
Journal of Quantitative Spectroscopy & Radiative Transfer 254 (2020) 107197 

Contents lists available at ScienceDirect 

Journal of Quantitative Spectroscopy & Radiative Transfer 

journal homepage: www.elsevier.com/locate/jqsrt 

Optical Modeling of Single Asian Dust and Marine Air Particles: A 

Comparison with Geometric Particle Shapes for Remote Sensing 

Joseph M. Conny 

a , ∗, Robert D. Willis b , Diana L. Ortiz-Montalvo 

a 

a Materials Measurement Science Division, National Institute of Standards and Technology, Gaithersburg, MD, 20899-8372 U.S. 
b Office of Research and Development, U.S. Environmental Protection Agency (retired) 

a r t i c l e i n f o 

Article history: 

Received 13 January 2020 

Revised 30 June 2020 

Accepted 1 July 2020 

Available online 3 July 2020 

Keywords: 

atmospheric aerosol 

Asian dust 

extinction 

scattering 

backscattering 

particle shape 

surface roughness 

scanning electron microscopy 

focused ion-beam tomography 

FIB-SEM 

discrete dipole approximation 

a b s t r a c t 

We compare the optical properties of various geometric shapes with single atmospheric Asian dust and 

marine background air particles collected at Mauna Loa Observatory. Three-dimensional representations 

of the particles were acquired with focused ion-beam (FIB) tomography, which involves FIB milling of 

individual particles followed by imaging and elemental mapping with scanning electron microscopy. Par- 

ticles were heterogeneous with mainly dolomite or calcite and a minor amount of iron; marine air parti- 

cles contained gypsum but no iron. Extinction and backscatter fraction were calculated with the discrete 

dipole approximation method. Geometric shapes were grouped as ellipsoids (sphere, spheroid, ellipsoid), 

cuboids (cube, square prism, rectangular prism), and pyramids (tetrahedron, triangular pyramid). Each 

group represented a progression of shapes with 1, 2, or 3 non-identical axes. Most shapes underesti- 

mated particle extinction and overestimated the backscatter fraction. Not surprisingly, extinction and the 

backscatter fraction of the sphere and cube were furthest from those of the particles. While the 3-axis 

ellipsoid and rectangular prism were closer dimensionally to the particles, extinction and the backscatter 

fraction for the 2-axis spheroid and square prism, respectively, were often closer to the particles. The 

extinction and backscatter fraction for the tetrahedron and triangular pyramid were closer on average 

to the actual particles than were the other shapes. Tetrahedra have the advantage that parameterization 

of an aerosol model for remote sensing would not require an aspect ratio distribution. Particle surface 

roughness invariably decreased the backscatter fraction. While surface roughness typically contributes a 

minor part to overall scattering, in some cases the larger surface area of the tetrahedron and triangular 

pyramid sufficiently accounted for enhanced forward scattering of particles from surface roughness. 

Published by Elsevier Ltd. 

1

 

e  

i  

p  

t  

t  

a  

s  

o  

r  

l  

a  

b  

e  

c  

l

 

s  

E  

b  

t  

t  

s  

o  

c  

i  

d  

t  

h

0

. Introduction 

Dust aerosols affect climate by shifting Earth’s radiative balance

ither by direct interaction with solar and longwave radiation or

ndirectly by serving as cloud condensation nuclei and affecting

hysical processes in clouds. The largest radiative-forcing uncer-

ainties are associated with aerosol-cloud interactions [1] . Uncer-

ainties in the direct radiative forcing by mineral dusts are associ-

ted with the large geographic and temporal variability in the size,

hape, and composition of dust particles [2] . Atmospheric dust is

ften assumed to be of mineral origin, i.e., natural, from large dust

eleasing regions such as the deserts of the Sahara, Gobi, and Tak-

amakan [3–5] . However, dust from agricultural land use and urban

reas with uniquely anthropogenic compositions such as vehicular

rake wear, wear from roads and other structures, demolition dust,
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tc., contributes significantly to global dust load [6,7] . A common

haracteristic of mineral and urban dusts is particle shape irregu-

arity [8–11] . 

Remote sensing of aerosols is typically accomplished with

atellite-based spectroradiometers that detect light reflected from

arth’s surface and scattered by the atmosphere, with ground-

ased sun photometers pointed skyward to detect sunlight scat-

ered by aerosols, and with Lidar that detects reflected laser light

hat has interacted with aerosols. Examples of satellite-based in-

truments are VIIRS (Visible Infrared Imaging Radiometric Suite)

n board the Suomi National Polar-Orbiting Partnership satellite in

ollaboration with the National Oceanic and Atmospheric Admin-

stration [12,13] , MODIS (MODerate-resolution Imaging Spectrora-

iometer) on board the National Aeronautics and Space Adminis-

ration’s (NASA) Aqua and Terra satellites [14,15] , and MISR (Multi-

ngle Imaging SpectroRadiometer) on board NASA’s Terra satellite

16,17] . The AERONET (AErosol RObotics NETwork) system of sun

hotometers provides ground-based reference data for validating

https://doi.org/10.1016/j.jqsrt.2020.107197
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jqsrt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jqsrt.2020.107197&domain=pdf
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satellite retrievals [18,19] . The CALIOP (Cloud-Aerosol Lidar with

Orthogonal Polarization) infrared Lidar imager on board CALIPSO

(Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation)

is used to study the indirect aerosol effect [20,21] . 

The most important aerosol property from remote sensing is

aerosol optical depth (AOD), which is proportional to the total

aerosol concentration in the air column. AOD is also the integrated

extinction coefficient for the population of particles in the air col-

umn. To determine AOD from spectroradiometry an inverse mod-

eling scheme is required. A necessary component of inverse mod-

eling is an aerosol model. The aerosol model parameterizes the

population of particles in the air column by assuming an average

composition (complex refractive index) or series of compositions,

one or more particle size distributions, and representative particle

shape geometries. By parameterizing the particle population, the

aerosol model provides input for calculating the scattering phase

function (angular intensity of scattered light) and the single scat-

tering albedo (scattering cross section divided by the extinction

cross section for a single scattering event), which are then used

to determine AOD [22] . 

A critical part of the aerosol model is representation of the

shapes of real particles. Kahnert et al. [23] provide a thorough re-

view of particle shape and its importance in remote sensing. While

the optical properties of particles as spheres are easier to calculate

using Lorenz-Mie theory, biaxial spheroids have long been used to

account for shape irregularity in mineral dust particles [24–27] . To

this end, it is well known that the phase function for spheroids

differs significantly from that of spheres [28] when the imagi-

nary part of the complex refractive index is not too large, e.g., <

0.5 [29] . Spheroids tend to correct for anomalously low scattering

at side angles and high backscattering as exhibited in the phase

function for spheres [10,28] . Current aerosol models for deriving

AOD from MODIS and AERONET spectra use spheres for particles

< 1 μm in diameter and spheroids with size and aspect ratio dis-

tributions for particles > 1 μm [26,30] . Mineral dust is typically in

the coarse size range, e.g., > 1 μm. 

Optical properties of other simplified shapes such as finite

cylinders [31] and various polyhedra [10,27] have been used to

model scattering by mineral dust. Models of irregularly-shaped ag-

glomerates have been compared with spheroids in their agreement

with measured optical properties of feldspar particles [32] . To ac-

count for surface roughness, surface features are often added to

simple shapes. Surface roughness has been modeled with 2- and

3-D Chebyshev functions [33 , 34] , Gaussian perturbation at the sur-

face of spheres [35] and Gaussian random spheres [36] , and parti-

cles dusted with small surface grains [37] . Stereogrammetric ren-

derings of real particles from electron microscopy with added ran-

domized surface features have also been used to model surface

roughness [38] . 

It is tempting to provide more complexity to shape models to

better mimic the angularity of real particles. A benefit of complex

shape models is that the disorder in their morphologies allows for

scattering responses to converge, suggesting that a specific shape

has little effect on the retrieval of aerosol properties with remote

sensing [39] , [40] . Kalashnikova and Sokolik [41] generated complex

shapes consisting of randomly-formed aggregates of sharp-edged

rectangles and cubes along with aggregates of spheres and calcu-

lated their optical properties with compositions and sizes resem-

bling Saharan and Asian dust. A comparison of the optical prop-

erties of these complex shapes with spheres and spheroids con-

firmed the need to consider shape angularity when understanding

the optical behavior of mineral dust. 

As particle shape in aerosol models becomes more complex,

models run the risk of becoming impractical for use in remote

sensing. First, retrieval of aerosol properties becomes computation-

ally more burdensome if aerosol models require additional param-
terization due to shape complexity. Second and perhaps more im-

ortant, the more complex a particle shape becomes to where it

early replicates real particles exactly, the less universal the shape

ecomes for determining aerosol properties at the mesoscale, i.e.,

n different regions and points in time. The argument against mak-

ng shape constructs too complex for remote sensing is poignantly

ade by Kahnert et al. [23] . Rather than having complex particle

hapes incorporated in aerosol models for remote sensing, they are

erhaps more useful as reference models with which to evaluate

ore simplified shape models. 

Determining which particle shape distribution works best in re-

ote sensing has invariably been based on the average optical be-

avior of particle ensembles rather than single particles. However,

he optical behavior of a shape selected for remote sensing of a

article population may not match well the behavior of an indi-

idual particle. For spheroids, distributions for size and aspect ratio

ay be adjusted to resemble the phase function and polarization

f an ensemble of real particles. However, the refractive indices for

he shapes may then not agree with the refractive indices of the

ctual particles. If refractive indices are made to agree, the aspect

atio distribution may not. A “universal” ensemble of spheroids to

atch the phase function of a population of real dust particles has

een elusive [42] . Kahnert et al. [23] has warned “… one should

ot think that when using spheroids to mimic scattering by more

omplex particles, best results would be achieved using aspect ra-

ios of the target particles for the spheroids.”

The purpose of the current work is to determine how well the

ptical properties of simple geometric shapes compare with the

roperties of single heterogeneous atmospheric dust particles. A

eries of shapes was employed that had the same volume, aspect

atio, and refractive indices as the actual particles. We primarily

ocus on the extinction efficiency and the backscatter fraction. We

how the backscatter fraction in this work rather than the asym-

etry parameter because the former provides a more direct indi-

ation of the extent of scattering backward from the light source. 

