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Abstract We show the effect of composition heterogeneity and shape on the optical properties of urban
dust particles based on the three-dimensional spatial and optical modeling of individual particles. Using
scanning electron microscopy/energy-dispersive X-ray spectroscopy (SEM/EDX) and focused ion beam (FIB)
tomography, spatial models of particles collected in Los Angeles and Seattle accounted for surface features,
inclusions, and voids, as well as overall composition and shape. Using voxel data from the spatial models
and the discrete dipole approximation method, we report extinction efficiency, asymmetry parameter, and
single-scattering albedo (SSA). Test models of the particles involved (1) the particle’s actual morphology as a
single homogeneous phase and (2) simple geometric shapes (spheres, cubes, and tetrahedra) depicting
composition homogeneity or heterogeneity (with multiple spheres). Test models were compared with a
reference model, which included the particle’s actual morphology and heterogeneity based on SEM/EDX and
FIB tomography. Results show particle shape to be a more important factor for determining extinction
efficiency than accounting for individual phases in a particle, regardless of whether absorption or scattering
dominated. In addition to homogeneous models with the particles’ actual morphology, tetrahedral
geometric models provided better extinction accuracy than spherical or cubic models. For iron-containing
heterogeneous particles, the asymmetry parameter and SSA varied with the composition of the
iron-containing phase, even if the phase was <10% of the particle volume. For particles containing loosely
held phases with widely varying refractive indexes (i.e., exhibiting “severe” heterogeneity), only models that
account for heterogeneity may sufficiently determine SSA.

1. Introduction

Atmospheric dust aerosols affect climate by perturbing Earth’s radiative balance directly or through aerosol
interaction with clouds [Haywood and Boucher, 2000; Satheesh and Krishna Moorthy, 2005; Sokolik and Toon,
1996]. For effects involving clouds, known collectively as indirect aerosol effects or aerosol-cloud interactions,
the size and composition of dust particles as cloud droplet condensation nuclei or ice nuclei affect the phy-
sical properties of cloud droplets or ice crystals and the overall optical thickness, albedo, and lifetime of
clouds [Albrecht, 1989; Haywood and Boucher, 2000; Lohmann and Feichter, 2005; Myhre et al., 2013;
Twomey, 1974]. In addition, absorbing aerosol in the vicinity of clouds may warm the atmosphere and reduce
cloud cover (semidirect effect) [Hansen et al., 1997].

The direct aerosol effect is the scattering or absorption of solar or longwave radiation by aerosol particles
without cloud interaction [Haywood and Boucher, 2000; Myhre, 2009]. The imbalance in Earth’s radiative flux
due to the direct effect, quantified as radiative forcing in watts per meter squared at the top of the atmo-
sphere (TOA), is calculated from properties that can be assigned to aerosol particles: extinction coefficient,
single-scattering albedo (SSA—ratio of scattering to extinction), and asymmetry parameter (average cosine
of the scattering angle) or phase function (fractions of light scattered in particular directions). The aerosol
optical depth (AOD) is calculated from the particle extinction coefficient. The extent of aerosol scattering
versus absorption is derived from the SSA. The extent that radiation is backscattered is derived from the
asymmetry parameter or phase function.

Atmospheric dust is often assumed to be mineral in origin such as the large injections of dust from major
desert regions such as the Sahara, Gobi, and Taklamakan. Radiative forcing by dust has been assumed to
be negative in the solar spectrum and positive in the thermal infrared spectrum [Tegen et al., 1996], notwith-
standing variation in forcing due to the surface albedo, e.g., land versus ocean. Local TOA variation in
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radiative forcing (solar plus infrared) from dust due to disturbed soils from anthropogenic activities ranges
from �2.1 to 5.5 W m�2 [Tegen et al., 1996].

Dust of urban origin (exclusive of solitary soot-like or sulfate particles) has signatures that are both mineral
and uniquely anthropogenic such as cement, masonry and asphalt wear, tire wear, demolition dust, and
emissions from power plants and energy intensive manufacturing [Conny and Norris, 2011; Sokolik and
Toon, 1996]. Mineral dust from human activities alone is thought to contribute 20 to 50% of the global
mineral dust loading [Sokolik and Toon, 1996; Tegen and Fung, 1995]. While mineral particles themselves often
exhibit composition heterogeneity [Falkovich et al., 2001; Nousiainen, 2009; Toon and Pollack, 1976], individual
urban particles often exhibit the mixing of nonmineral components such as soot or sulfate with mineral
components [Conny and Norris, 2011], similar to the “aging” of aerosols in nonurban environments [Buseck
and Posfai, 1999; Levin et al., 1996].

In this work, we model the optical properties of selected individual urban dust particles and account for their
composition heterogeneity and morphology (surface features and void structure as well as shape). In addi-
tion, we present optical models of the particles with lesser complexity. One type of simplified model includes
the actual size and morphology of the particle, but with its composition as a single homogeneous phase.
Other simplified models are volume-equivalent geometric shapes consisting of a single cube, tetrahedron,
sphere, or multiple spheres. We compare optical properties of the simplified models (test models) of a parti-
cle with a reference model representing the actual morphology and composition of the particle to show how
shape and heterogeneity affect optical behavior of urban dust.

The reference models in this study are derived from the detailed spatial analysis of each particle with focused
ion beam scanning electron microscopy (FIB-SEM) and associated element mapping by energy-dispersive
X-ray spectroscopy (EDX). SEM and/or transmission electron microscopy have been employed in a number
of studies on the optical properties of dust aerosols [e.g., Ebert et al., 2004, 2002; Kalashnikova and Sokolik,
2004; Kandler et al., 2007, 2009]. However, few reports on the use of FIB-SEM on atmospheric particles are
known [Adler et al., 2014; Chen et al., 2013; Conny, 2013; Conny et al., 2014; Lieke et al., 2013]. This study
contrasts with previous studies involving SEM, EDX, and FIB-SEM in that we investigate particle optical
behavior based on the three-dimensional internal structure and composition of particles and overall particle
morphology with a technique known as FIB tomography [Conny et al., 2014].

Dust particles rarely have shapes that closely match simple geometric forms [Gao and Anderson, 2001;
Kalashnikova and Sokolik, 2002;Nousiainen, 2009; Volten et al., 2001]. However, algorithms that retrieve aerosol
optical properties from satellite-based instruments such as MODIS (Moderate Resolution Imaging
Spectroradiometer) and MISR (Multiangle Imaging Spectroradiometer) [Diner et al., 1999; King et al., 1999;
Remer et al., 2005] or ground-based radiometers within AERONET (Aerosol Robotics Network) [Holben et al.,
1998] necessarily approximate particles as homogeneous geometric forms, typically spheres or spheroids.
Significant deviation in the scattering phase function from purely spherical models has been shown for non-
spherical particle models consisting of spheroids (oblate and prolate) and Chebyshev forms [Asano and Sato,
1980;Hill et al., 1984; Kahnert and Kylling, 2004; Koepke and Hess, 1988;Mishchenko et al., 1995, 1997;Wiscombe
and Mugnai, 1988; Yi et al., 2011] and for more realistic particle shapes based on electron microscopy
[Kalashnikova and Sokolik, 2002, 2004]. As a result, AOD retrievals from satellite and ground-based radiometers
have been shown to be inaccurate especially when only spherically shaped particles are considered [Dubovik
et al., 2002, 2000; Kahn et al., 1997]. In this study, we assess how well optical models with simplified particle
shapes compare with models that incorporate the morphology and internal structure of actual dust particles.

An important related problem is our ability to adequately characterize the shape and size of dust particles
using measurement techniques such as conventional two-dimensional SEM, aerodynamic particle sizing,
and optical particle sizing [Reid et al., 2003]. Various approaches have been taken to address shape-related
inaccuracies in AOD retrievals [Dubovik et al., 2006; Kalashnikova and Kahn, 2006]. Relatively recent updates
to AERONET and MODIS retrieval algorithms assigned spheres to fine-mode particles, which are assumed to
be of anthropogenic and biomass burning origins, and randomly oriented spheroids to coarse-mode mineral
dust particles [Dubovik et al., 2006; Levy et al., 2007]. Radiometric spectral information has also been used to
distinguish particle sphericity from nonsphericity with modeled spheroids having a distribution of aspect
ratios [Dubovik et al., 2006; Kahn et al., 1997] and as aggregates of simple geometric forms [Kalashnikova
and Kahn, 2006].
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Due to the complexity of heterogeneous particles and the limitation of EDX to elemental rather than
chemical species analysis, the identity of individual phases is often ambiguous. For a small number of
particles (seven), we consider different compositions for the light-absorbing phase such as elemental
carbon and various iron oxides within each particle for a total of 18 model treatments. In particular,
elemental carbon phases are modeled as soot-like black carbon or graphite; iron-containing phases are
modeled as hematite, goethite, limonite, wustite, or a nonabsorbing iron-containing silicate. From the
3-D spatial models with FIB tomography, we calculate extinction, absorption, and scattering efficiencies
and asymmetry parameters for the model treatments using the discrete dipole approximation (DDA)
method [Draine and Flatau, 1994; Yurkin and Hoekstra, 2007, 2016], known also as the coupled dipole
approximation. We focus on the variation in extinction, SSA, and the asymmetry parameter between the
test and reference models.

