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A B S T R A C T
During the SAMUM-2 experiment, spectral absorption coefficients, single scattering albedos and imaginary parts of
refractive indices of mineral dust particles were investigated at the Cape Verde Islands. Main absorbing constituents
of airborne samples were mineral dust and soot. PM10 spectral absorption coefficients were measured using a Spectral
Optical Absorption Photometer (SOAP) covering the wavelength range from 300 to 960 nm with a resolution of 25 nm.
From SOAP, also information on the particle scattering coefficients could be retrieved. Spectral single scattering albedos
were obtained in the wavelength range from 350 to 960 nm. Imaginary parts of the refractive index were inferred from
measured particle number size distributions and absorption coefficients using Mie scattering theory. Imaginary parts
for a dust case were 0.012, 0.0047 and 0.0019 at the wavelengths 450, 550 and 950 nm, respectively, and the single
scattering albedos were 0.91, 0.96 and 0.98 at the same wavelengths. During a marine case, the imaginary parts of
the refractive indices were 0.0045, 0.0040 and 0.0036 and single scattering albedos were 0.93, 0.95 and 0.96 at the
wavelengths given above.

1. Introduction

Mineral dust is an important constituent of airborne particles and
affects the Earth’s climate system (Haywood and Bougher, 2000;
IPCC, 2007). It is thus essential to understand the processes
of formation, transport and modification of the mineral dust
aerosol. Dust sources are distributed all over the globe (Prospero
et al., 2002). Mineral dust from the Saharan desert may travel
thousands of kilometres across the Atlantic Ocean (Kaufman
et al., 2005).

Radiative forcing by mineral dust particles is complex, since
dust particles scatter and partly absorb incoming solar radia-
tion. They also absorb and emit outgoing long-wave radiation
depending on mineralogical composition and wavelength. Be-
sides the composition, the quantity of the dust-induced radiative
forcing also depends on the mass and particle size of suspended
dust, the vertical distribution and the albedo of the underlying
surface (Sokolik and Toon, 1996; Tegen et al., 1996).
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The strength of interaction between particles and radiation
can be given by the absorption and scattering coefficients. These
parameters are also observables by in situ aerosol measurements.
Scattering and absorption depend on the chemical and miner-
alogical composition, the size and the shape of mineral dust
particles. During transport, the size as well as the composition
and thus absorption and scattering may change. The interaction
of particles with radiation emerges from a more fundamental
parameter, the complex refractive index. However, refractive in-
dices cannot be measured directly. The complex refractive index
reflects the chemical and mineralogical composition. Using the
scattering theory, modellers derive the impact of mineral dust
on the Earth’s radiation budget and also the feedback mecha-
nism on the dust mobilization (e.g. Heinold et al., 2008). As
shown by Sokolik and Toon (1999), the imaginary part of the
refractive index of mineral dust is strongly variable in the spec-
tral range from the ultraviolet (UV) to the near infrared (NIR).
Therefore, the investigation of spectral optical properties is of
special interest and is needed to understand the impact of the
mineral dust aerosol. The lack of spectral refractive indices for
dust particles, mixed with other compounds, for example, sea
salt, sulphate, soot and biomass burning smoke, is a weak point
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574 T. MÜLLER ET AL.

in modelling the impact of mineral dust on the Earth’s radiation
budget.

Complex refractive indices might be derived by measuring
the chemical/mineralogical composition or by determining mi-
crophysical parameters as particle number size distribution and
shape of particles and measuring the particle absorption and scat-
tering coefficients. An overview of refractive indices of mineral
dust is given for instance in Sokolik and Toon (1999). In the re-
cent years, optical dust properties were investigated in laboratory
studies (e.g. Linke et al., 2006) and measured during field exper-
iments (e.g. Haywood et al., 2001; Haywood et al., 2003). The
SAMUM-1 experiment (Heintzenberg, 2009) held in southern
Morocco was a dust closure experiment in a source region with
a minimum impact of maritime, anthropogenic and biogenic
aerosol sources. Refractive indices were delivered by Müller
et al. (2009a), Schladitz et al. (2009) and Kandler et al. (2009).

Whereas measurements of the absorption coefficients at few
discrete wavelengths are a first estimate of quantifying the total
absorption of suspended dust, a differentiation between the ma-
jor absorbing compounds, for example, mineral dust, smoke and
soot, is difficult. Measurements of the absorption coefficient at
multiple wavelengths for determination of dust were done with
the aethalometer (Coen et al., 2004; Fialho et al., 2006) and
the Particle Soot Absorption Photometer (PSAP, e.g. Petzold
et al. 2009). A spectral optical absorption photometer (SOAP)
was first employed during the intense field study SAMUM-1
to measure the absorption coefficient from 300 to 950 nm.
All these instruments suffer from a cross sensitivity to particle
scattering. Corrections for the cross sensitivity are discussed in
Section 3.4.2.

Field campaigns are important to validate atmospheric mod-
els (Heinold et al., 2009; Müller et al., 2009b) as well as satellite
remote sensing retrievals (Kahn et al., 2009), since optical pa-
rameters derived from model calculations rely on particle num-
ber size distributions and refractive indices. Introductions and
summaries of key findings to the field campaigns SAMUM-1
and SAMUM-2 are given in Heintzenberg (2009) and Ansmann
et al. (2011). A description of the measurement site of SAMUM-
2 is given in Section 2. In Section 3, the instrumentation used for
measuring the particle number size distribution and scattering
and absorption coefficients is introduced. Aerosol parameters
often used to describe the optical properties are given in Section
4. Measurements of aerosol parameters and derived imaginary
parts of refractive indices are given in Section 5, followed by
a comparison of refractive indices derived from the SAMUM-1
and SAMUM-2 campaigns.

2. Measurement site

The Saharan mineral dust experiment SAMUM-2 was conducted
at Cape Verde Islands from January to February 2008. A field
station with in situ ground observations and remote sensing tech-
niques (aerosol LIDAR, wind LIDAR and sun photometer) was
setup at the airport of Praia (14◦57′N, 23◦29′W) in the south-

east of the Island Santiago. Furthermore the research aircraft
Falcon 20-E of the German Aerospace Center (DLR) was sta-
tioned at Praia airport. Onboard of the research aircraft particle
number size distributions and absorption coefficients were mea-
sured. The field station was located about 2 km west of the
coastline. For an overview of the measurement site and the sur-
rounding area we refer to Kandler et al. (2011b) and Schladitz
et al. (2011b). The next largest city Praia with about 100.000
inhabitants is 3 km southwest of the station. Because of the
continuous trade winds from the Northeast, contamination due
the city of Praia did not occur. No anthropogenic pollution of
nearby sources was expected when the wind was from the east,
since there were neither villages nor other islands. There was
a small village in the northeast sector in a distance of about 1
km, and the Island Maio in a distance of 35 km. However, we
expected no significant pollution by local emissions, since there
were only little traffic and houses typically have no heating.