Three groups of three-dimensional particle shapes were stud-

ed: 

• Ellipsoid group: sphere, spheroid (prolate and oblate), ellipsoid 

• Cuboid group: cube, square prism, rectangular prism 

• Pyramid group: tetrahedron, triangular pyramid 

Each group represents a progression of lower-order to higher-

rder shapes with lower-order shapes such as a sphere and cube

aving identically-sized axes in 3-D space and higher-order shapes

aving axes with different sizes in 3-D space. Lower-order and

igher-order shapes can also be defined by the axes aspect ra-

io (or the height-to-width ratio). For example, square prisms and

pheroids have two non-identical axes and one aspect ratio, while

llipsoids have three non-identically axes and two aspect ratios.

pheres and cubes have no aspect ratio. In the pyramid group, the

etrahedron can be defined as having identically sized axes from

he center of the tetrahedron to its four vertices, and no aspect ra-

io. The height of the triangular pyramid is greater than that of the

etrahedron and, thus, has two axes (height and edge length) and

ne aspect ratio. 

The shape groups can also be characterized by angularity. We

efine angularity as how abruptly a plane touching the surface of

 shape would shift direction as it moves over the surface. The

ube, square prism, and rectangular prism have high angularity be-

ause a plane moving over the surface shifts abruptly by 90 º at

he shapes’ edge. The tetrahedron and triangular pyramid also have

igh angularity. In the tetrahedron, a plane moving between faces

hifts abruptly by 70.5 º, the face-edge-face (or dihedral) angle. The

phere, spheroid, and ellipsoid have low angularity because of their

urvature. Angularity is correlated with surface area. Shapes with

igh angularity in this study have larger surface area. 
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Fig. 1. Schematic from [44] of a heterogeneous particle containing two inclusion 

phases (dark gray) within a matrix phase (light gray). Each phase is shown with 

a uniaxial indicatrix which indicates the relative magnitudes of the two refractive 

indices, ω and ε, if vibration of the incident light were to align with the respective 

optical axes (C i1 , C i2 , C m ). 
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The particles in this work were Asian dust and background ma-

ine air particles collected at Mauna Loa Observatory (MLO) in

awaii, U.S. In a previous paper [44] , we reported on the selec-

ion of samples from MLO based on meteorological back trajecto-

ies and global aerosol maps. We also showed how particle com-

osition was determined from scanning electron microscopy and

nergy dispersive x-ray spectrometry (SEM-EDX). Exact spatial rep-

esentations for 13 of the particles were then created with focused

on-beam (FIB) tomography. We also reported previously the ex-

inction efficiency and the backscatter fraction for each selected

article, calculated from the spatial representations with the dis-

rete dipole approximation (DDA) method [45] . 

As we reported previously [44] , two groups of Asian dust parti-

les were studied. One group largely contained the mineral-phase

olomite (CaMg(CO 3 ) 2 ), the other group calcite (CaCO 3 ). Others

ave used SEM-EDX and DDA to model the optical properties of

ake-like calcite particles to compare with spheroidal models [46] .

DA models of rhomboidal and flake-like calcite particles have

een compared with calcite scattering measurements [47] . The

sian dust particles in our study were heterogeneous, with addi-

ional phases such as clay or feldspar minerals. In addition, the

sian dust particles contained iron. Iron oxides such as magnetite

r hematite can strongly affect particle optical properties because

hey absorb in the visible spectrum unlike most other common

inerals [4 8–4 9] . The background marine air particles were also

eterogeneous but largely contained gypsum (Ca(SO 4 ) •2(H 2 O)) and

ittle or no iron [44] . Mineral mass percent compositions of the 13

articles are shown in Table S1 in Supplementary Material . 

In this work, we used a novel approach to assess the optical be-

avior of compositionally heterogeneous particles, as we reported

reviously [44] . When inclusions are embedded in a larger matrix,

ifferent spatial orientations of the inclusions will result in differ-

nt refractive indices for the overall particle. If the exact positions

f the inclusions within a particle are unknown, as was the case

n this study, then a range of refractive indices is possible for the

article. Fig. 1 depicts how two inclusions with uniaxial optical

nisotropy might be oriented in a larger phase also with uniax-

al anisotropy. A uniaxial indicatrix is associated with each phase,
ndicating that each phase has two refractive indices: ω (ordinary)

nd ε (extraordinary). The orthogonal axes of each indicatrix indi-

ate the magnitudes of the refractive indices if vibration of the in-

ident light wave were to align with the optical axis of each phase

 C i , for the inclusions and C m 

for the matrix). We calculated an

pper and lower limit to the particle’s overall refractive index to

eflect the range of possible refractive indices. These refractive in-

ices were then used with the DDA method to determine the range

nd midpoint of possible values for the extinction efficiency and

ackscatter fraction for the particles calculated previously [44] and

he geometric shapes in this study. 

A similar comparison of the optical properties of three-

imensional shapes and single particles was reported by Lindqvist

t al. [43] . Particle shape was generated from pairs of SEM images,

hereby each image in the pair was collected at a slightly differ-

nt angle position of the instrument stage. Corresponding points

n the image pair were registered and processed mathematically

o form a 3-D representation of the particle surface, a technique

nown as stereogrammatic shape retrieval. As in our study, par-

icle composition was determined by EDX, and refractive indices

ere selected from literature. Optical properties for the 3-D repre-

entations were calculated by the DDA method for incident light in

he visible (550 nm). Four dust particles were studied by Lindqvist

t al.: 1) a calcite particle with magnesium and clay minerals, 2) a

olomite particle containing clay minerals, 3) a silicate particle rich

n magnesium, and 4) an aggregate of likely feldspar, illite, quartz,

nd a clay mineral. Particle shapes included the sphere, spheroid,

nd a Gaussian random sphere. 

While similarities exist between our work and Lindqvist et

l. such as particle composition from EDX and optical proper-

ies from DDA, our work differs from Lindqvist et al. in several

ays. First, we expand the number of geometric shapes to include

uboidal and pyramid shapes. Second, we employ FIB tomography

o construct 3-D spatial representations rather than stereogram-

atic shape retrieval. Third, we employ upper and lower limits for

he refractive index of each particle to account for the variation in

he spatial arrangement of inclusions within each particle. Fourth,

s described in the Results section, we model the iron component

f each particle as light-absorbing oxides and non-absorbing car-

onates. Finally, we investigate how well geometric shape may ac-

ount for particle surface roughness by smoothing the 3-D spatial

epresentations of the particles from FIB tomography. 

. Methods 

.1. Mineral dust particles 

Thirteen particles were studied: nine of Asian dust and four

rom background marine air. Four of the Asian dust particles con-

ained dolomite and five contained calcite. Details were presented

reviously [44] on how Asian dust and background marine air

erosol at MLO were sampled, particle populations for each sample

ere analyzed and classified by SEM-EDX, individual particles were

elected and analyzed by SEM-EDX, and how FIB tomography was

erformed. Briefly, 12 filter samples of particles ≤10 μm in size

ere collected over 72 hours at MLO during March and April 2011.

ix samples were collected during daytime (“D” samples) and in-

egrated over 72 hours; six nighttime (“N”) samples were collected

y also integrating over 72 hours. Dust monitoring information and

eteorological back trajectories were used to identify when Asian

ust likely reached MLO. Automated SEM-EDX particle analysis was

sed to identify two classes of Asian dust particles: CaMg which

as considered to contain dolomite and Ca-rich which was consid-

red to contain calcite. In addition, one class of background marine

ir particles Ca-S was identified as containing gypsum. The three

article classes were distinctly different from classes of local dusts.
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Table 1 

Minimum and Maximum Values for Average Complex Refractive Indices 1 . 

Particle 

Iron-Containing 

Phase 

Minimum Refractive Index Maximum Refractive Index 

Real Imaginary Real Imaginary 

CaMg 1D Magnetite 1.504 1.53E-03 1.671 1.73E-03 

Hematite 1.505 1.69E-04 1.673 1.73E-04 

Ankerite 1.502 4.68E-06 1.670 4.73E-06 

2N Magnetite 1.507 3.20E-03 1.652 3.57E-03 

Hematite 1.509 3.51E-04 1.656 3.52E-04 

Ankerite 1.503 8.33E-06 1.650 8.41E-06 

3D Magnetite 1.505 2.37E-03 1.662 2.67E-03 

Hematite 1.507 2.60E-04 1.665 2.63E-04 

Ankerite 1.502 6.01E-06 1.660 6.07E-06 

4N1 Magnetite 1.510 5.08E-03 1.653 5.67E-03 

Hematite 1.513 5.47E-04 1.658 5.56E-04 

Ankerite 1.503 1.18E-05 1.649 1.19E-05 

Ca-rich 1D Magnetite 1.504 5.53E-03 1.642 6.15E-03 

Hematite 1.507 5.94E-04 1.647 6.02E-04 

Siderite 1.498 1.16E-05 1.640 1.16E-05 

2N Magnetite 1.520 4.03E-03 1.569 4.20E-03 

Hematite 1.522 4.42E-04 1.573 4.01E-04 

Siderite 1.515 6.80E-06 1.567 6.76E-06 

3D Magnetite 1.532 2.14E-02 1.660 2.36E-02 

Hematite 1.544 2.32E-03 1.681 2.28E-03 

Siderite 1.508 1.34E-05 1.648 1.34E-05 

4N1 Magnetite 1.503 3.57E-03 1.632 3.94E-03 

Hematite 1.505 3.96E-04 1.636 3.91E-04 

Siderite 1.499 6.89E-06 1.630 6.85E-06 

4N2 Magnetite 1.503 1.83E-03 1.640 2.03E-03 

Hematite 1.505 2.01E-04 1.642 2.00E-04 

Siderite 1.501 5.63E-06 1.640 5.59E-06 

Ca-S 1D Hematite 1.523 1.62E-04 1.542 1.43E-04 

2N Hematite 1.524 2.27E-04 1.542 2.00E-04 

3D ( 2 ) 1.521 5.71E-06 1.536 5.715E-06 

4N ( 2 ) 1.521 2.33E-06 1.538 2.32E-06 

1 Determined by sequentially combining phases with the Maxwell Garnett dielectric function, Eq. (2) . 2 

No iron was detected. 
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Individual particles from two daytime samples (1D, 3D) and two

nighttime samples (2N, 4N) were then selected for modeling. 

