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Mineral dust aerosol is a major component of natural airborne particulates. Using satellite
measurements from the visible and near-infrared, there is insufficient information to
retrieve a full microphysical and chemical description of an aerosol distribution. As such,
refractive index is one of many parameters that must be implicitly assumed in order to
obtain an optical depth retrieval. This is essentially a proxy for the dust mineralogy.

Using a global soil map, it is shown that as long as a reasonable refractive index for
dust is assumed, global dust variability is unlikely to cause significant variation in the
optical properties of a dust aerosol distribution in the short-wave, and so should not
greatly affect retrievals of mineral dust aerosol from space by visible and near-infrared
radiometers. Errors in aerosol optical depth due to this variation are expected to be ≲1%.
The work is framed around the ORAC AATSR aerosol retrieval, but is equally applicable to
similar satellite retrievals. In this case, variations in the top-of-atmosphere reflectance
caused by mineral variation are within the noise limits of the instrument.

& 2013 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Mineral dust

While not as prevalent in the global atmosphere as
maritime aerosol, local dust events dominate total aerosol
optical depth in deserts and the surrounding regions
during periods of high wind. Long range transport of
desert dust (particularly the smaller particles) means that
the dust can be seen all over the world, with deposition
over the Atlantic and in the Amazon basin being well
known occurrences [1]. Saharan mineral dust is thought to
play a vital role in the support of vegetation in the Amazon
basin and provides nutrient iron to the biogeochemical
cycle of the ocean systems [2]. Saudi Arabian dust out-
breaks have been linked to weakening of the monsoon
trough over India [3].
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Mineral dust aerosol is naturally occurring, although
desertification caused by changes to climate and to land
use (e.g. [4,5]) may be responsible for changes in emission
patterns and quantities. Dust is injected into the atmo-
sphere by saltation: a jumping motion whereby already
detached, larger particles collide with obstructions on the
surface bed, projecting smaller particles into the air [6]
(wind alone does not have sufficient energy to remove
particles from the surface bed). Since fine mineral dust
(light enough to be lofted) is quickly removed from the
surface, most of a desert region is not a significant dust
source. This means that in the majority of desert regions,
surface mineral dust is very coarse. Specific areas such as
the Bodélé Depression in Chad, the world's largest dust
source [7], have favourable conditions that include strong
surface winds, optimum topography, and annual deposi-
tion of mineral dust.

Sand composition determines the refractive index (RI),
with increasing hematite content leading to increased
short-wave absorption (and sand with a more reddish
hue) [8]. As such, one would suspect that across the world
ation in mineral composition alter the short-wave light
rosc Radiat Transfer (2013), http://dx.doi.org/10.1016/j.
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Table 1
Various channels used by broadband radiometers which measure aerosol
properties in the visible and NIR. The centres of each channel are given,
so (particularly in the case of MODIS) channels can overlap.

Satellite Channels ðμmÞ

(A)ATSR 0.55, 0.66, 0.87, 1.6, 3.7, 10.8, 12.0
AVHRR 0.63, 0.86, 1.6, 3.7, 10.8, 12.0
MISR 0.45, 0.58, 0.67, 0.87

MODIS 0.41, 0.44, 0.47, 0.48, 0.53, 0.55, 0.56, 0.64,
0.66, 0.67, 0.74, 0.86, 0.87, 0.90, 0.93, 0.94,
1.2, 1.4, 1.6, 2.1, 3.7, 3.9, 4.0, 4.4, 4.5, 6.7, 7.3,
8.6, 9.7, 11.0, 12.0, 13.3, 13.6, 13.9, 14.2

SEVIRI 0.6, 0.8, 1.6, 3.9, 6.2, 7.3, 8.7, 9.7, 10.8, 12.0, 13.4
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(and indeed within particular regions), variation in the
mineralogy of mineral dust and, by extension, in the
mineralogy of dust aerosol, would be significant. It would
then be expected that the RI of the mineral dust aerosol
would vary. Whether or not this causes unacceptable
errors in calculations of optical properties is the next
question.