2. Methodology
2.1. Sample Collection and Preparation

Particles in approximately the 2.5 to 10 μm size range were collected at sampling sites in Los Angeles (LA) in
fall 2004 and Seattle in winter 2005. At each site, particles were collected on a quartz-fiber filter using a
dichotomous virtual impactor (Universal Air Sampler, MSP Corporation) that ran continuously for 24 h.
(Commercial products identified here specify the means by which experiments were conducted. Such iden-
tification is neither intended to imply recommendation or endorsement by the National Institute of
Standards and Technology nor imply that the identified products are necessarily the best available for the
purpose.) The LA sampling site (latitude 34.02°, longitude �118.28°) was located 4 km south of downtown
in a light industrial area and approximately 150 m from a major highway. The sample likely contained signifi-
cant amounts of particles originating from the nearby highway. The Seattle sampling site (latitude 47.71°,
longitude �122.29°) was located in a recreational park adjacent to a residential neighborhood of detached
homes, 9 km north of downtown and 2.9 km from a major highway. The sample likely contained significant
amounts of mineral-like particles from the park and neighborhood grounds.

The seven selected particles ranged in size from 1.28 to 3.37 μm. Dichotomous samplers of the type
employed here typically have a 50% efficiency at the aerodynamic diameter cut point between the fine
particle fraction (0 to 2.5 μm) and the course fraction (2.5 to 10 μm) [Hinds, 1999]. In this study, three particles
had diameters below the 2.5 μm cut point and four particles had diameters above the 2.5 μm cut point but at
the lower end of the coarse particle size range. Thus, they were relatively small dust particles.

2.2. EDS Analysis and FIB Tomography

FIB tomography is performed with an SEM instrument that has an ion beam column in addition to the
electron beam column. The process involves sequentially milling through the particle with the ion beam
while collecting SEM images. In addition, mapping of elements by EDX determines the compositional hetero-
geneity. The images and maps are used to provide a 3-D reconstruction of the particle’s shape, surface
features, and internal structure and composition. Voxel positions from the 3-D spatial models are then used
as input to DDA for creating optical models.

Particles were transferred from the quartz-fiber filters to 5 mm × 5 mm germanium wafers using an electro-
statically assisted microcentrifugation technique [Conny et al., 2014]. Prior to imaging and EDX element map-
ping in the SEM, particle-borne wafers were coated with 10 to 20 nm of carbon to minimize charging by the
electron beam. Secondary electron imaging, element mapping and analysis by EDX, and FIB tomography of
the particles were performed with an FEI Nova NanoLab 600 Dual-Beam (electron and gallium-ion beams).
The electron beam energy and current were 15 kV and 0.58 nA or 20 kV and 0.62 nA. Element compositions
were determined from EDX maps of the whole particle or subregions of the particle, thus excluding the
surrounding wafer.

The FIB-SEM instrument stage is tilted 52° such that the Ga+ ion beam is normal to the substrate, but the elec-
tron beam is 52° from the normal (38° from the wafer surface) [Conny, 2013] (see Figure S1 in the supporting
information). An automated process mills through the particle in 15 to 20 nm increments and then images
the particle’s exposed surface. The result is a stack of 100 to 200 images with 1024 by 884 pixels for each
particle. In this study, pixel sizes ranged from 4.8 to 15.6 nm. For some particles, element maps with EDX
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were taken at every tenth slice. In most cases using germanium substrates, overlap of Ge L X-ray lines from
the substrate with K lines from sodium and magnesium in the particle precluded the analysis of Na and
Mg. However, Na and Mg are sometimes detectable from a surface inclusion when the underlying particle
sufficiently absorbs the interfering Ge L X-rays. Na and Mg are also detectable when maps are taken with
the electron beam at 52° from the normal, whereby the beam penetrates less of the wafer and fewer Ge L
X-rays reach the EDX detector.

The 3-D representation of each particle was created from the stack of SEM images using Avizo software
version 7. Using Avizo’s manual segmentation tools, each voxel in the 3-D representation was assigned a
chemical phase based on the EDX element maps. During FIB milling, slicing occurs in the z direction.
However, the 15 to 20 nm FIB slice increment is larger than the size of an image pixel in the x-y plane. As a
result, voxels in the 3-D representation are not cubic initially. Resampling of the 3-D representation in
Avizo was required to make the voxels as close to cubic as possible while maintaining the size, shape, and
chemical phase assignment of the original 3-D representation.

2.3. Optical Property Modeling

Optical properties (extinction, absorption, scattering, and asymmetry parameter) were calculated for
incident light at the 589 nm wavelength using the DDA program DDSCAT version 7.3 [Draine and
Flatau, 1994, 2013]. (Note that 589 nm is the spectral D line of sodium used by convention for refractive
index measurements.) The DDA method employs a user-specified set of points describing the particle
whereby each point is a polarizability tensor, or dipole, subject to the electric field of the incident mono-
chromatic light and the electric field of the other dipoles [Draine, 2000]. Using the appropriate sets of
dipoles, DDA can accommodate a particle’s exact shape, surface features, and void structure. Other
numerical techniques for determining optical properties of nonspherical particles may also be suitable
such as the invariant imbedding T-matrix method [Bi and Yang, 2014]. Some techniques are more appro-
priate for homogeneous particles or particle cluster components that have rotational symmetry, such as
the separation of variables method, standard T-matrix method, and the superposition method for
multisphere/spheroid clusters [Mishchenko et al., 2000]. Other techniques such as the finite element,
finite difference, or the finite difference time domain methods that allow for heterogeneity and asymme-
try are limited by the particle size parameter (e.g., x = 2πa/λ < 10, where λ is the wavelength of incident
light and a is the particle size such as the radius of a volume-equivalent sphere) [Mishchenko
et al., 2000].

In DDSCAT, a target is defined as an array of points that are polarizable, i.e., array of dipoles, by incident light.
For the shape and compositional structure of a particle, DDSCAT requires an input file with dipole x, y, and z
coordinates, whereby each dipole is associated with a complex refractive index. For each particle, the number
of voxels in the 3-D representation exceeded the DDSCAT dipole capacity (106). To provide DDSCAT with
fewer dipoles, 3-D representations were necessarily downsampled in Avizo. Models of geometric forms of
particles, as explained below, were generated from internal DDSCAT procedures rather than a file of
dipole coordinates.

In this study, complex refractive indexes were acquired from various sources (see Tables 3 and 4 below). For
the real part of the refractive index of mineral phases, we primarily used data from the Handbook of
Mineralogy [Anthony et al., 2016]. To maintain consistency among crystalline materials with uniaxial or biaxial
birefringence, we selected the extraordinary or gamma refractive index component, respectively. For the
imaginary part of the refractive index we used various literature values; most importantly, for minerals we
used tabular data from Egan and Hilgeman [1979], which included data at 600 nm, the listing closest to
589 nm. References for refractive indexes associated with specific particles and phases are listed in
Tables 3 and 4.

To simulate random orientation of a particle in the atmosphere, the target is rotated in DDSCAT within a
computational frame (lab frame) at specified intervals [Draine and Flatau, 2013]. The lab frame is defined
by axes x̂ , ŷ , and ẑ , whereby incident light propagates along the x̂ axis and the two polarization states for
the incident light align with the ŷ and ẑ axes. The target is oriented within the lab frame by its internal axes.
Three angles are used to specify the target orientation and rotational interval: Θ, Φ, and β. Angles Θ and Φ
specify the position of the target relative to the direction of light propagation and, thus, specify the position
of the target’s internal axes within the lab frame. β specifies the rotation of the target about one of its internal
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axes. In this study,Θwas positioned at angles corresponding to values 1, 0, and�1 for cosine(Θ), i.e., at 0°, 90°,
and 180°.Φ and β were incremented from 0° to 360° in steps of 90°. The incremental steps inΘ,Φ, and β are a
minimal number for this study to sufficiently represent particle rotation within the lab frame. Increasing the
number of rotational steps would have resulted in an inordinate amount of time for DDSCAT to run the
reference models for most particles due to the compositional complexity of the particles and the relatively
large size parameters, which required targets to have a relatively large number of dipoles.

In addition to the rotation of the target, four scattering planes [Draine and Flatau, 2013] were used to
intercept the calculated scattered light for determining the directions and intensities of light scattering.
Two scattering planes aligned with the x̂-ŷ plane in the lab frame, and two scattering planes aligned with
the x̂-̂z plane. For each scattering plane, scattering was calculated at 10° intervals, from 0° to 180°, of the angle
between the incident light beam and the scattered light beam. See the supporting information for additional
information on algorithms used in DDSCAT. Error tolerance as set at 10�3.

Figure 1. Microscopic images and high-resolution element maps for particles (a) LA1, (b) LA2, (c) LA3, and (d) LA4 from the
Los Angeles sample. BF and DF indicate bright-field and dark-field light microscopy imaging; electron imaging is from
secondary electrons. Arrows in Figure 1c indicate carbonaceous phase. See text for identities of phases 1–4 in Figure 1d.
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3. Results
3.1. Phase Compositions and Volumes
3.1.1. Carbon-Containing Particles (LA1 and LA2)
Figure 1 shows the microscopy and element maps for the particles selected from the LA sample. Two parti-
cles, LA1 and LA2, (Figures 1a and 1b) contained substantial amounts of inorganic carbon and mineral-like
material. In these particles, quantification of carbon was not reliable because the samples were carbon coated
to reduce charging by the electron beam. Two observations, however, support the presence of carbon. First,
both LA particles appear black with bright-field light microscopy (BF in Figures 1a and 1b) and, thus, absorb
light consistent with elemental carbon (EC). Second, the carbon k-ratio (mass concentration for sample
divided by mass concentration for standard) from EDX for scanned areas of the particles was 6 to 7 times
larger than the carbon k-ratio for equally sized areas of the wafer. For particles without carbon, k-ratios were
only 2 to 3 times larger than the carbon k-ratio of the wafer. (Here enrichment of carbon with the particle may
have been due to adventitious organic carbon on the particles’ surface or a buildup of the deposited carbon
coating within crevices on the particle surface.) Since the LA sampling site was near a major expressway, the
particles are likely asphalt road wear. Asphalt concrete is commonly made by combining carbonaceous
bitumen with ground rock [Thorpe and Harrison, 2008].