FIB tomography involves the sequential milling of a single par-

ticle with a gallium ion beam followed by imaging of each milled

slice with SEM and element mapping with EDX [50,51] . When

the ion-beam column is a component of the SEM instrument, the

technique is FIB-SEM. The instrument used here was an FEI Nova

NanoLab 600 Dual Beam (Thermo-Fisher Scientific, Waltham, MA,

U.S.). 1 Element mapping is used to determine the composition het-

erogeneity of the particle. Element mapping with FIB-SEM can of-

ten identify the locations of the inclusion phases within a particle

[52] . However, for the particles collected at MLO, element mapping

could only identify the presence of a mineral phase in the particle

for the most part, not its location within the particle. 

In this work, we used DDSCAT ver. 7.3 [53] to implement the

DDA method. With DDA, the particle consists of a set of dipoles

that are subject to the incident electric field as well as the electric

fields from neighboring dipoles. First, secondary electron images

from FIB tomography were used to construct a 3-dimensional spa-

tial model of each particle using segmentation techniques in Avizo

ver. 7 (Thermo-Fisher Scientific, Waltham, MA, U.S.). Coordinates of

the voxels from the 3-D spatial model were then input to DDSCAT

along with complex refractive indices. 

Details of how DDSCAT runs were parameterized were reported

previously [44] . Briefly, the particle is defined in DDSCAT as a tar-

get in a computational lab frame. The incident light was in the vis-

ible at 589 nm. The target was rotated relative to the light source
1 Commercial products identified here specify the means by which experiments 

were conducted. Such identification 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. 

i  

a

 

n  

y  

m  
o simulate random orientations of a particle. Two angles, � and

, specify the position of the target relative to the direction of in-

ident light. A third angle, β , specifies the increment of rotation

bout the target’s axis. � was incremented from 0 ° to 360 ° in steps

f 60 °. � was incremented 0 ° to 60 °, 90 °, 120 °, and 180 °, which is

t uniform intervals of cos( �) from 1 to -1. β was incremented

rom 0 ° to 360 ° in steps of 60 °. The number of orientations of the

arget about the lab frame was 180. 

.2. Geometric shape models 

For the geometric shapes, we used the “hardwired” targets in

DSCAT for the sphere, spheroid, ellipsoid, cube, square prism,

ectangular prism, and tetrahedron. DDSCAT targets and shape pa-

ameters are in Table S2 in Supplementary Material . For the triangu-

ar pyramid, cartesian coordinates for the DDSCAT dipole positions

ere generated as a text file with a MATLAB script (see Supple-

entary Material ). The triangular pyramid was generated with an

pper and lower aspect ratio (triangular pyramid low, triangular

yramid high) to bracket the aspect ratio of the particle as close as

ossible. 

Aspect ratios for the particles were determined from a particle’s

-D representation in Avizo. For the major axis, we determined the

ongest distance by inspecting all 2-D planes through the particle

n the xy, xz, and yz projections. First, we select the two longest

istances in the xy, xz, and yz planes, for example, the x distance

n the xy and xz planes. The midpoint was then taken as the major

xis. 

For the aspect ratio’s minor axis, we determine the orthogo-

al axes in the y and z directions. We measured the orthogonal

 distance in the same xy plane as for the major axis. Next, we

easured the shorter orthogonal axis in the y direction in a corre-
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ponding yz plane. We then took the midpoint of the two y mea-

urements as the orthogonal axis in the y direction. For the or-

hogonal axis in the z direction, we measured the distance in the

 direction from the same yz plane used for the orthogonal axis in

he y direction. Next, we measured the shorter orthogonal axis in

he z direction from the xz plane. We then took the midpoint of

he two z measurements as the orthogonal axis in the z direction.

or the minor axis, we took the midpoint of the orthogonal axes

n the y and z directions. 

A similar approach was used to determine the axes for the

hapes. For example, the major axis in a prolate spheroid was the

ajor axis from the corresponding particle’s major axis in the x

irection. The shorter orthogonal axis in the y or z direction from

he particle was taken as the minor axis for the prolate spheroid.

or the ellipsoid, the major axis was similarly taken from the par-

icle’s major axis in the x direction. The two minor axes for the

llipsoid were taken from the particle’s orthogonal axes in the y

nd z directions. 

For the selected particles, we also determined sphericity [54] 

= 

π1 / 3 ( 6 V ) 
2 
/ 3 

A 

, (1) 

here A and V are the surface area and volume of the particle,

espectively, as the number of voxels on the surface and in the in-

erior of the particle from Avizo. The sphericity of a sphere is 1. 

.3. Average complex refractive index 

Complex refractive indices for the minerals were taken from

he literature. Sources are reported in Tables S5 to S7 of Support-

ng Information in Conny et al. [44] . The upper and lower limits

o the complex refractive index for each particle were determined

s an average of the particle’s mineral phases using the Maxwell

arnett dielectric function [55] . As an effective medium approxi-

ation, the Maxwell Garnett dielectric function assumes that an

nclusion phase is small compared to the matrix. We apply a ver-

ion of the Maxwell Garnett function that makes the approxima-

ion that inclusions are spherical [56] : 

 a v = ∈ m 

⌊ 

1 + 

3 f 
( ∈ in −∈ m 

∈ in +2 ∈ m 
)

1 − f 
( ∈ in −∈ m 

∈ in +2 ∈ m 
)
⌋ 

. (2) 

Here, εav is the average dielectric function for the combined

hase, f is the volume fraction of the inclusion, εin is the dielectric

unction for the inclusion phase and εm 

is the dielectric function

or the matrix. The dielectric function is a complex number con-

isting of the real part ∈ 

′ 
a v ,in,m 

and the imaginary part ∈ 

′′ 
a v ,in,m 

. The

omplex dielectric function is then used to determine the com-

lex refractive index m av = n av + ik av . The real part ( n av ) of the

verage refractive indices for the particle (lower and upper lim-

ts) is n a v = sqrt{ [ ( ∈ 

′ 2 
a v + ∈ 

′′ 2 
a v ) 

1 / 2 + ∈ 

′ 
a v ] / 2 } . The imaginary part is

 a v = sqrt{ [ ( ∈ 

′ 2 
a v + ∈ 

′′ 2 
a v ) 

1 / 2 − ∈ 

′ 
a v ] / 2 } . 

As shown previously [44] , the average refractive indices are de-

ermined from the Maxwell Garnett dielectric constant by adding

he different inclusion phases sequentially by size. First, the inclu-

ion phase with the largest volume is added to the matrix to cal-

ulate the first average dielectric constant. This first average con-

tant now becomes the dielectric constant for the matrix. Next, the

econd largest inclusion phase is added to the updated matrix to

alculate the second average dielectric constant. This second av-

rage constant now becomes the dielectric constant for the ma-

rix. The sequence continues until all inclusion phases, minus the

mallest phase, are added to the matrix. The overall average di-

lectric constant for the particle is then calculated from dielectric

onstants for the cumulative matrix and the last inclusion phase.

able 1 shows the upper and lower limits to the average complex
efractive index for the particles with different forms of the minor

ron phase as described below. 

A drawback to using the Maxwell Garnett approximation here

s that inclusions are not necessarily spherical. An additional con-

ern regarding the sequential application of Maxwell Garnett is

hat the matrix may be weighted too heavily. However, in the end

he matrix does not retain the dielectric constant of the initial

argest phase. Rather, the matrix acquires the cumulative charac-

er of the largest phase, plus the next largest phase, and so for

orth to include the next to the last phase. Less satisfactory would

e to apply the Maxwell Garnett approximation by defining the

argest phase as the matrix, summing the volumes of the remain-

ng phases as the inclusion phase, and calculating a weighted av-

rage dielectric constant for the inclusion phase. A case in point

s particle CaMg 4N1 shown in Table 4 . Here, the largest phase,

olomite, is ≤ 41% of the total volume. With dolomite as the ma-

rix, the sum of volumes for the remaining phases in this case

ould necessarily exceed the volume of the matrix. 

.4. Optical property modeling 

Determinations of the single-scattering extinction efficiency and

ackscatter fraction are derived from elements of the amplitude

cattering matrix and the Mueller matrix [56] . Elements of the am-

litude scattering matrix ( S 1 , S 2 , S 3 , and S 4 ) are used to determine

he amplitudes of the polarity-resolved electric fields for scattered

ight from the incident electric fields. 

More versatile in determining scattering properties is the scat-

ering matrix equation, which consists of the 4 ×4 Mueller matrix

nd four Stokes parameters I, Q, U, V : 
 

 

 

I s 
Q s 

U s 

V s 

⎞ 

⎟ ⎠ 

= 

1 / k 2 r 2 

⎛ 

⎜ ⎝ 

S 11 S 12 S 13 S 14 

S 21 S 22 S 23 S 24 

S 31 S 32 S 33 S 34 

S 41 S 42 S 43 S 44 

⎞ 

⎟ ⎠ 

⎛ 

⎜ ⎝ 

I i 
Q i 

U i 

V i 

⎞ 

⎟ ⎠ 

. (3) 

Here, k = 

2 π/ λ, where λ is the wavelength of light, which was

.589 μm in this study, and r is the distance of the scattered light

o a hypothetical detector. The Mueller matrix elements are them-

elves combinations of amplitude scattering matrix elements S 1 , S 2 ,

 3 , and S 4 [56] . 

For the Stokes parameters, I s is the scattered irradiance and I i 
s the incident irradiance for incident unpolarized light. Q s is the

ifference between scattered irradiances for the parallel and per-

endicular polarization states; Q i is the difference in incident ir-

adiances for the two polarization states. U s is the difference be-

ween scattered irradiances for light that is shifted + 45 deg. and

45 deg. from the parallel polarization state (hence, states still or-

honormal as with parallel and perpendicular polarization). U i is

he difference between incident irradiances for light that is shifted

s for U s . V s is the difference between scattered irradiances that

re circularly-polarized toward left and circularly-polarized toward

ight. V i is the difference between incident irradiances for light

hat is circularly polarized as for V s . 

