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Abstract

There is a large variety of internal structures inside atmospheric dust particles, making
them inherently inhomogeneous. Such structures may have a large effect on ground-
level and atmospheric radiation. So far, dust particle internal structures and their effect
on the light scattering properties have proved to be hard to quantify, in part due to
challenges in obtaining information about these structures. Recently, internal struc-
tures of individual dust particles were revealed through focused ion beam milling and
analyzed. Here, we perform a sensitivity study to evaluate the optical impacts of some
of the typical internal structures revealed. To obtain suitable model particles, the first
step is to generate inhomogeneous particles with varying internal structures by using
an algorithm that is based on three-dimensional Voronoi tessellation. The parameters
for the particle generation are obtained from studies of real-world Asian dust parti-
cles. The second step is to generate homogeneous versions of the generated particles
by using an effective-medium approximation, for comparison. Third, light scattering by
both versions of these particles is simulated with discrete-dipole approximation code.
This allows us to see how different internal structures affect light scattering, and how
important it is to account for these structures explicitly. Further, this allows us to es-
timate the potential inaccuracies caused by using only homogeneous model particles
for atmospheric studies and remote sensing measurements. The results show that the
effects vary greatly between different kinds of internal structures and single-scattering
quantity considered, but for most structure types the effects are overall notable. Most
significantly, hematite inclusions in particles impact light scattering heavily. Further-
more, internal pores and hematite-rich coating both affect some form of light scattering
noticeably. Based on this work, it seems that it is exceedingly important that the effects
of dust particle internal structures on light scattering are accounted for in a wide variety
of applications.
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1 Introduction

Mineral dust particles are an important part of the atmosphere (Zender et al., 2003).
Their impact on incoming ground-level solar radiation, including aerosol radiative forc-
ing, can be considerable (Durant et al., 2009; Haywood et al., 2011). At areas with
high dust concentrations, their effect on the amount of incoming radiative energy at
the surface can be roughly ten percent when the Sun is at the zenith, and even more
when it is close to the horizon. Interestingly, this effect can either increase or decrease
the amount of radiative energy reaching the surface (Forster et al., 2007). Due to its
abundance and impact, accounting for dust is imperative in most radiative balance cal-
culations and atmospheric remote sensing. However, due to the large variance in dust
effects on radiation, the impacts are challenging to account for, particularly when using
simplified models.

The reasons for the large variance of the impact of dust on radiation can be many, but
in addition to the obvious variations in particle size and concentration, shapes and in-
ternal structures may play a role. It is known that many dust particles contain materials
with significant dielectric contrast, for example iron oxides or internal pores. Transmis-
sion electron microscopic (TEM) analysis of cross-sections of single particles showed
that internal pores of varying sizes are common features of Asian dust particles. Ad-
ditionally, submicron iron oxides, such as hematite and goethite, are often distributed
within clay medium (Jeong and Nousiainen, 2014). Furthermore, it has been shown by,
e.g., Vilaplana et al. (2006); Nousiainen et al. (2011a, b, 2003); Muinonen et al. (2009)
that inhomogeneity can affect light scattering by particles significantly, and that scat-
tering by such particles is not easily mimicked by ensembles of simple homogeneous
model particles.

While particle size distributions and many other population-level parameters are pos-
sible to measure by remote sensing (Chou et al., 2008; Kim et al., 2008), shapes and
internal structures are much harder to determine. For example, derivation of the true
three-dimensional shape requires application of atomic force microscopy (e.g. Chou
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et al., 2008; Woodward et al., 2015), or stereogrammetry from electron microscope im-
ages (Lindqvist et al., 2014). Internal structures can be analyzed, e.g., by slicing open
dust particles with a focused ion beam, as done by Jeong and Nousiainen (2014). The
impacts of real shapes and internal structures on scattering have barely been touched,
because it is very hard to retrieve the three-dimensional composition, and especially
to measure light scattering by the same particles whose structures are retrieved. With-
out coinciding data, the connection between optical properties and physical properties
cannot be established.

Here we carry out a sensitivity study on the impacts of internal structures. Our ap-
proach is to create an algorithm that allows us to generate discrete-dipole approxima-
tion (DDA) models of particles with desired types and amounts of internal structures,
for which accurate light scattering simulations can be then easily run, thus allowing
taking internal structures into account explicitly and accurately. What we aim to do is to
generate a set of particles that are complex-shaped and irregular, as are real dust par-
ticles, and possess internal structure characteristics that resemble those observed in
real dust. The clear benefit of this pure modeling approach is that it allows us to calcu-
late accurate values for individual optical properties, linked to known individual physical
properties. We will be testing how various internal structures change light scattering
compared to a baseline version, which is composed only of optically similar minerals.
Further, knowing the composition of the inhomogeneous particles perfectly allows us
to calculate homogeneous versions of the same particles with an effective-medium ap-
proximation (EMA), and simulate light scattering by both the inhomogeneous and the
homogeneous versions of the particles. This, then, allows us to quantify the errors in
light scattering caused by using the homogeneous version of the particle instead of the
true form of the particle.

The main purpose of this study is to investigate the effects of different types of inter-
nal structures on the single-scattering properties. We will be examining particles with
various internal structures, such as empty cavities and materials with high real and
imaginary refractive index, such as hematite and other iron oxides. The article is struc-
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tured as follows: Sect. 2 introduces the physical dust particles on which the computa-
tional particle generator is based on, Sect. 3 summarizes the relevant single-scattering
theory, Sect. 4 explains the model particle generator algorithm in detail, Sect. 5 shows
the results of the scattering calculations for inhomogeneous and homogeneous par-
ticles and, finally, Sect. 6 contains the summary of the work, and discussion of the
significance of the results.