Table 1 shows the noncarbon element and oxide compositions of the particles. For LA1, FIB slicing revealed a
network of mineral inclusions located toward the interior of the particle and occupying 58% of the particle
volume based on FIB tomography. The rest of the particle volume consisted of carbon and sulfur as described
below. (Particle phase volumes are shown in Table 3.) In the LA2 particle, carbon occupied a larger volume,
72%, while the mineral inclusion phase, located more toward the surface of the particle, constituted most
of the remaining volume.

EDX element mapping of the elements provided insight into the identity of the inclusions. In LA1, the most
abundant elements excluding carbon and oxygen were calcium (17.6 mass %) and silicon (16.4 mass %)
followed by iron, aluminum, sulfur, potassium, and titanium (Table 1). The particle had distinctive calcium
and titanium inclusions, assigned as calcite and rutile, occupying 10.0% and 1.59% of the particle volume,
respectively (Table 3). The largest fraction of the inclusion volume involved silicates. Here the Al2O3/SiO2mass
ratio (0.39) is identical with the clay mineral montmorillonite (0.39) [Anthony et al., 2016]. However, the
presence of iron and potassium suggested an additional silicate mineral. The K2O/FeOmass ratio (0.29), mea-
sured from the particle where the Fe X-ray signal was strongest, agrees reasonably well with that of biotite
(0.46), given the particle’s low abundance of potassium atoms (2.2 atomic %) and the higher probability of
absorption of potassium Kα X-rays than iron Kα X-rays by silicon atoms. In addition, the Al2O3/SiO2 mass ratio
for biotite (0.38) is consistent with both the particle and montmorillonite. We assigned the larger silicate
inclusion volume (74%) in LA1 to montmorillonite and the remaining silicate inclusions volume to biotite.

Table 1. Elemental Noncarbon Compositiona of Los Angeles Particles

Particle Material Phase Al (Al2O3)
b Si (SiO2) S (SO3) K (K2O) Ca (CaO) Ti (TiO2) Fe (FeO) Ba (BaO)

LA1 Element mass % 7.18 16.4 3.38 2.17 17.6 1.94 8.66
Oxide mass % 13.6 34.1 8.45 2.62 24.7 3.24 11.1

LA2 Element mass % 12.4 18.9 7.75 1.66 1.54 9.89
Oxide mass % 23.4 40.4 19.4 2.01 2.16 12.7

LA3 Element mass % 2.45 2.52 4.51 1.96 42.4 12.4
Oxide mass % 4.63 5.39 11.2 2.28 60.7 13.9

LA4 Whole particle Element mass % 9.44 30.8 0.25 1.02 0.51 10.7
Oxide mass % 17.8 65.8 0.63 1.23 0.71 13.8

Al silicate Element mass % 12.0 34.4 2.82
Oxide mass % 22.7 73.7 3.63

Al silicate + Fe Element mass % 11.7 22.4 1.62 22.1
Oxide mass % 22.2 47.9 1.95 28.5

Si containing Element mass % 2.69 43.7 1.08
Oxide mass % 5.08 93.5 1.39

aOxygen is determined stoichiometrically but not shown in table as a separate element.
bChemical compounds shown in parentheses are used by EDX analysis software to quantify composition. Compounds are not necessarily found in particles.
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In the LA2 particle we assumed that the mineral inclusions observed with FIB tomography were silicates
similar to those in LA1. The Al2O3/SiO2 mass ratio was 0.58 (Table 1), substantially higher than for LA1. We
approximated the Al2O3/SiO2 ratio by including biotite (Al2O3/SiO2 = 0.38) at a volume of 9.8% and the clay
mineral kaolinite (Al2O3/SiO2 = 0.86) at 6.8%.

In addition to carbon and mineral phases, sulfur was present in both particles. From the sulfur map for LA2
(Figure 1b), sulfur is homogeneously distributed, suggesting a sulfate layer, e.g., (NH4)2SO4 as a pollutant
secondary aerosol, occupying 5.3% of the particle volume (Table 3). Similarly, sulfur was observed in LA1,
suggesting (NH4)2SO4, here occupying 10.7% of the particle volume.
3.1.2. Iron-Containing Particles (LA3 and S1)
In addition to the carbonaceous LA particles, iron particles from the LA and Seattle samples were selected.
In particle LA3 (Figure 1c), iron was the most abundant element (42.4 mass %, Table 1) followed by barium
(12.4 mass %) and <5 mass % of sulfur, silicon, aluminum, and calcium. Aluminum was detected from the
FIB slices as individual surface and interior inclusions. In addition, a carbon adduct was detected (arrow in
Figure 1c).

Light microscopy, which would have helped particle identification, was not obtainable for LA3. Instead, we
relied on the iron oxidation state. While semiquantitative EDX analysis of light elements such as oxygen is
problematic, it is still useful to compare the measured oxygen content with content assigned by stoichiome-
try. Here the measured oxygen content (35.4 mass %) was closer to the stoichiometric oxygen content for
Fe+3 hematite or goethite (32.4 mass %) than for Fe+2 wustite (28.1 mass %). As either hematite or goethite,
the iron oxide phase occupied 77% of the particle volume (Table 3). In addition, the element map (Figure 1c)
shows sulfur distributed homogeneously, suggesting a surface layer of (NH4)2SO4 as in LA1 and LA2. Based on
the full elemental analysis, the remaining volume was assumed to be BaO (12 to 13%), (NH4)2SO4 (7 to 8%),
Al2O3 (2%), and EC (soot) (2%). The presence of substantial barium with iron, and aluminum inclusions,
suggests that the particle was an oxidized metal alloy, likely anthropogenic in origin.

Table 2. Elemental Noncarbon Compositiona of Seattle Particles

Particle Material Phase Na (Na2O)
b Al (Al2O3) Si (SiO2) S (SO3) K (K2O) Ca (CaO) Mn (MnO) Fe (Fe2O3) Zn(ZnO)

S1 Whole particle Element Mass % 2.05 2.85 0.58 0.15 0.45 0.36 60.6 0.16
Oxide Mass % 3.88 6.09 1.46 0.18 0.63 0.47 86.6 0.20

Fe matrix Element Mass % 1.88 2.85 0.41 0.15 0.23 0.36 61.1 0.38
Oxide Mass % 3.55 6.12 1.02 0.19 0.32 0.46 87.4 0.47

Na containing Element Mass % 14.2 1.89 2.62 0.05 0.14 49.3 0.14
Oxide Mass % 19.2 3.56 5.61 0.11 0.19 70.5 0.17

Ca and S containing Element Mass % 0.96 1.69 6.70 0.39 6.61 0.14 46.5 0.80
Oxide Mass % 1.82 3.62 16.73 0.47 9.24 0.19 66.53 1.00

S2 Whole particle Element Mass % 9.26 29.2 0.71 1.71 1.62 9.80
Oxide Mass % 17.5 62.4 1.78 2.06 2.27 14.0

Na-Al silicate Element Mass % 9.48 31.0 0.34 1.96 1.29 7.55
Oxide Mass % 17.8 66.3 0.86 2.36 1.80 10.8

Ca and S containing Element Mass % 7.10 17.0 11.7 1.71 13.5
Oxide Mass % 13.4 36.5 29.2 2.06 18.9

Fe containing Element Mass % 8.44 21.9 26.0
Oxide Mass % 15.9 46.9 37.2

S3 Whole particle Element Mass % 7.07 8.91 4.98 17.5 21.4
Oxide Mass % 13.4 19.1 12.4 24.5 30.7

Ca containing Element Mass % 71.5
Oxide Mass % 100

Al-Ca silicate Element Mass % 15.8 21.3 1.24 13.9 1.29
Oxide Mass % 29.9 45.6 3.10 19.5 1.85

Fe containing Element Mass % 1.50 3.40 1.53 1.87 55.6
Oxide Mass % 2.84 7.27 3.83 2.61 79.5

Ca and S containing Element Mass % 3.80 19.8 30.4
Oxide Mass % 8.12 49.4 42.5

aOxygen is determined stoichiometrically but not shown in table as a separate element.
bChemical compounds shown in parentheses are used by EDX analysis software to quantify composition. Compounds are not necessarily found in particles.
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For the iron-containing particle selected from the Seattle sample (S1), Table 2 shows the element and oxide
compositions; Figure 2 shows the microscopy and element maps. Light microscopy images and element
maps in Figure 2a indicate that the particle was nearly a pure iron oxide, with color of hematite or goethite.
The calcium surface inclusion contained a comparable amount of sulfur and was identified as gypsum. The
sodium phase was assumed to be a carbonate, as sodium hydrogen carbonate (mineral nahcolite). Two car-
bon phases are observed in the element maps and treated as EC. A minor amount of silicon was assumed to
be an impurity. Phase volumes were determined from FIB tomography as follows: iron oxide 97%, sodium
hydrogen carbonate 1.4%, gypsum 1%, and EC phases combined 1.1% (Table 4). In contrast to the iron-
containing LA3 particle, purity of the iron phase, either hematite or goethite, and presence of mineral surface
inclusions suggest that S1 was mineral in origin.
3.1.3. Aluminosilicate Mineral Particle (S2)
Seattle particle S2 (Figure 2b) most resembled a pure light-scattering silicate; however, minor phases affected
its optical behavior. The main phase contained aluminum and sodium and, along with iron oxide, occupied
95.5% of the particle volume based on FIB tomography. The Al2O3/SiO2 mass ratio (Table 2) for the mineral
phase (0.27) matches well the ratio for albite (0.30 [Anthony et al., 2016]). In addition, if we quantify sodium
by deconvolving the interfering Ge Lα line, then the Na2O/SiO2 mass ratio for the mineral phase is 0.13, which
is reasonably close to the ratio for albite (0.17 [Anthony et al., 2016]). Surface inclusions containing calcium

Figure 2. Microscopic images and high-resolution element maps for particles (a) S1, (b) S2, and (c) S3 from the Seattle
sample. BF and DF indicate bright-field and dark-field light microscopy imaging; electron imaging is from secondary
electrons. In Figure 2c, arrow indicates light-absorbing iron phase; see text for identities of phases 1–4.
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and iron were also observed on the particle, occupying 3.4% and 1.1% of the volume, respectively. The inclu-
sions were assigned, respectively, as gypsum based on the presence of sulfur and goethite.

