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Abstract

With the goal of improving our understanding of how small mineral dust particles scatter
light at visible and near-infrared wavelengths we mcasured the scattering phase function
and lincar polarization of small mineral dust particles over the scattering angle range 15°
to 170° at threc wavelengths (0.47, 0.652, and 0.937 jan). I'article samples were obtained
from Duke Scientific Corp., and include aluminum oxide, silicon carbide, aluminuin sil -
icate, antimony oxide, calcium carbonate and ceriumn oxide. Particle equivalent-sphere
radiirange from a few tenths of a micronto about 10 jan. The particles were injected
into a laboratory chamber where they scattered light as they fell though air. They were
collected on a scanning clectron micrograph (SEM ) substrate. Particle shapes and sizes
were then measured from the SEM images. We compare measured phase functions with
those calculated for spheroids with a distribution of’ axial ratios and sizes, randomn ori-
entation, and refractive index ] .53 -{ 0.008i[Mishchenko, ¢t al., this issue]. Two of the
samples (one of whichhad refractive index close to that used in theoretical computations)
produced scat tering phase functions that yepe quite similar to those for sph eroids. Two
sa1 nples produced phase functions whose variation hetween | 5° and 170° was mnuch less
than that for the sphieroids or for the othier samples. We suggest this difference may be due
to the very highrefractive index of those particles, although differences in particle miero-
structure may also be iinportant. T'wo samples produced positive linear polarization which
hadasingle broad maximum near | () ()’ scattering angle, and amagnitude greater than
40% at some wavelengths., Two samples had generally positive lincar polarization but a
more complicated structure, and two samples produced mostly negat ive polarization whiose
amplitude was sinall. We do not have nuinerical results for the appropriate refractive index
and Size parameter with which to compa re the p olari zation measurcments. We hope the
questions raised by this work will stiiulate additional effort to develop and test numerical
codes for scattering by nonspherical particles.

1, Introduction

Our understanding of carth’s atmosphere and surface has come to rely incrcasingly on
remotely sensed measurements made by orbiting satellites. This trend is aceelerating with
the development of new programs such as the Farth Observing Systemn (1 905) and the
Japanese Advanced Farth Observing Satellite (A D 1508S). Among the suite of scientific in-
struments to beincluded on these satellites are several designed to measure the distribution
and optical properties of acrosol part icles. Acrosol st udies arc among the most iimportant
scient ific objectives of the Multi- Angle Imaging Spectro-Radiometer (MISR) [Diner et al.,
1991] and and the Moderate Resolution hnaging Spectrometer (MODIS) [King et al., 1992]
scheduled to launch in 1998 on the first KOS platform. These instraments will infer acrosol
loading from mecasurcinents of the angular (MISR) and spectral distribution (MODIS and
MISR) of scattered sunlight. Instruments on other platforms (the Farth Observing Scan-
ning Polarimeter | Travis, 1 992] and the Polarization and Directionality of the Farth’s
Reflectances [Deschamps et (11., 1 994]) make use of lincar polarization iecasurements of
scal tered sunlight as a probe of particle propertics.
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A scatiering model must be employed in order to derive particle properties (size and compo-
sition) and optical depth from intensity and polarization mcasurciments. Scattering models
start with the scattering properties of particles (sca ttering and absorption cross sections,
the angular distribution of scattered intensity, aud the angular distribution, magnitude,
and direction of the polarization oOf the scattered light). Scattering propertics of spherical
liguid drops can be readily calculated from the Mie theory. Spherical symnetry, upon
which Mic theory is based, does not hold for the population of nonspherical inineral dust
particles which constitute a major fraction of the acrosols over and downwind of desert,
regions. Mineral dust acrosol source strength (Mt yr~1) is thought to be several times that
for sulfate acrosol [Tegen and Fung, 1995). Significant mineral dust optical depths occur
over occans ofl the coasts of Africa, China, and Japan [Nakajima el al., 1989, Husar et OL.,
1 996]. Mishchenko et al. [1 995] recently discussed the kinds of crrors that can be made
inacrosol retrieval algorithins if Mic theory is used for nonspherical particles. Kahn et al.
[1996] showed how MIS]{ 1mcasurcments can distinguish between splieres and nonspheres,
provided that we know the scatiering phase functions of nonspherical particles.

