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Summary  
 
This project is part of the DFG research group proposal SAMUM (SAharan Mineral dUst 
ExperiMent). It concerns the radiative properties of Sahara desert dust particles using a 
combination of airborne field measurements, radiation simulations, and satellite data. The 
airborne measurements will be carried out within the joint SAMUM field campaign in 
Morocco, a suitable site close to a major dust source (Sahara desert). They include vertical 
profile measurements of desert dust microphysical properties. The focus is on the 
measurement of up- and downward spectral irradiances in the wavelength range between 295 
and 1700 nm. The calculations focus on particle nonsphericity effects, which are crucial for 
the radiative properties of desert dust aerosol. The input for the simulations is based on 
laboratory and field measurements, which are conducted within this project or delivered by 
other partners of the SAMUM research group. The results of the simulations will be compared 
with the aircraft measurements. Such a combination of sophisticated measurements and 
appropriate radiative transfer calculations is unique for dust aerosol particles and will enhance 
the understanding of their radiative properties. 
 
 
Current Status of Science 
 
As an integral part of the atmospheric aerosol, mineral dust particles play an important role in 
the Earth’s climate system. They modify the transfer of solar radiation (spectral range: 0.3–3 
µm wavelength) through the atmosphere by scattering and absorption processes. Depending 
on the size distribution, chemical composition and shape of the dust particles (which 
determine their extinction coefficients, single scattering albedo and the phase functions), and 
furthermore depending on the vertical position/extent of the dust layer and the local surface 
albedo, the mineral dust particles may have a positive (heating of climate system) or negative 
(cooling) radiative forcing (Claquin et al., 1998; Sokolik, 1999; Myhre and Stordal, 2001). 
For Sahara dust the current knowledge about these dust particle properties is very limited 
(Sokolik und Toon, 1999).  
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 The complex composition of dust particles and the poor knowledge of their origin make it 
difficult to model the long-distance transport of dust material. One example of such a 
transport is the export of aerosol from the North African continent to the Atlantic Ocean 
(Tetzlaff, 1997). The initial motion of material at the surface, the uplifting into the atmosphere 
and its massive westward transport in the direction of the American continent (Moulin et al., 
1997) are part of a very complex dynamical process which has a very strong impact on the 
Earth’s radiative balance.  
 Ground-based dust particle size distribution and sun photometer measurements have been 
carried out by d'Almeida (1987) and von Hoyningen-Huene et al. (1999). Some advances in 
this area have been achieved and are documented in a collection of papers in a special section 
of J. Geophys. Res. (Vol. 106, D16, 2001). The major conclusion was that a serious lack of 
experimental data still causes significant uncertainties in the prediction of dust radiative 
impacts (Sokolik et al., 2001).  
 Among the high-priority research needs in this field listed by Sokolik et al. (2001) the 
investigation of the linkage between the radiative properties of dust particles and their 
morphology (size and shape) and chemical composition is of special importance. In order to 
resolve this open issue well coordinated, comprehensive field studies in targeted regions 
affected by mineral dust are requested (Sokolik et al., 2001). In these experiments, in-situ 
measurements have to be complemented by radiative transfer calculations, which use the 
measured dust particle chemical and morphology data as input. On the other hand the 
measured radiation quantities (i.e. spectral up- and downward irradiances) need to be used for 
comparison with the model output. 
 Absorption of solar radiation due to the dust particles is another remaining serious problem 
(Sokolik et al., 2001). Using satellite and ground-based sky radiation measurements, Kaufman 
et. al. (2001) as well as Tanré et al. (2001) found that Sahara dust absorption of solar radiation 
might be significantly smaller than the currently accepted standard values. For example, at 
visible wavelengths Kaufman et. al. (2001) and Tanré et al. (2001) find values of the single 
scattering albedo of Sahara dust particles around 0.97±0.02 instead of the widely adopted 
values of about 0.87±0.04 (e.g., WMO, 1983; Haywood et al., 2001). This would imply that 
dust particles cause a cooling of the climate system over most of the solar spectrum. The 
results by Kaufman et. al. (2001) and Tanré et al. (2001) are based on remote sensing 
techniques, which require a number of assumptions and therefore remain insufficiently 
validated (Sokolik et al., 2001). Therefore in-situ measurements (airborne and ground-based) 
are seriously needed for validation of dust particle absorption data retrieved from remote 
sensing techniques.  
 A third important open issue is the treatment of the obvious nonsphericity of mineral dust 
particles in both radiative transfer calculations and remote sensing retrievals (Kaufman et al., 
1997). It is well known that particles with oblate or prelate shapes reflect less solar radiation 
than surface-equivalent spheres. Furthermore it is widely accepted that the scattering function 
of a population of randomly oriented spheroidal particles differs considerably from that of a 