While the iron inclusion was only 1.1% of the particle volume, iron was 9.2% of the particle’s total mass. The
inclusion itself contributed only about 5% of the particle’s iron mass. The remaining iron was therefore asso-
ciated with albite. If we assume that the albite-associated iron was an iron oxide impurity such as goethite,
then the impurity occupied 9.3% of the albite volume based on density.
3.1.4. Mineral Particles With Spatially Separated Phases (LA4 and S3)
In particles LA4 and S3 (Figures 1d and 2c), each phase was spatially distinct, resulting in particles that were
morphologically complex. In both particles, four mineral phases were identified from EDX maps. In LA4, two
aluminum silicate phases, labeled 1 and 2 in Figure 1d, had a Al2O3/SiO2 mass ratio (0.31, Table 1) that is
nearly identical to albite (0.30) [Anthony et al., 2016]. Albite contains substantial sodium (11 mass %) but little
or no potassium and calcium. While potassium and calcium were not detected in the particle, sodium was
detected but not quantified because of the overlap between the Na Kα and Ge L lines. The albite phases occu-
pied the largest volume of the particle, 40%, based on FIB tomography.

Occupying 28% of the LA4 volume was an iron-containing silicate phase with 12% aluminum, 22% silicon,
and 22% iron by mass (Table 1). Identity of the phase (labeled 3 in Figure 1d) is not certain, but a reasonable
candidate is a solid solution of almandine and pyrope. Al2O3/SiO2 mass ratios in the particle ranged from 0.42
to 0.54. Almandine and pyrope have similar but slightly higher Al2O3/SiO2 mass ratios: 0.55 and 0.57, respec-
tively [Anthony et al., 2016]. For FeO/SiO2, mass ratios from the particle ranged from 0.41 to 0.84. Iron is found
in almandine (FeO/SiO2 0.97 to 1.2) but not pyrope. However, evidence for pyrope in the particle came from
the detection of magnesium in a FIB slice. We used an average FeO/SiO2 of 0.75 for the particle, resulting in
the iron silicate phase having 73% almandine and 27% pyrope by volume.

Alternatively, the iron silicate region of the particle may have been an iron oxide stratified with clay minerals
such as illite and kaolinite. Al2O3/SiO2 mass ratios for illite and kaolinite vary widely (0.86 and 0.32, respec-
tively [Anthony et al., 2016]) and bracket the particle’s ratio (0.42 to 0.54). For the iron oxide we consider
hematite and goethite, which have different densities and thus different volumes. For the phase consisting
of illite and kaolinite with hematite, volumes were 21.5%, 8.04%, and 7.9%, respectively (Table 3). With
goethite, volumes were 19.7%, 7.36%, and 10.4%, respectively. The remaining phase in LA4 (Si containing,
labeled 4 in Figure 1d) was quartz (94 mass % SiO2, Table 1), occupying 22% of the particle volume.

As in LA4 particle, the Seattle S3 particle (Figure 2c) had four distinct mineral phases. The largest phase
(labeled 1 in Figure 2c), containing calcium (71 mass %, Table 2) but with no detected anion, was assumed
to be the carbonate calcite at 31.3% of the particle volume (Table 4). A silicate phase (labeled 2), 26.3% of
the particle volume, had a CaO/SiO2 mass ratio of 0.43 and a Al2O3/SiO2 mass ratio of 0.66, which is consistent
with anorthite whose respective ratios are 0.42 and 0.77 [Anthony et al., 2016]. Al2O3/SiO2 from the particle is
lower than that of anorthite due likely to the presence of albite, which commonly exists in solution with
anorthite. The next largest phase, at 21.9% of the volume (labeled 3), contained 55.6 mass % iron and much
smaller amounts (<5 mass %) of aluminum, silicon, and sodium. Light microscopy (Figure 2c) shows a black
absorbing phase (arrow). It is assigned here as wustite, FeO. The smallest phase (labeled 4), at 20.5% of the
volume, largely contained only calcium (30.4 mass %) and sulfur (19.8 mass %), consistent with gypsum.

3.2. Optical Property Modeling

For each particle, the reference model included the overall particle size and shape, void spaces if any, and the
structure of each identified material phase derived from SEM-EDX and FIB tomography, as discussed pre-
viously. The reference models were assumed to be the most accurate representations of the shape and het-
erogeneity of the selected particles. Figure 3 shows the 3-D representations of the particles. Optical
properties from two types of test models were then compared to the reference models:

1. Homogeneous spatial models included particle size, actual shape, and void spaces but treated the particle’s
material phases as a single phase by combining the complex refractive indexes. These models repre-
sented the actual spatial configuration of the particle, but without individual phases resolved by compo-
sition, i.e., as a homogeneous particle.

2. Geometric models approximated the particle’s size, shape, and composition with spheres, cubes, and tet-
rahedra. To represent a particle’s composition heterogeneity, the particle was modeled as a collection of
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Table 3. Assignment of Complex Refractive Indexes to Particle Phases: Los Angeles Particles

Particle Material Phase
Percent
Volume

Complex Refractive Index

ReferencesReal Part
Imaginary

Part

LA1 Single phases BC 36.8 1.95 0.79 Bond and Bergstrom [2006]
Graphite 36.8 2.65 1.39 Stagg and Charalampopoulos [1993]

Montmorillonite 42.9 1.52 0.000035 Anthony et al. [2016] and Egan and Hilgeman
[1979, Table V-19]

Calcite 10.0 1.49 ~0 Anthony et al. [2016]
(NH4)2SO4 5.30 1.53 ~0 Toon et al. [1976]
Biotite 3.39 1.65 0.00034 Anthony et al. [2016] and Egan and Hilgeman

[1979, Table V-22]
Rutile 1.59 2.90 ~0 Anthony et al. [2016]

Combined phasesa BC + (NH4)2SO4
+ Montmorillonite

+ Calcite + Biotite + Rutile

100 1.746 0.389 Bond and Bergstrom [2006], Toon et al.
[1976], Anthony et al. [2016], and Egan and
Hilgeman [1979, Tables V-19 and V-22]

Graphite + (NH4)2SO4 +
Montmorillonite + Calcite +

Biotite + Rutile

100 2.071 0.725 Stagg and Charalampopoulos [1993], Toon
et al. [1976], Anthony et al. [2016], and Egan and

Hilgeman [1979, Tables V-19 and V-22]
LA2 Single phases BC (soot) 72.5 1.95 0.79 Bond and Bergstrom [2006]

Graphite 72.5 2.65 1.39 Stagg and Charalampopoulos [1993]
(NH4)2SO4 10.7 1.53 ~0 Toon et al. [1976]
Biotite 9.78 1.65 0.00034 Anthony et al. [2016] and Egan and Hilgeman

[1979, Table V-22]
Kaolinite 6.78 1.56 0.000038 Anthony et al. [2016] and Egan and Hilgeman

[1979, Table V-15]
Combined phasesa BC + (NH4)2SO4 +

Biotite + Kaolinite
99.8 1.807 0.479 Bond and Bergstrom [2006], Toon et al. [1976],

Anthony et al. [2016], and Egan and Hilgeman
[1979, Tables V-22 and V-15]

Graphite + (NH4)2SO4 +
Biotite + Kaolinite

99.8 2.215 0.874 Stagg and Charalampopoulos [1993], Toon et al.
[1976], Anthony et al. [2016], and Egan and
Hilgeman [1979, Tables V-22 and V-15]

LA3 Single phases Hematite 76.9 2.91 0.1 Anthony et al. [2016] and Sokolik and Toon [1999]
Limonite 76.7 2.46 0.0042 Anthony et al. [2016] and Egan and Hilgeman

[1979, Table V-16]
Goethite 76.7 2.46 0.08 Anthony et al. [2016] and Bedidi and Cervelle

[1993]
BaO 11.8b13.3c 1.99 0.0003 Anderson and Hensley [1975]

(NH4)2SO4 8.44b7.11c 1.53 ~0 Toon et al. [1976]
Al2O3 1.83 1.76 ~0 Anthony et al. [2016]
BC 0.66 1.95 0.79 Bond and Bergstrom [2006]

Combined phasesa Hematite + BaO +
(NH4)2SO4 + Al2O3

98.9 2.566 0.0721 Anthony et al. [2016], Sokolik and Toon [1999],
Anderson and Hensley [1975], and Toon et al.

