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[1] We present a systematic theoretical study of atmospheric mineral dust radiative
properties, focusing on implications for multiangle and multispectral remote sensing. We
model optical properties of complex, nonspherical mineral dust mixtures in three visible-
near-infrared satellite channels: 0.550, 0.672, and 0.866 pm, accounting for recent field
and laboratory data on mineral dust morphology and mineralogy. To model the optical
properties of mineral dust, we employ the discrete dipole approximation technique for
particles up to 2 pm diameter and the T matrix method for particles up to 12 pm. We
investigate the impact of particle irregularity, composition, and size distribution on particle
optical properties, and we develop optical models for representative natural mineral
dust composition-size-shape types. Sensitivity studies with these models indicate that
Multiangle Imaging Spectroradiometer (MISR) data should be able to distinguish plate-
like from grain-like dust particles, weakly from strongly absorbing compositional types,
and monomodal from bimodal size distributions. Models containing grain-like, weakly
absorbing, bimodal distributions of dust particles were favored for optically thick Saharan
and Asian dust plume examples, whereas strongly absorbing and plate-like particles were

rejected. We will present detailed, systematic MISR sensitivity studies and analysis of
more complex field cases using the optical models derived here in a future paper.

Citation: Kalashnikova, O. V., R. Kahn, I. N. Sokolik, and W.-H. Li (2005), Ability of multiangle remote sensing observations to
identify and distinguish mineral dust types: Optical models and retrievals of optically thick plumes, J. Geophys. Res., 110, D18S14,

doi:10.1029/2004JD004550.

1. Introduction

[2] The quality of remote sensing aerosol optical depth
retrievals depends critically upon the accuracy of particle
optical property models assumed in the algorithms. Min-
eral dust nonsphericity, complex composition, and large
spatial and temporal variability are important character-
istics that complicate such retrievals. Recent research
shows that mineral dust particle nonsphericity can have
a profound effect on reflected intensity, and must be
explicitly accounted for in aerosol retrievals [Mishchenko
et al., 1995; Kalashnikova and Sokolik, 2002]. So models
that take into account dust particle nonspherical shapes
and wavelength-dependent compositions might signifi-
cantly improve our ability to retrieve aerosol optical
depth, along with dust optical properties, globally, via
satellites. Multiangle, multispectral instruments such as
the Multiangle Imaging Spectroradiometer (MISR) [Diner
et al, 1999] and the Polarization and Directionality of
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Earth Reflectances (POLDER) [Deuze et al., 2000] offer
additional constrains that can be used to distinguish
particle shapes [Kahn et al., 1997]. These instruments
may make it possible to account for nonspherical particles
in satellite retrieval algorithm [Mishchenko et al., 2003].
Recent field and laboratory work [Clarke et al., 2004;
Huebert et al., 2000; Okada et al., 2001; Reid et al.,
2003a, 2003b; Wang et al., 2002] provide new informa-
tion about the physical properties of mineral dust origi-
nating in various regions. Using published mineral dust
physical properties as a guide, we systematically study
how particle shape, size distribution, and composition
affect the particle optical properties that multiangle instru-
ments can distinguish. In section 2 we discuss the choice
of representative shapes, compositions, and size distribu-
tions used for our dust optical models. Section 3
describes the modeling approach and then explores the
effects of particle composition, shape, and size (CSS) on
dust optical properties at three wavelengths (0.550, 0.672,
and 0.866 pm). From these results, in section 4 we
identify representative composition-shape-size distribu-
tions that we expect MISR to be able to distinguish. In
section 5 we use the representative models in MISR
retrieval algorithms to calculate dust reflectances and to
compare these to MISR-measured reflectances for opti-
cally thick Saharan and Asian dust plume examples. We
summarize our findings in section 6. We will provide
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systematic case-by-case sensitivity studies for MISR,
based on these particle optical models and will present
retrieval validation studies using coincident MISR and
fields observations for Saharan and Asian dust types in a
future paper.

2. Dust Physical and Optical Properties
Considered in This Study

[3] Heterogeneous atmospheric dust particles pose tre-
mendous challenges to the radiative transfer models used in
satellite retrieval algorithms because, unlike other aerosol
types, airborne mineral dust particles exist as a mixtures of
particles having radically different morphological and opti-
cal properties [Sokolik et al., 2001]. Moreover, dust particle
chemistry and morphology are wavelength-dependent
[Sokolik and Toon, 1999], change during transport [Maring
et al., 2003], and vary over time even at fixed locations
[Anderson et al., 1992]. Kalashnikova and Sokolik [2004]
modeled the optical properties of individual dust particle
shapes and compositional types as well as several dust
CSS distributions based on morphology and composition
data for dust particles collected in the atmosphere at
different locations during the last decade [Parungo et
al., 1995; Choi et al., 2001; Falkovich et al., 2001;
Ganor and Levin, 1998; Gao and Anderson, 2001;
Huebert et al., 2000; Koren et al., 2001; Okada et al.,
2001]. Here we extend this work, adding information
from two recent field studies, the Puerto Rico Dust
Experiment (PRIDE [Reid et al., 2003b]) and the Aerosol
Characterization Experiment in Asia (ACE-Asia [Clarke
et al., 2004]) that provide dust size and morphology data
sets based on cross-correlated aerodynamic, optical and
geometrical techniques. In addition, a new online data set
giving experimentally measured scattering matrices for
different minerals, including feldspar and clay minerals,
has become available at http://www.astro.uva.nl/scatter/
[Volten et al., 2005]. We use these data for comparison
with the scattering phase functions of several dust types
modeled in this study.

[4] We consider the following dust physical properties
from previous modeling work [Kalashnikova and Sokolik,
2004] and from new PRIDE and ACE-Asia experiments:

[s] 1. Particle refractive index changes with wavelength
and has to be modeled for each wavelength of interest
[Sokolik and Toon, 1999].

[6] 2. Particle irregularity increases with size [Huebert et
al., 2000; Okada et al., 2001; Reid et al., 2003a; Anderson,
2003]. In these studies, particle irregularity is reported as a
parameter that characterizes the circularity (CIR) of a
particle’s two-dimensional (2-D) projection:

CIR = Perimeter® /(47 * Area) (1)

[7] 3. For mineral dust aerosols, there is no clear rela-
tionship between the measured 2-D aspect ratio and particle
size, or between the 2-D aspect ratio and circularity [Gao
and Anderson, 2001; Okada et al., 2001; Anderson, 2003;
Reid et al., 2003a]. The mean value of the aspect ratio can
vary from ~1.4 [Okada et al., 2001] to 1.5-1.9 [Gao and
Anderson, 2001] depending on dust source. Recent PRIDE
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measurements report an average value of 1.9 with a stan-
dard deviation of 0.9 [Reid et al., 2003a].

[8] 4. Collection techniques for aerosols larger than
3 pwm [Clarke et al., 2004; Reid et al., 2003b, 2003a]
have recently improved, allowing us to model airborne
dust particles having diameters in the range 0.1 to 12 um.

