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Abstract

The aim of this study is to determine the mass deposition flux of mineral dust to the
tropical northeast Atlantic Ocean at the Cape Verde Atmospheric Observatory (CVAO)
on the island Sao Vicente for January 2009. Five different methods were applied to es-
timate the deposition flux, using different meteorological and microphysical measure-5

ments, remote sensing, and regional dust transport simulations. The set of observa-
tions comprises micrometeorological measurements with an ultra-sonic anemometer
and profile measurements using 2-D anemometers at two different heights, and mi-
crophysical measurements of the size-resolved mass concentrations of mineral dust.
In addition, the total mass concentration of mineral dust was derived from absorption10

photometer observations and passive sampling. The regional dust model COSMO-
MUSCAT was used for simulations of dust emission and transport, including dry and
wet deposition processes. The four observation-based methods yield a monthly aver-
age deposition flux of mineral dust of 12–29 ng m−2 s−1. The simulation results come
close to the upper range of the measurements with an average value of 47 ng m−2 s−1.15

It is shown, that the mass deposition flux of mineral dust obtained by the combination of
micrometeorological (ultra-sonic anemometer) and microphysical measurements (par-
ticle mass size distribution of mineral dust) is within 5 % to modeled mass deposition
fluxes when the mineral dust is relatively homogenously distributed over the investi-
gated area.20

1 Introduction

A variety of open questions concerning the mechanisms of the different steps of the
mineral dust cycle exist. That includes e.g. the question to which extent mineral dust
impacts on the carbon and bio-geochemical cycle and consequently on the CO2 levels
by delivering micronutrients to oceanic and terrestrial ecosystems (Falkowski, 1997). A25

related question is how mineral dust is processed in the atmosphere (Fung et al., 2000;
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Mahowald et al., 2005; Jickells et al., 2005). One essential part of the mineral dust cycle
is the deposition to the ocean, which is largely dominated by Aeolian mineral dust
originating from the great deserts and being transported over wide ranges (Carlson
and Prospero, 1972; Prospero and Carlson, 1972; Karyampudi, 1988). Especially over
the ocean regions, wet and dry deposition of mineral dust plays an important role for5

bioactivity, since mineral dust serves as a source of nutrients (e.g. iron) for oceanic
microorganisms such as phytoplankton. The fraction of the direct bioavailable soluble
iron in soils is reported to be extremely variable with 0.01–80 % (Mahowald et al., 2005)
and depending on source mineralogy and atmospheric processing (Baker and Croot,
2010; Shi et al., 2011). In open ocean regions, the availability of iron is the limiting10

factor for phytoplankton growth and controls nitrogen fixation (Martin and Fitzwater,
1988; Falkowski, 1997; Falkowski et al., 1998; Boyd et al., 2000). Nitrogen fixation is
an important process especially in low nitrate regions like the northern Atlantic Ocean,
which converts the gaseous N2 to bioavailable N (Karl et al., 2002), a major nutrient
for phytoplankton growth. There is a positive correlation between the iron deposition to15

the ocean, cyanobacteria (diazotrophs), that fix the nitrogen, and nitrogen fixation rates
(Falkowski, 1997; Moore et al., 2009).

The Saharan desert is globally the largest natural source for airborne mineral dust.
The source strength varies between 130 and 5000 T yr−1 (Goudie and Middleton, 2006;
Swap et al., 1996; Cakmur et al., 2006). Saharan mineral dust plumes moving towards20

the northern tropical Atlantic are observed during the whole year (Moulin et al., 1997;
Engelstaedter et al., 2006). In wintertime, the Saharan mineral dust layers spread over
the northeast Atlantic in the lowest atmospheric layers below 2 km height (Kaufmann
et al., 2005), where dry deposition is the most efficient removal process. In contrast, in
the summer months Saharan mineral dust transport is controlled by the African East-25

erly Jet, and occurs between 3 and 6 km height when the mineral dust layer is lifted
above the trade winds inversion (Chiapello et al., 1995; Schepanski et al., 2009). Dur-
ing this time, dry deposition events over the ocean emerge due to sinking of mineral
dust containing air masses.
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Most of the published data on deposition fluxes of mineral dust over the ocean arise
from global model outputs (Prospero et al., 1996; Ginoux et al., 2001; Zender et al.,
2003; Luo et al., 2003). However, global mineral dust simulations utilize meteorological
fields and soil data as model input that are only available with low spatial resolution
and contain large uncertainties. In contrast to global models, regional models provide5

