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[1] Sign and magnitude of solar aerosol direct radiative forcing are largely determined by
the aerosol single scattering albedo (SSA) and the albedo of the underlying scene (e.g.,
surface albedo). On a global scale, mineral dust aerosol has the largest mass emission rate,
average column mass burden, and average optical depth of all aerosol types. Therefore,
better understanding of its optical properties with a focus on SSA is of great importance.
Here, we entrain ten bulk soil samples from deserts and semi-arid regions in the Arabian
Peninsula, from locations representative of the Sahara and Sahel in North Africa, and
from Northeast Africa and South-Central Asia. We segregate the fine particle fraction
(aerodynamic diameter < 2.5 mm) and measure its iron content with an x-ray fluorescence
(XRF) spectrometer and its aerosol SSA and absorption, scattering, and extinction Ångström
coefficients for two wavelengths (405 nm and 870 nm) with a photoacoustic instrument
with integrating reciprocal nephelometer. Results show that SSA is much lower at 405 nm
than at 870 nm and that SSA at both wavelengths is dominated by and linearly correlated
with the iron content of the entrained mineral dust. The second result points toward potential
use of SSA remote sensing to measure aerosol iron content and vice versa, measurements of
iron content with simple filter sampling followed by XRF analysis, providing an assessment
of SSA for aerosol radiative forcing calculations and modeling. Average Ångström
coefficients were ≈3.2 for absorption, ≈�0.4 for scattering, and ≈�0.3 for extinction and
showed little correlation with iron content.

Citation: Moosmüller, H., J. P. Engelbrecht, M. Skiba, G. Frey, R. K. Chakrabarty, and W. P. Arnott (2012), Single scattering
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1. Introduction

[2] In the solar spectrum, aerosols cause negative top-of-
atmosphere (TOA) radiative forcing (i.e., cooling) through
the direct aerosol effect if they increase the planetary albedo
(as seen from space) [Moosmüller et al., 2009]. The direct
aerosol contribution to the planetary albedo is largely deter-
mined by the aerosol single scattering albedo (SSA) and
upscattering fraction as well as the (surface) albedo below the
aerosol layer [Chýlek and Wong, 1995; Haywood and Shine,
1995]. Aerosol SSA is defined as the ratio of aerosol scat-
tering coefficient bsca and extinction coefficient bext, which

is the sum of absorption (i.e., babs) and scattering coeffi-
cients as

SSA ¼ bsca

bext
¼ bsca

bsca þ babs
; ð1Þ

with SSA ranging from 0 for a completely absorbing or black
particle to 1 for a purely scattering or white particle. SSA is
a key variable in determining the sign of aerosol radiative
forcing [Bergstrom et al., 2007]. Non-absorbing aerosols
(i.e., SSA = 1) always cause negative radiative forcing (i.e.,
cooling), while aerosol light absorption reduces this cooling
and can cause warming for strongly absorbing, low SSA
aerosols, especially over high surface albedo backgrounds
such as snow and ice surfaces or clouds.
[3] On a global scale, airborne mineral dust (MD) aerosol

has the largest mass emission rate, average column mass
burden, and average optical depth of all aerosol types [Satheesh
andMoorthy, 2005]. More than half (≈62%) of the global MD
mass burden originates from North Africa [Engelstaedter
et al., 2006], with lesser amounts originating from Asia
(≈15%) and from the Arabian Peninsula (≈11%) [Tanaka and
Chiba, 2006]. While MD particles are among the largest
atmospheric aerosol particles, ranging from 0.1 mm to more
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than 100 mm in diameter, only particles less than ≈10 mm in
diameter undergo long-range transport [Maring et al., 2003;
Zender et al., 2003].
[4] The SSA of MD aerosols is determined by size

distribution, morphology, and complex refractive index
[Moosmüller and Arnott, 2009; Sokolik et al., 2001]. Aerosol
light absorption is driven by the imaginary part of the
complex refractive index, which is negligible for most MD
components in the shortwave spectrum. Therefore, only
a few minerals, including iron oxides and hydroxides,
dominate shortwave light absorption of common MD. The
real part of the complex refractive index of MD generally
depends on the mineralogy of iron oxides and hydroxides
(hematite versus goethite) and clay minerals (illite versus
kaolinite), while the imaginary part is controlled mainly by
the volume fraction of iron oxides and hydroxides. While the
extinction coefficient of MD depends little on mineralogy,
the variability of the iron content not only strongly affects
the SSA of MD particles but also SSA of their mixtures with
non-absorbing minerals. The importance of iron oxides for
reduced SSA and the reddish color of light absorbing MD has
been derived from optical modeling [Lafon et al., 2006],
from filter-based measurements of MD aerosol absorption
and reflectance [Alfaro et al., 2004; Arimoto et al., 2002;
Müller et al., 2009], and from optical remote sensing
[Derimian et al., 2008; Koven and Fung, 2006]. It is note-
worthy that MD absorption and to a lesser degree extinc-
tion and scattering coefficients can have strong wavelength
dependence in the visible spectrum, which is often parame-
terized in terms of absorption, scattering, and extinction
Ångström coefficients (i.e., AAC, SAC, and EAC, respec-
tively) [Ångström, 1929; Moosmüller and Chakrabarty,
2011; Moosmüller et al., 2011]. Therefore, aerosol direct
radiative forcing must be calculated through integration over
the solar spectrum.

