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[1] The possibility of using shape mixtures of randomly oriented spheroids for modeling
desert dust aerosol light scattering is discussed. For reducing calculation time, look-up
tables were simulated for quadrature coefficients employed in the numerical integration of
spheroid optical properties over size and shape. The calculations were done for 25 bins of
the spheroid axis ratio ranging from ~0.3 (flattened spheroids) to ~3.0 (elongated
spheroids) and for 41 narrow size bins covering the size parameter range from ~0.012 to
~625. The look-up tables were arranged into a software package, which allows fast,
accurate, and flexible modeling of scattering by randomly oriented spheroids with
different size and shape distributions. In order to evaluate spheroid model and explore the
possibility of aerosol shape identification, the software tool has been integrated into
inversion algorithms for retrieving detailed aerosol properties from laboratory or remote
sensing polarimetric measurements of light scattering. The application of this retrieval
technique to laboratory measurements by Volten et al. (2001) has shown that spheroids can
closely reproduce mineral dust light scattering matrices. The spheroid model was utilized
for retrievals of aerosol properties from atmospheric radiation measured by AERONET
ground-based Sun/sky-radiometers. It is shown that mixtures of spheroids allow rather
accurate fitting of measured spectral and angular dependencies of observed intensity and
polarization. Moreover, it is shown that for aerosol mixtures with a significant fraction of
coarse-mode particles (radii > ~1 pm), the nonsphericity of aerosol particles can be
detected as part of AERONET retrievals. The retrieval results indicate that nonspherical
particles with aspect ratios ~1.5 and higher dominate in desert dust plumes, while in the
case of background maritime aerosol spherical particles are dominant. Finally, the
potential of using AERONET derived spheroid mixtures for modeling the effects of
aerosol particle nonsphericity in other remote sensing techniques is discussed. For
example, the variability of lidar measurements (extinction to backscattering ratio and
signal depolarization ratio) is illustrated and analyzed. Also, some potentially important
differences in the sensitivity of angular light scattering to parameters of nonspherical
versus spherical aerosols are revealed and discussed.
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[2] Adequate modeling of light scattering by nonspheri-
cal particles is widely recognized as one of the major
difficulties in remote sensing of tropospheric aerosols in
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general and desert dust in particular. There are various in
situ and laboratory measurements [e.g., Heintzenberg, 1998;
Nakajima et al., 1989; West et al., 1997; Volten et al., 2001]
as well as remote sensing results [Koepke and Hess, 1988;
Kaufman, 1993; Sasano and Browell, 1989; Liu et al., 1999;
Dubovik et al., 2002a; Deuzé et al., 2000; Sinyuk et al.,
2003; Miiller et al., 2003; Wang et al., 2003; Herman et al.,
2005; Kalashnikova et al., 2005] that reveal significant
deviations of light scattering of desert dust aerosols from
scattering properties of homogeneous spheres [Mishchenko
et al., 2000]. As a result, there have been numerous efforts
to account for particle nonsphericity in aerosol retrieval
algorithms [e.g., Kahn et al., 1997; Krotkov et al., 1999; Liu
et al., 1999; Dubovik et al., 2002b; Mishchenko et al., 2003;
Herman et al., 2005; Kalashnikova et al., 2005]. Neverthe-
less, at present, there is no single widely accepted light
scattering model for applications to the retrieval of desert
dust properties. The development of such a model appears
to be difficult both methodologically and technically. For
example, Kalashnikova and Sokolik [2002, 2004] proposed
the strategy of modeling light scattering by an ensemble of
nonspherical particles using some geometrical particle
parameters derived from in situ measurements of ambient
desert dust. However, both the measurement of the aerosol
microphysical properties as well as the modeling of light
scattering by a single particle with varying size, shape and
composition have significant limitations. The in situ and
laboratory measurements have issues with sampling of
unperturbed aerosol, isolation of aerosol particles, and
evaluation of their physical and optical parameters [e.g.,
Bond et al., 1999; Haywood et al., 2003; Reid et al., 2003a,
2003b; Tanré et al., 2003]. The modeling of optical prop-
erties of single particles with diverse geometrical shapes and
morphologies has been addressed by many fruitful studies
for a number of years [e.g., van de Hulst, 1957; Bohren and
Huffinan, 1983; Mishchenko et al., 2000, 2002]. However,
because of the complex nature of the light scattering
formalism, the models available for applications are rather
limited. Specifically, the exact solutions describing
the interaction of the electromagnetic field with a single
particle exist only for a few selected geometrical shapes
[Mishchenko et al.,2000,2002]. Existing numerical methods,
such as the discrete dipole approximation [e.g., Draine and
Flatau, 1994] and the finite difference time domain tech-
nique [e.g., Yang et al., 2000] theoretically have no obvious
limitations, but, in practice, require excessive computer
resources. Therefore the ability to simulate the interaction
of electromagnetic radiation with individual particles of
various shape, size and morphology is probably the most
critical factor in driving the advances in modeling of the
optical properties of nonspherical aerosols.

[3] Thus the majority of approaches employed in aerosol
retrievals to account for particle nonsphericity are based on
modeling simulations limited in terms of particle size range,
geometrical shapes, and compositions. As a result, compar-
isons of retrieval algorithms utilizing different assumptions
for modeling optical properties of nonspherical aerosols are
difficult and, quite often, inconclusive. For example, the
benefits and limitations of using even the simplest non-
spherical shapes, such as spheroids (ellipsoids of revolu-
tion), for modeling light scattering by nonspherical aerosol
are not completely clear. Specifically, Mishchenko et al.
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[1997] showed that a mixture of randomly oriented sphe-
roids with different sizes and axis ratios can reproduce the
flattening of the phase function at side scattering angles for
desert dust — perhaps the main scattering feature associated
with nonsphericity of aerosol particles. Therefore light
scattering by spheroids has been used extensively in remote
sensing applications [e.g., see Mishchenko et al., 2004b]. At
the same time, there is no physical reason to expect all dust
particles to be perfect spheroids, and, indeed, microphoto-
graphs of natural aerosols show a great variety of shapes,
often different from spheroids. Therefore there are studies
aimed at modeling desert dust scattering for more complex
and, arguably, more realistic geometrical shapes [e.g., Yang
et al., 2000; Kalashnikova and Sokolik, 2002, 2004].
However, such simulations require very long computation
times and are not possible for the entire size range of desert
dust aerosol. For example, the studies of Kalashnikova and
Sokolik [2002, 2004] limit the calculations to particles with
volume-equivalent radii smaller than 1 and ~2 pm corre-
spondingly, while both in situ and remote sensing observa-
tion suggest high concentrations of particles with radii up to
5 pm and greater in desert dust aerosol [e.g., see Arimoto et
al., 1997; Li-Jones and Prospero, 1998; Dubovik et al.,
2002a; Reid et al., 2003a, 2003b; Haywood et al., 2003].
This is why the spheroid approximation remains appealing
from an operational perspective. Moreover, the following
considerations can be listed as further motivations for the
utilization and exploration of spheroid models:

[4] 1. A spheroid is the simplest nonspherical shape that
can generalize the spherical shape (a sphere is a spheroid
with an axis ratio € = 1). Accordingly, conventional spher-
ical models of atmospheric aerosol can be easily generalized
in terms of a model of randomly oriented spheroids with
only one extra characteristic — the distribution of axis ratios
(assuming, as the first-order approximation, that shape is
independent of size).

[s] 2. The scattering of electromagnetic radiation by
spheroids can be accurately simulated. For example, the
T*matrix method provides an exact solution for light scat-
tering by randomly oriented spheroids with different sizes,
axis ratios, and complex refractive indices [Mishchenko and
Travis, 1994]. The corresponding computer routine has
calculation speed and range of applicability far superior to
other available numerically exact routines.

[6] 3. The observations of scattering by real desert dust
show a considerable degree of averaging of contributions
from individual particles with different orientations, shapes,
and compositions. Hence one can expect [Wiscombe and
Mugnai, 1986; Bohren and Singham, 1991; Mishchenko et
al., 1997] that specific shape details of a single particle may
be insignificant after such an averaging and that scattering
by an ensemble of particles can be approximated by that of
a mixture of simplified particles (such as spheroids). For
example, Min et al. [2005] used a hollow-sphere model to
reproduce some scattering properties of desert dust and
indicated that the exact shape used for modeling is unim-
portant to a certain degree as long as the particle model
employed deviates from the perfect symmetry of a homo-
geneous sphere. Kahnert [2004] arrived at a similar con-
clusion based on his mimicking the scattering matrices of
prisms by using simple geometrical shapes (spheres and
spheroids).
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[7] The limits of applicability of the spheroid model
have been examined in several studies. For example,
Nousiainen and Vermeulen [2003] and Veihelmann et al.
[2004] analyzed the possibility of reproducing scattering
matrices of mineral dust measured in the laboratory [Volten
et al., 2001] by theoretical simulations using spheroids.
Kahnert [2004] examined the feasibility of employing a
spheroid model for reproducing the scattering matrices of
desert dust represented by 110 different types of particles
with low symmetry (4- and 5-hedral prisms with different
aspect ratios). These studies have demonstrated that sphe-
roids are far superior to spheres in reproducing the labo-
ratory measurements. However, at the same time, these
studies have highlighted the difficulties in accounting for
the contribution of spheroids with larger sizes and higher
degrees of nonsphericity. Specifically, Nousiainen and
Vermeulen [2003] and Nousiainen et al. [2006] did not
consider particles with radii larger than 2.5 pm, Kahnert
[2004] used 2.8 pm as the largest particle size, and
Veihelmann et al. [2004] used a variable particle size cutoff
as a function of aspect ratio (i.e., the greater the aspect ratio
the smaller the cutoff size). The studies based on the
measured scattering matrices [Nousiainen and Vermeulen,
2003; Kahnert, 2004] used only one (and the same) aerosol
sample.

[8] Therefore more analyses are called for in order to
understand better the limitations of the spheroid model. One
of the major factors slowing such analyses is the necessity
of committing to a substantial computation effort. For
example, even the most advanced 7-matrix code
[Mishchenko et al., 2002] slows down and becomes numer-
ically unstable for highly elongated and flattened spheroids
(i.e., aspect ratios exceeding 2—2.4) with size parameters
x (=2mr/\) exceeding 40—60. As a consequence, the sim-
ulation of light scattering by spheroids that requires inte-
grating spheroid extinction and scattering cross sections
over both a wide range of sizes and aspect ratios is
computationally much more demanding than simulations
of light scattering by spherical particles. The same factor
limits efforts aimed at the incorporation of spheroid models
into remote sensing aerosol retrievals.

[9] In arecent paper, Dubovik et al. [2002b] proposed the
use of kernel look-up tables for implementing quick and
accurate simulations of spheroid phase functions. The
present study describes further developments aimed primar-
ily at modeling the entire scattering matrix of spheroids.
Also, we discuss the use of the developed look-up tables in
the validation of the spheroid model versus laboratory
measurements of scattering matrices [Volten et al., 2001].
Most importantly, we establish an approach that rigorously
incorporates the shape distribution of aerosol particles into
aerosol remote sensing applications. Therefore this paper
demonstrates that the developed kernel look-up tables allow
the use of a spheroid mixture as a generalized aerosol model
(representing spherical, nonspherical, and mixed aerosols)
in remote sensing retrievals of atmospheric aerosols. Spe-
cifically, the possibility of retrieving a complete set of
aerosol parameters, including the complex refractive index
and the size and shape distributions, from spectral
and angular photopolarimetric observations using Sun/
sky radiometers of the AERosol RObotic NETwork
(AERONET) is discussed. The final section discusses the
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possibility of using spheroid models in order to account for
aerosol particle nonsphericity in lidar and satellite passive
remote sensing measurements.

2. Scattering Matrix Modeling

[10] Photometric and polarization parameters of atmo-
spheric radiation can be modeled by solving the vector
radiative transfer equation for a plane-parallel multilayered
atmosphere [Hovenier et al., 2004; Mishchenko et al.,
2006]. Each layer is characterized by the extinction optical
thickness Ty (describing combined scattering and absorp-
tion of directly transmitted light in the layer), single
scattering albedo w, (ratio of the scattering optical thickness
Tecat 10 Tex), and the scattering matrix P(©). The latter
describes the angular polarizing properties of a single-
scattering event in the layer. Specifically, the transformation
of the Stokes vector of the incident light into that of the
scattering light is described by the following equation:

I Pi1(©) P1(©) 0 0 I;
o | o P12(0) Pxn(©) 0 0 o)
U, 0 0 Py Pu©) || U]
v, 0 0 —Pu(©) Pu©))\ W

(1)

where © is the scattering angle, /, O, U and Vare the Stokes
parameters [van de Hulst, 1957], and the subscripts “i” and
“s” refer to the incident and scattered beams, respectively.
The above scattering matrix of spheroids (as well as of any
randomly oriented particles with a plane of symmetry) has a
block-diagonal structure with six independent elements
P,/(©). This structure of the scattering matrix is also
characteristic of any ensemble of randomly oriented
particles with equal numbers of particles and their mirror
counterparts [van de Hulst, 1957; Mishchenko et al., 2002].
For homogeneous or radially inhomogeneous spheres (as
particles of higher symmetry), the scattering matrix has only
four independent elements (since P;(0) = Py(©) and
P33(0) = P4y(0)). The element P;(O) of the scattering
matrix is called the scattering phase function and satisfies
the following normalization condition:

Y

%/sin(@) Pu(©)dO = 1. 2)

0

[11] The scattering properties of the atmospheric aerosol
layer are modeled via the averaging of single-particle
properties. For example, for homogeneous spherical aerosol
one can write:

Pmax

dN
*rm,(k)Pi,v(X,@) = / C,‘,‘f()y@ﬂ’l,k, V) # d}"7 (3)
r
Tmax dN ,
Texr/scat(x) = / Cext/scat(>\7 n, k7 }") d}(" ) drv (4)