Fig. 1 shows how several datasets of mineral dust RI
compare in the short-wave. Models have real parts of RI in
the visible that range from n¼ 1:48-1:56 with a median
value of n¼1.53. Absorption values can vary by almost an
order of magnitude. It is likely that the dust sources used
to estimate these values are different.

1.2. Satellite aerosol retrievals in the short-wave

Satellite instruments such as (A)ATSR [14], AVHRR [15],
MISR [16], MODIS [17], and SEVIRI [18] are radiometers,
using specifically chosen wavelengths with relatively nar-
row spectral bandwidths. For aerosol detection, the chan-
nels generally used are around 550 nm, 860 nm, and
1:6 μm since here the size of the aerosols is similar to
the wavelength of the measured light, and we are within
atmospheric window regions where there is minimal
interference from molecular scattering and absorption
(a list of available wavelengths is given in Table 1). How-
ever, the measurements are inherently under-constrained,
no matter how much of the shortwave spectrum is
sampled, and as such retrieval methods must make
assumptions about the type of aerosol being observed,
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Fig. 1. The real (n) and imaginary (k) parts of desert dust refractive
indices as used, or recommended by various science teams. Datasets are:
The Optical Properties of Aerosols and Clouds (OPAC) dataset [9]; a
literature review of reported aerosol RI to the ADIENT consortium [10];
Claquin et al. [11]; and those used by the MODIS team over ocean [12]
and over land (where RI is dependent on the optical depth, τ) [13].

Please cite this article as: Smith AJA; Grainger RG. Does vari
scattering properties of desert dust aerosol? J Quant Spect
jqsrt.2013.08.005i
the mixing between different types, the sizes of these
types, and their composition.

2. Method

In order to investigate whether variation in desert dust
composition is an important factor in determining dust light
scattering properties, a picture of global mineral dust RI and
its likelihood of atmospheric injection was built up. This
could then be used to create a weighted distribution of RI
values which are used with a sensible dust size distribution
to obtain dust extinction, optical depth, and phase function.

The Earth was divided into gridboxes. Obtaining the
mean RI for each selected gridbox is a three step process.
First, an approximate soil composition is obtained on a
regular grid over the whole Earth, built of common minerals.
Next, the RI values of the individual minerals are combined
for each soil type, giving a picture of how RI varies geogra-
phically. Finally, the world-wide spread is reduced to a
histogram of RI values. These are weighted using a simple
emissions model so that only areas where dust is likely to be
lofted into the atmosphere contribute to the average.

2.1. FAO/UNESCO Digital Soil Map of the World

The FAO/UNESCO Digital Soil Map of the World [19] is a
regularly gridded 5′� 5′ resolution global map, with each cell
containing a mix of soil types. This is equivalent to a resolution
of � 9 km� 9 km at the equator, and � 8 km� 9 km at the
Bodélé depression, Sahara's largest source of lofted dust [20],
with an approximate area of 150 km� 150 km [21]. Using a
similar method to Nickovic et al. [22], a list of FAO soil types
found in arid areas [23, Table 2] was used. This contains the
normalised composition by weight of important dust miner-
als: in this case illite, kaolinite, smectite, calcite, quartz,
felspath (or felspar), gypsum and hematite. The minerals are
divided into those found in clay fraction (o2 μm) and the
larger silt fraction (2-50 μm). There is an even larger, sand
fraction (50-200 μm), but these particles are too large to be
lofted for extended periods so were not included in calcula-
tions. The FAO soil ‘textures’ (coarse, medium or fine) were
converted to soil sizes using conversions to dry sieving sizes
from Laurent et al. [24, Table 4]. For each 5′� 5′ area of land,
the FAOmap gives up to 8 soil types which make a proportion
ation in mineral composition alter the short-wave light
rosc Radiat Transfer (2013), http://dx.doi.org/10.1016/j.
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of the land area, each with its own soil texture. Of course, not
all of these soils will be suitable for lofting into the air.
2.2. Converting soil types into refractive indices