[5] Here, we investigate the connection between mineral
dust SSA, AAC, SAC, and EAC and iron content for entrained
mineral dust samples with a dual-wavelength photoacoustic
instrument with integrated reciprocal nephelometer [Lewis
et al., 2008].

2. Experimental Procedures

2.1. Dust Samples

[6] Ten bulk soil samples from deserts and semi-arid
regions in the Arabian Peninsula, from locations represen-
tative of the Sahara and Sahel in North Africa, and from
Northeast Africa and South-Central Asia were used for this
study (Table 1). Six samples from the Arabian Peninsula
included three samples from Iraq (Balad, Tikrit, and Al
Asad), and one each from coastal Kuwait, the United Arab
Emirates (UAE), and from Qatar [Engelbrecht et al., 2009].
Two samples were representative of the Sahara and Sahel,
including that from Bamako, Mali and a sample of dust
deposited on Lanzarote Island, Spain [Menéndez et al., 2009].
One sample from Djibouti in Northeast Africa, and another
from Afghanistan in South-Central Asia were included
[Engelbrecht et al., 2009].

2.2. Dust Entrainment

[7] The bulk samples were systematically prepared and
entrained into air in DRI’s mineral dust entrainment facility
to obtain a fine dust aerosol representative of aerosols
undergoing long-range transport in the atmosphere [Pye,
1987]. First, the bulk samples were air-dried at RH < 20%
to remove moisture, then sieved through a 38-mm pore size
sieve. A portion of the <38-mm diameter sieved sample was
placed in a conical glass flask into which a pulsed high-speed
jet of filtered air was injected, which suspended part of the
material and transported the airborne dust into a plenum,

Table 1. Linear Regression Results for the Correlation of Scattering and Absorption Coefficients bsca and babs, for Two Wavelengths
(i.e., 405 and 870 nm), and for Ten Entrained Dust Samples, as Shown in Figure 2 for a Sample from Djibouti

Location HMFa
SSA � Db

405 nm
R2 SSAc

405 nm
SSA � Db

870 nm
R2 SSAc

870 nm AAC � Dd
R2

AACe SAC � Df
R2

SACg EAC � Dh
R2

EAC i

Al Asad, Iraq 1.82% 0.980 � 0.004 0.989 0.9988 � 0.0003 0.933 3.2 � 0.1 0.945 �0.5 � 0.5 0.990 �0.5 � 0.5 0.990
Al Dhafra, UAE 2.34% 0.988 � 0.003 0.985 0.9986 � 0.0003 0.950 2.7 � 0.1 0.948 �0.2 � 0.5 0.995 �0.2 � 0.4 0.995
Coastal Kuwait 5.66% 0.972 � 0.006 0.971 0.9970 � 0.0006 0.900 2.5 � 0.1 0.869 �0.5 � 0.5 0.984 �0.5 � 0.4 0.984
Balad, Iraq 5.92% 0.960 � 0.008 0.994 0.9977 � 0.0005 0.967 3.2 � 0.1 0.971 �0.5 � 0.5 0.982 �0.5 � 0.5 0.982
Al Udeid, Qatar 6.63% 0.970 � 0.006 0.996 0.9980 � 0.0004 0.975 3.6 � 0.1 0.978 0.1 � 0.5 0.992 0.1 � 0.5 0.992
Tikrit, Iraq 6.97% 0.959 � 0.008 0.986 0.9979 � 0.0004 0.942 3.4 � 0.1 0.943 �0.5 � 0.5 0.986 �0.5 � 0.5 0.986
Lemoniére, Djibouti 8.50% 0.94 � 0.01 0.991 0.9967 � 0.0007 0.944 3.3 � 0.1 0.939 �0.4 � 0.5 0.986 �0.4 � 0.5 0.986
Khowst, Afghanistan 9.62% 0.95 � 0.01 0.976 0.9966 � 0.0007 0.936 3.1 � 0.1 0.938 �0.5 � 0.5 0.984 �0.5 � 0.5 0.984
Lanzarote, Spain 11.8% 0.94 � 0.01 0.997 0.9973 � 0.0006 0.992 3.9 � 0.1 0.988 �0.4 � 0.5 0.998 �0.3 � 0.4 0.998
Bamako, Mali 30.0% 0.86 � 0.03 0.967 0.992 � 0.002 0.891 3.4 � 0.1 0.866 �0.5 � 0.5 0.971 �0.3 � 0.4 0.971
Average 8.93% 0.95 0.985 0.997 0.943 3.2 0.939 �0.4 0.987 �0.3 0.987