Fmin
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where Co.(\, n, k, ), CoeaiCN, 1, k, 7), and Cii(O, N, n, k,r),
denote, respectively, the cross sections of extinction,
scattering and directional scattering corresponding to matrix
elements P;; (©), X\ — wavelength, n and & — real and
imaginary parts of the refractive index, » — radius of the
particle. dN(r)/dr is the number size distribution of particles
which determines particle concentrations as follows:

N(ri;m) = /dﬁéir) dr, (5)

r

where N(ry;r,) is the total number of particles (in the
atmospheric layer) with radii between r; and r, per unit
lateral area. Equations (3) and (4) are written for the size
distribution of columnar aerosol particle number concentra-
tion; however, practical algorithms assuming spherical
particles are usually designed to retrieve the distribution
of surface area or volume of aerosol particles because light
scattering by an ensemble of small particles depend on the
particle surface area or volume [cf. Bohren and Huffiman,
1983] rather than on the number concentration. In addition
the cross sections C...(...,r) show much smoother
variability for equal relative steps Ar/r (i.e., for equal
logarithmic steps, since dr/r = dlnr) than for equal absolute
steps Ar. For example, the SkyRad inversion [Nakajima et
al., 1996] and AERONET operational inversion algorithm
[Dubovik and King, 2000] are set to retrieve the aerosol
volume distribution dV/dlnr. The integration over particle
sizes can be rewritten (in equations (3) and (4)) in terms of
dVl/dlnr as follows:

where v(r) is the volume of particle with radius » and dV(r)/
dlnr denotes volume size distribution of particles. The latter
determines particle volume concentrations as follows:

2 Inr,
AV dv(r)
V(I"]ﬂ"z)— Tdr— mdll’lr7 (7)

r Inr

where V(ry;r,) is the total volume of particles with radii
between | and 7, in the atmospheric layer per unit lateral
area. The size distributions dV/dInr and dN/dr are related as
follows:

dv(r)
dinr

dN (r)

i
a0

= v(r)

The integrations on the left- and right-hand sides of
equation (6) are equivalent in general, however the
expression on the right-hand side of equation (6) requires
fewer nodal points for numerical integration.

[12] The spheroid is a geometrical shape formed by
rotating an ellipse about its minor axis (oblate spheroid)
or its major axis (prolate spheroid), and is uniquely
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described by two parameters instead of one (radius) used
for spheres. Specifically, Mishchenko et al. [2002] suggest
using the axis ratio € (e = a/b, a — axis of spheroid rotational
symmetry, b — axis perpendicular to the axis of spheroid
rotational symmetry) and » — radius of the sphere having the
same surface area or volume (we use r — radius of the
volume-equivalent sphere for consistency with the Dubovik
and King [2000] algorithms that retrieve the particle volume
distribution). In principle, the size distribution of spheroids
should be a function of two variables € and r; that is, one

can write:

€1 7

dzNEr

V(ri,r;er,e) ———— drdz )

where v(r) is the volume of the sphere with radius r; V(r,
725 €1, €2) 18 the total volume of spheroids with axis ratios
between £; and &, and with volumes between v(r;) and v(r,)
in the atmospheric layer per unit lateral area; d”N(r,c)/drds
is the differential number size and axis ratio distribution of
spheroids.

[13] Mishchenko et al. [1997] showed that the simplest
model with the same axis ratio distribution for spheroids of
all sizes can adequately reproduce the phase functions
measured for desert dust. This assumption is in agreement
with the results of in situ studies of Saharan dust which
showed that shape factors and aspect ratios do not
have pronounced size dependence [Reid et al., 2003b].
(Aspect ratio ¢’ is the ratio of the largest to the smallest
particle dimensions, therefore the relation to axis ratio € is
¢’ = ¢ (for prolate spheroids) and ¢ = 1/ (for oblate
spheroids).) The spheroid distribution in an atmospheric
layer can be described using two independent distributions
and, instead of equation (9), one can write:

[ Joo 552 = ] o

€l N €1 N

/ dlnr dlna

Ing; Inr

where dN(r)/dr, dV(r)/dr and dV(r)/dInr are the number and
volume distributions of the spheroids as a function of r
(radius of the sphere with equivalent volume) written in
absolute and logarithmic scale of r; dn(e)/de and dn(e)/dIne
(=edn(e)/dg) are the distributions of the spheroid axis ratios
(assumed the same for all ) written in absolute and
logarithmic scale of €. In the following analysis, we use
dn(e)/dine because the logarithmic scale allows numerical
integration over Ine with constant step Alne, whereas using
the absolute scale makes the integration more complicated
since ranges of variability of € are very different for oblate
(0 <e <1) and prolate (1 < €) spheroids. Hence, for T4,
Tex» and elements T7,.,P;(©), one can write instead of
equations (2) and (3):

E) drde

(10)

Inrdlne,

max 1N max

[ e

Inemin  In7rmin

.dn( ) dV(r)
dlne dInr

TscatPu @ >\

dInr dlne, (11)
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and
Inemax  Inrmax
Tocatfext = / / Cext/scat(' - & I’)
scat/ext — - N
v\r
Inemin  Inrmin ( )
dn(e) dV(r)
“Tine dinr dlnrdlne, (12)

where Ty, /Piv = TseaPir(©, N) and 7. .. denotes Ty.u; OF Toys
CocdN, 1, ky €, 1), CoeadON, 1, k€, 1), and Ci(©, N, 1, k, €, 1)
denote the spheroid cross sections of extinction, scattering
and directional scattering, respectively. For convenience of
interpretation we use the following normalization of the
distributions dV(r)/dInr and dn(e)/dlne:

In7ina, In€max

v
mel:/ ﬁdlnr, andlz/
dinr

dn(e)
dlne

dlne. (13)

In7min Inemin

Accordingly, dV(r)/dinr describes the size distribution of the
total acrosol volume in the atmospheric layer and dn(e)/dIne
describes the relative representation (weight) of the
spheroids with different axis ratios.

[14] In order to reduce computation time, remote-sensing
algorithms based on equations (10) and (11) often use
precomputed look-up tables of acrosol scattering properties.
Utilizing look-up tables of scattering kernels is another
efficient and more flexible way for approximating aerosol
single-scattering properties [e.g., see Twomey, 1977; King et
al., 1978; Dubovik and King, 2000]. For example, following
Dubovik et al. [2002b] the single-scattering properties
of randomly oriented spheroids can be approximated as
follows:

In 7max

/ C.

In€max

(-..,e,r) dn(e) dV(r)

dlne dlnr dInrdlne

K( . ~7€p7rk)7

where dn(e,)/dlne and dV(ry)/dInr are the values of the size
distributions dV(r)/dInr and dn(e)/dlne given at discrete
logarithmically equidistant points:

N and r(k=1,...,N,),

Alne =Ing,yy — Ing, = const,

(15)

Alnr =1Inrgyy — Inrg = const,

the kernels Kext(>\3 n, k, Ep:rk)s Ks‘cat(>\, n, k, €p» rk); Kii’(ea >\s
n, k, €,,ry) are simulated as follows:

C.(...,87r)

dinedInr
v(r

K__,(...,ep,rk) =

Alnr;  Alneg,

(16)
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where Alne, and Alnr, denote integration intervals [Ine,, —
(Alne)/2, Ine, + (Alne)/2] and [Inry — (Alnr)/2, Inre +
(Alnr)/2], respectively. Equation (15) exploits the assump-
tion of constant size distributions dV(r)/dInr and dn(e)/dIne
over the integration intervals around nodal points r; and ¢,:

= - for rin(lnry —Alnr/2) <lInr

< (Inry +Alnr/2),

17
dn(e) dn(ep) (17)

dlne ~ dlne

- forein(lng, — Alng/2) <Ine
< (Ing, + Alne/2).

The above assumption is illustrated in Figure 1.
Equation (17) and Figure 1 show the simplest way of
approximating the function dV(r)/dlnr by using a limited
number of discrete points of dV(r;)/dinr. We generally use
more accurate trapezoidal approximations that assume a
linear dependence of the function dV(r)/dinr between
discrete points:

dv(r)
dinr

=Alnr+B (e <7< rgyr)s

(18)

where the coefficients 4 and B should coincide with values
of dV(ri1)/dlnr and dV(ry)/dInr. Twomey [1977] describes in
detailed the use of the trapezoidal approximation in
kernel calculations. Applying the same approach (also see
Dubovik and King [2000]) for computing spheroid kernels,
equation (16) can be written as follows:

Inrgg

K( - Epy r;() ~ /

Inry

Inry —Inr C_. ( . .,Ep,r)

Alnr v(r) dinr

In Tk

-/

Inrg_y

Inr—Inre_, C( .. 7ep,r)

Alnr v(r) dinr.

(19)

In addition, both equations (16) and (19) are based on the
following assumption:
C.(..,e,r) = C( .. ,ep,r) - for e in(lnep — Alne/2)
<Ine < (Ing, + Alne/2). (20)
This approximation is needed for decreasing the number of
kernel computations. In addition, Mishchenko et al. [1997]
demonstrated that the optical cross sections of randomly
oriented spheroids are rather smooth functions of size
and that the aspect ratio integrations with moderate step size
(Ae = 0.2) are virtually indistinguishable from those with a
much smaller integration step size (Ae = 0.05). Thus, in
our study, equations (15)—(19) were used as the basic
assumptions and the single-scattering properties of randomly
oriented spheroids were approximated as follows:

dn (Ep) dv(re)
dlne dlnr

T.vcatPi[’(®7 >\) ~ Z

Pk

Kii’(®7>\7n7k7€p7rk)7 (21)
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Figure 1. [Illustration of the approximation used for the size distribution dV(r)/dInr in equation (16).

(left) Original size distribution and (right) approximated size distribution.

and

Text/s(rat ~ Zdn (ap) dV(rk)K

kg r).
L dine dinr et 01,75

(22)

[15] Equations (21) and (22) are efficient in multiple
simulations of scattering by polydisperse aerosols with
variable size distributions because the integration over a
particle size range is replaced by using the matrices K,.(. . .)
and K,.,(...) which are precomputed once with high
accuracy. This approximation is helpful in improving the
time performance of spherical-particle retrievals, even
though Lorenz-Mie computations are very fast. For the
retrievals of nonspherical particles, the use of the above
approximations is critical because direct simulations of
nonspherical scattering in the inversion code would be
unacceptably time consuming.

[16] The dependence of the kernel matrices K.\, n, k,
€ 11)s Kscal N, 1, &, €5, 1), Ki ©, N, 1, k, €, 1) on the real,
n, and imaginary, k, parts of the refractive index can be
parameterized by a look-up table covering the range of
values characteristic for atmospheric aerosol. In the algo-
rithm by Dubovik and King [2000], the kernels K, (X, n,
k, 1), Kgeai(N, 1, k, 7)) and the kernel of the phase function
K11(©, \, n, k, r,) were computed for spheres at (N, x N; X
N,) grid points. The N, = 15 equidistant points for n, the
Ny = 15 logarithmically equidistant points for k, and the
N, = 22 logarithmically equidistant bins for » sampled
the following ranges of the complex refractive index and
particle size: 1.33 < n < 1.6, 0.0005 < £ < 0.5 and 0.05 <
r < 15 (um). For values of n and k between the sampling
points, the kernels K (.. .,n, k, r;) were linearly interpolat-
ed on the logarithmic scale. Dubovik and King [2000]
calculated the kernels for four AERONET sky-channel
wavelengths Ny, = 4 (\; = 0.44, 0.67, 0.87, and 1.02 pm).
The scattering matrix kernel was calculated for 35 scattering
angles Ng = 35, optimized for AERONET measurements
geometry. This set of angles includes all scattering angles
corresponding to the AERONET almucantar observations

for the solar zenith angle 60°. This approach allowed fast
modeling of atmospheric radiances with an accuracy of ~1—
2% at the AERONET sky-channel wavelengths. The studies
by Dubovik et al. [2002b] complemented the Lorenz-Mie
kernels of Dubovik and King [2000] with the kernels of
randomly oriented spheroids. The kernel look-up tables of
Dubovik et al. [2002b] included spheres as well as both
elongated (aspect rations €, = 0.4; 0.48; 0.58; 0.7; 0.83) and
flattened (¢, = 1.2; 1.45; 1.7; 2.1; 2.5) spheroids; that is, the
matrices Ko(\, 1, k, €, 110), KsealON, 1, K, €, 10), K11(O, N, 1,
k, €,, 1) were calculated for N. = 11 logarithmically
equidistant points (Alne = 0.2) for axis ratios in the range:
04 <e<25.

[17] In the present study, the spheroid kernels K;(©, \, n,
k, €, ri) were generated for all elements of the scattering
matrix shown in equation (1) at 25 logarithmically equidis-
tant points covering the axis-ratio range from 0.3 to
3.0. In addition, for improving the accuracy of the approx-
imation (21), the matrices K;(©, X\, n, k, €,,r;) were
computed with an angular resolution of 1° (Ng = 180),
instead of Ng = 35 fixed angles used in the previous studies.
Also, the size range covered by the kernels was significantly
expanded; specifically, all kernels were computed at N, = 41
logarithmically equidistant points for size parameter x
(=27r/N) in the following range: 0.012 < x (=27r/\) <
625. The computation of spheroid scattering in such a wide
range of size parameters was performed using two different
methods, as suggested in a previous study [Dubovik et al.,
2002b]. Specifically, for the majority of computations we
used the advanced 7-matrix code [Mishchenko et al., 2002],
which provides an exact solution for electromagnetic scat-
tering by randomly oriented spheroids. The specific size
limit for stable performance of the 7-matrix code depends
on €. The limit decreases as ¢ departs from 1 toward both
larger and smaller values (Veihelmann et al. [2004] provide
a table illustrating this tendency). Also, the size limit can be
different for the same ¢ but different n» and k. Thus, in this
study, we performed calculations by the 7-matrix code up to
the convergence point. From that point onward we contin-
ued simulations using the approximate geometric-optics-
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Figure 2. Elements of the kernel matrices K, 1(©, \, n, k, €,, 1) and K12(©, \, n, k, €, ry) at different
scattering angles for prolate randomly oriented spheroids (e = ~2.7, n = 1.53, k= 0.003). The red and
blue curves show the results obtained with the 7-matrix code [Mishchenko and Travis, 1994] and the

Yang and Liou [1996] method, respectively.

integral-equation method of Yang and Liou [1996]. This
method uses the ray-tracing procedure to find the field on
the particle surface. The latter is then transformed to the far
field using an equivalence theorem. This geometric-optics-
integral-equation approach is applicable to smaller particles
than the conventional geometric optics method and is
expected to provide accurate T, Teq: and P;(©) values
for spheroids with x larger than ~30—40. Thus, by supple-
menting the 7-matrix method with the geometric-optics-
integral-equation technique we generated the kernel matri-
ces for spheroids in a wide range of x.

