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[1] Aerosol Robotic Network (AERONET) Sun photometer observations were carried out
at Ouarzazate, Morocco, during the Saharan Mineral Dust Experiment (SAMUM) 2006.
Data from one measurement day, 19 May 2006, are used to derive particle optical and
microphysical parameters with AERONET’s latest version of light-scattering model for
non-spherical particle geometry. In our analysis we also make use of a novel measurement
channel at 1638 nm wavelength. We compare the results to data products obtained by
airborne high-spectral-resolution lidar, several ground-based Raman lidar, and airborne
and ground-based in situ measurement platforms. We chose that specific measurement day
because the dust plume was vertically well mixed. Extinction coefficients from
AERONET Sun photometer and lidar observations and in situ measurements agree well.
Ångström exponents from Sun photometer and lidar are in close agreement, too. Airborne
in situ measurements of dust particle size distributions show larger effective radii than
inferred from the AERONET data. Complex refractive indices that are derived with the
AERONET algorithm differ from the values obtained with different independent
techniques employed in our study. The single-scattering albedo was derived from the
airborne observations of particle size distributions and complex refractive indices. Single-
scattering albedo differs to the value inferred from the AERONET data. The differences
may be attributed to the different effective radii that we obtained from the various
techniques. The differences between the data products from the various measurement
platforms, however, cannot be generalized, as we could only test data for one
measurement day. An analysis of additional measurements is under way.

Citation: Müller, D., et al. (2010), Mineral dust observed with AERONET Sun photometer, Raman lidar, and in situ instruments

during SAMUM 2006: Shape-independent particle properties, J. Geophys. Res., 115, D07202, doi:10.1029/2009JD012520.

1. Introduction

[2] The Saharan Mineral Dust Experiment (SAMUM)
aims at a better understanding of the radiative impact of

mineral dust. In 2006 the first field mission was carried out
in Morocco. Ouarzazate (30.93�N, 6.9�W, 1133 m above
seal level (asl)) was the key site of the ground-based remote
sensing instrumentation. Three Raman aerosol lidars and
two Sun photometers were stationed at Ouarzazate airport
[Tesche et al., 2009; Toledano et al., 2009]. The observa-
tions covered the time frame from 11 May until 10 June
2006. Airborne measurements with the Falcon aircraft were
conducted between 18 May and 7 June 2006.
[3] One of the Sun photometers was an Aerosol Robotic

Network (AERONET) system [Holben et al., 1998]. Optical
and microphysical properties of Saharan mineral dust were
inferred from observations of direct and diffuse solar
radiation and the use of AERONET’s latest mineral dust
model. That model has been specifically designed for the
analysis of particles of non-spherical shape [Dubovik et al.,
2006]. We chose one measurement day as a case study for
which we present some standard retrieval products of
AERONET. Because of the complexity of the data set, we
select only one measurement day for which we have a rather
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optimal data quality from all participating measurement
platforms. On the basis of the lessons learned in this case
study we will expand our studies to additional measurement
days in a forthcoming publication. There we shall deal with
the generalization of our findings in a more statistical
manner.
[4] In this first contribution we present shape-independent

dust particle properties. In the sense of our analysis techni-
ques such shape-independent dust particle properties are
properties that depend little on the specific choice of
particle shape in the data retrieval algorithms. These
parameters are light-extinction, light-scattering, and light-
absorption coefficients. Furthermore, we infer particle size
distribution, and thus particle effective radius, complex
refractive index, and single-scattering albedo.
[5] In our second contribution [Müller et al., 2010] we

present parameters that depend in a strong way on particle
shape, i.e., particle backscatter coefficients, particle lidar
ratios, linear particle depolarization ratios, and axis ratios. In
that regard this first paper can be considered as a compa-
rably robust consistency check of dust parameters that are
obtained with different measurement platforms and data
analysis techniques, in which the specific choice of particle
light-scattering model (sphere versus non-sphere) should
be a minor source of uncertainty. In contrast our second
part explicitly focuses on extracting inconsistencies of data
products.
[6] The measurements with the AERONET instrument

are particularly important. For the first time mineral dust
was observed with an AERONET Sun photometer near a
source region of Saharan dust while the same dust param-
eters were concurrently inferred from sophisticated remote
sensing and ground-based and airborne in situ instrumenta-
tion operated at the location of the Sun photometer.
[7] In situ and laboratory measurements, and remote

sensing results [Heintzenberg, 1978; Nakajima et al.,
1989; West et al., 1997; Volten et al., 2001; Kaufman,
1993; Krotkov et al., 1999; Liu et al., 1999; Dubovik et
al., 2002a; Deuzé et al., 2000; Sinyuk et al., 2003; Müller
et al., 2003; Wand et al., 1999; Herman et al., 2005;
Kalashnikova et al., 2005] reveal significant deviations in
the light-scattering properties of natural desert dust par-
ticles compared to spherical-model particles [Mishchenko
et al., 2000]. As a result there have been numerous efforts
to account for non-spherical particle shape in aerosol retrieval
algorithms [Kahn et al., 1997; Dubovik et al., 2002b;
Mishchenko et al., 2003;Herman et al., 2005; Kalashnikova
et al., 2005; Liu et al., 1999]. Kalashnikova and Sokolik
[2002, 2004] propose to model the optical properties by
an ensemble of particles of non-spherical shape on the basis
of geometrical particle parameters derived from in situ
observations.
[8] Dubovik et al. [2002b] proposes the use of kernel

look-up tables for simulating the single-particle optical
properties of model spheroids. The mathematical basis in
describing the light-scattering properties of spheroidal par-
ticles were adapted from Mishchenko et al. [1997]. Further
modifications of the mineral dust model have recently been
presented by Dubovik et al. [2006]. This updated model was
validated with laboratory measurements of scattering matri-
ces [Volten et al., 2001]. The authors show that the optical

properties determined from the scattering matrices are in
good agreement with the same optical properties, if the
spheroid model is applied to the measured particle size
distributions [Dubovik et al., 2006].
[9] Data from field studies are needed to corroborate the

laboratory results. SAMUM offers us the unique opportu-
nity to compare a multitude of data products derived by the
AERONET inversion algorithm with the same quantities
measured in situ and using lidar instruments near a source
region of Saharan mineral dust. A series of papers can be
found in the first special issue on SAMUM (Tellus Series B,
61, 2009).
[10] Toledano et al. [2009] show a map indicating the

locations of the two ground sites of the SAMUM instru-
ments. Further information on the ground sites and the
aircraft Falcon that was stationed in Casablanca is given
by Kandler et al. [2009] and Weinzierl et al. [2009].
[11] Data were taken aboard the Falcon aircraft of the

German Aerospace Center (DLR) during flights over the
AERONET site [Esselborn et al., 2009; Petzold et al., 2009;
Weinzierl et al., 2009]. Dust was observed with several ground-
based lidar systems at the AERONET site [Freudenthaler et
al., 2009; Tesche et al., 2009]. In situ single-particle obser-
vations were carried out at ground near the village of Dunes
du Tinfou [Kandler et al., 2009; Schladitz et al., 2009].
Tinfou, which is approximately 35 km southeast of the town
of Zagora (30.23�N, 5.6�W), was the second field site during
the SAMUM 2006 campaign.
[12] The location of Ouarzazate was well chosen for our

study. The site is located near source regions where mineral
dust is injected into the atmosphere. We observed nearly
pure dust. As shown by Kandler et al. [2009] and Weinzierl
et al. [2009] the concentration of anthropogenic pollution
was negligible in the mineral dust plumes, because strong
dust advection occurred in a sparsely populated environ-
ment. Esselborn et al. [2009] show on the basis of airborne
lidar observations that the Atlas Mountain range which is
located to the north and west of our field site, efficiently
blocks the import of marine air from the North Atlantic
Ocean as well as anthropogenic pollution from the densely
populated areas of Casablanca and Marrakesh. For an
example of such large-scale intrusion of marine air into
the northwest of Morocco we refer to Figure 4 in the work
of Esselborn et al. [2009].
[13] In section 2 we summarize the instruments and

measurement methods used for the present study. In section
3 we present a brief overview of ensemble optical properties
of dust plumes observed during the whole SAMUM period.
In detail we present the results of a case study for the 19
May 2006 measurement. We compare the AERONET
results to the findings from the other SAMUM platforms.
We summarize our results in section 4 and close our
contribution with an outlook in section 5.

2. Methodology

[14] A detailed description of instruments, data analysis,
and error estimates is given in the papers of the first special
issue on SAMUM (Tellus, Ser. B, 61, 2009). Here we only
summarize those measurement techniques that are important
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for this paper. Table 1 lists the parameters that are compared
in our study.