3. Instrumentation

3.1. Aerosol inlet and particle losses

In situ measurements of microphysical and optical particle prop-
erties were performed in an air-conditioned container with tem-
peratures of approximately 20 ◦C. A suite of instruments was
placed inside and on top of the container. Only a part of these
instruments is however used for this study.

The aerosol inlet system was mounted on the roof of the con-
tainer. The outer part of the inlet systems consists of a PM10 inlet
(50% transmission efficiency at 10 μm aerodynamic diameter)
in a height of about 6 m above ground. Downstream of the PM10

inlet, an automatic aerosol diffusion dryer (Tuch et al., 2009)
was installed to ensure an aerosol humidity smaller than 30% to
prevent hygroscopic particle growth. Inside of the container, the
aerosol stream was split isokinetically into several aerosol flows
and particles were directed to the instruments. The most severe
mechanism for particle losses was gravitational settling and im-
paction of coarse mode particles larger than 1 μm in horizontal
lines and bends, respectively. To minimize particle losses, the
instruments for measuring physical properties of coarse mode
particles were placed close to the inlet and sampling lines were
kept as short as possible. We tried to avoid horizontal sampling
lines. Remaining particle losses were accounted for using for-
mulas given in Brockmann (1993).

Instruments necessary to derive spectral absorption, refractive
index and single scattering albedo were absorption photometers,
particle size spectrometers and an integrating nephelometer for
measuring the particle scattering coefficient. The set of instru-
ments is described in the following sections.

3.2. Particle number size distribution

Particle number size distributions were measured with a Differ-
ential Mobility Particle Sizer (DMPS; e.g. Birmili et al., 1999)
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with a range of mobility diameters from 26 to 800 nm. An
Aerodynamic Particle Sizer (APS; model 3321, TSI Inc., St.
Paul, USA) was used for measuring particle number size distri-
butions from 0.8 to 10 μm in aerodynamic diameter. Particles
relevant for optical properties are found in the fine and coarse
mode range. The APS was placed directly below the aerosol
inlet to avoid losses by impaction and sedimentation, which
would largely affect the particle volume size distribution. Parti-
cle transport losses to the DMPS can be neglected, since losses
by sedimentation and impaction are negligible for the size range
of the DMPS.

Particle size spectra measured with DMPS are affected by
multiple charged particles. An inversion algorithm was applied
to correct for the multiple charge effects. However, inversion
routines are constrained to conditions where the number con-
centration of particles larger than the largest diameter channel
of the DMPS is negligible. For aerosols with a large number
concentration of coarse mode particles, for example, sea salt
or mineral dust, this constrained is not fulfilled. Instead, the
aerodynamic number distribution measured with APS is used
to simulate multiple charge effects in the mobility spectrum
of DMPS. During SAMUM-1, with a large number concen-
tration of coarse mode particles, the overlap between largest
DMPS diameters and smallest APS diameters was a crucial
point. A detailed description of the algorithm for considering
multiple charge effects in the APS size range, inversion of
DMPS spectra and combining inverted DMPS and APS spec-
tra is given in Schladitz et al. (2009). The performance of this
algorithm to improve the overlap between DMPS and APS is
shown in Birmili et al. (2008) for a strong dust event over
Europe.

It has to be considered that electrical mobility and aerody-
namic diameters are connected by the particle density and dy-
namical shape factor, and both diameters were converted to vol-
ume equivalent diameters (DeCarlo et al., 2004). For the present
measurements, particle density and dynamic shape factors dif-
fer between sea salt and mineral dust, which are the prevailing
aerosol types in the coarse mode. In the APS size range, dy-
namic shape factors of 1.08 and 1.25 for sea salt and for Saharan
mineral dust particles were used, and the particle density was
2160 kg m−3 for sea salt and 2600 kg m−3 for mineral dust
particles, respectively (Schladitz et al., 2011a). In the DMPS
size range, particles are assumed to be ‘spherical’ and thus the
dynamical shape factor equals unity.

3.3. Particle scattering coefficients

Particle scattering and hemispheric backscattering coefficients
were measured with an integrating nephelometer (model 3563,
TSI Inc., St. Paul, USA) at wavelengths of 450, 550 and 700 nm.
Values measured with nephelometers are affected by two sys-
tematic errors. These are a limited angular integration range
from 7◦ to 170◦ and a non-Lambertian intensity distribution

of the light source. For details, the reader is referred to e.g.,
Anderson et al. (1996). Both, the limited angular range and the
intensity function of the nephelometer (TSI model 3563) are
known (Anderson et al., 1996; Müller et al., 2009c) and cor-
rection factors can be estimated using Mie calculations (e.g.
Heintzenberg et al., 2006) to account for the systematic errors.
Mie calculations require particle number size distributions and
refractive indices. Schladitz et al. (2011b) showed in a closure
study that scattering coefficients inferred by Mie calculation
underestimate the measured scattering coefficient by far in pres-
ence of mineral dust. For example, the measured scattering co-
efficients at 550 nm wavelength are about 60% higher than cal-
culated values.

For cases with low mineral dust concentrations, measured
and calculated scattering coefficients agreed well. To our best
knowledge, there is presently no published study on the error
of nephelometer corrections in presence of non-spherical parti-
cles. Another correction, we used for our analysis, was given by
Anderson and Ogren (1998). The correction is based on scat-
tering Ångström exponents, which is a measure of wavelength
dependence of scattering coefficients, measured by the neph-
elometer itself. Parameterizations to correct the total scattering
are given as function of scattering Ångström exponents, which
were derived from uncorrected values of measured scattering
coefficients. For the SAMUM-2 campaign, this approach led
to correction factors between 1.43 and 1.23 at a wavelength of
450 nm. Correction factors at the wavelength 550 nm are be-
tween 1.35 and 1.22, and at a wavelength of 700 nm the values
for corrections factors are between 1.29 and 1.19. The higher
values of correction factors correspond to cases with high con-
centrations of mineral dust, and the lower values correspond to a
dust free period. It is noted in Anderson and Ogren (1998), that
the uncertainty of this correction might be high since the correc-
tion factor is not well constrained to the Ångström exponent for
super-micron particles. Anderson and Ogren (1998) also pointed
out that the correction factors arises mostly due to forward scat-
tering, which is insensitive to shape effects (Mishchenko et al.,
1995). For that reason and a lack of a detailed error analy-
sis of the nephelometer corrections including shape effects, we
have taken the highest uncertainty given in Anderson and Ogren
(1998), which amounts of about ±22%. Including an additional
uncertainty of about ±3% from the calibration of nephelometers
(Müller et al., 2009c; Anderson et al., 1996), we estimated the
total uncertainty of the scattering coefficients to be ±25% in
case of high mineral dust concentrations.