We need a numerical method or empirical data to calculate the optical properties of non-
spherical particles whose equivalent-sphere radius 1S in the ran ge from a few tenths of
a micron to a few tens of microns, at the wavelengths (visible and near-infrared) rele-
vanl 10 the measurement set. The problem IS complicated by the need to accormnodate
a wide variety of shapes, from distorted or roughened spheres to simple faceted crystals
to highly complex aggregate structures with voids and heterogencous inclusions [Cheng,
1 980; Woods, 1 980]. The discrete dipole array method [Draine, 1 988; West, 1 991; Lumm e
and Rahola,1 994] can accommodate sucharange of shapes, but calculations for particles
whose eflecti ve radius is larger than the wavelength are impractical.

The T-matrix method is another numerical approach which can rcach larger size parame-
ters. The method was used by Wiscombe and Mugnai [1 986; 1988] who computed scat tering
by particles whose surfs.ccs are described by Chebyshev polynomials. Although such par-
ticles are notl found in nature, the large variety of shapes in their study allowed themn
to draw some general conclusions about the differences hetween scattering by spheres and
nonspheres. Scattering by spherical particles reaches a deep minimmun near 130° scattering
angle. The minimum is not nearly as deep for nonspheres of comparable size parameter.
At forward-scattering angles where diffraction dominates the diflerences between spheres
and equal-area. nonspheresarcminor. hnprovements to the T-Matrix method have been
made by Mishchenko [l W], 1 993] and Mishchenko and Travis [1 994a). Hill et al., [1984)
and Mishchenko et al. [1996] argue that T-1natrix calculations for randomly oriented
spheroids, with a dist ribut jon of both axial ratios and size paramecter, can form the basis
for a retrieval algorithin for nonspherical particles.

A small nuiber of published laboratory measurements are available to test theory and
to guide our approach. Microwave measurements [Zerull ¢t al., 1980] alow for the con-
struction of particles whose shape, size, and orientation can be controlled and accurately
measured. But it is laborious to take enougli measurements to simulate the ensemble of
particle shapes and sizes with random orientation that occur naturally. Another approach




is to work at visible wavelengths and with a large number of particles which fall through
a beam. That method was used by several groups [Perry 1978; Jaggard ¢t d., 1981;
Kuik et al., 1991], and is the method used here. These data forin the basis for our current
understanding of the fimt-order diflerences between scattering by spheres and nonspheres.
In this paper we want to address in more detail the differences in scattering phase function
and linear polarization) among the different nonsphere particle types, and to evaluate, if
possible, how well the Misheh enko ¢t al. calculation for spheroids is able to predict particle

optical properties for a varicty of particle types.
Measurement Strategy

We made use of alight scattering chamber at the University of Arizona originally designed
to mecasure the scattering phase function and lincar polarization of aminonia ice crystals
[Popc et al.,1992]. As shownin Fig . 1, filtered light from a tungsten lamyp is brought into
a circular inner chamber where it interacts with particles introduced into the chamber. Six
oplical systems spaced around a larger circular housing focused the scattered light onto
35 clement. 11 amama {su'silicon photodiode lincar array detectors. Some of tllc detectors
sample light near the forward scatter direction which specularly reflect or diffract fromn the
light baflle and SO cannot be used. Mechanical imitations prevent sainpling c.loser than
10° from dircet backscattering. We have found that the useful rangein scattering angle
sampled by the instrument to be 15° - 170°, Fach photodiode clement samples about 2°
of angle.

