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• E. Rol 2 J.F. de Haan W. Vassen, and J.W. Hovenier 2 H. Volten, O. Mufioz, , , 
Department of Physics and Astronomy, Free University, Amsterdam, Netherlands 

K. Muinonen 

Observatory, University of Helsinki, Finland 

T. Nousiainen 

Department of Meteorology, University of Helsinki, Finland 

Abstract. We present measured scattering matrices as functions of the scattering 
angle in the range 5ø-173 ø and at wavelengths of 441.6 nra and 632.8 nra for seven 
distinct irregularly shaped mineral aerosol samples with properties representative 
of mineral aerosols present in the Earth's atmosphere. The aerosol samples, i.e., 
feldspar, red clay, quartz, loess, Pinatubo and Lokon volcanic ash, and Sahara sand, 
represent a wide variety of particle size (typical diameters between 0.1 and 100 pra) 
and composition (mainly silicates). We investigate the effects of differences in size 
and complex refractive index on the light-scattering properties of these irregular 
particles. In particular, we find that the measured scattering matrix elements when 
plotted as functions of the scattering angle are confined to rather limited domains. 
This similarity in scattering behavior justifies the construction of an average aerosol 
scattering matrix as a function of scattering angle to facilitate, for example, the use 
of our results for the interpretation of remote sensing data. We show that results 
of ray-optics calculations, using Gaussian random shapes, are able to describe the 
experimental data well when taking into account the high irregularity in shape 
of the aerosols, even when these aerosols are rather small. Using the results of 
ray-optics calculations, we interpret the differences found between the measured 
aerosol scattering matrices in terms of differences in complex refractive index and 
particle size relative to the wavelength. The importance of our results for studies 
of astronomical objects, such as planets, comets, asteroids, and circumstellar dust 
shells is discussed. 

1. Introduction 

A large mass fraction of the aerosols in the Earth's at- 
mosphere consists of irregular mineral particles. These 
aerosols affect climate directly by interacting with so- 
lar and terrestrial radiation and indirectly by their ef- 
fects on cloud microphysics as well as on cloud albedo. 
For instance, the presence of desert aerosol particles 
causes significant changes in the air temperature over 
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the world's main deserts and oceans [e.g., Gerber and 
Deepak, 1984; Nakajima et al., 1989; Husar et al., 1997; 
Miller and Tegen, 1998]. 

Desert regions, such as the Sahara, are the main 
source for mineral aerosols on Earth [d'Almeida et al., 
1991]. Volcanic eruptions are another important source 
of such aerosols. The global source strength of mineral 
aerosols is currently estimated to be 1- 5 x 10 •2 kg/yr 
[Tegen and Fung, 1995]. However, the production rate 
of such aerosols is highly variable in space and time since 
it depends on the prevailing atmospheric conditions, on 
the type of surface underneath the atmosphere, and on 
the strength and frequency of volcanic eruptions. Min- 
eral aerosols can be found in the Earth's atmosphere 
being blown away from their origin up to thousands of 
kilometers [Schiitz, 1980; Prospero et al., 1981; Riet- 
meijer, 1993]. The mean diameters of mineral aerosols 
vary roughly between 0.02/•m and 100/•m [d'Almeida 
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at al., 1991]. Most of these particles are irregularly 
shaped [e.g., Okada at al•, 1987]. 

Research on the properties of terrestrial mineral aer- 
osol particles is not only important for studies of the 
Earth's atmosphere but also for astronomical research. 
Recent investigations indicate that properties of terres- 
trial mineral particles are similar to the mineral par- 
ticles found on other planets and solar system bodies, 
such as asteroids and comets, as well as to interplane- 
tary, circumstellar and interstellar particles [e.g., Weiss- 
Wrana, 1983; JSgar at al., 1994; Moroz at al., 1994; 
Pollack at al., 1994; Colangali at al., 1995; Molstar at 
al., 1999]. In many of these astronomical investigations, 
(polarized) scattered light is an important source of in- 
formation [e.g., Hansan and Hovaniar, 1974; Charnova 
at al., 1993; Lavassaur-Ragourd at al., 1996], because 
it is difficult to collect extraterrestrial particles or to 
investigate them in situ. 

Scattering matrices as functions of the scattering an- 
gle of irregular mineral aerosol particles play an impor- 
tant role in radiative transfer processes. First, scat- 
tering matrices contain all polarizing properties of the 
scatterers and are, for example, indispensable for ac- 
curate calculations of multiple scattering by mineral 
aerosol particles in an atmosphere, since even unpo- 

larized light becomes polarized after being scattered. 
Second, because different aerosol types have different 
polarization signatures, polarization measurements en- 
hance the ability to observe the highly variable aerosol 
characteristics. Therefore polarimeters are included in 
a number of new remote sensing instruments such as 
POLDER and EOSP. These instruments have the re- 

trieval of aerosol properties as a key objective, with 
emphasis on aerosol optical thickness [e.g., Mishchanko 
and Travis, 1997; Br4on et al., 1997]. 

At present, little is known about the scattering ma- 
trices of mineral aerosols. In most cases it is assumed 

that the particles can be approximated by volume-or 
surface-equivalent spheres, so Lorenz-Mie calculations 
can be employed to determine their optical properties 
[e.g., d'Almaida at al., 1991; Br4on at al., 1997; Moulin 
at al., 1997]. However, almost all mineral aerosols are 
irregular and the light-scattering properties of an en- 
semble of small irregular particles can differ significantly 
from those of an ensemble of spheres [e.g., Bobran and 
Huffman, 1983; Mishchanko at al., 2000a]. This can 
have serious implications for the interpretation of satel- 
lite remote sensing data of nonspherical aerosol particles 
in the atmosphere, in particular for the retrieved aerosol 
optical thickness [Mishchenko at al., 1995; Harman et 
al., 1997; Kahn at al., 1997]. 

Only a very limited number of scattering matrix mea- 
surements (laboratory or in situ) of mineral particles 
have been published. Measurements in the visible part 
of the spectrum using a large number of small parti- 
cles falling through a light beam have been performed 
by several groups. All elements of the scattering 

trix have been measured, for example, for salt crystals 
[Parry at al., 1978] and for quartz particles [Holland 
and Gagne, 1970; Kuik at al., 1991; Kuik, 1992]. Other 
groups have measured a part of the scattering matrix 
(phase function and degree of linear polarization for 
incident unpolarized light), for example, for soil dust 
[Jaggard at al., 1981] and for several kinds of irregular 
mineral particles [Wast at al., 1997]. Nakajima et al. 
[1989] measured the phase function and some polariza- 
tion properties in situ during a yellow sand event (dust 
storm) in Nagasaki. 

Altogether, scattering matrix measurements are cur- 
rently available for a limited number of samples of min- 
eral particles and only for a few specific compositions, 
size distributions, and wavelengths. 

In this paper we present measured scattering matri- 
ces as functions of the scattering angle at wavelengths 
of 441.6 nm and 632.8 nm for seven distinct aerosol 

samples with properties representative of the mineral 
aerosols present in the Earth's atmosphere. In this 
manner we try to obtain more insight in the differences 
and/or similarities of the scattering behavior of natu- 
ral mineral aerosols with diameters roughly between 0.1 
and 100 ttm and a wide range in silicate composition. 

To investigate the effects of irregular particles on light 
propagation through the atmosphere, information re- 
garding scattering and extinction cross sections are re- 
quired in addition to scattering matrices. However, 
laboratory measurements, in general, do not provide 
all these scattering properties, and certainly not for all 
types of aerosols occurring in the atmosphere. There- 
fore it is desirable to be able to compute these proper- 
ties numerically [Hill at al., 1984]. In addition, numer- 
ical calculations may help us to analyze the measured 
results, since the effect on light scattering of param- 
eters, such as the refractive index, size, and shape of 
the aerosols, can then be studied independently and in 
detail. 

Few numerical codes exist that can handle the ir- 

regularity and the size range required to analyze the 
measurements of the aerosol samples presented here 
[Mishchanko at al., 2000a]. For instance, the discrete- 
dipole approximation (DDA) [Draina, 1988; Wast, 1991; 
Lumme and Rahola, 1994; Draina, 2000] can accommo- 
date a wide variety of shapes, but calculations for parti- 
cles with diameters larger than the wavelength are still 
too computer-time consuming. 

The T-matrix method can, in principle, be used for 
larger particles than are attainable with DDA calcula- 
tions [Mishchanko and Travis, 1998]. Mishchanko at al. 
[1997] argue that T-matrix calculations for randomly 
oriented spheroids, including a distribution in both ax- 
ial ratios and size parameters, can describe the phase 
functions of mineral aerosol particles well [see also Hill 
at al., 1984; Mishchenko at al., 2000a]. However, this 
method is not yet feasible for most of the samples in- 
vestigated in this paper [Varmaulen, 1999], since they 
contain large and irregular particles. 
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Here we present a pilot study in which we investi- 
gate whether a ray optics method, employing Gaussian 
random shapes [Muinonen et al., 1996], can be used to 
interpret our measurements. The great advantage of 
this method is that one can take into account the ir- 

regular shape of the particles in a systematic way and 
in sufficient detail [Muinonen, 2000]. Furthermore, a 
similar ray optics method, including stochastic rough 
particles, has produced good agreement between cal- 
culated and measured phase functions and degrees of 
linear polarization for unpolarized incident light for cer- 
tain specific irregular particles [P½ltonicrai ½t al., 1989; 
Sass½ and P½ltoniemi, 1995]. Finally, a number of pub- 
lished ray optics results for Gaussian random shapes 
show a promising resemblance to measured scattering 
matrices of irregular mineral particles [Muinoncn ½t al., 
1996]. Thus despite the limitation that the ray optics 
approximation is, in principle, valid only for particle 
sizes much larger than the wavelength, we feel that the 
ray optics method, including Gaussian random shapes, 
is at present the most suitable method to analyze the 
measured results for most of the aerosol samples inves- 
tigated here. However, we note that in this study our 
primary goal is to reproduce measured scattering ma- 
trices as functions of the scattering angle and not to 
derive aerosol properties. 

In summary, we present the measured scattering ma- 
trices as functions of the scattering angle between 50 
and 1730 of seven aerosol samples relevant for studies 
of light scattering by mineral aerosols in general. In 
section 2 we characterize the seven aerosol samples. In 
section 3 we summarize the main concepts of light scat- 
tering applied. The experimental setup used to mea- 
sure the scattering matrix elements is briefly described 
in section 4. In addition, the accuracy of the measure- 
ments and test results for water droplets are discussed 
in this section. In section 5 we present the measured 
scattering matrices as functions of the scattering angle 
for the various aerosol samples at two wavelengths. Fur- 
thermore, we compare the results for different aerosol 
samples and construct an average aerosol scattering ma- 
trix as a function of scattering angle. In section 6 we 

present the results of ray optics calculations employ- 
ing Gaussian random shapes and analyze the measured 
results. Finally, our results are discussed in section 7. 