The matrix element S 11 is proportional to the ratio of scat-

ered to incident irradiances and, thus, is proportional to scatter-

ng intensity. The degree of linear polarization by the scatterer

s −S 12 / S 11 . For unpolarized incident light, the differential cross

ection of scattered light ( d( C sca ) 
d�

) is proportional to the scattering

ntensity at a solid angle �: 

d ( C sca ) 

d�
= 

I s 

I i 
r 2 = 

1 

k 2 
S 11 . (4) 

The phase function ( p ) is related to the differential scattering

ross section, and therefore, S 11 as follows: 

p = 

1 

C 

d ( C sca ) 

d�
= 

S 11 

C k 2 
. (5) 
sca sca 
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Fig. 2. Secondary electron images from SEM and 3-D representations from FIB to- 

mography of 13 particles from the Asian dust and background marine air samples. 

a) and b) CaMg and Ca-rich Asian dust particles; c) Ca-S background marine air 

particles. 
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Fig. 3. S 11 from scattering matrix versus scattering angle for Asian dust (a and b) 

containing hematite as the iron phase and background marine air particles (c). Ca-S 

particles 1D and 2N also contained iron as hematite. 

o

B  

 

2

C sca is the total scattering cross section. It is not a simple in-

tegration of Eq. (4) , but rather involves elements of the amplitude

scattering matrix [56] : 

 sca = 

∫ 
4 π

| X | 2 
k 2 

d�, (6)

X = ( S 2 cos � + S 3 sin �) ̂ e ‖ s + ( S 4 cos � + S 1 sin �) ̂ e ⊥ s . (7)

Here, ˆ e ‖ s is a unit vector parallel to the scattering plane, which

is defined by the light source, particle, and the detector. � is the

angle of the scattering plane in the coordinate system about the

particle. ˆ e ⊥ s is the vector orthogonal to the scattering plane. 

The extinction cross section C ext is the sum of the absorption

cross section, C abs , and C sca . The extinction efficiency, Q ext is the

extinction cross section divided by the cross-sectional area of a

volume-equivalent sphere. 

The backscatter fraction ( BSF ) is here determined as the fraction

of light intensity scattered between 90 º and 180 º rather than di-

rectly backward at 180 º. The fraction is the ratio of integrals based
n Eq. (4) : 

SF = 

∫ 180 

90 S 11 d�/ ∫ 180 

0 S 11 d� = 

∑ 180 
90 S 11 ��/ ∑ 180 

0 S 11 ��. (8)

Omega is determined from Eqs. 56 to 58 in Draine and Flatau,

013 [53] : 
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Fig. 4. Root-mean-square (RMS) deviation in S 11 for geometric shapes from the re- 

spective particles containing hematite. a) and b) Asian dust particles; c) background 

marine air particles. 
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Fig. 5. Degree of linear polarization, - S 12 /S 11 , versus scattering angle for Asian dust 

(a and b) containing hematite as the iron phase and background marine air particles 

(c). Ca-S particles 1D and 2N also contained iron as hematite. 
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p  
j,k = 

π

N φ( j ) 

[
cos 

(
θ j−1 

)
− cos 

(
θ j+1 

)]
, j = 2 , . . . N θ − 1 , (9)

1 ,k = 

2 π

N φ( 1 ) 

[
1 − cos ( θ1 ) + cos ( θ2 ) 

2 

]
, (10) 

N φ,k = 

2 π

N φ( N θ ) 

[ 

cos 
(
θN θ −1 

)
+ cos 

(
θN θ

)
2 

+ 1 

] 

. (11) 

Theta and phi are angles that define the direction of scatter-

ng in DDSCAT. Scattering is projected on to a series of scattering

lanes. N φ is the number of scattering planes with angles ϕ. Four

cattering planes were used at angles 0 °, 90 °, 180 ° and 270 °. N θ is

he number of scattering angles θ within each plane. Theta ranged
rom 0 ° to 180 ° in 5 ° steps for a total of 37 scattering angles within

ach plane. Extinction efficiencies and backscatter fractions were

alculated from an average of all scattering planes. 

In DDA, the inter-dipole distance, d , is determined from the

article volume ( vol ) and the number of dipoles ( N dp ), whereby
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Fig. 6. Root-mean-square (RMS) deviation in -- S 12 / S 11 for geometric shapes from 

the respective particles containing hematite. a) and b) Asian dust particles; c) back- 

ground marine air particles. 
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d = ( v ol / N dp 
) 1 / 3 . The inter-dipole distance must be suitably mini-

mal with respect to the incident wavelength and complex refrac-

tive index of the material. The test criterion for d is the product

| m | kd , where | m | is the absolute value of the complex refractive

index. To accurately calculate the scattering phase function as well

as the differential scattering cross section, | m | kd should be < 0.5

[53] . Table 2 shows the number of dipoles, d , | m |, and | m | kd val-

ues for the Asian dust and background marine air particles. Mini-

mum and maximum values for each particle in the table account

for the different forms of iron in each particle (i.e., iron carbon-

ate, hematite, magnetite) and the range of refractive indices due to

the spatial orientation of the inclusion phases. Overall, | m | kd val-

ues ranged from 0.218 to 0.490 and, thus, met the inter-dipole test

criterion of < 0.5. 
. Results 

SEM images and 3-D reconstructions of the particles in this

tudy are shown in Fig. 2: (a) dolomite-containing CaMg Asian dust

articles 1D, 2N, 3D, and 4N1, (b) calcite-containing Ca-rich Asian

ust particles 1D, 2N, 3D, 4N1 and 4N2, and (c) gypsum-containing

a-S background marine air particles 1D, 2N, 3D, and 4N. Parti-

le diameters as size-equivalent spheres range from 0.927 μm to

.85 μm ( Table 3 ). With incident light for this study at 0.589 μm

 λ), size parameters (2 π r eff/ λ, where r eff = radius of volume-

quivalent sphere) ranged from 4.9 to 9.9. 

The 3-D reconstructions in Fig. 2 appear to have more surface

oughness than the corresponding secondary electron images. Two

ffects are at play. First, the higher the incident electron beam en-

rgy, the deeper primary electrons will penetrate the particle, re-

ulting in the release of secondary electrons from deeper depths.

urface interactions then become more diluted and surface fea-

ures in the images are less visible. This is the case for parti-

les CaMg 1D and Ca-rich 1D with the primary electron beam at

0 keV, for example. The second effect is an artifact of the FIB

illing process. Milling of the particle occurred in 15 nm to 20 nm

teps, which resulted in surfaces having a slight terrace-like ap-

earance in the 3-D reconstructions. 

Table 3 shows the maximum lengths, 3-D aspect ratios, and vol-

mes of the particles along with their diameters. From the top-

own views of the 3-D reconstructions and electron images in

ig. 2 , shapes and surface features of the reconstructions closely

atch the particles. All the Asian dust particles studied here con-

ained iron; however, the identity of the iron species was inconclu-

ive [44] . While iron oxides such as magnetite and hematite may

bsorb strongly in the visible and affect single scattering albedo,

ron carbonates such as ankerite absorb little in the visible [57] . To

tudy how extinction and backscattering of the particles and ge-

metric shapes might vary with a minor iron oxide or carbonate

hase, we calculated optical properties for the particles and shapes

ith magnetite, hematite, or iron carbonate. For the iron carbonate

n the CaMg particles ankerite (CaFe(CO 3 ) 2 ) was used; for the Ca-

ich particles siderite (Fe(CO 3 )) was used. In contrast to the Asian

ust, the Ca-S particles had little or no iron. When present, iron

as included as hematite. Tables 4 and 5 show the mineral com-

onents in the Asian dust and Ca-S particles, respectively, and their

olume percent. 

.1. Scattering intensity 

As an indicator of scattering intensity, S 11 versus scattering an-

le is analogous to the phase function. Fig. 3 shows the angu-

ar scattering intensity for the 13 particles with hematite as the

ron phase. Intensity is the highest in the forward-scattering hemi-

phere, 0 º to 90 º, as expected. In addition, Fig. 3 shows how

cattering varies for each particle over the range of refractive in-

ices by implementing upper and lower refractive index limits to

ccount for composition heterogeneity. The result is a series of

ibbon-like plots where the ribbons get wider at scattering angles

 θ ) > 90 º. Scattering intensity only appears to be more variable for

ackward-scattered light ( > 90 º) in Fig. 3 because the y-axis is log-

rithmic. 

There is, however, a difference in scattering variability between

he Asian dust ( Figs. 3 a and b) and background marine air particles

 Fig. 3 c). The Ca-S plot is less “ribbon-like” because there is less

ariation in the upper and lower limits to the refractive indices

 Table 1 ). The difference between the Asian dust and background

arine air particles here may be due to heterogeneity. Among the

a-S particles in Table 5 , gypsum has a much larger volume on

verage (89.6%) than either dolomite (65.8%) in the CaMg particles

r calcite (59.2%) in the Ca-rich particles ( Table 4 ). Thus, the Ca-S
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Table 2 

Number of Dipoles ( N dp ), Inter-dipole Distance ( d ), Absolute Complex Refractive Index (| m |), and the | m | kd Test 

Criterion. 

Particle Number of dipoles ( N dp ) Inter-dipole distance ( d , μm) | m | 1 | m | kd 1 

CaMg 1D 167,726 0.0271 1.502 1.673 0.433 0.483 

2N 186,775 0.0213 1.503 1.656 0.342 0.377 

3D 144,051 0.0149 1.502 1.665 0.240 0.265 

4N1 165,470 0.0136 1.503 1.658 0.218 0.241 

Ca-rich 1D 176,707 0.0142 1.498 1.647 0.227 0.250 

2N 173,266 0.0178 1.515 1.573 0.287 0.298 

3D 159,660 0.0273 1.508 1.681 0.440 0.490 

4N1 171,313 0.0137 1.499 1.636 0.219 0.239 

4N2 232,605 0.0150 1.501 1.642 0.240 0.262 

Ca-S 1D 157,025 0.0214 1.523 1.542 0.347 0.352 

2N 170,584 0.0165 1.524 1.542 0.268 0.271 

3D 170,330 0.0178 1.521 1.536 0.289 0.292 

4N 166,444 0.0160 1.521 1.538 0.260 0.263 

1 Range of values covers the range of refractive indices for particles with magnetite, hematite, ankerite (CaMg 

particles), or siderite (Ca-rich particles). 

Table 3 

Particle Dimensions, 3-D Aspect Ratio, and Volume. 

