Aeolian Research 2 (2010) 5-26

journal homepage: www.elsevier.com/locate/aeolia

Contents lists available at ScienceDirect

Aeolian Research

Aeolian
esearch

Light scattering and absorption by wind blown dust: Theory, measurement,

and recent data

Haley E. Redmond, Kathy D. Dial, Jonathan E. Thompson *

Department of Chemistry and Biochemistry, MS1061, Texas Tech University, Lubbock, TX 79409, USA

ARTICLE INFO ABSTRACT

Article history:

Received 6 July 2009

Revised 22 September 2009
Accepted 28 September 2009

Large quantities of dust with diameters <10 pm are dispersed in earth’s atmosphere by wind-driven pro-
cesses. This dust is of significant scientific interest owing to its ability to potentially alter climate, reduce
local visibility, cause respiratory problems in humans, and affect biogeochemical cycles in the world’s
oceans. In this work, we present a review of the theory of light scattering and absorption by small par-
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particulates, and summarize recent measurements of the optical properties of airborne dust. For the
review of recent measurements we focus on the visible and near IR properties of dust, and present Ang-
strom exponents, real and imaginary parts of refractive index, and single scatter albedo data obtained and
published by other authors for a variety of locations in the Northern Hemisphere dust belt and Australia.
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1. Introduction

Aeolion processes are major sources of particulate matter (PM)
presentin earth’s atmosphere. Indeed, recent estimates place annual
emission fluxes for mineral dust aerosols with diameters <10 pm
around 1-3 Pgyr~! (Peta = 10'%) (Textor et al., 2006). An additional
2-10 Pg of sea-salt particles are produced annually with a significant
portion of this mass resulting from particles produced when wind-
generated waves/whitecaps break (Lewis and Schwartz, 2004).
While dust aerosols are generally produced in arid or semi-arid re-
gions, the particles that are suspended in the atmosphere can be
transported large distances from the source region. For instance, epi-
sodes of Saharan dust transported to the Caribbean or southeastern
United States have been documented (Toon, 2003). These dust
clouds are thought to affect both climate and iron deposition into
the world’s oceans (Jickells et al., 2005; Mahowald et al., 2005). Sim-
ilarly, transport of dust/aerosols across the Pacific has been shown to
affect regional air quality in the western United States (Jaffe et al.,
1999; Jaffe et al., 2003a; Jaffe et al., 2003b; Fairlie et al., 2007).

Both mineral dust and sea-salt aerosol can have significant im-
pacts on air quality/chemistry, human health, both regional and
global climate, and local visibility. For instance, NO, can be taken
up on mineral oxide particle surfaces and metal oxide particles
are believed to catalyze the decomposition of ozone (Usher et al.,
2003; Miller and Grassian, 1998; Cwiertny et al., 2008). Mineral
dust particles are also known to serve as effective ice nuclei (Salam
et al., 2006; Zuberi et al., 2002.). Increased particle mass loadings
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have been correlated with human mortality rates and respiratory
distress (Sarnat et al., 2000; Olson and Boison, 2005). Also, wind-
dispersed particles scatter and absorb light in the atmosphere caus-
ing decreases in visibility. Visibilities of only a few meters have
been encountered in extreme circumstances. The absorption and/
or scattering of light by nanometer-micrometer sized particles
can potentially alter atmospheric photochemistry and affect regio-
nal climate. For instance, some models have implied that heating of
the atmosphere aloft caused by light absorption by soot may have
altered precipitation patterns in China (Menon et al., 2002). A sim-
ilar effect could be envisioned for absorbing wind-blown dust aero-
sols. Indeed, recent work has suggested the “Dust Bowl” drought of
the 1930’s may have been amplified by the effects of the dust aero-
sols that serve as the hallmark of this era (Cook et al., 2009).

In this work, we present a review of light scattering and absorp-
tion by particulate matter. Sections 2 and 3 of the review provide
an overview of the theory of light scattering and absorption by par-
ticulate matter. Section 4 summarizes experimental techniques for
the measurement of light scatter/absorption by aerosols. Both
well-established methods and recent developments in the field
will be discussed. Finally, observations of pertinent optical proper-
ties of dust aerosols presented in the literature will be compiled
and presented in Section 5.

2. Light scattering and absorption by single particles
2.1. Interaction of particles with light

Fig. 1 illustrates several possible phenomenon which can occur
when a beam of electromagnetic radiation of wavelength /i, and
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Fig. 1. A depiction of potential optical interactions between incident radiation and
a particle.
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irradiance I, (W/m?) is incident upon a particle. The cumulative ef-
fects of reflection, refraction, and diffraction comprise elastic scat-
tering. In elastic scattering, photons in the incident beam are
redirected from their original path without a change in photon en-
ergy (Lo = Zscatter)- Absorption of light by the particle can also occur.
In this case, the absorbed energy can be re-radiated as thermal
emission, or possibly fluorescence. While the former is believed
to be the dominant process, certain aerosol particles/layers have
been found to be fluorescent (Immler et al., 2005; Pan et al.,
2007). This is not surprising given many components of airborne
particulates such as polycyclic aromatics, humic-like substances,
and cells/cellular debris are known to fluoresce. Inelastic Raman
scatter can also occur, although this phenomenon is generally
much weaker than elastic scattering. This section of the review will
focus on elastic scatter and light absorption by small spherical
particles.

If a beam of irradiance I (W/m?) is incident on a particle such as
that illustrated in Fig. 1, a simple geometric model would allow
prediction that the particle could absorb and scatter light incident
upon it and cast a “shadow” in its wake. The net loss of light energy
from the beam is called extinction. Extinction is the sum of the ef-
fects of elastic scattering and absorption. The absolute energy re-
moved from the beam can be modeled as:

Iext = Io X Oext (])
where:
Oext = Ogcat + Oqbs (2)

where I, (W) is the amount of light energy removed from the
beam, and Gy, 0scqr and G455 represent terms known as the extinc-
tion, scattering, and absorption cross sections for the particle in
question (m?). Now at first glance, the ¢ terms might appear to sim-
ply be the particle’s geometric cross sectional area. This is not the
case. The ¢ terms can in fact be much smaller than or even exceed
the cross sectional area of the particle. In fact, values of ¢ can be 4-5
times larger than a particle’s cross sectional area resulting in the
extinction paradox - the concept that a particle can remove more
light from a collimated beam than what is actually incident upon
it (this is a consequence of diffraction).

The scattering/absorption/extinction cross-sections (o) for a
particle is defined as the product of a particle’s physical cross-sec-
tional area and a term represented by Q

Oext = Qext X an (3)
Oscat = Qscat X nrz (4)
Oaps = Qabs X an (5)

In these equations r represents the particle radius and the Q terms
(unitless) are known as the single particle extinction, scattering, or

absorption efficiency parameter depending on which effect is de-
scribed. Again, at first glance it might seem the value for Q could
not exceed 1, since this would imply a given particle could remove
more light from a beam than what is incident upon it. However typ-
ical values of Q range from well less than 1 to around 4. Single scat-
ter albedo (w) is taken as the ratio of the scattering and extinction
cross sections or the corresponding Q terms:

_ Oscat  Qgear
Ot Qext

For a given particle, the value of Q is a complex function of particle
size, wavelength of light, and complex refractive index of the parti-
cle. The refractive index (m) of a material is defined as the ratio of
the speed of light in vacuum (c) to the speed of light in that material
(v):

c

m== 7)

(6)

Since the speed of light is lower in materials when compared to
vacuum, the value of m > 1. The value of refractive index loosely
scales with the density of the material under study and is typically
1.3-2 for most atmospheric aerosols. For particles that absorb
light, refractive index is expressed as a complex number
(m=n +ik) consisting of a real (n) and imaginary part (k) which de-
scribe the optical properties of a given particle. The real part helps
describe the scattering behavior of the particle and the imaginary
part (k) describes the extent of light absorption. Refractive index
varies with wavelength and often increases with decreasing wave-
length. Knowledge of complex refractive indices for aerosols is very
important since this parameter and particle size are the only
intrinsic properties required to model optical properties of spheres.

Another important variable that helps describe a given particles
optical properties is its size. This is usually done through the par-
ticle size parameter (o). The particle size parameter is the ratio
of a particle’s circumference to the wavelength of probe light:

27r
o =—
A

(8)

The theory and calculations pioneered by Gustav Mie over 100
years ago can be employed to provide exact solutions for scatter-
ing/absorption of light for any spherical particle at any wavelength
if o and refractive index is known. A detailed discussion of these cal-
culations is well-beyond the intended scope of this review and we
would direct the reader to the works of Bohren and Huffman, or
Kerker for a more detailed mathematical description of Mie’s theory
(Bohren and Huffman, 1983; Kerker, 1969).

It is often convenient to consider certain particle size ranges for
which approximations can be employed. Particles that are small
compared to the probe wavelength (o < 0.2) fall under the domain
of Rayleigh scattering. Particles which have roughly the same
diameter as the wavelength of light (0.2 < « < 10) fall in the Mie
regime and optical properties must be obtained via Mie theory.
Particles with diameters which are large compared to the probe
wavelength (« > 10) fall into the geometric optics domain in which
classical laws of reflection, refraction, and diffraction are often suit-
able for description of particle optical properties.

2.1.1. Efficiency parameters for Rayleigh scatter

Most dusts that result from wind-driven processes are far too
large to be considered Rayleigh scatterers of visible light. However,
these particles could be treated as such when interacting with long
wavelength electromagnetic radiation. Thus, this section is in-
cluded in this review in the spirit of comprehensiveness. When
an electromagnetic wave interacts with a particle which is very
small, the particle will experience an electromagnetic field
which appears approximately uniform over the dimensions of



H.E. Redmond et al./Aeolian Research 2 (2010) 5-26 7

the particle. This creates an oscillating electric dipole, coupled to
the electromagnetic wave that re-radiates that frequency in all
directions. The single particle extinction, scattering, and absorption
efficiency parameters for sufficiently small particles can be given
as (Bohren and Huffman, 1983; Hinds, 1999):

0. — 4oIm m? —1 +cxj m? — 1\ m* + 27m* + 38
ext = m2 +2 15\m2 +2 2m? + 3
8 , m? —1\°
3 Re{(mz+z> } ®
8 /md\* /m? — 1\?
Qscat:§<7> <m2—+2> (]O)
m? -1 4 . (m?-1
Qups = 4oc1m{m} {1 +§oc Im{m2 T ZH (11)

The term “Re” indicates the real part of refractive index, while “Im”
denotes the imaginary part. Eq. (10) illustrates Rayleigh scattering
efficiency is strongly coupled to particle diameter (d*). Also, the
1/* relationship suggests a strong wavelength dependence of scat-
tering with shorter wavelengths being scattered more efficiently.
Indeed, this relationship helps answer the age old question of
why the sky is blue! Rayleigh scatter is also generally believed to
be unaffected by particle shape, a condition which is clearly not
met for larger particles.

2.1.2. Angular dependence of Rayleigh scatter

If a collimated, unpolarized beam of intensity Iy and wavelength
J illuminates a Rayleigh particle of diameter d, the angular inten-
sity profile I(0) of the scattered radiation can be given as:

1(0)

Iomtd® (m? 1
TR \m? +2

2
> (1+cos? 0) (12)

where R is the distance from the particle, m is refractive index, and 6
scattering angle. Fig. 2 defines the coordinate system commonly
used to define scattering angle. Light scattered between 0 and 90°
is said to be forward scattering and light scattered 90-180° is back
scatter. Angles between 180 and 360° are usually not considered for
spheres since scatter is symmetrical about the xz plane. The angular
dependence of Rayleigh scatter is clearly contained within the
(1 + cos?0) term. Rayleigh scattering is symmetrical in the forward
and reverse directions, and maximum scatter intensity is observed
at 0, 180° and a minima at 90° referenced to the incident beam. This
phenomenon is best observed in a diagram of the angular scattering
pattern for a Rayleigh particle as illustrated in Fig. 3 (o = 0.1 in fig-
ure). The minima/maxima observed occur as a result of the polari-
zation state of the scattered light. For unpolarized incident light,
the intensity of scattered light polarized perpendicular to the scat-
ter plane can be given by:

Iom*d® /m? — 1\ 2
L= gp2 .4 2 (13)
8R*)4 \m? + 2
This equation indicates light polarized perpendicular to the scatter
plane is scattered isotropically, that is evenly in all directions. Alter-
natively, the intensity of light scattered with polarization parallel to
the scattering plane is given as:
Iomtd® fm? —1\*
Eq. (14) suggests the intensity of the parallel polarized component
is 0 at 90° scatter angle. Indeed, light scattered by a very small par-
ticle is completely polarized perpendicular to the scatter plane at an
angle of 90°.