2. Characterization of the Aerosol 

Samples 

In this section we discuss the properties of the aerosol 
samples that are most important as far as light scatter- 
ing is concerned, i.e., particle size, particle shape, and 
the complex refractive index m. A brief characteriza- 
tion of each sample, including the effective radius, ef- 
fective standard deviation of the radius, most abundant 
mineral constituents, real part of the refractive index, 
and color, is listed in Table 1. This will be discussed in 
the following sections: 

2.1. Particle Sizes 

There are several representations of the size distribu- 
tion of a sample of small particles that are commonly 
used. For light-scattering purposes it is convenient to 
use a projected-surface-area distribution, because each 
particle scatters an amount of light proportional to the 
scattering cross-section GQsc•. Here G is the geomet- 
rical cross section, and Qsc• is the scattering efficiency. 
Q• is approximately constant for irregular particles 
with diameters larger than • 1 pm and in visible light 
[e.g., Bohrcn and Huffraan, 1983, Figure 11.20]. For 
the aerosol samples, projected surface-area distribu- 
tions have been measured using a Fritsch laser particle 
sizer [h'oncrt and Vand½abcr9he, 1997]. 

We define r as the radius of a sphere, called equiva- 
lent sphere, having the same projected surface area as 
the irregular particle has. Since the range in radii r is 
large, we plot normalized projected-surface-area distri- 
butions, i.e., S(log r), as functions of log r, in the top 
panel in Figure 1 where r is expressed in micrometers. 
Here S(log r)d log r gives the relative contribution by 
equivalent spheres with radii in the size range log r to 
log r + d log r to the total projected surface per unit 
volume of space. This implies that equal areas under a 

Table 1. Overview of Properties of the Aerosol Samples Studied 

Sample Main Constituents reft O'eff 
(Mineral or Mineral group) (/•m) 

Color 

Feldspar K-feldspar, plagioclase, quartz 1.0 1.0 
Red clay biotite, ilhte, quartz 1.5 1.3 

Quartz quartz 2.3 1.5 
Pinatubo silica glass, plagioclase, amphibole, 3.0 3.5 
volcanic ash magnetite 
Loess K-feldspar, illire, quartz, calcite, 3.9 1.6 

chlorite, albite 
Lokon silica glass, plagioclase, 7.1 1.6 
volcanic ash magnetite 
Sahara sand quartz, clay minerals, calcium 8.2 2.0 

carbonate 

1.5-1.6 

1.5-1.7 

1.54 

1.5-1.7 

2.1 

1.5-1.7 

1.5-1.6 

2.1 

1.5-1.7 

light pink 
red brown 

white 

light grey 

yellow brown 

dark brown 

yellow brown 
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1. •) , , [ ......... [ ......... i ......... [ , 

1 Feldspar 
1 I ............. 2 Red Clay 

3 Quartz 

0.8 ........................... 4 Pinatubo 
i,:.•.• ----- 5 Loess 
•.:.:•., ................ 6 Lokon 

0.6 ----- 7 Sahara 

0.2 .f• -•., / • -,% • •/• "• 

lO' ,•.. 10 ø -'"": .......... •• 1 Feldspar 
.................. / •o-' - '•.. -- 3 Qua•z 

10 -] - ..•:•.. ----- 7 Sahara 

10-ø 1 2 35467 / 10 -z .................................. 
-1 0 1 2 

log r 

•igure 1. Measured normalized projected-surhce-area 
distributions (top), and corresponding normalized num- 
ber distributions (bottom), of the aerosol samples stud- 
ied. The distributions are plotted as hnctions of log r, 
where r is expressed in micrometers. 

curve correspond to equal contributions to the projected 
surface of all spheres per unit volume. The normal- 
ized projected-surface-area distributions are broad and 
partly overlap. Some of these distributions are bimodal, 
indicating that more than one principal size range may 
contribute to the scattering. 

In addition, we plot normalized number distributions, 
N(log r), since these are often used in calculations and 
reported in the literature. In Figure 1 (bottom panel), 
N(log r)d log r gives the relative contribution by equiv- 
alent spheres with radii in the size range log r to log r 
+ d log r to the total number of equivalent spheres per 
unit volume of space. N(log r) was computed from the 
corresponding •q(log r). For our experiments at least 
several grams of sample material were required. For this 
reason it was not feasible to work with aerosol particles 
collected directly from the atmosphere, because it is dif- 
ficult to obtain enough particles in that manner. There- 
fore our samples originate from soil materials, which 
were either unprocessed (red clay, loess, Lokon volcanic 
dust, and Sahara sand) or which were processed to ob- 
tain a fine powder (feldspar, quartz, and Pinatubo vol- 
canic ash). Nevertheless, comparison with the number 
distributions given, for example, by d'Almeida eta!. 
[1991, Figure 4.1] shows that the normalized number 

distributions of the mineral aerosol samples studied here 
are similar to those for mineral and dust-like aerosols 

found in the Earth's atmosphere. 
To characterize our distributions with a few param- 

eters, we calculated effective radii and standard devi- 
ations. The effective radius of a sample is defined as 
[Hansen and Travis, 1974] 

( ) 

where n(r)dr is the fraction of the total number of 
equivalent spheres with radii between r and r + dr per 
unit volume of space. Here n(r) is readily computed 
from N(log r). Similarly, the effective standard devia- 
tion is defined as [Hansen and Travis, 1974] 

/rS (/' -- /'eft) 
' 

The values for reg and ereg are listed in Table 1. The 
feldspar sample has the smallest effective radius (1.0 tim) 
and the Sahara sand the largest (8.2 tim). The Pinatubo 
sample has the largest ereg, namely 3.5. The other dis- 
tributions have ereg values between 1.0 and 2.0. In the 
following we will consider the size of the particles rel- 
ative to the wavelength of the scattered light; that is, 
the effective size parameter xe• = 2rrreff/A. 

2.2. Complex Refractive Indices 

The mineral composition of the samples has been in- 
vestigated by means of an electron microprobe (JEOL 
Ltd. JXA8800M) [Reed, 1993]. All elements were 
analyzed on wavelength-dispersive spectrometers, with 
15 kV acceleration voltage and 25 nA probe current. 
Natural minerals and synthetic oxide compounds of 
well-known composition have been used as standards, 
and corrections for atomic weight, absorption and fluo- 
rescence were calculated with an on-line correction pro- 
gram. The irregular shape and inhomogeneity of the 
mineral aerosol particles cause considerable differences 
in the shape of the excitation volume, the length of the 
absorption path, and the secondary fluorescence. As a 
consequence, the resulting analyses can be regarded as 
qualitative only. The most abundant minerals or min- 
eral groups obtained in this manner are given in Ta- 
ble 1. Also in this table, we provide a rough estimate 
of the range of the real part of the refractive indices 
of the samples, based on literature values for the main 
constituent minerals [Kerr, 1959; TrSger et al., 1971; 
Klein and Hurlbut, 1993]. According to these authors, 
the wavelength dependence of Re(m) is negligible over 
the visible range for the minerals listed in Table 1, with 
the exception of magnetite, which has Re(m) ~ 2.1. 
However, we emphasize that the samples studied con- 
sist of mixtures of minerals, so the Re(m) values listed 
in Table 1, which pertain to the main individual miner- 

 21562202d, 2001, D
15, D

ow
nloaded from

 https://agupubs.onlinelibrary.w
iley.com

/doi/10.1029/2001JD
900068 by C

sic O
rganización C

entral O
m

 (O
ficialia M

ayor) (U
rici), W

iley O
nline L

ibrary on [31/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



VOLTEN ET AL.: SCATTERING MATRICES OF MINERAL AEROSOLS 17,379 

als, may not be representative for the aerosol samples 
as a whole. 

Egan and Hilgeman [1979] give values for the refrac- 
tive indices of 24 natural soils over the visible part 
of the spectrum which occasionally are a little lower 
than the values for the bulk materials given in the ref- 
erences above. Notwithstanding, we may safely state 
that for most natural soils, values of /•e(rn) are Be- 
tween 1.3 and 1.8 at visual wavelengths. Variations in 
Re(m) are usually smaller than about 0.1 when going 
from •-441.6 nm to 632.8 nm (the two wavelengths at 
which the measurements were performed). A notable 
exception are soils consisting predominantly of iron ox- 
ides, for which this variation can be up to 0.4 [E#an 
and Hilgeman, 1979]. In general, Re(m) is larger in 
blue light than in red. We do not expect our samples 
to exhibit significant birefringence. 

At a given wavelength the natural variability of Im(m) 
within one mineral is at least 1 order of magnitude 
[Gerber and Hindman, 1982]. Therefore we just remark 
that for particles of crustal origin, such as our particles, 
Im(m) is generally small, probably somewhere between 
10 -2 and 10 -5 [Egan and Hilgeraan, 1979; Gerber and 
Hindman, 1982]. Also, the dependence of Im(m) on 
wavelength is highly variable, in particular in the visi- 
ble, due to the presence of trace elements, such as iron 
and chromium. When iron is present, Im(m) is usually 
larger for 441.6 nm than for 632.8 nm [Egan and Hilge- 
man, 1979; Deepak, 1982]. For some clays the difference 
in Im(ra) for the two wavelengths can be up to a fac- 
tor of 4 and for iron-rich soils even up to a factor of 10 
[Egan and Hilgeman, 1979]. 

2.3. Particle Shapes 

Examples of particle shapes are shown in the scan- 
ning electron microscope (SEM) photographs displayed 
in Figure 2. The feldspar particles as well as the quartz 
particles exhibit angular shapes. The red clay particles 
show layered structures, while the Sahara sand particles 
as well as the loess particles are rounded, because of 
wind erosion. The Sahara sand sample mainly consists 
of quartz particles coated with other minerals. The vol- 
canic ashes have a wide variety of shapes, varying from 
long, thin cylindrical, and angular to rounded shapes. 
In all samples, even single particles may exhibit a lot of 
structure (see bottom right panel in Figure 2). 

In short the samples consist of particles that have 
irregular and diverse shapes; we call such samples ir- 
regular samples. In addition, the particles in the sam- 
ples are diverse in size, and most of them (except for 
the quartz particles) are inhomogeneous in composition 
and therefore in complex refractive index. 

3. Some Concepts of Light-Scattering 
Theory 

We summarize here the main concepts of light-scat- 
tering theory used in this paper. The flux and polar- 

ization of a quasi-monochromatic beam of light can be 
represented by a column vector I= {1, Q, U, V), the so- 
called Stokes vector [van de Hulst, 1957, section 5.12; 
Hovenier and van der Mee, 1983]. The Stokes param- 
eter I is proportional to the total flux of the beam. 
The Stokes parameters Q and U represent differences 
between two components of the flux for which the elec- 
tric field vectors oscillate in orthogonal directions. The 
Stokes parameter V is the difference between two op- 
positely circularly polarized components of the flux. A 
plane through the direction of propagation of the beam 
is chosen as a plane of reference for the Stokes param- 
eters. 

If light is scattered by a sample of randomly oriented 
particles and time reciprocity applies, as is the case in 
our experiment, the Stokes vectors of the incident beam 
and the scattered beam are related by a 4 x 4 scattering 
matrix, for each scattering angle 0, as follows [van de 
Hulst, 1957, section 5.22]: 

, (3) 

where the subscripts in and sc refer to the incident and 
scattered beams, • is the wavelength, and D is the dis- 
tance from the sample to the detector. The matrix F 
with elements Fii, is called the scattering matrix. Its 
elements depend on the scattering angle but not on the 
azimuthal angle. Here the plane of reference is the scat- 
tering plane, i.e., the plane containing the incident and 
the scattered light. The elements Fii(O) contain infor- 
mation about the size relative to the wavelength, shape, 
and complex refractive index of the scatterers. It follows 
from equation (3) that there are 10 matrix elements to 
be determined. This number is further reduced in case 

a scattering sample consists of randomly oriented par- 
ticles with equal amounts of particles and their mirror 
particles. The four elements F13(0), F14(0), F23(0), and 
Fu4(0) are then zero over the entire angle range [van de 
Hulst, 1957]. For convenience, we normalize all matrix 
elements (except F•(O)itsdf) to that is, we 
consider F•5(O)/F•(O), with i,j = 1 to 4. 