[18] Figure 2 illustrates the elements of K;{(©, X\, n,
k, €p, 1) and K5(©, \, n, k, ¢, ry) calculated using these
two codes and shows good agreement for the range of size
parameters where both codes are applicable (x ~ 30—50). In
general, comparisons of simulations of the kernels using the
two codes show good agreement (similar to the one shown in
Figure 2) of Ky(. . ., €,,7%) for the whole range of scattering
angles and for all complex refractive indices considered.
Some deterioration of accuracy was observed for the method
of Yang and Liou [1996] in simulations of K;(. . .,g,, ) for
backscattering angles (175° < © < 180°). The agreement of
Kio(. . .gp, 1) simulated by the two different codes is good
for scattering angles between 30° and 160° where the values
of the degree of linear polarization (—P1,(0, N)/P11(©, X))
are the highest. For the kernels K>(. . .,&, %), K33(. . -,€p, 71
and Ky4(. . .,p, %) We observed the same tendencies in the
agreement of the two methods as for the phase function
kernel Kyi(....gp, 7r). For the kernel Ks4(.. .., 7%) the
tendencies are similar to those observed for Kis(. . ..gp, 7%
(good agreement for 30° < © < 160° and slightly worse for
smaller and larger scattering angles).

[19] The simulation of the kernel matrices at all of the
N, X N x N, x N. sampling points requires a very long
computational time. Therefore the number of points for
integration in equation (19) was chosen to moderate the
computational time. Specifically, simulations for ¢ = 1

where performed with the fast Lorenz-Mie code using a
large number of integration points (~1000) for each size bin
(Inr; = Alnr/2). The T-matrix method is based on the
analytical averaging over spheroid orientations and, there-
fore, is fast. However, for x and/or ¢ close to the numerical
instability thresholds, the 7-matrix computations slow down
considerably. At the same time, the size dependence of the
optical cross sections for randomly oriented spheroids with
e > 1.2 is rather smooth, and the integration step can be
increased without loss of accuracy. Therefore the 7-matrix
simulations in equation (19) were performed with a smaller
number of integration points (~100) for each size bin (Inr; =
Alnr/2). The method of Yang and Liou [1996] requires
longer computation time since the method integrates nu-
merically the scattering by each single particle over a large
number of orientations (20,000 used here). After that
integration, the size dependence of the scattering cross
section of spheroids is smooth, especially when ¢ is very
different from 1 (e.g., for an € value at which the 7-matrix
code becomes unstable we use the approximate code).
Therefore, to moderate the computational time, only
20 points were used for each size bin (Inr; = Alnz/2) in
the equation (19) integration over all sizes.

[20] Thus, with more than a year of CPU time expendi-
ture, the spheroids kernels K.\, n, k, €,, 1), Kscad N\, 1, k,
€ 1) and K;(©, X\, n, k, ¢,, ;) were simulated for the
following ranges of aerosol parameters:

133<n< 1.6,
0.0005 < k < 0.5,

03 <e<30, (23)
0.012 < x(=2mr/\) < 625,

A1° — resolution for Kj; (@, N,k ep, rk).
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Figure 3. (left) P;,(0©, \,5,,), the phase functions of desert dust simulated for the spheroid model with 11
single axis ratios €,. (right) P1;(©, N\), the phase function of desert dust simulated as a mixture of
spheroids with different ¢, (blue line). P;;(©, X) is obtained by integrations of P,(0©, \,g,,) with axis ratio
distribution dn(e,)/dIne. Also shown is P;(©, X\), the phase function of desert dust simulated under
assumption of spherical particles (red line). All phase functions were simulated with the size distribution
and complex refractive index of the Saudi Arabia desert dust model [Dubovik et al., 2002a].

For effectiveness and flexibility of applying these kernels, a
user-friendly software package has been designed. This
software allows quick simulation of T.y, Te.. and P;(©)
from known n, k, dV(ri)/dlnr, and dn(e,)/dlne. Figures 3
and 4 illustrate using this spheroid approximation for
modeling the phase function and degree of linear polariza-
tion of nonspherical dust.

[21] Several tests were conducted in order to estimate the
accuracy of Ty, Teeqr and P;(©) provided by the software.
The tests for typical tropospheric aerosols [Dubovik et al.,
2002a] have shown that for T,,,; and Ty, the error is below
1% and for P;(©) in the range of © < 175° the error is
below ~1-3%. For the large scattering angles © > 175° the
accuracy of simulated P;;(©) decreases, which is due to
accuracy limitations of the Yang and Liou [1996] method.
To estimate the possible impact of these limitations, we
compared the software output with the following general
relationships for P;;(0) in the exact backscattering direction
[Mishchenko and Hovenier, 1995; Hovenier and van der
Mee, 2000]:

P (180°) = —P33(180°),

Py15(180°) = P34(180°) = 0, (24)

P4 (180°) = Py (180°) — 2 Py, (180°).

The comparisons showed that the first two relationships are
satisfied with an accuracy better than 1-3% of P;;(180°).
The last relation was satisfied with significantly lower
accuracy for large spheroids with small and high axis ratios
(e <0.7 or € > 1.45). Specifically, for simulations using the
size distribution and refractive index observed for Saudi
Arabian dust [Dubovik et al., 2002a] this relation was
satisfied with an accuracy of only 10—15% at shorter visible

wavelengths (~0.44 pm). Also, it should be noted that the
limits of the ranges given by equation (23) are subject to
future reevaluation and expansion (for complex refractive
index in particular).

[22] When designing the kernels, we used the scale
invariance rule [Mishchenko et al., 2002, 2006]. According
to this rule, T,y Tea and P (©) for randomly oriented
spheroids are functions of size parameter x; that is, these
characteristics are identical for all couplets (size, wave-
length) corresponding to the same size parameter x = 277/\.
Accordingly, by using a single look-up table the simulations
can be performed for any X\ and r; within the range of x
given by equation (23). Several options were included in the
package for improving the speed of producing Ty, Teeq and
P;;(0©) from the kernels. For example, it is possible to create
subset of kernels for user specified sets of angles and 7.
Also, the user can fix the axis ratio distribution dn(g,)/dIne
and use only n, k, dV(r;)/dInr. As a result, this kernel based
package allows very fast (<1 s) simulations of T, T and
P;/(©) (see sections 3 and 4). The kernels and software
package with a detailed description of its functions is
publicly available from the lead author upon request.

3. Inverting Measured Scattering Matrices
3.1. General Concept of Scattering Matrix Inversion

[23] Using spheroid kernel look-up tables can be benefi-
cial for a number of applications involving the modeling of
light scattering by nonspherical particles. Additionally,
significant flexibility can be added to studies aimed at
validation of the spheroid approximation against measure-
ments or for comparison to more sophisticated calculations
involving more diverse models of particle shape. For
example, in contrast to previous studies that compared
measured scattering matrices [Nousiainen and Vermeulen,
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Figure 4. (left) —P (O, X, g,), the degree of linear polarization of desert dust simulated for the
spheroid model with 11 single axis ratios c,,. (right) P;>(0, X), the degree of linear polarization of desert
dust simulated as a mixture of spheroids with different €, (blue line). —P;,(©, X\) is obtained by
integrations of Py;(©, X, €,) with the axis ratio distribution dn(e,)/dlne. Also shown is P(©, N), the
degree of linear polarization of desert dust simulated under the assumption of spherical particles (red
line). All P15(©, X\) were simulated with the size distribution and complex refractive index of the Saudi

Arabia desert dust model [Dubovik et al., 2002a].

2003; Veihelmann et al., 2004] to ones simulated with the
T-matrix technique, the use of precomputed kernels allows
the inclusion of larger particles and multiple repetition of
the spheroid calculations (with different aerosol parameters)
without significant computational time expense. Therefore
fitting the measurement results can be accomplished not
only by using forward simulations (as in the studies by
Nousiainen and Vermeulen [2003] and Veihelmann et al.
[2004]), but also efficiently by employing an inversion
approach (e.g., an inversion was employed with similar
purpose in the studies by Kahnert [2004], Min et al. [2005],
and Nousiainen et al. [2006]).

[24] Indeed, laboratory measurements [Volten et al., 2001,
2005; Murioz et al., 2001, 2004; Hovenier et al., 2003]
provide unique experimental information about polarization
properties of several samples of nonspherical aerosol. The
design and implementation of these measurements have
involved extensive theoretical and experimental efforts.
Therefore an elaborate consideration of all sources of
uncertainties can be beneficial in the analysis and use of
such observations.

[25] Specifically, in order to understand if spheroids can
reproduce the measurements within given uncertainty limits,
one needs to know and be able to analyze all uncertainties in
both the measurements and the assumed aerosol parameters
(size distribution, refractive index, and shape distribution).
The inversion that accounts for differences in accuracy levels
of both the measurements and the a priori assumptions is an
adequate tool to address all those uncertainties in the
comparisons of measurements with complex modeling (see
theoretical considerations by Dubovik [2004]).

[26] Thus we have developed an inversion algorithm that
retrieves aerosol properties via fitting the measured scatter-

ing matrices using spheroid kernels. As shown in the
diagram of inversion logistics (Figure 5), the algorithm
assumes aerosol particles as spheroids and retrieves
dV(r)/dlnr, n, k and dn(e,)/dne. The technical details of
the inversion implementation are similar to those used in the
aerosol retrieval algorithm by Dubovik and King [2000].
The main concept employed in the algorithm reduces the
inversion to using a multiterm Least Squares Method (LSM)
for solving the combined system of equations (for details of
the inversion methodology see also Dubovik [2004]). Here
the inversion of the scattering matrix (Figure 5) solves the
following system of equations:

f*=f(a)+Af
0*=Ga+A,, (25)
a* =a-+ A,

where the first equation corresponds to the scattering matrix
measurements. The second equation represents a priori
smoothness constraints on retrieved characteristics that are
applied for eliminating of unrealistic strongly oscillating
dependencies in the retrieved characteristic. Specifically,
assuming zeros (0* — zero vector) for derivatives of
retrieved aerosol characteristics allows elimination of the
strongly oscillating solutions with high derivatives (see
detailed discussion by Dubovik and King [2000] and
Dubovik [2004]). The matrix G is composed of coefficients
allowing the numerical estimates of derivatives of function
y(x) using discrete values a; = y(x;). Such constraints are
used for smoothing distributions of dV(ry)/dlnr and dn(e,)/
dlne, and for smoothing spectral dependencies of the real
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and imaginary parts n(\) and k(\) of the refractive index (if
scattering matrices are measured at several wavelengths).
The third line in equation (25) shows the possibility of using
a priori constraints on actual values of any retrieved
parameter «; and a* is vector of a priori estimates of a;.
The symbols A denote the uncertainty in the measure-
ments f* or a priori constraints on 0* and a*. For optimized
accounting of those uncertainties, the solution of equation
(25) is performed via minimization of the following
quadratic form:
2%(a) = (f(a) — *)"W; ' (f(a) — £*) + v,a"G"W,'G a
+v,(a —a%) W, ! (a - a¥), (26)

where weighting matrices W_ and Lagrange parameters
.. are defined as follows:

1 1 1
Wf:—ZCf Wg:—ZCg Wa——ZCa,
= Eg €a (27)
2 2
_ 5% _%
’Yg - %a Ya = ;gv

where €7, eé and €2 are the first diagonal elements of the
corresponding covariance matrices Cyg, C,, C,, i€, g2 =
{C.. }11- We assume that all input data have lognormal error
distribution [Dubovik and King, 2000; Dubovik, 2004]; that
is, all measurements and parameters are used in logarithmic
space. Specifically, the elements of the measurement
vector f* include the logarithms of the nonnegative phase
function and element P», as follows: In(P;;(©;,\;) and
In(P52(0;,7\)/P11(0;,\)). The measurements of the other
four elements of the scattering matrix that may have
negative values are included via simple transformation that
allows adequate use of the logarithms for these elements:
In(1.1 — P;(©;, Ny)/P11(©;, \»)). The retrieved vector a in
equations (25)—(27) is composed of the logarithms of
dV(ri)/dnr, n, k and dn(e,)/dIne.

[llustration of inversion logistics in the algorithm developed for scattering matrix inversion.

[27] Hence the developed inversion of the scattering
matrix allows for the retrieval of all parameters of the
spheroid mixture including accounting for different levels
of accuracy in the measurements and in the a priori
assumptions of aerosol parameters (such as refractive index
and size distribution). For example, performing scattering
matrix fitting, one has to account for the fact that P;,(9;, \)
has very wide range of variability, while the rest of the
elements presented as ratios P;(©;, N\))/P11(©;, \y) vary
only between 1 and —1. Therefore, for P;(0;, \;) measured
at different angles we assumed the same relative accuracy
(~3-5%). The ratios P;(©;, \;)/P11(0;,\) we fitted to the
same absolute accuracy (~0.005-0.01) over different
angles. The a priori constraints on retrieved characteristics
dV(ri)/dlnr, n, k and dn(g,)/dne also can be chosen flexibly
by changing the values of the Lagrange parameters and
weighting matrices (equations (25)—(27)).

