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ABSTRACT
During the second Saharan Mineral Dust Experiment (SAMUM-2) field campaign, particles with geometric diameters
(d) between ~0.1 and 25 pm were collected on board of the Deutsches Zentrum fiir Luft- und Raumfahrt (German
Aerospace Center, DLR) Falcon aircraft. Size, chemical composition and mixing state of aerosols sampled (spatially and
vertically resolved) along the West African coastline and in the Cape Verde Islands region were determined by electron
microscopy. A pronounced layer structure of biomass-burning aerosol and desert dust was present for all days during
the sampling period from 23 January to 6 February. The aerosol composition of the small particles (d < 0.5 um) was
highly variable and in cases of biomass burning strongly dominated by soot with up to 90% relative number abundance.
Internal mixtures of soot particles with mineral dust were not detected. Soot was only observed to mix with secondary
sulphate. The coarse particles (d > 0.5 um) were dominated by silicates. In the Cape Verde Islands region mineral
dust is well mixed. The determination of source regions by elemental or mineralogical composition was generally not
possible, except for air masses which were transported over the Gulf of Guinea. The real part of the refractive index
showed little variation. In contrast, the imaginary part strongly depended on the abundance of soot (bhiomass-burning

aerosol) and haematite (mineral dust).

1. Introduction

The Saharan desert is known to be the most important
source of mineral dust in the global atmosphere (Goudie and
Middleton, 2001). Mineral dust particles have a strong influence
on the atmospheric radiation system. Depending on their phys-
ical properties (shape, size, morphology, aspect ratio) and their
chemical/mineralogical composition, even the sign of radiative
forcing is varying as discussed in many studies (e.g. Tegen etal.,
1996; Sokolik and Toon, 1996; Liao and Seinfeld, 1998).

At the Cape Verde islands, significant mixing of aerosols is
expected due to the presence of Saharan mineral dust transported
towards the Americas and biomass-burning aerosol from huge
annual bush fires in the sub-tropic region south of the Sahel belt
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(Crutzen and Andreae, 1990; Barbosa et al., 1999). Uncertainties
exist in the quantification of the highly variable distribution of
these two components, their optical properties and, therefore,
the magnitude and sign of radiative forcing (Solomon, 2007).

The second Saharan Mineral Dust Experiment (SAMUM-2)
field campaign (Ansmann et al., 2011) focused on Saharan
dust and biomass-burning aerosol that are transported towards
the West African Monsoon region and across the tropical At-
lantic Ocean, causing a complex aerosol layering (Haywood
et al., 2008) which may change the optical properties of the air
masses.

As the optical properties of the total aerosol strongly de-
pend on the chemical/mineralogical composition and the mix-
ing state of the particles, these parameters were determined for
a large number of particles (~50,000) by electron microscopic
single particle analysis. All samples were taken on board of
the DLR (German Aerospace Center) Falcon aircraft. As data
on the chemical/mineralogical composition and mixing state of
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Saharan dust in the vertical column are still very limited
(Formenti et al., 2003; Chou et al., 2008; Matsuki et al., 2010;
Scheuvens et al. 2011), this work provides important insights in
the distribution and mixing of mineral dust and biomass-burning
aerosol with emphasis on the distribution within the aerosol col-
umn over the Atlantic ocean.

2. Experimental

2.1. Particle sampling

Samples were collected on board of the DLR Falcon aircraft
with a set of six two-stage (0.1-1 and 1-3 um aerodynamic
diameter) miniature impactors (Kandler et al., 2007) and a body
impactor mounted in a wing station of the aircraft (giant particle
collector, GPaC). The assembly and sampling conditions for
particles up to d ~ 3 um were the same as during the SAMUM-
1 campaign (Kandler et al., 2009). For a detailed description
of the aerosol inlet and sampling assembly refer to (Weinzierl
et al. 2009), and references therein. Particles were collected
on nickel grids for transmission electron microscopy (TEM),
coated with formvar-carbon-foil (Plano TEM grids S-162 N9,
Wetzlar, Germany), and on adhesive carbon substrate mounted
on nickel disks. All samples were stored and transported under
dry conditions (~30% RH) to avoid modification due to high
humidity.

The aerosol inlet of the DLR Falcon Aircraft limits the max-
imum particle size of collected particles to a diameter of 3 um
(Petzold et al., 2009). In airborne desert dust, much larger parti-
cles with diameters up to tens of micrometres can be expected.
No sampling equipment for the large particle collection on an
aircraft is commercially available. The sampling device for large
particles described by Levin et al. (2005) cannot be used for the
Falcon aircraft. Therefore, it was necessary to develop a new
particle sampler to collect large airborne particles (GPaC). The
combination of a two-stage impactor and a GPaC allows sam-
pling of particles over a wide size range from below hundred
nanometres to some tens of micrometres (particles from 38 nm
to 28.5 um aerodynamic diameter were collected during the
field campaign).