aIron mass fraction (FeMF) expressed as hematite mass fraction (HMF).
bSingle scattering albedo (SSA) derived from linear regression of scattering coefficient as a function of absorption coefficient with an uncertainty that is

dominated by the uncertainty of scattering (i.e., 15%) and absorption (i.e., 5%) coefficient measurements.
cCorrelation coefficient R2 of linear regression of scattering coefficient as a function of absorption coefficient.
dAbsorption Ångström coefficient (AAC) derived from linear regression of absorption coefficient at 405 nm as a function of absorption coefficient at

870 nm with an uncertainty that is dominated by the uncertainty of absorption coefficient measurements (i.e., 5%).
eCorrelation coefficient R2 of linear regression of absorption coefficient at 405 nm as a function of absorption coefficient at 870 nm.
fScattering Ångström coefficient (SAC) derived from linear regression of scattering coefficient at 405 nm as a function of scattering coefficient at 870 nm

with an uncertainty that is dominated by the uncertainty of scattering coefficient measurements (i.e., 15%).
gCorrelation coefficient R2 of linear regression of scattering coefficient at 405 nm as a function of scattering coefficient at 870 nm.
hExtinction Ångström coefficient (EAC) derived from linear regression of scattering coefficient at 405 nm as a function of extinction coefficient at 870 nm

with an uncertainty that is dominated by the uncertainty of scattering (i.e., 15%) and to a lesser degree absorption (i.e., 5%) coefficient measurements.
iCorrelation coefficient R2 of linear regression of extinction coefficient at 405 nm as a function of extinction coefficient at 870 nm.

MOOSMÜLLER ET AL.: MINERAL DUST SINGLE SCATTERING ALBEDO D11210D11210

2 of 10



from where it was drawn through a size selective impactor
with a <2.5-mm diameter aerodynamic size cut (PM2.5),
before feeding into the optical instruments, particle sizer,
and filter samplers. The use of the 2.5-mm-diameter size
cut intends to replicate ambient size distributions observed
after long-range transport where large particles have been
removed through gravitational settling [Maring et al., 2003;
Zender et al., 2003]. No attempt was made to keep aerosol
mass concentrations constant as our determination of aerosol
SSA greatly benefits from strongly varying concentrations.

2.3. Chemical Analysis

[8] Entrained MD aerosols were sampled on polytetra-
fluoroethylene (PTFE) membrane filters, which were ana-
lyzed for elemental composition with x-ray fluorescence
(XRF) spectrometry. This analysis yields quantitative mea-
surements of elements ranging from sodium (Na) through
uranium (U). Only results for iron (Fe) mass concentrations
are presented here.

2.4. Particle Size Distribution

[9] The particle number size distributions of the entrained
samples, after the PM2.5 size cut, were characterized with a
GRIMM Model 365 optical aerosol spectrometer with an
attached GRIMM NanoCheck 1320 (GRIMM Technologies,
Inc.; http://www.dustmonitor.com). The Model 365 optical
aerosol spectrometer yields particle number concentrations in
31 channels covering the particle diameter range from 0.25 to
32 mm and the NanoCheck adds an additional size bin for
particle diameters between 0.025 and 0.300 mm. Volume size
distributions for all ten PM2.5 samples were very similar with
assessed medians in the 1.8–2.25 mm bin size, means in the
1.8–2.3 mm size range, and standard deviations about the
means in the 0.79–1.2 mm range. All our median particle
diameters are smaller than the eight volume median dia-
meters (median of 2.6 mm, average of 3.5 mm) reported by
Formenti et al. [2011, Table 3] for “dust coarse mode #1”
in the “Sahara Transport Regime,” which is relevant for
long-range transport. However, one has to keep in mind that
these measurements use different measurement methods and
instruments, which can produce large errors and poor com-
parability. For example, a comparison of size measurements
of coarse mode dust particles transported to Puerto Rico from
Africa concluded that “measured” volume median diameters
varied from 2.5 to 9 mm for various geometric, aerodynamic,
optical, and optical inversion methods [Reid et al., 2003].