2.1. AERONET Sun Photometer

[15] The AERONET Sun photometer was placed on the
rooftop of one of the sea-containers that housed the lidar
instrumentation at Ouarzazate airport. The automatic track-
ing Sun and sky radiometer is part of AERONET, which is a
federated international network of Sun/sky radiometers
[Holben et al., 1998, 2001]. The instrument used in this
study has been installed at the Leibniz Institute for Tropo-
spheric Research (IfT) in 2001. The instrument was cali-
brated at NASA Goddard Space Flight Center (GSFC) in
January 2005 before it was taken to Morocco. After the
campaign the instrument was calibrated once more at GSFC
in September 2006.
[16] Table 1 provides an overview on the data products

that are derived with the AERONET Sun photometer and
the inversion algorithm. The instrument measures the direct
solar radiation at 339, 379, 441, 501, 675, 869, 940, 1021,
and 1638 nm wavelength. From the signals optical depth is
computed, except at 940 nm which is used to retrieve total
precipitable water.
[17] The sky radiance (almucantar) measurements are

done at 441, 675, 869, and 1021 nm. The data are used to
retrieve aerosol phase function and particle size distribution
[Holben et al., 1998]. The inversion algorithm of Dubovik
and King [2000] is used to retrieve the particle volume size
distribution from 0.05 to 15 mm in radius, and the complex
refractive index in the range from 1.33 to 1.6 (real part) and
0.0005i–0.5i (imaginary part). A discussion on errors of the
data products can be found in Dubovik et al. [2000].
[18] For the SAMUM campaign we additionally equipped

the instrument with a novel measurement channel at 1638
nm. Adding data at this measurement wavelength is
expected to increase the sensitivity of the AERONET
algorithm with respect to the optical and microphysical
properties of large aerosol particles. Another, and probably
more important advantage of the novel channel is that it
allows us to derive complex refractive index and single-
scattering albedo at this infrared wavelength. However, at
present, the accuracy of the calibration of this channel is
generally worse than for the other channels in the visible
spectrum, and AERONET quality assured retrievals are
usually performed using only four standard channels (441,

675, 869, and 1021 nm). However, for this specific case
study, the sky radiance measurements at 1638 nm were
used. We emphasize that the use of this channel is not
standard procedure. Because of the lower measurement
accuracy of the 1638 nm channel, we present two sets of
AERONET retrieval results: the standard AERONET prod-
uct and the product that is derived using the new measure-
ment channel. Thus we are able to demonstrate in how
much the data products that are inferred with the use of the
less-well calibrated channel differ from the data products
that are inferred with the commonly applied measurement
channels.
[19] The mineral dust model that is used for the analysis

of our SAMUM data is described by Dubovik et al. [2006].
The model has been particularly designed for dealing with
the optical properties of model particles of non-spherical
shape. From the retrieved particle size distributions we
compute effective radii, number, surface area, and volume
concentrations. The complex refractive index, which is
derived as a wavelength dependent quantity at 441, 675,
869, and 1021 nm, as well as the size distribution products
are then used to calculate single-scattering albedo (scatter-
ing-to-extinction ratio).
[20] For all inversion calculations of the optical quantities

we use the spheroid particle model and standard distribu-
tions of the aspect ratio as employed in the standard
AERONET retrieval algorithm. The aspect ratio, the way it
is used in this technique, is defined as the ratio of the longest
axis of the assumed ellipsoids to their shortest axis and takes
account of the orientation of the particles. In that way we
obtain values <1 and >1, respectively. These standard dis-
tributions of the aspect ratio were obtained from inversion of
data taken under laboratory conditions [Dubovik et al., 2006].

2.2. Lidar Instruments

[21] Three Raman lidar instruments were operated at
Ouarzazate airport, i.e., the Backscatter Extinction lidar-
Ratio Temperature Humidity profilingApparatus (BERTHA)
of IfT [Althausen et al., 2000; Tesche et al., 2009], and the
three-wavelength Multiwavelength Lidar System (MULIS)
[Freudenthaler et al., 2009] and the one-wavelength
Portable Lidar Sytem (POLIS) [Freudenthaler et al.,
2009] of the University of Munich. Table 2 provides an
overview on the data products that are measured with the
instruments. For details of the data analysis procedure

Table 1. Particle Parameters Compared in This Studya

Parameters

Platform

AERONET Aircraft Lidar Ground

Direct Indirect Direct Indirect Direct Indirect Direct Indirect

Extinction coefficient x x x x x
Scattering coefficient x x x
Absorption coefficient x x x
Ångström exponents from extinction x x x
Ångström exponents from scattering x x
Ångström exponents from absorption x x
Extinction-to-backscatter (lidar) ratio x x x x
Particle size distribution x x x
Complex refractive index x x x
Single-scattering albedo x x x

aExtinction coefficients and lidar ratio were determined aboard the Falcon directly with lidar and indirectly with in situ instrumentation. The results of the
measurements at ground where made at the Tinfou site.
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including a detailed error analysis we refer to Tesche et al.
[2009] and Freudenthaler et al. [2009].
[22] Main reason for deploying three ground-based

Raman lidar systems to Ouarzazate was the need to cover
the atmospheric column as completely as possible. That
allows us to compare the data from the Sun photometry to
corresponding lidar quantities. For instance BERTHA
does not provide trustworthy particle extinction profiles
below a minimum height of 800–1000 m above ground.
That effect is caused by the well known incomplete
geometrical overlap between transmitted laser beam and
field of view of the receiver telescope. The other two
ground-based systems MULIS and POLIS provide extinc-
tion profiles as low as 800 m (532 nm; MULIS) and 250 m
(355 nm; POLIS) above ground, respectively. Details on
the minimum height of the different data products is given
by Tesche et al. [2009].
[23] In the case of BERTHA, backscatter-coefficient

profiles at 532 nm can be computed from signal ratios [Tesche
et al., 2009] also at daytime. The overlap effect widely
cancels out, if signal ratios are taken, and the profile of the
backscatter coefficient can be derived almost down to the
ground.
[24] A fourth lidar system was operated aboard the Falcon

aircraft of the DLR. This aircraft is a twin-engine jet aircraft
that has a maximum flight altitude of 12.8 km asl. The
aircraft was stationed at Casablanca international airport
which is located approximately 280 km west of Ouarzazate.
[25] The airborne high-spectral-resolution lidar (HSRL)

[Grund and Eloranta, 1990; Eloranta, 2005] is described
by Esselborn et al. [2009]. The nadir-looking instrument
measures profiles of particle backscatter, extinction and
lidar ratio at 532 nm, as well as the linear particle depolar-
ization ratio at 532 and 1064 nm. The data products of the
HSRL are also presented in Table 2.

2.3. Airborne In Situ Observations

2.3.1. Instrumentation
[26] The SAMUM payload on board the Falcon com-

bined the nadir-looking HSRL with instruments for in situ
observations of aerosol particle microphysical and chem-
ical properties. The instruments as well as calibration
procedures are described in detail by Weinzierl et al.
[2009].
[27] The aerosol absorption coefficient was measured

with a 3-wavelength-Particle-Soot-Absorption-Photometer
(PSAP) at the wavelengths of 467, 530, and 660 nm
[Virkkula et al., 2005]. The particle size distribution in the
radius range from 0.002 to 50 mm was measured by a
combination of several condensation particle counters op-
erated at different cut-off radii; a differential mobility
analyzer, a PCASP-100X, an FSSP-300 and an FSSP-100

instrument. Furthermore, the size distribution of non-
volatile aerosol compounds was recorded with three par-
ticle counters and a Grimm Model 1.109 optical particle
counter combined with a thermal denuder.
[28] Apart from the wing-mounted PCASP-100X,

FSSP-300, and FSSP-100, all instruments were operated
inside the cabin of the Falcon. The inlet features determine
the maximum particle radius measured inside the Falcon,
which was approximately 1–1.5 mm.
2.3.2. Absorption Coefficient Retrieval
[29] The PSAP data and the simultaneously measured

size distribution data were used to infer the complex
refractive index from the spectral dependence of the mea-
sured absorption coefficient. The analysis of the PSAP data
is subject of a paper by Petzold et al. [2009]. We only repeat
the main step of retrieving the refractive index.
[30] Spectral aerosol optical properties can be calculated

from size distribution measurements with the aid of an
optical particle model. Here two Mie-scattering algorithms
were applied, i.e., the algorithm by Bohren and Huffman
[1983], which deals with spherical particles, and the algo-
rithm by Ackermann and Toon [1981], which is used for
describing the optical properties of coated spheres. Optical
properties are simulated from 0.2 to 2 mm particle diameter
and include the use of a look-up table of common spectral
refractive indices. The numbers are taken from the litera-
ture. Spectral aerosol optical properties can be calculated for
wavelengths from about 200 nm up to 20 mm. The calcu-
lations with the aerosol optical model require the assump-
tion of a realistic chemical composition of the investigated
particles. Details are given by Petzold et al. [2009].
[31] We calculate absorption coefficients which are com-

pared with the PSAP measurements at the wavelengths 467,
530, and 660 nm. For this comparison, only the part of the
particle size distribution that enters the PSAP (r < 1.25 mm)
is considered in the aerosol optical model. The aerosol is
assumed to consist of an exclusively light-scattering compo-
nent, of one light-absorbing component with a weak spectral
dependence of the absorption coefficient, and of one light-
absorbing component with a strong spectral dependence of
the absorption coefficient like hematite [Petzold et al., 2009].
The refractive index of the mixed aerosol is determined by a
volume mixing rule. If the inverted PSAP signal at 467, 530
and 660 nm agrees within 3%with the observed PSAP signal,
we consider the match sufficient for the determination of
refractive index, size distribution, and optical properties.
Otherwise the iterative procedure is repeated by varying the
relative contributions of the aerosol components.
[32] In the end we obtain effective refractive indices

which then are used together with the complete size
distributions (up to radii of 50 mm) to calculate the optical
properties of the total aerosol size distribution. Variation