Fig. 2. Cartesian coordinate system defining scattering angle (). The incident beam
is aligned with the x-axis approaching in the direction of the arrows. The angle
between the direction of the incident beam and scattered beam in the x, y plane is
the scattering angle (0). The scattering particle is located at the origin. Scattering at
angles near 0° represents a small deflection of light from its original path while 180°
would represent light scattered back towards the source.
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Fig. 3. Mie intensity parameters for perpendicular and parallel polarizations
plotted as a function of scattering angle for a water droplet (m=1.33) of size
parameters 0.1, 2, and 20. The sum of the i, and i; terms (shown in grey) are
included for the Rayleigh particle (¢ =0.1).

2.1.3. Efficiency parameters for intermediate sized paticles

For particles that have roughly the same diameter as the wave-
length of light (0.2 < o < 10) the electromagnetic field experienced
by the particle is not uniform across the particle and solution of
Maxwell’s equations must be pursued to adequately describe light
scatter/absorption. For spherical particles, the familiar Mie solution
can be pursued. For non-spherical particles (applies to dust) alter-
nate methods are required as discussed in 2.2. In either case, the
computations involved are complex. Fortunately, computer codes
have been developed to provide rapid solutions. We direct the
reader to the work of Dave (1968),Wilson and Reist (1994), or Boh-
ren and Huffman (1983) for codes. Alternatively, versions of these
codes (and others) are freely available on the world wide web
(examples include: http://www.hiwater.org/; http://omlc.ogi.edu/
software/mie/; http://www.ugr.es/~aquiran/codigos.htm; http://
diogenes.iwt.uni-bremen.de/vt/laser/wriedt/Mie_Type_Codes/body_
mie_type_codes.html; http://www.giss.nasa.gov/staff/mmishchen-
ko/t_matrix.html). These codes often return the key variables used
to describe light scattering and absorption by intermediate size
range particles if particle refractive index, shape, and size parame-
ters are known. In some instances, the properties of polydisperse
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aerosols can be considered. It is common to obtain single particle
extinction, scattering, and absorption efficiencies (Qex¢, Qscatr Qabs)
along with Mie intensity parameters (i, and i) through use of
these codes. The Q terms can be used to calculate a given particle’s
optical cross section as discussed previously. The Mie intensity
parameters are useful for describing the angular directionality
and resulting polarization of scattered light.

Fig. 4 provides an illustration of how Qs scales with particle
size parameter for a spherical water droplet (m=1.33). As ob-
served, typical values for the Q terms for the intermediate size
range are 0-5. At very small values of «, the Mie theory is effec-
tively reduced to the Rayleigh regime described earlier where Qo
scales with d* After passing through a maximum value, Q then
tends to oscillate around a limiting value of 2 at large size param-
eters. This is typical of scattering that can be treated through the
geometric optics approach to be discussed shortly. This figure
was generated from theory for a spherical particle of specific size
and refractive index probed with a monochromatic beam. The
complex pattern of oscillations observed in the figure tend to be
smoothed significantly when considering a polydisperse aerosol
or for particles with irregular shape.

2.1.4. Mie intensity parameters and angular dependence of Mie scatter
for spheres

If a Mie size range sphere is illuminated with unpolarized light
of intensity Iy and wavelength 2 then the scattered intensity at a
distance R and scatter angle 0 is:

2 . .
1(9):102 (IL—ZIH) (15)
872R
The i, term describes the intensity of scattered light at a particular
angle with polarization perpendicular to the scatter plane. Alterna-
tively, the i; term describes the intensity of scattered light at a par-
ticular angle with polarization parallel to the scatter plane.

Note the total scatter intensity is related to the sum of the two
polarization components. Unlike Rayleigh scatter, the intensity of
Mie scatter exhibits a strong angular dependence with scatter in
the forward lobe near 0° often dominating. Plots of Mie intensity
parameters as a function of scattering angle are often used to visu-
alize the angular dependence of Mie scatter. Such a plot is illus-
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Fig. 4. Single particle scattering efficiency parameter plotted as a function of size

parameter for a water droplet (m = 1.33). Since this particle was treated as a non-
absorbing sphere Qscar = Qext-

trated in Fig. 3 for a water droplet of varying size parameter.
Notice that as particle size parameter increases the absolute
amount of light scattered (related to area under each curve) also
increases. Furthermore, the Mie intensity parameters at very small
angles are typically larger (notice logarithmic y-scale) than those
encountered at larger scattering angles. This situation often com-
plicates measurement of light scattering or extinction as it is
experimentally difficult to collect or remove light scattered very
near 0°. However, if the angular distribution and/or polarization
of scattered light from a particle is determined, this data can be
used to obtain information about particle size and/or refractive
index.

Two useful parameters for describing the hemispheric inequity
(forward vs. back scatter) of the scattered light for Mie size range
(and larger) particles are the asymmetry parameter (g) and the
hemispheric backscatter ratio (b). The asymmetry parameter is
the intensity weighted average of the cosine of the scattering
angle.

g:%/o. cos OP(0) sin0do (16)

where P(0) is the phase function (angular distribution of scat. light).
The value of g ranges from —1 to +1, it will be positive if forward
scatter is dominant, and take a negative value if backscatter is dom-
inant. The asymmetry parameter equals 0 when scattering is sym-
metrical about 90°. The hemispheric backscatter ratio (b) is the
fraction of the scattered intensity that is directed in the backward
hemisphere of the scattering coordinate system (90-180°). The
backscatter ratio can be measured directly using certain commer-
cially available nephelometers.

2.1.5. Geometric optics regime

When the dimensions of a scattering particle is very large com-
pared to the probe wavelength (« > 10) scattering behavior can be
adequately explained by the laws of reflection, refraction, diffrac-
tion, and transmission at the particle air interface and within the
particle itself. This treatment is of course complicated by the
geometry of the particle with respect to the incident beam.

For these particles the single particle scattering efficiency
parameter Qse: can be modeled as a sum of three terms, each
describing a particular optical effect:

Qscat = Qdiff + Qreﬂ + Qtr (17)

In this equation Qg describes the efficiency of diffraction, Q. de-
scribes the reflection efficiency for the light initially incident on the
particle, and Q, is the efficiency for transmission of light for 1 or
more passes through the particle. The diffraction efficiency Qg
for these particles is assumed to be 1. The extent to which the inci-
dent beam is reflected (reflection efficiency) depends on the refrac-
tive index of the particle and medium, angle of incidence, and
polarization of the probe beam. The efficiency of transmission of
light through the particle is complicated by the fact that after enter-
ing the particle the ray can be internally reflected one or more
times. Thus, the transmission efficiency is treated as the sum of a
series of reflections:

Qr =Qm +Qtr2+Qtr3"'=ZQtrj (18)
=

In this equation Qyj represents the contribution from a ray that has
undergone j — 1 reflections off the particle/air interface. It is inter-
esting to compare the quantities of light reflected and transmitted
via this type of treatment. Bohren and Huffman (1983) have pro-
vided such a comparison. For a large, non-absorbing sphere of
m=1.33 (water droplet) a Q. of 0.06593 is reported for visible
wavelengths. This is in contrast to a Q value of 0.8845 for the light
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transmitted after a single pass through the particle. Excluding the
effects of diffraction, much more light is dispersed after transmis-
sion through the particle compared to initial reflection. An interest-
ing phenomenon occurs for non-absorbing particles if subsequent
internal reflections are considered. When all internal reflections
are considered, (Qen + Q) approaches a value of 1 and all the light
incident on the particle is accounted for. Since Qg is also assigned a
value of 1, we can see that Qs approaches a limiting value of 2.
This phenomenon is observed in Fig. 4, where at large values of o
the extinction efficiency parameter for a non-absorbing particle is
found to oscillate around the limiting value of 2.

For a light absorbing particle we would expect the Q- term to
become smaller since light can be absorbed during transit through
the particle. For a sufficiently large particle or sufficiently strong
absorber, the Q,, term would be expected to approach 0 and conse-
quently Qgps should approach 1 — Q.. For weakly absorbing
spheres, when the condition 4ok < 1 can be met, Bohren and Huff-
man (1983) suggest the absorption efficiency parameter can be gi-
ven as:

8ko
Qabs = W

- (n? - 1)%] (19)
This equation may yield results similar to those obtained through
more formal calculations for weakly absorbing wind-blown dust.

2.2. Optical effects of non-spherical particles

While Mie theory provides solutions for light scattering by
spheres, many particles in the atmosphere are non-spherical. Min-
eral dusts are no exception and feature complex morphologies with
variable composition, particle size, and irregular shape distribution
as reflected in Fig. 5a. Modeling individual dust particles as simple
spheres of uniform refractive index may introduce significant error
in the analysis. This is demonstrated by Fig. 5b which illustrates a
plot of the single particle extinction efficiency parameter (Qeyx) as
a function of particle size parameter () for a sphere, spheroid (par-
ticle B), and two additional shapes for m=1.52 +0.0043i. This
example is particularly interesting since both the real and imagi-
nary portion of the refractive index used in this example are fairly
close to that encountered for mineral dusts. For calculation of size
parameter for the non-spherical particles, the radius of a sphere
with equivalent projected area was considered. As illustrated,
shape can alter the maximal Q. value by roughly 25% and shift
the particle size associated with this maximum considerably. The
effect of nonsphericity on polarization state of scattered light can
often be even more dramatic (Gogoi et al., 2009).

Microscopic features (cracks, surface roughness, inclusions of
differing mineralogy etc. ..) on the order of the wavelength of light
make modeling the optical properties of mineral dusts even more
challenging. The particle surface itself can be rough, and other
small particles may agglomerate on the surface to effectively add
surface roughness. As such, no computational model has yet been
demonstrated that can adequately account for all effects. However,
the measurement and theoretical treatment of light scattering by
non-spherical particles continues to be of intense scientific inter-
est. This is reflected in the multiple texts on the topic that have
been authored in recent years (Mishchenko et al., 2000; Wriedt,
1999; Taflove and Hagness, 2000; Doicu et al., 2000; Li et al.,
2002; Jin, 2002; Mishchenko et al., 2002; Babenko et al., 2003; Doi-
cu et al., 2006; Borghese et al., 2007). We would also direct the
reader to a series of recent special issues of the Journal of Quantita-
tive Spectroscopy and Radiative Transfer devoted to reporting on the
proceedings of the annual Conference on Electromagnetic Scatter-
ing by Non-Spherical Particles (for instance JQSRT vol. 100(1-3), 1-
496; JQSRT, vol. 106, 1-621; JQSRT vol. 109(8), 1335-1548; JQSRT
vol. 110(14-16), 1207-1780, 2009). These volumes are particularly

v e T 0

Size parameter (o)

Fig. 5. (A) SEM images of dusts and soils. Image i and iv-ix are Saharan mineral
dust particles from a soil sample. Image ii is red clay from France, and image iii is
loess from Hungary. Notice the irregular, non-spherical appearance of all particles.
Images i-iii are reproduced from http://www.astro.uva.nl/scatter/ with permission
of author. Images iv-ix. Reproduced from Nousiainen (2009) with permission. (B)
Plot of single particle extinction efficiency parameter (Qey) Vvs. particle size
parameter (o) for a sphere, spheroid, and other shapes (m=1.52 +0.0043i) as
calculated with the discrete dipole approximation approach of Yurkin et al. (2007b).
Figure reproduced from Gasteiger et al. (2009) with permission of authors. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

useful to track developments in the field as they evolve. Our con-
sideration of the optical effects of non-spherical particles will be
limited to brief discussions of computational techniques com-
monly employed. Detailed discussion of the computations involved
is well beyond the intent of this work. Fortunately, a substantial
number of printed pages have already been devoted to such pur-
suits and we direct interested readers to these works whenever
possible in the paragraphs that follow. At present, there are several
common alternatives for computational treatment of non spherical
particles they are (1) the Discrete Dipole Approximation (DDA), (2)
Finite Difference Time Domain (FDTD) method, and (3) the T-
matrix method.

2.2.1. Discrete dipole approximation

The discrete dipole approximation (DDA) method is one ap-
proach to modeling optical properties of arbitrary, inhomogenous
particles. The model was originally proposed by Purcell and Penny-
packer (1973), and has recently been reviewed by Yurkin and
Hoekstra (2007a) and is considered by Draine in Chapter 5 of “Light
Scattering by Nonspherical Particles: Theory, Measurements, and
Applications” (Mishchenko, Hovenier, and Travis eds.). The general
approach employed in DDA is the particle is treated as a large num-
ber (N) of point dipoles which can interact with each other (thus
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sometimes called coupled dipole) and the incident electromagnetic
field. In turn, this yields N equations which are solved to yield di-
pole polarizations, and through this process both angular and inte-
grated particle optical properties are obtained.

