcano in the Philippines had an effective radius of 3.0 um and an
effective variance of 12.3. The refractive index was estimated to be 1.50-1.60 + i0.00001-0.001. The refractive
index for the simulations was chosen to be 1.60 + i0.001. Figure 12 shows the results of simulations and mea-
surements at a wavelength of 632.8 nm. Not surprisingly, simulations with spheroids could not reproduce the
scattering matrix elements especially for —P;5/Pqq, P22/P11, and P43/P;,. However, the use of superspheroids
with roundness parameter of 2.6 and 3.0 successfully mimicked the measurements. It is noteworthy that
n =26 or n = 3.0 was also a good choice for a shape parameter for simulations at a wavelength of
441.6 nm (data not shown).
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Figure 11. Similar to Figure 9, but the quartz sample is shown. The refractive index used for simulations was 1.55 + i0.001.
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Figure 12. Similar to Figure 10 but for the Pinatubo sample is shown. The refractive index used for simulations was 1.60 + i0.001.

Figure 13 shows the comparisons between measurements and simulations for another five volcanic ash
samples from Mount St. Helens, Redoubt, and Mount Spurr volcanoes. The samples from Mount St.
Helens were collected after a large eruption on 18 May 1980, and the Redoubt A samples are from
the 1989 to 1990 eruptions. Both the Spurr Ashton and Spurr Anchorage samples were from the 18
August 1992 eruption, while the Spurr Stop 33 samples were from the 17 September 1992 eruption.
The refractive index was chosen to be 1.60 + i0.001 for all the five samples. Simulations with a roundness
parameter of 2.6 or 3.0 were quite close to the measured —P;,/P;; for all the five samples and the simu-
lated values of P,,/Py; with roundness parameter of 3.0 slightly overestimated the measurements, while
those of P;; underestimated the measurements especially at backscattering angles. An interesting finding
observed in the figure is that the simulations of all the five samples demonstrate high similarity even
though the effective radii and variances of the samples were quite different. Comparisons have also been
conducted for another four volcanic ash samples: (1) El Chichon, (2) Lokon, (3) Redoubt B, and (4) Spurr
Gunsight. However, the results are not shown here because they were similar to those presented in

Figure 13.
3.3.3. Other Samples

Figure 14 shows the simulated and measured P;;, —P1,/Pq;, and P,,/P;; at 632.8 nm for three forsterite
samples that have different size distributions. The refractive index was chosen to be 1.60 + i0.001 for all
of the samples. The superspheroidal model worked best for the small forsterite sample with a roundness
parameter of 3.0. The measured P;; and —P;,/P;; of initial forsterite sample could also be reproduced. As
is shown, the results of superspheroids slightly underestimate the phase function and overestimate the
P,,/P;; of washed forsterite sample, which has the largest effective radius and variance. A larger refractive
index (with a real part of 1.70) was also applied to the simulations of the washed forsterite sample. In this
case, the phase function could be reproduced with a roundness parameter of 2.6 (not shown). However,
mimicking the P,,/P;; is still challenging. Nevertheless, superspheroids appear to be much better

than spheroids.

Results of four olivine samples with different size distribution are shown in Figure 15. The refractive index
remained at 1.65 + i0.001 for all the samples. Similar to the cases of forsterite, the superspheroidal model
worked better for the samples with small effective radius. An appropriate roundness parameter for simula-
tions was selected to be 2.6 for the olivine (5) and olivine (M) samples. As shown in the figure, when the effec-
tive radius becomes larger, the simulated P;; and P,,/P;, appear to become worse, underestimating the
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Figure 14. Three scattering matrix elements (P17, —P12/P11, and P5/P14) of simulations and measurements at 632.8-nm wavelength for three forsterite samples with
different size distributions.

values of P;; and overestimating the P,,/P;;. Although the simulated curve of P,,/P;; approaches the
measured one, as the roundness parameter increases from 1.0 to 3.0, relatively large differences can still
be observed for all the four samples.