3.2. Algorithm Testing

[28] A number of numerical tests have been conducted for
evaluating the performance of the algorithm by inverting a
simulated scattering matrix. The tests have shown that all
aerosol parameters dV(ry)/dlnr, n, k and dn(e,)/dlne can be
retrieved with no assumptions on their values (i.e., y, = 0 in
equation (26)) and with the use of only minor smoothness
constraints. Such conclusion is valid under two basic
hypotheses: that particles are spheroids and that P;,(©;, \;)
are measured with high accuracy (e.g., <3-5% for
P1(©;, Ny) and <0.005-0.01 for P;;(O;, Ny)/P11(©}, Ny)).

[20] In order to evaluate the performance of the retrieval
algorithm, it was used to invert scattering matrices of water
droplets measured by Volten et al. [2001]. The results of
simultaneous inversion of P;;(©;,\;) measured at two wave-
lengths (0.441 pm and 0.633 pm) are shown in Figure 6. It
can be seen that a good fit for all P;;(©;,\;) elements was
achieved at both wavelengths (mean-root-square deviation
is ~2.5%). The retrieved size distribution shown (shape of
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Figure 6. Results of fitting a water droplet scattering matrix by a mixture of spheroids.

size distribution was not restricted in the retrieval) in
Figure 7a is in agreement with modeling results of Volten
et al. [2001]. The retrieved axis ratio distribution dn(e,)/dIne
(Figure 7b) shows a narrow peak for €, = 1.0, thus in
agreement with the known spherical shape of water drop-
lets. The retrieved real part of the refractive index was
~1.34-1.33, the imaginary part was ~0.0006—0.0005
(note that 1.33 and 0.0005 are at the limits of the parameter
range of equation (23) for the kernel look-up table used and
also that the actual refractive index of water is 1.33 and that
the water droplets are nonabsorbing). Thus the results of
inverting the scattering matrices of water droplets show high
consistency between the measurements at both wavelengths
and the modeling of scattering by spherical particles.

3.3. Inversion of Scattering Matrices of Irregular
Particles

[30] The inversion algorithm has also been applied to
analyze the measured scattering matrices of irregular par-
ticles [Volten et al., 2001]. Here we discuss the results of
fitting measured scattering matrix of Feldspar. This sample
was chosen because Feldspar is commonly observed in
desert dust aerosol composition [Reid et al., 2003b] and
the size distribution of this sample is the closest (among
other samples analyzed by of Volten et al. [2001]) to the size
distribution expected for airborne desert dust [e.g., Reid et

al., 1994, 2003a, 2003b; Haywood et al., 2003]. The
inversion of measurements for other samples was discussed
in a separate study [Veihelmann, 2005]. Here we have
attempted to fit the measured P;(©;, ;) under different
scenarios: (1) fixing dV(ry)/dlnr, n, and k (setting high -,
and corresponding elements in W, for these parameters) and
leaving dn(e,)/dIne free; (2) fixing n, and k (setting high vy,
and corresponding elements in W, for these parameters) and
leaving dV(ry)/dInr and dn(e,)/dIne free; and (3) leaving all
parameters n, k, dV(ry)/dlnr and dn(e,)/dIne free.

[31] In all of the above scenarios minor smoothness
constraints have been used to avoid unrealistic oscillations
in dV(rp)/dlnr, dn(e,)/dlne and n(X\) and k(\) (if scattering
matrices were fitted at several wavelengths). Applying the
algorithm to the measured P;;(©;,\;) showed the following
tendencies:

[32] 1. For each single wavelength the Feldspar scattering
matrices can be adequately reproduced by spheroids if
dV(ry)/dinr is not fixed. However, the retrieval of dV(r;)/
dlnr appears rather unstable (using different initial guesses
leads to noticeable differences in the retrieved size distri-
butions). Fixing the size distribution to the one provided for
each sample in a database described by Volten et al. [2005]
constrained the accuracy of the matrix fitting.

[33] 2. Fixing n, k at values provided by JVolten et al.
[2005] did not substantially influence the accuracy of the
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Figure 7. (a) Size distribution (used by Volten et al. [2001], black line; retrieved in this study, red line).
(b) Axis ratio distribution retrieved from an inversion of water droplet scattering matrix (measured at two
wavelengths 0.441 and 0.633 pm).
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Figure 8. Results of fitting a Feldspar scattering matrix measured at 0.441 pm. The blue line shows the
simulation based on the assumption of spheroidal particle shape. The red line shows scattering matrices
simulated for spherical particles using the size distribution and complex refractive index retrieved using
the spheroid model.
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Figure 9. Results of fitting the Feldspar scattering matrix measured at 0.633 um. The blue line shows
the simulation based on the assumption of spheroidal particle shape. The red line shows scattering
matrices simulated for spherical particles using the size distribution and complex refractive index

retrieved using the spheroid model.

matrix fitting. However, leaving n, k as invertable free
parameters resulted in the fact that the retrieved n, k were
reasonably close to the values suggested by Volten et al.
[2005]. However, if the size distribution was fixed accord-
ing to the one provided in the database of Jolten et al.
[2005], the good fit was achieved only at the cost of
unrealistically high values of %.

[34] 3. The retrieval of dn(s,)/dIne was critical for achiev-
ing a good fit of the scattering matrices. For example, fixing
dn(g,)/dIne from a spheroid mixture function to a mixture of
polydisperse spheres did not allow any reasonable fit to the
measured P;(0;, \;) even if dV(ry)/dlnr, n, and k were left
free in the inversion.

[35] Figures 8 and 9 show the results of fitting P;(©;, \;)
measured for the Feldspar sample at two wavelengths
0.441 pm and 0.633 pm with no fixed parameters used in
the fitting process. Overall the agreement between the
modeled and measured scattering matrices is better than in
other studies analyzing the same scattering matrix [Nou-
siainen and Vermeulen, 2003; Kahnert, 2004; Veihelmann et
al., 2004; Nousiainen et al., 2006]. Nonetheless, one can
see that the measurement results for P;1(©;, N\,) and
—P12(0;, \)/P11(©;, N\;) are fitted noticeably better than

the other element ratios. This is because the weighting
matrices Wy that were set in the inversion assumed much
higher fitting accuracy for the first two elements compared
with the other four. This weighting was selected because we
could not achieve equally good fits for all six elements of
the matrix and since accurate knowledge of P (0, \;) and
—P12(0;, Ny)/P11(©;, Ny) is most important for polarimetric
passive remote sensing of the atmosphere. Indeed, since the
incident solar radiation is unpolarized, the spectral and
angular dependencies of the diffuse radiation are dominated
by P11(©), \y) and P(©;, \;) (this can be seen from the
derivations by Hovenier and van der Mee [1983]).

[36] The fitting results shown in Figures 8 and 9 were
achieved by inverting measurements at a single wavelength.
Simultaneous inversions of scattering matrices measured at
two wavelengths (0.441 pm and 0.633 pm) were not suc-
cessful in that a reasonably good fit was not achieved. The
root-mean-square (over all elements) fit for a single wave-
length was about 7—10%, while for two wavelengths the
root-mean-square fit did not drop below 20%. An analysis of
the reasons limiting the agreement of the two-wavelength fit
has shown that the spheroid model could not reproduce the
measured spectral dependence of the ratio P1(0;, N\)/
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Figure 10. Measured and simulated phase functions (normalized to a value at © = 30°) and degree of
linear polarization using aerosol parameters retrieved from measurements at X\ = 0.441 pm.

P11(30°, Ny). It can be seen from Figure 10 that the simu-
lations with spheroids do not allow such strong wavelength
dependence as shown in the measurements. The main differ-
ence is caused by strong wavelength dependence of the ratio
P11(©;,\)/P1(30°,)\;) that results in the strong wavelength
dependence of the ratios —P (0, N\:)/P11(0;,Ny). As dem-
onstrated by Figure 10 the simulations suggest much less
spectral dependence of Py1(0;,\)/P11(30°,\,).

[37] In principle, the limitations of the spheroid model
can be a possible cause of this discrepancy, since the
spheroid model does not include the potential effects of
small-scale structures on the surface or inside the irregular
particles. However, those irregularities are more likely to
affect the angular distribution of light scattering rather than
its spectral properties [Han et al., 1999; Chamaillard and
Lafon, 2001; Mishchenko et al., 2002; C. Li et al., 2004;
Sun et al., 2004; Shcherbakov et al., 2006]. Also, it should
be noted that the laboratory measurements for the Feldspar
sample show a pronounced wavelength dependence,
whereas that is not the case for all other samples of irregular
particles for which measurements are available. For exam-
ple the measurements for red clay or quartz particles [Volten
et al, 2001, 2005] and green clay [Musioz et al., 2001;
Volten et al., 2005] at two wavelengths hardly show any
spectral dependence. The measurements for those samples
are more in line with the overall results obtained from
inversions of AERONET atmospheric radiation measure-
ments [Dubovik et al., 2002a, 2002b] which suggest no
significant spectral dependence of the phase function of
desert dust aerosols.

[38] Our present study shows that the measured spectral
dependence can be reproduced by spheroids only if we
assume differences for the size distributions of the Feldspar
samples for each of the two wavelengths. If the size
distributions were forced to be the same for observations
at both wavelengths, we could not reproduce the spectral
dependence even if differences in axis ratio distributions or
an acceptable spectral dependence of the complex refractive
index were allowed. The retrieved size distributions
(Figure 11a) are generally similar to the size distribution

suggested by Volten et al. [2001] for the Feldspar sample.
However, the retrieved dV(r;)/dInr show minor shifts in the
modal radii and indicate the presence of small particles
(<1.0 pm). The differences in dV(ry)/dInr retrieved from
measurements at different wavelengths (0.441 and
0.633 pm) could possibly be explained by random noise
and other limitations of the measurements. For example, the
error bars for the experimental P;;(©) at small scattering
angles (<10°), are usually larger than at other scattering
angles [see Volten et al., 2001]. Unfortunately, this scattering
angle range (<10°) is the one most sensitive to the presence
of particles with radii 1 pm and greater. This was one of the
reasons for choosing the Feldspar sample for this analysis,
since it has noticeably smaller particles than the red clay or
quartz samples and is, therefore, closer to the known size
range of airborne desert dust. Thus difficulties in reproduc-
ing the spectral dependence of the scattering matrices can
potentially be caused by limitations of either the spheroid
model or the measurement scheme or by both factors.

[39] The presence of a minor fraction of small particles
(r < 0.5 pm) can be real. As noted by Min et al. [2005], the
laser diffraction method [Konert and Vandenberghe, 1997]
employed by Volten et al. [2001] for measuring the size of
dust particles in the laboratory is not suited to detect the
presence of submicrometer particles, which could be the
reason why the fine particle component was not found.
The analysis of Min et al. [2005] also has shown that some
fine mode particles are needed in order to reproduce the
measured polarization (—P1,(0)/P1(©)) of the quartz sam-
ple by an ensemble of hollow spheres. However, both
hollow spheres and spheroids are simplified approximations
and there is a possibility that the small particles retrieved in
the fits may actually mimic the effect of small-scale (sur-
face) structures on irregular particles [see, e.g., Nousiainen
et al., 2003]. Similarly, earlier studies [Dubovik et al., 2000,
2002a] showed that aerosol retrievals based on the assump-
tion of spherical particles had a tendency to overestimate the
concentration of fine particles (see section 4.1). Nonetheless
a presence of fine particles in desert dust aerosol has been
shown by in situ measurements [e.g., Reid et al., 1994,
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2003a, 2003b; Haywood et al., 2003]. In addition, a
noticeable presence of small particles in desert dust size
distributions is in agreement with optical measurements that
are not sensitive to particle shape. Namely aerosol retrievals
using only scattering in the aureole [e.g., Dubovik et al.,
2002b] and even analysis of spectral optical thickness (i.e.,
without using any inversion) indicate the presence of fine
particles in desert dust. For example, Holben et al. [2001]
presented extended climatologies of optical thickness obser-
vations by the AERONET ground-based Sun/sky radio-
meters [Holben et al., 1998], where spectral dependence
of the aerosol optical thickness was approximated by the
Angstrom parameterization [Angstrom, 1929]:

In(t(\)) = —aln(\) +8 (28)
The exponent « is known as the Angstrom exponent and it
is often used as an indicator of aerosol size distribution. The
linear fit of In(T(\)) versus In(X\) is only an approximation
(the quadratic fit is more accurate). However, when
computed over a sufficiently large wavelength interval
including both the visible and near infrared (i.e., 0.44 and
0.87 pm) then the Angstrom exponent is sensitive to the
relative contributions of fine and coarse mode particles to
the optical depth [Eck et al., 1999; Reid et al., 1999; O Neill
et al., 2001; Schuster et al., 2006]. Specifically, a ~ —0.2
corresponds to pure coarse mode aerosol and o ~ 1.7-2.7
corresponds to pure fine mode aerosol. Holben et al. [2001]
indicate that the Angstrom parameter is small but positive
for the majority of observed desert dust outbreaks, while any
aerosol composed from particles only with radius >1.0 pm
should have a negative Angstrom parameter.