The major advantage of DDA is its ability to consider irregular
particle shapes. It is only limited by the practical consideration of
computational power. Additionally, several DDA codes are publicly
available (SIRRI, DDSCAT is available at http://www.astro.princeton.
edu/~draine/DDSCAT.html; ADDA at http://www.science.uva.nl/
research/scs/Software/adda/). The relative merits of these codes
have been discussed by Penttila et al. (2007). The freely available
and widely used DDSCAT allows generation of dipole arrays for
ellipsoids, rectangular and hexagonal prisms, tetrahedra, and user-
supplied geometries. The numerical accuracy of the DDA method is
often tested by considering the spherical geometry for which Mie
solutions are available for reference. In many instances, DDA pro-
vides solutions within a few percent of the Mie value, if an adequate
number of dipoles are used in the analysis.

A present limitation to the DDA method is the fact that required
computational time/resources scale nonlinearly with both particle
size (as number of dipoles increase) and refractive index of the
medium. This is particularly problematic for large particles. For in-
stance, Yurkin et al. (2007b) have explored the DDA method for
spherical particles with size parameters >10 through using 64 Intel
3.4 GHz processors in parallel for the computations. They consid-
ered between 2.6 x 10° and 1.3 x 10® individual dipoles per com-
putational grid. For particles of o =20, computations required
>500 s for particles with refractive indices typical of mineral dusts.
For larger particles and refractive index, computational times can
be measured in units of days or weeks.

2.2.2. Finite difference time domain (FDTD) method

The origin of the FDTD method has been attributed to the work
of Yee (1966). A detailed description of the method can be found in
Chapter 7 of “Light Scattering by Nonspherical Particles: Theory,
Measurements, and Applications” (Mishchenko, Hovenier, and Tra-
vis eds.) and the text by Taflove (2000). Several FDTD codes (and
other types) are available at the website entitled “Electromagnetic
Scattering Codes” maintained by Thomas Wriedt of the University
of Bremen (http://diogenes.iwt.uni-bremen.de/vt/laser/wriedt/
index_ie.html).

The FDTD method can be used to model the interaction of elec-
tromagnetic radiation with scatterers of complex geometry and
inhomogenous composition. In this technique space is broken into
small grid boxes and a scattering particle embedded in the coordi-
nate system. Each box is assigned descriptive numerical values
based on its permittivity, permeability, and conductivity — thus
irregular particles and inclusions can be described. The FDTV ap-
proach then seeks solutions to Maxwell’s equations in the time do-
main rather than frequency domain. That is, the evolution of fields
are tracked step-wise in time for some small Jt. At t=0 a plane
wave is generated and then propagated toward the particle in sub-
sequent time steps. Eventually, the wave interacts with the particle
and the incident radiation field altered. Clearly, the area defined by
the grid space cannot be infinite in a computational model, so an
artificial boundary must be imposed. The boundary itself must be
either transmittive or absorbing such that reflections off the artifi-
cial boundary walls do not interfere in the analysis. The time-do-
main data recorded through the time steps is then transformed
into the frequency domain, and the near-field data transformed
into far-field scattering properties.

The individual grid box elements must be small compared to
the size of the scattering particle and the wavelength of light con-
sidered. At optical wavelengths, this necessitates a large number of
grid points. Both the required computational memory and process-
ing time increase with the number of spatial grid points. As such,

FDTD computations can also be quite time consuming. This limits
use of FDTD to particles with size parameters less than about 10
(Mishchenko et al., 2000). However, the FDTD technique has sev-
eral advantages including it can easily consider impulse response
since it is a time-domain technique. The time domain data is also
very useful to create animations that visually describe the propa-
gation of the waves in both space and time.

2.2.3. T-matrix method

The so-called T-matrix approach is a computationally efficient
and widely used method for computing light scattering of non-
spherical, rotationally symmetric particles such as spheroids, cylin-
ders, clusters of spheres, or Chebyshev particles. The method was
originally introduced by Waterman (1965, 1971). The topic has
been reviewed by Mishchenko et al. (1996) and has been the focus
of several book chapters (for instance Chapter 6 of text edited by
Mishchenko, Hovenier, and Travis or Chapter 5 of the text by Liou,
2002) and numerous recent scholarly articles (Mishchenko et al.,
2007; Mishchenko et al., 2008).

While the aforementioned works provide a much more exten-
sive consideration of the computational approach involved, the ba-
sic idea involves expanding the incident and scattered fields for a
plane wave scattered by a particle in vector spherical wavefunc-
tions (VSWFs). This process introduces terms known as expansion
coefficients often given the symbols a, b and p, q for the incident
and scattered wave, respectively. Since Maxwell’s equations and
boundary conditions used are linear, so must be the relationship
between the expansion coefficients for the incident and scattered
wave. The expansion coefficients can then be related via a transi-
tion matrix (T-matrix):
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If the T-matrix for a scattering particle can be determined, the
expansion coefficients can be related and the scattered field de-
scribed. A major advantage of this approach is the T-matrix itself
depends only on the particle (shape, orientation, size, composition)
and is independent of the incident wave. So for a particular particle
the T-matrix only needs to be determined once, and can be used in
subsequent calculations which makes the approach efficient for
multiple calculations.

The only problem which remains is solving for the T-matrix it-
self. This is often accomplished by the extended boundary condi-
tion method (EBCM) of Waterman (1971). This restricts the
particles considered to be homogenous and isotropic but provides
an efficient method, particularly if the particle has an axis of sym-
metry (Nieminen et al., 2003). Alternate methods may also be em-
ployed to yield the T-matrix if EBCM is unacceptable. Nieminen
et al. (2003) has suggested the FDTD method could be used, Mac-
kowski (2002) has demonstrated use of the DDA method, and a
point matching method has been discussed by Nieminen et al.
(2003). Fortunately, computer codes are publicly available to cal-
culate scatter properties via the T-matrix method for particles with
size parameters that can even exceed 100 (http://www.giss.nasa.
gov/stafff/mmishchenko/t_matrix.html).

3. Light scattering, absorption, and extinction by collections of
particles in the atmosphere

3.1. Attenuation of a light beam by airborne particles

The attenuation of a beam of collimated, monochromatic light
by a collection of particles in the atmosphere is often modeled
by the Beer-Lambert law:

I, = Ipe~bo?) 1)


http://www.astro.princeton.edu/~draine/DDSCAT.html
http://www.astro.princeton.edu/~draine/DDSCAT.html
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http://www.science.uva.nl/research/scs/Software/adda/
http://diogenes.iwt.uni-bremen.de/vt/laser/wriedt/index_ie.html
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where I, is the light intensity at point z, I, is the initial intensity (e.g.
when z = 0), by, is the aerosol extinction coefficient of the medium
(m~1), and z is the path length through the medium (m). This treat-
ment assumes particles are evenly dispersed throughout the path,
particles do not interact, and are spaced with enough distance
(dilute) to assure only single scattering occurs. The extinction coef-
ficient is sometimes referred to as the turbidity of the sample. The
unit less product (bexz) can be referred to as the optical depth of
the aerosol, although use of this terminology in the literature often
implies a path through a vertical column of the atmosphere. It is
clear the transmission of light (I,/I) is a function of both distance
traveled by the beam and the extinction coefficient of the aerosol.
The extinction coefficient describes optical loss per unit distance.
Near earth’s surface values for be <100 Mm™! are typical of the
atmosphere on clear days, however much higher values are ob-
served during fogs, dust storms etc...

For particles in the atmosphere, light extinction is caused by the
cumulative effects of light absorption and scattering and we can
write:

bext = bscat + babs (22)

where by and b,y represent the scattering and absorption coeffi-
cients (m~") for the aerosol. Thus, the effects of absorption and scat-
tering are treated as if they are additive. Before proceeding, it should
be noted that atmospheric gases also absorb and scatter light. For the
purposes of this paper, we will discuss only the optical effects of aero-
sols so all values and discussions of scattering/absorption/extinction
coefficients refer only to the effects of airborne particles.

3.2. Modeling the optical effects of monodisperse aerosols

Both the scattering and absorption coefficients of an aerosol are
a function of the size, composition, and number density (concen-
tration) of the constituent aerosol particles. For a monodisperse
aerosol (single particle size) the scattering and absorption coeffi-
cients can be described as:

bscat = GscutN = TCerscatN (23)
babs = O-absN = TcerabsN (24)

where N is the number concentration of particles (# particles/m?).
This model essentially sums up the effect of each particle in a sam-
ple while assuming it behaves independently from others. Simply
scaling up the treatment of individual particles is conceptually sim-
ple. Unfortunately, it is not very common that particles in the atmo-
sphere are all the same size (monodisperse).

3.3. Modeling the optical effects of polydisperse aerosols

When the size distribution N(d) of the aerosol is known or can
be suitably modeled by a size distribution function such as a
power-law or log-normal distribution, and all particles have the
same refractive index, the extinction coefficient of the sample
can be found by integrating over the particle size distribution:

b D>
oo = [ 75 Que(@) dD (25)

In practice, this would be accomplished by breaking the size distri-
bution into narrow bins of width AD and summing the contribu-
tion of each bin. Scattering or absorption coefficients can be
found by an analogous approach in which Qsc: Or Qgps is substi-
tuted for Q... Externally mixed aerosols (particles of different com-
positions present in same volume but not same particles) present
the problem of multiple refractive indices. In this case, the effects
of each particle type can be considered individually, and the sum
of all particle types then computed. Internally mixed aerosols

(multiple components within a given particle) present an even
greater challenge for modeling due to small variations in the
specific microphysical properties of the particle under study. None-
theless, the problem is often attacked through using “mixing rules”
such as the Bruggeman effective medium approximation (Bohren
and Huffman, 1983).

3.4. Reconstruction of light extinction through aerosol composition
data

An alternate, more practical approach to estimating aerosol
scattering, absorption, and extinction coefficients in the atmo-
sphere is to reconstruct these parameters from aerosol composi-
tion data (if available). This approach has been considered
extensively by the Interagency Monitoring of Protected Visual
Environments (IMPROVE) program (http://vista.cira.colostate.edu/
improve/). The basic idea is to scale specific optical effects such
as extinction or scattering coefficient with mass concentration of
a particular component of the aerosol (NH4(SO4),, NH4NO3, organic
carbon, elemental carbon, wind blown dust, etc...) and then sum
the effects of all components. Mathematically, we can write:

bext = Eextcomp.lMcumpl + EextcampAZMcompz + Eextcomp.3Mcomp3 + -
i
=Y EM; (26)
n=1

where the E terms represent mass extinction coefficients (m?/g) for
each component of the aerosol and the M terms represent mass
concentrations. Corrections for ambient relative humidity should
also be employed since the optical properties of atmospheric aero-
sol are known to change with humidity. While this approach com-
pletely overlooks the mixing state of the aerosol, studies have
shown that mass scatter coefficients for models of internally and
externally mixed aerosols often differ by <10% (Malm and Kreiden-
weis, 1997; Malm et al., 1997; Lowenthal et al., 2000; Sloane and
Wolff, 1985; Sloane, 1983; Sloane, 1984). Typical values for mass
scatter coefficients in the mid-visible are in the range of 3-4 m?/g
for the fine mode inorganics and organic carbon and typically
0.5-1 m?/g for soils and larger coarse mode particles. It should be
noted that mass extinction coefficients vary considerably with
particle size as illustrated in Fig. 6. This figure represents a plot of
mass extinction coefficient vs. size parameter for a spherical water
droplet. The most efficient scatterers on a per mass basis are
generally particles with diameters slightly less than 1 micrometer.
Larger particles typical of wind blown dusts scatter light less
efficiently. However these particles often can contribute signifi-
cantly to light extinction, particularly during dust storm events
when dust mass concentrations can exceed 1 mg/m?>. The variability
of mass extinction coefficient (E) with particle diameter illustrated
in Fig. 6 also underscores the potential difficulties associated
with direct conversions between aerosol mass loadings and optical
properties.

3.5. Wavelength dependence of scatter/absorption

While the scattering and extinction behavior of a single particle
can be modeled, it may be more useful to describe the wavelength
dependence of scatter/absorption/extinction empirically. This
could of course be accomplished by recording measurements of
the aerosol’s optical properties at various wavelengths. If this is
accomplished, the data can often be fit to a power law such as:

Bexe = 177 (27)

where § is the Angstrom turbidity coefficient and o is known as the
Angstrom exponent. It is also common to see this type of equation
written in terms of optical depth rather than extinction coefficient
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Fig. 6. Single particle mass extinction coefficients (E) plotted as a function of
diameter for a unit density sphere with m = 1.33 and a probe wavelength of 530 nm.
For this example, particles near 1 pum are the most efficient scatterers on a per mass
basis. Plot was generated by the authors using MiePlot.

in which case the value of g would differ. The Angstrom exponent
varies with particle size. It is typically larger for smaller particles
(recall scatter by Rayleigh particles scale with 2~4). The Angstrom
exponent often varies between 0.5 and 2.5 for typical atmospheric
aerosols, however, for coarse wind-blown dust « is usually less than
0.5. Absorption by aerosols is often modeled in a similar manner,
however, the value of the exponent and pre-exponential term
would correspondingly be different since it describes only the ef-
fects of absorption. Absorption Angstrom exponents for wind-
blown dusts are often >3 in the visible region since the main light
absorbing component in dust (hematite) absorbs light much stron-
ger at short wavelengths (Schladitz et al., 2009).