[o] 5. Dust number size distributions in the range 0.1—
12 pm, retrieved from optical counter measurements
during ACE-Asia, require two lognormal modes to fit
all conditions [Clarke et al., 2004]. Dust volume size
distributions measured by optical counters during PRIDE
show a steep falloff below ~1 pm and a more gradual
increase to a maximum near 10 um [Reid et al., 2003b],
also suggesting a bimodal particle distribution. Dust
samples from the Tajikistan desert are best fit with
bimodal number distributions as well [Sviridenkov et al.,
1993].

[10] 6. The smaller-sized of the two dust modes measured
during ACE-Asia appeared stable, insensitive to changing
dust concentration, whereas the larger-sized mode was more
variable, showing strong dependence on dust layer eleva-
tion, dust concentration, and dust source [Clarke et al.,
2004].

[11] 7. The dust number size distribution retrieved from
individual particle analysis (IPA) during PRIDE appears
monomodal, with 90% of the particles smaller than 3 pm in
diameter [Reid et al., 2003b].

[12] 8. During atmospheric transport, the fraction of
larger-sized particles diminishes [Maring et al., 2003;
Prospero, 1999].

[13] 9. There are insufficient data to correlate particle
composition and size in general. However, some IPA data
from PRIDE show that small-sized dust particles are pre-
dominantly individual clays, and large-sized dust particles
are clays internally aggregated with nonabsorbing quartz or
sea salt [Reid et al., 2003a]. Therefore the imaginary part of
the refractive index of a particle is likely to decrease with
size.

[14] 10. Circularity (equation (1)) considers only a two-
dimensional projection of particle shape. The third di-
mension, particle depth (4), is usually combined with
particle width (b) to give particle thickness (4/b). Okada
et al. [2001] find the majority of Asian dust particles
under 5 pm diameter are thin, plate-like, particles having
h/b ~ 0.3. PRIDE data indicate that Saharan dust
particles larger that 1 pm in diameter often exist in
aggregated forms consisting primarily of grain-like sili-
cates [Reid et al., 2003a].

[15] On the basis of these observations and the constraints
discussed below, we chose several representative size dis-
tributions, compositions and shapes to use in our retrieval
models.

2.1. Particle Composition

[16] Iron oxide (hematite) strongly absorbs in the visible
and practically determines particle absorption at visible and
NIR wavelengths. To cover the expected range of mineral
dust absorption, we adopt wavelength-dependent mineral
dust refractive indices calculated for two limiting clay-
hematite mineral aggregates [Sokolik and Toon, 1999]:
composition type 1 (weakly absorbing), containing 1%
hematite, and composition type 2 (strongly absorbing),

2 of 16



D18S14

Table 1. Refractive Indices Representing Two Extremes of
Mineral Dust Absorption

Wavelength, pm
0.550 (green)

0.672 (red)
0.866 (near-IR)

Type 1
(1.51, 0.0021)

(1.51, 0.0011)
(1.51, 0.0007)

Type 2
(1.61, 0.0213)

(1.60, 0.0064)
(1.59, 0.0032)

containing 10% hematite. Effective refractive indices for
composition types 1 and 2 aggregates are presented in
Table 1.

2.2. Particle Size Distribution

[17] In addition to the two size modes described by
Clarke et al. [2004], dust samples collected at the source
during major dust events can contain particles having
diameters up to 100 pm. However, particles with diameters
greater than 10—12 pm remain localized near the source,
and are poorly characterized by most measurement tech-
niques [Clarke et al., 2004]. So we focus on particles
having diameters <10 pm that dominate the transported
dust plumes and most commonly observed by satellites
[Prospero, 1999; Gomes et al., 1990]. In light of the results
summarized above, we adopt the following bimodal func-
tional form to describe dust particle sizes:

2
dN 2 N; log D, — log D,

= E exp 7(0g 2 20g 1) (2)
dlogD, 4= /2xmlogo; 2log” o;

where N is a number distribution, D, is the geometric
diameter, D,i is the geometric mean diameter, and o, is the
geometric standard deviation [Clarke et al., 2004].

[18] On the basis of size distribution parameters measured
during ACE-Asia and PRIDE, nominal parameter values in
these distributions are D,; = 1.0 pm and o, = 1.5 for the
smaller-sized mode (size mode 1) and D,,, =2.0 pm and 0, =
2.0 for the larger one (size mode 2). The relative number
concentration of size modes 1 and 2 is likely to change
depending on dust source, wind conditions, and distance
from the source region [Clarke et al., 2004]. In addition,
inconsistencies exist in size distributions measured by
optical, aerodynamical and microscopy methods. These
inconsistencies are extensively discussed by Reid et al
[2003b].

[19] To address uncertainties in the measured dust size
distribution values and to account for spatial and temporal
variations in the dust size distribution, we vary the geomet-
rical mean diameter and the standard deviation of size
modes 1 and 2 and then consider several dust mixing
scenarios. We define these scenarios in terms of number
concentration using the following percentages: (1) scenario
A, 30% size mode 1 + 70% size mode 2; (2) scenario B,
50% size mode 1 + 50% size mode 2; and (3) scenario C,
80% size mode 1 + 20% size mode 2. PRIDE IPA data
suggested the possibility of having 100% of mode 1 [Reid et
al., 2003a], so we also consider cases containing 100% of
each mode.

2.3. Particle Shape

[20] Most readily available data on dust morphology and
mineralogy come from individual particle analysis [Choi et
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al., 2001; Falkovich et al., 2001; Ganor and Levin, 1998;
Gao and Anderson, 2001; Koren et al., 2001; Parungo et
al., 1995; Reid et al., 2003a], performed with electron
microscopes [McLaren, 1991]. Despite the difficulty in
observing all dimensions of a particle and questions regard-
ing the representativeness of samples, microscopy methods
are the best available for particle shape analysis and for
characterizing the relationship between particle shape, size,
and composition.
2.3.1. Shape Distributions of Size Mode 1

[21] We built particle shape-size distributions from a
combination of individual particle (3-D) shapes constructed
by Kalashnikova and Sokolik [2004] and some new shapes
aimed at exploring the effects of particle thickness. Most of
the shapes are angular and sharp-edged, as was suggested
by our previous work [Kalashnikova and Sokolik, 2002].
Randoml, random?2, and random3 shapes represent particles
commonly found in IPA images (Figure 1). Random4-plate,
random5-plate, and randomo6-plate (Figure 2) match
reported values of circularity and particle thickness
[Huebert et al., 2000; Okada et al., 2001]. Random4-grain,
randomS5-grain and random6-grain (Figure 3) have the same
circularity as the corresponding plate-like particle models,
but with 3 times larger thickness.

[22] To help describe the 3-D properties of particle
shapes, we define particle nonsphericity (NS), the ratio of

Randoml

v

Random?

5
N,

Individual particle irregular shapes used to
reconstruct dust shape distributions. Shapes randoml—
random3 represent shapes in the adjacent SEM images.

Figure 1.