All soil types not given in the previously mentioned
mineralogical breakdown of mineral dust soils [23] were
defined as non-arid and ignored in subsequent calculations.
Weighting the RI of each mineral, using the appropriate clay
and silt fractions for each soil type, the bulk refractive index
of each soil type could be obtained by combination
of individual minerals using the Bruggeman formula
(e.g. [25]). This relates a bulk effective permittivity, ϵeff , to
the various component phases with permittivities, ϵi, and
volume fractions, vi:

∑
i
vi

ϵi�ϵeff
ϵiþ2ϵeff

¼ 0: ð1Þ

Refractive index values in the visible and near-infrared
were obtained for the minerals mentioned above. Illite,
kaolinite, felspar and montmorillonite data were obtained
from Egan and Hilgeman [26], hematite and quartz from
Jacquinet-Husson et al. [27], calcite from Ghosh [28], and
gypsum from Roush et al. [29]. Calcite values were assumed
non-absorbing (k¼0). These values are shown in Fig. 2. Here
we see why hematite content is such an important deter-
mining factor in the appearance of sand, particularly in the
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Fig. 2. The real (n) and imaginary (k) parts of the principal mineralogical
components of desert dust aerosol. Illite, kaolinite, feldspar, and smectite
data are from Egan and Hilgeman [26]. Hematite and quartz are from the
GEISA database [27]. Calcite and gypsum are from Ghosh [28] and Roush
et al. [29] respectively. Note that the axis for n has a discontinuity so that
hematite can be included. Quartz and calcite do not absorb at these short
wavelengths, so do not appear on the k plots.
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visible. The negative gradient in k will lead to more
scattering at the longer wavelengths, hence the red hue is
given to sands with greater hematite content.
2.2.1. Birefringence
Quartz, calcite, and hematite are birefringent, meaning

that their refractive indices vary with the orientation of
their crystal lattice (e.g. [30, Section 8.4]). Light propagat-
ing in a general direction through these crystals will
encounter an asymmetric arrangement of atoms. Further-
more, all three minerals have a trigonal structure (i.e. an
axis of three-fold rotational symmetry), so that there is
one direction for propagating light in which atoms are
arranged symmetrically, known as the optical axis. This
leads to two speeds with which wavelets of light can travel
through the medium: the ordinary-, or o-waves travel
perpendicular to the optical axis with a speed c=no, while
the extraordinary-, or e-waves, travel parallel with a speed
c=ne. Here, c is the speed of light in a vacuum and no and ne
are the ordinary and extraordinary refractive index values.
Since it is assumed that any sand particles observed are
randomly orientated, o-wave and e-wave values of n and k
are combined, with twice the weighting for the o-rays
since there are two directions that are perpendicular to the
optical axis and only one direction parallel to it.
2.3. Weighting by likelihood of emission

The weighting used a basic scheme depending on the
clay fraction of the mineral dust in a grid box, and a
measure of peak wind speed at the same position, based
on a simplification of saltation flux calculations. The
vertical emission flux of fine particles, F, is linearly related
to the saltation flux, G (the flux of particles travelling
parallel to the soil surface), by the sand blasting efficiency,
α, so that

F ¼ αG: ð2Þ
An empirical relation can be used to derive α [24]

α¼ 10ð0:134�%age clay�6Þ; ð3Þ
and the full saltation flux calculation [31] was simplified to

Gpu3
peak; ð4Þ

where upeak is the peak wind speed 10 m above the surface,
and we have assumed a constant surface roughness and
particle fluxes independent of particle size.

Peak horizontal wind speed was obtained from a year's
worth of ECMWF operational analysis data (April 2006–
March 2007). The horizontal wind speed mean and stan-
dard deviation were calculated, and peak wind speed was
defined as two standard deviations above the mean wind
speed for each location. At the Bodélé depression, this
leads to a peak wind speed of 11.9 m s�1, which is in good
agreement with measured wind speed during dust storms
of 1371 m s�1 given by Koren and Kaufman [32].