For unpolarized incident light, Fi•(O) is proportional 
to the flux of the scattered light and is also called scat- 
tering function or phase function. For reasons of con- 
venience and tradition, a minus sign is often written in 
front of F•2(O)/F•(O). Thus we use 

- Iz(O) + 111(0 ) ' (4) 

where for unpolarized incident light Ix (0) and Ill (0) rep- 
resent the flux of the scattered light polarized perpen- 
dicular and parallel to the plane of reference. The ratio 

•q•s the degree of linear polarization 
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Figure 2. Scanning electron microscope (SEM) photographs of the aerosol samples studied: (a) 
feldspar, (b) red clay, (c) quartz, (d) Pinatubo ash, (e)loess, (f) Lokon ash, and (g) Sahara sand. 
An example of irregularity of a single (quartz) particle is shown in photograph Figure 2h. White 
bars in Figures 2a, 2b, 2d, and 2h denote 10/tin but in the remaining photographs, 100 ttm. 

of the scattered light if the incident light is unpolar- 
ized and F•a(O) = O. Note further that we must have 
IFij(O)/F• (0)l _• 1 [see Hovenier et al., 1986]. 

In addition, the matrix elements should satisfy the 
Cloude (coherency matrix) test as described by Hove- 
nier and van der Mee [1996]. The reliability of scat- 
tering matrix measurements can be investigated by ap- 
plying this test, i.e., one checks whether each measured 
matrix at each measured angle can be a sum of pure 
scattering matrices. In principle, this test can be used 
only for matrices of which all elements have been de- 

termined. However, it is sometimes convenient to skip 
measuring one or more of the elements F•a(O), F•4(0), 
F23(0), and Fu4(0). In such cases we apply the Cloude 
test, assuming that each skipped element is zero. 

4. Experimental Method 

In this section we give a brief description of the exper- 
imental setup, the accuracy of the measurements, and 
the results of test measurements on water droplets. 
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VOLTEN ET AL.' SCATTERING MATRICES OF MINERAL AEROSOLS 17,381 

P 

[laser •[•l E• 

pinholes 

work 
station 

• scillator ] 

'] amplifiers i 

detector 

monitor 

Figure 3. Schematic picture of the experimental setup; 
P, polarizer; A, polarization analyzer; Q, quarter-wave 
plate; EOM, electro-optic modulator. 

4.1. Experimental Setup 

The experimental setup used to measure the scat- 
tering matrix elements of the aerosol samples is shown 
in Figure 3. The setup is similar to that developed by 
Hunt and Huffman [1973] and is a revised and improved 
version of that described by Stareroes [1989], Kuik et al. 
[1991], and Kuik [1992]. Here we briefly summarize the 
main characteristics of the setup. A more comprehen- 
sive description can be found in the work of Hovenier 
[•000]. 

Light from a linearly polarized continuous wave He- 
Ne laser (,X - 632.8 nm, 5 mW) or He-Cd laser (,X - 
441.6 nm, 40 mW) passes through a polarizer oriented 
at an angle '/p and an electro-optic modulator oriented 
at an angle 7M (angles of optical elements are angles 
between their optical axes and the reference plane, mea- 
sured counterclockwise when looking in the direction of 
propagation of the light). The modulated light is sub- 
sequently scattered by randomly oriented particles lo- 
cated in a jet stream produced by an aerosol generator. 
The scattered light passes through a quarter-wave plate 
oriented at an angle 7Q and an analyzer oriented at an 
angle 7A (both optional) and is detected by a photo- 
multiplier tube that moves along a ring in steps of 5 ø, 
or steps of 10 if a higher angular resolution is required. 

The detector covers a scattering angle range from 5 o 
(nearly forward scattering) to 1730 (nearly backward 
scattering). The field of view of the detector is ~ 2 ø, 
which is sufficiently large to ensure that the detector 
sees the entire illuminated part of the aerosol jet at 
all scattering angles. The monitor is a photomultiplier 
tube placed at a fixed angle and is used to correct for 
variations in the aerosol stream. 

The modulator in the setup, in combination with 
lock-in detection, increases the accuracy of the mea- 
surements and allows determination of several elements 
of the scattering matrix from the detector signal. For 
this purpose, a voltage varying sinusoidMly in time is 
applied [o the modulator crystal. The phase shift be- 
tween the parallel and the perpendicular components of 
the electric field caused by the crystal is also sinusoidal, 
so the sine and cosine of the resulting phase shift can 
be described by Bessel functions of the first kind Jk(x). 
If the amplitude ½0 of the varying phase shift is chosen 
appropriately, the flux reaching the detector is [Hove- 
nier, 2000] 

Idet (0) -- c[DC(O) + (c)o)S(O) sin wt 

cos + ...], (s) 

where Jx(q•0) and J2(q•o) are known constants, and c 
is a constant that depends on the optical arrangement. 
The modulation angular frequency w is 1 kHz. The co- 
efficients DC(O), S(O), and C(O) contMn elements of the 
scattering matrix (see Table 2) [e.g., Kuik, 1992; Hov- 
enier, 2000]. Note that Fxx(O) is measured only on a 
relative scale in our experiments. By using lock-in de- 
tection the constant part of the detector signal contain- 
ing cDC(O) and each of the varying parts containing 
cS(O) and cC(O)are separated. Subsequently, we di- 
vide cS(O) and cC(O) by cDC(O), belonging to the same 
configuration, which eliminates c for these ratios. We 
use F•2(O)/Fxx(O), Fxs(O)/Fxx(O), and Fx4(O)/Fxx(O), 
which are measured directly with configurations 1 and 5 
in Table 2, to obtain the other element ratios measured 
with configurations 2, 3, 4, 6, 7, and 8. For example, 
from configuration 2 and the relation 

Table 2. 

of the Polarizer, the Modulator, 
Used During the Measurements a 

Configurations of the Orientation Angles, %0 7M, 7Q, and 
the Quarter-Wave Plate, and the Analyzer 

aThe coefficients DC(O), S(0), and C(O) correspond to the dc, 
coswt component of the detector signal, respectively. 

Configuration 7P 7M 7• 7• DC(O) S(O) C(O) 
1 0 ø -45 ø - - Fll -F14 F12 
2 0 ø -45 ø - 0 ø Fll q- F12 -F14 - F24 F12 
3 0 ø -45 ø - 45 ø F1 • - Fla -- F14 -- Fa4 F12 
4 0 ø -45 ø 0 ø 45 ø Fll q- F14 -F14 - F44 F12 
5 45 ø 0 ø - - Fll -F14 F13 
6 45 ø 0 ø - 0 ø Fll q- F12 -F14 - F24 FI$ 
7 45 ø 0 ø - 45 ø Fll - F• -F14 - F34 F13 
8 45 ø 0 ø 0 ø 45 ø F11 q- F14 -F14 -- F44 F13 -- F34 

sin wt, and 

+ F22 
-- F23 
+F24 

+ F23 
q- F33 
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Water droplets 

1 oo , ' I ' ' I ' ' I ' ' O. 5 f ' ' I ' ' I ' ' I 0 Experimental 652.8nm 
', /,. Experimental 441.6nm 
• -- Mie calculation 632.8nm 

calculation 441.6nm 

o 

F11 " ,•* Fll ' ,. ,, ,• 
-0.,5 

lO ( 

, 

I 

I I 
O. 1 ( - F22/F11 ß 

0.01 , , 
0 45 90 155 180 0 45 90 155 180 0 45 90 155 180 

1 , •, , , , , , , , , , ,• - ' ' I ' ' I ' ' 

O. •'•,' 
0.5 O. 

0 

4 1 

0 45 90 155 180 0 45 90 155 180 0 45 90 1,35 180 

Scattering Angle (ø) 

Figure 4. Scattering matrix elements Fll(0), normalized to 1 at 300 and element ra- 
tios F12(•)/F11(•), F22(•)/F11(•), F33(•)/Fll(•), F34(t•)/Fll(•), and F44(•)/Fll(•) for water 
droplets. Circles denote the measurements at 632.8 nm, triangles those at 441.6 nm, together 
with their error bars. Solid and dashed lines are results of Lorenz-Mie calculations for 632.8 nm 

and 441.6 nm, respectively. 

(6) 

we can calculate F24(e)/Fll (e), since it is the only un- 
known in this equation. Other element ratios are deter- 
mined in a similar way. 

4.2. Accuracy of the Measurements 

For each data point at a given scattering angle, 720 
measurements are conducted in about 2 s. Conse- 

quently, one single data point is in fact an average of 720 
separate measurements. In the case that there was just 
one data point per angle for a given scattering matrix 
element or combinations of matrix elements (e.g., be- 
cause of the limited amount of the sample available), the 
adopted error is due to the variation of the signal during 
the single series of 720 measurements. However, in most 
cases the values obtained for the measured matrix ele- 

ments or combinations of matrix elements are the mean 

value of several data points (about 5 or more) and the 
adopted experimental error is the standard deviation of 
this mean value. When a matrix element ratio is not 

measured directly but is obtained using equation (6) or 
a similar equation, its standard deviation is calculated 

from standard deviations of the directly measured ma- 
trix elements or combinations of matrix elements. The 

resulting experimental errors are indicated by error bars 
in Figure 4 and in later figures containing experimental 
results. When no error bar is visible, the value of the 
standard deviation is smaller than the symbol plotted. 

In a few cases the error bars are large, for example, for 
the Sahara sand sample. This is predominantly due to 
the fact that the particles in these samples are relatively 
large so that relatively few particles are present in the 
scattering volume during the measurements, thereby 
decreasing the signal-to-noise ratio. An increase in the 
jet flow would have improved the accuracy, but this was 
not possible because of the limited amount of sample 
material available. 

We investigated the reliability of the measurements 
presented in this paper by applying the Cloude co- 
herency test [Hovenier and van der Mee, 1996] (see sec- 
tion 3). For a few samples, we had not enough sam- 
ple material to measure F23(O)/F11(t•) (loess) or both 
Fla(O)/F11(O) and F2a(O)/Fll(O) (Sahara sand). To be 
able to apply the Cloude coherency test for these sam- 
ples, we assumed these elements to be zero at all scat- 
tering angles, since they proved to be identically zero 
within the experimental errors for the other samples. 
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VOLTEN ET AL.: SCATTERING MATRICES OF MINERAL AEROSOLS 17,383 

We found that for all matrices, the values that mea- 
sured for scattering angles from 5 o to 173 o satisfy the 
Cloude test within the experimental error. 