3.6. Model for airborne dusts

As previously outlined in Section 2.2, the computational model-
ing of the optical effects of irregular, non-spherical particles can be
challenging. A potential silver lining is the effects of ensemble aver-
aging of non-spherical particles. Similar to the case for spheres, dis-
tributions of particle size, shape, material compositions, and
roughness tend to smooth the signatures of the scattering proper-
ties of individual particles. Furthermore, a collection of large num-
bers of randomly orientated particles reduces the effective
asymmetry of the ensemble with respect to shape/particle orienta-
tion. These effects reduce a massively complex collection of scatter-
ing entities into one which can be more effectively modeled. This
phenomenon is best reflected by considering scattering matrices
originally reported by Volten et al. (2001) and Muifioz et al. (2001)
and discussed in Nousiainen’s recent review on modeling optical
properties of dust (2009). The scattering matrix relates the Stokes
parameters of the incident radiation to that of the scattered radia-
tion for each scatter angle (0). If it is assumed that all particles con-
sidered have a symmetry plane, or alternatively if each particle has
its mirror image present in the sample, the 4 x 4 scattering matrix
reduces to the following block diagonal structure:

I P11(0) P12(0) 0 0 I

Q P12(0) Pyy(0) 0 0 Q

ul ¥l o 0 P Puo| U (28)
v scat 0 0 _P34(0) P44(6) v incident

where P;1(0) is the scattering phase function and all other elements
are smaller than it. As such, the additional elements of the scatter-
ing matrix are often normalized to P;{(0). It is also common to nor-

malize P;1(0) to its value for a scatter angle of 30°. Additionally, the
ratio P;,(0)/P11(0) describes the linear polarization of the scattered
light for an unpolarized incident beam.

Data from Volten et al. (2001) and Mufioz et al. (2001) as repro-
duced in Nousiainen (2009) is illustrated in Fig. 7a. For samples of
Feldspar, red clay, green clay, loess, and Saharan dust, plots of nor-
malized scatter matrix elements vs. scatter angle exhibit similar
shapes. This is remarkable considering the wide array of material
compositions, shapes, and effective diameters of the particles used
in the study. While curves of similar shape are observed, resultant
phase functions and polarization are still very different from that
expected for spheres. Interestingly, this can be reconciled to a large
extent for particles of similar size to the wavelength of light by
modeling dust shape as spheroidal. The spheroid shape is defined
by rotating an ellipse about either its minor (oblate) or major (pro-
late) axis (see Fig. 5b particle B). The spheroid is defined by two
parameters: the radius of the volume equivalent sphere, and the
ratio of its axis’. While it is clear from the SEM images in Fig. 5a
that most dust particles are not true spheroids, the appeal of this
model particle shape is solely found in how well it matches empir-
ical data despite it not being physically accurate. Consider Fig. 7b
as reproduced from Dubovik et al. (2006). This figure illustrates a
plot of measured scattering matrix ratios (data points) vs. scatter-
ing angle for a Feldspar dust sample at 1 =633 nm. The plot also
contains modeled values assuming spherical and spheroidal geom-
etries for comparison (solid lines). As can be observed, treating the
dust particles as spheres leads to large deviations from experimen-
tal data. However, the spheroidal model achieves a much better fit
to observable data - particularly for the phase function and linear
polarization. As such, the spheroid model for dusts is often used,
and this model is currently employed in remote sensing applica-
tions such as AERONET and in retrievals from the MODIS platform
(Feng et al., 2009; Dubovik et al., 2002a).

4. Measurement techniques for the study of the optical
properties of airborne particles

A wide variety of methods have been developed to measure the
optical properties of airborne particles. To a certain extent these
techniques can be categorized as either point measurements, or
techniques in which measurements are made over a large spatial
area/path. The point measurements generally allow very precise
study of the key optical properties of aerosols. However, by their
very nature they suffer from not being able to see the “big picture.”
That is, point measurements generally are not able to provide hor-
izontally and vertically resolved measurements of aerosols in both
space and time. Instruments for point measurements can be in-
stalled on aircraft which helps solve this problem to an extent,
but the expense involved in such airborne measurements makes
this impractical for many investigations. On the other hand, for
techniques which have the ability to quickly make measurements
over a large spatial area/path the values of aerosol optical proper-
ties tend to be averages over the measurement path. This can make
de-convolution of the effects of different aerosol types difficult.
Therefore, many of the point and long-range techniques we will
discuss truly are complimentary. In Sections 4.1-4.3, we provide
a brief review of technologies available for measurement of aerosol
optical properties. We omit a discussion of satellite remote sensing
since this topic was recently reviewed by Martin (2008).

4.1. Point measurements of aerosol extinction coefficient

4.1.1. Transmissometer
The transmissometer is used to measure the extinction coeffi-
cient (bey) of aerosols, typically over long path lengths of
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Fig. 7. (A) Plots of scatter matrix elements vs. scatter angle for Feldspar (black), Red clay (red), Green Clay (green), Loess (magenta), and Saharan dust (blue).
Figure reproduced from Nousiainen (2009) with permission. Original data from Volten et al. (2001) and Mufioz et al. (2001). (B) Plots of measured scatter matrix elements
(633 nm) vs. scatter angle for a Feldspar dust sample. This sample was chosen as a dust mimic. Also included are simulated plots assuming spherical and spheroidal particles.
The spheroidal model is particularly effective at matching measurements for the phase function (P;1/P11) and linear polarization (P;»/P11). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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1-30 km. Given the long paths involved, the reader may wonder
why we have termed this a “point” technique. We have done so
since transmissometers are generally installed at a particular loca-
tion rather than being mobile so extinction data is returned for a
certain well-defined optical path. Fig. 8a illustrates an optimal
implementation of the device. As illustrated, the instrument typi-
cally consists of two separate sections, a transmitter and a receiver
spaced at some fixed distance. Aerosols present between the trans-
mitter and receiver unit can scatter and absorb light, reducing the
irradiance at the receiver in accordance with the Beer-Lambert law
of attenuation. Optec, Inc. produces the Model LPV-3, which oper-
ates at 550 nm in either continuous or timed mode (Optec, 2005).
The transmitter section consists of a lamp, projection optics, and a
4-bladed chopper for beam modulation. The chopper modulates
the light at a rate of 78.125 Hz and an optical feedback circuit is
used to maintain the lamp output constant to 1%. The receiver
measures the difference between the irradiance levels when the
transmitter is off compared to on, which minimizes the effect of
background or ambient illumination (Malm and Persha, 1991).
The receiver unit consists of a refractor lens, a silicon photodiode
detector, and a computer. A 0.07° solid angle is defined to be the
detector field of view, in order to reduce the effect of atmospheric
optical turbulence (Molenar et al., 1989a). Optical turbulence
causes beam spreading in path lengths greater than 2 or 3 km; this
is interpreted by the detector as increased atmospheric extinction.
The small field of view for the detector minimizes this error be-
cause it allows the detector to be focused on a uniform portion
of signal, even when optical turbulence is present. The transmis-
someter must be placed so that the line of sight between transmit-
ter and receiver remain clear and unobstructed (Molenar et al.,
1989b). Even if the beam path is unimpeded, the beam can be dis-
torted or reflected if passing too close to the surface. The Optec
transmissometer offers a range of measureable extinction coeffi-
cients from 10 Mm™! to 6.55km~! with a resolution of 0.1
Mm~. Both the transmitter and receiver can be placed in protec-
tive housings for long term, unattended operation.

4.1.2. Extinction cells

A shorter path-length analog to the transmissometer can be
found in the form of extinction cells (see Fig. 8b). These devices
pass a beam of light of varying wavelength through a tube filled
with sample. The light is then incident upon a detector element
and optical losses measured relative to a filtered air blank. This
idea is conceptually very simple, and the method can be consid-
ered an absolute measurement if provisions are made to remove
forward scattered light from reaching the detector. Indeed, the
approach has been used as an accepted reference method in sev-
eral comparison studies (Bond et al., 1999; Reid et al., 1998).
However, measuring very small optical losses typical of atmo-
spheric aerosol samples (<100 Mm™~!) can be experimentally chal-
lenging. Attempts to circumvent this usually involve increased
sample path length. For instance, a 6.4 m long path was used
by Weiss and Hobbs (1992) to measure the extinction coefficient
at 538 nm of smoke plumes from Kuwaiti oil fires. The limit of
detection in this study was approx. 20 Mm™!, a rather impressive
technical feat since this corresponds to a loss of only 20 ppm over
a 1 m path! More recently, Virkkula et al. (2005) constructed a
folded path extinction cell capable of measurement at 467, 530,
and 660 nm. The effective path length was roughly 6.6 m and
use of low-power LED technology and photodiode detectors make
the approach efficient from both a power and cost point of view.
Detection limits of ~5 Mm™! were reported for all three spectral
channels. In general, this approach is particularly well-suited for
measurements when relatively high mass loadings of particulates
are present.

4.1.3. Cavity ring-down spectroscopy (CRDS)

An alternate technique for point measurement of aerosol
extinction coefficient that has gained popularity in recent years
is cavity ring-down spectroscopy (Bulatov et al., 2002; Smith and
Atkinson, 2001; Thompson et al., 2003; Thompson et al., 2002;
Moosmiiller et al., 2005; Butler et al., 2007; Miller and Orr-Ewing,
2007; Thompson et al., 2008; Strawa et al., 2003; Riziq et al., 2008;
Lang-Yona et al., 2009)). Briefly, cavity ring down methods mea-
sure the time constant (7) for the attenuation of a laser pulse after
itis introduced into a stable optical resonator formed between two
highly reflective (R > 0.999) mirrors (see Fig. 8c). The light intensity
observed by a light detector displays an exponential decay in time
after the laser pulse. The rate of decay is governed by the reflectiv-
ity of the mirrors used and extinction of light by the sample placed
between the mirrors. The time constant (7) is the time required for
the light signal to decay to 1/e (about 37%) of its original value. This
time constant (7) can be related to the extinction coefficient of the
sample placed between the mirrors by:

tr

U= 201 —R) + Dol (29)

where t, is the round trip transit time for the beam, R is the mirror
reflectivity, L is the cavity length, and bexsrorqr iS the sample’s total
extinction coefficient. In this equation, bexsora; refers to the cumula-
tive effects of Rayleigh scattering by gases, aerosol scattering, aero-
sol absorption, and gas-phase absorption. To measure the effects of
only aerosols, it is necessary to subtract the effects of Rayleigh scat-
tering losses and gas phase absorption from the total extinction
measurement (bexeorqr) Made with a CRDS system. This is often
accomplished by measuring the ring-down time constant for the
sample containing aerosol (7,) and the ring-down constant for
the cell filled with HEPA filtered ambient air (74;) and use of the fol-
lowing expression to extract aerosol extinction coefficient (bgy):

bw:1< o1 ) 30)
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CRDS based methods can achieve impressive sensitivity (b, det.
lim. <1 Mm™') owing to the long effective path lengths (several
km) involved. More importantly, the method is not affected by
source intensity fluctuations since the rate of attenuation of light
is the measured variable rather than absolute irradiance. This is
very different than standard light transmission measurements.
CRDS methods for aerosol detection have been demonstrated for
numerous wavelengths in both the visible and near IR (see previ-
ously cited refs.).

4.2. Point measurements of aerosol scattering coefficient

Nephelometers are used to measure the scattering coefficient
(bscar) Of aerosols at point locations. There are several nephelome-
ter designs including the integrating nephelometer, reciprocal
nephelometer, and polar nephelometer. Integrating nephelometers
are available commercially (TSI Inc., Radiance Research, Ecotech,
Optec Inc.) and are widely used in air quality monitoring.