2.5. Optical Measurements

[10] To calculate the aerosol SSA, the aerosol scattering
and extinction coefficients were measured (equation (1)).
As the extinction coefficient is the sum of scattering and
absorption coefficients, only two of these three coefficients
need to be measured. For MD, SSA is close to unity (off-
white particles) with scattering and extinction coefficients of
comparable magnitude. Therefore, it is preferable to measure
the relatively small absorption coefficient together with
either scattering and extinction coefficient to avoid increased
errors from dividing two independently measured, near iden-
tical coefficients.
[11] For the optical characterization of the entrained dust

samples, a dual-wavelength photoacoustic instrument with

integrated reciprocal nephelometer operating at 405 and
870 nm [Lewis et al., 2008] was used. This instrument
makes a first- principle, in situ, real time measurements of the
absorption coefficient [Arnott et al., 2000] for non-volatile
aerosol samples [Raspet et al., 2003] and measures the scat-
tering coefficient simultaneously in the same sample volume,
thereby further reducing systematic errors in obtaining the
SSA [Moosmüller et al., 2009]. The lack of interference from
scattering makes photoacoustic instruments ideal for the
characterization of high SSA aerosols such as mineral dust.
The integrated reciprocal nephelometer measures the scat-
tering coefficient using the same laser beams and sample
volume as the photoacoustic instrument measuring the
absorption coefficient by integrating scattered light over a
scattering angle from ≈4� to ≈176� [Abu-Rahmah et al.,
2006]. The resulting truncation angle of ≈4� is substantially
smaller than for commercial non-reciprocal nephelometers,
thereby reducing truncation errors for near forward and
backward scattering [Anderson et al., 1996;Moosmüller and
Arnott, 2003].
[12] An example raw data set from 405 nm channel of the

dual wavelength photoacoustic instrument – nephelometer is
shown in Figure 1 for an entrained MD sample collected
from Djibouti. Scattering and absorption coefficients are
plotted as a function of time for three pulses of filtered air
(at times of ≈10:51, ≈10:57, and ≈11:08) entraining the bulk
sample. During each pulse, scattering and absorption coef-
ficients increase by several orders of magnitude due to
entrainment of increasing amounts of fine particulate matter
and subsequently decay as the suspended dust is drawn
through the instrument. This data set contains ≈1120 data
points each for the scattering and absorption coefficient
measurements collected over a 24 min measurement period,
corresponding to a data acquisition rate of 0.78 Hz.

3. Results and Discussion

3.1. Single Scattering Albedo (SSA) and Iron Content

[13] Our optical data were analyzed for SSA by quantifying
the correlation between scattering and absorption coefficients
with linear regressions, as shown for an entrained bulk dust
sample collected in Djibouti, at 405 nm and 870 nm wave-
lengths (Figure 2). At 405 nm, the linear regression yields a
slope of 16.97 � 0.05 and a very high correlation coefficient
R2 of 0.991. Applying equation (1), the SSA at 405 nm can
be calculated from the regression slope as

SSA 405 nmð Þ ¼ 1þ slope�1
� ��1 ¼ 1þ 16:97�1

� ��1

¼ 0:9444� 0:0001: ð2aÞ

[14] At 870 nm, the absorption coefficients are about an
order of magnitude smaller than at 405 nm for comparable
scattering coefficients and the linear regression yields a much
higher slope of 298 � 2 and a high correlation coefficient R2

of 0.944. Using equation (1), the 870 nm SSA can be calcu-
lated from the regression slope as

SSA 870 nmð Þ ¼ 1þ slope�1
� ��1 ¼ 1þ 298�1

� ��1

¼ 0:9965� 0:00002: ð2bÞ
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[15] Note that the uncertainties of SSA given in
equations (2a) and (2b) are just the standard deviations of the
linear regressions. Much larger SSA uncertainties are caused
by the uncertainties in our scattering and absorption coef-
ficient measurements that are 10% and 5%, respectively
[Lewis et al., 2008]. From the scattering and absorption coef-
ficient uncertainties, we estimate a “worst case” uncertainty

for the SSA by assuming that the fitted slope is increased by
a factor of 1.15/0.95 (i.e., scattering coefficient increased
by 15%, absorption coefficient decreased by 5%) and prop-
agating this error of the slope to the SSA using standard error
propagation. This procedure leads to SSA(405 nm) = 0.94 �
0.01 and SSA(870 nm) = 0.9967 � 0.0007, which are the
values and errors listed in Table 1.