Figure 16 shows the results for another five samples: (1) Allende, (2) green clay, (3) loess, (4) Martian ana-
log (palagonite), and (5) Sahara sand. The effective radius and effective variance of each sample and the
refractive index used for simulations for each sample are shown in the figure. Agreement with the mea-
surements could be obtained for Py, and —P;,/P;; of the Allende sample if we used superspheroids with
an appropriate roundness parameter of 2.6. For loess and Martian analog samples, superspheroids with a
roundness parameter of 2.6 could concurrently mimic the measured Py;, —P;5/P;1, and P,,/P;1. However,
as seen in the figure, superspheroids fail to reproduce the elements of the Sahara sand sample, which had
a large effective radius (8.2 um) and high uncertainty in the measurements, especially for —P;,/P;; and
P55/P1;. It is understandable that morphological details become relatively more important as the
size increases.

3.4. Wavelength Dependence

In this section, we investigated the wavelength dependence of scattering matrix elements of dust aerosols.
An appropriate roundness parameter for each sample is selected for simulations at both 441.6- and
632.8-nm wavelengths. The refractive index is assumed to be unchanged at different wavelengths. An
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Figure 15. Similar to Figure 14, but results for four olivine samples are shown.

equi-probable aspect ratio is still applied to superspheroids, while a power law aspect ratio distribution is
applied to spheroids. Specifically, the equation shown below was used to represent the shape distribution
of spheroids (Kahnert et al., 2002; Merikallio et al., 2011),

e
Jom e

min

p(&)

where ¢ is a shape parameter, and is defined as
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Figure 16. Similar to Figure 14, but the Allende, green clay, loess, Martian analog (palagonite), and Sahara sand samples are shown.
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Figure 17. Comparison of scattering matrix elements between measurements and simulations with spheroids and superspheroids for feldspar at both 441.6- and
632.8-nm wavelengths. The roundness parameter of superspheroids is 2.6. The dotted and dashed curves represent the results of spheroids with a power law
aspect ratio distribution (és), s=3.0,and s = 1.5, respectively.

e { ¢/a—1; (oblate spheroid) ©)
~ L1—a/c; (prolate spheroid)

Note that extreme aspect ratios are now employed for spheroids, and thus, there are in total 18 different
aspect ratios (namely, 0.3-1.0 in increments of 0.1 and 1.2-3.0 in increments of 0.2). Obviously, £ = 0 and
p(&) = 0 for a sphere. The results of spheroids with an equi-probable shape distribution are not presented
in this section because they are incapable in reproducing the measured scattering matrix elements of dust
aerosols even though the extreme aspect ratios are employed.

Figure 17 shows the plot of the six nonzero scattering matrix elements of simulations and measurements at
both 441.6- and 632.8-nm wavelengths for the feldspar sample. The refractive index was chosen to be
1.50 + i0.001, and 2.6 was used as the superspheroids’ roundness parameter. As demonstrated in Figure 17,
the measured scattering matrix shows distinguishable wavelength dependence. Simulations with spheroids
with a power law shape distribution (s = 3.0 for dotted curves and s = 1.5 for dashed curves) fail to reproduce
such pronounced spectral dependence especially for P,,/P;;, which is nearly identical at both wavelengths.
Spheroids with s = 1.5 could reproduce the measured phase function at 632.8 nm better than those with
s=3.0, but other simulated elements show larger difference with the measurements. Superspheroids perform
better than spheroids in matching the measured phase function and P,,/P;; at both wavelengths. Both
spheroids and superspheroids show relatively large differences for reproducing the spectral dependence
found in —P;,/P;;. It should be noted that the comparison with —P;,/P;; could be improved by changing
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Figure 18. Similar to Figure 17, but for the quartz sample. The roundness parameter of superspheroids is 2.4. The dotted curves and dashed curves represent the
results of spheroids with a power law aspect ratio distribution (£°), s = 3.0, and s = 0.5, respectively.

the roundness parameter, but the other elements would become worse. Such inconsistency still exists in the
superspheroidal model, but superspheroids have an overall better performance than spheroids for all the
elements including P43/P14.