4.3. Test Measurements Using Water Droplets 

We have tested the experimental setup by comparing 
results of water droplet measurements at 441.6 nm and 
632.8 nrn to results of Lorenz-Mie calculations [Mie, 
1908] for homogeneous spherical particles. The water 
droplets were produced by a nebulizer. For the Lorenz- 
Mie calculations we used a lognormal number distribu- 
tion having reft = 1.1 /•m, rreff = 0.5 [see Hansen and 
Travis, 1974], and a refractive index rn = 1.33- i0.00. 
Since the values for ref• and rref• of the water droplets 
were not known, they were chosen so that the differences 
between measured and calculated scattering matrix ele- 
ments as a function of scattering angle were minimized. 

The results of the F•(O) measurements and calcula- 
tions are plotted on a logarithmic scale in Figure 4. 
We chose to normalize the measured and calculated 

F•(0) so that it is equal to 1 at 0 = 300 . The other 
elements shown in Figure 4 were plotted relative to 
F• (0). We refrained from showing the four element ra- 
tios F•3(O)/F• (O), F•4(O)/F• (O), F23(O)/F• (0), and 
F24(O)/F.• (•)), since we verified that these ratios do not 
differ from zero by more than the error bars, as is in 
accordance with Lorenz-Mie theory. 

When the results of the water droplet measurements 
are compared with the results of Lorenz-Mie calcula- 
tions (see Figure 4), we find that there is good agree- 
ment over the entire angle range for most scattering ma- 
trix elements. Note that the measured ratios Fss(O)/ 
F•(O) and F44(O)/F•(O) are found to be identical, 
which is in accordance with Lorenz-Mie theory. The 
largest systematic deviation from Lorenz-Mie theory, al- 
beit only of a few percent, is found for F22(O)/F•(O). 
This may be due to an accumulation of small alignment 
errors in the experiment [Kipharclt, 1993]. We note that 
systematic errors, for example due to small inaccura- 
cies in the alignment of the optical elements, are not 
accounted for in the error bars. 

5. Measured Scattering Matrices of 
Mineral Aerosol Particles 

In section 5.1 we present the experimentally deter- 
mined scattering matrices for the seven aerosol samples 
described in section 2. An intercomparison of the re- 
suits for the various samples is made in section 5.2. In 
section 5.3 we construct an average scattering matrix 
as a function of scattering angle. A more detailed dis- 
cussion of the results is given in section ?. 

5.1. Measurements 

We present in Figures 5-11 results of the experimen- 
tally determined scattering matrices at 441.6 nm and 

632.8 nm as a function of the scattering angle 0 for the 
aerosol samples feldspar, red clay, quartz, Pinatubo vol- 
canic ash, loess, Lokon volcanic ash, and Sahara sand. 
These figures also contain results of ray-optics calcula- 
tions that will be discussed in section 6. 

All F•(O) functions are plotted on a logarithmic 
scale. They are normalized so that they equal 1 at 
0: 30 ø. The other elements are shown relative to the 

corresponding Fll(0). Measurements were performed 
at intervals of 50 for t• in the range 50 - 1700 and at 
intervals of 1 ø for 0 from 1700 to 173 ø. As for the wa- 

ter droplets, we refrained from plotting the four element 
ratios F•3(O)/ F• (0), 1•'•4(0)/F• (0), F23(O)/F• (0), and 
F24(O)/F• (•?), since we verified that these ratios do not 
differ from zero by more than the error bars. This is in 
agreement with the assumption that our samples con- 
sist of randomly oriented particles with equal numbers 
of particles and their mirror particles [van de Hulst, 
1957]. Consequently, we will interpret -F•2(O)/F•(O) 
as the degree of linear polarization for unpolarized in- 
cident light. 

5.2. Intercomparison of the Aerosol Scattering 
Matrices 

Comparison of the results for the seven samples re- 
veals several fundamental and important aspects of the 
scattering matrix elements of mineral aerosols in gen- 
eral. In this section we focus on (1) the main common 
properties of the scattering matrices, (2) the depen- 
dence on particle size and complex refractive index, and 
(3) the wavelength dependence of the scattering matrix 
elements. A more detailed discussion will be given in 
section 7. 

In all cases the F•(O) curves measured are smooth 
functions of the scattering angle, showing a steep for- 
ward peak and virtually no structure at sidescatter- 
ing and backscattering angles. The shapes are simi- 
lar for all aerosol samples and are in agreement with 
the general behavior exhibited by nonspherical parti- 
cles [Mishchenko et al., 2000b]. The steepness of the 
F•(0) curves, defined as the measured maximum value 
of F• (0) divided by the measured minimum value over 
the scattering angle range from 50 to 1730 , varies from 
•400 to •60 (see Figure 12, top panel). Such differ- 
ences in steepness may be important, since, for example, 
they can result in an underestimation or overestima- 
tion of the optical thickness of mineral aerosols when 
phase functions with incorrect steepness are used for 
the interpretation of satellite reflectance measurements 
[Mishchenko et al., 1996a; Kahn et al., 1997]. 

The steepness of F• (0) depends strongly on the effec- 
tive size parameter of the irregular particles. Figure 12 
shows that the steepest curves occur for the smallest 
particles, i.e., red clay and feldspar. The fiattest F• 
curves occur for the largest particles, i.e., Lokon vol- 
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lOO 

lO 

Feldspar 

0.1 

•½,',© 

-0.1 - F12/F11 F22/F11 

-0.2 0.01 , , I , , i , , I .... 415 , , ;, , I .... ;5' '9i0 ' ' i , , 0 45 90 135 180 0 9 135 180 0 1.35 180 

0.5 

-0.5 

0 5 90 135 180 0 5 135 

-0.1 F34/F11 

-0.2 ' ' 

Scattering Angle (ø) 

-0. F4jF11 • i i i i i i • I 

80 0 ;5 9i0 135 180 

Figure 5. Scattering matrix elements Fzz(O), normalized to 1 at 300 and element ratios 
-F•2(O)/F•(O), F22(O)/F•(O), Fa3(O)/F•(O), F34(O)/F•(O), and F44(O)/F•(O) for feldspar. 
Circles denote the measurements at 632.8 nm, triangles those at 441.6 nm, together with their 
error bars. Results of geometric-optics calculations for Gaussian random particles with I'=5 o , and 
rr - 0.2, are indicated by solid and dashed lines, corresponding to comparisons with measured 
results for 632.8 nm and 441.6 nm, respectively (see section 6). 

Red Clay 
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Figure 6. Same as Figure 5 but for red clay. 
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Figure 7. Same as Figure 5 but for quartz. 
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Figure 8. Same as Figure 5 but for Pinatubo volcanic ash. 
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Figure 9. Same as Figure 5 but for loess. 
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Figure 10. Same as Figure 5 but for Lokon volcanic ash. 
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Figure 11. Same as Figure 5 but for Sahara sand. 
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Figure 12. Properties of the measured scattering 
matrix elements. (top) Steepnesses of Fll(0), at 
A=632.8 nm and 441.6 nm. (middle) Maximum and 
minimum measured values of -Fi2(O)/F•(O). (bot- 
tom) Minimum measured values of F22(0)/F• (•). The 
samples are arranged horizontally according to increas- 
ing values of reft. Error bars are also shown. 

canic ash and Sahara sand. We note that the mea- 

surements do not include forward diffraction peaks for 
angles smaller than 50 Forward diffraction peaks are 
generally steeper for large particles than for small par- 
ticles. However, over the angle range measured here, 
the diffraction peaks apparently hardly influence the 
steepness. Apart from the size parameter, the complex 
refractive index is probably important in determining 
the steepness. For example, the dark-colored red clay 
shows a larger steepness of Fzz(0) than the smaller and 
light-colored feldspar particles. Similar behavior indi- 
cating the influence of the effective size parameter and 
complex refractive index is observed if we consider the 
full shapes of F•z(0) (see Figures 5-11). The curves for 
side and backward scattering between 300 and 1730 are 
flatter at 441•6 nm than at 632.8 nm for all samples 
except the dark-colored Lokon ash. 

The measured --Fz2(O)/Fzz (0) curves are all found to 
be similar in shape. These curves display a maximum at 
side-scattering angles and lie below zero beyond around 
160 ø. The maximum and mininmm values measured 

have been plotted in Figure 12 (middle panel). For 
Sahara sand at 632.8 nm, where the uncertainty in the 
measured values was very large, the minimum value is 
an average of the measured values at 1720 and 1730 . 

As in the case of the phase function, F•z(O), the 
information displayed in Figures 5-11 about the de- 
gree of linear polarization for unpolarized incident light, 
-F12(O)/F•l(O), of mineral aerosols may improve the 
interpretation of satellite data [e.g., .Herman et al., 
1997] (see section 7). To explain the behavior of the 
maxima of-F•(O)/F•(O), we consider the following: 
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17,388 VOLTEN ET AL.: SCATTERING MATRICES OF MINERAL AEROSOLS 

If geometric optics applies (i.e., if the size of the scat- 
terer is much larger than the incident wavelength) and 
Im(m) is not zero, both an increase in the size param- 
eter of the particles and an increase in Im(m) will re- 
sult in a larger absorption, causing the maximum of 
-F•2(O)/F•i(O) to go up. However, the maximum of 
-F•2(O)/F• (0) will increase also if the particles become 
small enough, since eventually, in the Rayleigh domain 
(i.e., for particles much smaller than the wavelength), 
-F•2(O)/F• (0) will reach a maximum of one at 90 ø. 

In our case, the samples have broad projected-surface- 
area distributions that overlap both size regions (par- 
ticles with sizes smaller or comparable to the wave- 
length and sizes much larger than the wavelength). The 
percentage of projected-surface area corresponding to 
spheres with radii smaller than 1 •urn (Figure 1) is for 
most samples rather high. Figure 12 (middle panel) 
shows that -F•2(O)/F•(O) tends to show larger max- 
ima for smaller values of Xeff. For example, when 
going from 441.6 nm to 632.8 nm, which causes 
to become smaller, the maximum value measured of 
-F•2(O)/F• (0) increases a few percent for the majority 
of samples for which, at these two wavelengths, differ- 
ences in Im(m) are probably negligible. This effect is 
clearly strongest for the smallest particles, i.e., feldspar. 
However, the samples with the darkest colors, i.e., red 
clay and Lokon volcanic ash, that probably have the 
highest Im(m), in particular for 441.6 nm, display a 
different wavelength dependence. It seems that for red 
clay the effect of a larger xe• at 441.6 nm is nearly 
counterbalanced by a larger Im(m) at this wavelength. 
For the Lokon sample, consisting of relatively large par- 
ticles, the sizes are probably for a large part within 
the geometric optics domain, and the maximum value 
of-F12(O)/F•(O) at .441.6 nm is considerably higher 
than that at 632.8 nm. This is probably due to a com- 
bined effect of a larger Xeff and a higher Im(m) value at 
441.6 nm. 

The measured values of F22(O)/F1•(O) in Figures 5- 
11 decrease smoothly from close to unity in the forward 
direction to a minimum in the side-scattering range and 
then increase again toward backscattering angles. Of- 
ten, F22(O)/F11(O) is used as a measure of nonsphericity, 
because this ratio equals unity at all scattering angles 
for homogeneous optically nonactive spheres. However, 
for irregular samples, this ratio is affected not only by 
irregularity but also by particle size and complex re- 
fractive index. For instance, the Sahara sand sample, 
which contains the largest particles, exhibits the deep- 
est minimum, and the feldspar sample, which contains 
the smallest particles, displays the shallowest minimum, 
as can be seen in Figure 12 (bottom panel). Further- 
more, the Fuu(O)/F11 (0) curves of the dark-colored sam- 
ples, red clay and Lokon volcanic ash, with probably the 
highest Im(m), display an opposite wavelength depen- 
dence compared to the other samples (with the excep- 
tion of Sahara sand for which the accuracy is very low). 