Figure 1. Scattering and absorption coefficients measured at a wavelength of 405 nm for an entrained dust
sample from Djibouti as a function of time. Each of the three drastic increases in scattering and absorption
coefficients was caused by a pulse of filtered air (at �10:51, �10:57, and �11:07), entraining part of the
bulk sample, followed by a slow decay. Note that the scattering coefficients are much larger than the
absorption coefficients indicative of a single scattering albedo (SSA) near one.

Figure 2. Correlation between scattering and absorption coefficients measured at wavelengths of 405 nm
and 870 nm for an entrained dust sample from Djibouti yielding single scattering albedos (SSAs) from the
slopes of the linear regressions.
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[16] The excellent correlation between scattering and
absorption coefficients indicates that the SSA stayed constant
during all phases of the dust entrainment and sampling pro-
cess. An identical analysis was performed for ten mineral
dust samples and results are summarized in Table 1 together
with iron (Fe) mass fraction (FeMF) from XRF analysis
expressed as hematite (Fe2O3) mass fraction (HMF). SSAs
range from the lowest values of 0.86 � 0.03 at 405 nm and
0.992 � 0.002 at 870 nm for the sample from Bamako, Mali
to the highest values of 0.988 � 0.003 at 405 nm for the
sample from the UAE and 0.9988� 0.0003 at 870 nm for the
sample from Al Asad, Iraq. Note that the lowest SSA values
are for the sample with the highestHMF (30.0% for Bamako,
Mali), while the highest SSA values are for the samples
with the lowest HMF (1.82% for Al Asad, Iraq and 2.34%
for UAE). Figure 3 shows SSA as a function of iron content,
expressed as hematite (Fe2O3) mass fraction (HMF =
1.43 FeMF) indicating linear relationships between SSA
and iron content. In the violet at 405 nm, the weighed linear
regression taking the uncertainties of the individual SSA
values into account yields

SSA 405 nmð Þ ¼ 0:996� 0:003� 0:48� 0:06ð ÞHMF; ð2cÞ

with a correlation coefficient R2 of 0.98. The weighed
regression in the near infrared at 870 nm is

SSA 870 nmð Þ ¼ 0:9991� 0:0002� 0:022� 0:004ð ÞHMF; ð2dÞ

with a correlation coefficient R2 of 0.94. These regression
results show that at both wavelengths most of the SSA vari-
ability is explained by the iron content and indicate that other
dust components contribute minor amounts to the absorption.
If the results from our ten MD samples can be generalized to
MD from specific source regions and a measure of particle
size is known, one could potentially use SSA measurements,
for example from satellite platforms [Mishchenko et al.,
2007; Zhu et al., 2011], to interfere aerosol iron content
for application in research on fertilization of aquatic and
terrestrial ecosystems [Bristow et al., 2010]. Vice versa,
measurements of iron content by filter sampling and XRF
analysis together with measurement of particle size could
yield information about aerosol SSA as applied in aerosol
radiative forcing calculations andmodeling [Chýlek andWong,
1995].
3.1.1. Comparison With Published Results
[17] Recently, airborne measurements of Sahelian and

Saharan MD optics and chemistry have been analyzed for
the dependency of SSA on the mass fraction of iron oxides
finding no simple relationship between SSA and iron content
[see Klaver et al., 2011, Figure 6]. SSAs were determined at
550 nm for particle diameters smaller than 3 mm and ranged
from 0.91 to 0.97 for iron oxide mass fractions between 1.3
and 3.5%, significantly smaller than those measured by us at
405 and 870 nm for comparable iron oxide concentrations.
However, Klaver et al. [2011] use a single-wavelength
Radiance Research Particle Soot Absorption Photometer
(PSAP) for the measurement of aerosol absorption coeffi-
cients at 567 nm in conjunction with a correction proce-
dure based on a laboratory study of mixtures of nigrosin and
ammonium sulfate aerosols, possibly not representative of