4.2.1. Integrating nephelometer

Beuttell and Brewer (1949) invented the integrating nephelom-
eter in 1949 as a method to measure visual range. A schematic of
an integrating nephelometer is shown in Fig. 9a. The device at-
tempts to measure light scattered by a sample of air over all angles
(0-180° - hence the term “integrating”). In the device illustrated in
the figure, an air sample containing particles is drawn into tube
and illuminated with light from a flash lamp. The light from the
lamp is passed through an opal glass diffuser in an effort to achieve
a near Lambertian source. The sample (scattering) volume is
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Fig. 8. Methods for determination of aerosol extinction coefficient (bey.). (A) Implementation and optimal placement of transmitter and receiver units of a transmissometer.
The transmission between the transmitter and detector unit is monitored and optical losses are assumed to be governed by Beer’s law of extinction. (B) Extinction cell of
Virkkula et al. (2005) (reproduced with permission of author). HD - holographic diffuser, O - orifice, DR - reference detector, DS - signal detector, L - lens, PT - purge air tube,
M - mirror. (C) Typical apparatus for cavity ring-down spectroscopy (CRDS). In this technique light from a pulsed laser circulates between two highly reflective mirrors and
the time constant for the exponential decay of light intensity measured. The aerosol sample is placed between the mirrors and the time constant 7 related to extinction

through Eqgs. (29) or (30).

viewed by a suitable light detector such as a photomultiplier tube
(PMT) through an optical filter to select a certain wavelength range
and several small apertures to help minimize wall scatter. At the
far end of the tube is a highly efficient light trap. This optical
arrangement helps assure light which reaches the detector origi-
nates from a narrow cone containing the scattering sample. Now,
if light is scattered from the right of the lamp in the figure towards
the PMT this represents backscatter (90-180°). Alternatively, if
scattered light originates from the left of the lamp in the tube this
is forward scatter (0-90°). By illuminating the entire cone and
using a tube of suitable length for the sample chamber, scattered
light can most always be collected over ~15 - 165°. However, real
nephelometers invariably fall short of perfection due to geometric
constraints and cannot collect scattered light very near the forward
(0°) and reverse (180°) directions. This leads to defining of a trun-
cation angle for a particular device that represents the angles from
which light cannot be collected. While this may seem like a minor
experimental issue, it is actually of significant consequence for
making accurate measurements of scattering coefficient (bsc).
This results because particles do not scatter light isotropically,
but rather scattering tends to be peaked at the small angles where
it may not be collected. This can result in systematic underestima-
tion of scattering coefficient known as truncation error. Fortu-
nately, correction factors for angular non-idealities have been
pursued to redeem measurements made with certain commer-
cially available nephelometers (Anderson and Ogren, 1998; Heint-

zenberg et al, 2006). In principle, nephelometers can be
constructed for measurements at any wavelength. TSI Inc. offers
a three wavelength model with measurements made simulta-
neously at 450, 550, and 700 nm (40 nm bandwidth) so Angstrom
exponent can be estimated from resultant data. The Radiance Re-
search M903 nephelometer uses a filter to spectrally select green
light (exact pass band depends on specific device). Ecotech offers
a nephelometer for measurements at 450, 525, and 635 nm. Cer-
tain models are equipped with a retractable backscatter shutter
that prevents light from being scattered in the forward direction.
This allows measurement of backscatter fraction of the aerosol,
and important variable related to aerosol climate forcing. In gen-
eral, integrating nephelometers are capable of measuring particle
scattering coefficients in a range from 0.3 Mm ! to 10 > m™ .

4.2.2. Integrating sphere (reciprocal) nephelometer

In the integrating nephelometer described in Section 4.2.1 a dif-
fuser was used to provide a Lambertian illumination pattern and
light was detected at a fixed point. An alternate approach to neph-
elometer design is the reciprocal nephelometer, in which a colli-
mated beam is used and light is detected by a cosine detector. In
recent years there have been several reports of such a device. Var-
ma et al. (2003) have constructed an integrating sphere nephelom-
eter in an effort to reduce the truncation error associated with
conventional integrating nephelometers. In this instrument, an
integrating sphere is used as the sample cell. The inner surface of
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Fig. 9. (A) Illustration of an integrating nephelometer. The aerosol sample fills the measurement chamber and is illuminated by light passing through a diffuser. Forward
scatter originates from particles to the left of the lamp, while backscatter originates from particles to the right of the lamp. The backscatter shutter is used to eliminate
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down measurements were carried out to simultaneously determine both bey and bscq -

(C) Nlustrates a typical polar nephelometer. In this device an array of photodiodes

placed at a radius from the scatter volume can be used to probe the angular dependence of scatter. Typical devices may have 20-30 such photodiodes arranged between

0=0-180°.

the sphere is coated with a highly reflecting (>99%) barium sulfate
based coating. The aerosol is probed by a laser beam from a fre-
quency doubled Nd:YAG laser at 532 nm. Light scattered by the
beam is collected by the sphere and directed to a photomultiplier
for detection. The beam passes through two small apertures of
5 mm radius on each pole of the sphere, and truncation reduction
tubes are attached yielding an instrument truncation angle of only
about 1° for the device (in contrast to 7-15° for int. neph.). This re-
duces measurement error for large particles, which is particularly
important for coarse mode dusts. Another advantage of the sphere
design is nearly all scattered light is collected by the sphere, a con-
dition which should affect detection limits favorably. A similar
integrating sphere nephelometer was reported by Fukagawa
et al. (2005) and an integrating sphere nephelometer reported by

Thompson et al. (2008) is illustrated in Fig. 9b. In the latter meth-
od, the aerosol sample was simultaneously probed by ring down
spectroscopy yielding extinction coefficient (b.y:) and correspond-
ingly single scatter albedo. To the best of our knowledge, the inte-
grating sphere design is not yet commercially available.

4.2.3. Polar nephelometer

The major difference between polar and integrating nephelo-
meters is a polar nephelometer is designed to make measurements
of the angular pattern of light scattered by the aerosol sample.
Knowledge of the angular distribution of scattered light can pro-
vide significant clues to the aerosol sample such as asymmetry
parameter, backscatter fraction, particle size, or refractive index.
A polar nephelometer may have multiple detectors, which lie in
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a half circle around the sample flow path as shown in Fig. 9c (Bar-
key and Liou, 2001; Gayet et al., 1997; Barkey et al., 2007). Another
possible orientation is to have one detector and a collimating lens
on a moveable arm that is physically moved through a series of an-
gles (Lienert et al., 2003). Photodiodes coupled to optical fibers are
often used as detectors for the first style mentioned. To a certain
degree the number of angles over which measurements can be
made is limited by the desired complexity of the device. While po-
lar nephelometers generally are not as sensitive as the instruments
discussed in Sections 4.2.1 and 4.2.2 they can provide important
details regarding the angular distribution of scattered light that
conventional devices cannot.

4.3. Point measurements of aerosol absorption coefficent

Methods to measure and monitor aerosol absorption coefficient
(babs) can be grouped into two classes: those based on filter sam-
pling and those capable of in situ measurements. The particle soot
absorption photometer (PSAP), and aethelometer are the most
commonly used filter based techniques. The filter based techniques
are conceptually simple, relatively inexpensive, insensitive to
absorbing gases, and robust. However, they rely on collecting par-
ticles on a filter medium which can complicate measurements. The
in situ techniques of photoacoustic spectroscopy and photothermal
interferometry offer the advantage of probing the aerosol while it
is still dispersed. Moosmiiller et al., 2009) have also recently re-
viewed recent developments in the field of aerosol light
absorption.

4.3.1. Particle soot absorption photometer (PSAP)

Fig. 10a illustrates a schematic of the PSAP instrument. The
PSAP method is capable of providing real-time monitoring of aero-
sol absorption. Additionally, the PSAP has been subject to a number
of studies aimed at evaluating its performance (Bond et al., 1999;
Arnott et al., 2003; Sheridan et al., 2005). In this device, air contain-
ing particles is drawn through a filter at constant volumetric flow
rate. The optical transmission of the filter is continually monitored
through use of a light source and photodetector. A second filter is
used for the reference (blank) measurement. This reference filter is
placed in the air flow path immediately after the primary filter
(primary filter removes particles). Use of the reference filter for
blank measurements assures changes in source brightness over
time are not measured as absorption. When particles deposit on
the first filter, the filter transmission decreases, and less light
reaches the detector. The derivative of the detector signal in time
is measured and this quantity is proportional to the aerosol
absorption coefficient. Based on this model, the apparent aerosol
absorption coefficient (b,;) can be expressed as:

b — 9 In ('7‘))

where A is the area of the spot on which particles are collected (m?),
V is the volume of air sampled (m?) during the sampling period, and
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Ip and I are the measured filter transmittances for the prior and cur-
rent sampling period. At first glance the PSAP appears to be a fairly
simple device, however, measurements can be complicated by the
effects of multiple scattering of light off the fibers of the filter med-
ium. This results in photons which traverse the filter having experi-
enced a certain “effective” path length greater than the filter
thickness. A significant problem arises since this effective path
length decreases as the filter becomes more heavily loaded with
particles in a non-linear way. This can lead to systematic error in
measurement of bgs if not corrected for. Fortunately, this is a
well-known phenomenon and empirical corrections have been
developed by the instrument manufacturer to account for this ef-
fect. The bgps value reported by the PSAP is actually:
/
babs (32)

Davs = 2(0.53987 + 0.355)

where 7 is the filter transmission (filters are generally changed
when 7 drops to 0.7). During use, the PSAP instrument will also reg-
ister a measureable absorption even in the absence of an absorbing
aerosol. This is because scattering by particles can also reduce the
transmittance of the filter. Fortunately, this effect has been studied
and a correction can be applied to the data collected. The correction
factor which is often employed is 2% of sample scattering coefficient
(bscar) (Bond et al., 1999). Additionally, rapid changes in relative
humidity can lead to measureable signals (so-called “wet T-shirt
effect”) (Schmid et al., 2006).

4.3.2. Aethalometer

Fig. 10D illustrates the optical chamber of an aethalometer. The
aethalometer is very similar to the particle soot absorption pho-
tometer discussed in the previous section. The device draws an
air sample containing particulates through an inlet port at a flow
rate of a few liters per minute. The aethalometer collects the par-
ticle sample on a quartz fiber filter, and continually monitors the
transmittance of the filter. Again, the time derivative of the signal
is used to assess ambient aerosol absorption. There are a few small
differences between the aethalometer and the PSAP however. In
the aethalometer, the reference filter is placed adjacent to the ac-
tive filter in the measurement chamber, but air is not pulled
through the reference filter. Recall, in the PSAP the reference filter
is placed after the active filter in the flow stream. The second dif-
ference is primarily the result of intended application of the tech-
nology. The aethalometer’s intended purpose is often to measure
the mass concentration of elemental carbon (soot) in the atmo-
sphere. In fact, the device derives its name from the Greek word
“aethaloun” - to blacken with soot. However, as we discussed in
Section 3.4 there is a direct theoretical relationship between
absorption coefficient and mass concentration of absorbing parti-
cles. If the mass absorption coefficient (m?/g) of the aerosol is
known the user can estimate the absorption coefficient from data.
The trick is obtaining an accurate value for mass absorption coeffi-
cient for the specific aerosol sample and spectral range of the de-
vice being used. Magee scientific offers several aethalometer
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Fig. 10. Filter-based methods for measurements of aerosol absorption. (A) lllustration of a particle soot absorption photometer (PSAP). (B) Schematic of an aethalometer. Note

the main difference is the flow path.
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models that employ LEDs that span the entire near UV - near IR
range (370, 470, 520, 590, 660, 880, and 990 nm). The device is
usually equipped with a filter tape that is automatically moved
when needed to prevent excessive particle loading on a particular
filter (a third difference from the PSAP). Given the similarity to the
PSAP, we might expect the aethalometer would also be subject to
the same type of filter artifacts. This is in fact the case. Fortunately,
these effects have been considered from both a theoretical per-
spective by Arnott et al. (2005) and empirically by Weingartner
et al. (2003) and corrections for aethalometer filter loadings devel-
oped. It should be noted that despite the similarity between PSAP
and aethalometer, the filter loading corrections are not identical
due to differences between the filter media used for each method.