Unlike for homogeneous optically nonactive spheres, 
F44(O)/F• (•) and F33(O)/F• (•) are substantially dif- 
ferent for each sample (see Figures 5-11). Comparison 
of these two ratios shows that in most cases, F33(•)/ 
F• (0) is zero at a smaller scattering angle than F44(0)/ 
F•i(0) and that Faa(O)/Fl•(O) exhibits in all cases a 
lower minimum than F44(O)/F11(O). This behavior 
is also seen in many results of calculations, e.g., for 
spheroids, cylinders, and ellipsoids [Kuik, 1992; Mish- 
chenko et al., 1996b] and may be a characteristic of non- 
spherical particles in general [Mishchenko et al., 2000b]. 

The wavelength dependence of F44(O)/F1• (0) is mark- 
edly different for differently colored samples. For the 
light-colored particles (i.e., feldspar, quartz, and Pina- 
tubo ash) the results of the measurements at 441.6 nm 
are below those at 632.8 nm at small scattering angles. 
The curves cross more or less at side-scattering angles, 
while at backscattering angles, the curves are consid- 
erably higher at 441.6 nm than at 632.8 nm. For the 
yellow-brown particles (i.e., loess and Sahara sand) the 
higher F44(O)/F•l(O) curves at 632.8 nm deviate most 
from those at 441.6 nm around 45 ø, whereas they are 
close to each other at backscattering angles. For the 
red clay and the Lokon ash, the F44(O)/F11(O) curve 
at 441.6 nm remains below the curve at 632.8 nm over 

the entire angle range. This different wavelength de- 
pendence is likely due to differences in the complex re- 
fractive indices of the samples. 

The Fa4(O)/Fi•(O) ratios show a large similarity for 
all aerosol samples investigated (see Figures 5-11). The 
ratios typically have a slight negative dip at small scat- 
tering angles and are positive at side-scattering angles, 
as is often found for nonspherical particles in general 
[Mishchenko et al., 2000hi. The maximum values mea- 
sured at side-scattering angles range from 0.07 (loess, 
441.6 nm) to 0.17 (quartz, 632.8 nm). 

5.3. Average Aerosol-Scattering Matrix 

The experimentally determined scattering matrix el- 
ements for the distinct samples are generally found to 
agree well in their overall trends and behavior. This is 
independent of the wavelengths considered. Therefore 
although detailed differences are present in the mea- 
sured scattering matrices and it is preferable to take 
such differences into account in applications involving 
light scattering by mineral particles, we consider it jus- 
tified to construct an average aerosol-scattering matrix 
for use, for example, in remote sensing studies for which 
the specific properties of the mineral aerosols are often 
not known. 

The average aerosol-scattering matrix was obtained 
as follows: First, the average aerosol phase function, 
F• • (0), was determined by averaging the 14 phase func- 
tions measured at both wavelengths. Since no scatter- 
ing cross sections were available, the phase functions 
were averaged giving them equal weights. The 14 phase 
functions were all normalized to one at 300 (as shown in 
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VOLTEN ET AL.' SCATTERING MATRICES OF MINERAL AEROSOLS 17,389 

Table 3. Average Aerosol Scattering Matrix Elements As Functions of 
the Scattering Angle a 

Angle (deg) F• -F•2/h• F2•/F• Fss/h• Fs41h• F44/F1• 
5 22.39 0.00 0.96 0.97 -0.01 0.96 

10 7.37 0.01 0.94 0.96 -0.01 0.93 

15 3.52 0.01 0.92 0.93 -0.02 0.88 

20 2.08 0.00 0.89 0.89 -0.01 0.84 

25 1.39 0.01 0.86 0.86 -0.00 0.80 

30 1.00 0.01 0.84 0.82 0.00 0.74 

35 0.75 0.02 0.80 0.79 0.01 0.71 

40 0.59 0.02 0.77 0.74 0.02 0.66 

45 0.47 0.03 0.74 0.69 0.03 0.62 

50 0.39 0.05 0.70 0.64 0.04 0.56 

55 0.33 0.06 0.68 0.61 0.05 0.53 

60 0.28 0.07 0.63 0.54 0.06 0.48 

65 0.25 0.08 0.60 0.49 0.07 0.44 

70 0.22 0.10 0.56 0.41 0.08 0.39 

75 0.20 0.10 0.52 0.36 0.10 0.35 

80 0.18 0.11 0.50 0.30 0.10 0.31 

85 0.17 0.11 0.45 0.24 0.10 0.27 

90 0.16 0.12 0.43 0.18 0.11 0.23 

95 0.15 0.12 0.41 0.12 0.10 0.19 

100 0.14 0.12 0.38 0.06 0.10 0.17 

105 0.14 0.12 0.36 0.02 0.10 0.12 

110 0.13 0.12 0.34 -0.04 0.09 0.09 

115 0.13 0.10 0.34 -0.09 0.07 0.06 

120 0.13 0.09 0.31 -0.13 0.07 0.03 

125 0.13 0.09 0.33 -0.15 0.08 0.00 

130 0.13 0.06 0.31 -0.19 0.05 -0.02 

135 0.12 0.06 0.32 -0.22 0.07 -0.04 

140 0.12 0.05 0.31 -0.23 0.04 -0.07 

145 0.13 0.03 0.32 -0.28 0.04 -0.09 

150 0.13 0.02 0.35 -0.28 0.03 -0.09 

155 0.13 0.01 0.35 -0.32 0.04 -0.15 

160 0.13 0.00 0.36 -0.34 0.01 -0.15 

165 0.13 -0.01 0.37 -0.34 -0.01 -0.17 

170 0.14 -0.01 0.40 -0.35 0.01 -0.16 

171 0.14 -0.01 0.41 -0.35 -0.02 -0.16 

172 0.15 -0.02 0.40 -0.39 -0.01 -0.15 

173 0.15 -0.00 0.42 -0.38 -0.01 -0.17 

aF•(•9) is normalized to one at 30 ø. 

Figures 5-11), and hence this normalization also holds 
for the average phase function, given in column 2 of Ta- 
ble 3. Second, each measured element ratio was multi- 
plied with the normalized phase function that was mea- 
sured for the particular sample and wavelength, thus 
yielding elements instead of element ratios. Third, for 
each pair of indices (i, j) the element Fij(•9) of the aver- 
age aerosol-scattering matrix was obtained by averag- 
ing the 14 corresponding elements. Finally, division by 
the average phase function yielded the element ratios of 
the average aerosol-scattering matrix shown in Table 3. 
The resulting average aerosol-.scattering matrix obeys 
the Cloude test a.t each angle tabulated. 

The average aerosol-scattering matrix is displayed in 
Figure 13 by means of squares. For comparison, we 
also indicate in Figure 13 the domain covered by the 
best values of all measurements, i.e., the area between 
the highest and lowest measured values in Figures 5-11 
not taking into account the error bars for the individual 

measurements. In section 6 we will compare this matrix 
and the domain occupied by the samples with results of 
ray-optics calculations. 

6. Model Calculations 

In section 6.1 we give a description of the light scat- 
tering model used to analyze the measured values of 
the scattering matrix elements. A sensitivity study for 
this model is presented in section 6.2. We compare 
the results of the calculations with the average aerosol- 
scattering matrix in section 6.3 and with the individual 
measurements in section 6.4. 

6.1. Ray-Optics Method 

To compute the light-scattering behavior of an en- 
semble of randomly oriented mineral aerosols, a method 
is required that takes into account in detail the high ir- 
regularity and large variety in size and shape of mineral 
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17,390 VOLTEN ET AL.: SCATTERING MATRICES OF MINERAL AEROSOLS 

Average Aerosol 
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Figure 13. Average aerosol scattering matrix element F•(O), and element ratios 
, , t 34(0)/F• (0), and F44(O)/F• (•) (squares). The 

domains occupied by the measurements presented here are indicated in grey. Solid lines in the 
plots are the results of ray-optics calculations for Gaussian random particles with zefr-47, F-5 ø 
and rr- 0.2 (see section 6). ' 

aerosols. Here we will use the ray-optics approximation 
[Muinonen et al., 1996; Muinonen, 2000], because this 
method is able to deal with complex aerosol shapes. 

The range in size parameters z and refractive indices 
m for which the ray-optics approximation provides ac- 
curate results, i.e., z >> 1 and 2zlm- 11 >> 1, is not 
well defined, since it depends not only on the shape of 
the particles and on Im(m) but also on the type of scat- 
tering properties to be calculated [Macke et al., 1995; 
Mishchenko et al., 2000b]. Macke et al. compared ex- 
act T-matrix results for F• and -F•2/F• for randomly 
oriented spheroids with an axis ratio of 2 with ray-optics 
results and found that ray optics is more accurate for 
spheroids than for spheres. Ray optics gives reasonably 
accurate phase functions for spheroids with surface- 
equivalent size parameters z > 60, while for spheres, 
z has to be of the order of a few hundreds. Increasing 
sample irregularity and absorption will tend to make 
ray-optics calculations even more accurate and applica- 
ble to smaller particles, since in these cases interference 
effects of different rays leaving the particles, which are 
not taken into account in ray optics, become less impor- 
tant [see also Peltoniemi et al., 1989]. In short, for the 
samples containing the largest particles, the ray-optics 
approximation is expected to be useful, but the lower 
limit for z is unknown. For this reason, and because 
the scattering matrix elements as functions of the scat- 

tering angle of all samples show such a remarkable de- 
gree of similarity, it is interesting to compare ray-optics 
results with all experimental results, to investigate to 
which extent ray-optics results may yield an adequate 
description of the scattering behavior of our samples. 

In the ray-optics approximation the total amount of 
light scattered by a particle is the sum of diffracted, 
reflected, and transmitted components [e.g., Bobten 
and Huffman, 1983, section 7]. In our calculations we 
combined a forward diffraction part and a geometric- 
optics part (taking into account reflected and transmit- 
ted rays) in a manner described by Muinonen ½t al. 
[1996]. In the diffraction part of the method, the re- 
fractive index of the particles does not occur and the 
forward diffraction peak is computed using a size dis- 
tribution for equal-projected-surface-area spheres. In 
this way, the forward peak is assumed to be indepen- 
dent of the detailed shape of the particles [e.g., Bobten 
and Huffman, 1983, chapter 4]. In the geometric-optics 
part, in contrast, the size, shape, and refractive index 
of the aerosols are accounted for in detail. In this case, 
a model particle in a specific orientation is newly gener- 
ated for each incident ray, which comes from a random 
direction. At each boundary surface, reflection and re- 
fraction take place according to Snell's law, and to Fres- 
nel's reflection and refraction matrices [Muinonen et al., 
1996; Muinonen, 2000]. This procedure is repeated for 
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VOLTEN ET AL- SCATTERING MATRICES OF MINERAL AEROSOLS 17,391 

many rays to obtain an ensemble average over many 
particles and orientations. 