[40] The axis ratio distributions retrieved from measure-
ments at 0.441 and 0.633 pum (Figure 11b) have a similarity
in the fact that there are no “near spherical” particles with
e, between ~0.7 (=1./1.44) and ~1.44 (unfortunately,
independent measurements of shape distribution of Feldspar
sample particles are not available). The wings of the axis
ratio distributions shown on Figure 11b are quite different
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for the two wavelengths. Kahnert [2004] also reported high
variability of spheroid shape distributions from his effort to
reproduce the desert dust scattering matrix modeled using a
mixture of prisms. However, simulations show that those
differences are not very significant for the modeling of
scattering matrices. For example, Figure 12 illustrates the
phase matrices simulated for desert dust aerosol using an
ensemble of spheroids differing only by their axis ratio
distributions. We used dn(g,)/dIne retrieved from the Feld-
spar measurements at 0.441 and 0.633 pm. In addition, we
used the spheroid mixture with dn(e,)/dIlne formed simply
by the following straight lines:

dn(e) _ { 0
dlne

const —e <0.7and 1.4 <e¢

—-07<e< 144

(29)

This distribution is analogous (very close) to the one
suggested by Mishchenko et al. [1997] (see Figure 11b).
Specifically, Mishchenko et al. [1997] concluded that the
measured phase function of mineral dust [Jaggard et al.,
1981] can be reproduced by scattering from a mixture of
spheroids with equal numbers of particles with aspect ratios
ranging from oy, = 1.4 (or 1.2) to oy = 2.4.

[41] Thus one can see from Figure 12 that P1;(©, \) and
—P15(0©, N)/P11(©, N\) are nearly equivalent for all spheroid
mixtures. Some differences can be seen for other elements
(especially for P,(©, N))/P1(©, N)), however they are
likely to be insignificant for passive remote sensing appli-
cations. Similar conclusions regarding the relative lack of
importance of axis ratio distribution details were stated in
studies of Mishchenko et al. [1997], Nousiainen and
Vermeulen [2003]. Nousiainen et al. [2006] in their studies
introduced shape parameterization (the weights depend on
the axis ratio as a power law) driven by one parameter only.
Also, Kahnert [2004] reported that a rather wide diversity of
spheroid shape distributions reproduced the same desert
dust scattering matrix modeled by a mixture of prisms.
Therefore we have adopted the additional assumption of an
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Figure 12. Phase matrices simulated at 0.441 pm for desert dust. Size distribution and complex
refractive index were assumed according to the climatology of Dubovik et al. [2002a] for Saudi Arabia
observations. The simulations were performed for different axis ratio distributions (mixture 1, mixture 2

and mixture 3 as shown in Figure 11b).

equal presence of prolate and oblate spheroids with the
same aspect ratios. Accordingly, in the retrieval algorithm,
the aerosol shape distribution is represented by an aspect
ratio distribution dn(e,)/dIne’ and therefore the number of
retrieved parameters (discrete points N, describing the
shape distribution) is significantly decreased, i.e.,

dn(e,)/dIne = dn(eé)/dlne',
and

(035,230, Ny=25) = (10, <30, N, =13).
(30)

[42] Numerical tests and inversion of the measurements
have shown that using the assumption of an equal presence
of prolate and oblate spheroids has resulted in improved
stability of the retrievals. For example, the aspect ratio
distributions and size distributions derived by inversion of
the scattering matrix of Feldspar measured at 0.441 and
0.633 pm are shown in Figure 13. For improving the
stability of the results shown in Figure 13, we have
additionally excluded spheroids with &', < 1.44 from the

retrievals, since all retrievals showed no significant presence
of such particles. Comparing Figures 11 and 13 one can see
that the retrieval results obtained from Feldspar measure-
ments at two different wavelengths (0.441 and 0.633 pm)
are in better agreement in Figure 13 than in Figure 11
because of the added assumption of equal number of prolate
and oblate spheroids. Also the retrieved characteristics in
Figure 13 are smoother. In addition, the inversions illustrated
by Figure 13 are much less sensitive to the initial guess of
the size distribution than those of Figure 11. However,
fixing the number of prolate and oblate spheroids also
resulted in a slight decrease of the fitting accuracy of the
measured scattering matrices.

4. Applications to Desert Dust Retrievals From
AERONET Remote Sensing Observations
4.1. Improving the Spheroid Model in Operational
AERONET Retrievals

[43] The previous studies [Dubovik et al., 2002b] intro-
duced the spheroid-based parameterization of light scatter-
ing into the AERONET operational inversion algorithm
described by Dubovik and King [2000]. The algorithm
retrieves the aerosol size distribution and complex refractive
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Feldspar and determined by modeling.

index from the angular and spectral intensity distribution of
atmospheric radiation as measured from the ground. Spher-
oid scattering is modeled in the algorithm of Dubovik et al.
[2002b] by using a subset of kernel look-up tables produced
for a single fixed axis ratio distribution. The algorithm was
applied to the entire database of AERONET almucantar
scan (the results are available at the AERONET web site:
http://aeronet.gsfc.nasa.gov). This spheroid model signifi-
cantly improved the performance of aerosol retrievals for
desert dust observations. Figure 14 shows a typical example
where utilizing the spheroid scattering assumption resulted
in the removal of the false fine mode in dV(r;)/dInr and the
removal of the false spectral dependence in the real part of
the refractive index.

[44] Also, using the spheroid model resulted in a decrease
of the residual of fitting AERONET observations compared
to the residual achieved by using Mie scattering. The
decrease of the residual has been observed for nearly all
observations of desert cases. The only situation where an
increase of the residual by using the spheroid model instead
of spheres systematically occurred was in locations where
maritime aerosol dominated [Smirnov et al., 2003]. Mari-
time aerosol is the only aerosol type that typically contains
primarily spherical coarse mode particles, because of
hygroscopic growth of sea salt particles. Detailed discussion
of the spheroid model performance in retrieval of Asian
aerosols can be found in the studies of Eck et al. [2005]. The
present study continues the developments of the spheroid
modeling approach introduced by Dubovik et al. [2002b].
Specifically, the look-up tables of spheroid kernels were
updated by new ones computed with higher accuracy, for
higher angular resolution and for a wider size parameter
range (see description in section 2). Also, the new kernels
were developed for all elements of the scattering matrix;
that is, the spheroid model can now be utilized in polari-
metric retrievals. In addition we reexamined the selection of
the spheroid shape distribution. The axis ratio distribution
fixed by Dubovik et al. [2002b] in the retrieval systemati-

cally produced undesirable and unrealistic features in the
resulting phase functions, while the actual measurements
show smoother phase functions [e.g., see West et al., 1997,
Volten et al., 2001; Murioz et al., 2001]. Figure 15 illustrates
that using dn(e’,)/dIne’ retrieved from Feldspar scattering
matrix improves the modeled phase function.

[45] Another shortcoming of the Dubovik et al. [2002b]
retrievals was the fact that unrealistically high concentra-
tions of very small particles and a strong spectral depen-
dence in refractive index (the artifacts shown in Figure 16
for retrieval with the spherical model) remained in some
desert dust retrievals even if the spheroid scattering model
was used. (It should be noted that the retrievals with artifact
of “large tails” have been automatically filtered from the
original quality assured “Level 2.0” retrievals provided on
AERONET website). An analysis of such cases has shown
that the appearance of those artifacts is, at least partially,
caused by very low sensitivity of observations to concen-
trations of very small particles with radii of ~0.1 pm and
smaller. Indeed, atmospheric radiances resulting from scat-
tering by desert dust aerosol (i.e., aerosol dominated by
coarse mode particles) are almost insensitive to an increase
in concentration of very small particles (» < 0.1 pm)
accompanied by a decrease of the real part of the refraction
index. Therefore any minor experimental or model incon-
sistency may cause the appearance of an artificial fine mode
in the size distribution and an artificial spectral dependence
of the real part of the refraction index. For example,
Figure 16 shows that using size distributions and refractive
indices that produce artifacts has only a small effect on the
fit of measured to modeled atmospheric radiances in solar
almucantar. One can also see that if the spherical model is
used the appearance of these artifacts helps to compensate
for the differences due to particle nonsphericity. Therefore
we introduced an additional a priori assumption into the
AERONET retrievals: (1) high concentrations of particles
with radius 0.05 pm are suppressed (by including a very low
value of dV(r;)/dInr as an a priori estimate for radius r; =
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Figure 14. A typical situation where utilizing the spheroid scattering assumption [Dubovik et al.,
2002b] resulted in the removal of the false fine mode in the size distribution and false spectral
dependence in the real part of refractive index. Size distributions and refractive indices are retrieved
assuming sphere and spheroid models from spectral radiance measurements covering the full range of
scattering angles. The size distribution retrieved from the aureole only (© < 40°, where effects of

nonsphericity are minimal) and assuming spherical particles is also shown.

0.05 pm in the retrieval scheme of Dubovik and King [2000]
and (2) the spectrally smooth real part of the refractive index
was enforced (i.e., y4 was increased in scheme of Dubovik
and King [2000]). Figure 16 illustrates the situation where
both retrievals using spheres and spheroids produced some
artifacts that were removed using the new additional con-
straint in the retrieval. It is important to note that the
applying new constraint for the inversion with spherical
model resulted in a noticeable increase of the fitting residual
Esky- The symbol ey, denotes root-mean-square of fitting
modeled to measured sky radiances at all wavelengths and
angels. In contrast, for spheroid retrieval ey, remains
practically unchanged when the new constraint was added.

4.2. Desert Dust Retrievals From AERONET
Polarimetric Measurements

[46] Accounting for polarization was another addition to
the development [Dubovik and King, 2000; Dubovik et al.,
2002b] of retrieving detailed aerosol properties from mea-
surements of ground-based radiometers. Indeed, some
Cimel Sun-sky radiometers (utilized by AERONET net-
work) make polarimetric measurements of atmospheric
radiation [Holben et al., 1998] at 0.87 pum. Studies by
Vermeulen et al. [2000] and Z. Q. Li et al. [2004] discuss
the use of these polarimetric measurements for aerosol
retrievals based on a spherical aerosol model. However,
retrieving desert dust microphysics (size distribution and
complex refractive index) from polarimetric observations is
questionable without a proper accounting of the effects of
particle shape. In this regard, as was shown in section 2, the
kernel look-up tables of spheroids described in section 1 are
a useful tool for performing nonspherical aerosol retrievals
from polarimetric laboratory measurements. The same con-
cept was implemented for inverting polarimetric observa-

tions of atmospheric radiation. Figure 17 shows the chart
summarizing the concept of including a spheroid model in
the inversion of Sun/sky radiometer polarimetric measure-
ments. Similar to the algorithm described in section 2, the
aerosol single scattering properties (Tex(N), Tscar(N) and

100 k T T T T

=—Improved mixture of spheroids
—Mixture of spheroids from
£ Dubovik et al. 2002b
3. 10} \ = Spheres J
<
¥
(=)
g qf
o
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Figure 15. Typical phase function retrievals from
AERONET Sun/sky radiometers observation using a
spherical aerosol model and also two spheroid mixture
models: the Dubovik et al. [2002b] mixture and the
improved mixture (an average retrieved from Feldspar
scattering matrices measured at 0. 441 and 0.633 pm, as
shown in Figure 13b).
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by enforcing low a priori concentrations of particles with a radius of 0.05 pm.

P;i(©;, \y)) are modeled using look-up tables of spheroid
kernels. The multiple scattering effects required for model-
ing the angular distribution of atmospheric radiances and
polarization are accounted for using the successive orders of
scattering radiative transfer code developed by Deuzé et al.
[1989]. The numerical inversion is adopted from Dubovik
and King [2000], where a multiterm Least Squares Method
concept [Dubovik, 2004] has been employed. This retrieval
code simultaneously fits three different types of atmospheric
measurements: spectral optical thickness T(\), spectral and

angular distribution of atmospheric radiances I(\; 0y; 0; ®)
and their degree of linear polarization P(X; 0p; 0; ¢) that is
defined as follows [Bohren and Huffinan, 1983]:

\/(Q(X:, 00; 6; 0))>+(U(\; 603 6; 0))
1(\;00;6: ) ’

P(X;60:6;0) = ¢ (31)

where 6 is solar zenith angle, 0 is observation zenith angle,
¢ is observation azimuth angle. The multiplier ¢ determines

Forward Model of Atmospheric Radiation:

Multiple scattering: plane parallel polarized radiative transfer solution

Aerosol single scattering: T s.q P (O.1) =X,

dn(€p) dv(n,)
i ding' dlor
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Figure 17.

Ilustration of inversion logistics in the algorithm developed for inversion of both

radiometric and polarimetric measurements of AERONET Sun/sky radiometers.
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Figure 18. Results of an aerosol retrieval (using the spheroid particle shape model) by simultaneous
inversion of T(\), I(x\; ©) and P(\; ©) observed at five wavelengths (0.44, 0.5, 0.67, 0.87, and 1.02 pm)
at the MAARCO site (UAEZ) on 8 August 2004. (a) Retrieved size distribution. The symbol os70/440)
denotes the Angstrom exponent calculated using 7 at 440 and 870 nm. (b) Comparison of aspect ratio
distributions retrieved in this study with those measured in situ by Reid et al. [2003b].
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Figure 19. An illustration of (a) atmospheric radiances and (b) linear polarization fitting by simulations
with a spheroid model (using retrieved complex refractive index, size and aspect ratio distributions given
in Figure 18) and by simulations with a spherical aerosol model using the same size distribution and
complex refractive index.
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of linear polarization simulated with spheroids (using

retrieved complex refractive index, size and aspect ratio distributions given in Figure 18) and spherical

aerosol model with the same size distribution and

the sign of linear polarization: ¢ = —Q/|Q|. This algorithm
has been applied to AERONET observations. The retrieval
algorithm was set to fit the data to the level of AERONET
measurement accuracy, i.e., ~0.01 absolute accuracy for
T(\) at air mass equal 2 [Eck et al., 1999]; ~5% accuracy
for I(\;©) [Holben et al., 1998]; and 0.01 absolute accuracy
for P(\;©). Here and below, the atmospheric radiances and
their polarization are written using scattering angle O, i.e.,
as I(\;©) and P(\;0).