4.3.3. Multi-angle absorption photometer (MAAP)

In 2004, Petzold and Schonlinner (2004) reported a technique
called multi-angle absorption photometry for measurement of aer-
osol absorption coefficient. In this technique, ambient air is sam-
pled at ~1 m?/h and airborne particles are collected on a glass
fiber filter tape. The filter is optically probed at 550 nm and filter
transmittance is monitored. However, the reflectance of the filter
is also measured by using additional detectors mounted at certain
well-defined scattering angles. In monitoring these experimental
parameters and use of a radiative transfer approximation aerosol
absorption coefficient can be measured. The MAAP instrument of-
fers an advantage over the PSAP and aethalometer in that correc-
tion of data for scattering is not required. However, in addition
to the measurements the algorithm used to extract data requires
input of asymmetry parameter (g) for the entire aerosol sample.
The investigators used a value of 0.75 in their work but suggest a
measurement error on the order of 5% is possible if a range of g val-
ues 0.5-0.86 is used instead. Petzold and Schonlinner also com-
pared the performance of the MAAP with an aethalometer for
measurements made at the Jungfraujoch in the Swiss Alps. Their
analysis found measurements made with the MAAP are highly cor-
related with the aethalometer measurements, but the aethalome-
ter bgps Measurements were on average a factor of 1.38 higher
than the MAAP. Furthermore, these authors report a significant
fraction of aethalometer measurements (even with 1 h averaging
times) were negative, which is physically impossible. No such phe-
nomenon was observed with the MAAP. The MAAP technology has
been commercialized by Thermo Andersen (http://www.esm-onli-
ne.de/andersen/product/CARUSSO-Brochure.pdf) who report a
detection limit for elemental carbon of 20 ng/m? for a 30 min. mea-
surement. If we assume a mass absorption coefficient of 10 m?/g
for black carbon a detection limit for bg,s on the order of
0.2 Mm~! would be projected for the MAAP.

4.3.4. Photoacoustic spectroscopy

In 1999, Arnott et al. (1999) reported a photoacoustic spectrom-
eter for measurement of light absorption (bgps) by airborne parti-
cles. In this method, the aerosol is contained in an acoustic
resonator and probed by a laser modulated at the resonant fre-
quency of the device. Sample components which absorb light con-
vert light energy into an acoustic wave that is detected by a
microphone. The sample absorption coefficient (bgs) is propor-
tional to the acoustic pressure produced. A major advantage of
the photoacoustic method compared to those mentioned in Sec-
tions 4.3.1,4.3.2,4.3.3 is the aerosol is probed while it is dispersed.
This eliminates any uncertainties or correction schemes associated
with collection on filters. An additional advantage is the magnitude
of the measured signal scales with laser power so improvements in
laser fluence can conceivably lower detection limits to the extent
the aerosol sample is not altered or degraded by high irradiances.
Additionally, the experimental apparatus is relatively simple and
robust. The user must consider the potential for gas-phase absorb-

ers (often O3 or NO, in mid-visible) to interfere with analysis and
scrub these gases from the sample or make background measure-
ments. While the measurement wavelengths for the initial study
were 532 and 685 nm, the method can easily be adapted for use
at other wavelengths. For instance, a commercially available
photoacoustic instrument (Droplet Measurement Technologies)
makes measurements at 781 nm, however other wavelengths,
and even a three wavelength model are available by special order.
The 781 nm model was specifically designed to measure soot
rather than absorption by wind-blown dusts. A more recent work
by Lewis et al. (2008) describes a photoacoustic instrument capa-
ble of making measurements at 405 nm, which could be very use-
ful for making absorption measurements of wind-blown dust.
Impressive detection limits for b, of 0.08 Mm™! for 60 s integra-
tion times have been reported (Lack et al., 2006).

4.3.5. Photothermal interferometry (PTI)

The technique of photothermal interferometry has been used to
make laboratory measurements of light absorption by aerosols
since the mid-1980’s (Campillo et al., 1981; Fluckiger et al.,
1985; Campillo and Lin, 1983). The PTI technique measures the
effective phase shift in one arm of an interferometer induced by
slight changes in the refractive index of the medium in that arm
relative to a second arm. The refractive index change is caused
by a slight temperature change resulting from light absorption.
As such, the method is completely insensitive to elastic scattering
of light. The method is capable of measuring extremely small
changes in refractive index, and therefore very small optical
absorptions. As you can imagine, vibrations and even instrument
expansion due to temperature changes can potentially spell doom
for interferometric techniques. To a large extent, this has limited
more widespread use of the technique and delegated it to labora-
tory studies in which optical isolation can be employed and the
system precisely controlled. Recently, Sedlacek has revived interest
in the PTI technique through use of a more robust folded Jamin
configuration for the interferometer (Sedlacek, 2006; Sedlacek
and Lee, 2007). The optical requirements for this design are less
stringent than in previous work, and allow a more compact design
affording an instrument which is more suitable for field measure-
ments of aerosol absorption coefficient. Sedlacek and Lee (2007)
report the PTI instrument is capable of a precision of 0.2 Mm™!
and accuracy within 5%. A lower limit of detection for bgs of
0.4 Mm~! was also reported for a sample effective path length of
only 5 cm. Interestingly, the authors also report slight differences
in absorption coefficients measured by PTI as compared to use of
the PSAP technique at high relative humidity.

4.4. Sun photometers

Sun photometers are devices which are pointed towards the sun
to measure direct sun radiance over narrow wavelength bands. By
comparing irradiances at earth’s surface with expected values for
the top of the atmosphere, the optical depth of the atmosphere
can be computed. Gas absorption/scattering can be accounted for
assuming a given atmosphere, and measured signals can be cor-
rected for time of year, and angle of the sun in the sky (airmass).
This can lead to direct measurement of column integrated aerosol
optical depth for several wavelengths. Many sun photometers are
mounted on robotic arms that can be programmed to precisely
track the sun or make measurements at specific angles to the sun’s
location. Since aerosol optical depth can be measured at several
wavelengths, the Angstrom extinction exponent (Section 3.5) can
easily be extracted from the data. Since the efficiency with which
light of different wavelengths is scattered varies considerably with
particle size (see Fig. 4), the spectral optical depth data can be used
to build a model of the aerosol particle size distribution which
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must be responsible for producing the unique Angstrom exponent
signature (Schmid and Matzler, 1997). If both sun and sky radi-
ances are collected additional aerosol properties can be retrieved.
Almucantar scans of radiance as a function of scattering angle
can yield data products such as aerosol complex refractive index,
optical absorption, single scattering albedo, and the scattering
phase function (Dubovik and King, 2000). Provisions for non-
spherical particles such as dusts have also been built into the re-
trieval routines (Dubovik et al., 2006). All of these measurements
are averaged over the total aerosol column within the atmosphere,
so they truly provide complimentary data obtained by the point
measurement techniques describe in Sections 4.1-4.3.

The Aerosol Robotic Network (AERONET) is an example of a glo-
bal network of ground based CIMEL spectral radiometers than can
measure both sun and sky radiances in several different spectral
regions. The network has >500 sites globally, and simple data re-
trieval on the internet makes the AERONET program an extremely
valuable resource for studies of the atmospheric aerosol. Indeed,
the number of publications citing the AERONET program continue
to grow at an ever increasing rate (>120 in 2007 compared to only
11 in 2000). A significant fraction of scholarly works we cite in Sec-
tion 5 of this review involve AERONET data. Depending on the ex-
act model of CIMEL radiometer used, AERONET data may be
available for the following spectral channels: 0.34, 0.38, 0.44, 0.5,
0.675, 0.87, 1.02 and 1.64 pm. The Global Atmosphere Watch net-
work of 12 Precision Filter Radiometers (GAW PFR) is another
example of a sunphotometer network. These stations log aerosol
optical depth and Angstrom exponent at wavelengths of 368,
415, 500 and 862 nm at 1-2 min frequency. Additional networks
include Skynet, and the network maintained by the NOAA Earth
Systems Research Laboratory (NOAA ESRL). Side-by-side compari-
sons of instruments used in each of these stations have even been
provided by Kim et al., 2008). Another recent project of interest in
the development and application of GLOBE sunphotometers. These
very inexpensive, hand-held sunphotometers have been developed
for use in education and feature LED’s as detectors to measure aer-
osol optical thickness at 505 and 625 nm (Brooks and Mims, 2001).

5. Optical properties of wind generated dust

Entrainment of dust into the atmosphere is generally associated
with strong, gusty winds in regions that are sparsely vegetated and

are mostly arid (<250 mm precipitation annually). Emission of dust
is inhibited by vegetation, surface obstructions such as snow, ice
rocks etc... and elements such as high salt content and moisture
which can have a binding effect on the soil. Recent satellite mea-
surements as illustrated in Fig. 11 suggest dust aerosols are largely
a Northern Hemisphere phenomenon, with a large fraction of
emissions centered in a “dust belt” which extends from North Afri-
ca through the Arabian Peninsula to Central Asia and China (Liu
et al., 2008; Hu and Sokhi, 2009). Most dust generated in the south-
ern hemisphere appears to originate in Australia. Certain dust
source “hot-spots” can often be identified from satellite imagery
(Lee et al.,, 2009) and sometimes these locations coincide with
topographic depressions. Some examples of these are the Bodélé
Depression in Chad, the Tarim Basin (Taklimakan Desert) in China,
and Lake Eyre in Australia. The Sahara is believed to be a major
player in the global dust budget, and desert regions in the Middle
East are also significant players as are deserts in Mongolia and
Northern China (Taklimakan and Badain Jaran deserts) (Zhang
et al,, 2003). We have chosen to organize this section of the review
by discussing the optical properties of dusts recently reported in
the literature at varying locations within the Northern Hemisphere
dust belt and Australia. Whenever possible, our focus is on the
optical properties of dust near source regions and during signifi-
cant dust events rather than long-range transport/atmospheric
processing.

5.1. Western Africa

Approximately 130-760 Tg of dust is believed to originate from
the Sahara desert annually (Laurent et al., 2008; Engelstaedter
et al., 2006; Goudie and Middleton, 2001). As such, characterizing
the optical properties of this dust is important to accurately de-
scribe radiative transport in the atmosphere. It is not surprising
that characterization of this dust has been the focus of several ma-
jor research efforts in recent years. The Saharan mineral dust
experiment (SAMUM) is a recent effort to better understand both
the shortwave and longwave properties of mineral dust aerosol
in the western Saharan region. Results from this study obtained
in 2006 for various sites in Morocco have recently been dissemi-
nated in a special issue of Tellus (vol. 61(1), 1-353, 2009). Addi-
tional recent campaigns include the Dust and Biomass
Experiment (DABEX 2006), the Dust Outflow and Deposition to
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Fig. 11. Map of dust optical depth at 360 nm during spring 2003 as retrieved from satellite measurements. The Sahara, Gobi, and Australian deserts can clearly be seen as
strong dust emission sources. In addition, transport of dust over the Atlantic can be observed. Reproduced with permission from Hu and Sokhi (2009).
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the Ocean Experiment (DODO 2006), and the Saharan Dust Exper-
iment (SHADE 2000).

As part of SAMUM, Shladitz et al. have reported on the optical
and physical properties of Saharan dust at a surface site at Tinfou,
Morocco (Schladitz et al., 2009). These authors have used SEM with
energy dispersive X-ray analysis to study the size-resolved compo-
sition of Saharan dust. The authors found a bimodal particle size
distribution dominated by ammonium sulfate particles below
500 nm diameter and mineral dusts above 500 nm. Particles be-
tween 0.5 and 10 um contained silicates, quartz, calcium carbon-
ates, and light absorbing oxides of iron. The authors report a
value of 1.53 for the real component of the refractive index at
wavelengths of 537 nm and 637 nm and imaginary parts of
0.0041 and 0.0031 at those wavelengths. Albedo at 537 nm was
0.96 while at 637 nm it was 0.98. Backscatter fraction, as measured
by a TSI nephelometer, was reported to be 0.09-0.10. Angstrom
absorption exponents were generally in the range of 3.75-5 for
the dust while Angstrom scatter exponents were near 0 and at
times slightly negative (0-0.15). This is in agreement with the re-
sults of Miiller et al. (2009b) who have reported values of 4.35 and
6.41 for Angstrom absorption exponents for re-suspended dust col-
lected in Morocco and Burkina Faso. A companion publication re-
ports imaginary parts of refractive index for Saharan dust (after a
correction for soot absorption) to be 0.0051, 0.0016, and 0.00045
at wavelengths of 450, 550, and 650 nm for a site in southern Mor-
occo (Miiller et al., 2009a). A third study from SAMUM focused on
airborne measurements and reports a real index of n=1.55-1.56
for the Saharan dust which was observed to be nearly constant
across the 450-700 nm window (Petzold et al., 2009). Alterna-
tively, the imaginary part if the index varied considerably across
this spectral window. The authors report values of k=0.0031-
0.0052 at 450 nm, 0.0003-0.0025 at 700 nm. Interestingly, values
of the imaginary part of the refractive index seem to be correlated
to different particulate source regions. Dust believed to originate in
the Atlas forelands near Morocco/Algeria had an imaginary part of
0.0049 and 0.0017 at 450 and 700 nm and demonstrated an
absorption Angstrom exponent of 3.6-3.8. Dust originating further
east from the lowlands and salt-lakes of north eastern Algeria and
Tunisia exhibited k ~ 0.003 and 0.0003 at 450 and 700 nm and cor-
respondingly a much larger absorption Angstrom exponent of 6-
6.6. These results highlight the importance of source region for
characterization of the optical properties of wind-blown dust.