2 Internal structures in Asian dust particles

Asian dust is an important mineral dust lifted from arid regions in the northwestern
China and southern Mongolia, and transported in a long range across East Asia and
the North Pacific (Jeong et al., 2014, and references therein). The details of the par-
ticle interiors were recently discovered by Jeong and Nousiainen (2014). Most of the
dust particles are composites of several mineral types of varying grain sizes. Rela-
tively coarser minerals are quartz, plagioclase, K-feldspar, calcite, and muscovite, while
finer minerals are illite-smectite series clay minerals and iron oxides. The basic inter-
nal structures of dust particles result from the agglomeration of these mineral grains
in the source soils. Within the dust particles, coarser minerals tend to form separated
grains, while very fine grains of clay minerals and iron oxides form tight aggregates. In
clay-rich dust particles, coarser grains such as quartz, plagioclase and muscovite are
enclosed in the clay medium, while in clay-poor particles, quartz and plagioclase grains
are commonly crusted with coatings of clay agglomerates. Submicron irregular pores
are common in the dust particles. Example internal structure and mineral distribution
of an Asian dust particle (3.8 um in diameter, Fig. 1a) is presented in Fig. 1b, showing
a porous agglomerate of several mineral types.

Jeong and Nousiainen (2014) grouped internal structures into single and poly-
crystalline cores of quartz, feldspars, calcite, and amphibole often with oriented clay
coatings; clay agglomerates showing preferred to random orientations commonly with
coarser mineral inclusions; and platy coarse phyllosilicates. Iron oxides in Asian dust
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are mostly goethite and hematite. Although their contents are low in mineral dust, their
potential to optical properties is known to be significant (Sokolik and Toon, 1999; Lafon
et al., 2006). Although they occur as their own agglomerates, they are commonly dis-
tributed as submicron grains through the clay medium as shown in Fig. 1c—d. Certainly,
there must be wide ranges of internal structures and mineral compositions from porous
to nonporous, coated to non-coated, preferred to randomly oriented, from monocrys-
talline to polycrystalline, and iron-poor to iron-rich (Jeong and Nousiainen, 2014). Cur-
rently, the statistics of structural types are not available yet because the number of
dust particles subjected to TEM analysis is not sufficient. Evidently, further extensive
TEM works in combination with high resolution scanning electron microscopy (SEM)
are required to establish the population of the internal structures.

3 Single-scattering concepts

The foundation of all radiative effects comes from single-scattering interactions. The

scattering matrix for a particle,
ls S11 Si2 Siz Sua i
Qs _ 1 So1 Spp Spz Sua Q; (1)
Us k2d? |S31 Ssz» Ssz Sas U |’
Vs Su1 Sap Saz Sus Vi

characterizes the single-scattering event by linking the properties of incident (i) and
scattered (s) radiation by the particle. Here [/,Q,U,V]" is the Stokes vector describing
the properties of light: / describes the intensity, Q and U the linear polarization, and V
the circular polarization of the wave. The wavenumber k = 211~ is related to the radi-
ation wavelength A, and d is the distance from the scattering particle. Although the full
matrix contains 16 elements, they are not independent, and under certain conditions,
the matrix simplifies to only 6 independent elements: Sy4, Sy, Sop, Saz, Sas, and Sy,
(Hovenier and van der Mee, 2000). These conditions are that the particles be randomly
20354
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oriented, and that either the particles are mirror symmetric, or the particles and their
mirror particles are present with equal numbers. However, it has been shown by, e.g.,
Munoz et al. (2012); Nousiainen and Kandler (2015) that even when these condition
are not strictly true, for ensembles of complex particles, such as dust, the scattering
matrix closely conforms to the simplified form.

Here, we study the effects of internal structures primarily in terms of individual scat-
tering matrix elements, from where all other effects can be determined. We also link
these effects to relevant radiative transfer and remote sensing quantities by calculating
four scalar scattering quantities, which are described below.

The single-scattering albedo, @, describes the amount of energy being scattered in
a single scattering event compared that being absorbed. To be precise, it is the ratio of
scattering and extinction cross-sections:

Csca
H
C‘ext

@ = (2)
where Cg, is the scattering cross-section, a measure of the total power scattered by
the particle, and C; is the sum of scattering and absorption cross-sections.

The asymmetry parameter g is used to describe how the scattered intensity varies
between the forward (6 < 90°) and backward (8 > 90°) hemispheres of the scatterer,
where @ is the scattering angle, the angular difference in propagation directions be-
tween the incident and the scattered radiation. The asymmetry parameter is obtained
from Sy4 by:

m

g= kzzg /sinecosesﬁ(e)d@. (3)

sca
0
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In many lidar applications, a quantity called lidar ratio, /, is used. The lidar ratio is
the ratio of the extinction to the backscattering cross-section:
Cext kzcext
R= = _ (4)
Cback 511 (1 80 )

where S;1(180°) is the value of Sy; at 6 = 180°, that is, the intensity at the exact
backscattering direction.

Linear depolarization ratio, &, , is another quantity typically used in lidar applications.
One reason is that the scattering matrix element S,, is usually very sensitive to the
shape of the particle, and therefore the linear depolarization ratio can be used to extract
information about the particle shape, or at least to detect the presence of non-spherical
particles. Linear depolarization ratio is defined as

_ 541(180%) - 5,,(180°)

LT 5,,(180%) + 5,,(180°) ®)

As an example, spherical, isotropic particles have Sy = S,,, which means that the
linear depolarization ratio would be exactly zero.