3.4. Spectral optical absorption photometer (SOAP)

3.4.1. Instrument description. The SOAP was introduced in
Müller et al. (2009a). Beside technical modifications, also the
data evaluation was improved to retrieve absorption coefficients.
Additionally to the particle absorption, also information on the
particle scattering was derived from SOAP.
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The SOAP measures the transmittance and reflectance of fibre
filters (Pallflex E70/2075W) while particles are collected on the
filter. The light source is a deuterium lamp with emission from
the ultraviolet to NIR spectral range. In the original instrument,
the reflected and transmitted spectral radiance is measured with
an optical spectrophotometer, which covers the spectral range
from 200 to 800 nm with an optical resolution of 50 nm. With
a mechanical switch the spectral photometer is coupled either
to the reflection or the transmission channel, what allows to
measure transmittance and reflectance with a single spectropho-
tometer. The measured transmittance τ and reflectance ρ are
functions of the particle absorption and scattering optical depths.
The particle optical depths are defined by ODx = σx Q �t/A,
where σ x is either the absorption or scattering coefficient, Q is
the aerosol flow rate, �t is the total sampling time and A is the
spot size area of the sample. In Müller et al. (2009a), absorption
coefficients were derived by solving the radiative transfer prob-
lem with pre-calculated lookup tables, which were generated by
a ray tracing model.

3.4.2. Improvements of performance and recalibration. The
instrument performance was improved by replacing the mechan-
ical switch and the single spectrophotometer by two spectropho-
tometers, one for transmittance and reflectance measurements,
respectively. The spectral ranges of the new spectrophotometers
are from 200 to 960 nm with an optical resolution of 25 nm. The
full spectral range cannot be used, because of a too low signal
to noise ratio for wavelengths smaller 300 nm.

Beside the technical improvements also the data processing
was changed. The pre-calculated lookup-tables were replaced
by a two-stream radiative transfer model. The radiative transfer
model was adopted from Bohren (1987) and Arnott et al. (2005).
Input parameters for both models are the scattering and the ab-
sorbing optical depth of the filter, the asymmetry parameter for
filter and particle scattering, and the particle penetration depth.
The input parameters for the two-stream model are the same as
used for the ray-tracing approach. The ray-tracing model also
included calibration factors, which were derived from experi-
ments with non-absorbing and strongly absorbing particles. New
calibration experiments (Meusinger 2009) revealed that the cali-
bration can be improved by using loading-dependent calibration
functions. The new and the old data retrieval were compared
with a test data set. Differences in the absorption coefficients
were less than 8%. For a time resolution of 10 min, the detec-
tion limits of SOAP are approximately 0.25 and 0.5 Mm−1 for
wavelengths larger and smaller 450 nm, respectively.

In Müller et al. (2009a), the uncertainty of retrieved absorption
coefficients was determined to be 15%. Since no independent
reference for measuring absorption coefficients was available,
the uncertainty is also assumed to be 15% for the modified ab-
sorption photometer. Filter based absorption photometers suffer
from a cross sensitivity to particle scattering. In Bond et al.
(1999) and Müller et al. (2011), a cross sensitivity to particle
scattering of about 1.6% ± 1.6% was found for the Particle Soot

Absorption Photometer (PSAP, Radiance Research, Seattle, WA,
USA). This means that 1.6% of the scattering coefficient are seen
by the instrument as an apparent absorption. Since SOAP and
PSAP are similar in the design of the measuring head and use
the same type of filter (Pallflex E70/2075W), scattering artefacts
also affect measurements done with SOAP. For PSAP the cross
sensitivity to scattering is accounted for by subtracting about
1.6% of the measured scattering coefficients (Bond et al. 1999).
The SOAP corrects internally for scattering by use of an addi-
tional reflectance measurement. With laboratory measurements
it was shown that the data retrieval of SOAP corrects for appar-
ent absorption, but with a remaining uncertainty of 2% of the
scattering coefficients. This means that the uncertainty of the
scattering correction is as high as the correction itself. The total
uncertainty of absorption coefficients derived from SOAP con-
sists of two parts and can be written as �σ abs = ±(0.15 σ abs +
0.02 σ sca).

3.4.3. Derivation of spectral scattering coefficients from the
SOAP. From the two-stream method, we concluded that also
the particle scattering coefficient can be inferred, when measur-
ing transmittance and reflectance (cf. eqs 17 and 18 in Arnott
et al. 2005). The two-stream method also requires the particle
asymmetry parameter. Asymmetry parameters were calculated
using the Mie theory. Refractive indices for this calculation were
taken from the SAMUM-1 campaign (Müller et al. 2009a). 10th
and 90th percentiles for the distribution of asymmetry parameter
were 0.71 and 0.78 at 450 nm, and 0.66 and 0.71 at 800 nm, re-
spectively. Since this parameter cannot be derived from SOAP,
a test data set was used to test the sensitivity on the particle
asymmetry parameter in the range from 0.66 to 0.78. It was
found that the sensitivity to the particle asymmetry parameter
is less than 1% when deriving particle absorption coefficient. In
contrast, derived scattering coefficients vary as much as ±30%.
Data of the SAMUM-2 campaign were evaluated with a constant
asymmetry parameter of 0.71. This value is the median of the
distribution of asymmetry parameters for the entire campaign at
wavelength 550 nm. The uncertainty of the scattering is given
by the variation of scattering coefficients and amounts ±30%.