Measurciments are taken in time sequence as a rotating filter wheel, located between the
source lamp and the inner chamber, moves cach filter/polarizer eleinent through the beam.
The filter wheel holds six elements (3 filters times 2 polarizers). Filter characteristics are
listed inl'able 1. A polaroid sheet attached to each filter passes light polarized cither
parallel or perpendicular to the scattering planc. Inthat way cach detector can sequentially
sample scattered light whose initial state was lincarly polarized inone of two orthogonal
directions. The intensity and linear polarization of the scatiered radiation can be then be
obtained by sumiming and differencing measurements corresponding to the two polarization
states of the incident beam. More details about the derivation of intensity and polarization
and about the cquipment and calibration] can be found in Pope [1991) and Pope et al.,
[1 992]. The optical layout, of our system was essentially identical to that used by Pope et
al. and shown in Fig. 1, but wc removed the cloud condensation module (1ot shown) and
replaced it with a chamber to hold mineral dust samples.

Liatex sp heres of known size immersed in water were used 1o calibrate the relative response
of the detectors and to assess the system noise, dynamnic range and ability to measure
the phase function and hnear polarization. Polystyrene latex spheres were procured from
1)uke Scientific Corporation. Three samples were obtained, having radii ().()625, 0.16, and
().4565 jun. We used the siallest spheres to calibrate the relative response of the detectors,
since the signal in the backscattering direct jons for the larger spheres was low. We used
mcasurements of the other sizesto assess the system performance. A comparison between
measurements and Mie theory calculations are shown in Figs. 2 and 3.



The locations, Signs and magnitudes of the feat ures (relative minima and naxima) pre-
dicted by Mie theory arc present in the observations, although the polarization signal is
noisy for the largest spheres at scattering angles greater than 900  The sensitivity in the
blue channel is significantly less than for the other wavelengths, and so the signal/noise
ratiois lowest for blue. Thcre are systematic diflerences between theory and observation.
The most likely cause for these differences is multiply scattered light both within the cloud
of particles, and from light scattered onto the walls of the chamnber and then into the
detectors.

We minimized mulliple scattering by diluting the concentration of spheres such that the
extinction optical depth along the entire length of the inner chamber was no more than
().01. Calculations were not done to estimate the magnitu de of the multiply scattered light,
although they could be. We also removed, as much as possible, radiation scattered from
the structure by first incasuring the light iucident ou the detectors before the particles
were introduced.

The effects of mmultiple scattering are largest when the signal is sinallest, which occurs
where the phase function is relatively small (scattering angles 7001700 for blue and red
for 0.16-yan spheres and at all wavelengths for the larger spheres. Mie theory predicts that
at scaltering angles between 90° and 170° the phase function for the largest spheres is only
about 1072 of its valucat 15°. Iu older to have cnough signal to mncasure the scatiering a
these angles there needs t0 be a significant number of particles in the bean, which leads
to multiple scattering. Multiple scattering at some wavelengths and at some angles can be
several thmes larger thansingle scattering. The signal in the forward-scattering hemisphere
IS dominated by single scattering. We have not tried to accou nt for the systematic difference
duc to multiple scattering. We have also not tried to account for the anomalous behavior
scen i thie blue and red channels in Fig. 2b at the lowest and highest scattering angles.
These points must be kept in mind when examining the data on mineral dust particles.

Measurements of mineral dust particles

We procured mineral dust samples from 1 Juke Scientific Corporation. Sair 1] les were choser)
{o be representative, as far as possible, Of the size range of particles foundinthe terrestrial
atmosphere (a few tenths of a micron to several microns). We selected alinost all the samn -
ples (@ total of six) inthe catalog; satisfying that criterion. Particles in the Duke Scientific
cata log were characterized by chemical composition and by a range in particle size, but
there was no information on mneralogy, shape, o1 size distribution. The six particle types
arc listed inTable 2 and include almminum oxide, talc.iuln carbonate, aluminum silicate,
antimony oxide, cerium oxide, and silicon carbide. N one of thesc are cormmnon i the at-
mosphere, but they provide a variety of shapes, size distributions, and refractive indices to
help us test.and improve our ideas about scattering by sinall mineral particles. We were
able to estimate size distributions from scanning clectron micrograph images of the deposit
collected when the particles settled out of the chamber. Two representative nnages are
shown 1 Iig. 4.