2.2. Giant particle collector

The GPaC can be mounted in a wing station of the Dessault
Falcon 20-E5 (modified and used as a sampling aircraft by the
DLR) and is equipped with a control unit, which enables retract-
ing and changing of samples (six in maximum) during a flight at
a specified time. For operation, the GPaC is mounted inside the
cylindrical spacing of a wing station. The front is covered by a
hemispherical cap, which provides a bore hole for retraction and
extension of bars. A sample carrier is mounted on the tip of each
bar. The centric bore hole is closed by a ball valve. A revolver
trommel is eccentrically assembled inside the cylinder provid-
ing six chambers with sampling bars, which are located around
the axis with 60° angular distance. When rotating the axis, one
chamber respectively can be aligned to the central axis of the
cylinder, so that the assembled bar can be deployed through the
bore hole of the ball valve and the bore hole of the cap. Exten-
sion and retraction of bars is controlled by an electromechanical
control unit. Sample holders can be removed to restore the sam-
ples and to change the sampling substrate, as shown in Fig. 1.
The GPaC can be operated from inside the airplane by a flight
attendant or accompanying scientist.

The substrate diameter is approximately 9 mm. Through the
interaction of the air flow velocity at the airplane (~200 m s™1)
and the mass inertia of the airborne particles, particles will col-
lide with (or impact on) the substrate as described for body
impactors in Willeke (1993). A schematic drawing of the GPaC
with extended bar is displayed in Fig. 2.

Unlike jet impactors, the GPaC does not suffer from inlet and
transmission losses, i.e. all particles larger than the cut-off size
are likely to impact on the substrate. The disturbance by the
wing or the airplane itself is regarded as insignificant, because
the extended bar is overtopping the wing itself towards the front.
Therefore, no upper size limitation for deposited particles is
expected due to pre-impaction losses. An adhesive substrate is
used to minimize bounce-off losses.

The cut-off size is determined by the air speed, pressure and
temperature. The impaction efficiencies (Fig. 3) for the tip sub-
strate are calculated by extensive computational fluid dynamics.
The nominal 50% cut-off diameter varies as function of pressure,
temperature and velocity between 3 and 8 pum.

Fig. 1. Giant particle collector: sampling bar
with tip (left). Demounted tip with sample
holder and sample (right), the black area is
adhesive carbon substrate.
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Fig. 2. Giant Particle Collector (GPaC),
schematic drawing of the technical
component assembly.
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Fig. 3. Calculated impaction efficiency for the tip substrate of the
GPaC for different flight conditions.

2.3. Flights

The DLR Falcon sampling aircraft was stationed at the airport of
Praia on Santiago Island (14.947245¢ latitude and —23.484619°
longitude, approximately 110 m a.s.l.). Flights were conducted
to the south, north and east of the Cape Verde Islands. Flight
tracks are described by Weinzierl et al. (2011). Each of the
sampling flights had a different aim, for example conducting
a column closure study on aerosol properties over Cape Verde
Islands (Ansmann et al. 2011), studying urban influenced dust
episodes (Petzold et al., 2011) or investigating biomass-burning
aerosol (this study).

An overview of flights, sampling times and locations, as well
as the chemical composition and number of analysed particles is
given in Appendix S1 of Supporting Information. In this work,
three of nine flights were studied in detail: (1) column clo-
sure study (25 January 2008) over Praia, with strong mixing
of biomass-burning aerosol with mineral dust; (2) flight to the
south (4 February 2008) to collect biomass-burning aerosol at
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different altitudes above the Atlantic; and (3) flight to the east
(5 February 2008) west of the Senegalese coastline, to sample
strongly dust influenced continental and coastal aerosol.

2.4, Electron microscopy—composition, morphology
and refractive index

Scanning and transmission electron microscopy was performed
to obtain information on the chemical and mineralogical com-
position of transported Saharan dust particles (Kandler et al.,
2007;2009). This combination of techniques provides (with high
spatial resolution) information on particle size, shape, morphol-
ogy, chemical and mineralogical composition, as well as mixing
state.

In this study, an environmental scanning electron microscope
‘ESEM Quanta 200 FEG’ of FEI, Eindhoven, the Netherlands,
with a field emission gun and equipped with an EDAX energy-
dispersive X-ray detector was used for all samples. This in-
strument is supported by EDAX Genesis software for different
single particle analysis applications. For description of analysis
conditions refer to Kandler et al., 2011b). Based on the X-ray
count rates, particles were classified into different groups. A de-
tailed description of the classification criteria and the observed
particle groups are given in Kandler et al., 2011b). To recognize
soot particles on a carbon coated substrate (Ni-TEM grid coated
with polyvinyl-formal and carbon, Plano, Wetzlar, Germany),
all small stage samples had to be investigated manually. Soot
and other small particles (d ~ 30-500 nm) were characterized
based on their characteristic morphology. Particle size is defined
as projected area diameter. The chemical composition of the
particles is expressed as element index as described in Kandler
et al., 2011b). This index is defined as the atomic ratio of the
concentration of the element considered and the sum of the con-
centrations of the elements Na, Mg, Al, Si, P, S, Cl, K, Ca, Ti,
Cr, Mn and Fe. Element indices and ratios between different
element indices are used to describe the complex composition
of the particles.