Although not taken into account in this study, higher
wind speeds cause larger aerosols to be preferentially
ation in mineral composition alter the short-wave light
rosc Radiat Transfer (2013), http://dx.doi.org/10.1016/j.
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released into the atmosphere [33]. Since our final mineral
compositions are size independent, and the atmospheric
size distribution of the dust is prescribed (as defined
below), it was not considered necessary to complicate
the emissions scheme in this manner.

Finally, the presence of vegetation all but completely
inhibits emission of mineral dust. Areas of vegetation can be
estimated using normalised difference vegetation index,
NDVI¼ ðRnIR�RredÞ=ðRnIRþRredÞ, where RnIR and Rred are the
reflectances in the near-infrared and red regions respectively.
Using AATSR ORAC monthly-mean atmospheric-aerosol-
corrected NDVI for March 2004 [34], a threshold of
NDVIo0:08 was used. Above this value suggests a vegetation
cover dense enough to prevent atmospheric injection [35],
and so emission was not permitted in such regions. This
Fig. 3. The soil refractive index for arid soil types over the Earth's surface is sho
emitting strength of an area of the world. NDVI data are the monthly mean fromM
less than 0.08. Sand blasting efficiency, α, is only calculated for the soil types wh
function of the clay fraction, using Eq. (3). Peak horizontal wind speed is from E
function of the previous plots.
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threshold was selected ad hoc by observation of the regions
that would be included with various values of cut-off. At the
threshold values, there is an abrupt change from no emission
to full emission.

Fig. 3 shows the output values produced at various steps
in the method. Comparisons of the approximate emissions
model (shown in the final panel) with a far more detailed
calculation for the Saharan region [24] have good agree-
ment. Major known sources, for example along the West
Saharan coast, in central Algeria (271N, 21W), and the
Bodélé depression in Chad (17155′N, 1917′E) are well
represented, however this simple model predicts a few
emissions which are completely absent from the full
calculation (for example, along the banks of the Red Sea).
The most likely reason for this would be soil moisture,
wn, followed by the various parameters required to calculate the relative
arch 2004 AATSR data. An area is only allowed to emit if its NDVI value is

ich are mineral dust as defined by Claquin et al. [23] and is obtained as a
CMWF reanalysis data. The final result, normalised emitting strength, is a

ation in mineral composition alter the short-wave light
rosc Radiat Transfer (2013), http://dx.doi.org/10.1016/j.
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which strongly restricts emission [36], but is not accounted
for in this scheme.

2.4. Calculating aerosol optical properties

Aerosol optical properties are calculated using the
microphysical model developed for the Oxford-RAL Aero-
sol and Cloud retrieval scheme [37], which can currently
process data from the (A)ATSR, SEVIRI, and MODIS instru-
ments. The retrieval has two output aerosol properties: the
aerosol optical depth at 550 nm ðτ550Þ; and the aerosol
effective radius ðreff Þ. The effective radius is defined as

reff ¼
R1
0 r3nðrÞ drR1
0 r2nðrÞ dr; ð5Þ

where n(r) is the number distribution of aerosol radii.

2.4.1. The desert dust microphysical model
The mineral dust aerosol microphysical model is based on

the “Desert” aerosol class given in the OPAC package [9].
In this, there are four aerosol lognormal number distribu-
tions as a function of particle radius with properties given in
Table 2.

The water soluble mode represents the ubiquitous
background aerosol formed from gas-to-particle conver-
sion. In order to vary reff , the relative mixing of the four
modes is altered, while in order to vary τ550, the total
number concentration of the aerosol is altered.