Silicon carbide particles in the clectron micrograph images appear as well-isolated angular
g1ains, whereas aluminumn oxide particles are often clustered and their morphology suggests
that particles arc sometimes chunped.  Size-frequency histograms were compiled from
about 50 nnages for cacl 1 particle type and are shown in Figs. 5and 6 for aluminumn
oxide and silicon carbide. Small particles (radius 1ess than (),3 ym) are not well resolved.
The size distribution iS uncertain at eflective radius larger than about 2 g because the
number of large particles was small. We define the effective radius of asize distribution] as
the area-wciglltd average radius. ls value is 4.1 gom and 1.9 jun for aluminui n oxide and
silicon carbide, respectivel y.

Results of the light scattering experiments are shown in Figs. 7-12. Table 3 summarizes
the salient features for cach of the particle types. Statistical uncertainty can be judged by
the scatter in the plotted points. Systematic errors can be judged by the trends and offsets
of blocks of contiguous points which belong to cach of the SiX hincar array detectors, scen
most readily in Fig . 12b. These offsets are possibly caused by drift in the gains of the
cach of the six array output amplifiers between the time the of the measurement and the
time the array was last calibrated. As noted earlier, there inay be an additional systematic
cflect due to multiple scattering which works to decrease the anplitude of the polarization
and mcrease the app arent phase function at scattering angles greater than 90° where the
scattering amplitude is small. We Liave not attempted to remove these Of] sets,

Ouc of the goals of this study is to assess how well phase functions for mineral dust, particles
can be represent ed by calculations for spheroids [Mishchenko et al., 199 6]. The best way to
do that would be to calculate the phase functions for the appropriate refractive index aud
size distribution Of the mecasured particles. Unfortunately we could find no information
onthe, refractive index of four of the samples. Refractive indices for aluminum oxide and
silicon carbide arce listed in Table 1. The Mishchenko ¢f 01, calculations were done for
refractive index 1.53 4 0.008i which is similar to that for aluminum oxide. The real part
of the refractive index of silicon carbide is much higher.

Another factor which frustrated our attempt to compare measurcement to theory is the
presence of particles larger than the largest computed by Mishchenko ¢t al.. The eflective
size parameter 1S defined by X = 2nreg /A where A IS the wavelength. We arc careful
to distinguish inthe remainder of this paper between effective size parameter for a size
distribution, and size parameters of individual particles in the distribution.  Individual
particles in our mcasurem ent set have equivalent-s phere radius (Ra ) as large as ]() jan,
corresponding to X =134 at A = 0.47 yjan and X = 67 at 0.937 ynn. Particle effective radius
was as large as 4.1 ynn corresporiding to Xeq = 9dat A= 0.47 panand Xeg = 27 at 0.937
s The largest equivalent- sphere particle radius which went into the size-averag ed results
by Mishchenko ¢t al. [19{)6] had X = 50, whercas the largest cffective size parameter in
the Mishehenko et al. table 1S X = 25. Inspite of these deficiencies (which are not very
great at 0.937 jun) we believe it is instructive to compare the data with spheroid phase
functions for a varicety of size parameters. Calculations for spheroids from Mishclienko et
al. are shown in Figs. 7-12 for X ranging from 1 to16in factor of 2 steps.




A s particle size parameter increases from 1 to 4 the phase function (normalized to its
valucat 15° ) drops by more than an order of magnitude at scattering angle 1500, and then
increascs as Xen incrcases. There is very little change in the shape of the phase functionin
the range | 5° to ] 70° scattering angle as X g increases from 1 6 to 25, The phase function
for aluminum oxide particles showninlig. ‘i should be judged against this asymptotic
behavior since the effective radius of the particles is 4.1 jan,making X.q larger than the
largest value plotted. The spheroid phase function for X = 16 is in good agreemer it with
the measured phase function at 0.937 yan, although the spheroid curve is a little flatter
than the measured points in the scattering angle range 90° - 170°. Phase functions for the
other two wavelengths do not drop as much at scattering angles greater than 45°. Some of
the difference may be attributable to the a small difference 1 refractive index between the
mcasured particles and the theoretical results and some may be due to multiple scattering
or particle micro-structure. Phase functions for spheroids are aso close to those for calciuin
carbonate, although again the spheroid curves are a little flatter than the mcasurements

between 90° and 170°.