As part of the Dust Outflow and Deposition to the Ocean project
(DODO) McConnell et al. has reported refractive indices (550 nm),
asymmetry parameter (550 nm), and Angstrom exponents (550-
700 nm) during the dry and wet season based on aircraft measure-
ments taken near Dakar, Senegal (McConnell et al., 2008). The real
portion of the refractive index was 1.53 for both February (dry sea-
son) and August (wet season). However, the imaginary part chan-
ged from 0.0005 to 0.0014 indicating that the dust seemed to be
more absorbing in the wet season. An asymmetry parameter of
0.68 at 550 nm was suggested and the average Angstrom exponent
for the Saharan dust influenced air mass was near 0. Osborne et al.
(2008) have reported a refractive index of 1.53 + 0.0004i and asym-
metry parameter of 0.71 for campaign averaged values from DA-
BEX 2006. Similarly, the report of Haywood et al. (2003) from
SHADE 2000 suggests a value of 1.53 + 0.0015i and 0.72 for refrac-
tive index and asymmetry parameter. A study by Derimian et al.
(2008a) in M'Bour, Senegal provided Angstrom Exponents for both
mixed aerosols and dust aerosols. The mixed aerosol was present
January 21, February 3 and 4 with values of 0.85, 0.89, 0.92, respec-
tively. The coarse mode dust dominated aerosol was present March
10 and 31 with values of 0.11 and 0.19, respectively. Derimian et al.
(2008a) also provide albedo data for these two dust events. The
first event, gave SSA values of 0.91 at 440nm and 0.98 at
1020 nm. The second event, gave SSA values of 0.88 at 440 nm

and 0.93 at 1020 nm. Comprehensive chemical composition data
was not presented in this study so it is not clear whether the differ-
ences in optical data between March 10 and 31 were caused by dif-
ferences in dust composition or local contamination/alteration of
the particles.

Certain optical properties of Saharan dust on the west coast of
Africa reported by many authors over several field campaigns seem
to be in relatively good agreement. For the real portion of refractive
index, values over the narrow range of 1.53-1.56 have been re-
ported. The imaginary part of refractive index is more variable,
and values between 0.0003 and 0.005 have been reported for the
visible spectral region. As previously mentioned, some evidence
has been presented linking imaginary index to source regions
and wet/dry season. Angstrom exponent for Saharan dust aerosols
is generally <0.5, and often near zero. However, Angstrom absorp-
tion exponents for Saharan dusts can vary between 3 and 7, likely
owing to the variable composition of light absorbing hematite and
goethite. Asymmetry parameters in the range of 0.68-0.72 seem to
be commonly encountered.

5.2. Eastern Sahara, Arabian Peninsula, and Middle East

El-Metwally et al. (2008) has studied the optical properties of
aerosols in Cairo with sun photometry as part of the NASA AERON-
ET program. Clearly, Cairo is an urban center which can complicate
the de-convolution of the effects of dust aerosols from other aero-
sol classes. The authors classify an aerosol as being “dust-like”
through air mass back trajectory calculations and by an Angstrom
exponent <0.5. However, the potential for contamination by the ur-
ban plume remains. Using these criteria, the authors report a real
portion of the refractive index of 1.46-1.54 over the spectral region
of 441-1022 nm and an all wavelength average of 1.51. The imag-
inary portion of the refractive index was given constant as 0.002
for the same spectral region while the single scatter albedo ranged
from 0.934 to 0.965 for the “dust-like” aerosol. Asymmetry param-
eter (g) ranged from 0.661 to 0.681 for these wavelengths.

Linke et al. (2006) conducted a laboratory study of Saharan dust
samples that were collected from different regions and re-sus-
pended. Two samples collected in/near Cairo had Angstrom Expo-
nents of 0.56 and 0.45. Linke et al. also provide SSA data for the
Cairo sample and a Moroccan sample. The Cairo sample had a
SSA of 0.99 for both 532 nm and 1064 nm, but only 0.76 for
266 nm. The Moroccan sample had SSA of 0.63 for 266 nm but
0.98 for 532 nm. Both dust samples clearly have strong absorption
at 266 nm, but the atmospheric importance of this is unclear given
the actinic cut at 290 nm. This study also generated an aerosol
sample by artificial means which could possibly alter particle size
distributions and optical properties from that observed in the
atmosphere.

The Bodélé Depression in Chad has been described as the dust-
iest place on earth. It has been estimated that dust emission from
this region can exceed 1 Tg per day during significant dust events!
Interestingly, dust in this region is dominated by fossil diatoms
from the dry lake bed which comprises the depression. The optical
properties of dust from this region was a focus of study during the
BoDex 2005 campaign. Optical data for particles in this region were
reported for the BoDEx 2005 campaign by Todd et al. (2007). At
440 nm the refractive index was 1.46 + 0.002i, at 670 nm it was
1.47 +0.001i, at 870 nm it was 1.45+0.001i and at 1020 nm it
was 1.44 +0.001i. The mean Angstrom extinction exponent was
0.24 with a range of 0.06-0.45. Reported single scatter albedo val-
ues were 0.969, 0.986, 0.989, and 0.990 for 440, 670, 870, and
1020 nm, respectively. These albedo values are higher than values
reported for other Saharan dusts, which speaks to the unique com-
position of particulates from Bodélé.
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Dubovik et al. (2002b) presents data for an 8 year study of
worldwide locations by the AERONET network of ground-based
radiometers. Desert dust was studied in Bahrain (Persian Gulf),
and Solar Village, Saudi Arabia. In Bahrain, the real component of
the refractive index was 1.55 while the imaginary component var-
ied considerably with wavelength. The values for the imaginary
component are 0.0025, 0.0014, 0.001, and 0.001 at 440 nm,
670 nm, 870 nm and 1020 nm, respectively. Single scatter albedo
ranged from 0.92 to 0.97, increasing with wavelength, and asym-
metry parameter ranged from 0.66 to 0.68 for these wavelengths.
Angstrom exponent varied widely from 0 to 1.6. This reflects the
varying sources/composition of particulate matter at this location
(Bahrain has a significant amount of fine particles produced by
industry). In Solar Village Saudi Arabia, the real component of
the refractive index was reported to be 1.56. The values for the
imaginary component are 0.0029, 0.0013, 0.001, and 0.001 at
440 nm, 670 nm, 870 nm and 1020 nm, respectively. Single scatter
albedo is reported to be 0.92-0.97 with a range of g values between
0.65 and 0.69. The Angstrom exponent varied from 0.1 to 0.9. Der-
imian et al. (2008b) also provide SSA data for Solar Village, Saudi
Arabia. In this report, SSA was 0.90 at 440nm and 0.97 at
1020 nm. These authors also provide data for other locations in
the region. In Sede Boker, Isreal the SSA was 0.91 at 440 nm and
0.96 at 1020 nm. In Bahrain, the SSA was 0.90 at 440 nm and
0.97 at 1020 nm.

Eck et al. (2008) have studied the optical properties of the aer-
osol over several sites in the United Arab Emirates in summer.
These authors found typical albedo values during a dust event
were 0.91-0.93 for 440 nm and 0.95-0.98 for 1020 nm. The parti-
cle size distribution data extracted from experimental data indi-
cated a volume average radius around 2.2 um and Angstrom
extinction exponents on the order of 0.2-0.3 were reported for this
event.

5.3. Northern India

Pandithurai et al. (2008) have reported on the optical properties
of dust aerosols in New Delhi believed to originate from the Thar
desert and other neighboring regions. This region is frequently
influenced by wind-blown dust originating in the Thar desert dur-
ing the pre-monsoon period (April-June). However, the aerosol at
this location would be expected to be significantly impacted by
anthropogenic activities since Delhi is a major urban area. The
authors used a sun/sky radiometer manufactured by PREDE, Ltd.
to obtain their data and an improved Langley method for calibra-
tion. The study spanned from March to June 2006 and the authors
noted an increase in dust aerosol loading over the course of the
study. The authors reported a 2-3 fold increase in coarse mode
particles from April to June when dust events occur. These authors
reported an average single scattering albedo (SSA) value of 0.79
during the pre-monsoon season for 500 nm wavelength. SSA
monthly averages for March, April, May and June 2006 were
0.84, 0.78, 0.75 and 0.74, respectively. The authors found that the
SSA increases with wavelength due to the coarse mode particles.
Refractive indices were also extracted from the data for 500 nm.
For the months of May and June when the aerosol was most dom-
inated by dust, the monthly averages for the real component were
1.54 for both months. For the imaginary component, 0.022 for May
was reported and 0.024 for June. The mean Angstrom exponent it-
self was found to decrease from 1.28 in March to 0.47 in June. This
effect was attributed to the increase of coarse particles due to dust
storms. Reported asymmetry parameters for visible wavelengths
ranged from 0.70 to 0.76 for the month’s of May and June.

Another study in India was conducted over Delhi in 2003 by
Singh et al., 2005). Measurements were obtained for the pre-mon-
soon period (April-June). The authors reported an approximate

average of the extinction Angstrom exponent to be 0.328 during
the entire pre-monsoon season (range of values o« =—0.2-1). On
days with strong sand storms, negative values were obtained for
the Angstrom Exponent; the authors provide the value of —0.06
for June 6, 11 and 18. This low Angstrom Exponent value indicates
a dominance of coarse particles present. The authors used the Opti-
cal Properties of Aerosols and Clouds (OPAC) model to estimate
values for the single scattering albedo and the asymmetry param-
eter at 2 = 500 nm and 50% relative humidity. The single scatter al-
bedo reported was 0.672 and the asymmetry parameter was 0.790.
The low values of the SSA was attributed to the mixture of urban
and desert aerosol present in Delhi, however the SSA was found
to increase with wavelength which is a trend often seen for a dom-
inance of coarse mode particles.

Dey et al. (2004) have reported data obtained from AERONET
measurements in Kanpur taken by a CIMEL sky radiometer. In this
area of India there is a bimodal size distribution. The fine mode is
the range of 0.08-0.2 um and the coarse mode is around 5 pm.
During the pre-monsoon and monsoon season there is a higher vol-
ume concentration of coarse mode particles. The authors reported
that after a dust event the volume concentration of the coarse
mode is three times higher and there is no change in the volume
concentration of the fine mode particles. The authors reported
Angstrom Exponent values for May 2001 and May 2002 to be 0.4
and 0.33, respectively. They also reported that following dust
events the Angstrom Exponent can decrease by 70-90% to below
0.25 and even be a negative value. This reflects the dynamic nature
of the aerosol in this urban region. An example of this is provided
with a measurement of 0.24 was taken May 14 2001 following a
mild dust storm. Dey et al. report (as estimated from Fig. 2 of their
work) single scatter albedo values of ~0.89-0.96 for 440-1020 nm
wavelength range during the period when the Angstrom exponent
was low (<0.25) indicating significant dust presence. These authors
also report the refractive index values for Kanpur with the dust
originating from the Thar desert. The average value for May 2001
was 1.495 + 0.004i and for May 2002 was 1.541 + 0.002i, both for
670 nm. Again, it is unclear the degree to which the dust has been
modified through atmospheric processing or is externally mixed. It
was noted that after dust events the real component increased
while the imaginary component tended to decrease, this was true
on all but one occasion. The wavelength dependence of the real and
imaginary component of refractive index can be ascertained from
Fig. 2 of their work. For the real component, Fig. 2 of their work
suggests values ranging between 1.32 and 1.6 are encountered
for 440 nm. Values between 1.45 and 1.6 appear to be typical when
significant dust is present for 670-1020 nm. An imaginary compo-
nent of 0.003 was often encountered for the 440 nm channel, while
values in the 0.0015-0.002 range appear typical of 670-1020 nm
region.

Another study reporting AERONET data was written by Singh
et al. (2004). This study reported values for different seasons in
Kanpur, rather than just focusing on data obtained in May. The
authors reported that in the winter season the SSA was lower than
other seasons, always below 0.85, and it is very wavelength depen-
dent. This could be the result of the influx of black carbon during
the heating season. During pre-monsoon and monsoon season
the SSA is higher, always above 0.9. Dust aerosols during these sea-
sons contribute to a higher SSA value at higher wavelengths while
the opposite trend occurs in dust free conditions. These authors
also reported Angstrom exponents for the different seasons of Kan-
pur. The average Angstrom Exponent in the winter months was
1.26. It decreased to an average of 0.6 in the pre monsoon season,
and then 0.66 during Monsoon season. The Angstrom exponent va-
lue during post monsoon was 1.12. Again, this is consistent with
coarse dust having a significant impact during the pre-monsoon
season.
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There appears to be some discrepancy on the optical properties
of dusts originating from the Thar desert in northwestern India. In
some studies, albedo (SSA) values <0.75 are reported, while in
others it is suggested a value of >0.9 is typical. The low values
for SSA are considerably lower than reports of wind-blown dusts
for alternate regions such as Saharan Africa. This is conceivable
since dust composition varies locally. Further evidence supporting
the idea Thar desert dust is more strongly absorbing is the work of
Moorthy et al. (2007) who have reported albedo values between
0.88 and 0.94 for Thar desert dust. These authors inferred Thar
desert dust is simply just more absorbing when compared to
Saharan dust. Another possibility (particular for measurements in
Delhi) is that the very low albedo values reported (and correspond-
ingly high k values) are the result of anthropogenic influences.
Delhi is a metropolis of nearly 16 million inhabitants. It has been
suggested the accumulation of other species (such as soot) on dust
while airborne can significantly affect its optical properties. Clarke
et al. (2004) indicated that pollution enables the uptake of volatile
compounds onto the surface of coarse dust. This effect alters the
optical properties of the dust, for example the SSA is lowered.
Additional research is necessary to parameterize this type of effect.