better input for mineral dust conditions under specific meteorological situations with a
better vertical resolution of mineral dust layers (Schepanski et al., 2009). Additional
uncertainties originate directly from the emission parameterizations of mineral dust.
These are associated with the calibration of the emission equation coefficients and
reflect the difficulties in determining the binding strength of desert soil and modeling of10

soil crusting. Current model estimates of key quantities such as emission fluxes and
mass concentrations of mineral dust can vary from a factor of two on global scale to at
least one order of magnitude in regional model studies (Zender et al., 2003; Laurent et
al., 2010; Huneeus et al., 2011).

Goossens and Rajot (2008) compared different techniques (of passive sampling) to15

obtain dry deposition fluxes in West Niger. In addition to passive sampling on flat plate
collectors, which is often used for dry deposition measurements (Duce et al., 1991),
theoretical approaches using micrometeorological parameters were investigated and
the deposition flux was calculated. A comparison of the different methods showed good
agreement among each other. All methods have their advantages and disadvantages.20

Some methods of passive sampling are easy to handle, other methods (sampling on
glass filters) need only a small amount of mineral dust. However, most data of the pas-
sive sampling methods are sensitive to wind erosion and need to be corrected for the
collection efficiency of the sampler. There is also a risk of outsplash of mineral dust
from the collector and some collectors are sensitive to perturbations, e.g. through hu-25

mans and animals. Another important issue is to correct the sampled grains for particle
shape. The investigated theoretical approaches by Goossens and Rajot showed an
overestimation of the deposition flux when the correction was not done.
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However, atmospheric observations of mass concentration of mineral dust at the
open ocean are sparse and there exists an uncertainty of fluxes from the atmosphere
to the ocean (Jickells et al., 2005) due to the episodic nature of atmospheric deposition
into the ocean. More observations of deposition fluxes of mineral dust in the remote
ocean are recommended (Mahowald et al., 2005).5

The multi-disciplinary project SOPRAN (Surface Ocean Processes in the Anthro-
pocene), funded by the German Ministry for Education and Research (Bundesminis-
terium für Bildung und Forschung, BMBF) and part of the multi-national research con-
sortium SOLAS, focuses on a better understanding of the connection between the input
of mineral dust to the ocean and the subsequent biological activities. Within this frame-10

work, the present study was conducted at the Cape Verde Islands in January 2009,
to measure aerosol deposition fluxes. During this month, dust is predominantly trans-
ported by the West African Harmattan (October to May) (McTainsh et al., 1997) off the
continent towards the Cape Verdes. Only dry deposition was observed for the period of
the measurements. Different methods to measure dry deposition have been explored:15

several microphysical measurements to calculate mass concentrations of mineral dust
in combination with micrometeorological and profile methods to calculate the deposi-
tion velocity were used to calculate the mass deposition flux of mineral dust by mul-
tiplying both parameters. Furthermore, mass deposition fluxes obtained by scanning
electron microscopy of passive sampled mineral dust and of a regional transport model20

are used for comparison.

2 Cape Verde Atmospheric Observatory

2.1 Location

The field studies took place at the northeast side of the island Sao Vicente (Cape
Verde) at 16.51◦ N and 24.52◦ W in the direct outflow of the Saharan desert. In 2006,25

the Cape Verde Atmospheric Observatory (CVAO) was installed to perform chemical
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and physical measurements of atmospheric gases and particles as well as biochemical
investigations of the ocean surface (Carpenter et al., 2010). The site is located close
to the shoreline, so that sea salt is mostly dominating the aerosol mass concentration.
The CVAO is expected to be minimally influenced by anthropogenic emissions, as the
wind is directly coming from the ocean and the African coast is approximately 900 km5

away. Furthermore, there is no other island upstream of the wind, which is predomi-
nantly coming from the northeast. A 30 m tower at the site provides space for installing
instruments in different heights. Figure 1 shows a map with the geographical position
of the islands. Sao Vicente is marked in orange and the CVAO is indicated with a red
star.10

2.2 Instrumentation and data processing

The following instruments were used for measuring mass concentrations of mineral
dust and meteorological parameters to investigate the deposition flux and are de-
scribed in more detail hereinafter:

– Mobility Particle Size Spectrometer (as described in Wiedensohler et al., 2012)15

– Aerodynamic Particle Size Spectrometer (APS) (TSI APS model 3321, TSI Inc.,
St. Paul Minnesota, USA)

– Hygroscopicity – Differential Mobility Analyzer – Aerodynamic Particle Sizer (H-
DMA-APS) (Leinert and Wiedensohler, 2008)

– Spectral Optical Absorption Photometer (SOAP) (Müller et al., 2011)20

– Ultra-sonic and 2-D anemometers

– Sigma-2 passive sampler

– Berner 5-stage impactor.