The model particle is generated according to a statis- 
tical method based on Gaussian random shapes (shape 
distributions) as described extensively by Muinonen et 
al. [1996] and Muinonen [2000]. In principle, there are 
many different ways to parameterize a Gaussian ran- 
dom shape. In our method, Gaussian random shapes 
are functions that describe spherical shapes with ran- 
dom surface deformations. We confine ourselves to a 
relatively simple parameterization for which results of 
calculations have been published by Muinonen et al. 
[1996]. Using this parameterization, a Gaussian ran- 
dom shape is described by the relative standard devia- 
tion • of the radius vector of the deformed sphere and 
the correlation angle F of the surface deformations. The 
correlation angle F determines the number of hills and 
valley deformations per solid angle and can take values 
in the range 0 ø < F _< 180 ø, where a relatively small 
value corresponds to a high number of peaked surface 
deformations. Increasing • enhances the heights of the 
hills and the depths of the valleys radially. 

With a given Gaussian random shape, many differ- 
ent Gaussian random particles can be created. Some 
visualizations of typical examples of Gaussian random 

particles (i.e., model particles used in the computa,tiona] 
method) are shown in Figure 14. 

If no absorption occurs, the size of the particles does 
not influence the geometric-optics calcula.tions. There- 
fore the average radius vector of •he Gaussian random 
particles is chosen to be unity. In case absorption does 
occur, the size of the particles is accounted for in the 
product Im(m)x 

We emphasize that since we employ a statistical meth- 
od to calculate the scattering matrices, the shapes of 
the individual particles in the aerosol samples studied 
(see Figure 2) need not and, in fact, do not resemble 
those of the individual model particles. The main dif- 
ferences are that the aerosol particles in the samples 
vary strongly in size, have inhomogeneities, and have 
no spikes. However, although there is no one-to-one 
correspondence between the aerosol particles and the 
Gaussian random particles, the light scattering prop- 
erties of an ensemble of Gaussian random particles in 
the geometric-optics approximation are expected to be 
representative for large aerosol particles. We note the 
following examples [see also Muinonen, 2000]: 

1. In the geometric-optics calculations, a ray coming 
from a random direction may encounter a peaked sur- 
face deformation without being affected by the rest of 

10 ø 

0.1 

1 

o5 

o• • 
-os 

O.2 0.3 

05 01 

0 

.o 5-•5 o . 

øø -051 -0. 
-o 5 .1 -1 -o 5 o 

2.5 0 

-1 -1 ' ..o 5 -1 -* -05 0 

Figure 14. Visualizations of typical examples of Gaussian random particles. These particles 
were generated using Gaussian random shapes with a relative standard deviation of the radius 
vector rr=0.1, 0.2, and 0.3 (columns, left to right), and correlation angles F=10 ø, 5 ø, and 2.5 o 
(rows, top to bottom). 
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17,392 VOLTEN ET AL' SCATTERING MATRICES OF MINERAL AEROSOLS 

the Gaussian random particle. From a light scattering 
point of view, this is similar to a ray that encounters an 
aerosol particle that is relatively small in size. 

2. Similarly, a ray incident in the direction of a 
peaked surface deformation may travel through the en- 
tire Gaussian particle. From a light-scattering point of 
view, this is similar to a ray encountering a relatively 
large aerosol particle. 

The probability for these extreme ray-particle inter- 
actions to occur is higher for Gaussian random particles 
with more peaks and/or more extended peaks, i.e., for 
smaller values of F and/or larger values of er. Con- 
sequently, light scattering by an ensemble of Gaussian 
random particles for a small value of F and/or large 
value of er is similar to light scattering by an ensemble 
of aerosol particles with a broad projected-surface-area 
distribution. (Note that the er of the Gaussian random 
particles cannot be compared directly with the ereff ob- 
tained for the mineral aerosols, although they would 
denote similar quantities in case the Gaussian random 
particles would be perfectly spherical.) 

In the same manner, a ray incident on a Gaussian ran- 
dom particle with a relatively larger number of highly 
peaked surface deformations, i.e., a smaller value of the 
correlation angle F, and a larger value of er, probably 
will experience much interaction with the particle, en- 
countering many boundary surfaces. Therefore an en- 

semble of such Gaussian random particles will exhibit 
light-scattering behavior similar to that of an ensemble 
of aerosol particles with a high degree of internal and/or 
external irregularity. 

In conclusion, we expect that the ray-optics method, 
by means of its statistical approach, takes into account 
adequately effects of the high irregularity on the light- 
scattering behavior of large aerosol particles. 

6.2. Outline of the Model Computations 

In this section we briefly describe how the ray-optics 
method is applied to investigate the measured scatter- 
ing matrices of the aerosol samples presented in sec- 
tion 5. 

The geometric-optics part of the ray-optics method to 
calculate the scattering matrix of the Gaussian random 
particles depends on the statistical parameters er and 
F, on the real part of the refractive index Re(m), and 
on the imaginary part of the refractive index times the 
size parameter Im(m)x [see Mumonen et al., 1996]. As 
discussed in section 6.1, the diffraction part is calculated 
separately. This part is added to the geometric-optics 
part to obtain the complete ray-optics scattering matrix 
as a function of scattering angle. 

We investigated the sensitivity of the scattering ma- 
trices of ensembles of Gaussian random particles by 

lOO 

lO 

o.1 

O.Ol 

:[ Re(m)=•.5, Im(m)==0.•, r=5' ti•, -- .=0.• 0.2 
•ii .... o'=0.2 
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Figure 15. Scattering matrix elements computed with the ray-optics method. The standard 
deviation er of the radius vector is varied from 0.1 (solid line), to 0.2 (dashed), and 0.3 (dotted). 
Further, we used x - 47, •e(m) - 1.5, Im(m)x - 0.1, and F - 5 ø. Shaded areas indicate the 
domain covered by the results of the measurements. 
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Figure 16. Same as Figure 15 but for variations in the correlation angle F from 10 ø (solid line), 
to 50 (dashed), and 2.5 ø (dotted). Further, we used x - 47, Re(m) - 1.5, Im(m)x - 0.1, and er 
- 0.2. 

systematically varying er and F, Re(m), and Im(m)x. 
To the geometric-optics results we added a forward 
peak (as described by Muinoncn, [2000]), calculated 
for equal-projected-area spheres (corresponding to the 
Gaussian random particles used) with a size parameter 
x:47, i.e., the mean value of Xefr for all samples at two 
wavelengths. We use this average peak for the sensi- 
tivity study, because differences in the diffraction peak 
hardly influence the shape of the resulting scattering 
matrix elements as functions of the scattering angle. 

For the geometric-optics calculations we have cho- 
sen the following parameter values, appropriate for the 
aerosol samples studied (see also Table 1): er - 0.1, 0.2, 
0.3, F = 2.50 , 50 , 10 ø, Re(m) - 1.3-1.8 (in steps of 0.1), 
and Im(m)x = 0.004, 0.04, 0.1, 0.2, 0.3, 0.4. Im(m)x < 
0.004 gives results similar to those for Ira(re)x-0.004. 
Increasing Im(m)x beyond 0.4 produces results that are 
outside the domain covered by the measurements con- 
sidered in this paper. 

For each combination of parameter values calculated, 
we secured sufficient accuracy by using 50.000 Gaussian 
particles and corresponding random incident rays. Nev- 
ertheless, some statistical noise remains in the resulting 
matrix elements. In particular, at backward scatter- 
ing angles the noise is apparently appreciable, as can 
be seen from the violations of the general equalities 
[Mishchcnko and Hovenier, 1995; Hovenier and van der 
Mee, 2000] 

F12(l$OO)/Fll(180 ø) -- F34(l$0ø)/F11(l$0 ø) -- 0, (7) 
F2(180O)/F(180ø)--Faa(180ø)/Ft(180ø), (8) 

F44(180ø)/F(180 ø) - 1- 2F22(lSOø)/Fl(180ø). (9) 

This large noise is due to the fact that few rays are 
scattered in backward directions; the amount of forward 
scattering relative to backward scattering can easily dif- 
fer a factor of 104. The computations for the complete 
scattering matrices as functions of the scattering an- 
gle lasted from a few hours to several weeks on a work 
station (IBM RS6000/604 PowerPC) for one set of pa- 
rameter values. Increasing the number of rays and gen- 
erated particles, as well as decreasing F or increasing 
will result in longer computing times. We verified that 
the results of the calculations obey the Cloude test. 

6.3. Results of Calculations Compared With 
the Average Scattering Matrix 

In Figures 15-18 we present the computed scattering 
matrices as functions of the scattering angle for vari- 
ous combinations of er, F, Re(m), and Im(m)x. As a 
reference model, we adopt the central values of the pa- 
rameter range employed, i.e., er=0.2, F=5 ø, Re(m)=1.5, 
Im(m)x-0.1, and x=47. When considering the varia- 
tion of one parameter in Figures 15-18, the values of re- 
maining parameters correspond to the reference model. 
Furthermore, we use a resolution of 50 for the angu- 
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Ray Optics: variation of Re(m) 
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Figure 17. Same as Figure 15 but for variations in Re(m) from 1.3 (solid line), to 1.5 (dashed), 
and 1.8 (dotted). Further, we used x - 47, Im(m)x - 0.1, F - 5 ø, and rr - 0.2. 

Ray Optics: variation of Im(m)x 
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Figure 18. Same as Figure 15 but for variations in Im(m)x from 0.004 (solid line), to 0.2 
(d•sh•d), •nd 0.4 (dotted). Further, we used x- 47, Re(m) - 1.5, F - 5 ø, - 0.2. 
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lar bins corresponding to the angular resolution of the 
measurements for 0 < 170 ø. 

The effects of varying tr on the computed scattering 
matrix elements are presented in Figure 15. For all scat- 
tering matrix computations shown we find good over- 
all agreement with the aerosol measurement domain as 
mentioned in section 5.3, except for the element ratio 
Fa4(O)/Fll(O). The effect of varying rr is substantial for 
F22(O)/F•t(O), Fa4(O)/Ftt(O), and F44(O)/Ft•(O) and 
small for Ft•(0), -Ft2(O)/Ft•(O), and Faa(O)/Ftt(O). 
Overall, we find that increasing rr reduces the differences 
between the results of the measurements and those of 

the calculations. The model results suggest that val- 
ues of rr > 0.3 would improve the agreement with the 
measurements for, for example, F44(O)/F•(O). How- 
ever, such improvements will be limited since values of 
rr > 0.3 produce ray-optics results very similar to those 
for rr = 0.3 (see further Muinonen et al. [1996]). 

The effects on the model results of varying I' are 
shown in Figure 16. In general, good overall agreement 
with the measurements is found, except for Fa4(O)/ 
F• (0) if I' > 2.5 ø. Note that as is the case for rr, vary- 
ing F hardly affects -F•2(O)/F•(O) but changes sev- 
eral other elements considerably, most notably F22(0)/ 
F•(O). Interestingly, varying I' from l0 ø to 2.50 has a 
largely similar effect on the ray-optics results as varying 
rr from 0.1 to 0.3. This might be due to the fact that 
both parameters influence the degree of irregularity of 
the ensemble particles. 