Particle Diameter 1 (μm) Maximum Length (μm) 3-D Aspect Ratio Volume (μm 

3 ) 

CaMg 1D 1.85 4.19 2.28 3.32 

2N 1.51 2.26 1.68 1.81 

3D 0.97 1.34 1.35 0.48 

4N1 0.93 2.05 1.88 0.42 

Ca-rich 1D 0.99 2.65 2.36 0.51 

2N 1.23 1.63 1.56 0.97 

3D 1.84 2.57 1.57 3.26 

4N1 0.94 1.12 1.45 0.44 

4N2 1.14 1.68 1.50 0.78 

Ca-S 1D 1.43 1.68 2.05 1.54 

2N 1.13 1.65 1.75 0.76 

3D 1.23 1.38 2.07 0.97 

4N 1.09 1.41 2.07 0.68 

1 For volume-equivalent sphere. 

Table 4 

Volume Percent of Mineral Phases in Asian Dust Particles. 

CaMg 

Mineral 

Phase 

Volume (%) 

Ca-rich 

Mineral 

Phase 

Volume (%) 

Magnetite Hematite Ankerite Magnetite Hematite Siderite 

1D Dolomite 80.5 80.5 78.9 1D Calcite 74.4 74.4 74.9 

Magnesite 11.2 11.3 11.8 Albite/anorthite/orthoclase 13.8 13.8 13.9 

Montmorillonite 6.49 6.49 6.47 Ammonium sulfate 7.32 7.32 5.63 

Ammonium sulfate 1.44 1.44 1.43 Magnesite 3.40 3.40 3.42 

Iron phase 0.30 0.31 1.41 Iron phase 1.11 1.13 2.19 

2N Dolomite 64.7 64.7 61.5 2N Gypsum 65.4 65.4 64.9 

Montmorillonite 16.2 16.2 16.1 Calcite 23.1 23.1 22.9 

Magnesite 12.6 12.6 13.7 Albite/anorthite/orthoclase 9.10 9.11 9.04 

Ammonium sulfate 5.80 5.81 5.77 Magnesite 1.55 1.55 1.54 

Iron phase 0.64 0.65 2.96 Iron phase 0.80 0.81 1.55 

3D Dolomite 77.1 77.1 74.7 3D Calcite 67.0 67.0 64.4 

Montmorillonite 10.0 10.0 9.95 Albite/anorthite/orthoclase 16.3 16.3 15.7 

Magnesite 8.13 8.12 8.96 Iron phase 4.26 4.33 8.03 

Ammonium sulfate 4.24 4.25 4.22 Gypsum 7.83 7.84 7.53 

Iron 

phase 

0.47 0.48 2.20 Magnesite 3.98 4.15 3.98 

Rhodochrosite 0.38 0.40 0.38 

4N1 Dolomite 40.9 40.9 36.9 4N1 Calcite 71.3 71.3 70.8 

Magnesite 20.0 20.1 21.4 Gypsum 19.7 19.7 19.6 

Montmorillonite 19.9 19.9 19.7 Quartz/anorthite 6.32 6.32 6.27 

Gypsum 18.3 18.3 18.2 Magnesite 1.94 1.94 1.92 

Iron phase 0.83 0.84 3.83 Iron phase 0.73 0.74 1.41 

4N2 Calcite 60.3 60.3 60.1 

Magnesite 15.8 15.8 15.8 

Quartz/feldspar 11.5 11.5 11.4 

Ammonium sulfate 12.1 12.1 12.0 

Iron phase 0.36 0.37 0.71 
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Fig. 7. Range of extinction efficiencies for geometric shapes and Ca-rich particles with the iron phase as light-absorbing magnetite (black) or hematite (red), or non-absorbing 

siderite (green). Shaded areas show ranges for the particle with the different iron phases. Triangular pyramid low and triangular pyramid high have aspect ratios that bracket 

the aspect ratio of the particle (see Table 3 ). For particle 1D, the triangular pyramid aspect ratio (low) was close to the aspect ratio for the particles. 
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particles are more homogeneous than the Asian dust particles, and

variation in the spatial orientation of the minor mineral phases in

the Ca-S particles has less of an effect on the scattering intensity. 

We now look at how scattering intensity compares between the

particles and geometric shapes. As a measure of how close the

scattering intensity for the shapes matches the particles, we em-

ploy the root-mean-square deviation (RMSD) in S 11 for the shape

and particle between scattering angles 30 º and 180 º, as shown in

Fig. 4: 

S 11 RMSD = 

( ∑ 180 ◦
30 ◦

(
S 11 model − S 11 particle 

)2 

n 

) 

1 / 2 

. (12)
p  
Here, n = 31, the number of angles from 30 ° to 180 ° in 5 ° steps.

he extent of the bars in Fig. 4 is due to the application of up-

er and lower refractive index limits. The horizontal line within

ach bar is the midpoint. RMSD is determined between scatter-

ng angles 30 º and 180 º rather than 0 º and 180 º because typically

 S 11 model − S 11 particle ) 
2 is excessively large from 0 º to 30 º and the

xtent of the bars in Fig. 4 can vary by several fold. 

The large variability in S 11 RMSD values for individual shapes in

ig. 4 is due to the enhanced effect of disparate upper and lower

efractive index limits. The square prism for the Ca-rich 3D and

he sphere for the Ca-rich 4N2 particle exhibit the largest RMSD

ariability. In both cases, the greatest S 11 disparity in shape versus

article occurred with the upper refractive index limit ( Table 1 ).
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Fig. 8. Midpoints of extinction efficiencies for geometric shapes and particles with 

hematite as the iron phase. a) and b) Asian dust; c) background marine air particles. 

For particles CaMg 2N, CaMg 3D, Ca-rich 1D, Ca-S 1D, Ca-S 3D, and Ca-S 4N the 

triangular pyramid aspect ratio (low) was close to the aspect ratio for the particles, 

therefore, the triangular pyramid aspect ratio (high) was not considered. 

Table 5 

Volume Percent of Mineral Phases in Ca-S 

Background Marine Air Particles. 

Mineral Phase Volume (%) 

1D Gypsum 91.5 

Calcite 4.13 

Quartz 1.65 

Albite 0.89 

Magnesite 1.49 

Hematite 0.30 

2N Gypsum 90.8 

Calcite 4.56 

Albite 3.45 

Magnesite 0.78 

Hematite 0.42 

3D Gypsum 85.7 

Calcite 1.32 

Albite (K-feldspar) 11.0 

Magnesite 1.96 

Hematite 0 

4N Gypsum 90.5 

Calcite 3.33 

Quartz 4.39 

Anorthite 0.49 

Magnesite 1.30 

Hematite 0 
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c  
he disparity was largest at scattering angles > 160 ° and > 170 °,
hus, primarily affecting backscattering as shown for the Ca-rich

D square prism and Ca-rich 4N2 sphere, respectively, in Figs. S1

nd S2 of Supplementary Material . 

We might expect higher-order geometric shapes (e.g., 3-axis

ectangular prism versus 2-axis square prism and 2-axis square

rism versus cube) to exhibit a lower RMSD because they should

pproximate the shape of the actual particles more closely than

ower-order shapes. This is best exemplified by the particle CaMg

D shapes in Fig. 4 a. Here, the RMSD midpoints are unequivocally

ower for the ellipsoid versus spheroid and spheroid versus sphere;

or the rectangular prism versus square prism and square prism

ersus cube; and for the triangular pyramid versus tetrahedron.

mong the ellipsoid group shapes, RMSD for spheroids is lower

han for spheres for 12 of the 13 particles; RMSD for ellipsoids is

ower than for spheres in all cases. 

Nevertheless, we cannot necessarily expect the scattering inten-

ity of a 3-axis shape to be closer to the particle than a 2-axis

hape. RMSD for ellipsoids is lower than spheroids in only 8 of

3 particles. For the cuboid group, RMSD for rectangular prisms is

ower than cubes in 12 of 13 particles. However, RMSD for rect-

ngular prisms is lower than square prisms in only 7 of 13 par-

icles. RMSD for square prisms is lower than cubes in 9 of 13

articles. Thus, scattering intensity by higher-order shapes is not

lways closer to the actual particles than scattering intensity by

ower-order shapes. In a comparison with feldspar particles [27] ,

he phase function of elongated spheroids was found to be a better

atch than less-elongated spheroids suggesting in this case that

longated spheroids performed better than would ellipsoids with

ess disparate dimensions. 

.2. Degree of linear polarization 

Fig. 5 shows the degree of linear polarization for the 13 parti-

les with hematite as the iron phase. The ribbon plots show the

xtent that linear polarization for each particle varies over the

ange of refractive indices used to account for composition hetero-

eneity. For several of the Asian dust particles, e.g., CaMg 3D and

aMg 4N1, Ca-rich 1D, and Ca-rich 4N1, greater variability in linear

olarization due to composition heterogeneity occurs at scattering

ngles of around 80 ° and higher. 

As observed for S 11 ( Fig. 3 ), Fig. 5 shows much greater vari-

bility in the linear polarization of each Asian dust particle due

o composition heterogeneity compared to the background marine

ir particles. As noted previously, Ca-S particles are more homoge-

eous than the Asian dust particles. It appears that variation in the

patial orientation of the minor mineral phases in the Ca-S parti-

les has less of an effect on the degree of linear polarization than

n the more heterogeneous Asian dust particles. 

As with scattering intensity, we compared the degree of lin-

ar polarization between the particles and shapes. Analogous to

q. (12) , we calculated the root-mean-square deviation (RMSD) in

 S 12 /S 11 for the shape and particle between scattering angles 30 º
nd 180 º, as shown in Fig. 6: 

S 12 / S 11 RMSD = 

⎛ 

⎜ ⎝ 

∑ 180 ◦
30 ◦

((
− S12 

S11 

)
model 

−
(
− S12 

S11 

)
particle 

)2 

n 

⎞ 

⎟ ⎠ 

1 / 2 

. 

(13) 

RMSD is calculated here between scattering angles 30 ° and 180 °
o maintain comparability in RMSD values for the scattering inten-

ity. 

As Fig. 6 shows, - S 12 / S 11 RMSD for spheres is much larger in all

ases than for other shapes. The contrast in RMSD between the
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Fig. 9. Average of the normalized differences ( �) in midpoints for the extinction efficiency for geometric shapes from those of particles. a) and b) Asian dust; c) background 

marine air particles. Error bars indicate standard deviation. ν corresponds to the number of particles. . 
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sphere and other shapes for the degree of linear polarization is

much larger than the RMSD contrast between the sphere and other

shapes for the scattering intensity ( Fig. 4 ). 