[1976]
Limonite + BaO +
(NH4)2SO4 + Al2O3

98.9 2.293 0.00316 Anthony et al. [2016], Egan and Hilgeman [1979,
Table V-16], Anderson and Hensley [1975], and

Toon et al. [1976]
Goethite + BaO +
(NH4)2SO4 + Al2O3

98.9 2.293 0.0600 Anthony et al. [2016], Bedidi and Cervelle [1993],
and Anderson and Hensley [1975]

LA4 Single phases Albited 1.32 38.9 1.54 0.000035 Anthony et al. [2016] and Egan and Hilgeman
[1979, Table V-10]

Quartz 22.2 1.55 ~0 Anthony et al. [2016]
Almandine 27.4 1.83 0.00034 Anthony et al. [2016] and Egan and Hilgeman

[1979, Table V-22]
Pyrope 10.1 1.71 0.00034 Anthony et al. [2016] and Egan and Hilgeman

[1979, Table V-22]
Illite 21.5e19.7f 1.41 0.00071 Anthony et al. [2016] and Egan and Hilgeman

[1979, Table V-14]
Kaolinite 8.04e7.36f 1.56 0.000038 Anthony et al. [2016] and Egan and Hilgeman

[1979, Table V-15]
Hematite 7.91 2.91 0.1 Anthony et al. [2016] and Sokolik and Toon

[1999]
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spheres, each sphere corresponding to a separate phase or group of the phases (heterogeneous geometric
models). In addition, particles were modeled with a homogeneous composition as a single sphere, cube,
and tetrahedron (homogeneous geometric models).

As mentioned previously, we generated different model treatments for each particle by using different
compositions of the absorbing phase. Along with the percent volume of each phase, Tables 3 and 4 show
the various material phases used for each particle and the complex refractive index used for each phase.
The tables also show how phases were combined within a particle to represent composition homogeneity,
the percent volume for a combined phase, and the complex refractive index for the combined phase. A
homogeneous composition was applied to the whole particle as for the homogeneous spatial model
described above. Or it was applied to a particular inclusion phase observed with FIB tomography but which
appeared to consist of two mineral minerals that could not be resolved with FIB tomography. An example is
illite and kaolinite in particle LA4.

For determining its refractive index, a combined phase was treated as an inclusion within a matrix using the
Maxwell-Garnett dielectric function [Bohren and Wickramasinghe, 1977]. Maxwell-Garnett is one of the many
effective medium approximations for determining the average complex refractive index of a multiphase par-
ticle, including the Bruggeman approximation and other size-versatile extended effective medium approxi-
mations, whereby the inclusion diameter is assumed to be smaller than the incident wavelength [Chylek
et al., 2000]. In combining two phases with Maxwell-Garnett, the inclusion is assumed to be the smaller phase
embedded in a larger matrix phase [Bohren and Huffman, 1983]:

∈av ¼ ∈m 1þ
3f ∈in�∈m

∈inþ2∈m

� �
1� f ∈in�∈m

∈inþ2∈m

� �
6664

7775 (1)

Here ϵav is the average dielectric function for the combined phase, f is the volume fraction of the inclusion, ϵin
is the dielectric function for the inclusion, and ϵm is the dielectric function for the matrix, whereby the dielec-

tric function is a complex number consisting of the real part ∈
0
av;in;m and the imaginary part ∈

0 0
av;in;m . ∈av is

necessarily an approximation because theoretical treatment of the Maxwell-Garnett function assumes that
the inclusions are spherical [Bohren and Wickramasinghe, 1977].

Table 3. (continued)

Particle Material Phase
Percent
Volume

Complex Refractive Index

ReferencesReal Part
Imaginary

Part

Limonite 10.4 2.46 0.0042 Anthony et al. [2016] and Egan and Hilgeman
[1979, Table V-16]

Goethite 10.4 2.46 0.08 Anthony et al. [2016] and Bedidi and Cervelle
[1993]

Combined phasesa Albite + Almandine +
Pyrope + Quartz + Albite

99.9 1.637 0.000136 Anthony et al. [2016] and Egan and Hilgeman
[1979, Tables V-10 and V-22]

Albite + Illiite/Kaolinite/
Hematite + Quartz + Albite

99.9 1.598 0.00433 Anthony et al. [2016], Egan and Hilgeman
[1979, Tables V-10, V-14, and V-15], and

Sokolik and Toon [1999]
Albite + Illiite/Kaolinite/

Limonite + Quartz + Albite
99.9 1.598 0.000471 Anthony et al. [2016] and Egan and Hilgeman

[1979, Tables V-10, V-14, V-15, and V-16]
Albite + Illiite/Kaolinite/

Goethite + Quartz + Albite
99.9 1.598 0.00580 Anthony et al. [2016], Egan and Hilgeman

[1979, Tables V-10, V-14, and V-15], and
Bedidi and Cervelle [1993]

aOptical properties for combined phases are calculated from Maxwell-Garnett dielectric function (see equations (1)–(3)). The real part of the Maxwell-Garnett
function ϵ’ = nb� kb, where n and k are the real and imaginary parts of the refractive index. Likewise, the imaginary part of the Maxwell-Garnett function ϵ” = 2nk.

bVolume if phase is associated with hematite.
cVolume if phase is associated with goethite.
dParticle contains two albite phases.
eVolume if phase is associated with hematite.
fVolume if phase is associated with either goethite or limonite.
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The complex dielectric function for the combined phase is related to the real part of the complex refractive
index (nav) and the imaginary part of the complex refractive index (kav) as follows [Bohren and Huffman, 1983]:

nav ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∈02
av þ ∈0 02

av

p þ ∈
0
av

2

" #1=2

(2)

kav ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∈02
av þ ∈0 02

av

p � ∈
0
av

2

" #1=2

(3)

When combining three or more phases with different complex refractive indexes to produce a homogeneous
particle, the average complex dielectric function was generated via equation (1) by sequentially combining
phases such that the average dielectric function from the first two phases now became the matrix for
combining the third phase, which was then the inclusion, etc. For example, in the LA3 particle, hematite as
the matrix phase was combined with BaO as the inclusion phase in proportions by volume of 0.88 and

Table 4. Assignment of Complex Refractive Indexes to Particle Phases: Seattle Particles

Particle Material Phase Percent Volume
Complex Refractive
Index Real Part Imaginary Part References

S1 Single phases Goethite 96.6 2.46 0.09 Anthony et al. [2016] and Bedidi and
Cervelle [1993]

Limonite 96.6 2.46 0.0042 Anthony et al. [2016] and Egan and
Hilgeman [1979, Table V-16]

Sodium hydrogen
carbonate (Nahcolite)

1.36 1.58 ~0
Anthony et al. [2016]

Gypsum 1.00 1.53 ~0 Anthony et al. [2016]
Soot 0.66 1.95 0.79 Bond and Bergstrom [2006]

Graphite 0.43 2.65 1.39 Stagg and Charalampopoulos [1993]
S2 Single phases Albite 95.5 1.57 0.000035 Anthony et al. [2016] and Egan and

Hilgeman [1979, Table V-10]
Gypsum 3.42 1.53 ~0 Anthony et al. [2016]
Goethite 1.12 2.46 0.09 Anthony et al. [2016] and Bedidi and

Cervelle [1993]
Wustite 1.12 2.42 0.64 Henning et al., 1995

Combined phasesa Albite + Gypsum + Goethite 100 1.547 0.000734 Anthony et al. [2016], Egan and
Hilgeman [1979, Table V-10], and

Bedidi and Cervelle [1993]
Albite + Goethite + Gypsum

+ Goethite(inclusion)
100 1.618 0.00643

Albite + Gypsum + Wustite 100 1.547 0.00506 Anthony et al. [2016], Egan and
Hilgeman [1979, Table V-10], and

Henning et al. [1995]
Albite + Wustite + Gypsum

+ Wustite(inclusions)
100 1.607 0.0378

S3 Single phases Calcite 31.3 1.49 ~0 Anthony et al. [2016]
Anorthite 26.3 1.59 0.000035 Anthony et al. [2016] and Egan and

Hilgeman [1979, Table V-10]
Wustite 21.9 2.42 0.64 Henning et al. [1995]
Goethite 21.9 2.46 0.09 Anthony et al. [2016] and Bedidi and

Cervelle [1993]
Limonite 21.9 2.46 0.0042 Anthony et al. [2016] and Egan and

Hilgeman [1979, Table V-16]
Gypsum 20.5 1.53 ~0 Anthony et al. [2016]

Combined phasesa Calcite + Anorthite
+ Wustite + Gypsum

100 1.731 0.112 Anthony et al. [2016], Egan and
Hilgeman [1979, Table V-10], and

Henning et al. [1995]
Calcite + Anorthite
+ Goethite + Gypsum

100 1.722 0.0156 Anthony et al. [2016], Egan and
Hilgeman [1979, Table V-10], and

Bedidi and Cervelle [1993]
Calcite + Anorthite
+ Limonite + Gypsum

100 1.722 0.000731 Anthony et al. [2016] and Egan and
Hilgeman [1979, Tables V-10 and V-16]

aOptical properties for combined phases are calculated from Maxwell-Garnett dielectric function (see equations (1)–(3)). The real part of the Maxwell-Garnett
function ϵ’ = n2� k2, where n and k are the real and imaginary parts of the refractive index. Likewise, the imaginary part of the Maxwell-Garnett function ϵ” = 2nk.
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0.12, respectively, which corresponded to their relative volumes in the particle. The average complex
refractive index for the combination was 2.796 + 0.0879i. Next, the hematite/BaO matrix was combined
with (NH4)2SO4 as the inclusion phase in proportions of 0.91 and 0.09. Then the hematite/BaO/(NH4)2SO4

matrix was combined with Al2O3 as the inclusion in proportions of 0.95 and 0.05. The resulting complex
refractive index was 2.566 + 0.072i.