Uncorrected scattering coefficients from the SOAP are plotted
versus the scattering coefficients determined from nephelometer
at wavelengths 450, 550 and 700 nm (cf. Fig. 1). Scattering
coefficients measured with SOAP are smaller than scattering
coefficients measured with nephelometer, but correlation coef-
ficients (r) were found to be between 0.95 and 0.98. The corre-
lations coefficients are relatively high, although the uncertainty
due the assumption of a constant asymmetry is up to ±30%.
We believe that the correlation coefficients are affected by the
signal-to-noise ratio of the SOAP. The signal to noise ratio of
nephelometer is much better compared to that of SOAP. Slopes
of regression lines for the wavelengths 450, 550 and 700 nm
were found to be 0.66, 0.60 and 0.56. The intercept values for
all three wavelengths were between –5.5 and 0.6 Mm−1 and were
neglected. For deriving a calibration for the SOAP, the slopes of
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Fig. 1. Linear regression of scattering coefficients measured with SOAP and nephelometer at 450, 550 and 700 nm. Lower right panel:
Extrapolation of scattering correction factors to 300 nm and 1000 nm. The error bars are the uncertainties of the slopes with 99% confidence level.

the regression lines were plotted versus the wavelength (Fig. 1,
lower right panel). It was found that a power law plus an addi-
tional bias yields a best fit to measured data. There is a severe
dependence of the correction on the wavelength. The reason for
the spectral dependence is not clear till now. However, the fit
function was used to extrapolate correction factors in the wave-
length range between 300 and 950 nm.

Scattering coefficients calculated from SOAP are subject to
uncertainties of the fit-function and to uncertainties of the scat-
tering measured with nephelometer. The uncertainty of the
fitted data (slopes) in the fit function is about 4% with a
confidence level of 99%. The uncertainty of scattering coef-
ficients from nephelometer was estimated to about 25% (cf.
Section 3.3). Error propagation yields a total uncertainty of
the SOAP derived scattering coefficient of 41%, 35%, 32%,
30% and 29% at wavelengths 300, 400, 500, 700 and 900 nm,
respectively.

4. Methods

Beside the instrument specific correction, all data presented in
this manuscript were adjusted to STP (Standard Temperature

and Pressure, T0 = 0 ◦C and P0 = 1013.25 hPa) conditions.
Scattering and absorption coefficients measured at temperature
T and pressure P were multiplied by the factor (T0P )

/
(T P0) and

resulting values referred to STP conditions. Dates and times are
given as Day of the Year (DOY; e.g., DOY 1.5 equals 1 January,
12:00) throughout the manuscript.

For the following consideration, it should keep in mind, that all
instruments were placed downstream of a PM10 inlet. Extensive
quantities (value of the quantity depends on the amount of mate-
rial, e.g. concentrations, scattering and absorption coefficients)
are affected by the size cut. Derived intensive quantities (value
independent on amount of material, single scattering albedo and
refractive index) of coarse mode particles are expected not to
be affected by the size cut, since the chemical composition of
coarse mode particles is assumed to be nearly size-independent
(Kandler et al. 2011a). In contrast, intensive properties of the
entire particle population (sub-micrometer plus coarse mode
particles) could be affected by the size cut, since the ratio of vol-
ume concentrations of sub-micrometer and super-micrometer
size fractions strongly depends on the cut-off diameter.

Typically refractive indices were derived by inverse Mie
calculations assuming spherical particles. In Schladitz et al.
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578 T. MÜLLER ET AL.

(2011b), it was shown that scattering coefficients derived from
Mie-theory underestimate measured particle scattering coeffi-
cients by a factor of about 1.6 at the wavelength 550 nm. In
contrast, the particle absorption is less sensitive to the particle
shape. Therefore, it is valid to derive imaginary parts of refrac-
tive indices by inverse Mie calculations using measured particle
number size distributions and measured particle absorption co-
efficients. Details are given in Section 5.3.

The absorption and scattering Ångström exponents (αabs and
αsca) are defined by

αabs(λ1, λ2) = − ln (σabs(λ1)/σabs(λ2)) / ln (λ1/λ2) (1)

and

αsca(λ1, λ2) = − ln (σsca(λ1)/σsca(λ2)) / ln (λ1/λ2) . (2)

Eqs 1 and 2 are adopted from the original definition of extinc-
tion Ångström exponents (Ångström, 1929). Ångström expo-
nents are a measure of the spectral dependence within the wave-
length interval λ1 to λ2. From the SOAP absorption, Ångström
exponents at different wavelength pairs were calculated. Scat-
tering Ångström exponents were derived from nephelometer,
since scattering coefficients from the SOAP are much noisier
compared to the nephelometer. We are thus limited to the three
nephelometer wavelengths and to two scattering Ångström ex-
ponents, which are αsca(450, 550) and αsca(550, 700).

The single scattering albedo defined by

ω0 = σsca/ (σsca + σabs) (3)

is one of the main parameters determining the climatic effect
of the atmospheric aerosol (Heintzenberg et al., 1997). Single
scattering albedos were derived for wavelengths between 300
and 950 nm from the SOAP.

The uncertainty of the single scattering albedo �ω0 is de-
termined by error propagation of eq. 3 and the uncertainties
of measured particle scattering and absorption coefficients. Un-
certainties in the scattering coefficients were determined to be-
tween 41% and 29%. For simplicity, error calculations were
done for the worst-case uncertainty of 41%. The uncertainty
of the absorption coefficient consist of a measurement un-
certainty of 15% and a cross sensitivity to particle scattering
which amount 2% of the scattering coefficient. The resulting
uncertainties at different single scattering albedos (ω0 ± �ω0)
are 0.70 ± 0.09, 0.80 ± 0.08, 0.90 ± 0.05, 0.95 ± 0.3 and
1.0 ± 0.02. Uncertainties are little smaller when using scatter-
ing coefficients from the nephelometer. There are no system-
atic differences between these two single scattering albedos,
since the SOAP-scattering was calibrated using the nephelome-
ter scattering. The single scattering albedo derived from neph-
elometer is available only for three wavelengths, but the noise is
smaller compared to single scattering albedos derived from the
SOAP.

The effective radius Reff is a key parameter to describe the
particle number size distribution n(r). The effective radius is

defined by

Reff =

∫
r3n(r) dr

∫
r2n(r) dr

. (4)

The effective diameter is a useful parameter to character-
ize the size of the entire particle population with a single
parameter.

5. Results

5.1. Measured optical and microphysical properties

Figure 2 gives an overview of Ångström exponents, single
scattering albedos and effective radii for the entire campaign.
Absorption Ångström exponents from DOY 18 to 33 ranged
between 2.24 and 4.53. The highest values of αabs(450, 700)
smaller than absorption Ångström exponents measured during
SAMUM-1. During SAMUM-1 values were determined to be
between 3.65 and 6.51 for mineral dust particles near ground
(Müller et al., 2009a) and up to 7.0 on-board of the research
aircraft Falcon (Petzold et al., 2009). After DOY 33, the dust
concentration and thus also absorption Ångström exponent de-
creased. Between DOY 35 and 40, αabs(450, 700) was mostly
between 1.3 and 1.1. Values near unity are typical for freshly
emitted soot particles (Kirchstetter et al., 2004). After DOY 40,
absorption coefficients were below the detection limit of the in-
strument and measurements of Ångström exponents were too
noise to derive reliable information on the spectral behaviour of
the absorption.