Among shapes other than the sphere, the RMSD midpoint (hor-

izontal line in each bar) is lower for ellipsoids than for spheroids

in 9 of 13 particles, comparable to the number of ellipsoids with

lower RMSD midpoints than spheroids for S 11 ( Fig. 4 ). For the

cuboid group, - S 12 / S 11 RMSD midpoints for rectangular prisms are

lower than for cubes in 8 of 13 particles. However, midpoints for

rectangular prisms are lower than for square prisms in only 4 of 13

particles. Thus, consistent with scattering intensity, the degree of

linear polarization by higher-order shapes was not always closer to

the actual particles than linear polarization by lower-order shapes.

Notably however, - S 12 / S 11 RMSD midpoints for the tetrahedra and

triangular pyramids in Fig. 6 are lower than for the spheroids, el-

lipsoids, cubes, and square prisms in 9 of 13 particles. 

3.3. Extinction efficiency 

In Fig. 7 we show how the geometric shapes compare with

the Ca-rich particles with different forms of the minor iron phase:

magnetite (black), hematite (red), or siderite (green). Similar com-

parisons are shown for the CaMg and Ca-S particles in Figs. S3 and

S4 in Supplementary Material . The bars indicate the range of extinc-

tion efficiencies for the geometric shapes from applying the upper

and lower refractive index limits. The colored shaded areas in each

plot (black, red, and green corresponding to magnetite, hematite,

and siderite) indicate the range in extinction efficiencies for the

particles. Overlap of the shaded areas shows how extinction effi-

ciencies for a particle with different iron phases compare. We ob-
erve how well the geometric shapes match the particles in each

ase from how closely the bars overlap the shaded areas. 

As the shaded areas in Fig. 7 show, the range of extinction

fficiencies among the particles due to variation in the spatial

rrangement of the phases can be quite different. For example,

xtinction for particle Ca-rich 2N with hematite varies by 7%

 Fig. 7 b), but by 23% for particle 4N2 ( Fig. 7 e). Similarly, the range

f extinction efficiencies among the shapes associated with a par-

icle can be quite different. In Fig. 7 e, extinction for the triangular

yramid-high with hematite varies by 2%, but by 31% for the rect-

ngular prism. 

In addition, there is extensive overlap of the shaded areas in

ig. 7 for each particle in general. This indicates that the type

f the iron phase in the Asian dust particles has little effect on

xtinction. Similarly, the extinction efficiencies of the geometric

hapes associated with each particle vary little with the type of

ron phase. An exception, however, is particle Ca-rich 3D in Fig. 7 c.

he iron content of Ca-rich 3D is 3.6 to 14 times higher than the

ron content of the other Asian dust particles. The siderite volume

or Ca-rich 3D is 8.03% ( Table 4 ) while the average iron carbon-

te volume for the other Asian dust particles (Ca-rich and CaMg)

s (2.04 ± 0.99)% ( ̄x ± s ). 

Another observation from Fig. 7 is that higher-order geomet-

ic shapes appear to more closely approximate extinction for par-

icles with a large aspect ratio. Others have shown that distri-

utions of spheroids with large aspect ratios, particularly prolate

pheroids, tend to better match the measured phase function of

article ensembles [27] . Ca-rich 1D in Fig. 2 b has an aspect ra-

io 2.36 ( Table 3 ). Long and conical, the particle resembles a pro-

ate spheroid. As shown in Fig. 7 a, shapes with two or three axes

spheroid, ellipsoid, square prism, rectangular prism, and triangular
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Fig. 10. Range of backscatter fractions for geometric shapes and Ca-rich particles with the iron phase as light-absorbing magnetite (black) or hematite (red), or non-absorbing 

siderite (green). Shaded areas show ranges for the particle with different iron phases. Triangular pyramid low and triangular pyramid high have aspect ratios that bracket 

the aspect ratio of the particle (see Table 3 ). For particle 1D, the triangular pyramid aspect ratio (low) was close to the aspect ratio for the particles. 

p  

t  

h  

r  

a  

w  

C  

p

 

f  

e  

t  

m  

b  

1  

a  

1  

e

 

p  

fi  

p  

p  

s  

o  

F  

c  

2  

7  

C  

d  

7  

4  

c  

t  

p

yramid) come much closer to the extinction efficiency of the par-

icle than the single-axis shapes. However, we cannot assume that

igher-order shapes better approximate particles with large aspect

atios. Particle CaMg 1D in Fig. 2 a, for example, also has a large

spect ratio (2.28). Fig. S1a in Supplementary Material shows that

hile the spheroid and ellipsoid are closer than the sphere to the

aMg 1D particle, the cube is actually closer than the rectangular

rism to the particle. 

Also for particle CaMg 1D in Fig. S1a, the extinction efficiency

or the cube is closer to the particle than either the spheroid or

llipsoid. In contrast, the spheroid and ellipsoid are far closer than

he cube to the extinction efficiency of Ca-rich 1D. Sphericity here

ay be a factor. There is only a 4% difference in the aspect ratios

etween CaMg 1D (2.28) and Ca-rich 1D (2.36). However, Ca-rich

D has a sphericity of 0.59 while CaMg 1D has a sphericity of 0.50,

 difference of 17%. Thus, CaMg 1D is less spherical than Ca-rich

D, and this may explain why the cube more closely approximates

xtinction for CaMg 1D than the spheroid and ellipsoid. 
A better understanding of the geometric shapes and respective

articles can be drawn from the midpoints of the extinction ef-

ciency ranges, which are shown in Fig. 8 . Circles are the mid-

oints for the geometric shapes and horizontal lines are the mid-

oints for the particles. The iron phase here is hematite. Close in-

pection of the midpoint plots reveals that the geometric shapes

verall tend to underestimate the particles’ extinction efficiency.

or the CaMg particles, 26 of 34 shapes underestimated parti-

le extinction (6 of 9 shapes for particle 1D, 6 of 8 shapes for

N, 5 of 8 shapes for 3D, and 9 of 9 shapes for 4N1). Thus,

6% of the geometric shapes underestimated extinction for the

aMg particles. For the Ca-rich particles, 28 of 44 shapes un-

erestimated particle extinction (5 of 8 shapes for particle 1D,

 of 9 for 2N, 6 of 9 for 3D, 5 of 9 for 4N1, and 5 of 9 for

N2). Thus, 64% of the geometric shapes for the Ca-rich parti-

les underestimated extinction. In contrast to the Asian dust par-

icles, all geometric shapes underestimated extinction for the Ca-S

articles. 
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Fig. 11. Midpoints of the backscatter fractions for geometric shapes and particles 

with hematite as the iron phase. a) and b) Asian dust; c) background marine air 

particles. 

b  

n  

t  

(  

r  

c  

c  

t

 

F  

t  

v  

t  

t  

o

 

t  

8  

F  

b  

f

 

p  

8  

t  

b  

3  

g  
The extent that Asian dust extinction is underestimated is not

the same, however, among the shape groups. For the CaMg parti-

cles, extinction was underestimated by all ellipsoid group shapes,

92% of the cuboid shapes, but only 30% of the pyramid shapes.

For the Ca-rich particles, extinction was underestimated by 93% of

the ellipsoid group shapes, 67% of the cuboid shapes, and 29% of

the pyramid shapes. Thus, the ellipsoid and cuboid groups tended

to underestimate extinction for the Asian dust particles while the

pyramid shapes tended to overestimate extinction. Shapes in all

three groups underestimated extinction for the background marine

air particles. 

Another observation from Fig. 8 is that the pyramid shapes gen-

erally exhibit less variation in the extinction efficiency, particularly

the tetrahedron, compared to variation among the other shapes.

For example, the ratio of the range of Q ext midpoints for the tetra-

hedra to the range of midpoints for the CaMg particles in Fig. 8 a

is 0.16. The ratio of Q ext midpoint ranges for the spheroids and

CaMg particles is 1.5. Likewise, the ratio of midpoint ranges for the

tetrahedra and Ca-rich particle in Fig. 8 b is 0.28 while the ratio of

midpoint ranges for the spheroids and Ca-rich particles is 1.4. The

tetrahedra versus spheroids in Fig. 8 c for the Ca -S particles exhibit

a similar contrast. Thus, Q ext variation for the tetrahedra is much

smaller than the variation for particles while the variation for the

spheroids is closer to that for the particles. 

To quantify how well the geometric shapes performed in ap-

proximating the extinction efficiency, we applied a delta function

that is the normalized difference in the midpoints Q ext _ midpt _ shape 

and Q ext _ midpt _ particle of the extinction efficiencies for shape and

particle: 

Q _ ext �_ midpt 

= abs 
[(

Q ext _ midpt _ shape − Q ext _ midpt _ particle 

)
/ Q ext _ midpt _ particle 

]
. (14)

Fig. 9 shows the overall performance for extinction efficiency

as the average of the delta midpoint values. Error bars are stan-

dard deviations. As mentioned above, the type of iron phase in

the Asian dust particles had a negligible effect overall on how well

the shapes approximated the extinction efficiency. For CaMg and

Ca-rich particles, the delta midpoint average is smallest for the

tetrahedron and triangular pyramid shapes, and thus, these shapes

more closely approximated extinction for the Asian dust. For the

Ca-S particles, delta midpoint average is the smallest for the square

prism; however, the triangular pyramid also performed well as did

the spheroid. The sphere performed the worst for approximating

extinction in all three cases. 

3.4. Backscatter fraction 

The effect of the different iron phases on the backscatter frac-

tion for the Ca-rich particles and the geometric shapes is shown

in Fig 10 . Similar comparisons for the CaMg and Ca-S geometric

shapes and particles are shown in Figs. S5 and S6 in Supplementary

Material . As in Fig. 7 , the bars indicate the range of the backscat-

ter fractions for the geometric shapes and the shaded areas indi-

cate the range for the particles. As we observed with extinction,

the higher-order shapes in Fig. 10 a more closely approximate the

backscatter fraction for particle Ca-rich 1D with its large aspect ra-

tio and nearly spheroidal shape. 