Table 2. Particle Parameters Measured With the Four Lidar Systemsa

Instrument

Backscatter Coefficient Extinction Coefficient Lidar Ratio Linear Depolarization Ratio

355 400 532 710 800 1064 355 532 1064 355 532 1064 355 532 710 1064

BERTHA x x x x x x x x x x � x
MULIS x x x x x x
POLIS x x x x
HSRL x x x x � x x

aThe lidar ratio at 1064 nm (circles) can only be estimated with the Klett method [Ansmann and Müller, 2005].
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studies of the input parameters show that the imaginary part
of the refractive index is determined with less than 25%
uncertainty with the above described method [Petzold et al.,
2009]. The real part of the refractive index varies between
1.546 and 1.556.
2.3.3. Particle Shape Effects
[33] The fundamental error source in these calculations

clearly is the assumption of spherical particle shape. How-
ever, we expect errors of only a few percent for data
products that describe integral properties of the particles,
i.e., particle extinction, scattering, and absorption coefficients,
Ångström exponents calculated from these quantities, and
single-scattering albedo [e.g., Wiegner et al., 2009].
[34] The effect of particle non-sphericity on the particle

sizing by light-scattering instruments was investigated in
several studies. For dust-like particles, Osborne et al. [2008]
show that in case of the PCASP which integrates light over
a scattering angle range of 35�–120�, the effect on particle
sizing is less than 10% to 20% with a tendency towards
undersizing. In case of the FSSP 300 which integrates over
a scattering angle range of 5�–12�, Borrmann et al. [2000]
used T-matrix calculations of cirrus particles. The authors
show that there is an oversizing for supermicrometer
particles, if Mie-scattering theory is applied. Lacis and
Mishchenko [1995] conclude from an analysis of particle
scattering phase functions that extinction by non-spherical
particles can be determined with acceptable accuracy by
Mie theory.
[35] Summarizing, if we determine optical properties that

are based on integrating particle phase function the errors can
be kept low. Nevertheless the effect of particle asphericity on
particle sizing has to be considered by careful quality
assurance of the inverted particle size distributions.
2.3.4. Refractive Index Determination
[36] The refractive index was not only inferred from the

PSAP measurements with aid of our optical particle model,
but was independently derived from the chemical and
mineralogical analysis of particles collected onboard the
Falcon and a second aircraft, Partenavia [Bierwirth et al.,
2009], and at the Tinfou ground station. This analysis was
performed on several thousands of individual particles by
scanning electron microscopy. Details of the analysis
technique are reported by Kandler et al. [2009]. On 19
May 2006, the refractive index could be determined for
particle radii in the range from 0.05 to 1.25 mm (airborne)
and from 0.05 to 12.5 mm (ground-based).
[37] For this particular day, approximately 12,900 indi-

vidual particles were investigated. It turns out that the
uncertainty in the real part of the complex refractive index
is small, since the major components of mineral dust do not
differ much in their real parts. The imaginary part has two
significant sources of uncertainty, the presence of minute
amounts of soot, and the uncertainty of the mineralogical
phase composition of iron compounds and their distribution
in the particle. The refractive index inversion of the PSAP
data from the airborne samples [Petzold et al., 2009]
indicates the presence of an absorbing component with a
spectrally flat wavelength dependence of the refractive
index. This behavior corresponds either to soot or to
kaolinite. However, the soot amounts required for the data
inversion were <1% of total mass which is below the
detection limit of the chemical analysis methods [Kandler

et al., 2009]. Therefore, soot is considered negligible for
dust samples collected well above ground in the dust layers.
2.3.5. Extinction Coefficients
[38] We derive particle extinction, scattering, and absorp-

tion coefficients on the basis of the particle size distributions
measured aboard the Falcon aircraft [Weinzierl et al., 2009].
The uncertainty of the extinction coefficients is approxi-
mately 20%. This uncertainty is caused by the uncertainties
of the refractive indices and the measured size distributions,
and is confirmed by comparison with extinction coefficients
measured with the HSRL at 532 nm [Weinzierl et al., 2009].
According to the minor influence of particle non-sphericity
on extinction coefficients [Lacis and Mishchenko, 1995]
potential deviations of extinction coefficients at near-infrared
wavelengths are most likely associated to uncertainties in the
complex refractive index data that are taken from the litera-
ture and which are needed to calculate the optical parameters
from size distributions.

2.4. Ground-Based Observations at Tinfou

[39] The most important data set that is used for our
comparison study comes from the airborne measurements
and the lidar instrumentation at Ouarzazate. We shall use,
however, also results from observations at the Tinfou site, as
they provide us with some important additional information
on dust properties. The dust plume was vertically well
mixed on 19 May 2006. Air transport on that day was from
east to west. We assume that the dust conditions at Ouarza-
zate and Tinfou were similar.
[40] Particle number size distributions at Tinfou were

determined with a combination of a Differential Mobility
Particle Sizer (DMPS) and an Aerodynamic Particle Sizer
(APS) inside a container laboratory. A detailed description
of these instruments and the data evaluation is given by
Schladitz et al. [2009]. The measurements cover the radius
range from 10 nm to 5 mm (aerodynamic radius). Particles
larger than 5 mm, respectively 3.8 mm of geometric radius
were separated with a PM-10 inlet, which was mounted
above the container roof. The complex refractive index is
also derived from a chemical and mineralogical analysis of
particles collected at the Tinfou ground station [Kandler et
al., 2009].
[41] The spectral particulate absorption coefficient and

the imaginary part of the complex refractive index were also
derived from measurements with a spectral optical absorp-
tion photometer (SOAP). Details of the method are dis-
cussed by Müller et al. [2009].
[42] SOAP provides the particle absorption coefficient on

the basis of particles collected on a fiber filter and a
radiative transfer model. The imaginary part of the complex
refractive index then follows by using the absorption
coefficient and the particle number size distributions mea-
sured downstream of the PM-10 inlet [Schladitz et al., 2009],
and applying an inversion code.
[43] A crucial constraint of this method is that the real

part of the refractive index is set to 1.53 for all wavelengths.
This assumption however seems justified. Schladitz et al.
[2009] show that a real part of the refractive index of 1.53
gives the most reasonable results. We point out that lower
real parts are derived with the AERONET algorithm.
[44] The error of the imaginary part is wavelength de-

pendent and amounts on average to about 173% at 800 nm
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wavelength, 65% at 550 nm wavelength, and 53% at 400 nm
wavelength. We varied the real part of the refractive index of
1.53 within ±5%. We consider that variation as a reasonable
range of uncertainty in our analysis. A variation of ±5%
generates an uncertainty of 3%–7% in the imaginary part,
which is negligible in view of the other uncertainties.

3. Results

3.1. Time Series of Optical Depth
and Ångström Exponents

[45] Figure 1 shows the time series of optical depth
measured with the AERONET instrument during our 4-week
field mission. A detailed discussion of optical depth is
given by Toledano et al. [2009]. Daily mean optical depth at
501 nm varied from as low as 0.1 to maximum values of
0.65. Individual measurements show values as high as 0.8.
That variation of optical depth occurred in pulse-like
periods of approximately 6–7 days duration, during which
optical depth increased to its maximum value and then
decreased again.
[46] Figure 1 also shows the particle Ångström exponents

calculated for three wavelength pairs. The numbers mostly
vary between 0 and 0.4, which indicates relatively large par-
ticle radii. Only on a few days, characterized by low optical
depths, the Ångström exponents are larger than 0.4, which
indicates smaller particles. From the low optical depths on
those days (around 0.1 at 501 nm) we estimate measurement
uncertainties of the Ångström exponents [Hamonou et al.,
1999] of the order of 0.1 (absolute value) for the wavelength
pair 380/501 nm. We suppose that there were nearly pure

anthropogenic pollution conditions during those comparably
short periods of low optical depth. Ouarzazate is located near
the Draa Valley, which covers an area of approximately
23,000 km2. The valley is a region of rather intense agricul-
tural activity to the east of the Atlas mountain range. Traffic is
considerably higher than in most other parts of southeastern
Morocco. Yet small traces of dust are always present, and the
presence of comparably few particles in the coarse mode
fraction should lead to Ångström exponents smaller than 1.
We did not carry out aircraft missions over Ouarzazate for
further investigations of these clean aerosol situations.