3of 16



D18S14
RANDOM 4 RANDOM 5
CIR = 1.64 CIR=1.23
RANDOM 6
CIR=2.29
Figure 2. Individual particle irregular shapes used to

reconstruct dust shape distributions. Random4-plate to
randomo6-plate reproduce the reported CIR of plate-like
particles [Gao and Anderson, 2001; Okada et al., 2001].
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Table 2. Summary of Geometrical Properties of Representative
Particle Shapes

Shape CIR NS hb ARG-D)

Sphere 1.0 1.0 1. 1.
1.12 3.33

Description

spherical target

Hexagon-plate 1.342 03 hexagonal plate
Randoml-grain  1.61 1.309 1. 1.64 irregular grain
Random2-grain 142  1.212 1. 1.50 irregular grain
Random3-grain ~ 1.38 1.173 1. 1.40 smooth irregular
Randomé4-plate 1.64 1469 03 4.32 irregular plate
RandomS5-plate 1.93 1.551 0.3 4.68 irregular plate
Randomo6-plate 2.29 1.582 0.3 4.29 irregular plate
Random4-grain ~ 1.64  1.358 1. 1.50 irregular grain
Random5-grain ~ 1.93 1.441 1. 1.50 irregular grain
Random6-grain  2.29 1.521 1. 1.50 irregular grain

a nonspherical particle’s area to that of a sphere of equiv-
alent volume:

__ Nonspherical particle surface area

NS = 3
Spherical particle surface area 3)

and particle 3-D aspect ratio:
AR(3 - D) = Longest dimension @)

" Shortest dimension

in 3-D space.

[23] Calculated 2-D and 3-D geometrical properties of
our shapes are listed in Table 2. Note that AR(3-D) is
always >h/b, where h/b is a particle thickness (& is a
particle depth and b is a particle width), and that CIR is
directly proportional to particle NS if particle thickness is

Randomd- RandowS—
=grain ~grain
CIR=1.64 CIRml.93
Eandomb—
grain
CIE=2.29
Figure 3. Individual particle irregular shapes used to reconstruct dust shape distributions. Random4-

grain to randomo6-grain reproduce the reported CIR values of grain-like particles [Gao and Anderson,

2001; Okada et al., 2001].
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fixed. However, for the same CIR, grains have smaller NS
than plates and much smaller AR(3-D).

[24] We create shape-size distributions for randomly
oriented grains and plates by assigning one shape to each
size, in a way that reproduces published relationships
between particle circularity and size [Huebert et al., 2000;
Okada et al., 2001]. Shape proportions are weighted using
the size mode 1 number distribution. We also model a size
mode 1 shape distribution that is a mixture of randomly
oriented oblate and prolate spheroids [Mishchenko et al.,
1997], so we can compare the optical properties of these
commonly modeled shapes with more irregular ones.

[25] The shape distributions used in this study are as
follows:

[26] 1. Randomly oriented grains (grains) are a shape
mixture having CIR linearly increasing with size: [0.10—
0.14 pm], spheres; [0.16—0.28 pm], random3-grains;
[0.30-0.40 pm], random2-grains; [0.42—0.50 pm], ran-
doml-grains; [0.52—0.60 pm], random4-grains; [0.62—
0.80 pm], random5-grains; and [0.82—1.00 pm], random6-
grains.

[27] 2. Randomly oriented plates (plates) are a mixture
of thin particle shapes for which CIR increases linearly
with size: [0.1-0.14 pm], spheres; [0.16—0.30 pm],
hexagonal plates; [0.32—0.60 pm], random4-plates;
[0.62—0.80 pm], random5-plates; [0.82—1.00 pm], ran-
domo6-plates.

[28] 3. Mixture of randomly oriented oblate and prolate
spheroids (O/P spheroids) is a shape mixture having AR(3-D)
uniformly distributed between 1.2 and 2.2 [Mishchenko et al.,
1997].

[29] Optical properties of size mode 1 randomly oriented
grains and plates were calculated using the discrete
dipole approximation (DDA) technique, whereas those
for the O/P spheroids were calculated using the T matrix
technique.

2.3.2. Shape Distribution of Size Mode 2

[30] Practical considerations of computer speed and CPU
memory limit the number of dipoles (Ngip) that can be
treated in a DDA calculation to Ngjp < 3 X 10°; this
limitation restricts the ratio of particle size to wavelength
that can be considered. For the range of wavelengths of
interest for this study (0.55—0.85 pm), the largest particle
size that meets DDA accuracy criteria has diameter 2 pm
(size parameters 2mr/X\ < 12). To calculate optical properties
of size mode 2, we use the T matrix algorithm, which is
commonly employed to study the optics of nonspherical
aerosol particles [Mishchenko et al., 1997] and can calculate
the optical properties of particles having large size param-
eter values, but only for spheroids and other simple shapes.
For the large-sized particles included in size mode 2, we can
treat only the O/P spheroid shape distribution described for
size mode 1.

3. Sensitivity of Modeled Optical Properties to
Size Mode 1 and Size Mode 2 Physical Properties
3.1. Modeling Techniques

[31] Because we consider complex composition-shape-
size particle mixtures, we need to average dust optical
properties weighted over the CSS distribution. We express
CSS distributions as a number distribution N = Ny x N(c, s,
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r), where N is the total particle number concentration and
M, s, r) satisfies the normalization condition:

Y3 N(esen) =1 (5)
J k 1l

where j, k, and / are index composition, shape, and size,
respectively, in a given mixture.

[32] As a first step, the optical properties of each size
mode in the bimodal, number-weighted size distribution
(equation (2)) were modeled separately and weighted to
satisfy (equation (5)). The DDA method was used to model
the optical properties of irregular particles in size mode 1,
and the T matrix code produced optical properties for
ellipsoids in size modes 1 and 2. We calculated volume
extinction, scattering, and absorption coefficients, normal-
ized to unit number concentration (N, = 1/cm’), for particle
ensembles having specific CSS distributions (Kalashnikova
and Sokolik [2004]):

K¥ .= Z Z ZN(cj,sk, r/) Cesa (cj,sk7 r[) (6)
Tk I

where C is the per particle coefficient, subscripts e, s, and a
are for extinction, scattering, and absorption coefficients,
respectively, and parameters ¢, s, and r indicate the
composition, shape, and size distribution models selected.
The single scattering albedo is given by

Ky

= k* ()

Wo

[33] The aerosol optical depth of an atmospheric layer
containing dust particles with a total particle concentration
of Ny is defined as

h2
=N / Kdh (8)
Jhl

where 4 is the vertical path through a layer extending from
hy, to h,. The asymmetry parameter is defined in the
standard way

1
=5

5 [ dcos(©)P(O) cos© 9)

1

where P(©) is the scattering phase function and © is the
scattering angle (angle between the incident and the
scattered beam).