Figure 18 is similar to Figure 17 but represents the quartz sample. The superspheroids’ roundness parameter
was chosen to be 2.4, which is the optimal shape parameter for mimicking the phase function at 632.8-nm
wavelength. In the case of s = 3.0, the simulated —P;,/P;; of spheroids shows pronounced spectral depen-
dence. With s = 0.5, the simulated phase function of the spheroids approached the measurements, but the
other simulated elements became worse. Simulations with superspheroids performed better than other
ones, although inconsistencies still exist for the best matching different elements. It can be seen that simula-
tions with spheroids showed little wavelength dependence on P,,/P;; at near-backscattering angles.
However, such characteristics are usually found in simulations with superspheroids although the simulated
results have relatively large difference from the measurements. Overall, the simulations with superspheroids
for quartz sample were in line with the measurements. Exactly matching the ratio P,,/P;1 is usually challen-
ging in the cases of most samples. Note that we have not employed any tuning procedure in terms of shape
distribution, except for a constrained roundness parameter.

The results of volcanic ash sample from Pinatubo are shown in Figure 19. The refractive index is 1.60 + i0.001,
and the roundness parameter of superspheroids is 2.6. As demonstrated in the figure, superspheroids are
more applicable than spheroids for almost all the scattering matrix elements, especially for the phase func-
tion and P,,/P,,. Similar to the case of the quartz sample, the superspheroids were shown to perform much
better than spheroids in mimicking the measured scattering matrix elements at both wavelengths.
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Figure 19. Similar to Figure 18, but the results of the volcanic ash sample from Pinatubo are shown. The roundness parameter of superspheroids is 2.6.

Figure 19 shows the results of the olivine sample. The optimal roundness parameter of superspheroids is 2.4,
which works well for Py, at both wavelengths. However, large difference between simulations and measure-
ments were found for —P;,/P;1. The simulated —P;,/P;; would get close to the measured ones if a roundness
parameter of 2.6 was applied. Thus, a compromise is usually inevitable in actual applications. But as illustrated
from the figure, superspheroids with an equi-probable shape distribution still perform better than spheroids
with a power law shape distribution, especially for Py4, P55/Pqq, and P43/Pq ;.

From these comparisons shown in Figures 17-20, we learned that superspheroids are not perfect but signif-
icantly improve the overall performance in concurrently modeling all the scattering matrix elements at two
wavelengths. This observed fact is similar to all of the other samples (not shown).

3.5. Modeling Uncertainties

Our present study demonstrated that the use of superspheroids that had an appropriate roundness para-
meter could be used to reproduce the measured P;;, —P1,/P11, and P,,/P;1 with good consistency for most
of the samples even though an equi-probable aspect ratio distribution was applied. It should be noted that a
number of factors may affect the accuracy of the simulated results in the modeling of scattering matrix of
dust aerosols. First, the refractive index of dust aerosols may be size dependent because chemical composi-
tions change with particle size (Otto et al., 2008). The way in which the size-dependent refractive index
impacted the scattering was not systematically investigated in the current study. Also, the imaginary part
of refractive index cloud be spectrally dependent. However, from the sensitivity studies related to the refrac-
tive index shown in the study by Zubko et al. (2013), the imaginary part of the refractive index had little
impact on the scattering matrices as it increased from 0 to 0.01. Second, measuring size distribution is not
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Figure 20. Similar to Figure 18, but the results of the olivine (M) sample from are shown. The roundness parameter of superspheroids is 2.4.