Light scattering simulations

We performed the light scattering simulations of the generated inhomogeneous and
homogeneous particles with a discrete-dipole approximation (DDA) (Purcell and Pen-
nypacker, 1973) light scattering software ADDA 1.2 MPI (Yurkin and Hoekstra, 2011).
DDA is a flexible method for simulating light scattering by irregularly shaped particles,
discretized into a regular lattice of individual dipoles. DDA is also capable of handling
arbitrary collections of different materials: In an extreme case every lattice element can
have a different refractive index. Therefore, DDA is extremely well suited for a detailed
study of internal structures, such as performed in this paper.
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DDA is generally accurate as long as the target dipole resolution is sufficient. In this
work, the target shapes for all size parameters were composed of roughly two hundred
and twenty thousand dipoles. The value y = |m|k/, where m is the refractive index, k is
the wavenumber and / is the dipole size, is typically used to evaluate the applicability of
the DDA method. The largest y value for the particles in this study was approximately
0.7, which is below the commonly cited DDA accuracy limit of y <1 (Zubko et al.,
2010). We used a three-particle ensemble for results, and each internal structure case
of each of these three particles was simulated with size parameters {0.5,1,2,3,...,20}.
Furthermore, scattering by each inhomogeneous and homogeneous particle was av-
eraged over 8192 random orientations for each size parameters.

The simulations were run on the Finnish Meteorological Institute Cray XC30 super-
computer Voima. In the calculations we used 64 computer cores per simulation, and
10 concurrent simulations were run in parallel. With this setup, the total amount of CPU
time used was approximately 110 000 h for three distinct versions of the five cases and
their EMA versions.

4 Particle generation model and scattering simulations
4.1 Generating the particle geometry

Our method for generating the particle models involves multiple stages that can be
run separately if needed. The overview of each main stage is given below. The al-
gorithm assumes that the particle can be represented by a regular three-dimensional
lattice of individual volume elements, or dipoles. With a good enough dipole resolution,
the representation can replicate most large-scale structures of real dust particles with
a sufficient accuracy. This representation also allows us to trivially convert the algo-
rithm output to a DDA format for light scattering simulations. The generation process is
summarized in Fig. 2.
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Stage 1: tessellation

To generate computational models of realistic particles with internal structure, we em-
ploy an algorithm with three-dimensional Voronoi tessellation at its core (Aurenham-
mer, 1991). The underlying idea is that the tessellation cells are roughly analog to the
mineral grains within real (agglomerate) particles. While this is only an approximation,
with the right mean size and shape of the grain, the method can be plausible. Voronoi
tessellation has been used for irregular dust particle shape generation by e.g. Ishimoto
et al. (2010), but our novel approach is to use the tessellation for generating internal
particle structures instead of just the overall shape.

The generation of model shapes begins with an enclosed, discretized space com-
posed of empty volume elements. The first step of the algorithm is to randomly place
a given number of points within this volume.These act as seeds for the next step, which
is to go through every element in the volume and to find the seed closest to it, as mea-
sured by a weighted distance, described below. The set of elements for which a given
seed is closest forms a cell of that seed. Each element within a cell has the same
composition as the seed, but different seeds can have different compositions.

The formula for weighted distance is:

d, = \/WXAX2 +w,Ay? +w,Az2, (6)

where A- correspond to the distances along different axes, and w. correspond to the
weight specific to different axes. In this formalism, a lower weight for an axis causes the
grains to be elongated along that axis. The above equation is easily generalizable to
have axis directions corresponding to arbitrary vectors, but in this case we have limited
the directions to the major axes of the dipole lattice, hence the simplified form above.
In this work we used w, = w,, = 1, w, = 2/3, to produce slightly elongated cells.

After the whole volume has been divided into cells, the volume is culled to extract
a model particle from it. Here we have used an ellipsoid with the same axis proportions
as the ellipsoidal grain axis proportions as the culling shape. The generated particles
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have aspect ratios close to 1.5. The culling in done in such a way that each cell with
at least one element outside of the culling shape is removed from the volume, and the
remaining cells form the particle. In this work we used 800 seeds within the original
volume, yielding mean cell size of roughly 1200 elements, which translates to roughly
0.5 % of the final culled particle volume.

Stage 2: cell separation

The next step is to separate the cells from each other. This is accomplished by finding
the geometrical center of the particle, and forming unit vectors that point from it to the
seeds of each cell. The cells are then moved to the direction specified by their corre-
sponding vectors by a user-specified distance, and the final locations are discretized
by rounding the cell element to the nearest integer. Therefore, the cells do not change
sizes or shapes, but are separated from each other. This step is to allow separating
individual cells or crystals from each other, which is often the case also with real dust
particles and thus yields more realistic model shapes. The displacement length used
in this work was 5, where 1 is the size of one lattice element, or a dipole in the DDA
targets.

Stage 3: concave hull

The cell separation creates gaps between the cells, and the next step is to fill these
gaps, and to soften sharp edges and other roughness characteristics around the par-
ticle. This is accomplished with a method called concave hull (Lindqgvist et al., 2009).
The concave hull method works by testing each element of the original volume in the
following way: if a sphere with a constant radius r, a so-called generating sphere, cen-
tered at the element, does not overlap with any non-empty element, each element
within the sphere is flagged. Otherwise, nothing is done. After all the elements have
been checked with the generating sphere, all previously empty elements that have not
been flagged are assigned to consist of a filling material with user-specified composi-
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tion. The r used in this work was 3 element lengths, which was enough to fill the inner
seams caused by cell separation, and to partially fill some deep “valleys” at the surface.