3.2. Case Study, 19 May 2006: Profiles
of Optical Properties

[47] We selected 19 May 2006 for our case study. On that
day all measurement platforms acquired data. The Falcon
aircraft carried out coordinated observationswith our ground-
based lidar systems.
[48] Sun photometer observations show that optical depth

varied little during that day. Optical depth was 0.35 at 501 nm
in the morning (0639 UTC) and peaked at 0.42 at noontime
(1155 UTC). Those values are high enough for a trustworthy
retrieval of particle microphysical properties with the
AERONET inversion algorithm [Dubovik et al., 2000].
[49] Time-height cross-sections of the dust plume were

acquired with the HSRL between Casablanca and Ouarza-
zate. The dust was probed in situ during the ascent over
Casablanca and the descent over Ouarzazate. Furthermore,
the Falcon sampled dust in situ in the vicinity of Ouarzazate
on constant-altitude sequences of about 10–15 min duration
at altitudes of 3247 and 4853 m asl. These constant-altitude
sequences were selected according to the vertical structure
seen by the HSRL. The distance of closest approach between
the Ouarzazate station and the Falcon transect was approx-
imately 17 km during the overpass of the aircraft.
[50] Particularly the airborne observations with lidar

allow us to check the horizontal and vertical homogeneity
of the dust plume, in terms of optical particle properties, on a
large spatial scale. We compare column-integrated properties
derived from solar-pointing Sun photometry observations
with (1) vertically resolved lidar observations, (2) line-like
constant level airborne, and (3) point-like, ground-based in
situ measurements.
[51] Figure 2 shows that the plume was rather well mixed

along the flight path of the Falcon. We also show for
illustration a time-height plot of the range-corrected back-
scatter signal (particles + molecules) taken with the IfT lidar
at 1064 nm, and profiles of potential temperature and
relative humidity acquired with radiosonde at the Ouarza-
zate field site. A detailed discussion of that measurement
case andmore examples are presented by Tesche et al. [2009].
[52] The time series shows that the plume did not change

its vertical structure (expressed in terms of the range-
corrected backscatter signal) at the field site during the
period of interest. Traces of dust were detected to approx-
imately 5 km asl in the morning hours. The top height of the
dust layer increased to approximately 5.6 km asl in the
evening. According to the profiles of potential temperature
the dust plume was well-mixed. Relative humidity was low
enough as to exclude any effects from particle growth.
[53] Clouds were not detected with the ground-based

lidars during the time that we selected for our comparison

Figure 1. Time series of (a) dust optical depth measured
at 379, 501, 1021, and 1638 nm from 11 May to 10 June
2006, and (b) Ångström exponents for the wavelength
pairs 379/501 nm, 501/869 nm, and 501/1638 nm. Each
symbol denotes the mean value of one measurement day.
The error bars (one standard deviation) in Figure 1a denote
the variation of the individual optical depth measurements
on each day. We took between 3 and 43 individual
measurements per day.
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study (1000–1200 UTC). Visual inspection of the sky
during the time of observations did not show clouds either.
The cloud detection algorithm of the AERONET Sun
photometer also did not indicate clouds. During the flight
time 1106–1114 UTC the lidar signals of the airborne
system did not indicate presence of clouds either.
[54] Figure 5 of Tesche et al. [2009] shows backward

trajectory ensembles. Arrival heights of the airmasses are
from the ground to 400 hPa at the Ouarzazate lidar station.
The source region of the dust was located in Algeria and
Libya. Knippertz et al. [2009] explain in detail possible
mechanisms that may have led to the injection of dust. The
authors identify cold surges from the Mediterranean Sea in
association with eastward passing upper-level waves and lee
cyclogeneses south of the Atlas Mountains as one main
source of emission events. Other reasons are local emissions

caused by a distinct cutoff low over northwestern Africa and
gust fronts associated with dry thunderstorms over the
Malian and Algerian Sahara.
[55] We can test the homogeneity of the dust plume along

the vertical scale at the field site in much more detail on the
basis of our four lidar systems. Figure 3 shows profiles of
particle backscatter and extinction coefficients, Ångström
exponents, lidar ratios and linear particle depolarization
ratios at several wavelengths. Figure 3 gives us the strongest
argument that a comparison of the various measurement
platforms will not suffer from strong vertical and temporal
changes of the dust plume properties.
[56] Particle backscatter profiles vary only little

with height. We measured values around 1.5 Mm�1 sr�1

(1 Mm = 106 m = 103 km) below 3.5 km height asl, and
slightly higher values up to 2.2 Mm�1 sr�1 around 4 km

Figure 2. (top) Time-height variation of the range-corrected depolarization signal (particles plus
molecules) at 1064 nm, measured along the flight leg indicated on the x axes. (bottom) Time-height
variation of the range-corrected backscatter signal (particles plus molecules) at 1064 nm, measured with
the six-wavelength lidar of IfT at Ouarzazate airport from 1000 to 1200 UTC on 19 May 2006. Single
profiles were acquired with 30 s temporal resolution and 60 m vertical resolution. Also shown are profiles
of relative humidity (RH), temperature (T) and virtual potential temperature (Qv). The data were taken
with a radiosonde (Vaisala RS-92) launched at 1038 UTC at the Ouarzazate lidar station.
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height asl. The particle backscatter coefficient drops to
negligible values around 5.2 km height asl. Extinction
coefficients vary around 90 Mm�1 up to 3.5 km height
asl. Above that height we find a layer with slightly higher
extinction coefficients of up to 120 Mm�1. We derive an
optical depth of 0.35–0.37 at 532 nm wavelength from the
different lidar instruments (BERTHA, HSRL, MULIS).
The differences of the profiles in part can be attributed to
different overlap correction functions that are applied to
the various lidar instruments.
[57] Particle Ångström exponents are a function of parti-

cle size [Ångström, 1964]. Backscatter-related Ångström
exponents for the wavelength pair at 532/1064 nm vary
around 0.25 ± 0.1. This variation, keeping in mind mea-
surement uncertainties of 20%–40%, corroborates the
assumption of a comparably well-mixed dust plume.
[58] The lidar ratio depends on particle size, complex

refractive index, and particle shape. The lidar ratio remains
constant with height. We find mean values around 55 sr at
532 nm from the HSRL observations. Similar values are
found from the ground-based lidar stations [see Tesche et al.,
2009]. A comparison of the measured lidar ratios to com-
putations of the lidar ratio on the basis of AERONET
retrieval products is presented in part two our paper [Müller
et al., 2010].
[59] The particle depolarization ratios are comparably

constant throughout the investigated height range. A de-
tailed overview on the linear depolarization ratio measure-
ments is given by Freudenthaler et al. [2009].

[60] The height independence of the various profiles
suggests that the particle complex refractive index did not
vary significantly with height during the measurement time.
This assumption is corroborated by the refractive index
derived from the Falcon measurements [Petzold et al.,
2009] which show similar refractive indices (within 10%)
at 3247 and 4853 m altitude asl.
[61] The finding that intensive dust optical parameters,

i.e., particle Ångström exponents, lidar ratios, and depolar-
ization ratios do not change with height is an important
result. In that case we do not have to deal with averaging
effects that may arise, if we want to compare column-mean
values of intensive optical and microphysical particle prop-
erties from the Sun photometer inversion algorithm to
respective quantities that we derive from our height-re-
solved lidar and in situ observations.
[62] Our second conclusion is that the height variation of

the extensive optical parameters, i.e., particle backscatter
and extinction coefficients must largely result from a height
dependence of particle number concentration. Figure 3
shows that this variation is comparably low. The airborne
measurements show that particle number concentration over
Ouarzazate was slightly higher at 4 km height asl compared
to the lower altitudes.

3.3. Microphysical Properties of Dust

[63] We obtain a highly complex picture of dust optical
and microphysical properties. For that reason we apply a
color-symbol-coded presentation to the results in all sec-
tions that follow. The colors and symbols are explained in

Figure 3. (a) Profiles of particle backscatter at 532 nm (BERTHA is dark green (thick line); HSRL is
light green (thin line with error bars); MULIS is olive (thin line)) and (b) particle extinction coefficients at
532 nm measured with HSRL during the overpass over Ouarzazate and derived from BERTHA by
multiplying the BERTHA-measured particle backscatter profile with 55 sr. (c) Profile of the particle lidar
ratio at 532 nm. The profile was taken with HSRL. (d) Profile of the Ångström exponent calculated from
the wavelength pair at 532/1064 nm of the particle backscatter coefficients (from BERTHA). (e) Profiles
of the particle depolarization ratio at 355 nm (POLIS is blue), 532 nm (MULIS is olive; HSRL is light
green), and 1064 nm (HSRL is black). Measurement times were from 1059 to 1119 UTC (POLIS), 1104
to 1114 UTC (MULIS), and 1109 to 1115 UTC (HSRL). During that measurement time the aircraft was
in the area between 30.57�N and 31.2�N and between 7.0�W and 7.05�W. The mean flight altitude was
9.35 km asl. Uncertainty bars denote one standard deviation, except for the profiles of particle
depolarization. A discussion on how the error bars for the latter case were derived is given by
Freudenthaler et al. [2009]. The laser beams of MULIS and POLIS were tilted under 30�, and 2� off
zenith, respectively. The laser beam of BERTHA was tilted under 45�.
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the appendix. Briefly, different colors denote the different
measurement platforms and/or techniques (Sun photometer,
airborne lidar, ground-based lidar, airborne in situ, airborne
single-particle analysis, ground-based single-particle analy-
sis, SOAP at the ground). The symbols for each technique
(same color) then denote different measurements times (Sun
photometer measured several times on that day) or flight
levels (aircraft) or size ranges (single-particle analysis with
various cut-off radii).
3.3.1. Particle Size Distribution
[64] Mineral dust aerosol has a considerable fraction of