Phase functions for the other four samples differ substantially from those for the two
disc. ussed above and those for the spheroids talc.ulatd by Mishehenko et al. [1 996). Phase
functions for ceriumm oxide particles (IMig. 1 1a) have minima near scattering angle 125°
which are similar to those for spheroids, but the spheroid phase functions have a diflferent
curvature over most of the scattering angle range. Phase functions for alummun silicate
particles (IFig. 8a) have a steeper slope at scattering angles between 15° and (X)”, and
drop to lower values, with a stronger rise at scattering angles hetween 126° and 170°.
Phase functions for antimony oxide (I'ig. 9a) and silicon carbide (1 28) display the opposite
behavior. Silicon Carbide particles show no increase inscattering between scattering angles
150° and 170°. The effective radius for these particles is 1.9 jan, putting X 4 1n the range
13-25. § peroid phasc functions for those sizes have relative phase functions which arc
about a factor of 10 smaller at large scattering angles. The difference might be attributable
to the refractive index which, for silicon carbide, is significantly higher than that used in
the calculation for spheroids. Another relevant difference might be in the micro- structure
of the particles.  Silicon carbide particles appeared more angular than aluiminum oxide
partlicles, although the resolution of the images makes this hard to judge.

Most Of the samples we studied produce positively polarized light at imost scattering an-
gles. The statistical uncertaintics and systematic offsets mentioned earlier prevent us from
drawing conclusions about possible polarization features whose angular scale is less than
about 200 Aluminun oxide and ceriuin oxide (Figs. 7 and 11) have stmilar polarization
properties. At 0.652 gon and 0.937 jan the linear polarization has a single peak near 100°
scattering angle which reaches 30% and 40% in the two channels, respectively for aluminum
oxide. The polarization al ().47 jonfor aluminum oxide has a peak near 700 scat tering
angle and may have a weak negative branch near 1600. Polarization curves for aluminuin
silicate and calcium carbonate (Figs. 8and 1 () at red and infrared wavelengths arc also
generally positive but the shape of the curves is more complex. The polarization at the
blue wavelength for those particles has not been reliably measured.  Antiimony oxide and
silicon carbide produce little polarization compar ed to the other samples (1igs. 9 sia 12) .




Polarization is mostly negative for the antimony oxide sample, except for the 0.937 - yan
channel at scattering angles less than 90°. Both these samples have phase functions that
arc shallow compared to the spheroid calculations. Perhaps the shallow phase functions
and low polarization valucs are due to alarge real refractive index or are related to particle
Imcro-struct ure.

We do not have calculations for linear polarization of spheroids with the size range, distri-
bution of aspect ratios, and refractive index we used for the phase function comparisons.
Mishchenko and Travis [] 994 b] sliowed lincar polarization for spheroids with similar re-
fractive indices and effective size parameter UP 1o 15. Tor effective size parameter between
10 and 15 andfor refractive index 1 .64 0.0031, prolate spheroids with aspect ratio = 2
have a narrow positive branch between 90° and 1200, with negative polarization at other
scallering angles. At the highest eflective Size parameter for which calculations are avail-
able (Xen = 15) the magnitude of the negative polarization is quite siall except ncar 170°
scattering angle. Oblate spheroids have positive polarization over a much larger scattering
anglerange (0° to  20° ), with anegative branchnear 1300 and a second positive branch