Stage 4: coating

The fifth step is to coat the particles. The method for coating is simple: a layer of coating
is added by setting each empty element that is orthogonally adjacent to a non-empty
element as non-empty, assigning these elements to be composed of a coating material.
Multi-layer coatings are formed by using the method iteratively. We used a three-layer
coating in this work for both the normal coating and the hematite-rich coating cases.

Stage 5: nodes (optional)

There is an additional optional step, which can be used to add further internal structures
in the form of inclusions. To generate inclusions in the original shape we insert nodes
inside the particle. Nodes are generated simply by finding a random element in the
particle, and growing a sphere of a given radius around the element, replacing parts of
any existing cell with the node cell.

Here we have used nodes to generate both hematite inclusions and internal pores.
The approach allows us to add these features into generated model particles without
introducing any other changes in their shapes. For both the hematite nodes and internal
pores, we generated 20 nodes with a radius of 8 element lengths, which made the
nodes comparable in size to cells.

4.2 Assigning the mineral composition

The above section contains the technical description of the shape-generating algo-

rithm. The model is given physical relevance by introducing materials. Henceforth, each

cell is stochastically assigned a material in such a way that the model particles would

represent real dust particles composition as specified by the input parameters of the

model. Mineral volume composition representative of Asian dust was derived from TEM
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and SEM data in Jeong and Achterberg (2014). Additionally, the concave hull filling cell,
the coating cell, and the node cells from above are given a material corresponding to
real-world materials.

The end product of this process is a list of volume elements that contain their position
and refractive index. This is exactly what is needed for DDA simulations, hence making
it straightforward to simulate scattering by these particles.

4.3 Homogenization

Once the particles with internal structure have been generated with the algorithm de-
scribed above, we will generate their homogenized versions. This is achieved with
a simple effective-medium approximation (EMA). We calculate the effective refractive
index my of the homogenized particle as a volume-weighted average of the refractive
indices of the constituent elements: (Chylek et al., 2000)

Meg = D f;m;, (7)
i

where f; is the volume fraction of the /th material, and m), is the refractive index of the
ith material.

This simple and straightforward mixing rule is chosen instead of any of the more
sophisticated ones for simplicity: The more sophisticated EMA’s are derived under dif-
ferent assumptions about the mixture, and therefore different EMA’s might be optimal
for different model particles considered here.

5 Results

5.1 Particle generation results and the model correspondence with real dust
particles

In total, we studied five distinct internal structure cases. The five cases are:
20361
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— Case 1. an inhomogeneous particle composed of dielectrically similar minerals
(no strong contrasts in the refractive index)

— Case 2: Case 1 particle with 15 % hematite added as spherical inclusions (replac-
ing the original material)

— Case 3: Case 1 particle with 17 % air added as spherical internal pores (replacing
the original material)

— Case 4: Case 1 particle with both hematite (15 %) and pores (17 %) added

— Case 5: Case 1 particle with the original coating material replaced by a hematite-
rich material

For each case, the particle resembles the “baseline” Case 1 in other respects than
the added features. Therefore, for instance, apart from the added hematite, the mineral
volume fractions in Case 2 resemble those in Case 1. While they are not identical
due to the stochastic nature of inclusion locations, they are close enough to plausibly
assume that the changes seen are not caused by the differing non-hematite mineral
content but instead are caused by hematite. In fact, in the text below we compare the
other cases to Case 1 for specifically this reason.

For all of these cases, we use a three-particle ensemble for all of the results. We
decided to use an ensemble to average out oscillations by single particles, and to
see if the effects of different internal structures are consistent across all three different
generated particles. Therefore, the particle generator is run three times with the same
input parameters, the DDA simulations are run for the all three versions of the five
cases, and for each case we calculate the average of the three results. Because the
generator is stochastic in nature, the three individual particles differ from each other
despite having identical input parameters; however, all of the results are qualitatively
similar for each individual particle.

Tables 1-5 show the ensemble-averaged mineral composition of the five different
internal structure cases we have used here, as well as the EMA refractive indices for
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each case. The refractive indices for the minerals at 1 =550 nm are retrieved from
MinDat database (http://www.mindat.org, accessed 21 May 2015). Empty is used to
denote internal pores, CM to denote clay mixture, and HRCM to denote hematite-rich
clay mixture. CM refractive index is calculated with EMA from the mineral composition
of the first stage (tessellation) of the Case 1 particle, and HRCM refractive index is
calculated likewise from the first stage of the Case 1 particle, but with 15 % hematite
content added. CM is used as the filling material, and as the coating material of all
cases apart from Case 5. HRCM is used as the coating material of Case 4.

Due to the very large variability of the types and structures of real-world dust particles
and the lack of information of the three-dimensional structures of the particles, quanti-
tative validation of the generated shapes is challenging. Instead, we can compare the
particle compositions to those of real particles, and compare the cross-sections visu-
ally. Looking at Fig. 3a, which depicts one example cross-section of Case 1 particle,
we see that the grains are oriented and shaped in a somewhat random way. Figure 3b
shows the same particle, but with a three-dimensional rendering with a part of the parti-
cle cut off to show some of the internal structure. The grains of different materials seem
to be scattered relatively randomly through the particle. Additionally, the characteristic
sizes of the grains are generally 0.5—1 um with the largest r used in this study, 1.75 um.
Comparing these parameters to the electron microscopy images by Jeong and Nou-
siainen (2014), especially the rock fragment dust particle (Fig. 13 in the reference),
we see clear similarities. Although the model particle grains are slightly less irregu-
lar than some grains in the real particles, we see that the overall shapes, sizes and
orientations are similar. However, the model particle grains are proportionally smaller
than those in the real rock fragment dust particle, with radii of roughly 1/6 of the par-
ticle radius instead of roughly 1/14 of the particle radius that the rock fragment dust
particle has. Still, since the model particles themselves are smaller than the particles
shown in Jeong and Nousiainen (2014), the absolute sizes of the grains end up being
close to each other. One thing to note is that the coating thickness of the real dust
particles seems to be roughly 0.5 um, instead of roughly 0.1 um of the model particles.
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Regardless, as we show below, even this very thin coating causes clear effects when
it contains hematite, and the effects would likely be only larger if the coating layer were
thicker. Overall, although there are differences in details, we believe that our model
particles are useful and sufficiently similar to observed real characteristics to serve as
proxies in the sensitivity studies conducted here. Additionally, it could be argued that
the correspondence of the particles does not matter significantly as long as they are
not extremely unrealistic, such as very thin rods or perfect spheres, as long as the
internal features are of the correct size scale.