[34] The single scattering phase function P(©) was cal-
culated from the first element of the Muller matrix (or phase
matrix) as

4w

P(©) = KK*F(©)

(10)

where k is the wave factor (2n/X\) and F(O) is the ensemble
averaged first element of the Muller matrix [Mishchenko et
al., 2000]:

FO)=) > > Nl(gsen)Fulgsen) (1)
J k !
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Table 3. Single Scattering Albedos of Four Shape Distributions,
at 0.550 pm Wavelength, for Two Composition Types, Averaged
Over a Number-Weighted Lognormal Size Distribution With
Selected Median Diameters and Standard Deviations

Dy = 0.6 pm Dy = 1.0 pm
Shape c=1.5 0=2.0 o=1.5 0=2.0
Composition Type 1, Weakly Absorbing Dust
Sphere 0.983 0.974 0.970 0.970
Grains 0.984 0.978 0.976 0.974
Plates 0.986 0.982 0.981 0.980
O/P spheroids 0.984 0.975 0.971 0.970

Composition Type 2, Strongly Absorbing Dust

Sphere 0.842 0.797 0.764 0.763
Grains 0.858 0.816 0.795 0.789
Plates 0.879 0.852 0.838 0.834
O/P spheroids 0.851 0.801 0.770 0.768

The normalization condition for the scattering phase
function is

1

7/ dOP(©)sin® =1
2 Jo

(12)

[35] To obtain optical properties of the total CSS, the
particle number for each size mode was weighted according
one of three dust scenarios described in section 2.2, and the
total distribution was renormalized to satisfy equation (5).

(a)
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All computations were done with randomly oriented par-
ticles and nonpolarized incident light.

[36] The main advantage of the DDA technique, which
we use for calculating optical properties of randomly
oriented grains and randomly oriented plates in size mode
1, is that it is completely flexible regarding particle shape
and composition. With this technique, any particle of
complex shape and composition is approximated by an
array of dipoles, although a large number of dipoles is
required to accurately calculate the optical properties of
complex particles. The method gives single scattering
albedo with errors less than 1% [Draine and Flatau,
1994] if the following criterion is met:

Imlkd < 1 (13)

where m is the refractive index, k is the wave factor (27/\),
and d is the dipole spacing:

ry

d=—_"r
(3Nayp /47) "

(14)

Here Nyip is the total number of dipoles and 7 is the radius
of the volume-equivalent sphere. For scattering phase
function computations, the validity criterion is

imlkd < 0.5 (15)
(b)
1000.00 T T Sphere |
......... Randoml1
---. Random?2
100.00 ———— Random3 E
—— Random4grain 1
— —. Random5grain ]
10.00 o——o Randomé6grain 2
0/P Spheroids 3
1.00
0.10
0.01
0 50 100 150
Scattering angle @ (degree)
(d)
1000.00 T T Sphere T
......... Hex. plate
———— Random4plate
100.00 —— Randomb5plate
— —. Random6plate
0/P Spheroids
10.00
1.00

50

100
Scattering angle @ (degree)

150

Figure 4. Scattering phase functions of individual (a, b) grain-like shapes and (c, d) plate-like shapes
for composition type 1 (Figures 4a and 4c) and 2 (Figures 4b and 4d) at 0.550 um.
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Figure 5. Scattering phase functions of size mode 1 particles with (a, c, ) composition type 1 and (b, d,
f) composition type 2 at 0.550 um (Figures 5a and 5b), 0.672 pm (Figures 5¢ and 5d) and 0.866 pm

(Figures 5e and 5f).

We chose the number of dipoles for each irregular shape to
meet this criterion.

[37]1 The T matrix method, used to calculate optical
properties for size mode 2 (diameters up to 12 pm) and
ellipsoids for size mode 1, offers relatively fast numerical
computations. The disadvantage of essentially all currently
available T matrix codes is that they have been customized
for computing light scattering by rotationally symmetric
nonspherical particles such as spheroids [Mishchenko et al.,
1997], finite circular cylinders [Kuik et al., 1994], and

Chebyshev particles [Wiscombe and Mugnai, 1988]. In
our calculations we adopt a mixture of randomly oriented
oblate and prolate spheroids [Mishchenko et al., 1997].
[38] In this paper we characterize the size of size mode 1
as the diameter of the equal-volume sphere and of size mode
2 as the diameter of the equal-surface-area sphere. We chose
this characterization because a large fraction of size mode 1
particles is significantly smaller than the wavelengths used
in this study. Optical properties of this small-sized fraction
depend primarily on particle volume rather than on particle
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Table 4. Single Scattering Albedo w,, Normalized Extinction
Coefficient K,, and Asymmetry Parameter g for Four Shape
Distributions®

Weakly Absorbing Dust Strongly Absorbing Dust

Shape wWo K, g wWo K, g

Channel 0.550 pm

Spheres 0.9698  2.514 0.661 0.7640 2423  0.703

Grains 0.9758  3.081  0.673  0.7948  3.023  0.700

Plates 0.9807  3.711 0.788  0.8375 3.566  0.771

O/P spheroids 09714  2.662  0.661  0.7705  2.558  0.700
Channel 0.672 pm

Spheres 0.988 2711 0.656 0.926 2.590  0.626

Grains 0.990 3.172 0.693 0.942 3.215 0.654

Plates 0.992 3.744  0.777 0.962 3.802  0.761

O/P spheroids 0.989 2.920 0.674 0.935 2.661  0.630
Channel 0.866 pm

Spheres 0.995 3.134 0.695 0.973 2.940 0.627

Grains 0.995 3.334  0.720 0.977 3.323  0.666

Plates 0.995 3.495  0.766 0.980 3.754  0.739

O/P spheroids 0.995 3.251  0.708 0.975 3.132  0.646

K, in units of 107> cm®/km.

surface [Bohren and Huffman, 1993]. Thus we compare
scattering and absorption properties of spherical and non-
spherical particles with the same volume for the smaller-
sized particle mode (size mode 1) and with the same
average surface area for the larger-sized particle mode (size
mode 2). Although this separation prevents us from com-
paring the effects of large and small modes on forward
scattering phase function values directly, we can still com-
pare equivalent particles for each mode.

3.2. Optical Properties of Size Mode 1

3.2.1. Sensitivity of Optical Properties to Particle Size
and Composition

[39] To test the sensitivity of size mode 1 optical properties
to particle size, we varied the median diameter and the
standard deviation in the lognormal size distribution in the
range Dy = 0.6—1.0 pm and o = 1.5-2.0 pm, respectively,
suggested by a variety of experimental measurements
[Reid et al., 2003b]. We found that scattering phase
functions calculated for three wavelengths and two dust

(a)
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compositions are not sensitive to these size variations at
scattering angles larger that 30°. The MISR coverage is
normally above 60° scattering angle in midlatitudes, so
we do not expect natural size variations for size mode 1
to introduce significant uncertainties in the modeled dust
phase functions used in retrievals. The integrated optical
properties, especially single scattering albedo, are slightly
more sensitive to size mode 1 size variations. As antic-
ipated, when the median diameter and standard deviation
decrease, the single scattering albedo increases (Table 3).
However, for fixed compositional type, the differences in
single scattering albedo due to variations in size param-
eters are probably not large enough to be detected in
MISR retrievals [Kahn et al., 1998]. Therefore we chose
a lognormal, number-weighted size distribution with Dy =
1.0 pm and o = 1.5 pm as representative distribution of
size mode 1.