MD. Even the accompanying publication describing the
airborne PSAP and nephelometer measurements speculates
about a factor-of-2 uncertainty in PSAP measurements of
absorption coefficients and resulting co-albedos (1-SSA) due
to an uncertainty of 20–30% in the correction procedure
and a poorly known airborne sampling efficiency [Johnson
and Osborne, 2011]. Therefore, we do not believe that the
results of Klaver et al. [2011] contradict our laboratory
results on suspended dust samples, but suggest that mea-
surements of ambient MD aerosol optics with first-principle
photoacoustic instrumentation would be of great interest.
[18] Laboratory measurements of SSA for entrained soil

samples collected near Cairo (Cairo 2) and in Morocco have
been reported by Linke et al. [2006] using extinction and
photoacoustic absorption measurements at 266, 532, and
1064 nm. The soils samples were entrained and a fine frac-
tion selected with a 1.2 mm aerodynamic diameter size cut for
optical and chemical characterization. Iron content from XRF
was reported as Fe2O3 mass fraction of 4.5% for Cairo 2 and
as 3.63% for Morocco. SSA was reported for Cairo 2 as
0.76 � 0.02, 0.99 � 0.001, and 0.99 � 0.01 at 266, 532, and
1064 nm, respectively and for Morocco as 0.63 � 0.04 and
0.98 � 0.002 at 266 and 532 nm, respectively. In contrast to
our overall results, we note that for the Cairo 2 sample has
higher iron content and also higher SSA thanMorocco at both
266 and 532 nm. However, this may be due to using only two
samples, a similar increase can be seen in our results for
multiple pairs of two samples. For both Cairo 2 and Morocco
samples, SSA at 266 nm is significantly lower than any of our
measurements at 405 nm and SSA at 532 nm is comparable or
slightly higher than that of our samples with comparable iron
content at 405 nm and lower than any of our measurements at
870 nm. In addition, all of our SSA measurements at 870 nm
are larger but well within the error bar of the SSA determined
for Cairo 2 at 1064 nm. Differences between our results and
those of Linke et al. [2006] are difficult to interpret due to the
differences in wavelengths (405 and 870 nm for our work and
266, 532, and 1064 nm for Linke et al. [2006]) and due to the
two-times larger size cut (i.e., 2.5 mm) used by us.
[19] Koven and Fung [2006] have presented the results

of Mie theory calculation of the SSA for hematite – illite
(extraordinary ray, e-ray) external and internal mixtures as
a function of volumetric hematite fraction. They are using
an AERONET mean dust volume size distribution (their
Figure 4) that peaks for particle radii between 2 and 3 mm,
refractive index e-ray data from Sokolik and Toon [1999] and
the Bruggeman effective medium approximation for estimat-
ing the effective refractive index for internal mixtures. Using
the density of hematite (5.3 g/cm3) and illite (2.75 g/cm3), we
have converted the x axis of their Figure 3 from volumetric
hematite fraction to HMF and added their results for 440 nm
and 873 nm to our Figure 3 for comparison with our SSA data
and linear regression at 405 nm and 870 nm. While our SSA
data at 405 nm show good agreement with their external
mixing SSA values at 440 nm, they are much larger than their
internal mixing SSA values at 440 nm (Figure 3a), potentially
indicating that external mixing is a better assumption for our
samples. In contrast, our SSA data at 870 nm are much larger
than their external and internal mixing SSA values at 880 nm
(Figure 3b). The question why we see good agreement of our
405-nm SSA data with the external mixing model at 440 nm
but very poor agreement of 870-nm SSA data with the
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Figure 3. Single scattering albedo (SSA) as a function of iron content at wavelengths of (a) 405 and
(b) 870 nm for ten entrained dust samples demonstrating and quantifying a strong linear correlation
between the two. In addition, numerical modeling results of Koven and Fung [2006] for external and
internal hematite – illite mixtures at 440 and 880 nm are shown as dashed and dotted lines, respectively.
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Figure 4. Correlation between (a) absorption, (b) scattering, and (c) extinction coefficients measured at
wavelengths of 405 nm and 870 nm for an entrained dust sample from Djibouti. Absorption (AAC), scatter-
ing (SAC), and extinction (EAC) Ångström coefficients for the 405, 870 nm wavelength pair are obtained
from the slopes of the linear regression via equation (3b).
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external and internal mixing model at 880 nm may be par-
tially explained byKoven and Fung’s [2006] use of refractive
indices. Their source of hematite refractive index data
[Sokolik and Toon, 1999] gives data for both e- and ordinary
(o-) rays, whose imaginary parts are virtually identical for
wavelengths below 0.6 mm while the o-ray imaginary part of
the refractive index is substantially smaller than that of the
e-ray between 0.6 and 2.0 mm. Longtin et al. [1988] argue
that while it is not strictly correct to average over e- and o-ray
refractive indices, for hematite such an average should weigh
the o-ray refractive index twice as much as the e-ray refrac-
tive index because two of the optical axes of hematite are the
same. While we do not know why Koven and Fung [2006]
exclusively use the e-ray data, this should not make much
of a difference in the 405–440-nm region, where the imagi-
nary parts of the e-ray and o-ray refractive indices are nearly
identical, but should make a big difference in the 870–
880-nm region where the imaginary part of the e-ray refrac-
tive index is more than twice as large than that of the o-ray
yielding higher modeled SSA values if the o-ray is taken into
account. Other possible reasons for disagreement between
Koven and Fung’s [2006] modeling results and our data
include large differences between literature values of hema-
tite refractive indices (as discussed by Koven and Fung
[2006]), the use of more than a factor of two larger size
particles for the modeling than in our experiments which
would lower the modeled SSAs, the simplicity of modeling
using a pure hematite – illite mixture, and the complex shape
and morphology of mineral dust not captured by Mie-theory
modeling.