population of spheres (Mishchenko et al., 1997). Unfortunately, in most radiative transfer and 
remote sensing applications classical Mie theory with the spherical particle shape assumption 
is used, although this is not generally justified. First steps in accounting for the nonsphericity 
of aerosol particles for the interpretation of ground-based radiation measurements were done 
by Wendisch and von Hoyningen-Huene (1992), a more recent application of this method to 
Sahara dust particles is reported in von Hoyningen-Huene et al. (1999). There are some 
efforts to consider the effects of the nonsphericity of mineral dust particles on satellite-based 
radiance observations (Mishchenko et al., 1997; Kahn et al., 1997). From POLDER radiance 
measurements it is known (Deuzé et al., 2000) that traditional radiance models systematically 
underestimate the contribution of small polarizing (i.e. nonspherical) particles to the polarized 
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components of the radiation field. Furthermore there are significant problems in the modeled 
directional characteristics of the upward radiance at the top of the atmosphere (TOA) in the 
case of Sahara dust. These differences between observed and modeled radiances most 
probably are related to the enhanced side scattering caused by larger nonspherical dust 
particles as compared to spherical particles (Mishchenko et al., 1995). These deficiencies can 
only be resolved by dedicated experiments combined with improved theoretical radiative 
transfer modeling. 
 In order to evaluate the radiative effects of dust particles quantitatively, spectral 
measurements of up- and downward irradiances over the solar spectral range as a function of 
altitude are required. Also data of the infrared (IR) radiative flux densities are needed for this 
purpose. Such data are missing in literature. Furthermore, these measurements need to be 
compared with concurrent model simulations, which are based on realistic (i.e. measured) 
input data. Such a combination of sophisticated radiative transfer calculations and respective 
measurements is unique for dust aerosol particles and significantly progress in the 
understanding of their radiative properties can be expected from such an approach. 
 Measurements of solar irradiances from airborne platforms are generally afflicted with 
several serious instrumental problems, which increase if optical properties like absorptance, 
reflectance or transmittance of the respective layers (e.g., a dust particle layer) are derived 
from the irradiance data. Such experimental uncertainties have been discussed extensively in 
literature. Kiedron et al. (1999) report of problems with the absolute irradiance calibration. 
The separation between diffuse and direct portion of the irradiances is not easy to obtain (Foot 
et al., 1985; Forgan, 1996; Boers et al., 1998). Another problem shows up due to deviations 
from the ideal cosine angular response of the instruments (Feister et al., 1997; Oppitz and 
Heering, 1998; Bais et al., 1998; Landelius and Joseffson, 2000). There are thermal offsets in 
the usually applied pyranometer instruments (Beaubien et al., 1998; Bush et al., 2000), which 
need to be considered (Halthore and Schwartz, 2000). Furthermore, there are inherent 
uncertainties related to deviations of the sensor detection plane from the Earth’s horizon, 
which are usually corrected by post-flight software procedures (Saunders et al., 1992; Asano 
and Shiobara, 1989; Bannehr and Glover, 1991; Bannehr and Schwiesow, 1993; Boers et al., 
1998). It has been shown that these post-flight corrections are not satisfying and, as a 
consequence, an active in-flight horizontal stabilization system has been developed by 
Wendisch et al. (2001). Finally the spectral resolution of many measurements is not adequate. 
Mostly broadband measurements are reported (e.g., Hobbs, 1999; Hagan et al., 1998; Hignett, 
1987; Saunders et al., 1992; Taylor, 1994; Taylor and McHaffie, 1994; Hayasaka et al., 1995; 
Taylor et al., 1996; Hignett et al., 1999; Russell et al., 1999; Taylor and Ackerman, 1999). 
There are only some airborne irradiance data available with a spectral resolution of up to ten 
wavelengths (Asano et al., 1995a; Asano et al., 1995b; Valero et al., 1996). Irradiance 
measurements of higher spectral resolution are restricted to ground-based instruments 
(Harrison et al., 1999; Meywerk and Ramanathan, 1999; Michalsky et al., 1999; Wendisch et 
al., 2002b) and to the ultraviolet or near-infrared (NIR) spectral range (e.g., Ramaswamy and 
Freidenreich, 1998; Sicard et al., 1998). There are only two airborne instruments worldwide 
(Wendisch et al. 2001; Pilewskie et al. 2003; Wendisch and Mayer, 2003), which measure 
spectral irradiances with moderate spectral resolution (3-10 nm).  
 There are even more problems with airborne radiation instruments for measuring 
irradiances in the long wave IR wavelength range. For this purpose mostly pyrgeometers are 
used. The state-of-the-art for ground-based pyrgeometers is summarized by Philipona et al. 
(2001). For both ground-based and aircraft applications the instruments manufactured by 
Eppley are widely used. In 1999 Kipp & Zonen introduced a new pyrgeometer, the so-called 
CG4, which provides a more uniform reproducible spectral dome transmission and an 
improved thermal response over the traditional Eppley pyrgeometers. First airborne 
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measurements with the CG4 have shown promising results (Peter Pilewskie, private 
communication, 2003). 
 