Based on SEM and TEM electron microscopy measure-
ments of mineral dust aerosol, reported characteristics are
rough edged, non-spherical particles with the majority of
aspect ratios (AR, the ratio between maximum length
and width) of � 1:3-2:2 [38–43] although the larger
particles can become more elongated [40]. However, studies
attempting to reproduce dust's IR spectroscopy [44,43,45],
polarimetric effects [46,45], or the full phase function
in the visible (particularly) backward-scattering effects
[46,47] have required a significant number of accumulation
mode dust particles with much larger AR values, likely
due to the clay particles in the accumulation mode being
“flakes”, best represented by “highly eccentric oblate spher-
oids” [45]. Distributions of shape have included uniform
ðnðARÞ ¼ constantÞ [46], cubic ðnðARÞp jAR�1j3Þ [47] and
modified lognormal (described below) [41].

Differences between the extreme AR required in the IR
and the moderate distributions of AR required in the
analysis of electron microscope images is likely due to
Table 2
The OPAC desert dust size distribution. Mass mixing ratio (MMR),
lognormal median radius (rm), spread (S), and effective radius (reff ) are
shown. Radius values are reported in μm. Each aerosol mode has
prescribed refractive index which (with the exception of the water
soluble mode) was ignored in this study.

Aerosol mode MMR (%) rm S reff

Water soluble 1.8 0.26 2.24 0.133
Dust nucleation 3.3 0.07 1.95 0.213
Dust accumulation 74.7 0.39 2.00 1.30
Dust coarse 20.2 1.90 2.15 8.22

Full distribution 1.62
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the size of particles preferentially sampled by the techni-
ques as well as the orientation of flake-like particles
relative to the viewing direction in SEM analysis. The
computational overhead on light scattering calculations
with very high aspect ratios is extreme, and available look-
up tables spheroid calculations [48] are limited to ARr3.
As such, the desert dust aerosol modes were modelled as
spheroids, with a modified lognormal distribution of
aspect ratios as given by Kandler et al. [41]:

nðARÞ ¼ 1ffiffiffiffiffiffi
2π

p
ξðAR�1Þ

� exp �1
2

lnðAR�1Þ�μ

ξ

� �2
" #

; ð6Þ

where ξ¼ 0:6579 and μ¼�0:4502 giving a median aspect
ratio ARmedian ¼ 1:66. Variation in the aspect ratio as a
function of mineralogy and size was reported by Kandler
et al. [41] and Meland et al. [45], but this was not included
in these calculations as it would have led to an unfeasibly
large number of light scattering calculations.

2.4.2. The desert dust optical properties
The overall optical depth at wavelength λ,

τðλÞ ¼
Z 1

0
βextðz; λÞ dz; ð7Þ

is controlled by the total number concentration, and the
effective radius by the relative mixing of the different
distributions, such that the extinction is

βextðz; λÞ ¼∑
i

Z 1

0
Niðr; zÞsextðr; λ;RIiðλÞÞ dr; ð8Þ

here sext is the aerosol extinction cross-section, Ni is the
number density distribution at radius r and altitude z, and
the index i represents an aerosol mode such as those given
in Table 2. Aerosol distribution light scattering properties
were obtained using the look-up tables of spheroid optical
properties by Dubovik et al. [48]. The range of aspect ratios
provided was 1oARo3. In these tables, particles with
very low absorption ðko5� 10�4Þ were considered to be
at the lower limit of absorption, and so all values of k
below this were set to this value. Comparisons of light
scattering properties for spherical particles with all other
properties the same showed that this approximation was
appropriate, leading to errors at least 5 times smaller than
changes due to increasing absorption.

3. Results

Fig. 4 shows final calculations for the expected refrac-
tive index at the point of emission. Noticeable emitting
regions are the Sahara, the Namib desert, central Asia,
central Australia, Nevada and the Chilean coast. The
calculations are shown for λ¼ 550 nm but results are very
similar throughout the visible and NIR. Each grid point has
a different relative emission rate (see Fig. 3) which is used
to create the weighted histograms.