5.4. East Asia/China

Eastern Asia has been estimated to be the source of some
240,000-650,000 Gr/yr of wind-blown dust (Huebert et al., 2003).
From 2001 to 2005, the Aeolian Dust Experiment on Climate im-
pact (ADEC) conducted field observations of particulate matter
over China and Japan (Mikami et al., 2006). As the goal of this pro-
ject was to better understand the impact of aeolian dust on cli-
mate, the optical properties of wind blown dust were of keen
interest. As part of this study Uchiyama et al. (2005a) have re-
trieved single scatter albedo values from sky radiometer data,
and measured albedo directly in the mid-visible (530 nm) with a
PSAP and a nephelometer for a location in Qira, China in the south-
ern portion of the Taklimakan desert. These authors report an albe-
do of 0.933 from the retrieval and 0.91-0.93 as measured. In a
companion work, the authors observe Angstrom exponents for Qira
and Aksu, China in the northern Taklimakan to be consistently be-
low 0.4, indicative of coarse mode particles (Uchiyama et al.,
2005b). For calculations, these authors used a value of
1.50 + 0.005i for refractive index. Shi et al. (2005) have also re-
ported values of refractive index for east Asian dust. The real com-
ponent reported by these authors was approx. 1.5 while the
imaginary component decreases from 0.007 to 0.0023 over the
spectral window 400 to 700 nm. These authors report a value of
0.00411 for 500 nm wavelength which compares well with a value
reported for Central Asian dust (0.004) by Sokolik and Golitsyn
(1993). The authors also used Mie theory to estimate single scatter
albedo and asymmetry parameter (g). The authors report a variable
albedo from 0.60 to 0.81 over 400 to 700 nm which increases with
wavelength. The asymmetry parameter was reported to be 0.87-
0.92 for their modeled dust over the same spectral range. It should
again be noted these are calculated values. Cheng et al. (2006) have
also studied the optical properties of dust aerosols in China. These
authors report the real component to refractive indices for sites
near dust source regions (Dunhuang, Yulin, Inner-Mongolia) as
1.41-1.45 at 440 nm, 1.49-1.53 at 670 nm, and 1.53-1.54 at 870
and 1020 nm. The averages of imaginary index were 0.0017-
0.0018 at 440 nm, 0.0015-0.0016 at 670 nm, 0.0017-0.0018 at
870, and 1020 nm for the same sites. As would be expected, Ang-
strom exponent for these sites were low, particularly in the spring
(April) when the monthly average Angstrom exponent was 0.12 for
Dunhuang and 0.19 for Yulin. Derimian et al. (2008b) provide sin-
gle scatter albedo estimates for Dunhuang, China an oasis town in
the Kumtag desert. The reported SSA was 0.93 at 440 nm and 0.98

at 1020 nm. Finally, the aircraft measurements of Clarke et al.
(2004) made in the Asian outflow suggest an imaginary component
of the Asian dust refractive index equal to 0.0006 (1.53 as real por-
tion). The authors suggest this implies a single scatter albedo of
0.9 - 0.99 depending on particle size, but mention a field campaign
average value of 0.97.

5.5. Australia

Qin and Mitchell (2009) have recently considered aerosols over
Australia. These authors conducted cluster analysis of inversions of
sky radiance distributions from ground stations and found four
classes or “clusters” of aerosol types. Class 2 was identified as
coarse dust with an effective radius of 2.2 pm. The Angstrom expo-
nent extracted from their analysis was 0.04 over the spectral range
440-1020 nm for this class of aerosol. The single scatter albedo
was 0.94 at 440 nm and increased with wavelength (0.977 at
870 nm). An asymmetry parameter of 0.74 was reported at
440 nm, but g decreased to approximately 0.72 for the spectral
range between 600 and 1020 nm. The authors reconstructed
refractive index based on the chemical composition and a mixing
rule and have reported a value of 1.545 for the real component
and 0.0018 as the imaginary component. Qin and Mitchell also
point out that since the hematite content is higher in the southern
portion of the continent the refractive index would be expected to
vary with location. The authors also report the hematite content of
Australian soils may be slightly higher than dusts originating in the
northern hemisphere “dust belt” leading to stronger light
absorption.

5.6. Summary of observed optical properties

Fig. 12a illustrates a plot of the real and imaginary portion of
refractive indices as a function of wavelength of dust considered
in this review. The real component seems to be relatively constant
~1.5, but does vary between 1.43 and 1.56 depending on source.
The imaginary portion of refractive index reported seems to be sig-
nificantly more variable. This is likely a consequence of differences
in dust composition at each location. While we have focused
mainly on observationally based data, inferring dust optical prop-
erties based on chemical composition is also actively pursued
(Lafon et al., 2006; Kandler et al., 2007). This approach is promising
given the large quantity of data available on chemical composition
of earth’s soils. What is consistent within the dataset we have
examined is k increases with decreasing wavelength. This parallels
the trend in k value for hematite which increases from ~0.05 to 1
with decreasing wavelength over the visible spectral range (Soko-
lik and Toon, 1999). The studies considered in this work suggest
k ~ 0.003-0.004 is typical for mid-visible wavelengths (500 nm).
Fig. 12b illustrates a plot of single scatter albedo as a function of
wavelength for dusts considered. For the visible region, albedo val-
ues of ~0.91 for 440 nm seem to be a rough average. Albedo tended
to increase to ~0.98 near 670 nm and into the near IR. Again, this is
consistent with increase absorption at shorter wavelengths.

6. Conclusion

In recent years, significant progress has been made in describ-
ing the optical properties of wind-blown dusts yet many chal-
lenges remain. In the area of modeling, the consideration of non-
spherical particles will remain a focus of research into the foresee-
able future. DDA and FDTD codes for irregular particles with or
without inclusions can be improved and computation speed in-
creased such that larger particles can be considered. Furthermore,
improvements in computational speed would allow systematic
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Fig. 12. (A) Plot of observed real (blue squares) and imaginary (red circles) components to refractive index values vs. wavelength for dust considered in this review. One study
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imaginary component exhibits strong wavelength dependence with enhanced absorption in the blue. This is consistent with the absorption spectrum of hematite. (B) Plot of
reported single scatter albedo vs. wavelength for dust considered in this review. In most cases albedo was >0.9 for the visible region and typically decreased with decreasing
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study of the effect of coating thickness and shape effects on the
optical properties of irregular dusts. This type of modeling study
could prove very useful to develop generalizations regarding the
optical properties of internally mixed dusts. In parallel with the
advancement of the computational codes, an improved under-
standing of the physical transformation of dust in the atmosphere
should be developed (discussed below). This will allow construc-
tion of an empirically based model for typical aged dust particles
to consider for computational modeling

The last decade has seen tremendous advances made in mea-
surement technologies available for the optical characterization
of aerosols. This is particularly true of the recently introduced tech-
niques for measurement of aerosol absorption such as photoacou-
stic spectroscopy or photothermal interferometry. The main
advantage of these techniques is highly sensitive measurements
can be made on dispersed aerosols. This eliminates the need for
cumbersome and unsatisfying data correction schemes. The intro-
duction of cavity ring-down spectroscopy for aerosol extinction
measurement in both pulsed and cw format has allowed bench-
top scale aerosol extinction measurements to be made. Future
work in these areas should focus on making these advanced mea-
surement techniques more affordable and more available to the re-
search community. Better instrument access will allow higher
quality data sets to be recorded which will undoubtedly improve
our understanding of the optical properties of dust. A specific
instrument of interest yet to be developed (to best of our knowl-
edge) is a polar nephelometer capable of rapid, angular resolved
measurements of ambient aerosols. Such an instrument in theory
would provide phase function, backscatter fraction, and total aero-
sol scatter coefficient. The instrument could be of use to study scat-
tering of non-spherical particles from an experimental point of
view. This would help validate and support computational
approaches.

Our knowledge of the optical properties of dusts has seen sub-
stantial improvement during the last decade. An example of this
progress is reflected in estimates of light absorption by mineral
dusts. It was previously thought that a good estimate of the imag-
inary portion of refractive index for dust in the mid-visible was
k=0.008 (WMO, 1983). However, the seminal works of Kaufman
et al. (2001), Dubovik et al. (2002b), Tanré et al. (2003) and subse-
quent measurements by authors cited in Section 5 indicate dust is
less absorbing than previously believed. A more recent estimate of
the mid-visible value of k ~ 0.003-0.004 appears to be more accu-
rate. Additionally, the development and subsequent use of the
spheroid model to account for dust non-sphericity has been a ma-
jor development. As mentioned in Section 3.6, the spheroid model
allows much more accurate modeling of phase function and polar-

ization of scattered light from dusts than that achievable through a
model based on Mie spheres.

A significant future direction may be continued investigations
of the chemical and physical processing of atmospheric dusts dur-
ing long-range transport. While the intent of this review inasmuch
as possible has been to focus on optical properties of wind-blown
dusts in its native state, it is important to consider dispersed dust
does not exist in a vacuum. Dust particles can be chemically and
physically modified in the atmosphere which can alter observed
optical properties. It is well-known mineral dusts can serve as sur-
faces for heterogeneous chemical reactions in the atmosphere
(Usher et al., 2003). Some of these reactions may result in a mineral
dust particle becoming associated with, coated, or embedded with-
in a matrix not characteristic of mineral dust composition. This
would be expected to alter the optical properties of a given particle
significantly. For instance, particle shape and surface roughness
could be influenced. Additionally, particle projected diameters
would likely be altered which would manifest itself as a change
in scattering cross section. Additionally, it is known that coatings
on soot particles can enhance particle absorption (Bond et al.,
2006). A similar effect for mineral dusts could easily be envisioned.

Field evidence for this type of atmospheric chemical processing
can be found in the works of Hwang and Ro (2005, 2006). These
authors used electron probe X-ray microanalysis to characterize
Asian dust collected at ChunCheon, Korea. The authors report all
four samples considered experienced chemical modification (sul-
fate, nitrate formation) during long-range transport. The chemical
processing of Asian mineral dust has also been observed by Sulli-
van et al. (2007) through single particle mass spectrometry. These
authors have found that secondary acids, chloride, and ammonium
can accumulate on mineral dusts in the atmosphere. Interestingly,
nitrate seemed to accumulate on dust rich in calcium, and large
amounts of sulfate accumulated on aluminosilicate rich dusts. Sul-
livan et al. suggest the enhanced sulfate level in the aluminosilicate
rich dusts could be a consequence of its iron content. Aqueous fer-
ric ions are known to catalyze the oxidation of SO, to sulfate aero-
sol (Finlayson-Pitts and Pitts, 2000) which could explain the
enhancement. Aqueous ions of iron are also known to catalyze
the decomposition of hydrogen peroxide (Fenton reaction) which
could affect hydroxyl radical concentrations. This presents an addi-
tional possible mechanism by which mineral dust particles can en-
hance formation of coatings on their surfaces.

Despite the evidence for chemical transformations on mineral
dust surfaces, we are not aware of any comprehensive study of
the alteration of dust optical effects via atmospheric processing
and the time course associated with this process. These types of
studies are needed to further advance our understanding of the
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scattering and absorption of light by mineral dusts in the atmo-
sphere - particularly as a function of time after dispersal. While
most data we present in Section 5 describes field measurements,
future chemical processing studies can be carried out in a con-
trolled laboratory setting and the advanced measurement tech-
niques described in Section 4 can be applied to the problem. A
lab setting would also allow precise control over variables likely
to influence the rate and extent of chemical processing such as rel-
ative humidity and concentration of reactants. While dust does not
typically get dispersed into the atmosphere at high local relative
humidity, dust can be transported large distances from source re-
gions. As such, the effect of relative humidity itself on the optical
properties of dispersed mineral dusts should also be studied.
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