necar 170°.
Conclusions

Atmospheric radiat on mmodels and remote sensing studies of atmospheric acrosols which
rely onscattered light intensity or polarization need to employ a numerical mmethod to
talc.ulatc the phase function and lincar polarization of mineral dust particles because lab-
oratory measureimncelisarc not available at some scattering angles and for a. wide variety of
sizes, shapes, and compositions. Calculations based on randomly oriented spheroids with
a distribution of aspect ratios have been proposed. Calculations for size distributions with
eflective size parameter as large as 20 arc now possible [Mishchenko et al., 1996]. Thiey
offer advantages over semi-empirical methods [eg. Pollack and Cuzzi, 1 980] because they
do not make approximations which violate the physics of clectromagnetic wave propaga-
tion. They cannot offer a completel y satisfactory framework for al nonspherical particle
scatiering because they arc not able to reproduce features such as the halo sometimes ob-
served for cirrus clouds. But do they sufliciently capture the optical character of mineral
dust particles found in natural settings?

Among the six particle types whose we studied, only two have known refractive index
and of these, only aluininum oxide has a refractive index which is siinilar to that for the
spheroid calculations. Although the aluminuin oxide sample contains particles larger than
the maximum spheroid size with which they were compared, the asymptotic behavior of
spheroid phase functions at Xeg larger than 15, inthe scattering angle range 150-170° sug-
gests that our comparison With spheroids in that size range has validity. Although there
arc some diflerences between the shape of the phase function for aluminuin oxide and the
phascfunctions calculated for spheroids, these differences are within the range of uncer-
tainly in our measurements, and are much smaller than differences between measurements
and calculations for egual-ama or equa-volume spheres ( Wiscombe an d Mugnai, [1988];
Mishchenko et (11. [1 995)).




Phase functions for two samples are much more shallow than those for the other samples,
and much more shallow than could be accounted for by the sphieroid talc.ulatimls. One
sample (aluminum silicate) produced phase functions with deeper minima than found
among the spheroid calculations. The shallow phase function for silicon carbide might be
duc to its high real refractive index. This idea can be tested with additional calculations
for spheroids. Amnother possibility is that particle microstructure is responsible for this
behavior. We were unable to compare the polarization measurements we presented with
calculations at the appropriate Size range and refractive index. We hope the! measurements
presented here will stimulate further development and testing of numerical codes for the
computation of scat tering by nonspherical particles.
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Figure Captions

Figure 1. A schematic view (from Pope et al., [1 992]) of the optical layout to incasure
scattered light from mineral dust particles and latex sph eres. The light source and filter
wheel are off the diagram to the right. Not shown is a separate chamber which holds the
mincral dust particles until they arc swept into the inmer chamber through a connecting
tube by a pulse of dry nitrogen gas.

Figure 2. Measurementsand Mic theory talc.ulatiolls for spheres with radius ().16 jan
at three wavelengths. The phase function, relative to its value at scattering angle 15°, is
shown in panel (@). Linecar polarization is shownin (b). The Mic phase curve for 0.937
pan IS alimost hidden by the measurement symbols for the saine wavelength. In these and
subscquent figures ]7(0) is the phase function of the particle at scattering angle 0. The
lincar polarization 1S expressed in percent, and iS positive if the electric vector IS in the
dire ction perpendicular to the scat tering plane.

Figure 3. Mcasurements and Mic theory calculations for spheres with radius ().4565 jun
al three wavelengths. The phase function, relative to its value at scattering angle 15°, is
shown in panel (a). Values for 0.652y0n were inultiplied by 10, and values for 0.937 yan
were multiplied by 100 to separate the curves. Linear polarization is shown iu (b).

Figure 4. The left panel shows a scauning clectron micrograph image of a few silicon
carbide particles. A sample of aluminum oxide particles are shown on the right. These
particles settled outl of the optical chamber onto the micrograph substrate and contributed
to the scattered light shown in Figs. 7 and ]2.