coarse mode particles. The discussion of size distributions
measured by different methods and on different platforms
requires careful consideration of the cut-off properties of
applied methods and inlet systems. The characteristic values
of the respective inlet systems are briefly summarized
before we present the results: The ground-based measure-
ments of size distributions with a DMPS-APS combination
used a PM-10 inlet, i.e., only particles with geometrical
radii <3.8 mm were sampled. Ground-based measurements
of size distributions from impactor samples cover a radius
range of 2–250 mm. Airborne measurements of dust par-
ticles by means of optical particle counters are limited to
maximum radii of 50 mm. Most important, the comparison
of ground-based DMPS-APS data with data from impactor
analyses and from airborne measurements has to consider
the fact that the DMPS-APS size distributions miss the
major part of the coarse mode fraction of the dust size
distributions. In contrast, the AERONET algorithm retrieves
particles with radii as large as 15 mm. The minimum particle
radius considered in the retrieval is 0.05 mm.
[65] Figure 4 shows particle volume size distributions

derived with Sun photometer, measured aboard the Falcon
aircraft, and measured at the Tinfou site. It must be stated
very clearly that we only present the Tinfou results because
these data show us the fine mode fraction (anthropogenic

pollution), but not the coarse mode fraction of the size
distribution. These measurements serve as a comparison to
the fine mode fraction retrieved with the Sun photometer.
[66] The AERONET observations did not show a signif-

icant change of optical depth between 0649 UTC (start of
Sun photometer measurements) and 1107 UTC (overflight of
the Falcon aircraft). The uncertainty bars of the AERONET
results denote the variation (in terms of one-standard devia-
tion) of the mean values retrieved for the four time steps.
[67] The size distributions from Falcon represent the

average of a 5 min measurement time, which is equivalent
to a horizontal distance of approximately 60 km. We point
out that the size distributions shown here slightly differ
from the parameterized particle size distributions shown in
Table 4 of Weinzierl et al. [2009]. The data presented here
were screened once more in a quality test.
[68] The size distribution at the Tinfou site represents the

mean of 48 individual measurements on 19 May 2006. The
uncertainty bars describe the variation of the individual size
distributions (mean value) in terms of one-standard deviation.
[69] As stated before we detected particles up to 50 mm

geometrical radius with the airborne instruments. The dif-
ference in the upper cutoff sizes, compared to the ground-
based measurements, is the main cause of the differences in
the volume size distributions observed at Tinfou and aboard
the Falcon aircraft. Comparisons with ground-based mea-
surements on the basis of single-particle analysis of the entire
size range show close agreement between data from Tinfou
and from the Falcon platform [Weinzierl et al., 2009].
[70] AERONET and Falcon resolve well the coarse mode

fraction of the volume size distribution above approximately
0.5 mm particle radius. But with regard to the large particles
there is a gross difference between the AERONET and the
Falcon data. The distributions provided by the Falcon aircraft
are shifted to larger particle radii compared to what we obtain
from the AERONET measurements. Furthermore the peak
value of the volume size distribution is considerably higher
compared to the peak that is obtained from the AERONET
retrieval.
[71] The reason for this inconsistency is not clear. On the

one hand, Dubovik et al. [2006] present results of dust
particle size distributions that agree well to data from
laboratory measurements. Results on dust size distributions
are also presented by Dubovik et al. [2002a].
[72] On the other hand similar differences regarding

mineral dust size distributions are reported by McConnell
et al. [2008] for the Dust Outflow and Deposition to the
Ocean (DODO) experiment. The authors compare size
distributions measured in situ with optical spectrometers
and size distributions retrieved from AERONET measure-
ments. Both methods show reasonable agreement for par-
ticles in the accumulation mode at radii greater than 0.2 mm.
However, a lower number of particles in the coarse mode
fraction was derived with the AERONETalgorithm compared
to what was obtained from observations with the optical
spectrometers, see Figure 7 in McConnell et al. [2008].
[73] The measurements aboard the Falcon aircraft did not

indicate any significant contribution of particles with radius
>15 mm on that day. The term significant means that the
measurement signals were below the detection limit of 10�2

of the optical particle counters. Significant number concen-
trations of particles with radius >15 mm were detected

Figure 4. Particle volume size distributions (particle
radius holds for volume-equivalent spherical particles)
derived from AERONET Sun photometer measurements
(squares) at four time steps (0649:19, 0711:50, 0801:35, and
0829:46 UTC) on 19 May 2006, measured aboard the
Falcon aircraft during the overflight over the Sun photometer
site at 3247m asl (green circles) and 4853m asl (green boxes)
around 1107 UTC, and measured with in situ instruments at
the Tinfou site from 0000 to 2400 UTC on 19 May 2006
(black circles).
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during measurement flights on other days [Weinzierl et al.,
2009]. For this reason we think we can exclude the
possibility that the cut-off of 15 mm particle radius which
is used in the AERONET inversion algorithm may be a
reason for the observed differences.
[74] At first look the results for the fine mode fraction

observed with AERONET and the in situ platforms (Falcon,
Tinfou) agree acceptably well. We find a low concentration
of particles in the fine mode fraction of the size distribution.
Table 3 summarizes the results for the measured particle
size distributions in more detail. Shown are the results for
particle effective radius, and number and surface-area and
volume concentration. We must consider that the different
measurement platforms possess variable sensitivity to the
different particle sizes. For that reason the numbers in Table
3 are given for different parts of the particle size distribution.
The AERONET and Falcon observations deliver very differ-
ent values for the four parameters, depending on the size
range that is used in the calculation of the parameters.
[75] Particle effective radius derived from the AERONET

observations for the total particle size distribution (15 mm
maximum particle radius) is about a factor 5 lower than the
value that we obtain from the Falcon measurements (also
15 mm maximum particle radius). Number concentration
from AERONET is about a factor 3 higher than number
concentration from the Falcon measurements. Surface-
area concentration differs by about 15%. Volume concen-
tration from AERONET is a factor four lower than volume
concentration measured aboard the Falcon aircraft.
[76] With regard to the effective radius of the coarse

mode fraction of the particle size distribution, which we
define in this study for particles with radii above 0.5 mm, we
find a factor 2.5 difference from AERONET and Falcon
measurements. Number concentration in that case is similar,
but again volume concentration differs.
[77] If we only look at the fine mode fraction (particles

with radii <0.5 mm) we find a factor 2 difference for effec-
tive radius. The AERONET retrieval delivers nearly a factor
3 higher number concentration than what we obtain from
the Falcon observations.
[78] For comparison we also show results for the fine

mode fraction measured at ground at Tinfou. Figure 4
shows the 24 hour mean volume size distribution of the
fine mode fraction measured at Tinfou on 19 May 2006.

[79] The use of a PM-10 inlet limited the maximum
detectable particle aerodynamic radius to 5 mm, which is
equivalent to a geometric particle radius of 3.8 mm. It means
that we cannot resolve the coarse mode fraction. However
the fine mode of the particle size distribution, i.e., particles
with radii up to approximately 1 mm, can be reliably
detected with such a particle inlet system. Table 3 shows
a factor of 3 less particles in the fine mode fraction
compared to the AERONET results.
[80] In summary, particle sizing methods at ground and

on board the Falcon yield similar total number concentra-
tions although the data originate from different sites, Ouar-
zazate (Falcon) and Tinfou (ground-site). The AERONET
results differ to both methods by almost the same factor.
[81] In this study we use a new AERONET measurement

channel at 1638 nm. The new channel was not well-
calibrated for this study, and may therefore introduce
additional uncertainties of the derived data products. We
estimate that uncertainty by analyzing our data with the
AERONET retrieval algorithm including the data of the new
measurement channel at 1638 nm, and a second time with
the standard AERONET procedure excluding the channel at
1638 nm.
[82] Table 4 shows the percentage deviation of the

parameters of the particle size distributions that may arise
from using the new measurement channel. The parameters
that we derive with and without the new measurement
channel do not differ significantly. The differences are less
than 5% in each case, and thus cannot be the reason for the
strong differences between AERONET and Falcon results.
[83] The quality of the airborne size distributions meas-

urements has been evaluated by Weinzierl et al. [2009] in
the context of an intercomparison of particle extinction
coefficients calculated from the in situ measured particle
size distributions with the extinction coefficient measured
directly with the HSRL. All calculations were done under the
assumption of spherical particle shape, i.e., Mie-scattering
theory was applied.
[84] With respect to the airborne measurements at 4853 m

asl (3247 m asl), we find a deviation of 12% (7%) between
the HSRL extinction coefficient measurements and the Mie-
scattering calculations. The calculated values being higher.
Considering the time off-set of about one hour between
HSRL and in situ measurements and the rather low devia-

Table 3. Parameters of Particle Size Distributions Measured Aboard the Falcon Aircraft, and Derived With the Retrieval Algorithm of

AERONETa

Total Size Distribution Coarse Mode (Radius > 0.5 mm) Fine Mode (Radius < 0.5 mm)