Scattering Ångström exponents were smaller than unity for
the entire period of the campaign. These low values indicate
that the particle scattering was strongly influenced by coarse
mode particles such as mineral dust or sea salt (Schladitz et al.,
2011a,b). During the first period from DOY 18 to 34, the scat-
tering Ångström exponents αsca(550, 700) and αsca(450, 550)
ranged from −0.4 to −0.09 and −0.05 to 0.2, respectively.
From DOY 33 to 37, αsca(450, 550) increased slightly, while
αsca(500, 700) remain nearly constant. After DOY 37, both scat-
tering Ångström exponents were almost equal and increased to
about 0.75.

Time series of single scattering albedos, derived from the
nephelometer and the SOAP, for the wavelengths 450, 550 and
700 nm are shown in the middle plot of Fig. 2. From DOY 18
to 35, when the absorption Ångström exponent was highest, the
single scattering albedo of about 0.88 at 450 nm was significantly
lower than the single scattering albedo of about 0.96 at 700 nm.
With lower absorption Ångström exponents (DOY 35 to 40), the
differences in the single scattering albedos at 450 and 700 nm
became smaller. The average and difference of single scattering
albedos at wavelengths 450 and 700 are 0.92 (avg.) and 0.1 (diff.)
for period DOY 19 to 35. For the following two days (DOY
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Fig. 2. Upper plot: Absorption and scattering Ångström exponents at different wavelength pairs over the entire campaign. Middle plot: Single
scattering albedos for three wavelengths. Also shown is a classification of aerosol types, which is explained in more detail in Section 5.2. Lower
plot: Effective radius derived from measured particle number size distributions.

35 to 37), the averages and differences are 0.93 (avg.) and 0.03
(diff.). At DOY 37, an abrupt drop in the single scattering albedo
from 0.97 to 0.8 occurred and the values for both scattering
Ångström exponents increased and became equal. Reasons for
the change in single scattering albedos and absorption Ångström
exponents were an increased mass fraction of absorbing material

such as soot or possibly biomass burning smoke. A change in
particle number size distribution can be seen in the effective
radius. Before DOY 37, the effective radius was larger than
0.5 μm and from DOY 37 to 40, the effective radius was between
0.29 and 0.67. Small relative radii indicate that the number size
distribution shifted towards smaller particles. This shift can be
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Fig. 3. (a) Scattering Ångström exponents (450–550 nm) and effective radii versus absorption Ångström exponents (450–550 nm). (b) Single
scattering albedo at 450 and 650 nm versus absorption Ångström exponent (450–550 nm). (c) Correlation between scattering Ångström exponent
(450–550 nm) and effective radius.

caused by either a smaller fraction of coarse mode particles, for
example, dust or sea salt, or a higher fraction of accumulation
mode particles, for example, marine, smoke or anthropogenic
pollution.

Spectral single scattering albedos derived from the SOAP
were compared to columnar integrated spectral single scattering
albedos in Toledano et al. (2011) for a day with high dust con-
centrations near ground. Differences in single scattering albedo
are smaller than 0.02 in the wavelength range between 450 and
1000 nm. In situ measured single scattering albedos refer to
dry conditions, whereas data from sun photometer are measured
at ambient conditions. Schladitz et al. (2011a) showed that the
single scattering albedo is less sensitive to humidity effects for
mineral dust particles. This insensitivity can explain the good
agreement between values derived from ground-based in situ
and columnar integrated measurements.

Figure 3a shows a correlation of intensive optical properties.
For absorption Ångström exponents larger than two, the scat-
tering Ångström exponent decreases with increasing absorp-
tion Ångström exponents. In this case, optical properties are
dominated by mineral dust. For absorption Ångström exponents
smaller than 2, the correlation became worse. Then, the absorp-
tion Ångström exponent is dominated by soot or biomass burn-

ing smoke and the scattering Ångström exponent is controlled
by the relative abundance of sea salt. The effective radius shows
an opposite behaviour compared to the scattering Ångström ex-
ponents. A correlation between effective radius and scattering
Ångström exponent is shown in Fig. 3c. This plot indicates that
the scattering Ångström exponents mainly depend on the size of
particles and are not a function of the particle composition. The
reader should remind that different size ranges might consist of
different particle composition. That cannot be seen from Fig.
3c, since total scattering coefficients and Ångström exponents
can not be used to differentiate between the dominating parti-
cle compounds, here sea-salt and mineral dust. No correlation
could be found between single scattering albedos and absorp-
tion Ångström exponents (Fig. 3b). The reason is that the single
scattering albedo depends on the abundance of sea salt, mineral
dust and soot, whereas the absorption Ångström exponents are
insensitive to sea salt.

5.2. Aerosol type classification

Based on the measured optical and microphysical properties, a
classification of aerosol types was derived. The guidelines for
classification are as follows:
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(1) Sea salt mainly occurs in the coarse mode and a high
mass fraction of sea salt increases the effective radius, followed
by a decrease of the scattering Ångström exponent. The imag-
inary part of the refractive index in the wavelength range from
350 to 900 nm is smaller than 4 × 10−5 (Hess et al., 1998), since
the sea salt particles are almost non-absorbing. The absorption
Ångström exponent is therefore not sensitive to the mass fraction
of sea salt particles.

(2) Mineral dust particles are predominantly found in the
coarse mode. High mass concentrations of mineral dust cause
thus high effective radii and low scattering Ångström exponents.
The spectral behaviour of the imaginary part of refractive index
(Müller et al., 2009a) causes high absorption Ångström expo-
nents.

(3) Biomass burning particles (smoke) of anthropogenic and
natural origin are found in the submicrometer size with small
effective diameters and higher scattering Ångström exponents
compared to mineral dust and sea salt. Kirchstetter et al. (2004)
found absorption Ångström exponents of up to 2.5 for biomass
burning aerosols. Absorption Ångström exponents at different
wavelength pairs are almost constant in the wavelength range
from 350 to 1000 nm.

(4) The marine background aerosol consists of aged particles
of different sources. It is not possible to simply quantify the
mass fraction of different compounds of aerosols by its optical
properties. However, soot can be found even at remote areas (e.g.
Posfai et al., 1999). Soot typically is found in the submicrometer
range and values of the absorption Ångström exponents are about
unity.

