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variance is fixed at 0.1. For v4=0.1, x; 2 0.8903 x.; and x, ~ 1.5654 x4 so that the maximum
monodisperse size parameter required in computations displayed in Plates 3-9 was close to 47. We
note that this maximum effective size parameter is twice as large as that represented by recent
surveys of spheroidal scattering published in Refs. 64 and 137. Also, we have found that, owing
to the absence of a sharp edge at x = x,, the modified power law distribution given by Eq. (91)
provides a smoother behavior of the scattering patterns than the standard power law distribution
used in Refs. 64 and 137. This explains the choice of the modified power law distribution for this study.

Comparison of polydisperse polarization diagrams for spheres and randomly oriented spheroids
(Plates 3 and 4) reveals that at scattering angles larger than 60°, linear polarization is strongly
aspect-ratio dependent with spherical-nonspherical differences increasing with increasing ¢ thus
indicating that Mie theory is an inappropriate approximation for nonspherical particles in that
region. However, at scattering angles less than 60° linear polarization is weakly dependent on particle
shape, thus suggesting that Mie computations at forward- and near-forward-scattering angles may
be potentially useful in sizing nonspherical particles. In general, nonspherical polarization is more
neutral than that for spheres and shows less variability with size parameter and scattering angle. It
is interesting, however, that the Rayleigh region extends to larger size parameters with increasing
aspect ratio.**"**!¥! The most prominent polarization feature of spheroidal scattering is the bridge of
positive polarization near 120° which extends from the region of Rayleigh scattering and separates
two regions of negative polarization at small and large scattering angles. This bridge is absent for
spherical particles but fully develops for spheroids with aspect ratios greater than 1.6-1.7, being
somewhat more pronounced for oblate than for prolate spheroids with the same ¢. Interestingly, the
same bridge of positive polarization was observed by Perry et al*® in their laboratory measurements
for wavelength-sized, nearly cubically shaped salt particles, which may suggest that positive
polarization at side-scattering angles is a typical property of nonspherical convex scattering.

Plate 4 (upper left panel) shows the phase function vs scattering angle and effective size parameter
for polydisperse spheres, while Plate 5 shows the ratio ¢ of the phase function for polydisperse,
randomly oriented spheroids relative to that for surface-equivalent spheres. It is clearly seen that,
with the exception of the region of Rayleigh scattering, the following five distinct ¢ regions exist
in order of increasing scattering angle for both prolate and oblate spheroids:!¥714

(1) nonsphere ~ sphere,
(2) nonsphere > sphere,
(3) nonsphere < sphere,
(4) nonsphere > sphere,
(5) nonsphere < sphere.

The first of these regions is the region of nearly direct forward scattering and is least sensitive to
particle nonsphericity because of the dominance of the diffraction contribution to the phase
function. The second region with ¢ > 1 extends from about 5 to 30° and becomes more pronounced
with increasing aspect ratio. Depending on aspect ratio, region 3 with ¢ < 1 extends from about
30-35 to 80-110° and becomes narrower with increasing ¢. In this region nonspherical-spherical
differences are stronger for oblate than for prolate spheroids with the same aspect ratio and increase
with increasing .

Region 4 extends from about 80-110 to 150-160° and is wider for particles with larger aspect
ratios. In this region ¢ can well exceed 4, indicating a strongly enhanced side-scattering as opposed
to a deep and wide side-scattering minimum for spherical particles (Plate 4, upper left panel). Both
the left boundary of this region and the position of maximum ¢ values shift towards smaller
scattering angles with increasing ¢. Interestingly, for prolate spheroids maximum g values are larger
for a moderate aspect ratio of 1.4 than for aspect ratios 1.7 and 2.