[40] Size mode 1 optical properties are more sensitive
to the range of dust compositional types than to mode 1
size variations adopted in this study. Although the scat-
tering phase functions of the two composition types
appear similar, differences in single scattering albedo
are significant and could be as large as ~0.21 at
0.550 pm (Table 3). At wavelengths 0.672 and 0.866
pm these compositional differences are smaller but are
still of order 0.1. On the basis of previous MISR
sensitivity studies [Kahn et al., 1998], we expect MISR
to detect differences between weakly and strongly ab-
sorbing size mode 1 dust particles.

3.2.2. Sensitivity of Optical Properties to Particle
Shape

[41] Before we explore the optical properties of the
aggregated shape distributions defined in section 2.3, we
consider those of the individual component shapes. Figure 4
shows the scattering phase functions of the individual
particles illustrated in Figures 1-3. The single scattering
phase functions at 0.550 pm for plate-like and grain-like
particles differ noticeably. Compared to volume equivalent
spheres, scattering phase functions of thin, irregular plate-
like particles, with AR(3-D) > 4, have larger peaks at
scattering angles <5°, similar shapes at scattering angles
>170°, and flatter behavior in the side scattering directions

(b)
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Figure 6. Single scattering phase functions at 0.550 um for (a) weakly and (b) strongly absorbing size
mode 2 O/P spheroids, with median diameter 2 pm and standard deviation in the range 1.5-2.5.
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Figure 7. Single scattering phase functions at 0.550 um for (a) weakly and (b) strongly absorbing size
mode 2 O/P spheroids, with median diameter in the range 1.6—3.2 um and standard deviation 2.0.

(scattering angles from 30° to 160°—170°). Phase functions
for equidimensional, irregular, grain-like particles, having
AR(3-D) ~1.5, are similar to those of equivalent spheres at
scattering angles less than 30°, lower from 30° to 70°, larger
from 70° to 140°-150° and much lower for scattering
angles >150°. Generally, scattering phase functions for
grain-like particles and O/P spheroids are similar in curva-
ture, but have different values at backscattering angles. As
CIR and NS increase, the scattering phase functions of all
grain-like particles become flatter and lower in the back-
scattering directions. At 165°, the maximum scattering
angle for MISR midlatitude viewing geometry, the ran-
dom6-grain (CIR = 2.29) scattering phase function is half
that of O/P spheroids with identical composition.

[42] These general trends remain after shape-distribution
averaging. Figure 5 shows scattering phase functions aver-
aged over grains, plates, and O/P spheroid shape distribu-
tions. Figure 5 demonstrates that scattering phase function
sensitivity to shape is greatest at backscattering angles
>145°. We expect these effects to be important for MISR
aerosol retrievals.

[43] Table 4 summarizes the integrated optical properties
of three complex shape distributions, along with spheres.
Plates and grains have larger single scattering albedos than
those of spheres and O/P spheroids. However, for the same
composition type, the single scattering albedo changes little
with shape distribution. The small variation in the single
scattering albedo, even as small as 0.1, can have a signif-
icant effect to Earth’s radiation budget, however it is
unlikely to be important for MISR retrievals. The optical

effect of shape differences is most pronounced on the
scattering phase functions.

3.3. Optical Properties of Size Mode 2

[44] Since size mode 2 is modeled as a mixture of
randomly oriented spheroids and Mishchenko et al. [1997]
extensively studied the effect of assumed shape distribution
on optical properties for such particles, we did not need to
perform additional sensitivity studies for this attribute. We
do adopt the approach of Mishchenko et al. [1997] in
exploring the sensitivity of size mode 2 optical properties
to size and composition.

[45] We vary the size mode 2 median diameter and
standard deviation over the range Dy = 1.6—3.2 pm, and
o = 1.5-2.5 pm, respectively, typical of a mineral dust
coarse mode (Figures 6 and 7). Composition type 2, the
strongly absorbing particles, varied the most; at 0.550 pm,
the single scattering phase function in the scattering angle
range [70°-160°], decreases by half when the particle
median diameter increases from 1.6 um to 3.2 pm or when
the standard deviation increases from 1.5 to 2.5. For weakly
absorbing dust, the scattering phase function changes less
than 20%. For the red (0.672 um) and NIR (0.866 pm)
channels used for MISR aerosol retrievals over dark water,
size mode 2 single scattering phase functions are affected
even less by changes in particle size distribution.

[46] For fixed compositional type, the single scattering
albedo also changes little as the size mode 2 distribution
varies over the selected parameter space. The largest differ-
ence is Awg = 0.08 at 0.550 pm (Table 5), probably not large

Table 5. Size Mode 2 Single Scattering Albedos at 0.550 um for Ranges of Median Diameter and Standard Deviation

Dy = 1.6 pm Dy = 2.0 pm Dy = 2.4 pm Dy = 2.8 pm Dy = 3.2 pm

Wealkly Absorbing Dust (Composition Type 1)

oc=15 0.9411 0.9289 0.9187 0.9098 0.9017

0=20 0.9091 0.8974 0.8928 0.8872 0.8827

0=25 0.8928 0.8876 0.8834 0.8801 0.8774
Strongly Absorbing Dust (Composition Type 2)

o=15 0.6850 0.6531 0.6300 0.6142 0.6026

=20 0.6277 0.6117 0.6009 0.5933 0.5877

0=25 0.6009 0.5979 0.5919 0.5875 0.5841
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Table 6. Definition of CSS Mixtures With Bimodal Size
Distributions
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Table 8. Phase Function Analysis for Representative CSS
Distributions at 0.67 pm for Scenario B (Boundary Layer Scenario)

Size Mode 1 Size Mode 2
Compositional Shape Compositional Shape
Name Type Distribution Type Distribution
CSS1 1 plates 1 O/P spheroids
CSS2 1 grains 1 O/P spheroids
CSS3 1 O/P spheroids 1 O/P spheroids
CSS4 2 plates 2 O/P spheroids
CSS5 2 grains 2 O/P spheroids
CSS6 2 O/P spheroids 2 O/P spheroids
CSS7 1 plates 2 O/P spheroids
CSS8 1 grains 2 O/P spheroids
CSS9 1 O/P spheroids 2 O/P spheroids
CSS10 2 plates 1 O/P spheroids
CSS11 2 grains 1 O/P spheroids
CSS12 2 O/P spheroids 1 O/P spheroids

enough to affect MISR retrievals, and differences in the red
and NIR channels are even smaller. For subsequent sensi-
tivity studies, we therefore choose a lognormal, number-
weighted size distribution having Dy =2 pm and 0 = 2 pm
to represent size mode 2 in the red and NIR channel
retrievals. If the green channel is used in retrievals, the
sensitivity of particle phase function to size distribution will
have to be reconsidered.