The definitions given in items (1) to (4) do not allow develop-
ing a strictly mathematical algorithm to classify aerosol types.
The classification is not to give an insight in the mass fractions
of different compounds, but to reflect concise optical properties
of aerosols. Using the guidelines, five periods were indentified.

Period A: From DOY 18 to 35, the absorption Ångström
exponents indicate a large mass fraction of mineral dust. The
dominance of coarse mode particles can also be seen by the low
scattering Ångström exponents supported by the high effective
radius.

Period B: A period with a high number fraction of hygro-
scopic sea salt particle was observed between DOY 35 and 37.25
(Schladitz et al., 2011a). The concise optical property for this
period was the high single scattering albedo at all wavelengths.
A small wavelength dependence of the single scattering albedo
and an absorption Ångström exponent between ∼1 and ∼2.5
might be caused in this case by different absorbing particles
such as soot, biomass burning smoke, or mineral dust. The ef-
fective radius was smaller compared to the dust-dominated pe-
riod. However, during the last hours of this period (DOY 36.5 to
37), we observed high single scattering albedos, increase in the
absorption Ångström exponents, and a larger effective radius.
The aerosol composition during this period of 12 hours is not

entirely clear. From data we have, Period B can be classified as a
complex mixture of several compounds of sea salt, mineral dust,
biomass burning smoke and soot.

Period C: From DOY 37.25 to 39.5, scattering Ångström
exponents are highest what indicates a large number fraction of
small particles. For a short time period from DOY 38.5 to 39.5,
the effective diameter increased, but the scattering Ångström ex-
ponent was rather constant. The absorption Ångström exponents
did not change at DOY 38.5 but increased slightly at DOY 39.5.
This behaviour of the optical and microphysical properties can-
not be explained with the guidelines (1) to (4). Since the single
scattering albedo was relatively low with values of about 0.9 or
smaller, this period is classified as a mixture of soot and biomass
burning smoke, although a significant amount of sea salt might
have been present.

Period D: From DOY 40.5 to 42.25 was similar to period
C but with a higher mass fraction of sea salt leading to a
single scattering albedo larger than 0.9. The mass concentra-
tions during this period were rather low. Scattering coefficients
at all three wavelengths of the nephelometer were between 6
and 12 Mm−1 and absorption coefficients at 522 nm measured
with a PSAP were between 0.1 and 0.5 Mm−1 (Schladitz et al.
2011b).

Period E: From DOY 29 to 30 is a subset of period
A. During this period, the PM10 mass concentrations were
highest with values between 430 and 520 μg/m3 (Schladitz
et al., 2011a). Since the absorption was highest with approx-
imately 30 Mm−1 at a wavelength of 550 nm, this period
was classified as period with the highest mineral dust mass
concentration.

Figure 4 shows average spectral single scattering albedos ac-
cording to the classification. Dashed lines represent the 25th
and 75th percentiles. It can be seen that single scattering albe-
dos are nearly constant for wavelengths between 650 and 950
nm. The most information on aerosol types can be found in the
spectral range between 350 and 650 nm. Considering the 25th
and 75th percentiles, spectral single scattering albedo allows a
differentiation between the main aerosol types at the Cape Verde
Islands.

The classification was compared with results from mineralog-
ical single particle analysis (cf. fig. 8 in Kandler et al., 2011a).
It was found that the time series of the relative abundance of the
sum of silicate and sea salt agrees well with periods dominated
by dust (periods A and E) and with periods dominated by sea
salt (period B). In Knippertz et al. (2011), a classification based
on back trajectories was developed. Main results of Knippertz
et al. (2011) are: (i) Period A of this study was divided in three
periods of dust, but with dust of different origins. (ii) The period
from DOY 37 to 45 was classified by Knippertz et al. (2011) as
‘no pure dust’. (iii) Smoke layers were present at most days but
layers usually occurred in heights between 0.5 to 5.0 km. (iv)
Dust layers showed a complicated vertical structure and dust was
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Fig. 4. Spectral single scattering albedos derived from SOAP. Shown are the median and the 25th and 75th percentile values for each period
according to the classification.

mixed many times down into the marine surface layer. Results
of Knippertz et al. (2011) are in agreement with findings of our
study.

5.3. Imaginary parts of refractive indices

Schladitz et al. (2011b) showed that Mie theory is not appro-
priate for calculating scattering coefficients for non-spherical
mineral dust particles. It is also shown that spherical Mie the-
ory is applicable for periods with low dust concentrations, what
gives confidence that measurements of particle number size dis-
tribution and scattering coefficients are consistent among each
other. For the retrieval of the imaginary parts of refractive in-
dices, the spherical Mie theory can be applied, since the particle
absorption is less sensitive to particle shape Kalashnikova and
Sokolik (2004).

Imaginary parts of refractive indices were derived by inverse
Mie calculations using the measured particle number size dis-
tributions and absorption coefficients. The real part of refractive
index of 1.53 for mineral dust was taken from the OPAC (Op-
tical properties of Aerosols and Clouds) database (Hess et al.,
1998). Also during SAMUM-1 real parts of 1.53 were derived
in Schalditz et al. (2009), and in Kandler et al. (2011a,b) real
parts between 1.55 and 1.58 were derived for the SAMUM-2
campaign. Differences between these values are small, and had
no effect on the following method for retrieving the imaginary
part of refractive indices.

The imaginary part of refractive index was varied, until the
calculated absorption fitted to the measured absorption coeffi-

cient. Atmospheric aerosols are typically a mixture of several
modes of particles with each mode having different chemical
composition. Beside these facts, particles of a certain size may
consist of only a single compound (external mixture) or multi-
ple compounds (internal mixture). The Mie model used here as-
sumes a size-independent refractive index with a homogeneous
internal mixture of different compounds. Thus, the imaginary
parts of refractive indices inferred by this method have to be
regarded as effective values for the entire particle population.

The measurement uncertainty of the imaginary part of re-
fractive index depends on the uncertainties of measuring the
absorption coefficient and the particle number size distribution.

The uncertainty in the absorption is 15% and the uncertainty
of the particle number size distribution was assumed to be 20%,
what is the value of the uncertainty of the total mass concen-
tration determined from the particle number size distribution
(Schladitz et al. 2011a). In a first approximation, the imaginary
part of refractive indices is a linear function of both, the particle
mass concentration and the absorption coefficient, and thus, the
uncertainty is the sum of both contributions and amounts about
35%.