Transmission electron microscopy (TEM) was applied ad-
ditionally on the small stage impactor samples (TEM grids)
using a Philips CM 20 ST instrument (FEI, Eindhoven, The
Netherlands) equipped with a LaBg cathode and operated at
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200 kV accelerating voltage. TEM images were recorded with a
high-resolution charged coupled device camera (Keen View G2,
Olympus Soft Imaging Solutions GmbH, Miinster, Germany).
The beam stability and evaporation behaviour of particles were
included in the classification scheme. The mixing state of com-
plex silicate agglomerates, soot and soot mixtures were investi-
gated in detail by TEM imaging (see also Kandler et al., 2011b).

Based on the measured chemical composition, a model min-
eralogical composition for each particle was determined. As-
suming homogeneous internal mixture of the components, the
complex refractive index was calculated using a volume mixing
rule from the modelled mineralogical compounds (for details,
see Kandler et al., 2011b).

2.5. Back trajectories and meteorology

To determine the possible origin of air masses arriving at a sam-
pling location, 6-day back trajectories were calculated every 12 h
using the LaGrangian Analysis Tool (LAGRANTO, Wernli and
Davies, 1997) operational analyses from the European Center
for Medium-Range Weather Forecasts. Back trajectories (Fig. 4)
are calculated for all three sampling flights and flight legs (start
points). Simplified illustrations of the main trajectories for each
day are displayed in Figs 4a—c.

The synoptic meteorological situation is documented in Knip-
pertz et al. (2011). Dust production in Mauretania, Mali, Niger
and the Bodélé depression was reported for most of the period.
During the measurement campaign at Cape Verde, three major
dust events (DU) were recorded for Praia, which also affected
most of the flight samples: DU1 from 17 to 20 January, DU2
from 24 to 26 January and DU3 from 28 January to 2 February,
of which DU2 and DU3 had very similar source characteristics
(Kandler et al., 2011a).

3. Resultsand discussion

3.1. Giant particle collector

The GPaC was used for the first time during the SAMUM-2 field
campaign in the vicinity of Cape Verde Islands and the West
African coastline. Particles with an average geometric diameter
between 0.65 and 28.5 m were found on the substrate and
analysed by means of SEM.

In addition, a comparison of particle number size distributions
derived from SEM analysis and from optical particle spectrome-
ters is shown in Fig. 5. The general shape of the size distribution
is similar. However, the absolute particle concentration is signif-
icantly lower (factor 2). The discrepancy may be linked to one or
more of the following potential sources of uncertainty: adhesion
efficiency of <1, discrepancy in particle size definition (optical
measured diameter versus projected area equivalent diameter)
and particle density estimation from electron microscopy to cal-
culate aerodynamic diameter for efficiency correction.

-

V]

.!J \\ /A 800 m

Fig. 4. Back trajectories for 25 January (a), 4 February (b) and
5 February (c).

3.2. Relative number abundance of the different
particle classes

From all samples collected throughout the field campaign, it
is obvious at first sight (Fig. 6) that there is a very clear layer
structure of different aerosol types. This is consistent with ob-
servations of biomass-burning layer by Lidar and other airborne
observations (Weinzierl et al., 2011). Obviously, above the At-
lantic and in the Cape Verde Islands region we find highly stable
conditions for biomass-burning layers in high altitudes (depend-
ing on the day at lower limits of 700-900 and upper limits of

Tellus 63B (2011), 4
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Fig. 5. Number size distributions derived from GPaC/scanning electron
microscopy and optical particle spectrometers (FSSP, PCASP); the
open circles show the GPaC data without efficiency correction.

probably 2000-4000 m a.s.l.). A very similar structure prevailed
for most of the other flights: the sequence of layers changes due
to the meteorological situation, but remains a clearly detectable
layer structure, indicated by the presence of soot among the
small particles.