[47] Differences in single scattering albedo between com-
positional type 1 and compositional type 2 are on the order
of 0.25 (Table 5), large enough to be considered in MISR
aerosol retrieval sensitivity studies.

4. CSS Mixtures Averaged Over Bimodal Size
Distributions

[48] In this section we investigate properties of scattering
phase functions of CSS mixtures averaged over bimodal
size distributions. These mixtures are defined in Table 6.
These CSS mixtures include cases where particle composi-
tion does not change with size (CSS1-CSS3 weakly
absorbing cases; CSS4—CSS6 strongly absorbing cases),
where particle absorption increases with size (CSS7-
CSS9), and where particle absorption decreases with size
(CSS9-CSS12).

[49] The relative weights of size modes 1 and 2 are based
on the three dust mixing scenarios defined in section 2.1.

Table 7. Phase Function Analysis for Representative CSS
Distributions at 0.67 pm for Scenario A (Near-Source Scenario)

P(5)/P(min) P(173)/P(min) P(60)/P(min) P(165)/P(min)

Shape P(145)  [5:173] [5:173] [60:165] [60:165]
CSSI 0205  457.54 2.088 2.424 1.525
€SS2 0213 420.17 1.577 2310 1314
CSS3 0229 401.87 1.649 2213 1.353
CSS4  0.182  621.57 2.556 2.889 1.696
CSS5 0200  542.27 1.779 2.603 1.374
CSS6 0214 530.59 1.951 2.509 1.465
CSS7  0.178  638.03 2.546 2.936 1.706
CSS8 0187 57119 1.795 2.729 1.393
€SS9 0.205  538.93 1.877 2.569 1.436
CSS10 0209  449.76 2.107 2.404 1.524
CSSI1 0225  404.26 1.574 2.233 1.304
CSSI12 0237 398.04 1.714 2.178 1.381

We expect scenario A might represent dust close to the
source, scenario B, dust in the boundary layer [Clarke et al.,
2004], and scenario C, high-altitude, long-transported dust.

[s0] One of the scattering phase function’s distinguishing
characteristics is its steepness, which we define as P11,,,,/
P11, for specified scattering angle ranges. We consider
two ranges: 5° to 173° to compare with measured values
reported by Volten et al. [2001] and Murioz et al. [2001],
and 60° to 165° to investigate CSS phase function curvature
in the scattering angle range covered by MISR midlatitude
viewing geometry.

[5s1] Another quantity useful for comparing mixture opti-
cal properties is the ratio of the phase function value at the
largest scattering angle allowed in the measurements and its
minimum value within a range of scattering angles. For the
above ranges, we investigated P11;73/P11,,;, and Pl1;4¢/
P11, respectively. A third quantity of interest is P(145),
the scattering phase function at 145°, a scattering angle at
which the phase function may be unaffected by particle
nonsphericity [Kaufman et al., 2001].

[s2] These quantities are presented in Tables 7—-9. We
also present phase function attributes of size mode 1 and
size mode 2 individually, in Table 10.

[53] The values of steepness and P11;¢0/P11,,;, vary with
shape, composition, and size mixing scenario. The effect of
particle composition is similar for all three mixing scenar-
ios: steepness and Plly4y/P11,,;, are lower for CSSs of
composition type 1 than for CSSs of composition type 2

Table 9. Phase Function Analysis for Representative CSS
Distributions at 0.67 pm for Scenario C (Transported Dust
Scenario)

P(5)/P(min) P(173)/P(min) P(60)/P(min) P(165)/P(min)

P(5)/P(min) P(173)/P(min) P(60)/P(min) P(165)/P(min)

Shape P(145) [5:173] [5:173] [60:165] [60:165] Shape P(145)  [5:173] [5:173] [60:165] [60:165]
CSSI 0216 463.75 1.894 2.284 1.481 CSSI 0174  466.87 2.958 3.120 1.798
CSS2 0220  441.69 1.641 2212 1.369 €SS2 0.193  357.74 1.401 2.685 1.161
CSS3 0227  438.62 1.697 2.195 1.406 CSS3 0234 308.33 1.589 2.384 1.262
CSS4  0.189  643.23 2.263 2.697 1.616 CSS4  0.164  554.64 3.504 3514 1.961
CSS5  0.198  603.01 1.891 2.564 1.460 CSS5 0207 381.88 1.483 2.705 1.150
CSS6  0.204  597.38 1.976 2518 1.505 CSS6 0243 356.71 1.906 2515 1.376
CSS7  0.187  651.15 2.255 2717 1.619 CSS7  0.155  597.95 3.547 3.696 2.012
CSS8  0.191  618.36 1.901 2.625 1.471 CSS8  0.175 43839 1.500 3.049 1.179
€SS9 0.200  601.78 1.940 2.547 1.491 CSS9 0220  368.45 1.706 2.627 1.289
CSS10 0217 461.22 1.909 2.281 1.484 CSSI10 0.183  441.63 2.967 3.020 1.777
CSSI1 0225 43586 1.646 2.187 1.370 CSS11 0223 320.78 1.406 2453 1.147
CSSI2 0.231  434.62 1.719 2.168 1.411 CSS12 0.256  299.55 1.757 2297 1.337
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Table 10. Phase Function Characteristics for Representative CSS Distributions at 0.67 um of Size Modes 1 and 2
Compositional P(5)/P(min) P(173)/P(min) P(60)/P(min) P(165)/P(min)
Shape Type P(145) [5:173] [5:173] [60:165] [60:165]

100% of Size Mode 1

Grains 1 0.155 267.95 1.242 4.390 1.010

Plates 1 0.122 527.02 6.192 5.753 2.862

Grains 2 0.219 191.41 1.298 3.451 1.012

Plates 2 0.138 433.87 5.676 4.994 2.608

O/P spheroids 1 0.246 120.22 1.470 2.739 1.082

O/P spheroids 2 0.302 103.31 1.855 2.543 1.256
100% of Size Mode 2

O/P spheroids 1 0.226 477.83 1.761 2.203 1.470

O/P spheroids 2 0.196 662.85 2.001 2.526 1.544

with same shape distributions. It seems likely that this
difference can be detected by MISR. However, steepness
and Pl1,60/P11,,;, do not show strong differences when
absorption increases or decreases with size. The sensitiv-
ity of scattering phase function to particle shape is largest
for size mode 1 and mixing scenario C (80% of the size
mode 1). Plates have significantly larger values of steep-
ness and Pl140/P11,;, than those of O/P spheroids and
grains of the same composition. The differences in
steepness between O/P spheroids and grains are largest
for size mode 1 and mixing scenarios B and C, though
they are smaller than those produced by the prescribed
compositional changes. P(145) varies with shape distribu-
tion, even when composition and size distribution are
fixed (Table 10). P(145) for size mode 1, compositional
type 1, and grains is almost half that of size mode 1,
compositional type 1 O/P spheroids. However, P(145)

Figure 8. Heavy Saharan dust outbreak over the Cape
Verde Islands on 2 March 2003, observed by the MISR 70°
forward viewing camera (orbit 17040, path 207, blocks 74—
77). The location of the Cape Verde AERONET station is
just outside lower left corner; MISR data were analyzed for
primary patches, identified by black squares, and secondary
patches, indicated by purple squares.

changes little between O/P spheroids and spheres with
the same size and composition. On the basis of these
results, if the effect of nonsphericity is ignored at 145°
scattering angle, it can introduce significant underestima-
tion of the retrieved optical depth.