In addition to the grains and the coating, the model particles contain inclusions and
pores, as described above. The nodes are generated to be comparable to grains in
size, that is, diameters of 0.5—-1 um at the largest size parameters studied (not shown).
While internal pore sizes and shapes vary greatly in real dust particles, at least the
iron-oxide-rich dust particle (Fig. 12 in Jeong and Nousiainen, 2014) shows pores with
characteristic lengths of roughly 1 pm.

5.2 Results of the light-scattering simulations

Here we show the effect of taking inhomogeneity into account in light scattering simu-
lations for several different internal structure scenarios. The scattering matrix elements
will be analyzed as a function of the scattering angle after integrating the values over
a size distribution. As the size distribution we use a lognormal distribution with the ge-
ometric mean radius ry = 0.4 and the geometric standard deviation oy = 2, resulting
in ref = 0.82 um. This distribution follows the one by Lindqvist et al. (2014); Kemp-
pinen et al. (2015b), and is designed to provide reasonable contributions both from
small and large size parameters, while also providing an effective radius reasonably
close to those in real-world applications. Therefore, we kept the wavelength constant
at 1 = 550 nm, while varying the particle r.

It should be reiterated that the primary purpose here is not to study the single-
scattering properties themselves, but how they differ when the internal structure is ac-
counted for either explicitly or through an effective medium approximation. In particular,
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we are interested in establishing which types of internal structures have large effects on
scattering. For each of the five cases, we show light scattering by the inhomogeneous
particle (called IHG), light scattering by IHG Case 1 (called the baseline), as well as
the homogeneous version of the particle (called EMA), for straightforward comparison
of the effects of inhomogeneity. As a reminder, the baseline and the EMA versions of
the particles are identical in size and shape to the corresponding IHG versions, and
the only difference is in the local refractive indices within the lattice elements.

Below, we study each of the six independent scattering matrix elements separately.
For each matrix element, we show all of the five cases, comparing the IHG version
of the particle with the baseline and the EMA versions. Case 1, the baseline, is not
discussed separately along the other cases because EMA values for it are virtually
identical to the IHG values for all of the scattering matrix elements. S,4 is shown as it
is, using a logarithmic scale, and the other elements are shown as ratios S./S;;, where
S. is the element in question. Additionally, the ratios with S;, and Sz, are shown as
negatives, instead, as per the usual convention.

Added contrast shows a clear effect on S;¢, as seen in Fig. 4. In particular, added
hematite nodes (Cases 2 and 4) and, to a lesser extend internal pores (Case 3), seem
to decrease Syy compared to the baseline Case 1. The values at side-scattering and
back-scattering angles are especially reduced. In addition to this reduction, the form of
the scattering function is smoothened in these cases. It is notable that the smoother
form of the scattering function resembles that of the real dust particles better than the
Case 1 version (Mufioz et al., 2012). Case 5, with the hematite-rich coating, does not
differ noticeably from the baseline. For particles that differ from the baseline, Cases 2,
3 and 4, the performance of EMA for replicating the baseline varies. For the particle
with added pores (Case 3), EMA seems to work reasonably well in replicating the IHG
values, with only slight differences being seen at the side-scattering angles. However,
for Cases 2 and 4, which include hematite inclusions, EMA values are clearly different
from the true IHG values, in particular at the backscattering direction, where the EMA
values can be up to 30 % too large.
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For —-S,,/S44 (Fig. 5), internal pores (Cases 3 and 4) seem to have the largest effects
on scattering compared to the baseline, with the particle with only the hematite nodes
(Case 2) also showing clear impact. For all of these cases, added internal structure
increases —S;,/S;; at most scattering angles. The particle with the hematite coating,
Case 5, shows smaller difference to the baseline than the cases mentioned above, and
the effect is of the opposite direction: the hematite-rich coating decreases -S;,/S11
instead of increasing it. EMA seems to replicate the true scattering function of the IHG
version relatively poorly for all of the Cases 2-5. For Cases 2—4, -S;,/S;; for the EMA
particle are lower than those of the corresponding IHG particles. However, for Case 5,
EMA seems to smoothen out the angular dependency, and therefore the direction of
the error varies depending on the scattering angle.

Figure 6 shows that hematite has a very significant effect on S,,/S;; regardless of
it being present as inclusions (Cases 2 and 4) or as a part of the coating material
(Case 5). For Cases 2 and 4, the angle dependence of the scattering matrix values is
overall smoother than that of the baseline case. Case 3, with only the internal pores,
also shows similar behavior to Cases 2 and 4, but with a much smaller magnitude. The
particle with hematite coating (Case 5) also shows clear difference, but instead of the
angular dependency being changed, the values are overall higher than the baseline.
For S,,/S;1, the EMA versions of the particles generally do not replicate the true IHG
values well. For Cases 2 and 4, the EMA values are slightly closer to the true values
than the baseline, but the difference is still significant. For Case 3, EMA seems to, in
fact, be further from the true values than the baseline. Finally, for Case 5, the EMA
values are virtually identical to the baseline values.