[47] The standard polarized Cimel Sun/sky radiometers
[Holben et al., 1998] perform measurements of polarization
in the solar principle plane at a single channel 0.87 pm.
However, here we used the data from the newest model of
Cimel Sun/sky radiometer that measures polarization in the
solar principle plane in many spectral channels. This
instrument was deployed during the UAE® (United Arab
Emirate United Aecrosol Experiment, web site: http://
uae2.gsfc.nasa.gov/index.html) field campaign [Reid et
al., 2005] that took place during summer and fall of 2004
in UAE (United Arab Emirates), where several AERONET
radiometers were placed in locations where desert dust
is typically present. The results of a typical aerosol

complex refractive index.

retrieval during a desert dust event in the UAE are
shown in Figures 18-20. The retrieved size distribution
(Figure 18a) and the refractive index (n = ~1.56) coincide
well with in situ measurements of Saharan dust aerosol
[Reid et al., 2003a, 2003b]. The retrieved aspect ratio
distribution dn(e’,)/dIne" (Figure 18b) indicates the domi-
nation of particles with higher aspect ratios (' > ~1.44).
In spite of noted earlier low sensitivity of light scattering to
the shape of the aspect ratio distribution for &' > ~1.44,
our retrieval shows (Figure 18b) generally good qualitative
agreement with the results of in situ characterization for
Saharan dust [Reid et al., 2003b]. Indeed, Reid et al.
[2003b] reported median aspect ratio of 1.9-2.2 and
cumulative probabilities (measured for different size
ranges) indicating that 90% of particles have aspect ratios
below 3. Figure 19 illustrates that the spheroid model
allows a good fit of both intensity and polarization obser-
vations. Assuming a spherical model for inverting the same
data does not allow simultaneous good fitting of both
radiances and polarization: spheroid model allowed 5%
root-mean-square fit for radiances and <0.01 for polariza-
tion, while spherical model resulted in 10% root-mean-
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square fit for radiances and ~0.05 root-mean-square fit for
polarization. It is noted (Figure 19) that the residual of
fitting the atmospheric radiance measurements is more than
twice as small for cases when the spheroid model was used
compared to the fit achieved with an assumption of
spherical particles. It appears that the assumption
of spherical aerosol only allows for fitting of the residual
Esky at the level of ~10% for dust aerosol (this agrees with
an earlier analysis of Tanré et al. [2001]). These differ-
ences seem surprisingly small if one looks at the corre-
spondent phase functions (element P;,(©;,\;)) in Figure 20,
where differences between P;,(0);, \;) of the spherical and
nonspherical particle retrievals reach the level of 100—
200% and higher. This contrast of large differences in
phase functions of spherical and nonspherical aerosol
versus rather moderate differences in the angular depen-
dencies of the corresponding atmospheric radiances can be
explained by the contributions of molecular scattering (at
shorter wavelengths) and multiple scattering to the mea-
surements. Both factors reduce the sensitivity of the
atmospheric radiation to the differences in the scattering
matrix caused by the deviation of the particle shape from
spherical. A similar but weaker tendency can be seen for
the degree of linear polarization. As shown in Figure 19
the root-mean-square of polarization fitting with spherical
particles was ~0.05 which is five times higher than root-
mean-square of polarization fitting with spheroids. The
spheroid fitting was at the level of measurement error,
i.e., below 0.01. It should be noted that the aerosol
properties retrieved under assumption of spherical particles
demonstrated some pronounced differences with retrieval
results obtained using spheroid model. For example the
retrieval based on spherical particle assumption resulted in
value ~1.42 for the real part of the refractive index.

[48] The differences between spheres and spheroids on
the modeling of pure aerosol degree of linear polarization
—P1,/Pq; (i.e., without mixing with molecular scatter and
with no multiple scattering effect) is shown in Figure 20.
These differences reach values of 0.2 at some scattering
angles. However, the effects of multiple scattering and
strong polarization effects of molecular scattering diminish
these differences in polarization P(\; ©) of atmospheric
radiation especially at shorter wavelengths (Figure 19).
Nevertheless, it is clear from Figures 19 and 20 that using
measurements of both absolute radiance and polarization in
aerosol retrievals provides a more distinct discrimination
between spherical and nonspherical dust and that
the spheroid model allows fitting both intensity and polar-
ization observations of ambient desert dust to the level of
measurement accuracy.

4.3. Aerosol Shape Retrieval From AERONET
Intensity Observations

[49] The results of the previous section illustrate the
possibility of including some parameters of aspect ratio
distribution from a combination of ground-based intensity
and polarization measurements of atmospheric radiation.
Such a strategy allows detect aerosol particle nonsphericity
during retrieval instead of assuming it prior to retrieval. It
appears that using polarimetric measurements of atmo-
spheric radiation is important for identifying aerosol parti-
cle shape. Nevertheless, implementing the same approach

DUBOVIK ET AL.: DUST REMOTE SENSING USING SPHEROID MODEL
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for inverting intensity measurements only also seems
promising. Indeed, under the operational protocol of
AERONET data processing, all aerosol retrievals are al-
ways performed twice: assuming both spherical and non-
spherical aerosol models. The original nonspherical model
assumed aerosol as a mixture of spheroids with the aspect
ratio distribution fixed to the one expected for desert dust.
Prior analyses demonstrate that even the AERONET inten-
sity data (with no polarization) exhibit a noticeable sensi-
tivity to aerosol particle shape [see Dubovik et al., 2002b;
Eck et al., 2005]. As described in section 4.1, the use of the
spheroid model allows for more accurate fitting of obser-
vations (lower residuals) and more robust retrievals for
desert dust observations while also eliminating known
artifacts. For maritime aerosol, the assumption of spherical
particles performs better since the coarse mode particles in
this case (hydrated sea salt) are in fact nearly spherical. For
the situation of fine mode dominated aerosol (e.g., biomass
burning) both assumptions produce equivalent retrievals of
high quality. The disadvantage of such an operational
strategy is the fact that neither spherical nor nonspherical
model reproduce adequately the situation where coarse
mode composed of mixed aerosols, when both spherical
and nonspherical super micron size particles are present.
Thus implementing the retrieval of aspect ratio distribution
is an attractive and feasible strategy for AERONET oper-
ational retrievals. For verifying the potential of this strategy
we have applied the new algorithm retrieving dn(e’,)/dlne’
together with aerosol size distribution and complex refrac-
tive index to AERONET intensity data. The application of
this aerosol retrieval algorithm to a number of AERONET
observations has shown that robust retrievals of aerosol
aspect ratio distribution can be achieved for coarse mode
aerosols. The retrieval was applied only to radiance data
sets where measurements covered a large range of scatter-
ing angles (i.e., up to 120° and higher). The results
(illustrated by Figure 21) suggest that desert dust (Saudi
Arabia) aerosol is composed of particles with aspect ratios
larger than ~1.44 while the retrieval for maritime aerosol
(Hawaii) show the domination of spherical particles. This
agrees with the conclusion of POLDER aerosol retrievals
[Herman et al., 2005]. As expected, the intensity observa-
tions of fine mode aerosols, such as biomass burning
(Zambia), do not show sensitivity to particle shape (since
the scattering by small particles is expected to be indepen-
dent of particle shape). Figure 21b shows the retrieved
aspect ratio distributions that were obtained using y(¢’,) =
const as an initial guess for dn(g’,)/dIne’. One can see that
in case of biomass burning aerosol the retrieved aspect
ratio distribution is equal to the initial guess. The coarse
mode presenting in size distribution of Zambia biomass
burning aerosol has very small contribution to the optical
depth compare to contribution of fine mode.

[s0] Thus the basic intensity AERONET data have sen-
sitivity to the aerosol shape distribution of coarse mode
aerosols. The retrieval of desert dust cases obtained from
AERONET sites at all times and locations show the clear
dominance of nonspherical particles with &' > ~1.44.
However, the exact shape of the retrieved dn(e’,)/dIne’
exhibited noticeable variability between different retrievals.
It is unlikely that this variability reflects the variability of
actual properties of the aerosol, but is rather a product of the
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Figure 21.

Examples of retrieving complex refractive index, size and aspect ratio distributions

from AERONET intensity measurements. (a) Retrieved columnar aerosol size distributions and
(b) correspondent retrieved aspect ratio distributions.

limited sensitivity of observations to particle shape. Indeed,
similarly to the measurements of full scattering matrices
(see discussion in section 3) AERONET observations dem-
onstrate weak sensitivity to the details of aspect ratio
distributions for the range of ¢ > ~1.44. In addition, the
general sensitivity of AERONET observations to particle
shape changes: it decreases for observations with a restricted
range of scattering angles and for situations with pro-
nounced presence of fine mode particles. Therefore it
appears reasonable to reduce the complex retrieval of the
full aspect ratio distribution to a simpler task of retrieving
only the fraction (percentages) of nonspherical particles,
where the nonspherical particles would be modeled as a
mixture of spheroids with a typical aspect ratio distribution
observed for strong desert dust events. Such a simplified
approach allows fast retrievals (comparable in speed to the
current operational AERONET retrieval employing fixed
particle shape) and proper modeling of most optically
distinct mixtures of coarse aerosols: spherical particles
(e.g., maritime aerosol), nonspherical (e.g., desert dust)
and their mixtures. The most logical choice would be the
shape distribution retrieved by inversions of laboratory
measurements [Volten et al., 2001], because at present only
these measurements directly provide full scattering matrix
in wide scattering angle range (5° < © < 175°). However,
the main issue could be the fact that the Feldspar sample
analyzed may not necessarily have same property as ambient
desert dust aerosol. Nevertheless, comparisons show quite
good agreement in principal details between the aspect
ratio distributions retrieved from laboratory measurements
(Figure 13b) and those retrieved from AERONET dust
observations (Figures 18b and 21b). Specifically, all
retrieved aspect ratio distributions demonstrate the domina-
tion of particles with aspect ratio larger than 1.44 with a
moderate increase of particle concentrations with larger
aspect ratios. Thus we have employed dn(e’,)/dIne’ retrieved
from laboratory measurements (an average of the ones

retrieved at the two wavelengths, Figure 13b) for modeling
the nonspherical aerosol component and for performing the
acrosol retrieval of the percentage of nonspherical particles
with a priori fixed dn(e’,)/dIne’. As shown in Figure 22 the
results of such retrievals agree well with inversions where
the full dn(e',)/dIne’ were retrieved.

4.4. Sensitivity of AERONET Observations to
Aerosol Shape Distribution

[s1] The previous sections describe a new approach
where the aerosol particle nonsphericity is retrieved together
with other aerosol parameters. However, such approach
can only be useful when the measured radiances are
sensitive to particle shape, i.e., if the measurement geom-
etry provides coverage of wide range of scattering angles
and if the aerosol size distribution has significant coarse
mode. Therefore it is helpful to identify when the sensi-
tivity to aerosol particle shape can be expected. In order to
evaluate qualitatively the sensitivity of AERONET inten-
sity and polarization measurements to aerosol particle
nonsphericity, we calculated intensity and polarization
residuals for particles of different sizes. The residuals for
intensity (R;) and polarization (Rp) measurements were
defined as follows:

I Iy (0) — 1s(6)\
R= |— Z(P i ~’) x 100
N; ) ["K(ej)
and (32)
1
Re=\x > (Py(6) — Pus(®))” | x 100,
)

where the subscript sp refers to spherical particles and the
subscript ns refers to nonspherical particles.
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Figure 22. Comparisons of inversion results obtained by two different approaches of aspect ratio
parameterization: The first one retrieves the complex refractive index, size distribution and the full aspect
ratio distribution (see Figure 21), and the second one retrieves complex refractive index, size distribution
and partition between spherical and nonspherical components (for the nonspherical component the aspect
ratio distribution is fixed to the average one from those retrieved from Feldspar scattering matrices (see
Figure 13b). For example, ““90% spherical component” means that retrieval suggests the mixture of 90%

spherical and 10% nonspherical particles.

[52] The residuals were calculated using size distribu-
tions modeled by a monomodal lognormal function defined
as:

(33)

202

dv(r) Cy
dinr

(Inr —Inr)?
T Vamo P 22 [
o

where C, — volume concentration, o — standard deviation
and r, — median radius. In these simulations the median
radius 7, of the size distribution was varied from 0.1 to
5.0 pum, 0 = 0.5 and the complex refractive index was
adopted from the retrieval climatology for Saudi Arabian
dust [Dubovik et al., 2002a]. The aspect ratio distribution
dn(g,)/dIne’ applied was the same as the one retrieved from
the Feldspar scattering matrix measurements at X\ =
0.441 pm. The simulations were performed for measure-
ment geometry that provides wide range of scattering
angles (i.e., © < 150°). Figure 23 shows the calculated
residuals as a function of the Angstrom exponent for 0.44
and 0.87 pm (equation (29)). Using the Angstrom
exponent instead of the median radius allows the
projection of the dependence on more general and realistic
situations. when aerosol may have more than one mode.
Indeed, Angstrom parameter can be calculated directly
from measured spectral optical thickness with no assump-
tions about aerosol microphysics and, at the same time, it
is usually considered as an indicator of the aerosol size
composition [e.g., Eck et al., 1999; O’Neill et al., 2001;
Schuster et al., 2006]. Thus Figure 23 illustrates that, if
only intensity measurements are used, the aerosol shape
retrieval can be beneficial in situations with Angstrom

exponents <~1.0, i.e., when the aerosols have a
pronounced presence of coarse mode particles. If polariza-
tion measurements are also used, the sensitivity to particle
shape remains even for fine mode aerosol corresponding to
high wvalues of the Angstrom exponent. It should be
noted that in order to avoid ambiguity in the inversion
results, all particles are assumed spherical as the initial
guess and the particle nonsphericity is allowed only in the
latest stages of retrieval if it improves the fit of
observation. Therefore, in situations with high Angstrom
exponents where observations are insensitive to particle
shape the retrieval chooses spherical particles even though
the nonspherical particles could provide an equally good
fit of measurements.