An important criterion with DDA is that the number of dipoles should be sufficient such that |m|kd < 1. Here
|m| is the magnitude of the complex refractive index, k = 2π/λ (λ = 0.589 μm), and d is the interdipole distance
[Draine and Flatau, 1994]. If the number of dipoles is large enough so that d is small relative to the particle
size, then DDA is suitable when the size parameter x = kaeff ≤ 25 (where aeff is the radius of the particle as
a sphere with the same volume) and m is moderately sized, i.e., |m � 1| ≤ 2 [Draine and Flatau, 2013]. In this
study, |m|kd < 1 was satisfied by all particles as shown in Table 5.

Figure 3. x-z, x-y, and y-z views of three-dimensional spatial models of particles (and associated secondary electron images)
for Los Angeles particles LA1–LA4 and Seattle particles S1–S3.
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Particle optical properties were calculated as extinction (Qext) and scattering (Qsca) efficiencies and the asym-
metry parameter (<cos θ>) along with SSA. Efficiencies are the optical cross sections normalized by the
cross-sectional area of a sphere with the same volume as the particle [Draine and Flatau, 2013]. Efficiencies
and <cos θ> are calculated at each orientation of the particle within the computational lab frame and then
reported as the average for all orientations. The absorption efficiency (Qabs) was determined as the difference
between the extinction and scattering efficiencies. Tables S1 to S7 in the supporting information show the
optical efficiencies,<cos θ>, and SSA for the reference models, homogeneous spatial models, and geometric
models of the various composition treatments for each particle.
3.2.1. Carbon-Containing Particles (LA1 and LA2)
In particles LA1 and LA2 we consider EC as graphite or black carbon from incomplete combustion, i.e.,
soot-like carbon. As mentioned previously, FIB tomography revealed that the carbon phase was toward
the periphery of LA1, but toward the interior of LA2. For the geometric models of LA1 and LA2 exhibiting
heterogeneity, we employed spherical core-shell configurations: mineral phases as the core and EC as the
shell for LA1 (symbolically as filled black circle); EC as the core and the mineral phases as the shell for
LA2 (symbolically as filled black circle). In each case, the (NH4)2SO4 phase was assumed to be peripheral;
thus, (NH4)2SO4 was combined with EC for the shell in LA1 and with the mineral phases for the shell in
LA2. We focus on how the core-shell models compared with the homogeneous geometric models relative
to the reference models.

LA1 and LA2 can be generalized as highly absorbing heterogeneous particles with some surface texture and
aspect ratios close to 1. Figure 4 compares the Qext, SSA, and <cos θ> for the various models. In general,
variation in optical properties for reference models between the two particles, whether with BC or graphite,
is overshadowed in each case by differences between test models and the respective reference model. For
Qext, reference models for the two particles average 3.00. Among the test models, Qext (Figure 4a) for
tetrahedral models come closest to the respective reference models, averaging 3.06 for the two particles.
Qext for the spherical models of the two particles are well below values for the respective reference models:
Qext for the single-sphere models of the two particles average 2.40, while Qext for the core-shell models
average 2.37.

For SSA (Figure 4b), the homogeneous spatial models, whether with graphite or BC, come closest to the
respective reference models, within 4%. In contrast, SSA from the core-shell model for LA1 is as much as
12% above the reference model (graphite case), while the core-shell model for LA2 is as much as 10% below
the reference model. For the most part, homogenous geometric models (sphere, cube, and tetrahedron) are

Table 5. Particle Sizes, Size Parameters (x), Refractive Index Magnitudes (|m|), and Interdipole Distances (d) for Meeting the
DDA Criterion |m|kd < 1

Particle Phase Treatment Diametera x |m| d |m|kd

LA1 BC 2.53 13.5 1.789 0.0422 0.805
graphite 2.194 0.987

LA2 BC 2.09 11.2 1.869 0.0375 0.748
graphite 2.381 0.953

LA3 hematite 1.28 6.85 2.567 0.0292 0.799
limonite 2.293 0.714
goethite 2.294 0.714

LA4 silicate 2.83 15.1 1.637 0.0505 0.882
hematite 1.598 0.861
limonite 1.598 0.861
goethite 1.598 0.861

S1 goethite 3.37 18.0 2.459 0.0312 0.819
limonite 2.460 0.820

S2 goethite 2.72 14.5 1.618 0.0270 0.465
wustite 1.607 0.465

S3 wustite 2.05 10.9 1.735 0.359 0.663
goethite 1.722 0.659
limonite 1.722 0.659

aDiameter (μm) of the particle as a sphere with the same volume.
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closer to the reference models than the
core-shell models. Thus, the core-shell
models were less successful than the
homogeneous geometric models for
approximating extinction and SSA and,
therefore, failed to account for composi-
tion heterogeneity.

For the asymmetry parameter (Figure 4c),
a trend exists among all models in that
<cos θ> is larger with particles contain-
ing BC than with graphite. Nevertheless,
core-shell models underestimate <cos
θ> for LA1, but overestimate it for LA2,
behavior that is the reverse of that for
SSA and that other test models do
not exhibit.
3.2.2. Iron-Containing Particles (LA3
and S1)
Like particles LA1 and LA2, particles LA3
and S1 were largely light absorbing, but
in this case due to iron oxide. LA3 was
77% iron oxide by volume, and S1 was
nearly all iron oxide (97%) based on FIB
tomography.Wemodeled the iron oxide
phase as hematite, goethite, or limonite.
As a variation of goethite, FeO(OH), limo-
nite has smaller imaginary part of the
complex refractive indexes at 600 nm
(Table 3) as reported by Egan and
Hilgeman [Egan and Hilgeman, 1979].

In addition to the BaO, Al2O3, and
(NH4)2SO4 phases associated with the
iron oxide, LA3 had a small but promi-
nent EC (soot-like) adduct (arrow in
Figure 1c). To account for this adduct,
we used a two-sphere heterogeneous
geometric model. As with other parti-
cles, we employed the homogeneous
spatial and geometric test models as

well. Particle S1 was shaped like a rectangular cuboid and had three small but prominent surface inclusions,
two of which (gypsum and NaHCO3) were strongly light scattering.

Figure 5 compares Qext, SSA, and <cos θ> from models for the different iron oxide compositions in LA3
and S1. Reference models for both particles show that SSA and <cos θ> change substantially with the iron
oxide composition, while Qext does not. For LA3, closest on average to the reference models for Qext

(Figure 5a) are the tetrahedron and homogeneous spatial models. The spherical and cubic homogeneous
models and the two-sphere heterogeneous model exhibit variation in Qext with the iron oxide composition
that does not exist in the reference models; thus, these models appear to be problematic. For particle S1,
only the homogeneous spatial model appears to adequately approximate Qext for both iron oxides
(Figure 5b).

The principal factor affecting SSA for both particles is the identity (more precisely the refractive index) of the
iron oxide. From the reference models, SSA levels for LA3 (Figure 5c) with hematite and goethite are low yet
similar, 0.56 and 0.57, respectively, likewise, for particle S1 with goethite (0.55, Figure 5d). Generally, SSAs

Figure 4. Optical properties (a) Qext, (b) SSA, and (c) <cos θ> for carbon-
containing particles LA1 and LA2 with either graphite or BC as the
carbonaceous phase. The incident wavelength is 589 nm. Reference
models and homogeneous spatial models are based on FIB tomography.
Geometric models (core-shell, homogeneous sphere, cube, and tetrahe-
dron) are based on particle size and composition information from FIB
tomography and element mapping. The core-shell model with mineral
core and EC shell is shown symbolically as empty black circle; the model
with EC core and mineral shell is shown symbolically as filled black circle.
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from the test models are remarkably close to the respective reference models, with the possible exception of
the cubic model SSA for particle S1 with limonite. This case, in which SSA is 20% higher than the reference
model, is perhaps surprising because S1 appears to have dihedral angles that are close to cuboidal
(Figure 2a). Nevertheless, for the most part test models are sufficient to account for SSA variation due to
the presence of iron oxides with varying refractive indexes.

The asymmetry parameter (Figures 5e and 5f) is also affected largely by the identity of the iron oxide, as indi-
cated by all models for both particles LA3 and S1. Particles with higher absorbing hematite and goethite
phases have similar but larger <cos θ> values than with lower absorbing limonite. Thus, test models gener-
ally exhibit differences in scattering directionality due to different iron oxide compositions. Nevertheless,
greater disparity in <cos θ> among test models exists for particle LA3 (Figure 5e) than S1, particularly with
limonite. For example, the heterogeneous two-sphere model for LA3 is much closer to the reference model
for hematite and goethite than for limonite.
3.2.3. Aluminosilicate Mineral Particle (S2)
Particle S2 largely contained the aluminosilicate albite (87 to 88% by volume, Table 4) and smaller amounts of
iron oxide, modeled as light-absorbing goethite or wustite. As such, S2 provided a contrast with particles LA3
and S1, which had inversely large amounts of light-absorbing iron oxide. For Qext (Figure 6a), the tetrahedral
model and homogeneous spatial models with either iron oxide phase are closest to the respective reference

Figure 5. Optical properties (a, b) Qext, (c, d) SSA, and (e, f) <cos θ> for iron-containing particles LA3 and S1 with either
hematite, goethite, or limonite as the iron-containing phase. Incident wavelength is 589 nm.
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model as was also observed for particle
LA3 with hematite and goethite. We
note that in Figure 2 particle S2 has a
dihedral angle of approximately 60°,
which is close to that of a tetrahedron
(71.5°). Thus, S2 is closer in shape to a
tetrahedron than other particles in
this study.