S33/S11 values (Fig. 7) for the IHG versions of the particles are generally lower than
the baseline. The particle with internal pores, Case 3, is an exception, and for it the
baseline and IHG are virtually identical. Interestingly, the difference between EMA val-
ues and the baseline is very small for all of the cases, in particular Cases 4 and 5, for
which it is indistinguishable. For all of the cases, EMA results in larger than true values.
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It is clear from Fig. 8 that the impact of internal structure on —S;,/S; varies signif-
icantly depending on the exact type of the structure. Hematite nodes in Cases 2 and
4 smoothen out the angular dependency greatly apart from forward-scattering angles,
where the values are amplified. Because of this smoothening, the —S;,/S;; values are
overall smaller for the Case 2 and 4 IHG particles than those of the baseline. For the
particle with internal pores, Case 3, the values are also smaller than the baseline, but
the angular profile is not smoothened. For the hematite-coated Case 5, the IHG val-
ues are higher than those of the baseline, unlike for all of the other cases. Like with
Case 3, the Case 5 angular dependency is not smoothened. Compared to the IHG and
baseline values, the validity of EMA varies from case to case. For Cases 2 and 4, EMA
works decently well, and although the values are not particularly close to those of IHG,
at least they are closer than those of the baseline. However, for Cases 3 and 5, EMA
values are more erroneous than even the baseline.

Lastly, the effects of the added forms of internal structure on S,,/S¢; are shown in
Fig. 9, and are quite consistent for all of the cases studied. All of the IHG values are
lower than those of the baseline, although for Case 3 the difference is clearly smaller
than for the other cases. Again, the EMA versions of the particles do not replicate
the S,4/S11 values of the IHG versions closely. For Cases 2 and 3 the EMA values
are slightly higher than the real values, while for Cases 4 and 5 the difference is higher.
Interestingly, for Case 3 again, the scattering matrix element values for the EMA particle
are further from the real values than the baseline.

5.3 Scalar scattering quantities

In addition to the effect of internal structures on the scattering matrix elements, we also

explore the impacts of the same types of internal structures on four scalar quantities

that are often used in climate or remote sensing applications. These quantities, namely

albedo, asymmetry parameter, linear depolarization ratio and lidar ratio, are shown be-

low as a function of the particle size parameter. The format is similar to that used for the

scattering matrix elements, where we show results separately for the IHG, the baseline,
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and the EMA particles, and compare them to see how added internal structures affect
the values. In addition to the size-parameter-dependent figures, we also show the val-
ues of the size-distribution-averaged results in Table 6 for each case. In addition to the
values themselves, the table also shows the difference, and the relative difference, that
is, the difference as a percentage to the IHG value.

Single-scattering albedos for the original (IHG), Case 1 (baseline), and homogenized
(EMA) versions of the three-particle ensembles of the five internal structure cases are
shown in Fig. 10. Neither Case 1 nor Case 3 contain any absorbing materials, and
therefore their albedoes are uniformly one, and do not require any further discussion.
Case 2 and Case 4 behave similarly to each other. For them, the albedo decreases as
the particle size increases due to the hematite inclusions approaching the wavelength
size. For sizes where the inclusions are larger than the wavelength of the incoming
radiation, roughly size parameter 10 and larger, the albedo stabilizes to an almost
constant value. For these cases, EMA overestimates albedo of the IHG version by
5-10 % between size parameters roughly 5 and 15. At small sizes, the inclusions are
much smaller than the wavelength, and therefore the EMA and the IHG values are close
to each other. At the largest sizes, it seems like EMA is approaching the values of the
IHG particle and becoming even smaller. It would be interesting to see if at very large
size parameters this development continues and EMA ends up underestimating albedo.
For Case 5, the albedo decreases almost linearly as the size parameter increases,
when the coating starts to interact with light more strongly. With increased coating
thickness or even larger particle sizes, it is reasonable to assume that the albedo would
decrease even further. Case 5 also shows a small, but consistent, difference in albedo
between the IHG and the EMA particles, with EMA being lower.

Asymmetry parameter for the original and homogenized versions of the five internal
structure cases are shown in Fig. 11. For the particles with hematite nodes, Cases 2
and 4, the asymmetry parameter is higher than that of the baseline by roughly 20 %
at most size parameters. For the particles with only the pores added (Case 3) and
the particles with the hematite coating (Case 5), the asymmetry parameter is virtually
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identical to the baseline. For all of the particles shown here, EMA performs reasonably
well for the asymmetry parameters, following the IHG values closely.

The linear depolarization ratio for the original and homogenized versions of the five
internal structure cases are shown in Fig. 12. Added hematite seems to have a very
significant increase on linear depolarization ratio, regardless of whether it is present as
inclusions (Cases 2 and 4) or as part of the coating material (Case 5). The effect of
hematite is to decrease linear depolarization ratio by up to 40 % at large size parame-
ters, and coating seems to have a stronger impact than inclusions. Internal pores have
a smaller effect, and increase the linear depolarization rate by roughly 10 %. For Cases
2 and 4, EMA is closer to the true IHG values than the baseline, but the difference is
still notable. However, for Cases 3 and 5, EMA performs badly and has values very
close to those of the baseline.