The mean value of n550C1:56 (with standard deviation
of 0.006) is at the higher end of previous studies [10,
49–51] which have a range of reported values of n¼
1:53-1:56. The absorbing (imaginary) part centring
around k550r10�3 (k ¼ 6:2� 10�4 with standard devia-
tion of 2:7� 10�4) is slightly less than other studies
ation in mineral composition alter the short-wave light
rosc Radiat Transfer (2013), http://dx.doi.org/10.1016/j.
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(which range from 5� 10�4 [51] to 1:5� 10�3 [50]) and far
less absorbing than OPAC values which are thought to be
too large [10]. Identical calculations at 660, 870, 1600 nm
had extremely similar results.

Further inspection shows that areas with high levels of
hematite (which has n550 ¼ 3:1) have the largest (real and
imaginary) refractive indices, such as the Sahel region
which is known to have minerals with higher proportions
of iron oxides [23,52]. Inaccuracies created by such a large
number of assumptions about the soil making up our
lofted dust (e.g. mapping FAO textural classes to soil types;
the use of data with a low number of sampling points to
Please cite this article as: Smith AJA; Grainger RG. Does vari
scattering properties of desert dust aerosol? J Quant Spect
jqsrt.2013.08.005i
generate the mineral fractions given by Claquin et al. [23];
no account taken of atmospheric processing of the mineral
dust [53]) are bound to lead to errors in the calculations of
mineral RI, but it is still reasonable that the spread of
values could be a useful indicator of the importance of RI
in aerosol light scattering calculations for desert dust.

Using the histograms of RI spread as shown in Fig. 4,
one can calculate the optical properties of an aerosol
distribution with this amount of mineralogical variation,
using the method described in Section 2.4. This is shown
for λ¼ 550 nm in Fig. 5, in which the spread of the
asymmetry (or anisotropy) parameter and the single
ation in mineral composition alter the short-wave light
rosc Radiat Transfer (2013), http://dx.doi.org/10.1016/j.
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Table 3
The effect of varying mineralogy on the optical properties of a full mineral dust aerosol class. The relative variances (RV) quoted are the standard deviations
(SD) divided by the mean. These calculations are for reff ¼ 1:62 μm.

λ ðμmÞ βext � 10�5 (km�1) Asymmetry parameter ~ω0 Pð1801Þ

Mean SD RV (%) Mean SD RV (%) Mean SD RV (%) Mean SD RV (%)

0.55 6.558 0.005 0.08 0.683 0.002 0.31 0.974 0.008 0.85 0.655 0.010 1.54
0.66 6.420 0.005 0.07 0.675 0.002 0.31 0.977 0.008 0.77 0.653 0.010 1.59
0.86 6.258 0.005 0.09 0.668 0.002 0.34 0.980 0.006 0.66 0.626 0.011 1.71
1.59 5.786 0.018 0.31 0.665 0.003 0.43 0.987 0.004 0.44 0.500 0.009 1.85
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Fig. 6. Maximum variation in top-of-atmosphere reflectance at 550 nm
between the mean optical properties, and a 2 SD outlier. While the
maximum relative differences in reflectance can be as high as 7.5%,
absolute values are generally within the AATSR noise limit of 2.4% except
for certain viewing geometries (marked with a cross) where differences
as large as 2.8% can occur. The areas surrounded by rectangles show the
solar and satellite zenith angles where over 90% of AATSR measurements
are taken.

A.J.A. Smith, R.G. Grainger / Journal of Quantitative Spectroscopy & Radiative Transfer ] (]]]]) ]]]–]]] 7
scatter albedo, ~ω0, is given. The asymmetry parameter is a
measure of how much the light is forward- (or backward-)
scattered and so a good low-order representation of the
phase function (the full angular description of the redis-
tribution of energy by the scattering body). The single
scatter albedo is the ratio of scattered light to total
scattered and absorbed light. The plot of extinction coeffi-
cient, βext, was omitted due to the narrowness of its
spread. At a reasonable effective radius of reff ¼ 1:62 μm,
the relative variation (standard deviation divided by
mean) of βext, the asymmetry parameter, and ~ω0 are 0.1%,
0.3%, and 0.9% respectively as shown in Table 3. The
variation in the amount of backscattered light, Pð1801Þ,
can be as large as 2%.