Figure 5 shows imaginary parts of refractive indices deter-
mined for the entire time series for the wavelengths of 450, 550
and 650 nm. For the dust case, period E, the imaginary part of
refractive indices is smaller than for other days, e.g. two days
before the dust case (DOY 27 to 28). The highest total mass
concentrations were measured during this period. A possible
explanation might be that additional absorbers such as soot or
biomass burning smoke could increase the imaginary part of

Tellus 63B (2011), 4



SPECTRAL PARTICLE ABSORPTION COEFFICIENTS 583

Fig. 5. Time series of the imaginary part of refractive index at 450, 550 and 650 nm. Also periods according the classification are shown.

refractive indices during other periods. Such events might occur
at DOY 26.5, 27.5, 34.5 and 38. For these cases, it is diffi-
cult to distinguish between absorption of mineral dust, soot, and
biomass burning smoke. Engelmann et al. (2011) reported smoke
layers and possible down mixing of smoke to the ground. But
differences in the spectral absorption between biomass burning
smoke, soot (Kirchstetter et al., 2004) and mineral dust (Müller
et al., 2009a) might be too small to allow a separation of com-
pounds in such a complex mixture.

During Period B the imaginary part of refractive index showed
only small wavelength dependence, which justifies the assump-
tion that this period was dominated by many compounds with
varying mass concentration over time. During period C, the
imaginary part of refractive index was similar for all wave-
lengths. That indicates that mineral dust can be neglected, and
that high imaginary parts of refractive indices were caused
by soot or smoke or a mixture of both compounds. Period
D was similar to period B, but with a higher sea salt mass
concentration.

For the Periods A, B, C and E, imaginary parts of refractive
indices were derived for wavelengths from 350 to 950 nm and
are shown in Fig. 6. Median values for a dust case (periode E)
and for the entire campaign are given in Table 1. For period
A, the spectral imaginary parts of refractive indices show the
typical spectral behaviour for mineral dust. The imaginary part
for mineral dust is lowest with values smaller 4 × 10−3 in the
wavelength range from 600 to 900 nm, and for wavelengths
smaller 600 nm the imaginary part of refractive index increases
with decreasing wavelength.

Spectra for the dust dominated case and the case with high dust
concentration show a similar behaviour. While the values of the

imaginary parts of refractive index are similar for smaller wave-
lengths, the dust case shows smaller imaginary parts of refractive
index in the visible and NIR spectral range. This might be an
indication that the other cases were ‘contaminated’ with another
spectral neutral absorber. The imaginary part of the refractive
index for period B is less dependent on wavelength. Only a small
increase to smaller wavelength can be seen. Period C shows a
similar spectral dependence, but with almost an order of magni-
tude higher values. The absorption Ångström exponent for pe-
riod C is 1.2. From this value, a mixing ratio between soot-like
and smoke-like absorbers cannot be concluded. The imaginary
part of refractive index of pure soot given in the OPAC database
shows a small increase towards smaller wavelengths. For 900
and 350 nm, the imaginary parts of refractive indices are 0.437
and, 0.465, respectively. Values for refractive indices given in
literature can differ among each other. More references for wave-
length dependence refractive indices are for example, Chang and
Charalampopoulos (1990) and Bergstrom et al. (2002). The val-
ues derived for the total aerosol for period C were significantly
smaller due to a mixing with non-absorbing material and were
0.035 and 0.014 for the wavelength 350 and 900, respectively. It
is not clear if the stronger spectral dependence is due to absorb-
ing organic compounds or due the simplified Mie model with
a size-independent complex refractive index. Thus, the spectral
behaviour shown in Fig. 6 is not an indication for a smoke-like
absorber. The increasing imaginary part of refractive index with
decreasing wavelengths might be also an artefact of the model
or might be caused by systematic errors of the measurements.
Periods A and D are dominated by sea salt and mineral dust and
the total particle volume concentration is dominated by particles
in the coarse mode. Thus, the Mie inversion routine retrieves
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Fig. 6. Spectral imaginary parts of refractive indices. Shown are the median and variability within the period given by the 25th and 75th percentiles.

Table 1. Median values of imaginary parts of refractive indices (k) for a dust case and the entire campaign

Wavelength (nm) 320 350 400 450 500 550 600 650 750 850 950

Dust case (period E) 35.3 31.2 19.3 11.0 7.6 4.8 3 2.5 2.1 2 1.8
Median of the entire campaign 27.1 23.4 16.0 10.4 8.0 5.7 4.4 3.9 3.6 3.6 3.6

Note: Values for imaginary parts are given in k × 1000.

imaginary parts of refractive indices for coarse mode particles
without significant uncertainties due to the assumption of size-
independent imaginary parts of refractive indices. Potential un-
certainties due to the assumption of an internal mixture still
remain.

In Kandler et al. (2011a,b), the complex refractive index of
particles was derived from the elemental composition measured
with electron microscopy and coupled X-ray fluorescence de-
tection. The refractive index was calculated by modelling the
measured elemental composition by a set of mineralogical com-
pounds and afterwards applying a volume mixture rule to aver-
age tabulated refractive index values for the identified minerals,
according to their volume contribution to each single particle.
For each size interval, the volume-weighted averages were cal-
culated. A grand volume average was determined by weight-
ing with the particle number size distributions measured down-
stream of the PM10 inlet. For electron microscopy the uncertainty
in the imaginary part of refractive index was determined to be
a factor between 2 (coarse mode particles) and 3 (submicrom-
eter particles; Kandler et al., 2011a). For further analysis, an
average uncertainty of 2.5 was used. Figure 7 shows imaginary
parts of refractive indices derived by electron microscopy and
by absorption spectroscopy.

Fig. 7. Imaginary parts of refractive indices for dust and marine
periods derived from this study and by electron microscopy (Kandler
et al. 2011a,b). For the description of the dust and marine phases refer
to text.

Two different types of aerosols, marine and mineral dust,
were investigated. In the rest of this paragraph the classification
according to Kandler et al. (2011a) is used. The cases classi-
fied as ‘marine’ in Kandler et al. (2009) coincide with periods
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Fig. 8. Measured Absorption coefficients and derived imaginary parts of refractive indices for SAMUM-1 and SAMUM-2. Shown are the medians
(lines), 10th and 90th percentiles (shaded area) of the entire campaigns. Also typical dust cases (diamonds) are shown, which are not necessarily
periods with the highest dust concentrations.

classified as ‘sea salt’ in this manuscript. Imaginary parts of
refractive indices denoted as ‘dust’ were determined by elec-
tron microscopy for the periods 29 January 11:37–11:48 and
19:23–19:33, 30 January 15:53–16:03 and 19:17–19:28, and
31 January 10:45–11:38 and by the absorption spectroscopy as
an hourly average starting at 29 January 12:00 and 19:00, 30
January 16:00 and 19:00, and 31 January 11:00. For the marine
case, data from different time periods had to be used for the
two methods, because no period was found for which data from
both measurement techniques are available. For the electron mi-
croscopy measurement, the periods 15 January 16:43–18:43 and
16 January 16:52–17:51 were used. For absorption spectroscopy
the averaging period was from 29 January 00:00 to 23:00.