[s4] Volten et al. [2001] measured scattering matrices as
functions of scattering angle, in the range 5°—173° at 441.2
and 632.8 nm wavelength, for seven distinct mineral aerosol
samples. Murioz et al. [2001] measured scattering matrices
for three more samples: fly ash, green clay, and red clay.
These data are now available online [Volten et al., 2005].
We expect differences between the measured phase func-
tions and our dust optical models, since the measured
samples were collected on the ground, and may not be
representative of airborne dust. Because these measure-
ments are limited to scattering angles between 5° and
173°, we renormalize the model CSS phase functions to

Figure 9. Heavy Asian dust outbreak over the Korean
peninsula on 8 April 2002, as observed by the MISR 70°
forward viewing camera (orbit 12258, path 119, blocks 57—
60). MISR data were analyzed for primary patches,
identified by black squares, and secondary patches,
indicated by purple squares.
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Figure 10. Schematic representation of the MISR aerosol retrieval algorithm over the dark water.
Adapted from Martonchik et al. [2002].

that angular range when comparing with the measure-
ments. Comparing our calculated values of steepness and
P11173/P11y;, at 0.672 um to those obtained by lolten et
al. [2001] and Muiioz et al. [2001] at 632.8 nm, we find
that the scattering phase functions of size mode 1 grains,

Table 11. Phase Function Analysis for Representative CSS at 0.67 pum of Size Modes 1 and 2*

compositional types 1 and 2, are very close to those of
measured feldspar, green clay, and red clay particles.
Since most long-transported, elevated dust particles are
aggregated clays [Sokolik and Toon, 1999] and layered
silicates or feldspar [Reid et al., 2003b], we can expect

Name Shape Dinin Dinax Dy o n, n;
grains T1 Ml grains 0.20 2.00 1.00 1.50 1.51 0.00110(0.672 pm)
0.000721(0.866 pum)
grains_T2 M1 grains 0.20 2.00 1.00 1.50 1.60 0.0064(0.672 pm)
1.59 0.00321(0.866 pm)
plates T1 M1 plates 0.20 2.00 1.00 1.50 1.51 0.00110(0.672 pum)
0.000721(0.866 pum)
plates T2 Ml plates 0.20 2.00 1.00 1.50 1.60 0.0064(0.672 pm)
1.59 0.00321(0.866 pm)
spheroidal_T1_M1 O/P spheroids 0.20 2.00 1.00 1.50 1.51 0.00110(0.672 pm)
0.000721(0.866 pm)
spheroidal T2 M1 O/P spheroids 0.20 2.00 1.00 1.50 1.60 0.0064(0.672 pm)
1.59 0.00321(0.866 pm)
spheroidal T1_M2 O/P spheroids 0.20 12.00 2.0 2.0 1.51 0.00110(0.672 pm)
0.000721(0.866 jum)
spheroidal T2 M2 O/P spheroids 0.20 12.00 2.0 2.0 1.60 0.0064(0.672 pm)
1.59 0.00321(0.866 pm)
spherical T1 M1 sphere 0.20 2.00 1.00 1.50 1.51 0.00110(0.672 pm)
0.000721(0.866 pum)
spherical_T2_MI sphere 0.20 2.00 1.00 1.50 1.60 0.0064(0.672 pm)
1.59 0.00321(0.866 pm)
spherical T1 M2 sphere 0.20 12.00 2.0 2.0 1.51 0.00110(0.672 pm)
0.000721(0.866 jum)
spherical T2 M2 sphere 0.20 12.00 2.0 2.0 1.60 0.0064(0.672 pm)
1.59 0.00321(0.866 pum)
thin_cirrus (hexagonal columns) polyhedral 6.0 400.0 - - 1.32 191 x 107
Sulfate nonabsorbing 0.06 sphere 0.01 0.24 0.06 1.65 1.45 0.00
Sea salt nonabsorbing 1.28 sphere 0.02 20.00 1.28 1.85 1.45 0.00

T1 is compositional type 1 (weakly absorbing) dust, T2 is compositional type 2 (strongly absorbing) dust, M1 is size mode 1, and M2 is size mode 2.
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Table 12. Optical Depths, Mixtures, and x> Statistics for the Best
Fitting and Next Best Fitting Asian and Saharan Dust Plume
Retrievals

Asian Dust Plume Saharan Dust Plume

Best Fitting Mixtures
TMISR 2.8 2.3

TAERONET - 2.2
Dust, mode 1 70% grains T1 Ml 75% grains T1 Ml

Dust, mode 2 25% spheroidal T1 M2 15% spheroidal T1_ M2
Sulfate 5% 5%

Sea salt - 5%

s 1.079 0.535

chom 0.899 0.380

Xspec 0.725 0.507

Nimaxdiv 3339 1.656

Next Best Fitting Mixtures
TMISR 2.4 1.8
Dust, mode 1 45% grains T1_MI1 80% grains_T1 M1
Dust, mode 2 20% spheroidal_T1_M2 15% spheroidal _T1_M2
Sulfate 35% 5%

size mode 1 grains of compositional types 1 or 2 to be
good optical models for transported dust. We examine
this possibility in section 5.

5. MISR Retrievals for Optically Thick Dust
Plumes Over Dark Water

[s5s] Having developed a range of CSS models based on
particle microphysical properties reported in the literature,
we now test the performance of these models in the MISR
dark water retrieval for two relatively simple cases: optically
thick dust plumes over ocean. We chose optically thick dust
plumes to reduce the surface interference and an effect of
other aerosols species on the measured radiancies.

[s6] The cases were chosen from dust events posted on
the Natural Hazards Website in Dust and Smoke Archive
(http://earthobservatory.nasa.gov/NaturalHazards/Archive/
natural\ hazards\ archive.php3?topic=dust). One is a
Saharan dust plume over the Cape Verde islands on 2 March
2003 and the other is Asian dust over the Korean peninsula
on 8 April 2002 (Figures 8 and 9, respectively). MISR data
were extracted for three-by-three patches of 1.1 km pixels.
The homogeneity of the selected patch is characterized by
reflectance variance [Kahn et al., 2001b]. The primary
patches were selected to be uniformly homogeneous so
the maximum reflectance variance, in all 36 MISR chan-
nels, did not exceed 0.5%; for the secondary patches, the
reflectances were lower, and the variance did not exceed
0.7%. The dust optical depth during the Cape Verde dust
storm was measured, almost simultaneously, by the Cape
Verde AERONET Sun photometer; we do not have any
optical depth constraints on the Asian dust plume.