The results of varying •½(ra) for the computed scat- 
tering matrix elements are shown in Figure 17. We find 
that when /•½(ra) is varied from 1.3 to 1.8, this has 
a relatively strong effect on F•(O) and all matrix ele- 
ment ratios except -F•2(O)/F•(O). In particular, the 
steepness of F•(O) strongly decreases with increasing 
values of/•½(ra). This can be explained by the fact 
that a higher value of/•½(ra) causes a larger fraction 
of the incident light to be reflected. At the same time, 
the F22(O)/F•(O), F33(O)/F•(O), F34(O)/F•(O), and 
F44(O)/F•(O) ratios decrease when Re(m)increases, es- 
pecially at side-scattering angles. 

The effects of varying Im(m)x are shown in Figure 18. 
The steepness and shape of F• (0) is affected by Im(m)x 
but in a manner different from that caused by varia- 
tions in Re(m). It appears that Im(m)• is the only pa- 
rameter that modifies -F•2(O)/F• (0) substantially. At 
side-scattering angles,-F•2(O)/F•(O) increases with 
increasing values of Im(m)• (compare section 5.2). 

Overall, the results of the ray-optics calculations are 
well within the domain occupied by the measurements 
and can adequately describe the main part of the differ- 
ences found among the measured results for the irreg- 
ular mineral particles studied here. The only notable 
exception to this is Fa4(O)/F•(O). To improve the re- 
sults for this ratio without affecting the results for the 
other element ratios, it is probably necessary to increase 
the irregularity of the model particles, e.g., by consider- 

ing simultaneously smaller values of I' and larger values 
of tr. However, we have refrained from doing this, since 
computing times become very large for such parameter 
values, while Fa4(O)/F•(O) is usually of relatively less 
importance, e.g., for (single or multiple) scattering in 
the Earth's atmosphere. 

6.4. Comparison With Results of Individual 
Samples 

In addition to the overall comparison of the ray- 
optics calculations with the measurements, we inves- 
tigated in more detail whether the results of the com- 
putations can reproduce the behavior of the scattering 
matrix elements of the individual aerosol samples both 
at 632.8 nm and at 441.6 nm. To be able to perform 
ray-optics calculations for our samples individually, we 
needed to choose values for the parameters rr, F, x, 
Re(m), and Im(m)x. As in section 6.3, we fixed the 
parameters rr = 0.2 and F = 5 ø. For the diffraction 
peak calculations, we used x = xes for each combina- 
tion of sample and wavelength individually. We chose 
the parameters pertaining to the refractive indices from 
the range of values provided by the literature (see Ta- 
ble 1). Since these literature values usually allowed 
for a narrow range of acceptable values, a final choice 
within the range was made by attempting to reproduce 
(qualitatively) the various wavelength dependences of 
F2•(O)/F•(O), Faa(O)/F•(O), and F44(O)/F•(O) mea- 
sured for our samples. We adopted this method since 
for the wavelength dependences of these ratios the ef- 
fects of differences in Re(m) and Im(m)x are markedly 
different (see Figures 17 and 18), so we can fit these 
parameters independently. We emphasize that in this 
study we aimed at reproducing scattering matrices as 
functions of the scattering angle and not at deriving 
aerosol properties. 

The final ray-optics results are shown in Figures 5- 
11 and Figure 13 together with the measured results. 
The parameters Re(m) and Im(m)x used for the specific 
aerosol samples at 632.8 nm or 441.6 nm are indicated 
in the legends of the corresponding figures. 

We obtained a satisfactory overall resemblance be- 
tween measured and calculated results for all aerosol 

samples studied. As expected, the resemblance is bet- 
ter for the larger particles, such as Lokon volcanic ash, 
but a remarkably good agreement is also found, for ex- 
ample, for the much smaller quartz particles. Since 
all of our samples contain a considerable fraction of 
small particles, all results may be influenced to differ- 
ent degrees by their presence. In general, their influ- 
ence seems to manifest itself most clearly in F• (0) and 
-F•(O)/F• (0). This can be seen for instance from the 
increasingly too low steepness of the calculated F•(0) 
for decreasing xe•r. Also, the calculated -F•2(O)/F• (0) 
tends to show a too low maximum for decreasing xeer 
(compare section 5.2). In particular, we can conclude 
from the comparison between these measured and cal- 
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culated elements that the feldspar particles and red clay 
particles are too small to obtain accurate results from 
ray-optics calculations, even though their general be- 
havior is still similar to the ray-optics results. For these 
samples, we encountered the additional problem that 
for the diagonal element ratios the diffraction part of 
the calculations starts to contribute at large scattering 
angles, which impedes drawing further conclusions for 
these samples. 

The best agreement between calculated results and 
measured results is found for the element ratios F22(0)/ 
Fi•(O) and F33(O)/Fll(O). More difficult to repro- 
duce seem to be the element ratios Fa4(O)/Fll(O) and 
F44(O)/Fll (0), especially for the brown-colored samples 
such as Sahara sand, Lokon volcanic ash, and loess. 
They tend to be above the measured results for most of 
the scattering angle range. 

The observed differences between measurements con- 

ducted at different wavelengths can be reproduced at 
least qualitatively by choosing appropriate values from 
the range of literature values for the parameters Re(m) 
and Im(m)x. This ability to reproduce the wavelength 
dependence provides valuable information about the in- 
fluence of the complex refractive index and size param- 
eter on the measurements as well as the computations. 
For instance, the ray-optics results shown in Figures 5- 
11 indicate a wavelength dependence in Re(m) for the 
brown-colored samples loess, Lokon volcanic ash, and 
Sahara sand, which is expected for samples that con- 
tain a significant amount of iron (see section 2.2). It 
is consistent with such a higher iron content that the 
Re(m) values for these samples appear to be smaller at 
632.8 nm than at 441.6 nm. For the light-colored sam- 
ples quartz and Pinatubo volcanic ash, Re(m) appears 
to be the same at both wavelengths. 

We have to be careful with our interpretation of 
the wavelength dependence found for the parameter 
Im(m)x (see section 5.2). For the light-colored sam- 
ples quartz and Pinatubo volcanic ash, we expect that 
Im(m) is more or less the same at both wavelengths, 
while for the samples loess and Sahara sand the yel- 
low brown color suggests a slightly larger Im(m) value 
at 441.6 nm than at 632.8 nm. In both cases the pa- 
rameter Im(rn)x should be smaller at 632.8 nm than at 
441.6 nm. However, this is not what we found for the 
calculated results for these samples. This again indi- 
cates that part of the particles determining the behav- 
ior of-F12(O)/Fl•(O) are too small to obtain accurate 
results from ray-optics calculations (see section 5.2). 
Another behavior is observed, e.g., for the dark brown 
Lokon ash, where -F•2(O)/Fll (0) is larger at 441.6 nm 
than at 632.8 nm. Here we found from the ray-optics re- 
sults that Im(m) is apparently larger at 441.6 nm than 
at 632.8 nm, as is expected (see section 2.2). 

For the individual ray-optics calculations the esti- 
mates of Im(m) mostly lie in the range between 10 -2 
and 10 -4 . This is within the range expected for nat- 
ural particles [Egan and Hilgeman, 1979; Gerber and 

Hindman, 1982]. However, we note that the Im(m) val- 
ues chosen tend to be higher for samples with smaller 
xef•. Most likely, this reflects a tendency to reproduce 
the scattering properties of small particles by increas- 
ing the amount of absorption for the ray-optics calcu- 
lations, since this has a similar effect, in particular, on 
the element ratio -Fx2(O)/Fxl (0). 

The calculated results corresponding to the reference 
model are shown in Figure 13 together with the mea- 
sured average aerosol-scattering matrix. The compar- 
ison between the two results illustrates some general 
properties of the comparison for the individual sam- 
ples. The parameter values used for the reference model 
calculations are Re(rn)=X.5 and Im(rn)x=0.1. The lat- 
ter corresponds to Im(rn) ..• 10 -3 taking x = 47 (see 
section 6.2). The average scattering behavior can be 
explained well by the ray-optics results for the ref- 
erence model. For example, the steepness of Fix(O) 
is reproduced very well, while for F22(O)/Fxx(O) and 
Faa(O)/Fxx (0), the agreement is excellent for most scat- 
tering angles. At the same time, a number of more spe- 
cific characteristics of the average aerosol matrix cannot 
be described in full detail. The largest discrepancies are 
found for Fa4(O)/Fll(O) and F44(O)/Fll(O). We argue 
that better agreement can be achieved for those element 
ratios by decreasing I' and increasing rr (see Figures 15 
and 16). This may also reduce the probably artificial 
knee in Fll(0) near forward scattering angles which 
is often present (see Figure 15) in the domain where 
diffraction and ray-optics contributions meet. Further- 
more, we note that the slight upturn at backscatter- 
ing angles in the measured results of Fi• (0) as well as 
the negative dip in -F12(O)/F11(O) at backscattering 
angles are not clearly reproduced in the results of the 
ray-optics calculations (see section 7.3 for a further dis- 
cussion of this negative dip). 

In summary, we find good overall agreement between 
the ray-optics results for scattering matrices of Gaus- 
sian random particles and the results of measurements 
of the irregular mineral aerosol samples characterized in 
section 2. In particular, the ray-optics calculations are 
able to reproduce qualitatively general trends observed 
in the wavelength dependence of the aerosol measure- 
ments. This indicates that these ray-optics calculations 
are useful for irregular samples, even when they have 
projected-surface-area distributions with a large frac- 
tion of very small particles. 

7. Discussion 

In section 7.1 we discuss in more detail the measure- 

ment results of the aerosol samples investigated in this 
paper. The comparison of these data with ray-optics 
results for Gaussian random shapes is discussed in sec- 
t, ion 7.2. Possible implications for scientific fields, such 
as studies of the Earth atmosphere by remote sensing 
and the light-scattering properties of planets and inter- 
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planetary bodies in the solar system, are discussed in 
section 7.3. 

7.1. Aerosol Measurements 

The results of the scattering matrix measurements 
presented in section 5 show a remarkable similarity in 
the general light-scattering behavior of the aerosol sam- 
ples investigated. This is probably due to the irregular- 
ity of the aerosol samples. This finding is supported 
by several other measured scattering matrices or ma- 
trix elements of similar irregular mineral aerosol sam- 
ples reported in the literature [see Holland and Gagne, 
1970; Jaggard et al., 1981; Nakajima et al., 1989; Ii'uik 
et al., 1991; I•'uik, 1992; West et al., 1997]; that is, 
the phase function F•(O) has a steep forward peak, 
virtually no structure at side-scattering and backscat- 
tering angles and no halo or rainbow features, while 
the -F•2(O)/F•(O) function has a bell shape with a 
maximum at side-scattering angles. The other element 
ratios show a behavior which in most cases fit into the 

domain covered by our measurements. It is interest- 
ing to note that the scattering matrix for ice crystals, 
as measured by Dugin and Mirumyants [1976], shows a 
strong resemblance to our results for mineral particles 
too. This suggests that their samples of ice crystals are 
sufficiently irregular to exhibit the same type of scat- 
tering behavior. Perry et al. [1978] found a similar 
scattering behavior for cubic (NaC1) crystals. 