For the dust case, the imaginary parts of refractive indices
at wavelengths larger than 550 nm determined by absorption
spectroscopy are higher than values inferred from electron mi-
croscopy. In the wavelength range from 450 to 600 nm differ-
ences between these methods are small. For the marine case, the
imaginary parts of refractive indices show a spectral run which
is different to the dust cases. The flat spectral run indicates that
a significant part of absorption comes from elemental carbon
with absorption Ångström exponents in the order of unity. In
the marine case, the values derived by electron microscopy are
generally lower than values from absorption spectroscopy. Due

to the high uncertainties the curves are only non-significantly
different for the dust case. Only a further reduction of these
uncertainties might reveal systematic differences between the
methods and should be addressed in future work.

The differences between the two methods have to be explained
by a set of uncertainties inherent to both methods. Values derived
by absorption spectroscopy might by erroneous, because the
imaginary part of refractive index is determined with Mie scat-
tering calculations, possibly inaccurate for non-spherical dust
particles. A further source of errors might be sizing with DMPS
and APS, which requires a number of corrections. Refractive
indices derived by electron microscopy have to rely on refrac-
tive index values tabulated in literature for pure minerals, which
were measured with very different methods. In addition, the state
of iron in the samples, the main factor influencing the mineral
dust absorption, is not well known (Kandler et al., 2009). In
addition, small soot inclusions in larger particles like sea salt
would be disregarded by the analysis, but still may contribute
to the absorption. Also, the calculation procedure depends on
the choice of an adequate mixing rule for refractive indices
reflecting the particle geometry, but the internal structure of the
particles is largely unknown. For the marine case, data from
different time periods had to be used for the two methods, what
prohibits comparison in a strict sense.
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5.4. Comparison with results of SAMUM-1

Absorption coefficients and imaginary parts of refractive in-
dices inferred from SAMUM-1 and SAMUM-2 were compared.
In Fig. 8, spectra of the median absorption coefficients and
imaginary parts of refractive indices are shown. The variation
during the campaigns is indicated by the 10th and 90th per-
centiles. In addition, for both campaigns ‘mineral dust’ spectra
are given. For SAMUM-1, a period with high dust concentra-
tion was taken and an additional contribution of soot to ab-
sorption coefficients and imaginary parts of refractive indices
was corrected for (Müller et al., 2009a). For SAMUM-2, pe-
riod E is taken as dust case. A correction of the soot contri-
butions was not done. The field station at Praia was far from
anthropogenic sources considering the wind direction. Thus, an
aerosol with a complex mixture of mineral dust, sea salt, ma-
rine particles and soot was expected. The complex mixtures pre-
vented a correction for soot, to derive the spectra of pure mineral
dust.

Absorption coefficients show a similar behaviour for
SAMUM-1 and SAMUM-2. The median absorption coefficient
of the entire campaign is higher for SAMUM-2. On a first sight,
this is confusing, since SAMUM-1 took place in a source re-
gion of mineral dust, the dust measured during SAMUM-2 was
transported of long distances to the Cape Verde Islands. Al-
most two-third of the measurements during SAMUM-2 cam-
paign were however classified as dust dominated and many
days without any significant amount of dust occurred during
SAMUM-1. For SAMUM-1, not all data for cases with very
high dust concentrations were available, since the SOAP fil-
ter were overloaded preventing data evaluation for these cases.
Thus, many interruptions of the SAMUM-1 time series at high
dust concentrations cause a bias. For this reason, the absorption
spectrum for SAMUM-1 showed much smaller values than for
SAMUM-2.

Imaginary parts of refractive indices show similar values for
wavelengths smaller than 500 nm. For larger wavelengths, values
inferred from SAMUM-2 are higher. The reader should remind
that the SAMUM-1 experiment held in southern Morocco was an
experiment in a source region with a minimum impact of marine,
anthropogenic, and biogenic aerosol sources. In Müller et al.
(2009a) it was shown that even small amounts of soot can change
the derived imaginary part of refractive index in the wavelength
range from 500 to 900 nm. The median and percentiles of the
entire campaign show that the variability of imaginary parts
was more variable during SAMUM-2 compared to SAMUM-1.
The higher variability is explained by the complex mixing state
during SAMUM-1.

6. Conclusions

We presented an improved SOAP. Beside the technical modifi-
cations concerning spectral range and resolution the data eval-

uation scheme was improved as well. Measuring transmittance
and reflectance gives information on the particle scattering. It
was shown that a calibration using a nephelometer as a reference
instrument, particle scattering coefficients can be derived from
SOAP.

From measurements with the SOAP and the integrating neph-
elometer, absorption and scattering Ångström exponents, and
the spectral single scattering albedo of different aerosol types
were derived. Comparison with columnar integrated measure-
ments showed, that single scattering albedos compared well for
a dust case (Toledano et al., 2011).

Measurements of basic aerosol parameters were used for a
classification of aerosol types by their optical properties. The
classification was based on a small set of instruments with only
physical measurements of the scattering and absorption coeffi-
cients, and number size distributions. The derivation does not
include a chemical or elemental analysis. Five periods were
found with different optical properties. These are dust periods
for about 16 days, periods with complex mixtures of mineral
dust, sea salt, soot and marine background aerosols. From opti-
cal properties a down mixing of smoke can be neither affirmed
nor excluded. A quantification of single compounds was not
possible, since the state of mixing was too complex to give a
unique solution.

Imaginary parts of refractive indices show different spectral
behaviours for cases with high dust concentrations and cases
with marine background aerosol. For dust cases, imaginary parts
of refractive indices range from 0.020 at 400 nm to 0.0018 at
950 nm. For the entire campaign, median values range from
0.016 at 400 nm to 0.0035 at 950 nm. Spectral imaginary parts
of refractive indices for mineral dust were similar to values
measured during SAMUM-2. Comparison with values inferred
from electron microscopy shows that there are still uncertainties
between these methods.

From in situ measurements of optical properties, we cannot
conclude significant aging effects of mineral dust particles dur-
ing transport from the Saharan to the Cape Verde Islands.
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