3.2. Absorption, Scattering, and Extinction Ångström
Coefficients (AAC, SAC, and EAC )

[20] The Ångström coefficient AC was originally intro-
duced as a wavelength-independent constant in a power
law to describe the wavelength-dependence of aerosol extinc-
tion coefficients [Ångström, 1929] yielding the extinction
Ångström coefficient EAC. Since then, it has found addi-
tional extensive applications in characterizing the “slow”
wavelength dependence of scattering and absorption coeffi-
cients [Fischer et al., 2010; Flowers et al., 2010; Russell
et al., 2010; Virkkula et al., 2005] yielding the scattering
and absorption Ångström coefficients SAC and AAC, respec-
tively [Moosmüller and Chakrabarty, 2011].
[21] In general, Ångström coefficients can be used to

express the dependence of any parameter p(l) on wavelength
l provided p(l) can be approximated by a power law func-
tion of wavelength [Moosmüller and Chakrabarty, 2011].
Conventionally, the two-wavelength AC is used to give the
ratio of p(l) at two wavelengths l1 and l2 as a function of the
ratio of these wavelengths as [Moosmüller et al., 2009]

p l1ð Þ
p l2ð Þ ¼

l1

l2

� ��AC

: ð3aÞ

[22] The AC can be written explicitly as

AC l1;l2ð Þ ¼ �
ln

p l1ð Þ
p l2ð Þ

� �

ln
l1

l2

� � ¼ � ln p l1ð Þð Þ � ln p l2ð Þð Þ
ln l1ð Þ � ln l2ð Þ ; ð3bÞ

which is the negative slope of p(l) between wavelengths l1
and l2 on a log-log plot [Moosmüller et al., 2011].
3.2.1. Absorption Ångström Coefficient (AAC)
[23] An example of the AAC analysis for an entrained bulk

dust sample collected in Djibouti, is shown in Figure 4, which
shows the linear correlation between absorption coefficients
for 405 and 870 nm, yielding the ratio babs(405 nm)/
babs(870 nm) as slope. The absorption Ångström coefficient
AAC is directly calculated from this slope using equation (3b)
yielding a value of AAC(405 nm, 870 nm) = 3.3 � 0.1 with
a high correlation coefficient R2 = 0.939, where the uncer-
tainty of 0.1 is dominated by the 5% uncertainty of the
absorption coefficient measurement. The large, positive AAC
quantifies the absorption enhancement toward the shorter
wavelength. AACs for all ten samples are summarized in
Table 1 and range from 2.5� 0.1 to 3.9� 0.1 with an average
of 3.2 � 0.4 demonstrating a characteristic enhancement of
absorption at the shorter wavelengths (i.e., 405 nm) relative
to the longer wavelength (i.e., 870 nm) for each of the ten
samples.
3.2.2. Scattering Ångström Coefficient (SAC)
[24] Similarly, scattering Ångström coefficients SAC were

obtained for all ten samples with the respective linear
regression results summarized in Table 1. The SAC ranges
from�0.5� 0.5 to 0.1� 0.5 with an average of�0.4� 0.2.
For nine of the ten samples, the SAC is negative indicating
a larger scattering coefficient at the longer wavelength,
while for the remaining sample from Qatar, the SAC may be
slightly positive (0.1 � 0.5). While the common under-
standing is that SACs range from 0 for very large particles to
4 for very small particles, this is only true for wavelength
independent refractive indices [Bohren and Huffman, 1998;
Moosmüller and Arnott, 2009]. If the imaginary part of the
refractive index is significantly larger at a shorter wavelength
(violet) than at a longer wavelength (red or near IR), as is
the case for hematite (Fe2O3) [Sokolik and Toon, 1999], the
material has a red appearance, which is due to enhanced
scattering in the red corresponding to a negative SAC. Indeed,
negative SACs have previously been observed for MD par-
ticles [e.g., Alfaro et al., 2004; Schladitz et al., 2009], which
may be due to their hematite content.
3.2.3. Extinction Ångström Coefficient (EAC)
[25] Extinction Ångström coefficients EAC were also