Lidar ratio for the original and homogenized versions of the five internal structure
cases are shown in Fig. 13. Hematite nodes (Cases 2 and 4) seem to affect the lidar
ratio greatly, whereas internal pores or hematite coating (Cases 3 and 5) do not. At
large size parameters, the presence of hematite nodes roughly triples the lidar ratio
from the baseline values, and even at smaller size parameters, the difference is notable.
For Cases 2 and 4, EMA results are typically between those for the baseline and IHG,
meaning that the EMA manages to partially account for the impact of the additional
internal structure. Still, EMA results differ from those of IHG by 20-50 %. The direction
of the difference between IHG and EMA depend on the exact size parameter. For
Cases 3 and 5, EMA values are indistinguishable from the IHG values.

6 Summary and conclusions

In this work, we studied the effects of dust particle internal structure in a computational
way based on real internal structures revealed by Jeong and Nousiainen (2014). First,
we generated qualitatively realistic dust particles with various internal structures by
using a sophisticated computational model. Second, homogeneous versions of these
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particles were generated with an effective-medium approximation. Third, light scatter-
ing simulations for both versions of the particles were run with a discrete-dipole ap-
proximation program called ADDA.

Five distinct internal structure cases were studied, and for each case we used
a three-particle ensemble. First, we studied particle whose composite minerals had
similar refractive indices. This was considered our baseline, to which the other cases
were compared to. Second, we added hematite inclusions to the baseline particles.
Third, we added internal pores to the baseline. Fourth, both hematite inclusions and
internal pores were added to the baseline. Fifth, the coating material of the baseline
was replaced with a hematite-containing material, but no nodes or pores were added.

These models of internal structures were selected by their common occurrence in
the Asian dust particles on the basis of systematic TEM data provided in Jeong and
Nousiainen (2014) Although many more cases are possible, we restricted the analysis
to five cases to include major features of internal structures while keeping the compu-
tation load manageable. Natural dust particles contain two major mineral types of iron
oxides: goethite and hematite. We selected hematite as a representative iron oxide in
the structural model because its high refractive indices and effect on optical properties
were treated previously (Sokolik and Toon, 1999; Lafon et al., 2006). Of course, iron
oxide contents of dust particles vary in a wide range, thus 15 volume % hematite ob-
served in natural particle is likely a case of rather high content of iron oxides. However,
the purpose of the calculation here was to show clearly the effect of hematite on diverse
optical properties.

For each of these cases, we studied light scattering by both the inhomogeneous and
homogenized versions of the particles and compared them against the baseline. The
results show that most types of internal structure have clear effects on light scattering,
and that many of those effects are not properly accounted for by the effective-medium
approximation (EMA) that we used. Our findings are consistent with those of Kocifaj
and Videen (2008) that the performance of EMA is inconsistent when the inhomogene-
ity is in macroscopic scale. Possible errors from the use of EMA’s for such particles
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are thus hard to predict, and will depend on the quantity of interest. Overall, hematite
inclusions turned out to be the most impactful of the forms of internal structure studied
here, affecting all of the scattering matrix elements and scalar scattering quantities.
Hematite-rich coating affects all of the scattering matrix elements apart from S,4, and
for linear depolarization ratio has an even greater effect than hematite inclusions. Inter-
nal pores affect especially —S;,/S¢ very significantly, but also the other scattering ma-
trix elements to a lesser degree; scalar scattering quantities considered, on the other
hand, remain relatively close to the baseline. Additionally, in many cases, having both
hematite nodes and internal pores present amplifies the effects compared to having
only the hematite nodes, instead of dampening the effects in some way. Finally, having
a particle composed of several different materials, but with similar refractive indices, is
the exception. In our analysis such a particle could safely be treated as homogeneous,
and even using a very simple mixing rule for the effective refractive index calculations
provided accurate results.

All four of the scalar variables studied, the single-scattering albedo, asymmetry pa-
rameter, linear depolarization ratio and lidar ratio, were affected noticeably by some
forms of internal structure. For albedo, adding hematite content lowered the values
significantly. For asymmetry parameter, hematite nodes, but not hematite-rich coat-
ing, increased the values clearly. For linear depolarization ratio, all forms of hematite
lowered the values greatly. Finally, for lidar ratio, added hematite nodes increased the
values two- or three-fold. Interestingly, we can compare the differences to those caused
by adding surface roughness, as done by Kemppinen et al. (2015a). As an example,
increasing surface roughness has a similarly sized effect on linear depolarization ratio
as that of adding hematite, but of the opposite direction.

Based on these results, it appears that the internal structure of real dust particles
need to be accounted for in single-scattering simulations to obtain accurate results. Not
only is it common in real dust particles, it also has major effects on scattering matrix
elements and many scalar scattering quantities. Furthermore, the form of the internal
structure matters. For example, light scattering changes considerably depending on
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whether hematite is present as inclusions, or mixed in the coating material. Additionally,
at least for the simple mixing rule tested here, a homogenized particle created with
an effective-medium approximation is unable to well mimic scattering by the original
inhomogeneous version of the particle in most cases. In fact, in some cases using
an effective-medium approximation causes results to be more wrong than ignoring the
internal structure altogether. Therefore, if accuracy is desired in the results, accounting
for internal structure should be done explicitly.
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Table 2. The mineral content for the particle in Case 2. Compared to the Case 1, the particle
has added hematite, which has a drastically different refractive index than the other minerals.