AERONET Column

Falcon

AERONET Column

Falcon

AERONET Column

Falcon

Tinfou Ground3247 m 4853 m 3247 m 4853 m 3247 m 4853 m

reff (mm) 0.65 3.4 3.2 1.62 4.3 3.8 0.12 0.21 0.23 0.23
ntot (1/cm

3) 1754 680 439 7.5 6 7 1746 675 432 516
atot (mm

2/cm3) 268 232 241 94 181 199 175 52 44 49
vtot (mm

3/cm3) 58 265 256 51 261 253 7 3.5 3.3 3.7
aWe show the results for the total particle size distribution, for the particles in the coarse mode fraction, and for the fine mode fraction. The parameters

from AERONET represent the mean of the results acquired from observations at 0649:19, 0711:50, 0801:35, and 0829:46 UTC on 19 May 2006. The dust
layer extended from station elevation (1150 m) to 4750 m, which is equivalent to a geometrical depth of 3600 m of the dust layer, see Figure 3. The
parameter reff denotes effective radius. The term vtot denotes volume concentration of the particle size distribution. The expression atot denotes the surface-
area concentration, and ntot is the number concentration of the particle size distribution. The flight altitude of the aircraft was 3247 and 4853 m asl. With
regard to the Falcon data and the data taken at Tinfou we use 0.5 mm particle radius as separator for the fine mode and the coarse mode fraction. Minimum
particle radius is 10 nm for the measurements at Tinfou. The coarse mode fraction of the aircraft data consists of particles in the radius range from 0.5 to
14.9 mm (3247 m asl) and from 0.5 to 15.5 mm (4853 m asl). Minimum particle radius is 7.5 nm for the measurements aboard the Falcon.
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tion, both methods can be considered in good agreement for
that specific day. Weinzierl et al. [2009] performed the
extinction closure for other days. We find even better
agreement for these measurements.
[85] The differences between AERONET retrievals and in

situ aircraft measurements cannot be satisfactorily explained
if our assumption of vertical and horizontal homogeneity of
the observed dust plume is true. With regard to the aircraft
in situ measurements we can also rule out that measurement
uncertainties or problems with the instruments or the
particle inlet system have lead to any significant reduction
of the particle volume concentration.
[86] The volume size distributions as well as other

parameters, e.g., complex refractive index, that are derived
with the AERONET algorithm, are so-called indirect data
products. That means these parameters are derived from the
radiation fields that are observed with the instrument. The
dust particle properties that we derive with the AERONET
algorithm reproduce the measured angular (�30 different
angles) and spectral distribution of radiation (at the mea-
surement wavelengths).
[87] For that reason, in a strict sense our comparison

study is incomplete. A more complete way is that we also
take particle size distributions measured aboard the Falcon
aircraft, as well as the complex refractive index, feed them
into the AERONET retrieval algorithm and simulate the
corresponding radiation field that is observed with the
AERONET instrument. Only this strict forward-backward
validation study will hopefully give us final hints to the
possible reason of the differences regarding the particle size
distribution.
[88] The AERONET retrieval algorithm is not available

to us. We are currently doing sensitivity studies with a
different radiative transfer code for studying the radiation
field.
3.3.2. Complex Refractive Index
[89] Figure 5 shows our results for the complex refractive

index. Complex refractive indices of mineral dust have
previously been presented by Dubovik et al. [2002a].
[90] We determined that parameter from our airborne in

situ measurements in two ways. Analysis of the mineralogy
of single particles which were collected with the aircraft,
provides us with one set of numbers. We analyzed 12,900

particles in the particle radius range from 0.05 to 1.25 mm.
The methodology is described in detail by Kandler et al.
[2009]. In the following discussion we show that this
technique does not suffer from the cut-off of large particles.
Therefore, we believe that we obtain trustworthy numbers
for the complex refractive index.
[91] The different symbols (dark blue, single-particle

analysis aboard the Falcon) in Figure 5 denote the complex
refractive index for different particle radius ranges. We
show results for the radius range 0.05–0.25 mm (Figure 5,
open triangle upward), 0.25–0.5 mm (Figure 5, open
triangle downward), and 0.5–1.25 mm (Figure 5, open
hexagon).
[92] We also analyzed the mineralogy of particles larger

than 1.25 mm in radius (collected at the ground station at
Tinfou). The different symbols (light blue) in Figure 5
denote the complex refractive index in the particle radius
range of 0.05–0.25mm (open triangle upward), 0.25–0.5 mm
(open triangle downward), 0.5–1.25 mm (open hexagon),
1.25–2.5 mm (open diamond), 2.5–5 mm (open square),
and 5–12.5 mm (open star).
[93] Below 0.25 mm particle radius we find a volume

contribution of approximately 50% sulfate and 50% silicate
[Kandler et al., 2009], and a small volume contribution (in
the low single digits) of soot [Müller et al., 2009]. The
chemical composition is not very variable for particle radii
>0.25 mm up to 25 mm particle radius. Accordingly the
various curves that are described with different symbols but
same color are nearly on top of each other.
[94] We mostly find silicates, some contribution from

quartz and calcite, and promilles of soot. Above 25 mm
particle radius we find a volume contribution of 50% quartz.
[95] The results are similar for the aircraft measurements

(Figure 5, dark blue curves). Thus, on the basis of the
chemical composition, we should in fact find similar com-
plex refractive indices of particles above and below 1.25 mm
radius.
[96] The Sun photometer data and the in situ observations

show that real and imaginary part depend on measurement
wavelength. Figure 5a shows that the Sun photometer-
derived mean values of the real part are significantly less
than 1.5 throughout the range of measurement wavelengths.
That result does not change, if we neglect in our analysis

Table 4. Percentage Deviation of Particle Optical and Microphysical Parameters Determined From the AERONET Data Including the

Measurement Channel at 1638 nm and Without the Channel at 1638 nma

Parameter

Deviation (%)

Total Fine Mode Coarse Mode

Effective radius 2.5 2.4 3.3
Number concentration �1.9 �2 11
Surface-area concentration �2.0 �1.1 �2.6
Volume concentration 0.6 1.3 0.7

Parameter

Deviation at Measurement Wavelength (%)

441 nm 675 nm 875 nm 1021 nm

Real part of complex refractive index 0.5 �0.3 0.1 0.3
Imaginary part of complex refractive index �18.0 19.3 19.6 23.0

aPositive values indicate that the respective parameter is larger if the measurement channel at 1638 nm is used. With respect to mean and integral
properties of the particle volume distribution we show the results for the total size distribution, for the fine mode fraction (below 0.5 mm particle radius),
and for the coarse mode fraction (above 0.5 mm particle radius).
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the Sun photometer data at 1638 nm, see Table 4. We find
systematically higher values above 1.5 with the other mea-
surement methods.
[97] Figure 5b shows the imaginary part of the refractive

index. Above approximately 650 nm wavelength the imag-
inary parts determined from the AERONET algorithm
(Figure 5b, black symbols) are higher than the imaginary
parts determined from single-particle analysis of the miner-
alogy. The fact that the light blue and dark blue symbols are
nearly on top of each other indicates that the mineralogy of
particles collected aboard the Falcon and at ground at Tinfou
is nearly the same.
[98] The wavelength-dependence of the imaginary part

determined with the AERONET algorithm (Figure 5b, black
symbols) for the wavelength range from 300 to 800 nm is
less pronounced than the wavelength dependence that we
obtain from the single-particle analysis of particle mineral-
ogy (Figure 5b, dark blue and light blue symbols).
[99] This wavelength dependence of the imaginary part,

derived with the AERONET instrument, becomes stronger
if we neglect the measurement channel at 1638 nm, see
Table 4. In that case the imaginary part is approximately
20% higher at 441 nm, whereas it decreases by approxi-
mately 20% at 675, 869, and 1021 nm.
[100] The Tinfou absorption spectrometer value at 450 nm

(Figure 5b, red open square) is slightly larger than the

AERONET result (observe that the scale of the y axis is
logarithmic). The imaginary parts derived from the AERO-
NET instrument and from SOAP agree well for the wave-
length range from 500 to 800 nm. The imaginary parts from
the Falcon measurements (Figure 5b, green open circles;
467, 530, and 660 nm) are also very similar to the results
from the AERONET instrument. As mentioned, the Falcon
data only present the particle size distribution up to a
maximum particle radius of 1.25 mm, but according to
single-particle analysis there are no significant differences
of the mineralogy of particles below and above 1.25 mm
radius.
[101] One striking feature in Figure 5b is the strong

wavelength disparity of the imaginary parts obtained from
the AERONET retrieval, the Falcon retrievals (Figure 5b,
green symbols) and the SOAP data on the one hand, and
the results from single-particle analysis on the other hand.
One explanation may be as follows.
[102] The AERONET instrument, as well as the aircraft

instruments and the SOAP instrument at Tinfou detect the
total particle mixture. The total particle mixture, which is
measured by the electron-microscopic single-particle analy-
sis, includes nearly all of the inorganic components [Kandler
et al., 2009], and it may include strongly light-absorbing
particles such as soot. The chemical analysis of the collected
particles uses X-ray fluorescence methods [Kandler et al.,

Figure 5. (a) Real part and (b) imaginary part of the complex refractive index determined from
AERONET Sun photometer data (black symbols). The data points represent the measurements taken
at 0649:19 UTC (open squares), 0711:50 UTC (open circles), 0801:35 UTC (open diamonds), and
0829:46 UTC (open hexagon). Complex refractive index derived from analysis of the mineralogy of
single particles collected aboard the Falcon aircraft (dark blue symbols) and particles collected at Tinfou
(light blue symbols). The different symbols denote the complex refractive index of different particle
radius ranges, see main body of text. Complex refractive index (open green square: height range 4853 m
asl; open green circle: height range 3247 m asl) obtained from the airborne in situ observations, see
section 2.3. With the exception of the ground-based results at the Tinfou site, the parameters are only
representative of particles with radii <1.25 mm. Imaginary part (red symbols) derived from observations
of dust with an optical absorption spectrometer at Tinfou. One set of numbers follows from the total
absorption coefficients (open red diamonds). The second set of numbers describes the contribution of
pure dust (open red circles). The mean values denote the most likely values. The uncertainty bars
describe extreme values, i.e., maximum and minimum reasonable value.
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2009], which are not able to resolve minute amounts of
soot. Thus we only consider the pure dust contribution in
the mineralogical single-particle analysis. The presence of
soot is indicated by results from absorption photometry
[Müller et al., 2009; Petzold et al., 2009] at the ground and
in the air.
[103] Müller et al. [2009] show that for the ground-based

measurements soot is a trace component and occurs for

particles smaller than 500 nm only. This possible error
source is corroborated by the following sensitivity test. If
we correct the signals from the absorption spectrometer
for the soot content we arrive at the open red circles which
show better agreement to the results from microscopy
analysis. A detailed description of that soot correction is
given by Müller et al. [2009].