 
Aims and Working Program 
 
This proposal aims at the combination of experimental and modeling work involving 
simultaneous ground-based and airborne observations (radiation field, vertical dependence of 
the Sahara dust particle size distribution, classification of particle shape and chemical 
composition) together with radiance observations from various satellite instruments. For the 
vertical distribution of the Sahara aerosol populations Lidar extinction measurements carried 
out by SAMUM project partners will be exploited. All key input information required to 
compute the scattering properties of Sahara dust particles will be derived from field 
experiments and laboratory investigations (see partners). The particle scattering properties 
include important quantities such as the aerosol extinction coefficient, the single scattering 
albedo, the asymmetry parameter of the phase function as well as the details of the full phase 
function with and without polarization, all of them as a function of wavelength. These optical 
parameters will be used in radiative transfer computations in order to (i) compare the vertical 
profile of measured spectral up- and down welling irradiances with corresponding 
simulations, and (ii) to determine the sensitivity of TOA radiances to the details of particle 
shape. The latter step will involve calculations of the polarized radiation field, which allows 
distinguishing between spherical and nonspherical scatterers. Furthermore, the polarization 
information can be used to determine the imaginary part of the complex index of refraction. 
The airborne measurements will be carried out in conjunction with satellite overflights of the 
planned CALIPSO mission, which includes space-borne Lidar observations of aerosol particle 
properties on a global scale (Winker et al., 1996). IR irradiance measurements are anticipated 
for the second three-year period of this proposal. 
 The final goal is, in collaboration with the other SAMUM project partners, to provide a 
reliable database for the radiative properties of Sahara dust aerosol particles for use in 
regional and global climate models. Therefore, any progress made regarding a more realistic 
treatment of Sahara dust will be of direct relevance to better assess radiative forcing effects 
caused by mineral dust in general. 
 In particular, the following aims will be pursued: 
 
(a) Simulation of the Optical Parameters 
 
The following optical parameters are key input quantities to radiative transfer models and thus 
are required to quantify the effect of mineral dust particles on the radiative budget: 
 - extinction coefficient, 
 - single scattering albedo, 
 - asymmetry parameter of the phase function. 
For remote sensing purposes the Legendre expansion coefficients of the phase function and 
the scattering phase matrix for polarized light are required. For the computation of these 
parameters experimental data of the projects 1, 4, 5, and 6 will be used. Such data include the 
size distribution of the Sahara dust particles, the complex index of refraction, as well as a 
geometric characterization of particle shapes. Then the optical parameters will be computed 
by means of a suite of scattering codes as supplied by the joint Virtual Laboratory for 
Scattering and Radiative Transfer (VL) and by other well-tested techniques: (i) Classical Mie 
theory for homogeneous spheres, (ii) Mie theory for coated spheres, (iii) T-matrix method for 
rotationally symmetric nonspherical particles, (iv) Discrete Dipole Approximation (DDA) 
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method for arbitrary complex particle shape and arbitrary orientation, (v) Ray-tracing method 
for arbitrarily shaped particles in the geometric optics limit. Methods (iii) to (v) will 
additionally be used to determine the respective optical parameters for prescribed orientation 
of the particle, for example large dust particles slowly sedimenting in the gravitational field. 
 
(b) Simulation of Sahara Dust Radiative Forcing 
 
The optical data obtained in 3.1 (a) will be used to compute the spectral net irradiances in 
Sahara dust particle layers for the solar and IR wavelength region. The simulated spectral 
irradiances will then be compared with the albedometer measurements obtained in the 
coordinated field experiment in Morocco (see 3.1 e). Furthermore, the spectral optical 
thickness as well as spectral radiance and broadband solar irradiance measurements carried 
out by project 7 will be used in the intercomparison. 
 For radiative forcing calculations the wavelength and directional dependence of the land 
surface reflectance must be taken into account. This particular aspect has been treated in a 
diploma thesis work (Hungershöfer, 2001).  Results of this exercise will be exploited for the 
research work in this proposal. 
 