Comparing Figs. 10 and 7 , the different iron phases in the geo-

metric shapes have a greater effect on the backscatter fraction than

on extinction. The effect is obvious for particle 3D ( Fig. 10 c), which

has the highest iron content as mentioned previously. The colored

shaded areas in Fig. 10 c show that the backscatter fraction for

the particle is substantially smaller with magnetite (gray area with

midpoint 0.084) than with either hematite (red area with midpoint

0.155) or siderite (green area with midpoint 0.157). In this case, the
ackscatter fraction for the particle is largely affected by the mag-

itude of the imaginary part of the complex refractive index for

he particle. The particle’s imaginary part with magnetite is 0.023

 Table 1 ), a factor of 10 larger than with hematite (0.00228). The

eal part of the complex refractive index shown in Table 1 likely

ontributes little to variation in the backscatter fraction for parti-

le Ca-rich 3D because the variation in the real refractive index for

he particle with different iron phases is minimal. 

The midpoints of the backscatter fraction ranges, shown in

ig. 11 , provide further insight into the backscatter fractions for

he geometric shapes and particles. Close inspection of Fig. 11 re-

eals that in contrast to extinction, the shapes tend to overestimate

he backscatter fraction of the particles. This is clearly the case for

he Ca-S background marine air particles ( Fig. 11 c). Here, all shapes

verestimated the backscatter fraction. 

For the Asian dust CaMg particles, 27 of 34 shapes (79%) overes-

imated the backscatter fraction (7 of 9 shapes for particle 1D, 7 of

 shapes for 2N, 6 of 8 shapes for 3D, and 7 of 9 shapes for 4N1).

or the Ca-rich particles, 26 of 44 shapes (59%) overestimated the

ackscatter fraction (6 of 8 shapes for particle 1D, 6 of 9 shapes

or 2N, 4 of 9 for 3D, 5 of 9 for 4N1, and 5 of 9 for 4N2). 

Among the shape groups, the backscatter fraction for the CaMg

articles was overestimated by 75% of the ellipsoid group shapes,

3% of the cuboid shapes, and 80% of the pyramid shapes. For

he Ca-rich particles, the backscatter fraction was overestimated

y 80% of ellipsoid group shapes, 67% of cuboid shapes, but only

6% of pyramid shapes. Overall, shapes in the ellipsoid and cuboid

roups tended to overestimate the Asian dust backscatter frac-
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Fig. 12. Average of the normalized differences ( �) in midpoints for the backscatter fraction for shapes from those of particles. a) and b) Asian dust; c) background marine 

air particles. Error bars indicate standard deviation. ν corresponds to the number of particles. 
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ion to a greater extent than did the pyramid shapes. The pyra-

id shapes tended to underestimate or closely approximated the

ackscatter fraction for the Ca-rich particles. 

To quantify how well the geometric shapes performed at ap-

roximating the backscatter fraction, we used a delta function

nalogous to Eq. (14) : 

SF �_ midpt = abs 
[(

BS F midpt _ shape − BS F midpt _ particle 

)
/BS F midpt _ particle 

]
. 

(15) 

Fig. 12 shows the BSF delta midpoint averages. As in Fig. 9 , the

-axes in Fig. 12 a and b (CaMg and Ca-rich) are scaled the same

or comparison. Fig. 12 a shows that while the rectangular prism

ppears to have approximated the backscatter fraction slightly bet-

er than other shapes for the CaMg particles, there is nevertheless

ittle variation among the geometric shapes. Fig. 12 b shows that

hile the sphere and cube performed worse in approximating the

ackscatter fraction for the Ca-rich particles, there is little varia-

ion among the remaining geometric shapes, particularly between

he 2- and 3-axis shapes. Geometric shapes for the Ca-S particles

erformed like the Ca-rich particles. Except for the ellipsoid, there

s little variation in how closely the 2- and 3-axis shapes approxi-

ated the backscatter fraction. 

.5. Surface roughness 

The particles in Fig. 2 have surface features that are often

escribed as surface roughness. As explained previously, electron

enetration during SEM imaging and ion-beam milling of the par-

icle can affect apparent surface smoothing. The true roughness is

mportant because increased surface roughness results in increased

article surface area which generally results in increased scatter-

ng. For particles with very large size parameters, most of the total

cattering may come from surface roughness [58] . Increased sur-

ace roughness was shown to only slightly affect single scattering
lbedo [38] , suggesting that surface roughness increases absorption

s well as scattering, and thus, extinction is increased comparably

ith surface roughness. An important question in this work is how

uch of extinction efficiency and the backscatter fraction is due to

urface roughness. 

The use of Avizo to create the 3-D spatial representations of

articles allowed us to remove surface roughness without signif-

cantly changing the particle volume. The procedure is based on

 generalized marching cubes algorithm for creating a smooth sur-

ace [59] . In the algorithm, surface voxels in the 3-D representation

re treated as cubes. An isosurface is created that lies above or be-

ow the vertices of the cube. The extent to which the cube vertices

nfluence the isosurface depends on weights or probabilities that

re calculated separately from the marching cubes algorithm [60] .

he weights are translated in Avizo to smoothing levels from 1 to

. 

Table 6 shows how smoothing at the highest level (9) changed

he number of dipoles, volume, and inter-dipole distance for each

article. For all particles except Ca-S 2N, smoothing decreased

he number of dipoles by < 5%. The change in volume, however,

as negligible, < 1% among all particles. Rather than change vol-

me, the marching cubes algorithm adjusted the inter-dipole dis-

ance, increasing it slightly for all particles except Ca-S 2N. In

DSCAT, coordinates of the voxels from the 3-D spatial models

f the smoothed particles accounted for the change in the inter-

ipole distance. Since the change in particle volume with smooth-

ng was negligible, particle diameters as volume-equivalent spheres

 Table 3 ) were left unchanged. 

Fig. 13 shows a selection of particles and the visual effect of

moothing at levels 3, 6, and 9. In general, particle shape did not

hange after smoothing. Smoothing revealed that, overall, surface

oughness contributed a minor amount to the extinction efficiency

s observed in Fig. 15 . Based on the highest smoothing level (9) ,

urface roughness accounted for (3.2 ± 2.9) % ( ̄x ± s ) of total ex-
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Fig. 13. Effect of smoothing selected particles to remove surface roughness. Smoothing levels are weights to adjust the generalized marching cubes algorithm [59,60] used 

by Avizo to smooth a surface. Level 9 is maximum smoothing. 
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tinction for the CaMg and Ca-rich Asian dust particles and 9.61 ±
3.2% of total extinction for the Ca-S background marine air parti-

cles. Among the CaMg particles, surface roughness of particle 3D

contributed the least to total extinction (1%) while surface rough-

ness of particle 4N1 contributed the most (5%). For the Ca-rich

particles, surface roughness of particle 1D contributed the least to

extinction (1%); particle 2N contributed the most (10%). Surface

roughness of particle Ca-S 1D contributed the least to extinction

(6%) among the Ca-S particles; particle 4N contributed the most

(13%). 

While surface roughness increased particle extinction in this

study as expected, surface roughness invariably decreased the

backscatter fraction as observed in Fig. 16 . Others have shown that

surface roughness causes an enhancement of the phase function at

angles > 90 º [58] which suggests an increase in the backscatter

fraction. In this study, surface roughness decreased the backscatter

fraction to a greater extent for the Ca-S particles, by (16.4 ± 6.7)

% ( ̄x ± s ), than for the Asian dust particles ((5.2 ± 5.0) % ( ̄x ± s )).

To contrast the effect among the CaMg particles, surface rough-

ness decreased the backscatter fraction by 1.5% for particle 1D but

by 11.6% for particle 4N1. Among the Ca-rich particles, the surface
oughness decreased the backscatter fraction by < 1% for parti-

le 3D but by 15.3% for particle 2N. With the Ca-S particles, the

ackscatter fraction for particle 1D decreased by 6.7% but by 21%

or particle 3D. 

. Discussion 

It is intuitive that simple geometric particle shapes with three

ptimal-length axes should approximate the shape of real indi-

idual atmospheric particles better than shapes with two axes.

s mentioned in section 3.1 ( Fig. 4 ), ellipsoids were better than

pheroids at approximating scattering intensity in most cases (8

f 13) and rectangular prisms were better than square prisms in

ost cases (7 of 13 cases). Ellipsoids were also often better than

pheroids at approximating the degree of linear polarization (9 of

3 cases, Fig. 6 ). However, Fig 6 also shows that rectangular prisms

ere often no better than square prisms at approximating the de-

ree of linear polarization. 

If we compare extinction efficiencies in Fig. 8 with scattering

ntensity RMSD in Fig. 4 , there are differences in how the higher-

rder geometric shapes performed versus lower-order shapes for
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Fig. 14. Surface area versus effective radius for geometric shapes. Also plotted is 

volume versus effective radius. 
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ndividual particles. From the midpoints in the figures, the ellip-

oids that are better than spheroids at approximating scattering in-

ensity are not necessarily better than spheroids at approximating

xtinction. Examples are CaMg 1D, CaMg 4N1, Ca-rich 1D, Ca-rich

D, and Ca-S 1D. For all these particles, the RMSD in Fig. 4 for

he ellipsoid is lower than the RMSD for the spheroid as well as

he sphere. However, Fig. 8 shows that the extinction efficiency for

he ellipsoid in these cases is not closer to the particles than the

pheroid. In the case of CaMg 2N, RMSD in Fig. 4 is much lower

or the ellipsoid than the sphere, but the extinction efficiencies for

he ellipsoid and sphere in Fig. 8 are about the same. We note that

he scattering intensity in Fig. 4 is from the 30 º angle rather than

 º whereas the extinction efficiency involves all scattering angles.

evertheless, this discrepancy does not account for the differences

n scattering intensity versus extinction with respect to the ellip-

oid and spheroid shapes. The more likely reason is that extinction

ncludes the effect of absorption, which in this case is from the

ematite phase. 