In total, 45 flight levels from nine different flights (120 sam-
ples) were investigated (Appendix S1) in total. The results for
three different days there off are shown in Fig. 6 and summa-
rized results for biomass-burning and desert aerosol in Fig. 7.
The chemical composition expressed as relative number abun-
dance of the different particle groups (Figs 6 and 7) shows pro-
nounced differences between the dust and the biomass-burning
samples, but little variation within the dust samples. Generally,
in the size range above 0.5 «m geometric diameter, mineral dust
(mostly pure silicates and mixtures of silicates and sulphates)
is dominating. Silicate particles show the largest abundance in
the super micrometre size range, contributing about 50-85%.
Like in the ground-based taken samples, there is always a small
amount of quartz particles present in an almost constant ratio to
the amount of silicates. Sulphates (mostly sodium sulphates) are
most abundant in the size range between 0.5 and 2.5 um. The
sodium sulphate particles are interpreted as aged sea salt. Some
of them still show minor chlorine contents. Judged from the
back trajectories most air masses sampled in our field campaign

Tellus 63B (2011), 4

experienced marine conditions during their relatively long travel
time (either prior or after crossing the Sahara/Sahel region). At
the lowest sampling altitude (500 m a. s. |.), large amounts of
sea salt are observed (Fig. 6).

In contrast, the aerosol composition is highly variable below
d = 0.5 um. In the case of biomass-burning aerosol layers, soot
is strongly dominating (relative number abundance up to 95%).
Internal mixtures of soot and ammonium sulphate particles are
observed frequently, but no internal mixtures of soot with dust
particles. In the dust layers, silicates and silicate/sulphate mix-
tures are also the most abundant groups (up to 97%) below
0.5 um size. On 5 February, the sample collected at the lowest
altitude (Fig. 6) consists in this size range mostly of secondary
aerosol (ammonium sulphate).

Unlike in the ground based observations (Kandler et al.,
2011b), sodium chloride was not observed in the low altitude
samples above Cape Verde (Fig. 6, 25 January), indicating that
the marine boundary layer is restricted to low altitudes (below
200 m) at least at this day. During the whole campaign, samples
from different source regions were collected. As a pronounced
north—south trend was observed for iron oxide and iron-rich
silicate abundances (i.e. Kandler et al., 2007), it was expected
to see different abundances of these minerals in our samples.
However, despite a general variation, no systematic north—south
dependence was observed, indicating that at least the micrometre
range dust particles are well mixed in the aerosol. The contri-
bution of calcite and calcium-dominated particles is negligible,
which is contrary to measurements in Tinfou, Morocco (Kandler
et al., 2009) during SAMUM-1, where Ca-occurrence could be
linked to dust source regions, and observations by Formenti
et al. (2008). Instead, calcium-dominated particles were found
in biomass-burning samples from the south.

Three of nine sampling flights will be discussed in more detail,
as itwas possible to sample a variety of aerosol layers in the same
flight.

3.2.1. 25 January 2008, ‘Praia’. This sampling flight was
performed in the vicinity of the Cape Verde Islands. Biomass-
burning aerosol from the Sahelian region was transported north-
west over the Atlantic ocean, towards the Cape Verde islands
(Fig. 4a). The flight legs where stacked columnar, in the range
of 14.886° to 14.986° latitude and —23.472° to —23.553° lon-
gitude. Samples were taken on flight levels between 3300 and
200 mas.l.

For the flight levels 3300 and 2000 m a.s.l., large amounts
of soot and other biomass-burning particles are observed in the
size range below 0.5 um (Fig. 6). The relative abundance of the
different particle groups for larger particles encountered at these
altitudes is practically identical with pure dust layers. The source
of the mineral dust could be located in the Bodélé depression,
where the aerosol was taken up and transported southward, and
later (probably after some days) mixed with biomass-burning
aerosol. At 700 ma.s.l., soot is also dominating the size range be-
low 0.5 um indicating the presence of biomass-burning aerosol.
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Fig. 6. Relative number abundance of particle groups. (a) 25 January (top), (b) 4 February (middle) and (c) 5 February (bottom), 2008. Each rows
represents two to three samples on a flight level. Left column: geometric diameter <0.5 um; middle column: geometric diameter 0.5-2.5 um; right

column: geometric diameter >2.5 pum.

For lower flight levels, mineral dust was observed in the whole
size range, that is admixture of biomass-burning aerosol has not
taken place. The dust source for these lower levels is Mauretania,
Mali and Niger (Fig. 4a).

3.2.2. 4 February 2008, ‘south’. This flight was dedicated to
sampling of biomass-burning aerosol from southwest and central
Africa that was transported over the Atlantic (Fig. 4b). The flight
legs were stacked in the range of 8.909 ° to —10.291° latitude
and —20.243° to —19.163° longitude. Samples were collected at
altitudes between 3300 and 500 m a.s.l. It should be emphasized
here, that the different flight levels are shifted horizontally, i.e.
not a regular column was sampled.