Like particles LA3 and S1, the principal
factor affecting SSA of particle S2 is the
identity of the iron oxide phase
(Figure 6b). SSAs for all test models are
close to the respective reference mod-
els; however, unlike particles LA3 and
S1, S2 contains far less iron oxide. Only
7.1 to 8.9% of the S2 volume is iron
oxide, while 77% of the LA3 volume
and 96% of the S1 are iron oxide. Thus,
even for particles with <10% of their
volume as light-absorbing iron oxide,
test models successfully approximated
SSA for particles with different iron
oxide compositions.

As mentioned earlier, in addition to the
iron oxide inclusion in S2, the albite
phase itself likely contained iron oxide,
which accounted for 9% of the particle
volume. In Figure 6 we include an alter-
nate reference model to show how SSA
and other optical properties would be
affected if iron oxide was not included
in the albite phase. While Qext is little
affected by this exclusion, SSA would
be as much as 58% higher if iron oxide
(e.g., wustite) was not included in the
albite phase.

Figure 6c shows that for <cos θ>, refer-
ence models (excluding the alternate
model) exhibit the same trend as for

particles LA3 and S1. That is, <cos θ> is larger for the more absorbing wustite (refractive index
2.42 + 0.64i) versus less absorbing goethite (refractive index 2.46 + 0.09i). Thus, for the most part test models
adequately accounted for the increase in <cos θ> as absorption of the iron oxide phase increased.

3.2.4. Mineral Particles With Spatially Separated Phases (LA4 and S3)
As noted previously, LA4 and S3 are iron-containing particles with multiple spatially distinct phases. In both
particles, the iron-containing phase is modeled as having a refractive index that contrasts sharply with the
other phases. Since phases are spatially separated, we also might expect LA4 and S3 to behave different
optically from particles that have their phases more integrated. To account for phase separation among
the geometric models, we employed a three-sphere heterogeneous model for LA4 and a four-sphere hetero-
geneous model for S3.

Figure 7 shows Qext, SSA, and <cos θ> from models for different compositions of the iron-containing phase
(phase 3 in Figure 1d) in particle LA4. As observed for other particles,Qext from referencemodels exhibits little
variation across the different compositions of the iron-containing phase. Among test models, we might

Figure 6. Optical properties (a)Qext, (b) SSA, and (c)<cos θ> for alumino-
silicate particle S2 with either goethite or wustite as the iron-containing
phase. Incident wavelength is 589 nm.
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expect the three-sphere heterogeneous
model to best approximate optical
properties. However, the three-sphere
model overestimates Qext when the
iron-containing phase is the poorly
absorbing iron silicate and underesti-
matesQext when the phase is an absorb-
ing iron oxide. The tetrahedron model
in all cases for LA4 comes closest to
the respective reference models for
Qext, varying by <5% in all cases, and
thus is consistent with other tetrahe-
dron models of particles in this study.

As observed for the other iron-
containing particles, SSA (Figure 7b) is
largely affected by the identity of the
iron-containing phase, which in LA4
occupied 37% of the particle volume.
With the phase as almandine/pyrope
or as limonite/illite/kaolinite, SSA is
>0.98 with all test models in agreement
with respective reference models. With
the iron phase as the more absorbing
hematite/illite/kaolinite mixture or
goethite/illite/kaolinite mixture, SSA is
<0.9 and more variation exists between
the test and reference models.

Compared to SSA, much less agreement
between the test and reference models
exists for <cos θ> (Figure 7c).
However, most test models are able to
account for variation in <cos θ> due
to the identity of the iron-containing
phase. Nevertheless, it appears that the
three-sphere heterogeneous model is
least able to account for <cos
θ> variation.

Optical models of particle S3 present a
different picture from other particles in
this study. Figure 8 shows Qext, SSA,

and <cos θ> for the various compositions of the iron oxide phase, which in S3 occupied 24% of the particle
volume. Most models exhibit little variation in Qext (Figure 8a) among the three compositions of the iron
oxide phase. Nevertheless, while Qext from the homogeneous spatial model comes closest to the reference
model, agreement in the magnitude of Qext between the remaining test models and respective reference
models is poor. It is noteworthy that in contrast to the other particles, the tetrahedron model for S3 is also
unsuccessful at determining Qext.

For SSA (Figure 8b), we first note that reference models for particle S3 do not vary substantially with different
compositions of the iron oxide phase, in contrast to SSA for particles LA3, LA4, and S1. However, with one
exception, test models including the homogeneous spatial model exhibit SSA variation with iron oxide
composition that is clearly at odds with the respective reference models. For example, SSA values from
the homogeneous spatial and geometric models with highly absorbing wustite are 38 to 41% below the
reference model, but ≤3% above the reference model with limonite. In sharp contrast, SSA from the

Figure 7. Optical properties (a) Qext, (b) SSA, and (c) <cos θ> for mineral
particle LA4 with the iron-containing phase as a silicate, hematite,
limonite, or goethite. Incident wavelength is 589 nm.
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heterogeneous four-sphere model is
much closer to reference models. SSA
from the four-sphere model is only 5%
below the reference model with wus-
tite and <1% below the reference
model with limonite.

For <cos θ> (Figure 8c), particle S3 also
contrasts with the other particles that
had a substantial volume for the iron-
containing phase. We have noted that
the homogeneous spatial model
generally approximates <cos θ> across
different compositions of the iron-
containing phase better than other test
models. However, for particle S3 the
homogeneous spatial model along with
the heterogeneous four-sphere model
generally performs poorer than the
homogenous sphere and cube models.

4. Discussion
4.1. Sources of Modeling Error

Error in DDA modeling is most often
reported in the literature as a relative
deviation in the DDA result from an
exact nonnumerical solution. This error
has most often been examined for
spheres by comparing with the classical
Mie solution. Nevertheless, discrepan-
cies exist in the assessment of DDA
error, which makes error correction diffi-
cult. For example, Flatau et al. [1993]
estimated error at<0.5% for the scatter-
ing cross section for a two-sphere
aggregate, while Xu and Gustafson
[1999] estimated error at <10% also for
a two-sphere aggregate with similar
properties [Yurkin and Hoekstra, 2007].
Other errors associated with DDA mod-
eling may need further investigation.

Recently, Adler et al. [2014] reported that extinction for highly porous aerosols consisting of natural organic
matter modeled with DDA was approximately half of the measured extinction for size parameters around
2 to 6. In this case, the discrepancy may have been due in part to the inability of DDA to adjust to rapid
changes in the electromagnetic field at phase boundaries, as might occur at the edge of a void within the
particle [Adler et al., 2014; Yurkin and Hoekstra, 2007].

DDA is most accurate for modeling single spheres and cubes. Error is typically within a few percent when the
lattice dispersion method is used to determine particle polarizability [Yurkin and Hoekstra, 2007]. For spheres
with refractive indexes from 1.6 to 2 and a size parameter of 20, which are parameters closest to those in our
study (Table 5), Yurkin et al. [2007] determined a relative error of 2 to 6% for Qext and 0.7 to 6% for <cos θ>.

For irregularly shaped particles, DDA error is expected to be larger than for spheres [Yurkin and Hoekstra,
2007; Yurkin et al., 2006]. As a surrogate for irregularly shaped particles in our study, we rely on the compar-
ison by Xu and Gustafson [1999] of DDA with an exact analytic solution for the two-sphere aggregate. The Xu

Figure 8. Optical properties (a) Qext, (b) SSA, and (c)<cos θ> for mineral
particle S3 with either wustite, goethite, or limonite as the iron-containing
phase. Incident wavelength is 589 nm.
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and Gustafson approach was further developed into the generalized multiparticle Mie solution for sphere
clusters [Xu, 2003]. As shown in Figure 4 of Xu and Gustafson, relative deviation of the DDA solutions for
the extinction efficiency and the asymmetry parameter versus |m|kd behaves much like a first-order linear
function. When the direction of the incident light beam aligns with the axis of symmetry for the two-sphere
aggregate (k symmetry orientation), the relative deviation increases linearly from approximately 1% with
|m|kd = 0.2 to 10% with |m|kd = 1.

An additional source of error in this study is related to the number of steps the particle is rotated in DDSCAT
to simulate random orientation. As mentioned in section 2.3, orientation angles Φ and β were incremented
from 0° to 360° in steps of 90°, whileΘ was positioned at 0°, 90°, and 180°, which corresponded to values 1, 0,
and �1 of cosine(Θ). The total number of orientations was 48, although some orientations were equivalent.
The number of orientations was limited by the length of time for DDSCAT to complete running in some cases.
Particle S1 in particular required hundreds of hours.

To test how the number of orientations would affect optical property calculations, we increased the number
to 448 for five particle treatments: LA2 with BC, LA3 with hematite, LA4 with goethite, S2 with goethite, and
S2 with wustite. To achieve 448 orientations,Φ and β were incremented from 0° to 360° in steps of 45°.Θwas
positioned at 0°, 48.2°, 70.5°, 90°, 109.5°, 131.8°, and 180°, which corresponded to values 1, 0.666, 0.333, 0,
�0.333, �0.666, and �1 of cosine(Θ).

The deviation in values for Qext, Qsca,<cos θ>, and SSA between 48 and 448 orientations was generally small
for the five particle treatments. For the reference models, the maximum deviation among treatments was 5%
for Qext, 7% for Qsca, 4% for <cos θ>, and 2% for SSA. For the heterogeneous geometric models, the maxi-
mum deviation was 5% for Qext and Qsca, 2% for <cos θ>, and 3% for SSA. Among the homogeneous geo-
metric models, the deviation was generally smaller for spheres and tetrahedra than for cubes. For spheres,
maximum deviations for Qext, Qsca, <cos θ>, and SSA were within 2%; for tetrahedra maximum deviations
were all 4% or less. For cubic models, the maximum deviation was within 5% for <cos θ> and SSA but rose
to 11% for Qext and 12% for Qsca, which was the case for LA4 with goethite. Nevertheless, as Figure 7 shows,
an 11% increase in Qext from 2.45 to 2.74 for the cubic model of LA4 with goethite would still have the model
performing poorly relative to the reference model.