Mineral Volume fraction (%) Refractive index
Homogenized (EMA) 100 1.78 +i0.0135
CMm 39.05 1.55
Ilite 14.88 1.57
Hematite 14.65 3.09 +i0.0925
Quartz 9.00 1.55
Smectite 7.96 1.52
Plagioclase 6.17 1.53
Calcite 2.37 1.60
Gypsum 1.66 1.52
Chilorite 1.59 1.58
K-eldspar 1.34 1.52
Kaolinite 1.16 1.56
Amphibole 0.16 1.62
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Table 4. The mineral content for the particle in Case 4, which is in some sense the combination

of Cases 2 and 3, containing both the hematite nodes and the internal pores. o scattering
@ :
Mineral Volume fraction (%) Refractive index g O. Kemppinen et al.
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Table 5. The mineral content for the particle in Case 5, which is otherwise identical to Case structure ar.id light
1, but with the coating material containing hematite, and indicated by HRCM in the table. The scattering

filling material has no hematite, and is therefore the same CM as for the other cases. % )
o O. Kemppinen et al.
Mineral Volume fraction (%) Refractive index g-
. . 3
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Table 6. Scalar scattering quantities for the size distribution averaged three-particle ensem-
bles. Inhomogeneous (IHG), Case 1 (baseline) and homogeneous (EMA) values are shown

separately, as well as their differences as percentages of the IHG value.

Case IHG Baseline EMA (IHG —Baseline)/IHG (%) (IHG — EMA)/IHG (%)
Albedo
Case 1 1.00 1.00 1.00 0.00 0.00
Case2 0.82 1.00 0.86 -22.21 -5.17
Case3 1.00 1.00 1.00 0.00 0.00
Case4 0.82 1.00 0.87 -21.96 -5.89
Case5 0.98 1.00 0.97 -2.43 0.51
Asymmetry parameter
Case 1 0.62 0.62 0.62 0.00 0.04
Case2 0.57 0.62 0.58 -8.46 -0.66
Case3 0.64 0.62 0.68 2.89 -5.88
Case4 0.59 0.62 0.61 -6.19 -4.09
Case5 0.62 0.62 0.61 -0.25 2.41
Linear depolarization ratio
Case 1 0.31 0.31 0.31 0.00 0.19
Case2 0.35 0.31 0.35 13.30 -0.04
Case3 0.25 0.31 0.25 -24.33 -0.58
Case4 0.32 0.31 0.35 3.54 -10.60
Case5 0.26 0.31 0.33 -19.88 -29.21
Lidar ratio
Case 1 4551 4551 4559 0.00 -0.17
Case2 44.26 4551 34.08 -2.83 23.00
Case3 57.09 45.51 66.28 20.28 -16.10
Case 4 47.81 45.51 39.89 4.80 16.57
Case 5 40.58 45.51 39.83 -12.14 1.85
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sl

Figure 1. Example internal structure and mineral distribution in Asian dust particle. Panel (a)
is an SEM image showing a dust particle of 3.8 um in diameter (arrow) processed with focused
ion beam to prepare a thin slice for TEM analysis. Panel (b) is a TEM image of the slice showing
mineral grains and interstitial pores. Cc = calcite, Ch = chlorite, ISCM = illite-smectite series clay
minerals, P = pore, Q = quartz. Gold deposition was applied for electrical conduction for SEM
observation. Carbon was deposited before focused ion beam process. Panel (¢) is a magnified
image from the square in Panel (b) showing the submicron hematite grains enclosed in the
illite-smectite series clay minerals. Panel (d) is a lattice fringe image of hematite indicated as
arrow in Panel (c).
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Figure 2. A schematic two-dimensional figure of the particle generation process. Panel (a)
shows a simple four-cell tessellation, with the dashed ellipse showing an example culling sur-
face. Panel (b) shows the cell separation. Panel (c) shows the formation of the concave hull,
while Panel (d) shows the filling process based on the hull. Panel (e), shows the particle with
no coating, and finally, Panel (f) shows the particle with coating added.
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(b)

(d)

Figure 3. Example cross-sections of Case 1 versions of all three of the ensemble constituent
particles (Panels a—c), and a three-dimensional rendering (Panel d) of the particle in Panel (a),
with a part of the particle cut out to reveal the inner structure. Different shades of gray cor-
respond to different minerals. The scale bar in Panel (a) shows the approximate size of the
features at the largest particle r used in this study, 1.75 um.
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Figure 4. S,, values for the inhomogeneous (IHG), the baseline, and the homogeneous (EMA)
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versions of all five of the internal structure cases as a function of the scattering angle.
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Figure 5. -S,,/S;, values for the inhomogeneous (IHG), the baseline, and the homogeneous
(EMA) versions of all five of the internal structure cases as a function of the scattering angle.
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Figure 6. S,,/S;; values for the inhomogeneous (IHG), the baseline, and the homogeneous
(EMA) versions of all five of the internal structure cases as a function of the scattering angle.
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Figure 7. S33/S,, values for the inhomogeneous (IHG), the baseline, and the homogeneous
(EMA) versions of all five of the internal structure cases as a function of the scattering angle.
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Figure 8. -S;, /S, values for the inhomogeneous (IHG) and the homogeneous (EMA) versions
of all five of the internal structure cases as a function of the scattering angle.
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Figure 9. S,,/S;; values for the inhomogeneous (IHG), the baseline, and the homogeneous
(EMA) versions of all five of the internal structure cases as a function of the scattering angle.
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Figure 10. Albedo for the inhomogeneous (IHG), the baseline, and the homogeneous (EMA)
versions of all five particle cases as a function of the size parameter of the particle.
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Figure 11. Asymmetry parameter for the inhomogeneous (IHG), the baseline, and the homo-
geneous (EMA) versions of all five particle cases as a function of the size parameter of the
particle.
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Figure 12. Linear depolarization ratio for the inhomogeneous (IHG), the baseline, and the
all five particle cases as a function of the size parameter

homogeneous (EMA) versions of

of the particle.
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