Interestingly, the biomass-burning aerosol layers are overlaid
by an almost pure desert dust layer (Fig 6). Exceptionally, this
layer shows a high abundance (~20%) of the MgFeSi-group,
representing probably olivine or (ortho-) pyroxene, in the size
range 0.5-2.5 um. Compared to the other samples, this dust

layer is also poor in sulphates, which are usually present in the
intermediate particle size range.

All layers below 3300 m a.s.l. show a strong biomass-burning
component. At the 900 m as.l. level, a significant amount
(~13%) of potassium chloride was found in the small parti-
cle size range, which is interpreted as salt condensate from
biomass burning. At the same altitude level, mixtures of soot
and ammonium sulphate were present but did not exceed 10%.
At 500 m a.s.l., fresh sea salt from sea spray (~18%) is ob-
served for particles above 2.5 um size, mixtures of sea salt
with silicates and sulphates (~10%) for particles between 0.5
and 2.5-um diameter. The sulphates of the lower levels con-
tain sodium sulphate and other sulphates in almost equal parts.
Potassium sulphate, which can be allocated to biomass burning
(e.g. Gaudichet et al., 1995; Li et al., 2003) accounts for a quar-
ter of the other sulphates, most of it in the small particle size
range.

Tellus 63B (2011), 4
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Fig. 7. Relative number abundance of particle groups for all biomass burning (upper) and dust (lower) samples, n (number of particles).

The 500 m trajectories indicate coastal influence at low alti-
tudes, which is responsible for the sea salt in the sample. The
higher trajectories point to Senegal and Gambia as source re-
gion for the biomass-burning component. This conclusion is
supported by the Web Fire Mapper ‘FIRMS’ data (University of
Maryland, MD, USA) which detected many fire spots in Sene-
gal, Guinea, southern Mali and the Ivory Coast for the days
before 4 February 2008.

3.2.3. 5 February 2008, ‘Dakar’. This sampling flight was
performed in the vicinity of Dakar and the coast of Senegal,
over the Atlantic. Samples were taken on flight levels between
2200 and 500 m a.s.l. within 14.717° and 14.152° latitude and
—19.081° and —17.680° longitude. It should be again empha-
sized here, that the different flight levels are shifted horizontally,
i.e. not a regular column was sampled.

A considerable change of composition among the small parti-
cles is seen between the three layers (Fig. 6; assuming that both
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samples taken on 700 m a.s.l. originate from the same layer). The
2200 m a.s.l. samples originate from a biomass-burning layer
and are dominated by soot and other biomass-burning particles
in the small particles size range. The 700 m samples are strongly
influenced by dust, although soot and potassium rich particles
are present. Both samples originate from the same layer and
probably from the same source, which could possibly be in Mali
and adjacent countries. The 500 m a.s.l. flight sample is strongly
influenced by coastal air. The large particles are dominated by
sea salt. Ammonium sulphate is dominating the particles below
0.5 um diameter.

Back trajectories passed Ghana and are lifted to higher alti-
tudes (3000-3500 m a.s.l.) after passing the Ivory Coast. The air
mass surrounded the Cape Verde region and turned east, before
being transported towards the Atlantic. The 700 and 500 m tra-
jectories went along the Senegalese coastline and passed Dakar
near by in the North West (Fig. 4c).
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Fig. 8. Fire map from FIRMS Web Fire Mapper, University of Maryland, USA, for 16 January to 04 February

(http://firefly.geog.umd.edu/firemap/accessed on 3 March 2011, modified).

3.3. Composition and mixing state of biomass-burning
aerosol

Biomass burning is occurring annually during the dry winter
season in southwest and central Africa and was detected for the
period of the field campaign as well. The Firms Web Fire Mapper
by the University of Maryland, USA, reported a large, dense
band of fires from western Ethiopia to the Guinean coastline and
southern Senegal, as shown in Fig. 8. In this study, samples of
biomass-burning aerosol layers are clearly identified by the high
number abundance of soot particles and the presence of other
tracers for biomass burning.

3.3.1. Soot. Soot particles were often enriched in potassium,
and/or sulphur, which indicate a coating or an uptake of gaseous
or liquid residues of biomass burning. In addition, some parti-
cles appeared to be swollen and showed slight deformation on
the surface under electron bombardment, without changing their
chemical composition. This observation may indicate the pres-
ence of thin films of secondary components (nitrates, sulphates
and organics).

The soot primary particles show onion shell structure with
disordered graphitic layers (Fig. 9), as previously observed in
many studies (e.g. Li et al., 2003; Wentzel et al., 2003). Soot
occurs mostly as individual agglomerates (~91%), only few
internal mixtures with secondary aerosol (~9%) (Fig. 10) were
observed. In single cases, the amount of internally mixed soot
may even exceed 20%. In contrast, in the ground-based samples

Fig. 9. High-resolution transmission TEM image of a soot
agglomerate, consisting of three single soot primary particles.

internal mixtures with secondary aerosol frequently occurred
(figs. 11a and b of Kandler et al., 2011b).