Figure 5. Size distribution, n(r), for aluminum oxide particles mcasured from scanning
clectron micrograph images. The paramcter Rp is the radius defined by A = 7R3, where
A is the area projected onto the plane of the i1 nage (the measured arca). The distribution
was fit to a power law (solid line) whose slope isindicated. The effective radius (yan) is the
area-wcigl]tccl meanradius, Reg =2 n(Ra)RawRE /22 n(Ra)7RE. The effective variance
is ven =22 DI{.A)I/A - R )? 7R3 /RE 32 n(Ry)nRE

Figure 6. Size distribution for silicon carbide particles.

Figure 7. Phasc functions (8) andlinear polarization (b) for aluminum oxide particles. in
this and subsequent figures the phase function IS normalized to itS value at 15° scattering
angle. Measurements at three wavelengths arc plotted as plus, X, and diamond symbols.
Phasc function calculations for spheroids (sew text) arc shown for various values of the
cflective size parameter (X = the cross-secti on-weighted size parameter).

Figure 8. Phase functions (8) and linear polarization (b) for aluminum silicate particles.
Figure 9. Phase functions (a) and hinear polarization (b) for antimony oxide.

Figure 10, Phase functions (8) and linecar polarization (b) for calcium carbonate particles.
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Figure 11. Phase functions (@) and lincar polarization (b) for cerium oxide particles.

Figure 12. Phase functions (8) and linear polarization (b) for silicon carbide particles.
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Table 1. Filter characteristics and refractive indices of two particle types

IF'ilter Eflective Bandpass Aluminum Oxide  Silicon Carbide
wavelength (yan) refractive index refractive index

(yn)

Blue 0.470 0.062 1.5 4 i1.53(-2) 2.7 4il.6(-5)
Red 0.652 0.039 15641 .32(-2) 2. +i5(-5)
I frared 0.937 0.063 156 +i9.54 (-3)  2.6-1 il(-4)

Fffective wavelength and bandpass were taken from Pope et al. [1992]. Complex refractive
index values were interpolated from tables published by Kotke et ol.,{1995] (for aluminum
oxide) and by Choykec and PPalik [1 985] (for silicon carbide). The notation n + ib(- ¢) in
the columns for the refractive index give the imaginary part as li =b x 10C. The nuinber
of significant figures in these columus reflects the precision of the interpolation.

Table 2. Mineral dust samples from Duke Scientific Corp.

I"article Composition  Size Range

, (yan)
Aluminuimn Oxide 0.3-10
Alumium Silicate 0.2-6
Antimony Oxide 0.2-3
Calcium Carbonate 0.1-8
Cerium Oxide 0.5-6
Silicon Carbide 0.7-7

Size range values were provided by | Juke Scientific Corp. We assumne thesc give lower and
upper bounds on cquivalent-sphere radius for individual particles in the samnple, but the
definition of this parameter was not supplied by the vendor.
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Table 3, Particle scattering summary

Particle composition Phase Junction Linecar Polarization
Distinguishing Feature Distinguishing Feature
Aluminum oxide Similar to spheroids Positive at red and IR with single

maximum near 100°, weak
ncgative branch (blue) at 160°

Calcium carbonate  Similar to spheroids Mostly positive, with structure and
a weak negative branch (red) at 160°

Cerium oxide Similar o spheroids but Positive, peak near 100°
showing more curvature scattering angle

Aluminum silicate  Minimum decper than foo Mostly positive with structure,
spheroids some negative (blue and red)

Autimony oxide Shallow phase functions Mostly negative, especially
at blue wavelength, weakly positive

at 1R and O < 90°

Silicon carbide Shallow phase functions Wink; mstrumental eflects

["articles in this table were ordered with respect to how well the phase functions for
spheroids were able to account for features scen in the phase function measurements. The
first two samples both have phase functions which are similar to spheroids. The last two
have much more shalow phase functions. Polarization for four of the samples rcached peak
values ncar 40%0 near 100° scattering angle. The last two samples in the table showed much
weaker or ncgalive polarization over a largerange of scattering angles. Eflects caused by
some combination of multiple scattering and/or drift in the detector sensitivity dominated
the polarization signature for the silicon carbide sample.
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