(c) Radiance Computations to Synthetically Simulate Satellite Measurements 
 
The aim is to explore so-called "multi-spectral/multi-angle" techniques to aerosol remote 
sensing above land surfaces (Diner et al., 1999; Kahn, 1999). Based on in-situ measured 
aerosol input information (dust particle size distribution, chemical composition and 
predominant particle shapes) TOA radiance simulations will be compared with satellite 
measurements such as SCIAMACHY (on ENVISAT-1), MISR (on TERRA), and CALIPSO 
(on ESSP3). Particular scenes will be selected which allow an intercomparison of 
observations taken during the coordinated field experiment (see 3.1 d) with corresponding 
satellite overpasses. 
 
(d) Coordinated Field Experiment in Morocco 
 
The albedometer with the extended wavelength range will be installed on an aircraft and 
measurements will be carried out together with the other SAMUM partners within a joint field 
campaign in Morocco. During the experiment we will share a Partenavia P68B aircraft 
(instrumented by Enviscope GmbH) together with project 6. 
 The wider wavelength range is needed because the expected large dust particles in the 
Sahara will be optically efficient also in the wavelength range above 1000 nm (the present 
upper limit of the albedometer). Furthermore the extended wavelength range is crucial for 
surface albedo measurements also planned during this project. The surface albedo, and its 
relation with the dust source characterization as provided by project 3, is an important input 
parameter for the planned radiative transfer calculations and is required as a function of 
wavelength over the whole solar spectral range. 
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Table 1: Additional airborne aerosol particle microphysical measurements (dry state) on the 
Partenavia aircraft conducted by project 6: 
 

Instrument Specification Measured Quantity 
FSSP-3001  

(wing station) 
dP = 0.1-10 µm Particle Size Distribution 

Nephelometer2 λ = 450, 550, 700 nm Volume Scattering Coefficient 
PSAP3  λ = 567 nm Volume Absorption Coefficient 

with: dP  particle diameter, λ  wavelength. 
 
 Beside the usual meteorological quantities like static air temperature, static air pressure, 
relative humidity and avionic aircraft data (aircraft pitch and roll angles, aircraft heading), 
additional aerosol microphysical measurements are carried out by project 6 (see Table 1).  
The particle size distribution will be measured at a wing station of the Partenavia by project 6 
with an FSSP-300 (FSSP: Forward Scattering Spectrometer Probe). The volume scattering 
and absorption coefficients will be measured using a nephelometer and a PSAP. Additionally 
the automated MOCIS (Mobile Cascade Impaction System) and a CPC (Condensation 
Particle Counter) will be flown on the Partenavia by project 6.  
 Furthermore, project 1 will measure the dust particle size distribution on the Falcon aircraft 
at higher altitudes and more away from the dust source region, in which the Partenavia is 
planned to operate. The Falcon size distribution measurements are based on a combination of 
PCASP-100X (Passive Cavity Aerosol Spectrometer Probe) and FSSP-300.  
 
 

                                                 
1 FSSP: Forward Scattering Spectrometer Probe, Manufactured by Particle Measuring Systems, Inc., 
   Boulder, CO, USA. 
2 Manufactured by TSI, Inc., St. Paul, MN, USA. 
3 PSAP: Particle Soot/Absorption Photometer, Manufactured by  Radiance Research, Seattle, WA,USA. 
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Working Program 
 
The following table summarizes the schedule:  
 
Project Year   Planned Work 

1st year • Elaborate concept and order the new components of the albedometer. 
• Albedometer characterization in the laboratory. 
• Logistic planning of the aircraft campaign in Morocco. 
• Model adaptations for scalar radiative transfer. 
• Sample optical database for mineral dust. 
• Simulation of instrument response with radiative transfer model. 

2nd year • Preparation and implementation of the aircraft measurements in Morocco. 
• Preliminary data analysis. 
• Start with comparison of measured and calculated spectral up- and down 

welling irradiances. 
• Model adaptations for radiative transfer of the Stokes vector, TOA upwelling 

radiances. 
• Determine sensitivity of simulated quantities with respect to particle 

composition and shape. 
3rd year • Detailed data analysis. 

• Comparison of measured and modeled up- and down welling irradiances using 
complete experimental data set. 

• Comparison of the simulated directional signature of TOA radiances with 
quasi-simultaneous satellite observations. 

• Compilation of optical database of Sahara dust particles for use in climate and 
general circulation models.  

• Publication of results. 
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