Other possible sources of error in this study are (1) phase misidentification, (2) use of the Maxwell-Garnett
dielectric function for determining the average refractive index in the homogeneous spatial models and
homogeneous geometric models, and (3) determination of the volumes of structures in the 3-D spatial model
with Avizo. Phase identity is often ambiguous, and phase misidentification is always a possibility. Among the
plausible alternatives for the light-absorbing particle phases in this study, phase identification least affected
Qext. For the reference models among all particles, variation in the identity of the light-absorbing phase
resulted in only a 1.3% variation in Qext on average. Variation in SSA and <cos θ> due to the identity of
the light-absorbing phase was substantially larger, particularly for the five particles that contained iron.
SSA variation in the reference models due to iron-phase identity was 46%, 15%, 27%, 32%, and 10% for par-
ticles LA3, LA4, S1, S2, and S3, respectively. Variation in<cos θ> for these particles was 42%, 15%, 20%, 18%,
and 9%, respectively.

The error associated with the use of the Maxwell-Garnett dielectric function has been shown to depend in
part on the size parameter of the individual inclusions (xinc). While it has been assumed that xinc ≪ 1 for
the Maxwell-Garnett dielectric function as well for other effective medium approximations, Chylek et al.
[2000] have shown that Maxwell-Garnett can be applied to particles when xinc ≥ 1, albeit with resulting larger
error. From studies involving DDA, Chylek et al. concluded that for xinc ≤ 2, the error in extinction and scatter-
ing cross sections is 10% to 15%. In our study, the particle size parameters ranged from 6.8 to 18 (Table 5). As
an approximation, we assume that the size parameter for an individual inclusion was on average one tenth
the particle size parameter; thus, we assume that xinc ranged from 0.68 to 1.8.

The error associated with volumes of structures in the 3-D model was estimated by assessing the random
error in quantifying the area in individual FIB slices assigned to a particular material phase in Avizo, i.e., image
segmentation. We assessed the segmentation error as random error by digitally measuring in duplicate the
cross-sectional area from five slice images for each particle. The average deviation in the volume of each par-
ticle as a sphere was then determined from the duplicate area measurements. Deviations in the volume
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determinations among the particles ranged from 1.3% to 5.5%. Deviations in Qext, Qsca, Qbk, and<cos θ> due
to segmentation error were then determined for particle LA2 to represent particles with elemental carbon
and LA3 to represent particles with light-absorbing iron oxide. Between the carbon-containing particles
LA1 and LA2, the latter exhibited the larger relative deviation in volume due to segmentation. Based on
LA2, segmentation error in Qext, Qsca, and <cos θ> for the carbonaceous particles was negligible, <1%.
Propagated error in SSA was also <1%. Among the particles containing iron (LA3, LA4, S1, S2, and S3), LA3
exhibited the larger relative deviation in volume due to segmentation. Based on LA3, segmentation error
in Qext, Qsca, and <cos θ> for the iron-containing particles was minimal, <5%. Propagated error in SSA
was ≤5%.

4.2. Deviation of Test Models From Reference Models

Tables 6–8 show the magnitude of deviation from respective reference models (i.e., absolute deviation) for
Qext, SSA, and <cos θ> among the various test models and composition treatments. Particle treatments
are divided into two groups: (1) where absorption dominated optical behavior and (2) where scattering
dominated optical behavior. Here we define absorption as dominant if the imaginary part of the complex
refractive index, k, for the particle as a whole was>0.01; scattering as dominant if k for the particle as a whole
was <0.01.

Tables 6–8 also compare the performance of model types (as the average absolute deviation) between the
absorber-dominant and scatterer-dominant particles. While listed in the tables, particle S3 is not included
in the table averages. As noted previously and as Tables 6–8 show, the optical behavior of particle S3 is dis-
tinctly different from the other iron-containing particles in this study. Factors that may account for this are an
exceptionally irregular particle shape due to the loose attachment of phases and a relatively large iron oxide
phase alongside highly scattering mineral phases (anorthite, calcite, and gypsum) that are approximately
equally in size (Table 4). S3 appears to be the most heterogeneous particle in this study and is, thus, an exam-
ple of “severe” heterogeneity.

Excluding particle S3, Table 6 shows that the homogeneous spatial models and tetrahedron models
performed best on average at approximating Qext (<10% from reference models) for both absorber-
dominant and scatterer-dominant particles. Less successful are the heterogeneous geometric models, but
performance was slightly better for scatterer-dominant particles than for absorber-dominant particles. This
is due in part to the poor performance of the core/shell models for the absorber-dominant LA1 and LA2 par-
ticles. Results show that for individual particles composition heterogeneity is less important for accurately
modeling Qext than particle shape for both absorber-dominant and scatterer-dominant particles. However,
shape effects may become less important in modeling Qext (and heterogeneity perhaps more important)
for a large population of particles because many distinct particle shapes may appear smoothed for a particle
ensemble. In addition, shape effects may become less important over a distribution of sizes for a specific
particle shape. We are currently addressing this issue. Nevertheless, while homogeneous spatial models
provide a close approximation of a particle’s shape, surface features, and void structure, tetrahedral models
may be as successful at modelingQext because the sharp dihedral angles of the tetrahedronmay compensate
for a particle’s surface features.

For SSA as shown in Table 7, all models on average performed well (<10% of reference models) for all parti-
cles except S3. However, we note that while absolute deviation averages in Table 7 are low, dispersions (s) are
high. As mentioned previously, heterogeneous core-shell models for particles LA1 and LA2 were less success-
ful than other models for these particles and performed worse than heterogeneous geometric models of
other particles as well. Table 7 also shows that test models were more successful at approximating SSA for
scatterer-dominant particles than for absorber-dominant particles. This is likely due to the difficulty test
models had in correctly calculating larger absorption efficiencies for the absorber-dominant particles. All test
models successfully approximated SSA for particle S3 when it contained limonite (and was, thus, a scatterer-
dominant particle). As mentioned previously, when S3 contained goethite or wustite (and, thus, an absorber-
dominant particle), only the heterogeneous four-sphere model successfully approximated SSA.

As mentioned previously, test models were able to exhibit the trend in<cos θ>, as well as SSA, with variation
in the composition of the iron-containing phase. Table 8 shows that all models for the absorber-dominant
particles approximated <cos θ> within 10% of reference models on average. For the scatterer-dominant
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particles, modeling success was more variable. Table 8 also shows that the homogeneous spatial model was
more consistent at approximating <cos θ> for both absorber-dominant and scatterer-dominant particles.
Since the tetrahedron model was not as successful at approximating <cos θ> as for SSA or Qext, results
suggest that among the optical properties studied here, <cos θ> is particularly sensitive to how models
represent particle shape. In this regard, models that represent particles with high shape irregularity as collec-
tions of spheres such as for particle S3 do not appear to sufficiently model <cos θ>.

5. Conclusions

We have presented optical properties of individual heterogeneous urban dust particles from Los Angeles and
Seattle based on models of varying complexity. Test models were compared to reference models generated
from particle 3-D spatial models that were based on high-resolution element mapping in SEM-EDX and FIB
tomography, which accurately reconstructed particle shape and heterogeneity. The test models included
compositionally homogeneous and compositionally heterogeneous models. Along with simple geometric
shape models (sphere, cube, and tetrahedron), compositionally homogeneous models included spatial
models based on FIB tomography that closely approximated actual particle shape, surface features, and void
structure. Additionally, compositionally heterogeneous models consisted of collections of spheres to
represent different particle phases.

Results showed that homogeneous models, particularly the homogeneous spatial and tetrahedral models,
provided better accuracy for the extinction efficiency than other models, including geometric models that
attempted to account for heterogeneity. Thus, particle shape appears to be amore important factor for deter-
mining extinction efficiency in individual heterogeneous particles than distinguishing the separate phases.
This rule applies to particles where absorption is dominant and particles where scattering is dominant. As
mentioned previously, shape may be a less important factor for a large ensemble of particles, particularly if
the particles are small and compact.

For iron-containing heterogeneous particles, the asymmetry parameter and SSA varied with the composition
of the iron-containing phase, even if the phase was <10% of the particle volume. The homogeneous spatial
model, which accounted for particle shape, surface features, and void structure, generally provided a closer
approximation to <cos θ> across compositions of the iron oxide phase in these particles. Thus, as with Qext,
particle morphology is a more important consideration than composition heterogeneity for modeling the
asymmetry parameter in heterogeneous particles.

Whether the iron-containing phase in particles was more absorbing or strongly scattering (e.g., as iron-
containing silicate), all homogenous and heterogeneous test models in this study successfully determined
SSA. However, for particles that exhibit much compositional and optical heterogeneity (i.e., containing
loosely held phases with widely varying refractive indexes) only models that account for phase heterogeneity
may be sufficient for determining SSA.

While a highly detailed analysis was presented here, this work was limited by the number of urban dust par-
ticles and compositional treatments of each particle. Study of additional particles is needed to better under-
stand how geometric models might better approximate optical properties of heterogeneous urban dusts
from different regions and as transformed by in-atmosphere aging. In particular, additional particles should
be studied to further determine how much complexity is needed in heterogeneous geometric models to
adequately approximate optical properties, particularly Qext, of dusts that exhibit severe compositional and
optical heterogeneity. In addition, further study is needed to determine the effect of individual particle
shapes on backscattering, which is important in remote sensing applications.
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