Approximately one third of the soot particles contain signifi-
cant amounts (5-10 at.%) of potassium. X-ray mappings on soot
agglomerates did not reveal any inclusions. Instead, potassium
seems to be distributed homogenously over the entire particle.

Tellus 63B (2011), 4
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Fig. 10. TEM bright field images of pure and externally mixed soot agglomerates (left) and internal mixtures of soot and sulphates (right).

It is suspected that potassium is present as nitrate, as a sulphur
peak (indicating the presence of sulphates) was not observed.

Silicate particles internally mixed with soot are rare, which is
surprising for the aerosol consisting mainly of biomass burning
and desert dust. However, this is consistent with findings by other
authors (e.g. Chou et al., 2008; Formenti et al., 2008; Deboudt
etal., 2010). Internal mixtures of soot and mineral dust particles
are for example reported for Asian outflow (e.g. Clarke et al.,
2004; Quinn et al., 2004).

3.3.2. Other biomass-burning components. The biomass-
burning layer samples also contain significant amounts of potas-
sium chloride, potassium sulphate and other potassium rich par-
ticles (most likely internal mixtures with potassium nitrate).
These potassium compounds are prominent tracers for biomass
burning (e.g. Andreae et al., 1984; Cachier et al., 1995; Gau-
dichet et al., 1995; Echalar et al., 1995; Li et al., 2003). Con-
stituents of the potassium and chloride particles are organically-
bound and present in the fluids of the vegetation and are
volatilized during the combustion process (Liu et al., 2000),
leading to nucleation and condensation of the potassium-salt
particles (Gaudichet et al., 1995).

According to Li et al. (2003), the extent of aging of biomass-
burning aerosol can be estimated from the relative abundance
of the different potassium salts. A younger plume age is in-
dicated by high potassium chloride contents, where as potas-

Tellus 63B (2011), 4

sium sulphate and nitrate are more abundant in aged biomass-
burning plumes. The average KCI/(K,SO4 + KNO3) ratio in
our samples is 0.33, which is classified as aged biomass-burning
aerosol (Li et al., 2003). According to Gaudichet et al. (1995),
the S/K and CI/K ratios can also be used to distinguish fresh
and aged biomass-burning aerosols. The ratios observed in this
study are typical for aged biomass-burning aerosol. The only
exception is 4 February (south), when high amounts of KClI in-
dicate fresh biomass burning. Back trajectories indicate a (fast)
transport of freshly emitted biomass-burning aerosol of less than
2 days.

K-S particles have also been found by Chou et al. (2008),
who collected samples over Niger and interpreted the findings
of markers for aged aerosol by re-circulated regional haze.

High calcium contents (likely CaCO3) among the large par-
ticles in biomass-burning samples were only observed on the
25 January and 6 February at high altitudes above 3000 m a.s.l.
Calcium carbonate is also described by Gaudichet et al. (1995)
and Li et al. (2003) to occur in biomass burning and not being
part of soil dust.

To check the distribution of biomass-burning particles among
the different particles size ranges, element indices for K, Na
and Ca were calculated (Fig. 11). For small particles, a pro-
nounced difference in K index between biomass-burning layer
and mineral dust layer samples is observed for small particles. In
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Fig. 11. Element indices of potassium, sodium and calcium plotted for small (left figure, samples with particles d < 0.5 ;«m) and large (right figure,
samples with particles d > 0.5 um) particles. All samples are sorted according to increasing potassium index of the small particles. Samples from
biomass-burning layers determined by trajectory analysis and chemical composition are shaded.

contrast, no difference in the K index is observed for large par-
ticles (Fig. 11), indicating that the biomass-burning component
is only present in the small particle fraction. Element indices
for sodium and calcium show no systematic difference between
small and large particles and biomass-burning layer and mineral
dust layer samples.

3.4. Chemical composition and mixing state
of mineral dust

According to the soil composition in the different source re-
gions, a variation of the aerosol composition can be expected.
Mineralogical analysis by X-ray diffraction analysis in Kandler
et al. (2011a) showed that at least four major silicate groups are
present in the aerosol at Praia: plagioclase, K-feldspar, kaolinite
and illite. In general, the chemical composition expressed as rel-
ative number abundance of the different particle classes (Fig. 6)
shows only minor variation within the dust samples. Obviously,
the mineral dust collected during our field campaign is mostly
well mixed during long-range transport. However, slight differ-
ences in composition of silicates can be detected when individual
particles are considered.