5. Other Applications of Desert Dust Remote
Sensing

[53] In addition to AERONET ground-based Sun/sky
radiometer aerosol remote sensing (discussed in the previ-
ous section), the newly developed kernel look-up table
software package can be a useful tool to account for the
main features of scattering by nonspherical dust in various
aerosol remote sensing applications. Specifically, the aero-
sol spheroid model can be used for quantitative modeling of
passive satellite remote sensing as well as lidar observations
that are known to be sensitive to nonsphericity of desert
dust particles.

5.1. Modeling of Lidar Observations of Nonspherical
Desert Dust Aerosol

[54] The extinction to backscatter lidar ratio S(\) and the
linear depolarization ratio 6(\) are the parameters measured
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by lidars and that are known to have sensitivity to the
nonsphericity of desert dust particles:

47
SO = S5 T (34)
5 = L PR I80)/PU (V1807 o

T 1+ Par(\, 180°) /Py (N, 180°)

The extinction to backscatter lidar ratio S()\) is sensitive to
desert dust particle nonsphericity because of the large
difference of P;;(180°) for spherical and nonspherical
coarse particles. As illustrated in Figure 24, S(\) for coarse
mode nonspherical aerosol results much lower S(\) than for
spherical aerosol with the same size distribution and
complex refractive index. Many lidar studies of desert dust
[e.g., Sasano and Browell, 1989; Welton et al., 2000; Voss et
al., 2001; Liu et al., 2002; Miiller et al., 2003, 2004]
indicate that observed S(\) has higher values than suggested
by dust modeling based on Mie calculations for spherical
particles. For example, the review of lidar observations by
Cattrall et al. [2005] gives 43 + 4 as a mean value of S(\)
observations for desert dust, while the correspondent
simulations with a spherical model suggests 15 + 2 as a
mean value for desert dust S(\). The mean value of S(\)
obtained by Cattrall et al. on the basis of a spheroid aerosol
parameterization [Dubovik et al., 2002b] was 42 + 4, which
is very close to the observations. However, the spheroid
model by Dubovik et al. [2002b] did not fully explore the
possible variability of the axis ratio distribution. The
software package described here and the results of the axis
ratio distribution retrieval allow more flexibility in the
analysis of spheroid model performance for reproducing
S(\) of real dust. Figure 24b shows one example, of updated
S(\) simulation for desert dust observed during the UAE?
experiment.

[55] In addition, the spheroid kernel look-up tables de-
scribed here allow for modeling and analysis of the linear

depolarization ratio d(\) that can be measured by lidars. As
can be seen from Figures 8§—9 the scattering matrix element
P, of nonspherical desert dust is different from P;; while
for spheres, the particles with highest symmetry, Py, = Py,
[van de Hulst, 1957]; that is, the linear depolarization ratio
O(\) is always zero for spherical aerosols. Many lidar
measurements [e.g., Gobbi et al., 2000; Miiller et al.,
2003] indicate deviation of 6(\) from zero for desert dust.
For example, Miiller et al. [2003] report d(X\) for desert dust
as high as 25%. In order to evaluate qualitatively the
performance of the newly developed spheroid mixture in
modeling the linear depolarization ratio d(\), we have
calculated d(X\) for aerosol with size distributions modeled
using monomodal lognormal function (equation (33)).
Figure 25 shows the dependence of P,,(0)/P;(©) and
O(\) on the median radius r, of the size distribution. In
these simulations o = 0.5 and dn(c,)/dlne is the one
retrieved from the Feldspar scattering matrix measurements
at X\ = 0.441 pm. One can see from Figure 25a that
P,,(180°)/P1(180°) is different from unity for large non-
spherical particles that cause depolarization of fully linearly
polarized incident light. Specifically the linear depolariza-
tion ratio d(\) becomes increasingly different from zero
starting from an effective size parameter (calculated as
27ry/N) ~ 2 and reaches maximum of 0.45 at size parameter
~15 then d(\) monotonically decreases for size parameter
>~15. This tendency is in qualitative agreement with the
calculations of Mishchenko and Sassen [1998], performed
for ice spheroids, cylinders and Chebyshev particles using a
simple power law aerosol size distribution. Unlike those
simulations, the simulations shown in Figure 25 utilized
average retrieved axis ratio distribution, a complex refrac-
tive index n = 1.45, k = 0.005 (that is in the middle of
tropospheric aerosol complex refractive index range), for a
lognormal size distribution and wide median volume radius
r, range (displayed also as the effective size parameter
27r,/\). Note that we did not use the aspect ratio distribu-
tion shown in Figure 13b, since the assumption of equal
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number of prolate and oblate spheroids seems to decrease
the ability of spheroid model to reproduce the angular
structure of P,, (see Figure 12).

[s6] However, using the size dependence of d(\) as
shown in Figure 25 for the interpretation of lidar remote
sensing is problematic, because size distributions of all real
tropospheric aerosols including desert dust typically exhibit
pronounced bimodality (e.g., see the AERONET aerosol
climatologies given by Dubovik et al. [2002a]). According
to the AERONET retrieval climatology [Dubovik et al.,
2002a] desert dust has a coarse mode with r, between ~1.9
and 3 pm, and has a minor fine mode with r, of 0.1—
0.16 pm. For dust with a bimodal size distribution the
variation of §(0.532) may be caused not only by changes
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in the median size of particles in the coarse mode of desert
dust but also by changes of the concentration of the desert
dust fine mode. For example, a decrease/increase of
0(0.532) may be caused by either an increase/decrease of
coarse mode 7, or by decrease/increase of the fine mode
contribution. Figure 26a illustrates the possible variability
of 6(0.532) of different bimodal (each mode has a lognormal
distribution given by equation (33) with o; = o, = 0.5)
mixtures of fine spherical particles (7,; ~ 0.12—0.2 pm) and
coarse nonspherical particles (7, ~ 1-5 um). In Figure 26a
0(0.532) is shown as a function of Angstrom exponent
(based on the same considerations as for Figure 25). One
can see from Figure 26a that the linear depolarization ratio
of 0.25 observed by Miiller et al. [2003] can be realized by
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Figure 26. (a) Depolarization ratio plotted as function of the Angstrom exponent. Each line shows the
dependence of the depolarization ratio for aerosol defined by a lognormal bimodal distribution of
spherical (red labels) fine mode (with median radii 0.12 or 0.2 pm) and coarse spheroid mode (blue
labels) particles (with median radii 1.0, 2.0, 3.0 or 5.0 pm). (b) Lidar ratio plotted as function of
Angstrom exponent. Each line shows the dependence of the lidar ratio for acrosol defined by a lognormal
bimodal distribution of spherical (red labels) fine mode (with median radii 0.12, 0.14 or 0.2 pm) and
coarse spherical (red labels) or spheroid mode (blue labels) (with median radii 1.0, 2.0, 3.0 or 5.0 pm).
For example, moving along the solid blue line from R, = 0.2 to R, = 5.0 shows the changes of aspect
ratios for different mixtures of small spherical particles with R, = 0.2 and large spheroids with R, = 5.0.
The value of « indicates the partitioning between of these two small and coarse particle components. The
real and imaginary part of the refractive indices that were used are the same as those given by Dubovik et

al. [2002a] for Saudi Arabian dust.

several bimodal coarse mode dominated mixtures for an
Angstrom exponent in the range of —0.1 to 0.4 if r, of
the coarse mode is between 1 and 3 um. These ranges of
« and 7, consistent with the correspondent values observed
by Miiller et al. [2003]. Figure 26b illustrates the variability
of the lidar ratio for bimodal mixtures with coarse mode
aerosol composed of either spheres or spheroids. When the
Angstrom exponent is small (i.e., when the coarse mode
prevails) the lidar ratio S(\) differs significantly for aerosols
with spherical and spheroidal coarse mode particles. This
difference increases for larger median radius 7, of coarse
mode and Figure 26b can be helpful for evaluating particle
shape and median radius r,, of coarse mode. However, the
illustrations in Figures 25 and 26 are based on simulations
conducted for an aerosol model with selected size distribu-
tions, refractive indices and axis ratio distributions. Varia-
tions in any of these aerosol characteristics will result in
changes in S(A\) and &(\), nevertheless the qualitative
tendencies and ranges of S(X\) and 6(\) variability as shown
in Figures 25 and 26 are likely to remain.

5.2. Issues of Aerosol Particle Nonsphericity in Passive
Satellite Remote Sensing

[57] The necessity to account for the effects of particle
nonsphericity is a well-known issue of passive satellite
remote sensing of aerosol. This issue has been analyzed in
many studies [e.g., Mishchenko et al., 1995; Kahn et al.,
1997; Krotkov et al., 1999; Kalashnikova and Sokolik,

2002; Mishchenko et al., 2003; Kalashnikova and Sokolik,
2004; Kalashnikova et al., 2005; Zhao et al., 2003; Sinyuk
et al., 2003; Hsu et al., 2004; Remer et al., 2005] and many
satellite retrieval algorithms adopt a methodology to ac-
count for desert dust particle nonsphericity. However, at
present, there is no single established approach to account
for aerosol particle shape, and the methods utilized in
different satellite retrieval algorithms are rather diverse.
For example, the newest MISR retrieval algorithm
relies on desert dust optical properties simulated using
model particle shapes based on in situ microphysical data
[Kalashnikova and Sokolik, 2004; Kalashnikova et al.,
2005]. The MODIS and SeaWiFS groups are exploring
the possibility of using an empirical phase function that
does not require any assumption of particle shape [Hsu et
al., 2004; Remer et al., 2005]. The studies by Krotkov et al.
[1999], Sinyuk et al. [2003], and Zhao et al. [2003] have
shown that using spheroid desert dust models [Mishchenko
et al., 1997] allows identification and accounting for the
effects of desert dust particle nonsphericity in TOMS and
AVHRR observations.

[s8] Nevertheless, in spite of the differences in addressing
the issue of particle nonsphericity there is a rather clear
understanding and general consensus in all of these
approaches that the flattening of P;,(0) at large scattering
angles (6 > 90°) for nonspherical compared to spherical
aerosols (e.g., see Figure 15) is the main feature causing
differences in radiometric satellite observations of non-
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[llustration of the sensitivity of the phase function (0.44 um) of fine mode aerosol to the real

part of the refractive index simulated for a monomodal lognormal size distribution (r, = 0.14 pm, o = 0.5,
k = 0.005) of (left) polydisperse spheres and (right) randomly oriented polydisperse spheroids.

spherical desert dust compared to spherical dust model
predictions. The situation is more complex when accounting
for particle shape effects in aerosol remote sensing from
satellite polarimetric observations. The detailed theoretical
Lorenz-Mie-based sensitivity analysis of Mishchenko and
Travis [1997a, 1997b] together with more recent instrumen-
tal [Cairns et al., 1999] and methodological developments
[Chowdhary et al., 2001, 2002; Mishchenko et al., 2004a]
have shown a very high potential of multiangular and
multispectral satellite polarimetry for retrieving detailed
aerosol propertiecs. However, these studies relied on the
spherical aerosol assumption and the importance of ac-
counting for aerosol particle nonsphericity was not fully
discussed.

[s9] The practical analysis of the POLDER (POLarization
and Directionality of Earth’s Reflectance) data indicates that
accounting for particle nonsphericity is required for using
polarization information in satellite retrievals [Deuzé et al.,
2000; Herman et al., 2005]. The POLDER instrument
[Deschamps et al., 1994] is the first space-borne polarimeter
providing spectral (9 spectral channels ranging from 443 to
910 nm), directional (13 different viewing directions) and
polarimetric (in channels 443, 670 and 865 nm) observa-
tions of atmospheric radiation. The data analysis [Herman et
al., 2005] of POLDER-1, which operated during about
seven months in 1997, shows that accounting for particle
nonsphericity is necessary in order to reproduce observa-
tions that correspond to coarse mode aerosols with large real
part of the refractive index (i.e., the aerosols that are likely
dominated by desert dust). Utilizing the spectrally average
mineral dust scattering matrix of Volten et al. [2001]
allowed Herman et al. to eliminate discrepancies between
modeling and observations (corresponding to large scatter-
ing angles). However, using these measured scattering
matrices does not allow for full flexibility of relating light
scattering at different wavelengths and in the full range of 6.

Specifically, the scattering matrix provided by Volten et al.
and utilized by Herman et al. is spectrally independent (it is
the result of averaging the measurements at two wave-
lengths). Additionally, using this matrix for radiative trans-
fer modeling requires some nontrivial procedures of
extrapolating the measurements into the range of scattering
angles less than ~20° [Herman et al., 2005] or less than
~5° [Liu et al., 2003]. Also, it is problematic to employ this
measured scattering matrix for the task of deriving detailed
microphysical properties of aerosol.

[60] In these regard the methodology of the present study
may be of interest for satellite remote sensing applications.
Indeed, Herman et al. [2005] reported that their efforts to
adopt the spheroid mixture of Mishchenko et al. [1997] for
reproducing the POLDER measurements were not success-
ful, because the spheroid scattering matrices were exhibiting
substantial differences with the measurements of Volten et
al. [2001]. In contrast, as shown in section 3, the use of the
newly developed kernel look-up tables enables the repro-
duction of the measured scattering matrices by the spheroid
mixture in the entire range of measurement scattering
angles. Also, as was shown in section 4, the same approach
allowed for successful utilization of the spheroid model for
interpreting multispectral and multiangle photopolarimetric
AERONET measurements. In addition, the very recent
studies by Gérard et al. [2005] indicated a good qualitative
agreement of phase function spectral dependence simulated
with spheroid calculations (using the aerosol parameters
obtained from fitting Feldspar scattering matrices) with
spectral dependence of POLDER observations.