Almost all of this variation is caused by the imaginary
part of RI. Holding n constant while varying k yields very
similar results to allowing the full range of both n and k.
Conversely, holding k constant while allowing n to vary
reduces greatly the variation in optical properties seen.

Finally, to characterise how the variation in optical
properties would affect the measured radiances, these
varied optical properties were fed through the ORAC
forward model [37] for the AATSR 550 nm channel. An
ocean surface with a bi-directional reflectance distribution
function as described by Sayer et al. [54] which includes
whitecaps, underlighting, and sun-glint was used. This
model required wind and solar position. An Easterly wind
with a speed of 10 m s�1 and solar position suitable for
mid-March, when Saharan emissions are strong were
selected. An effective radius of reff ¼ 1:62 μm; τ550 ¼ 1:0
(suitable for a dust event) was used. Radiative transfer
calculations used DISORT [55] to calculate the top-of-
atmosphere (TOA) reflectivity, RTOA.

In extreme cases (for optical properties of mineral
dust that were more than 3 standard deviations from the
mean values, with emission likelihoods of o0:1%) relative
variation of RTOA could be as large as 13% for certain
viewing geometries. Within two standard deviations of
the mean values (95% of all expected emissions), variations
of up to 7.5% were seen. However, in terms of absolute
differences in RTOA, variation was below the noise limit of
2.4% for 550 nm channel [34] in all but the most extreme
cases. This is shown in Fig. 6. For AATSR's nadir view (with
satellite viewing angles of � 01), there are no times where
the variation due to mineral dust composition is above the
noise. In the forward view (with a satellite viewing angle
of � 551), the variation could be above the noise for high
solar angles, but this occurs at high latitudes where dust is
unlikely to be seen.
Please cite this article as: Smith AJA; Grainger RG. Does vari
scattering properties of desert dust aerosol? J Quant Spect
jqsrt.2013.08.005i
Only one of the modelled dust types had optical
properties different enough to cause significant variation
above the instrument noise. This was from the Sahel, with
a mean refractive index of 1:62þ0:0033i but a relative
emissions probability of only 0.24% and can be seen as the
small red sections in Fig. 4. The high values here were due
to the largest mean hematite concentrations seen: 6.5%.
For composition to have any impact on the retrieval, a
mean hematite content of at least 6% would be required.
ation in mineral composition alter the short-wave light
rosc Radiat Transfer (2013), http://dx.doi.org/10.1016/j.
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As discussed above, it should be noted that a size and
composition independent distribution of spheroid shapes
has been used to calculate individual particle light scatter-
ing properties which propagate through all radiative
transfer calculations. The AR values used were based on
SEM analysis which has a narrower range of reported
asphericity than other methods of shape parameterisation.
Therefore caution should be taken when assuming that
changes in the composition of mineral dust has no effect
on the measured optical properties.

4. Conclusions

As a result of this work, it is suggested that while the
imaginary part of refractive index is very important for the
correct characterisation of optical properties, particularly ~ω0,
the small variations in the real part (within the range shown
by the soil analysis) do not greatly affect most parts of the
phase function, or the other optical properties. The varia-
bility found in k is not as large as the difference between the
various values of k provided by the datasets shown in Fig. 1
and these new calculations. A 1% error in the assumed value
of βext (the upper limit of differences shown here) would
lead to an optical depth error of 1% which is well within the
error of an aerosol retrieval. This is further shown by
propagating this error through an atmospheric radiative
transfer scheme, where these differences lead to variation
of TOA reflectance that are (for the vast majority of cases)
within the range of measurement noise.

As such, incorrect characterisation of the imaginary
part of refractive index is a greater concern than the
natural variability in k seen across different soil types
which may be lofted into the atmosphere. Reasonable
selection of the imaginary part of RI should be a high
priority when considering how best to model the light
scattering properties of mineral dust aerosol in visible-
wavelength satellite retrievals, and should be appropriate
for global use. Based on previous studies, a reasonable dust
refractive index in the visible of 1:53þ0:001i would seem
appropriate.
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