In region 5, ¢ can reach values smaller than 0.25, which means that another major effect of
nonsphericity is to suppress the strong rainbow and glory features seen in calculations for
surface-equivalent spheres (Plate 4, upper left panel). It should be noted however that the
backscattering peak, usually associated with the glory, survives as a rise of the backscattered
intensity at 180° relative to that at 170° 4111314 Eyrthermore, as shown in Fig. 5, oblate spheroids
with aspect ratio 1.4 can have even larger phase function values at 180° than surface-equivalent
spheres, causing values of ¢ greater than 1 and thereby generating an exception to the region 5
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criterion ¢ < 1. Figure 5 also shows that for most size parameters oblate spheroids have larger
backscattering phase functions than prolate spheroids with the same aspect ratio and that the ratio
of the nonspherical to spherical phase functions at @ = 180° has a distinct minimum at effective
size parameters about 6-8. Interestingly, as Plate 5 demonstrates, at backscattering angles prolate—
oblate differences are smaller for particles with ¢ = 1.7 and 2 than for less-aspherical particles with
€ = 1.4. Also worth noting is that for prolate spheroids, region 5 becomes more pronounced with
increasing aspect ratio, while for oblate spheroids ¢ can be smaller for € = 1.7 than for ¢ =2 at
larger effective size parameters.

Although for spherical particles the ratio F,,/F), is identically equal to 1, Plate 6 demonstrates
that for spheroids it can significantly deviate from unity, especially at side- and backscattering
angles. The angular dependence of Fy/F), is quite different for prolate and oblate spheroids,
making the ratio well suited for discriminating between elongated and flattened particles. For
prolate spheroids, F,,/F|, has a pronounced minimum centered at 120-145° which shifts towards
smaller scattering angles with increasing aspect ratio. Another minimum occurs at backscattering
angles, and surprisingly, is deeper for less-aspherical spheroids with ¢ = 1.4 than for spheroids
with € = 1.7 and 2. Oblate spheroids exhibit a minimum at around 150-170°, which becomes
more pronounced for particles with ¢ =2, and a minimum at exactly the backscattering direction
© = 180° which exhibits a complicated dependence on the aspect ratio. Also, oblate spheroids with
€ = 1.4 show a shallow minimum at about 100-110° which disappears with increasing aspect ratio.
For both prolate and oblate spheroids, the ratio F,,/F,, at scattering angles less than 70° and in the
region of Rayleighscattering (x < 1)isclose to | andis practicallyinsensitive to particle size and shape.

For spherical particles the ratio Fy;/F), is identically equal to the ratio F,/F,, and is
shown in Plate 4 (lower left panel). For spheroids these ratios can be substantially different,
the ratio F,/F), being larger than Fy/F), for most effective size parameters and scattering
angles (Plates 7 and 8). For spheres, the ratio Fy;/F, (and thus F,/F,;) has two negative
regions at side- and backscattering angles separated by a narrow positive branch. With increasing
aspect ratio, the side-scattering negative region shifts towards smaller scattering angles, weakens,
and ultimately disappears, while the backscattering negative region becomes wider, especially
for prolate spheroids. The backscattering region of negative F,;/F,, values is wider and
deeper than that for F,/F),. Unlike the ratio Fy/F,,, the ratio F,/F,, can be positive at
exactly the backscattering direction. Both F;;/F,, and F,,/F,, are rather strongly size- and aspect-
ratio-dependent and thus can be sensitive indicators of particle size and shape. In particular,
the regions of negative Fy/F,, and F,/F,, values are wider and deeper for prolate
than for oblate spheroids with the same aspect ratio. The backscattering size parameter
dependence of the ratio F,,/F), isalso rather different for prolate and oblate spheroids with the same c.

Plates 4 (lower right panel) and 9 show that the general pattern of the sign of the ratio F,,/F,,
is the same for spheres and spheroids with a broad side-scattering region of negative values
separating two positive branches at small and large scattering angles. This result is in full agreement
with laboratory measurements of Perry et al'® for wavelength-sized salt particles. The forward-
scattering region is especially aspect-ratio-independent, which renders possible the use of Mie
theory at small scattering angles for sizing nonspherical particles. However, large variations of the
value of the ratio Fy,/F,, with particle shape at side and backscattering angles make it sensitive to
particle nonsphericity and appreciably different for prolate and oblate spheroids of the same aspect
ratio. In particular, with increasing aspect ratio the region of smallest F,, /F,,-values becomes more
shallow and shifts towards smaller scattering angles, while the backscattering positive branch
becomes less pronounced. The region of negative values is more shallow and the backscattering
positive branch is much weaker for prolate than for oblate spheroids. In general, the differences
between prolate spheroids and spheres are larger than those between oblate spheroids and spheres.