3.4. Extinction, Scattering, and Absorption
Coefficients

[104] In this section we present particle extinction coef-
ficients, particle scattering coefficients, particle absorption
coefficients, and the Ångström exponents derived from the
optical coefficients. The parameters describe particle surface-
area-weighted properties of the investigated particle size
distributions. Particle shape has only minor influence on
the optical properties.
[105] As mentioned previously, the mineral dust plume

was rather well mixed on 19 May 2006. The gradient of
virtual potential temperature was zero in the dust plume, see
also Figure 2. We do not expect that the mixing state of the
dust plume is the main cause for differences of the
parameters that we obtain from the column observations
with Sun photometer, the vertical profiling with lidar, and
the Falcon observations at different flight levels.
[106] As already stated in section 2 the extinction, scat-

tering, and absorption coefficients are derived from the size
distribution data, and rely on the input complex refractive
index data from literature. For the visible spectral range we
find good agreement. Comparison with HSRL data indicate
an uncertainty <20%.
[107] Literature values of the complex refractive index

may be affected with strong errors at the infrared wave-
lengths. There are no independent optical data available for
a quality assurance of the optical properties that we calcu-
lated with Mie-scattering theory.
[108] Figure 6 shows column-mean particle extinction

coefficients measured with Sun photometer. Also shown
are the column-mean values of the particle scattering and
the particle absorption coefficients. We obtain the latter two
quantities on the basis of the derived particle size distribu-
tions and the complex refractive indices. We calculated the
mean values by using a geometrical depth of 3600 m for the
dust plume, see Figure 3.
[109] Particle extinction coefficients were measured with

the rotational Raman channels of the BERTHA lidar and
the high-spectral-resolution channels of the Falcon lidar at
532 nm, see Figure 3. These profiles can be retrieved down
to the ground. We calculated mean extinction values at
355 nm and 1064 nm on the basis of measurements of the
elastic backscatter signals with all four lidar systems. The
values at 355 nm are obtained with the assumption of a
particle extinction-to-backscatter ratio of 53 sr. The numbers
at 1064 nm are calculated with the assumption of a particle
extinction-to-backscatter ratio of 55 sr. We find excellent
agreement of the dust-column-mean particle extinction
coefficient measured with the AERONET Sun photometer
and with our lidar systems.
[110] Figure 6 shows particle extinction coefficients de-

rived from airborne measurements (the light green and dark
green symbols). The data are available for the two flight
altitudes at 3247 and 4853 m asl. We scaled the numbers of

Figure 6. (a) Particle extinction, (b) scattering, and
(c) absorption coefficients derived from AERONET Sun
photometer measurements on 19 May 2006. Meaning of the
black symbols is the same as before. Particle light-absorption
coefficients were measured with the 3-wavelength PSAP
aboard the Falcon aircraft (light green symbols). Particle
scattering coefficients were calculated on the basis of Mie-
scattering theory from the airborne-measured particle size
distributions and the model described in section 2.3 (light
green symbols). Extinction, scattering, and absorption coef-
ficients derived from Mie-scattering computations with
airborne-measured particle size distributions, up to particle
radius 15 mm, are shown, too (dark green symbols). Shown
are the results for the flight leg at 4853 m (open light green
and dark green squares) and the flight leg at 3247 m height
(open light green and dark green circles). Particle extinction
coefficients were derived with the lidars at ground (closed
squares). Particle extinction coefficients were measured with
the airborne HSRL at 532 nm (downward pointing triangle
for flight altitude at 3247 m, and upward pointing triangle for
flight altitude at 4853 m).
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the optical parameters to ambient atmospheric conditions
[Weinzierl et al., 2009]. The airborne extinction measure-
ments at the three measurement wavelengths of the PSAP
are approximately 7%–12% larger than the extinction
coefficients measured with Sun photometer and lidar.
[111] Mie-scattering calculations on the basis of the entire

particle size distribution measured aboard the Falcon and
AERONET results for dust extinction and scattering coef-
ficients show large differences in the near infrared spectral
region. In contrast we find good agreement in the visible
spectral region. This wavelength-dependent difference sug-
gests that the complex-refractive-index data derived with
the AERONET algorithm or the refractive indices used in
the Mie-scattering calculations require improvements in the
near infrared wavelength range.
[112] The imaginary part of the complex refractive index

that is derived with the AERONET algorithm agrees well
with the value that is used for the Mie-scattering calcu-
lations. The strong difference in the absorption coeffi-
cients may be largely attributed to the differences in the
underlying particle size distributions.

[113] Figure 7 compares shape-independent intensive par-
ticle optical properties, i.e. Ångström exponents for particle
extinction, scattering, and absorption for different wave-
length pairs. The choice of wavelength pairs is constrained
by the measurement wavelengths of the various measure-
ment platforms.We believe that a quality test of the Ångström
exponents from the various measurement platforms is possi-
ble as the wavelength pairs are similar enough.
[114] Ångström exponents of particle extinction measured

with Sun photometer and derived from the daytime Raman
lidar observations agree well. In the case of the Raman lidar
we use the daytime profiles of the particle backscatter
coefficients and lidar ratios measured at nighttime. The
lidar ratios measured during SAMUM are nearly wave-
length independent. The two methods deliver Ångström
exponents between 0 and 0.5.
[115] The same range of numbers is found for the scattering

Ångström exponents which follow from the AERONET
retrievals (see Figure 7b). The Ångström exponents derived
from the Falcon measurements resulted, on average, in lower
numbers for the wavelength interval 450–700 nm.We obtain
slightly negative values from the Falcon aircraft measure-
ments, i.e., 0 to �0.5.
[116] With regard to the Ångström exponents of particle

absorption we find values of around 1.5 from the inversion
of the Sun photometer data. Values of around 2 are derived
from the data acquired with the Falcon aircraft.
3.4.1. Single-Scattering Albedo
[117] Figure 8 shows single-scattering albedo. The

AERONET observations result in a single-scattering albedo
of �0.9 at 441 and 501 nm. The single-scattering albedo
increases to �0.95 at near-infrared wavelengths, and then
drops again to 0.9–0.95 at 1638 nm wavelength. We obtain
nearly the same values for single-scattering albedo from the
absorption spectrometer measurements at Tinfou.
[118] Single-scattering albedo at 1638 nm is noticeably

lower than the values at 871 and 1021 nm. We believe that
this difference is caused by the higher calibration uncer-
tainty of the infrared channel, particularly if we take into
account that aerosol optical depth is lower at 1638 nm
compared to optical depth at the other wavelengths.
[119] Moreover, this uncertainty can propagate and affect

the retrieval results at the other measurement wavelengths.
We find slightly different values of single-scattering albedo,

Figure 7. Particle Ångström exponents derived from
(a) the particle extinction, (b) the particle scattering, and
(c) the particle absorption coefficients shown in Figure 6.
We use the following wavelength pairs for our compar-
ison: 355/532 nm (lidar; square) and 532/1064 nm (lidar;
triangle), 441/869 nm (AERONET Sun photometer
(SPM); circles), and 467/660 nm (Falcon; diamonds).

Figure 8. Single-scattering albedo determined from
AERONET Sun photometer data, Falcon in situ measure-
ments of particle size distributions, and SOAP. Color key
and data description as in Figure 5. Scattering coefficients
were calculated using Mie-scattering theory [Müller et al.,
2009].
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if we derive that parameter with the AERONET standard
retrieval algorithm which does not use data at 1638 nm, see
Table 4.
[120] The results from the Mie-scattering calculations

(Falcon) are consistently the smallest values. The different
single-scattering albedo values are mainly related to the
different particle size ranges considered in our study.
[121] Figure 9 shows the influence of the size range on

single-scattering albedo. Following the dependence of the
single-scattering albedo on the effective radius of dust
[Tegen et al., 2006], the single-scattering albedo decreases
with increasing particle size for a constant refractive index.
We may scale the results of the Mie-scattering calculations
for the effective radius of around 3–3.5 mm (measured
aboard the Falcon) to the value of 0.23 mm (reported for the
Tinfou site). This scaling shifts the single-scattering albedo
at 450 nm from 0.77 (total aerosol size distribution) to
approximately 0.90 for the PM-10 aerosol. This scaled value
is in close agreement with the values reported from the
ground-site and the AERONET measurements.