[57] We use the MISR research aerosol retrieval
(Figure 10) to compare MISR measurements with modeled
radiances [Kahn et al., 2001a]. Over ocean, data from up to
nine angles, at each of 0.672 and 0.866 pm wavelength, are
included. The algorithm creates mixtures of four component
particle types, whose optical properties are specified. For
each mixture, it calculates top-of-atmosphere reflectances,
and compares them with MISR observations using four chi-
square test variables [Kahn et al., 1998]:
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[s8] 1. The variable X2, compares absolute reflectances,
and depends primarily on aerosol optical depth for bright
aerosols over dark ocean

[s9] 2. The variable Xéeom compares reflectance ratios,
normalized to one view angle, and depends mainly on
particle size and shape

[60] 3. The variable Xipec compares reflectance ratios,
normalized to one wavelength, and emphasizes spectral
properties

[61] 4. The variable X Zaxdev Selects the single largest term
contributing to Xibs

[62] Each test variable is normalized to the number of
channels used, so a value less than about unity implies that
the comparison model is indistinguishable from the mea-
surements. Values larger than a few indicate that the
comparison model is unlikely to match the observations.

[63] The maritime cases analyzed in this section may
contain sea salt, sulfate particles, or subvisible cirrus, so in
addition to two dust modes, we include these as possible
third and fourth components in the mixtures considered
(Table 11). For the primary patches (Figures 8 and 9), the
MISR algorithm found reasonable CSS model solutions for
both plumes.

[64] The best fitting mixtures in both cases contain
primarily weakly absorbing, size mode 1 grains, along with
small fractions of weakly absorbing, size mode 2 O/P
spheroids, and background spherical, nonabsorbing par-
ticles. Retrieved optical depths and ? statistics for the best
candidate models are summarized in Table 12.

[65] The research retrieval algorithm, which was used in
our study, reports percentages of the each best fitted
candidate model in the modeled radiancies. The standard
product of MISR operational retrieval is the contribution to
the optical depth of the each best fitted model. Currently,
MISR operational retrieval is in the process of incorporating
dust models presented in this study. In our future work we
plan to use MISR operational product to study contribution
to the optical depth of the two size dust modes to determine
significance of potential uncertainties in the results due to
modeling the larger mode as spheroidal particles.

[66] The best fitting mixture for the Asian dust plume
contains 70% size mode 1 dust (composition type 1 grains) +
25% size mode 2 dust (composition type 1 spheroids) + 5%
small, nonabsorbing spheres (a sulfate background aerosol
model). The best fitting mixture for the Saharan dust plume
contains 75% size mode 1 dust (composition type 1 grains) +
15% size mode 2 (composition type 1 spheroids) + 5% small
nonabsorbing spheres + 5% medium nonabsorbing spheres (a
sea-salt aerosol analog). Values of the next best fitting models
are also given in Table 12.

[67] The x* values for mixtures containing composition
type 2 dust were greater than 5 for both plumes. So 10%
hematite produced too much absorption to match the MISR
observations, though iron oxide in intermediate proportions
remains to be tested. The x? values for mixtures containing
plate dust models, rather than grains, were also too high:
greater than 7 for compositional type 1 and over 12 for
compositional type 2.

[68] The next best fitting models are similar in composi-
tion and size distribution to the best fitting ones, but contain
spheroids rather than grains for the dust component. The
retrieved optical depths are 20 to 25% lower (Table 12), in
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Figure 11.

Best fitting model reflectances for the (a) Cape Verde and (b) Korean dust plumes, are
plotted as dashed lines for each MISR view, in both the 672 and 867 nm channels (bands 3 and 4,
respectively), along with the MISR-observed values (solid lines), and the channel-by-channel differences
(dashed lines near the bottom of each plot).
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poorer agreement with the AERONET optical depth of 2.2
at 670 nm wavelength, retrieved for Cape Verde on 2 March.
These results highlight the importance of modeling shape,
and demonstrate that MISR can make the key distinctions,
at least in some cases.

[69] A closer look at how the dust models perform in each
MISR channel is given by Figure 11. Here the best fitting
model reflectances are plotted for each MISR view, in both
the 672 and 867 nm channels (bands 3 and 4, respectively),
along with the MISR-observed values, and the channel-by-
channel differences. In general, the fit is very good at both
wavelengths, though the differences increase for the steep-
est-viewing (Df and Da) cameras. The particle single
scattering phase functions are smooth throughout the rele-
vant scattering angle range, and the single-scattering com-
ponents contribute less than 15% to the model reflectances
at these view angles, closer to 20% in the nadir (An) view.
The small but increased discrepancies for the steepest-
viewing cameras are probably due to model errors, ampli-
fied by the cumulative effects of multiple scattering.

[70] We repeated the retrieval analysis for the secondary
patches in Figures 8 and 9, and obtained similar results.
Again mixtures of size mode 1, composition 1 dust grains
dominated the preferred solutions, along with smaller frac-
tions of size mode 2, composition 1 dust spheroids. How-
ever, for several patches, the retrieval produced similar >
values when the cirrus model was substituted for dust
grains. MISR sensitivity to the differences between these
two large, nonspherical particle types is the subject of
continuing investigation.

6. Conclusions

[71] The systematic theoretical study of atmospheric
mineral dust radiative properties that accounts for recent
field and laboratory data on mineral dust morphology and
mineralogy including those from the PRIDE and ACE-Asia
field campaigns, allow us to develop new optical models for
mineral dust, to be used in multiangle satellite aerosol
retrieval algorithms. We used DDA and T matrix codes
to generate optical models for composition-size-shape
distributions covering a range of naturally occurring dust
particle properties, and identified the distinguishing charac-
teristics of their single-scattering optical properties.

[72] We tested these models using MISR data for opti-
cally thick Saharan and Asian dust plumes that were chosen
from dust events posted on the Natural Hazards Website in
the Dust and Smoke Archive. Medium-sized, weakly ab-
sorbing grains (size mode 1, composition type 1), mixed
with smaller fractions of larger-sized, weakly absorbing O/P
spheroids (size mode 2, composition type 1) and spherical,
nonabsorbing background Maritime particles, gave the best
fits to the observations in both cases. Strongly absorbing or
plate-like dust particles were rejected by the analysis,
though in a few cases, a cirrus optical model gave reason-
able solutions as well. The preferred dust models have
single scattering phase functions similar to those of the
feldspar and clay minerals measured by Volten et al. [2001]
and Munoz et al. [2001].

[73] Detailed sensitivity studies, using the dust models
developed here, along with coincident MISR and field
observations taken during the PRIDE and ACE-Asia cam-
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paigns, will be presented in the sequel to this work. These
future sensitivity studies will address the question why
strongly absorbing or plate-like dust particles were rejected
by the MISR retrievals. On the basis of recent results of the
PRIDE and ACE-Asia field campaigns, we can expect that
low-absorbing grain-like aggregated particles are better
representative for majority of atmospheric dust particles.
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