We now ask whether geometric shapes that provide greater

urface area can account for particle surface roughness.

ig. 14 shows how the surface area and volume for the geo-

etric shapes increase with effective radius. The incremental

ncrease in surface area with radius is greater than the volume

ncrease. More importantly, the incremental increase in surface
Table 6 

Change in Particle Dipole Number, Volume, and Inter-dipole Distance with Maximu

Particle Number of dipoles ( N dp ) Volume (μm 

3 ) 

Change from native particle (%) Chan

CaMg 1D 164,460 -1.95 3.329 + 0.0

2N 182,930 -2.06 1.812 -0.0

3D 139,837 -2.93 0.4812 + 0.0

4N1 158,721 -4.08 0.4169 + 0.0

Ca-rich 1D 168,619 -4.58 0.5096 -0.0

2N 170,174 -1.78 0.9692 + 0.0

3D 154,464 -3.25 3.264 -0.0

4N1 164,264 -4.11 0.4416 + 0.0

4N2 226,767 -2.51 0.7815 + 0.0

Ca-S 1D 150,539 -4.13 1.536 + 0.0

2N 173,558 + 2.94 0.7619 -0.0

3D 163,259 -4.15 0.9654 + 0.0

4N 161,819 -2.78 0.6821 -0.0
rea is greater for the cube than for the sphere and for the

etrahedron than for the cube. At the same volume, a tetrahedron

as one and a half times the surface area of a sphere. Thus, we

ight expect the pyramid group to account for more scattering

ue to more surface area than either the cuboid or ellipsoid

roup. Fig. 14 also shows that higher-order shapes within a shape

roup offer little additional surface area over lower-order shapes.

spect ratio is a factor. Larger aspect ratios result in more surface

rea. Also, 3-axis shapes also have slightly less surface area than

olume-equivalent 2-axis shapes. For example, while a spheroid

as more surface area than a sphere, an ellipsoid has less surface

rea than a spheroid because the additional dimension makes

n ellipsoid more spherical. As mentioned previously, simulated

hase matrices for elongated prolate spheroids have been shown

o be closer to the phase matrix for measured particles than

ess-elongated or more sphere-like spheroids [27 , 42] . 

Fig. 15 shows how the extinction efficiency for the geometric

hapes compares with the particles as the particles are smoothed

o remove surface roughness. The gradation in the extinction effi-

iency due to smoothing is shown by the series of horizontal lines

n each plot. The black line indicates the extinction efficiency with-

ut smoothing (native particle). The two CaMg particles 3D and

N1 ( Fig. 15 a and b) show the effect of contrasting contributions to

xtinction from surface roughness. In Fig. 15 a, variation in the ex-

inction efficiency among the ellipsoid group and cuboid shapes for

article 3D, as indicated by the shaded areas, is far larger than the

ecrease in extinction due to smoothing of the particle. With sur-

ace roughness contributing only 1% to extinction for particle 3D,

hape matters for the most part not surface roughness. For par-

icle 4N1 ( Fig. 15 b), which has 5% of its extinction from surface

oughness, smoothing decreases the particle extinction efficiency

ufficiently so that we see which shapes might account for surface

oughness. While the shaded areas show that variation in extinc-

ion within each shape group is rather large, the square and rect-

ngular prisms come closest to the native particle. Nevertheless,

t is unlikely that geometric shape accounts for surface roughness

ere because the cube’s extinction efficiency is far from the native

article. As Fig. 14 shows, the square and rectangular prisms have

nly slightly more surface area than the cube. If surface area were

 factor with particle CaMg 4N1, then the cube should also be close

o the particle. 

The two Ca-S particles 1D and 4 N in Fig. 15 e and f also show

he effect of contrasting contributions to the extinction efficiency

rom surface roughness. Particle 1D has 7% of its extinction from

urface roughness while particle 4N has 20%. Here also the square

rism (and spheroid in particle 4N) comes closest to approximat-

ng the particles’ extinction. However, as with the CaMg particles,

urface roughness is unlikely a factor for particle 4N because the
m Smoothing. 

Inter-dipole distance ( d , μm) 

ge from native particle (%) Change from native particle (%) 

01 0.02723 + 0.66 

06 0.02148 + 0.69 

07 0.01510 + 1.00 

18 0.01380 + 1.40 

01 0.01446 + 1.57 

02 0.01786 + 0.60 

02 0.02765 + 1.11 

13 0.01390 + 1.41 

11 0.01510 + 0.85 

02 0.02169 + 1.42 

07 0.01637 -0.58 

04 0.01808 + 1.42 

01 0.01615 + 0.94 
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Fig. 15. Midpoints of the extinction efficiency for geometric shapes (circles) and after smoothing of selected particles at levels 3, 6 and 9 (horizontal lines). a) to d) Asian 

dust; e) and f) background marine air particles. Shaded areas show the extent of variation within each shape group. For comparison, y-axes have the same range between 

the two examples for the CaMg, Ca-rich, and Ca-S particles. 

Fig. 16. Midpoints of the backscatter fraction for geometric shapes (circles) and after smoothing of selected particles at levels 3, 6 and 9 (horizontal lines). a) to d) Asian 

dust; e) and f) background marine air particles. Shaded areas show the extent of variation within each shape group. For comparison, y-axes have the same range between 

the two examples for the CaMg, Ca-rich, and Ca-S particles. 
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spheroid as well as square prism has only slightly more surface

area than the sphere and cube, respectively ( Fig. 14 ). If surface

roughness was a factor, we would expect the sphere and cube to

also approximate the particle’s extinction. 

The Ca-rich particles 2N and 3D in Fig. 15 c and d present a dif-

ferent situation. In Fig. 15 c, smoothing decreases extinction sub-

stantially (10%) and only the tetrahedron and triangular pyramid

approximate the particle’s extinction efficiency. In this case, the

additional surface area of the pyramid shapes allows these shapes

to account for the particle’s surface roughness. Surface roughness

may also be a factor in approximating the extinction efficiency of

particle 3D ( Fig. 15 d) even though surface roughness only accounts
or 3% of the extinction. The shaded areas show much less varia-

ion in extinction within each shape group compared to that for

he Ca-rich 2N case ( Fig. 15 c). As mentioned previously, particle

D absorbed substantially more at 589 nm than other particles in

his study. It has been suggested that surface roughness becomes a

ore important factor for particles with higher absorptivities [33] .

t appears in Fig. 15 d that the additional surface area of the pyra-

id shapes caused them to slightly overestimate the extinction ef-

ciency. 

In Fig. 16 , we look at how the backscatter fraction of the ge-

metric shapes compares with the particles after removing sur-

ace roughness. As with extinction, the gradation in the backscat-
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er fraction due to smoothing is shown by the series of hori-

ontal lines in each plot of Fig. 16 . The black lines indicate the

ackscatter fraction without smoothing. For particles CaMg 3D,

a-rich 3D, and Ca-S 1D in Figs. 16 a, d, and e, surface rough-

ess has minimal effect on the backscatter fraction compared to

he extent of variation within each shape group. Thus, for these

articles geometric shapes do not effectively account for surface

oughness. 

Figs. 16 b and f show that for particles CaMg 4N1 and Ca-S 4N

urface roughness is also not likely a factor in how well the shapes

pproximate the backscatter fraction. The reason is that while the

pheroid and square prism come closest to the particle’s backscat-

er fraction, the sphere and cube are far from it. As with extinction,

f surface roughness was a factor, we would expect the sphere and

ube to also approximate the particles’ backscatter fraction due to

he similarity in their surface area with the spheroid and square

rism, respectively. 

As with extinction, particle Ca-rich 2N in Fig. 16 c presents a

ifferent situation. In this case, surface roughness is likely a fac-

or that allows the pyramid shapes with their additional surface

rea to approximate the backscatter fraction of particle Ca-rich 2N.

t appears that the pyramid shapes approximate both the extinc-

ion and backscatter fraction of Ca-rich 2N because these shapes

ccounted for surface roughness. 

. Conclusion 

In this work, we compared the scattering intensity, degree of

inear polarization, extinction efficiency, and backscatter fraction

f single atmospheric dust particles collected at Mauna Loa Ob-

ervatory with a series of simple geometric shapes grouped as el-

ipsoids, cuboids, and pyramids. Within each group, shapes with 1,

, and 3 differing axes represented a progression such that the 1-

xis and 2-axis shapes (lower-order shapes) would be less faithful

o the particle’s dimensions and the 3-axis shapes (higher-order)

ould be the more faithful to the particle’s dimensions. While the

igher-order ellipsoid and rectangular prism were perhaps closer

o the particles’ dimensions, they were not necessarily better in ap-

roximating the extinction efficiency and backscatter fraction than

ower-order 2-axis shapes. 

Most geometric shapes in this work underestimated the extinc-

ion efficiency for the 13 particles studied. 64% to 76% of shapes

nderestimated the Asian dust particles while 100% of shapes un-

erestimated the background marine air particles. For the Asian

ust, ≥ 93% of the ellipsoid group shapes and 67% to 92% of the

uboid shapes underestimated extinction. However, only 29% to

0% of the pyramid shapes underestimated extinction. In general,

he pyramid shapes, particularly the tetrahedron, exhibited much

ess variation in extinction efficiency, relative to variation among

he particles, compared to other shapes. 

In contrast to extinction, most geometric shapes overestimated

he backscatter fraction with 59% to 79% of shapes overestimating

he Asian dust and 100% of shapes overestimating the background

arine air particles. For the Asian dust, 75% to 80% of the ellip-

oid group shapes and 60% to 83% of the cuboid shapes overesti-

ated the backscatter fraction. However, the pyramid shapes over-

stimated the backscatter fraction to a lesser extent, with 64% of

he pyramid shapes underestimating or closely approximating the

ackscatter fraction for the Ca-rich particles. 

In this study, the pyramid shapes, tetrahedron and triangular

yramid, performed best in approximating the extinction efficiency

nd generally as well as other 2- and 3-axis shapes in approxi-

ating the backscatter fraction. In some cases, the success of the

yramid shapes may be attributed to their high angularity and

arger surface area which may account for the additional extinc-

ion (and the decrease in the backscatter fraction) of the particles
ue to surface roughness. Nevertheless, the pyramid shapes, partic-

larly the tetrahedron, exhibited much less variation in extinction

fficiency, relative to variation among the particles, compared to

ther shapes. This aspect may limit the versatility of tetrahedra as

 shape model for an ensemble of particles. 

Further studies of the optical properties of single atmospheric

articles and comparisons with geometric shapes with high angu-

arity should be undertaken. To account for surface roughness, we

uggest that shapes such as pyramids with increased surface area,

elative to spheroids, be considered in aerosol models for remote

ensing. Tetrahedra offer an advantage in that additional param-

terization of the aerosol model with shape aspect ratios is not

ecessary. 
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