obtained for all ten samples with the respective linear
regression results summarized in Table 1. The EAC ranges
from�0.5� 0.5 to 0.1� 0.5 with an average of�0.3� 0.2.
For nine of the ten samples, the EAC is negative indicating
a larger scattering coefficient at the longer wavelength,
while for the remaining sample from Qatar, the SAC may be
slightly positive (i.e., 0.1 � 0.5). For our samples, EAC is
similar to SAC due to the high (i.e., near 1) SSAs for which
scattering dominates extinction. EAC is also slightly larger
than SAC due to the large positive AACs. These relationships
between EAC and SAC and AAC have recently been quanti-
fied [Moosmüller and Chakrabarty, 2011] and comparable
negative MD EACs are commonly observed by AERONET
stations heavily impacted by Saharan MD [Tanré et al.,
2001].
3.2.4. Ångström Coefficients and Iron Content
[26] Ångström Coefficients for the ten samples are poorly

correlated with the iron content of the samples, as shown by
correlation coefficients of R2 = 0.13 for AAC, R2 = 0.029 for
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SAC, and R2 = 0.006 for EAC.Our interpretation is that while
AAC is dominated for all samples by their iron content, AAC
in this regime is largely independent of iron concentration.
For example, if all absorption is due to iron, the ratio of
absorption coefficients at two wavelengths and the AAC have
always the same values characteristic of iron independent of
iron concentration. In reality, morphology may also play a
role causing wavelength dependent absorption enhancement
and mineralogy is also important with iron likely occurring in
multiple minerals including hematite, goethite, and magne-
tite. On the other hand, SAC and EAC are influenced, but not
totally dominated by the iron content with particle morphol-
ogy potentially playing an additional role, leading to even
smaller correlation coefficients.

4. Conclusions

[27] Aerosol optical properties have been investigated at
two wavelengths (405 nm in the violet and 870 nm in the near
IR spectral region) for entrained PM2.5 from 10 soil samples
representing the Arabian Peninsula, the Sahara and Sahel
regions and samples from Northeast Africa and South-
Central Asia. Findings include that the SSA at both wave-
lengths is dominated by and linearly correlated with the iron
content of the entrained PM2.5 with much lower SSAs at
405 nm than at 870 nm. This result points toward the
potential use of SSA remote sensing to measure aerosol iron
content and vice versa, the measurements of iron content with
simple filter sampling followed by XRF analysis yielding
information about aerosol SSA as needed for aerosol radiative
forcing calculations and modeling. However, these potential
applications may be hindered by unknown and variable MD
size distributions that affect SSA and by ambient MD often
being mixed with other absorbing or non-absorbing aerosols
such as combustion aerosols or sea spray, which would also
modify ambient SSA.
[28] Spectral properties were characterized with two-

wavelength Ångström coefficients (ACs) for absorption
(AAC), scattering (SAC), and extinction (EAC) with AACs
ranging from 2.5 to 3.9 with an average of 3.2, SACs ranging
from �0.5 to 0.1 with an average of �0.4 and EACs ranging
from �0.5 to 0.1 with an average of�0.3. The large positive
AACs shows the strong enhancement of absorption in the
blue versus the NIR, the largely negative SACs and EACs
demonstrate that the strong absorption in the blue weakens
the scattering more than it is enhanced by the larger size
parameter and that the extinction is largely dominated by
scattering as reflected in the high values of SSA. ACs show
poor correlation with sample iron content as expressed by
low correlation coefficients R2 (i.e., 0.13 for AAC, 0.029 for
SAC, and 0.006 for EAC), which may be explained by iron
content dominating the absorption spectrum for all samples
relatively independent of its actual value and scattering and
extinction spectra being additionally influenced by particle
morphology resulting in even smaller correlations.
[29] This work needs to be extended to a larger number of

source materials and to ambient MD aerosols, ideally also
including additional measurement wavelengths. Additional
attention needs to be paid to using realistic aerosol size dis-
tributions that closely mimic those observed after long-range
transport. This is best achieved by making ambient mea-
surements, for example characterization of ambient African

dust after transport to the Caribbean. Intercomparison
of the first-principle photoacoustic measurements of MD
aerosol absorption coefficients with more error-prone filter-
based measurements (e.g., from PSAP and aethalometer)
[Moosmüller et al., 2009] may help to calibrate filter-based
methods and to constrain their errors.

[30] Acknowledgments. This material is based upon work supported
by NASA ROSES under grant NNX11AB79G, by NASA EPSCoR
under cooperative agreement NNX10AR89A, by the DoD under award
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