Most silicate particles are mixtures of different minerals
(Fig. 12). The highly variable chemical composition of the sili-
cate grains are shown as ternary plots (Fig. 12). Like mentioned
in Kandler et al., (2011b), the Al/Si ratio exhibits the least mea-
surement uncertainty, and varies significantly for different min-
erals (Fig. 12d). The (Mg+Fe)/Si ratio is an indicator for clay
mineral aggregates, as feldspars do usually not contain these

elements (e.g. Anthony et al., 1990). The (Na+K+Ca)/Si ratio
can be used to discriminate between feldspars and clay miner-
als, the former showing much higher values. The three diagrams
a—c in Fig. 12 show the average chemical composition of sil-
icates for the flight samples of 25 January (Praia), 4 February
(south) and 5 February (Dakar). First of all it becomes obvious,
that the silicates are mostly internal mixtures of different clay
minerals (e.g. kaolinite, illite, montmorillonite) and feldspars.
Feldspars occur at a much lower abundance as clay miner-
als [low (Na-+K+Ca)/Si and (Mg-+Fe)/Si ratios]. However, the
three sampling days show slight differences in the distribution
of particles within the ternary plot. On 25 January (Fig. 12a)
and to a lesser extend on 5 February more particles have high
Al/Si ratio (>0.5) and a low (Na+K-+Ca)/Si ratio (<0.25), indi-
cating a lower presence of feldspar minerals. These differences
appear to be related to the back trajectories of the air masses
(Fig. 4). On 25 January, the air masses were transported over the
Gulf of Guinea at high altitudes (see trajectories in Fig. 4) and
the aerosol contains more clay minerals compared to the other
samples. In contrast, the aerosol arriving at Cape Verde directly
from the continent (Fig. 4) has higher abundances of feldspars
and appears stronger mixed. Dust moving westwards across the
ocean from the African coast is described to derive from differ-
ent sources and therefore potentially contain different mineral
mixtures (Moreno et al., 2006).

The complex mixing state of mineral dust can also be seen
by TEM, most particles studied consisted of several phases.
Many particles classified as silicates (based on the chemical
composition by EDX) contain small nanometre-sized crystallites
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Fig. 12. Ternary plots of silicate particles, particle size in a—c is given in colour.

of iron oxides either as inclusions or on the surface (Fig. 13). silicate grains were detected frequently in airborne samples from
In few cases, the iron oxide grains could be determined by Morocco (Scheuvens etal., 2011; Figs 4 and 5). The significance
selected area electron diffraction as haematite. Based on element of the iron oxides for radiation transfer is discussed in detail by
mapping, small iron oxide crystallites within or on the surface of Kandler et al. (2011b).

Beside iron oxides, calcite was also observed frequently in-
ternally mixed with silicates (Fig. 14) contributing to the Ca

Fig. 14. Ca-rich silicate mixture: silicate (clay mineral) agglomerate
Fig. 13. Kaolinite particles with iron oxide nanocrystallites (arrows). internally mixed with calcite (arrow).
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content in the particles but not dominating the particles chemi-
cal composition.

3.5. Refractive index

The layer structure of the aerosol has to be taken into account
when modelling the optical properties of the aerosol column.
Especially the soot particle abundances show a very high varia-
tion between the separate layers. The complex refractive indices
were calculated for every flight level. For each size class, an av-
erage refractive index was calculated from the refractive indices
of the individual particles. In Appendix S2, the averages for
wavelengths from the near ultraviolet to near infrared spectral
region are given. For the real part, n, values between 1.53 and
1.72 for biomass burning, 1.55 and 1.70 for marine influenced
samples and between 1.55 and 1.63 for dust samples are found
at a wavelength of 532 nm. The imaginary part shows a strong
spectral dependency in contrast to the real part. Four cases are
shown in Fig. 15. (a) Biomass burning on 25 January at 3300 m
a.s.l.; (b) mineral dust case on 5 February at 700 m a.s.l.; (c) ma-
rine boundary layer with possible urban influence on 5 February
at 500 m a.s.l. and (d) mixed marine, dust and biomass-burning
aerosol on 4 February at 500 m a.s.l. In general, a trend of de-
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creasing absorption with increasing particle size is observed,
caused by the decreasing amount of soot particles as well as
the decreasing iron content of the mineral dust with increasing
particle size. As a result, this behaviour is pronounced for the
biomass-burning case and less obvious for the dust and marine
cases, where soot is less abundant. The spectral dependency of
the absorption shows clear differences between the four separate
cases. Although for the biomass-burning layer (Fig. 15a) there is
no dependency on wavelength for the small particles—indicating
the dominance of soot in this size range—the haematite signa-
ture becomes clearly visible for particles larger than 500 nm
(due to admixed mineral dust). As expected, this behaviour is
even more pronounced in the dust case (Fig. 15b) where also
the small particles show decreasing absorption with increasing
wavelength, though less clearly than the particles larger than
500 nm. In the marine boundary layer case (Fig. 15c), the val-
ues of the imaginary part of the refractive index are in general
much lower, due to the low abundance of absorbing components
(soot, haematite). However, as some mineral dust is admixed to
the marine aerosol, absorption by haematite plays some role for
particles larger than 500 nm. Between 250 and 500 nm there
is a very low absorption, as only few mineral dust and soot
particles were found among the sulphate-dominated aerosol.
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Fig. 15. Imaginary part ik of the average refractive index as function of particle diameter at different wavelengths calculated from chemical
composition for (a) a biomass-burning sample, 25 January, 3300 m a.s.l.; (b) a dust sample, 5 February, 700 m a.s.l.; (c) marine boundary layer
aerosol mixed with urban ammonium sulphate, 5 February, 500 m a.s.l. and (d) marine boundary layer aerosol mixed with biomass burning and dust,