4. Discussion

[122] In this contribution we compare optical and micro-
physical properties of Saharan mineral dust observed in
Morocco during SAMUM 2006. Goal of this study is to
identify limitations of the measurement capabilities of the
various platforms and contradictions in the measured
parameters. We use the measurement on 19 May 2006 as
a case study. This measurement day was chosen as a case
study because it delivers high quality data from all SAMUM
stations involved in this study. One case study by far is not
enough to draw general conclusions on the performance of
the various stations. A statistical analysis still needs to be
done. The work carried out in the framework of this case
study provides us with the necessary insight for a more
thorough analysis of additional measurement days.

[123] We obtain agreement but also in part disagreement
for the various dust parameters. Time and space separation
between ground-based lidar, AERONET, and in situ aircraft
measurements is negligible since the flight patterns were
designed such that an overflight over the ground lidar and
AERONET station was possible. Remote sensing of the dust
layer by the airborne lidar requires overflight of the layer
whereas in situ sampling requires flying inside the layer. For
that reason there is a time shift. Data acquired with the
stationary ground lidars show that there were no significant
changes of dust properties during the probing. The differ-
ences between the methods cannot be attributed to time and
space separation of the sampling but rather to methodolog-
ical differences.
[124] In the following we first summarize the results for

the fundamental microphysical parameters, i.e., particle size
distribution and complex refractive index. Then we discuss
our findings for the shape-independent optical properties,
i.e., extinction, scattering and absorption coefficients, Ång-
ström exponents that can be derived from these extensive
optical particle properties, and single-scattering albedo.
[125] Particle volume size distributions retrieved with the

AERONET algorithm and measured aboard the Falcon
aircraft are different. Particle effective radius from the
AERONET algorithm turns out to be smaller, if we calculate
that same parameter from the complete size distribution
measured aboard the aircraft. On that day particles with
maximum radius of around 15 mm were detected aboard the
Falcon. The AERONET algorithm also uses particles with
radii up to 15 mm in the data analysis. Both methodologies
use rather similar lower limits of the particle radius in the
data analysis.
[126] The lower effective radius from AERONET is

caused by a lower volume concentration of particles in the
coarse mode fraction of the particle size distribution (par-
ticle radius from 0.5 to 15mm).We also find differences in the
fine mode fraction, i.e., below 0.5 mm particle radius. The
airborne observations show a much lower (factor 2.5–3)
number concentration of particles in the fine mode. Ground-
based in situ measurements of particle size distributions at the
second field site of SAMUM 2006 at Tinfou also show a
factor 3 lower number concentration of particles in the fine
mode fraction of the size distribution. Up to this point we
cannot explain the observed differences. Further sensitivity
tests, e.g., radiative transfer simulations are underway.
[127] We find differences with regard to the real part of

the complex refractive index. The AERONET results show
values below 1.5 throughout the used measurement wave-
length range (441–1638 nm). In contrast, we find values of
1.5–1.6 from the analysis of the chemical composition of
several thousand particles collected at ground at Tinfou as
well as collected aboard the Falcon aircraft. We identified
the pure elements and used tabulated values of these pure
substances to determine the real part of the particles.
Although in some cases these tables are rather old, we do
not believe that the tabulated values are responsible for the
observed differences. We find similar results for the real part
from the PSAP inversion scheme that was applied to the
airborne dust measurements.
[128] The imaginary part that is derived from the

AERONET instrument for wavelengths below 600 nm is
lower than what we obtain in that same wavelength range

Figure 9. Single-scattering albedo at the wavelength of
450 nm determined from AERONET (black squares), from
Mie-scattering calculations as a function of the effective
radius of the probed aerosol particles (green circles repre-
senting the two flight altitudes), and from the measurements
at Tinfou (red circle for the soot corrected value, and red
diamond for the uncorrected value). The AERONET results
are shown for the effective radius of the total particle size
distribution, and also for the coarse mode fraction of the dust
size distribution, see Table 3. The solid line represents the
parametrization of the dependence of the single-scattering
albedo on effective radius [Tegen et al., 2006] for dust from
the Bodélé depression.
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from the chemical analysis of single particles. At the same
time we find higher values from AERONET than from
single-particle analysis for wavelengths above 600 nm.
Single-particle analysis only considered pure mineral dust
particle. The AERONET instrument may have detected
traces of other particle substances which may lead to
differences in the observed imaginary part. This assump-
tion is corroborated by SOAP measurements at Tinfou
[Müller et al., 2009].
[129] We also derived the imaginary part from airborne

observations of particle size distributions, light-absorption
measurements, and volatility analyses with aid of an
aerosol optical model. Imaginary parts from the Falcon
instrument agree to the ones from the AERONET retrievals.
[130] Extinction coefficients are calculated with Mie-

scattering theory, i.e., spherical particle shape is assumed,
from particle size distributions measured aboard the Falcon
aircraft and the use of complex refractive indices that were
derived for the wavelength range from 467 to 660 nm. We
find extinction coefficients which are approximately 10%
larger for the Falcon-computed results between 467 and
660 nm, compared to the extinction coefficients measured
by lidar and Sun photometer. We find 60% larger values,
compared to the Sun photometer measurements, at infrared
wavelengths around 1600 nm.
[131] Sun photometer optical depths are typically mea-

sured to fairly high accuracies (better than 1%). Particle
extinction coefficients derived from Sun photometer optical
depths have low uncertainty, as we know the dust layer
geometrical depth from our lidar instruments fairly well.
The Mie-scattering calculations show strong deviations at
wavelengths larger than 660 nm. In our opinion these
deviations are caused by errors of the complex refractive
indices that were used in the calculations. The complex
refractive indices for the infrared wavelength range were
taken from literature, as discussed by Petzold et al. [2009].
This result indicates the need for a better knowledge of
complex refractive indices at infrared wavelengths.
[132] We also find deviations between particle scattering

and particle absorption coefficients from Sun photometer
and from the airborne data. The reason for the difference
again may in large part be caused by inaccurate complex
refractive indices (in the infrared wavelength range) that had
to be taken for the analysis of the Falcon data.
[133] Particle absorption and scattering coefficients from

the AERONET instrument are not measured directly. Those
parameters follow from the derived quantities of particle
phase functions, complex refractive indices, and particle size
distributions. Therefore, some of the deviations may also be
attributed to uncertainties of the AERONET algorithm.

5. Outlook

[134] We are not clear about the contributions of the
different measurement platforms to the observed discrep-
ancies. Up to this point we compare data products for one
specific measurement day.
[135] To clarify this situation we have to analyze addi-

tional measurement days. For a more detailed comparison
study we may use all the days on which we had overflights
by the Falcon aircraft. There were seven such days, of
which six were relevant for the lidar observations. We shall

also use data from our ground-based instruments where
appropriate. In addition we have 27 days for which AERO-
NET delivers microphysical properties of dust. Those days
will add statistical information to the derived data products.
[136] We restricted our analysis to standard data products

of the AERONET algorithm, i.e. particle size distributions,
complex refractive indices, and shape-independent optical
dust properties. In future we also need to separate the data
products according to the fine mode and coarse mode
fraction of the total particle size distribution.
[137] We shall carry out a much stricter evaluation of the

data products from the various measurement platforms by
comparing particle-shape dependent dust properties. Such
properties are for instance phase function, backscatter
coefficients, lidar ratios, depolarization ratios, and aspect
ratios. We believe that such a comparison study will give us
much clearer indication on the possible error sources the
various measurement platforms are affected with. SAMUM
2006 provides us for the first time with the data set needed
for a benchmark test of shape-dependent dust optical and
microphysical properties. First results are presented byMüller
et al. [2010].

Appendix A

[138] The results from the AERONET Sun photometer
(Figures 5, 6, 8, and 9, black color, open symbols) always
refer to the total particle size distribution unless otherwise
indicated.
[139] The results from in situ measurements of the Falcon

aircraft are kept in light green for data at wavelengths at
which we measured with the PSAP. We use dark green color
and open symbols for wavelengths that we use for addi-
tional Mie-scattering calculations.
[140] The data from single-particle analysis are kept in

dark blue and open symbols if particles were collected
aboard the Falcon aircraft. We use light blue color and open
symbols to present data from particles that were collected
near ground at Tinfou.
[141] The results from the particle light-absorption pho-

tometer that was operated at Tinfou are presented in red
colors and open symbols. The data from lidar are kept in
light-green colors and closed symbols for the ground-based
systems.
[142] Furthermore each color-coded set of results (open

symbols) also uses various shapes of symbols. The different
symbols of each color code either denote different measure-
ment times or height levels for which data were acquired
with the respective platform. In some cases a different data
analysis technique was applied to the available data set from
a given measurement platform. The results from the differ-
ent analysis techniques for the same platform also are
presented with different symbols but in the same color.
[143] We chose a separate symbol notation (compared to

the ground-based systems) for the airborne HSRL system.
Those data are denoted with light-green, open triangles.
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