[61] The actual application of the spheroid model for
inverting polarimetric satellite data is under development
and is beyond the scope of the current paper. Nevertheless,
some useful illustrations of particle nonsphericity effects on
the sensitivity of polarimetric measurements to aerosol
properties can be easily produced using the newly devel-
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oped spheroid kernel look-up tables. Indeed, rigorous sim-
ulations [Mishchenko and Travis, 1994; Mishchenko et al.,
1997], as well as laboratory [e.g., Volten et al., 2001; Murioz
et al., 2001] and remote sensing measurements [Deuzé et
al., 2000; Herman et al., 1997, 2005] indicate that differ-
ences in light scattering between spherical and nonspherical
aerosols can be substantial enough to have important con-
sequences for remote sensing. However, the effect of
aerosol particle nonsphericity on many particular issues of
aerosol remote sensing remains unclear. For example,
studies by Wang et al. [2003] indicate that correct retrieval
of desert dust over ocean requires using a mixture of both

Spheres (r = 0.14 um)

spherical and nonspherical particles due to presence of sea
salt in the atmospheric layer. Also, a number of studies
based on the spherical aerosol assumption [e.g., Eiden,
1971; Hansen and Travis, 1974; Mishchenko and Travis,
1997a] suggest that measurements of polarization are par-
ticularly beneficial for discriminating aerosols by differ-
ences in the real part of the refractive index. However, the
analysis by Mishchenko et al. [2002] indicates important
differences in the sensitivity of light scattering of spheres
and spheroids to all aerosol parameters including the real
part of the refractive index. The spheroid kernel look-up
tables enable one to quickly evaluate these differences using
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wide range of aspect ratios and the whole range of particle
sizes expected for desert aerosol.

[62] Figures 27-30 show the angular dependencies of
P11(©) and —P1,(0)/P11(0) at 0.44 pm simulated for fine
and coarse monomodal aerosols modeled as a spheroid
mixture with dn(a—:’p)/dlns’ (average of those retrieved from
the Feldspar scattering matrices measured at 0.44 and
0.633 pum and shown in Figure 13) which provided a good
fit to both laboratory and ground-based observations (see
sections 3 and 4). As expected from previous studies
[Mishchenko and Travis, 1997a, 1997b; Mishchenko et
al., 2000; Herman et al., 2005], the phase functions Py,
of both fine and coarse aerosol show some moderate
sensitivity to n. For the fine aerosols (Figure 27), the phase
functions look nearly identical for both spheres and sphe-
roids. For coarse mode aerosol (Figure 28) the angular
dependence of the phase function look substantially differ-
ent for spheres and spheroids, with slightly lower sensitivity
of Py; to variations of n for spheroids. The degree of linear
polarization —P;,/P;; shows a high sensitivity to variations
of the real part of the refractive index (Figures 29 and 30). It
should be noted that the angular dependence of —P,/Py;
demonstrates generally higher sensitivity to both particle
shape and the values of n than the corresponding angular
dependence of Py;. For example, —P;,/Py; of fine mode
acrosols show strong sensitivity to n, while the angular
dependence of —P;,/P;; clearly differs for spheres and
spheroids in Figure 29 in the range of large scattering
angles. As expected, the differences in —P;,/P;; between
spheres and spheroids are very significant for coarse mode
aerosol, as shown in Figure 30. It is interesting that for
spherical coarse mode aerosol, both magnitude and angular
behavior of —P;,/Py, is very different (for 6 > 90°) for
different n. In the case of spheroids, the differences in —P,/
Py, for differentiation of n are much less pronounced. Thus
the illustrations of Figures 29 and 30 clearly show that the
tendencies in light scattering observed with spherical aero-
sol may not be characteristic for nonspherical aerosols. For

example, —Pj,/P;, for coarse spherical aerosol is very
sensitive to n, while —P,/Py; of large spheroids show
rather weak sensitivity to the real part of the refractive
index. Also, for accurate modeling of aerosol polarization
the assumption of aerosol particle shape is important even in
the case of fine aerosols (Figure 29) in contrast to the
intensity of scattered light that is nearly independent of
particle shape (Figure 27).

6. Conclusions
6.1. Forward Simulations

[63] The look-up tables of phase matrix, extinction and
absorption were calculated for polydisperse randomly ori-
ented spheroids for 25 logarithmically equidistant axis ratios
ranging from ~0.3 (flattened spheroids) to ~3.0 (elongated
spheroids). The kernels computed in 41 narrow logarithmi-
cally equidistant size bins cover the size parameter (x = 27r/
A) range from ~0.012 to ~625. In order to cover such a
large range, two complementary methods were used for
computing kernels. For size parameters below x ~ 30—
60 (depending on refractive index and aspect ratio), the
simulation were performed using the 7-matrix method
[Mishchenko and Travis, 1994] which provides an exact
solution for electromagnetic radiation scattering by sphe-
roids. For size parameters exceeding the 7-matrix conver-
gence limits, the approximated geometric-optics-integral-
equation method of Yang and Liou [1996] was used. The
kernels cover the following ranges of complex refractive
index: 1.33 < n < 1.6 and 0.0005 < k£ < 0.5 and allow for
simulations of P;,(O) for entire range of scattering angles ©
with 1° resolution. For effectiveness and flexibility of using
these computed kernels, a software package has been
designed. This software allows for quick simulation of 7.,
Tsear and P;(©) using following parameters of the spheroid
mixture as input: n, k, size distribution (dV(ry)/dlnr) and
axis ratio distributions (dn(e,)/dIne). The simulations can be
done for any X and r; within the kernel range of x with
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expected average accuracy below 3% for P;;(©) and below
0.005 for T,,, and Ty, The kernels and software package
with detailed description of its functions can be available
from the lead author upon request.

6.2. Inversion of Laboratory Measurements of Desert
Dust Properties

[64] For the purpose of validating the spheroid approxi-
mation, the newly developed software module was incor-
porated into an algorithm attempting retrieval of an
extended set of aerosol parameters including n, k, dV(ry)/
dlnr and the shape distribution from angular and spectral
measurements of the full scattering matrix. This software
was applied to laboratory measurements of scattering ma-
trices made by Volten et al. [2001]. Inversion of P;(O)
measured for water droplets illustrated the possibility of
retrieving aerosol particle shape together with size distribu-
tion and complex refractive index. The retrieval clearly
identified the spherical character of water droplets and
demonstrated a high consistency between spectral and
angular measurements with modeling.

[65] The analysis of P;(©) measured for a Feldspar
sample composed of nonspherical particles has shown that
our spheroid model can rather adequately reproduce the
angular dependence of measured P;(©) with root-mean-
square error of <10%. Moreover, the elements P;;(©) and
—P15(0)/P1(0), that are most important for passive remote
sensing application, could be reproduced with root-mean-
square error of only ~3—4%. The worst accuracy of fitting
was observed for P,,(©)/P;1(©) and P34(©)/P1(0) that was
at the level of ~15%. Nevertheless, the spheroid model was
shown to be able to reproduce all of the main features of
angular scattering by nonspherical particles with an accu-
racy far superior than can be achieved under the assumption
of particle sphericity. This conclusion is in agreement with a
number of previous studies [Nousiainen and Vermeulen,
2003; Veihelmann et al., 2004; Kahnert, 2004], while our
analysis suggests a better fit of spheroid approximation to
measurements of P;(©) of actual mineral aerosol. This can
probably be explained by the fact that our newly developed
kernel look-up tables allowed simulation of scattering by
spheroids with larger size parameters and aspect ratios than
previous studies. In addition, we used more flexible proce-
dure of fitting of the measurements that allowed adjustment
of larger number of model parameters including n, k, dV(r})/
dinr and the axis ratio distribution. At the same time, our
analysis revealed difficulties in reproducing the spectral
dependence of the Feldspar scattering matrix, in particular
the phase function P;. The simulations with the spheroid
model (with Feldspar size distributions and refractive index)
suggest nearly spectrally independent P,;, while measure-
ments indicate differences of up to 20% in P;;/P;;(30°)
measured at 0.44 and 0.633 pm. This inconsistency can
possibly be attributed to limitations of the spheroid model
and/or unidentified limitations of P;(©) measurements
with mineral dust samples. The issue remains to be clarified
by future studies with more samples and independent
measurements.

6.3. Inversion of AERONET Observations

[66] Our new spheroid kernel look-up tables were utilized
for the retrieval of aerosol properties from desert dust
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observations by Sun/sky radiometers of the AERONET
network. First, we refined the spheroid model in the
previous AERONET approach that derived complex refrac-
tive index and size distribution for nonspherical aerosol
using an a priori fixed mixture of spheroids. We have
adopted the shape distribution from the laboratory scattering
matrix inversion of Feldspar. Second, a new version of the
aerosol retrieval algorithm was developed that retrieves
information about aerosol nonsphericity in addition to the
complex refractive index and size distribution.

[67] Both the previous and the new retrievals show that
utilizing the spheroid model significantly improves the
retrieval of desert dust from observations with a high
sensitivity to aerosol particle nonsphericity (i.e., when
measurements cover the scattering angle range from aureole
to >120°). Specifically, the spheroid model allowed fitting
of the entire angular and spectral set of intensity observa-
tions to the level of measurement accuracy, i.e., <5% for sky
radiances and <0.01 for aerosol optical thickness. Using the
spherical model usually resulted in at least a doubling of the
sky radiance fitting error. For the case of inverting a new
type of AERONET measurements that include spectral and
angular measurements of polarization the sensitivity to
aerosol particle nonsphericity is even stronger (the spherical
assumption results in a 5% residual for the polarization
ratio, while using the spheroid model results in a residual
below 1%).

[68] Moreover, the application of the new inversion code
to retrieve the degree of aerosol nonsphericity together
with aerosol refractive index and size distributions from
AERONET data was demonstrated. The code provides
distinct discrimination of nonspherical coarse mode aerosols
from AERONET measurements that cover a wide scattering
angle range. The degree of nonsphericity retrieval is partic-
ularly fruitful if measurements of polarization are available.
For interpretation of AERONET intensity observations
only, the aerosol shape retrieval can be beneficial for
characterizing aerosols with pronounced presence of coarse
mode particles (with Angstrom exponent < ~1.0).

6.4. Details of Aerosol Shape Distribution Retrievals

[69] Several parameterizations of spheroid shape distri-
butions were used in the inversion of laboratory and remote
sensing aerosol observations. First, analyzing laboratory
measurements of scattering matrices, we attempted to re-
trieve detailed an axis ratio distribution described by 25
ratios €, ranging from 0.3 to 3.0. The inversion of P;;(©) for
water droplets demonstrated the domination of spherical
particles with a very minor fraction of spheroids with ¢
between 0.9 and 1.1. (e of 1 is for spherical shape). In
contrast, the inversion of the scattering matrix of a Feldspar
sample shows that mineral dust does not have particles with
a small degree of nonsphericity (0.7 < ¢ < 1.44). The
inversion of Feldspar P;(©), as well as numeral simula-
tions, indicates a rather limited sensitivity to details of the
axis ratio distributions for € below ~0.7 and higher than
1.44. For example, the discrimination between prolate and
oblate spheroids with the same aspect ratio is problematic.
Therefore an additional assumption of equal content of both
prolate and oblate particles was introduced into the retrieval;
that is, the spheroid shape distribution was described by 13
aspect ratios €', ranging from 1.0 to 3.0. Employing this
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extra assumption improved the stability of the scattering
matrix inversions.

[70] The application of this retrieval methodology to a
number of AERONET observations suggested that desert
dust aerosol is composed of particles with aspect ratios
larger than 1.44 while maritime aerosol is dominated by
spherical particles €', < 1.1. This agrees with the conclusion
based on analyses of spaceborn POLDER data [Herman et
al., 2005]. As expected, the intensity observations of fine
mode aerosols, such as biomass burning, do not show any
sensitivity to particle shape.

[71] The analysis of desert dust aspect ratio distributions
retrieved from AERONET observations demonstrated a
limited sensitivity to details of the aspect ratio distribution
for the range of €, > ~1.44-3.0. Therefore we concluded
that for operational purposes, the complex retrieval of the
full aspect ratio distribution can be reduced to a simpler task
of retrieving only the fraction of nonspherical particles,
where the nonspherical particles would be modeled as a
mixture of spheroids with an aspect ratio distribution typical
of desert dust. For example, we illustrated good perfor-
mance of this type of retrieval with the aspect ratio
distribution used from inversion of scattering matrices
measured in laboratory. Such a simplified approach allows
for fast retrievals (comparable in speed to the AERONET
operational retrieval employing fixed particle shape) and
proper modeling of most optically distinct mixtures of
coarse mode aerosols: spherical particles (e.g., maritime
aerosol), nonspherical (e.g., desert dust) and their mixtures.

6.5. Desert Dust Remote Sensing Applications

[72] We also demonstrated that the new spheroid kernel
look-up tables can be a useful tool for various remote
sensing applications. It was shown that a moderate amount
of computation allows for identification of important
tendencies of the effect of aerosol particle nonsphericity
on lidar measurements. It was shown that the spheroid
model provides the values of extinction-to-backscatter lidar
ratios in the range from ~40 to ~75 and values of
depolarization ratio in the range from 10 to 30% for the
aerosol with pronounced presence of coarse mode particles
when Angstrom exponent is less than 1. Also, it was
shown that aerosol particle nonsphericity is an important
factor affecting the sensitivity of remote sensing observa-
tions. For example, it was illustrated that intensity mea-
surements are sensitive to particle nonsphericity of only
coarse mode aerosols, while measurements of polarization
have some sensitivity to nonsphericity even in the case of
fine mode aerosols. In addition, it was shown that the
polarization of light scattered by nonspherical coarse mode
aerosols has minor sensitivity to the real part of the
refractive index of aerosol particles. This is contrasting
with known high sensitivity of the polarization of light
scattered by large spherical particles to the real part of the
refractive index.

[73] Thus our study has shown that the refined spheroid
mixture parameterization can adequately describe a number
of features of desert dust scattering properties associated
with particle nonsphericity. It is also expected that our
kernel look-up tables may be a useful tool for various
remote sensing applications that would result in further
clarification of both the potential and the limitations of
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using spheroids for the modeling of desert dust light
scattering.
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