Two quantities that are usually considered sensitive indicators of particle nonsphericity are
the linear, d;, and circular, d¢, backscattering depolarization ratios'?”*!"52157 defined as

_F,(180°) — F,(180°)
L F,(180%) + Fyy(180°)°
_ F,,(180°) + F,,(180%)
~ F,,(180°) — F,,(180°)°

(96)

dc o7
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For spheres both ratios vanish since F,,(180°) = F;,(180°) and F,(180°) = —F;;(180°). For
nonspherical particles these equalities do not generally hold, thus causing nonzero backscattering
depolarization ratios. Figure 6 shows the linear backscattering depolarization ratio computed for
randomly oriented polydisperse spheroids. The circular backscattering depolarization ratio can be
calculated using the relationship'®

25,
T 1-4y

It is seen that for both prolate and oblate spheroids J; can substantially deviate from zero thus
illustrating its use as an indicator of nonsphericity. However, the backscattering depolarization
ratios cannot be considered unambiguous indicators of the degree of the departure of particle shape
from that of a sphere. Indeed, the maximum §; value for prolate spheroids with ¢ = 1.4 is larger
than that for € = 1.7 and 2. Furthermore, computations reported in Ref. 139 show that even larger
&y values can be found for aspect ratios as small as 1.05-1.1. As Fig. 6 demonstrates (see also Plate
1 of Ref. 139), large depolarization values can be reached at size parameters smaller than 6, i.e.,
for particles smaller than the wavelength. At these small size parameters the traditional geometric
optics concepts of rays, refractions, and reflections are inapplicable.! Moreover, the geometric
optics completely fails to explain the strong and complicated size-parameter dependence of the
depolarization ratios as demonstrated by Plate 1 of Ref. 139 and Fig. 4 of Ref. 112. Therefore,
our results indicate that multiple internal reflections, as suggested in Refs. 158 and 159, cannot be
the universal explanation of backscattering depolarization for nonspherical particles.

Another important backscattering characteristic widely used in lidar applications'®'®! is the
so-called backscattering cross section defined as the product C,F;;(180°), where C, is the
scattering cross section. Figure 7 shows the ratio of the backscattering cross section for randomly
oriented polydisperse spheroids relative to that for surface-equivalent spheres. Not surprisingly, this
figure differs from Fig. 5 only at small size parameters where the ratio of the scattering cross
sections for nonspherical and surface-equivalent spherical particles noticeably deviates from 1 (see
below). It is seen that nonspherical-spherical differences in the backscattering cross section are
significant, thus suggesting that the effect of particle shape should be explicitly taken into account
in analyzing backscattering measurements for nonspherical particles. This conclusion is in
agreement with the result of Ref. 161 based on the analysis of lidar measurements of Saharan dust
aerosols. In general, spheroids are weaker backscatterers than surface-equivalent spheres, especially
at size parameters from about 5 to 15. However, oblate spheroids with aspect ratio 1.4 show that
suppressed scattering at @ = 180° is not the universal characteristic of nonspherical particles.

Unlike the elements of the scattering matrix, the integral photometric characteristics (extinction,
scattering, and absorption cross sections, single scattering albedo, and asymmetry parameter of the
phase function) are much less dependent on particle shape, as Figs. 8-12 show. We note that
maximum nonspherical-spherical differences are observed at effective size parameters smaller than
about 15. For the optical cross sections and single scattering albedo the differences are maximum
at especially small effective size parameters and may be an artifact of comparing surface-equivalent
rather than volume-equivalent particles.’*” Interestingly, the asymptotic geometric optics limit of
one for the extinction cross section ratio is reached at relatively small size parameters of about 15.
Nonspherical-spherical differences are especially small for the single scattering albedo at size
parameters exceeding 2. The curves for prolate and oblate spheroids with the same aspect ratio
are very close to one another except for the asymmetry parameter of the phase function where
prolate-oblate differences can be much larger than prolate-spherical differences.
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Note added in proof—This review would be incomplete without mentioning recent publications (Refs. 162—171) in which
the (superposition) T-matrix method has been further developed and/or used for practical applications.
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