We argue that most irregular silicate aerosol samples 
have scattering matrices as functions of the scattering 
angle, which are very similar. In particular, we sug- 
gest that in the case of a sample of irregular aerosols 
with unknown scattering properties but with diameters 
roughly between 0.1 and 100 /•m and Re(m) • 1.5, 
the scattering matrix can be described approximately 
by the average aerosol scattering matrix presented in 
section 5. This average scattering matrix can be used, 
for example, as input in remote sensing studies or to 
verify the applicability of assumptions made in light- 
scattering calculations. For instance, Braak et al. [2001] 
used this and other measured matrices in a study of pa- 
rameterized scattering matrices to choose a particular 
parameterization. Such parameterized scattering ma- 
trices can be used in analyses of polarization measure- 
ments of planets where reliable a priori assumptions on 
particle shapes or sizes cannot be made. 

Within this common type of scattering behavior, de- 
tailed scattering characteristics are found to be deter- 
mined by properties such as the size distribution [cf. 
Nakajima et al., 1989; Kuik, 1992] and composition of 
the aerosols. In particular, the differences in wavelength 
dependence observed for the individual samples may be 
a useful tool to distinguish between different types of ir- 
regular aerosols. For instance, one may select the most 
sensitive matrix element and scattering angle to moni- 
tor a specific aerosol characteristic (e.g., in situ or with 
lidar instruments) with the help of the extensive data 
set presented here. 

7.2. Model Calculations 

We have used the average scattering matrix and the 
scattering matrices of the individual samples to inves- 
tigate whether the ray-optics approach in conjunction 
with Gaussian random shapes gives insight in the mech- 
anisms that determine the light-scattering behavior we 
measured for our aerosol samples. In most cases, we 
were able to find good agreement between the measured 
results and the calculated results for our aerosol samples 
by varying the refractive index and a few model param- 
eters specifying the shape of Gaussian particles, even 
for the samples containing a large fraction of very small 
particles. To our knowledge, such agreement between 
computations and measurements for irregular mineral 
particles has not been accomplished yet by any other 
numerical approach for all the matrix elements as func- 
tions of the scattering angle. 

We analyzed our measured results by varying the re- 
fractive index within the range allowed by the litera- 
ture values, in order to reproduce the wavelength de- 
pendence of the matrix element ratios. We have been 
able to find ray-optics results with the same qualita- 
tive behavior as the measured results at the two visual 

wavelengths at which the measurements were performed 
for nearly all phase functions and matrix element ra- 
tios. We compare values of the parameters _Re(m) and 
Im(m)x that correspond to these fits with the values 
reported in the literature as follows: 

1. From the comparison between measured and cal- 
culated results for loess, Sahara sand, and Lokon vol- 
canic ash, we find indications for a wavelength depen- 
dence. For these samples, _Re(m) appears to be larger 
at 441.6 nm than at 632.8 nm. Since these samples have 
a brown color, we propose that iron oxides are respon- 
sible for this behavior, because iron oxides, even when 
present in small amounts, produce a strong wavelength 

both for/•e(m) and Ira(m) (see section 2.2) 
[e.g., Egan and Hilgema•, 1979]. 

2. Values for Ira(m), derived from Im(m)x using the 
corresponding values for xeff for each measurement, lie 
largely in the range Ira(m) = 10 -2 - 10 -4, which is in 
agreement with values for natural particles [Egan and 
Hilgeman, 1979; Gerber and Hindman, 1982]. However, 
for light-colored samples like quartz, a lower value of 
Ira(m), i.e., of the order of 10 -•, was expected based 
on literature values [e.g., I(lein and Hurlbut, 1993]. The 
reason for the larger values may be that the value for 
this parameter Ira(m) for the ray-optics calculations is 
sometimes chosen too high, for example, to increase 

the height of the maximum of-F•2(O)/F•(O), while 
this high maximum in the measurements is instead due 
to the presence of many small particles rather than to 
a high Im(m) (see section 6.4). An alternative expla- 
nation is that Ira(m) is extremely sensitive to mineral 
composition. Therefore a difference of an order of mag- 
nitude from values found in the literature is quite corn- 
mOB. 
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Regarding the parameterization of particle irregular- 
ity by means of a Gaussian random shape, as described 
by the parameters •r and I', we note that the agreement 
between the measurements and the ray-optics calcula- 
tions may be slightly improved for some aerosol sam- 
pies, if values of •r > 0.3 and values for I' < 2.5 ø 
are taken into account. However, a great number of 
calculations performed for these values would require 
faster computers. The reason that such extreme val- 
ues for •r and I' are required to improve the comparison 
for individual aerosol samples may be that the present 
model does not account for internal inhomogeneities 
and small-scale structures on the surface of the aerosols 

(see Figure 2h). A more advanced parameterization of 
Gaussian random shapes [see Muinoncn, 2000] may im- 
prove the comparisons but would eventually require a 
detailed shape analysis of the aerosol samples. Such 
a shape analysis may have to be performed on several 
thousands of particles to account for the large diversity 
in shape and size of the particles in the sample. Clearly, 
this is a complex and time-consuming task, while inter- 
nal structures still would not be accounted for. 

Aerosol samples consisting of very small particles, 
such as feldspar and red clay, are too small to be de- 
scribed accurately by ray optics (see Figure 5) [see also 
Macka at al., 1995]. For future research, it is interest- 
ing to compare the measured matrix elements of such 
aerosol samples with T-matrix results for spheroids. 
This method is suitable for micron-size particles in the 
visible and has produced promising results [Ja##ard at 
al., 1981; Mishchanko at al., 1997]. In this method 
the irregularity of the aerosol particles is accounted for 
by employing a size-shape mixture of spheroids. If a 
sufficiently broad shape distribution is included, the 
phase function can be reproduced well [see also Hill at 
al., 1984]. However, in general, the calculated phase 
function may become rather shallow by incorporating 
too high values of Ira(m). Ya99ard ½t al. [1981] and 
Nakajima ½t al. [1989] found this for Mie calculations, 
while Vcrmculcn [1999] found this effect in a compari- 
son between measured scattering matrix elements and 
T-matrix results for a probably too narrow shape-size 
distribution of spheroids. The danger of unknowingly 
incorporating too high values of Im(m) to obtain a good 
fit for the phase function can be avoided by employing 
the angular dependence of the other scattering matrix 
elements, since these elements give more constraints to 
the fits and are often more sensitive to parameters such 
as Im(m). Therefore we emphasize that it is important 
to investigate the scattering matrix as a whole, as we 
did in the present paper. 

7.3. Importance for Earth's Sciences and 
Astronomical Topics 

Although several observations are made to determine 
properties of irregular mineral particles in the Earth's 
atmosphere, and the importance of these particles has 
been recognized by many authors [e.g., Harman ctal., 

1997; Kaufman at al., 1997; Mishchanko at al., 1997], 
the interpretation of such observations is hampered by 
the lack of knowledge on the light-scattering properties 
of these particles. The extended set of experimental 
results for the relatively well characterized aerosols pre- 
sented in this paper may, at least partly, solve these 
problems and may help to interpret (or classify) satel- 
lite observations in terms of aerosol properties, such as 
irregularity, size, and refractive index [e.g., Harman at 
at., 1997]. 

Irregular mineral particles also occur abundantly in 
objects of astronomical interest. Proof of this are the 
many irregularly shaped silicate particles of extraterres- 
trial origin collected in the stratosphere [Warran at al., 
1997] and spectral data of circumstellar dust shells con- 
taining crystalline silicates [e.g., Molstar at al., 1999]. In 
fact, Waiss-Wrana [1983] argued that there are no prin- 
cipal differences between the scattering characteristics 
of cosmic and terrestrial mineral particles. She com- 
pared the results of laboratory measurements of Fll (0) 
and -F•2(O)/F• (0) of terrestrial quartz and clay parti- 
cles with those of several meteoritic particles. Although 
these measurements have been performed on single ro- 
tating particles, the results are similar to the results for 
ensembles of randomly oriented particles. 

Two characteristic phenomena have been observed 
for interplanetary dust particles, comets, asteroids, and 
other celestial bodies [e.g., Lumina, 2000]. First, a 
sharp maximum in brightness occurs toward the back- 
scattering direction, which is called the opposition ef- 
fect. Second, the degree of linear polarization for in- 
cident unpolarized light, i.e.,-F•2(O)/F•(O), negative 
beyond a scattering angle of about 160 ø. 

We cannot draw definite conclusions about the oppo- 
sition effect for the mineral particles studied, since our 
measurements do not reach beyond a scattering angle 
of 173 ø. However, most of the experimental phase func- 
tions show signs of a modest backscatt, ering maximum 
(see Figures 5-11). This modest backscattering maxi- 
mum suggests that the opposition effect for bodies such 
as the Moon and the zodiacal dust can be explained, at 
least partly, by the presence of irregular mineral parti- 
cles. 

Regarding the second phenomenon, pertaining to the 
degree of linear polarization of singly scattered light for 
incident unpolarized light, many observations are avail- 
able at phase angles c• < 1200 (c• = 1800 -0) for comets, 
asteroids, and other celestial bodies [e.g., Charnova at 
al., 1993; Lavassaur_Ragourd at al., 1996]. For instance, 
a number of comets with a maximum degree of linear 
polarization between 0.10 and 0.28 at 0 = 85ø q_ 10 ø 
is discussed by Lavassaur_Ragourd at al. [1996]. These 
comets have a degree of linear polarization which van- 
ishes at 0 • 1600 and has a minimum of -0.02 q- 0.01 
at around 0 • 170 ø. Similar values have been found 

for, e.g., C-type asteroids [Charnova at al., 1993] and 

the Martian surface [Dollfus at al., 1984]. Our mea- 
surements show a similar behavior, in particular for 
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Figure 19. Two examples of the negative branch for 
the degree of linear polarization for incident unpolar- 
ized light,-F•2(O)/F• (0), for the feldspar and red clay 
samples, both at 441.6 nm. The negative branches mea- 
sured for the other samples and wavelengths present a 
similar behavior and are omitted for clarity. 

the negative polarization branch at large scattering an- 
gles (Figure 19; see also Figures 5-12). The measured 

curves both wavelengths considered 
change sign between • = 1550 and 1650 and have a min- 
imum between -0.01 and -0.04 at nearly 170 ø. This 
suggests that the negative polarization branch at small 
phase angles exhibited by most solid solar system bodies 
can be explained, at least in part, by single scattering 
by small irregular particles. 

The wavelength dependence of the maximum in the 
degree of linear polarization at side-scattering angles is 
important for the derivation of the characteristics of, 
for example, cometaw particles. For comets the maxi- 
mal degree of linear polarization usually increases with 
wavelength [e.g., Chernova et al., 1993], as is the case 
for most of our aerosol samples, in particular the light- 
colored ones, i.e., feldspar, quartz, and Pinatubo vol- 
canic ash (Figures 5-11, Figure 12). For the asteroid 
Toutaris [Ishiguro et al., 19•7] a decrease in the degree 
of linear polarization with wavelength was observed, 
which is similar to the behavior of the dark brown Lokon 

volcanic ash sample reported in this paper. This may 
be due to a higher iron abundance in asteroids as com- 
pared to comets. 

In conclusion, measurement results such as presented 
in this paper can potentially reveal valuable information 
on the physical properties of astronomical dust par- 
ticles. Measurements on cometary-analog candidates, 
such as olivine particles, have been reported by Mu{oz 
et al. [2000] to aid the interpretation of spaceborne and 
ground-based observations of comets. 
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