4 February, 500 m a.s.l.
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Finally, the mixed aerosol (Fig. 15d) appears as superposition
of the three other cases. The small particles have no spectral de-
pendency, reflecting the soot dominance, whereas the absolute
values of absorption are lower than in the biomass-burning case.
A similar gap—though less pronounced—with low absorption
is visible between 250 and 500 nm like in the marine case. For
particles larger than 500 nm, the haematite spectral signature as
main absorbing component of the mineral dust becomes dom-
inant with absolute values of imaginary part between the dust
and the marine case.

4. Conclusions

An aerosol layer structure is present for all nine sampling days,
when samples were taken at a wide range over the Atlantic
Ocean from the region of Cape Verde Islands down to the region
of the Gulf of Guinea. Layer structures over the Cape Verde and
adjacent Atlantic region with such a large lateral extension were
not documented before. The layer structure depends on meteo-
rological conditions. Typically, biomass-burning layers, desert
dust layers, and mixed layers can be clearly identified above
the marine boundary layer by aerosol chemical composition.
The small particle composition is highly variable and in case of
biomass-burning samples dominated by soot. Mixtures of soot
with silicates were not observed.

Silicates are composed of internal mixtures of different min-
erals. The silicate particles from the Saharan desert are well
mixed, however, differences in composition may be observed
for different transport paths. The mixing state is variable due to
transport and aging.

The complex refractive indices determined in this work are
significantly different for various aerosol types encountered.
Soot and haematite (the latter incorporated into the mineral dust)
are the dominating light-absorbing compounds. Their spectral
signature is clearly visible in the according size ranges. In the
biomass-burning cases, the small particles size range is domi-
nated by soot absorption, whereas the large particles size range
is still mineral dust dominated. In the mineral dust case, also
the small particles show a haematite spectral signature, although
less pronounced as for the large particles. A decrease in absorp-
tion for all wavelengths with increasing particles size is visible,
which is strongest for the biomass-burning case. In the marine
case, the particle absorption is generally lower, as the aerosol
mass is dominated by sea salt and sulphates. Still, the spectral
features of soot and haematite are visible. The same is true for
the mixed case, appearing as average of the other cases.

Effects on the radiative properties (e.g. through cloud for-
mation) can be expected, if the chemistry and mixing state
and there by the solubility of particles (Kandler et al.,
2011a; Schladitz et al., 2011) are changing. Variations in the
composition, and therefore also the optical properties, of
biomass-burning aerosol may occur within a few hundred kilo-
metres. Currently it is not known in detail how the chemical
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composition within the aerosol layers will change during long-
range transport over the remote Atlantic.

This work contributes to the understanding of the distribu-
tion and mixing state of aerosol single particles in the vertical
column over the Cape Verde islands and Atlantic Ocean. The
mixing of urban pollution and mineral dust was observed in a
case study over Dakar, Senegal as presented in Petzold et al.
(2011), including these measurements. The data provided in the
Appendix (Supporting Information) can be used to calculate ra-
diation transfer and refine current transport models. The derived
mineralogical composition was used in Kohler et al. (2011) to
model the refractive index of the observed aerosols for radiative
transfer simulations in the thermal infrared.

Further calculations, for example of radiation transfer at wave-
lengths in the visible are to be done.
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Supporting I nfor mation

Additional supporting information may be found in the online
version of this article:

Appendix S1: Chemical composition in number of all collected
samples
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Appendix S2: Refractive Indices at different wavelength
Table S1. Sampling time (start time UTC), coordinates (start)
and chemical composition in number of all collected samples;
particle diameters <0.5um

Table S2. Sampling time (start time UTC), coordinates (start)
and chemical composition in number of all collected samples;
particle diameters 0.5-2.5 um

Table S3. Sampling time (start time UTC), coordinates (start)
and chemical composition in number of all collected samples;
particle diameters >2.5um

Table $4. Refractive indices (real part n, ‘N’ and imaginary part
ik, ‘K”) at different wavelength for 25 January, 4 February and
5 February
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