a straightforward task and the size distribution of each sample obtained in the laboratory may have
uncertainties. For example, the use of the Fraunhofer diffraction to retrieve the particle sizes has the
restriction that the particles under study must be sufficiently large compared with the wavelength of the
incident light. However, this size distribution uncertainty is assumed to be a relatively minor factor in
constraining suitable roundness parameter range for reproducing the measured scattering characteristics.
Third, the shapes of dust particle were shown to be size dependent. For simplicity, such complicated
shape variations in particle sizes are rarely considered. Instead, an overall shape distribution is often
applied to optical modeling; namely, the shape distribution is the same for all the size bins. In addition,
small-scale surface roughness was another important factor that affected the scattering of dust aerosols.
Surface roughness tends to smoothen the phase function, promote positive linear polarization at side-
scattering angles, and strengthen depolarization (Nousiainen, 2009). In the current study, theoretical
simulations normally approached the P,,/P;; element from above by increasing the roundness parameter.
The way in which small-scale roughness of superspheroidal model impacts P,,/P;; modeling would be
necessary because simulations seem to be systematically larger than measurements for most samples.
However, this study is out of the scope of the present study. To summarize, it is important to mention that
one should consider uncertainties in all aerosol parameters including shapes, size distribution, and
refractive index and its spectral dependence to really match measurements. Thus, discrepancies in the
comparisons could not be definitely related to the shape model used, although it is difficult to prove.
Moreover, measurements might have some uncertainties. For example, the magnitudes of scattering
signals in small angles are too high to measure. Note that P,,/P;; from measurements could has offset and
not 1 even at near forward scattering angles (e.g., Figure 20), indicating possible involved uncertainties.
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Nevertheless, based on the present study, measurement uncertainties could be fairly minor in causing large
model-measurement discrepancies.

4, Summary and Discussion

We introduced the superspheroidal model for computing the scattering matrix of dust aerosols. In addition to
the aspect ratio, superspheroids have another shape parameter, namely, the roundness parameter, which
permits more morphological variations and thus can mimic more dust particles’ characteristics (such as con-
cavity and sharp edge). Comparisons of scattering matrix elements between spheroids and superspheroids
demonstrated that major characteristics of measured scattering matrix elements of dust aerosol samples
(more or less) could be obtained in two ways. One involved the use of changing the aspect ratio to a value
that departs the most from unity. The other way involved the use of large roundness parameters, which indi-
cates that concave superspheroids could be practical in modeling the scattering matrix of dust aerosols. By
comparing with measurements from the Amsterdam-Granada Light Scattering Database (Mufoz et al.,
2000, 2004, 2012; Volten et al.,, 2000, 2006, 2007), our study shows that extreme aspect ratios (>2.0 or
<0.5) for spheroids in reproducing the measurements are unnecessary for superspheroids, and an optimal
range for superspheroids’ roundness parameters in modeling the scattering matrix of dust aerosols was
found to be [2.4, 3.0]. Further analysis showed that superspheroids with constrained roundness parameters
appear to be much better than spheroids (a unity roundness parameter) even though extreme aspect ratios
of spheroids are considered.

The superiorities of superspheroids over spheroids can be summarized as follows: (1) An equi-probable
aspect ratio distribution can be used to obtain a favorable agreement between simulations and measure-
ments. However, the aspect ratio distribution of spheroids has to be carefully tuned to reproduce the mea-
sured scattering matrix elements of dust sample; this tuning process could be dependent on the specific
element of the scattering matrix. (2) Overall, superspheroids are much better than spheroids to simulate
the wavelength dependence of scattering matrix. Spheroids suffer more from the performance inconsis-
tency, particularly in modeling the phase function and polarization characteristics (e.g., —P12/P1; and
P5,/P11). (3) If a generic roundness parameter is chosen (e.g., n = 2.6), the superspheroidal model has iden-
tical freedom as the spheroidal model. Thus, the superspheroidal model retains the rule of simplicity. This
might be a significant advantage for superspheroids for a general purpose modeling study. The impact of
these superiorities in remote sensing applications and radiative forcing simulations remains to be explored.
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