33031

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/33025/2012/acpd-12-33025-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/33025/2012/acpd-12-33025-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 33025–33081, 2012

Dust mass
deposition fluxes to

the tropical northeast
Atlantic Ocean

N. Niedermeier et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

2.2.1 Sampling system

A 30 m long stainless steel sampling pipe with an outer diameter of 1/2 inch connects
a low flow PM10 inlet (16.6 L min−1) on top of the tower with an air-conditioned con-
tainer housing the measurement equipment. Corrections for aerosol particle losses
by diffusion, sedimentation and impaction in the entire sampling system were taken5

into account according to correction functions given in Baron and Willeke (2001). An
automatic aerosol dryer as described in Tuch et al. (2009) is employed to avoid con-
densation in the sampling pipes and to dry the aerosol to a relative humidity lower than
40 %.

2.2.2 Mobility Particle Size Spectrometer (SMPS)10

The mobility particle size spectrometer operating in scanning mode (SMPS) deter-
mines the particle number size distribution in the diameter range between 10 and
880 nm. The setup of this mobility particle size spectrometer is described in detail in
Wiedensohler et al. (2012). Inside, the aerosol is additionally dried by a Nafion mem-
brane to a relative humidity (RH) lower than 35 % and charged in a bipolar diffusion15

charger to obtain a bipolar charge distribution (Wiedensohler, 1988). Afterwards, par-
ticles with a certain electrical mobility are selected in a DMA (differential mobility an-
alyzer, type Hauke medium) (Knutson and Whitby, 1975), which was operated with
an aerosol flow of 0.5 L min−1 and a sheath air flow of 5 L min−1. The DMA voltage is
permanently increased (up scan) until the top voltage of 10.5 kV (which corresponds20

to a particle size of 880 nm) and afterwards decreased (down scan) to zero again.
The number concentration of particles for each mobility class is measured by a CPC
(condensation particle counter, TSI 3010, TSI Inc., St. Paul Minnesota, USA). Both,
up and down scans are merged to one mobility size distribution, which is finally con-
verted to a particle number size distribution by a multiple charge correction inversion25

routine. According to Wiedensohler et al. (2012), the error in sizing is approximately
11 % concerning sheath air flow deviation, relative humidity and pressure variation.
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2.2.3 Aerodynamic Particle Size Spectrometer (APS)

The aerodynamic particle number size distribution is obtained by an aerodynamic par-
ticle size spectrometer (TSI APS model 3321, TSI Inc., St. Paul Minnesota, USA) in
the range between 0.6 and 10 µm. The inlet flow of 5 L min−1 is divided into a 1 L min−1

aerosol and a 4 L min−1 sheath air flow. Particles are focused by an inner nozzle and5

accelerated by the sheath air in an outer nozzle. By passing two laser beams, the
time of flight of one particle is obtained and converted to the aerodynamic diameter
of the particle. There is a measurement uncertainty of the APS due to the counting
principle of the system, which yields a maximum uncertainty in sizing of 15 % for these
measurements.10

2.2.4 Combining mobility and aerodynamic size distributions

Both, the mobility and aerodynamic particle size spectrometers, measure particle num-
ber size distributions in different size ranges that can be combined. The measurement
techniques use different particle properties yielding in mobility and aerodynamic par-
ticle diameters, respectively. To combine the mobility and the aerodynamic particle15

number size distribution, the particle density and the shape factor (mineral dust or pure
sea salt) have to be known, either from literature or from measurements. Hence, the
aerodynamic and mobility diameters were converted to volume equivalent diameters
following Eqs. (1) and (2) (DeCarlo et al., 2004):

Dpve
= Dpaero

·

√
χ ·ρ0

ρ
·
Cc, aero

Cc, ve
, (1)20

Dpve
=

DpZp

χ
·
Cc, ve

Cc, Zp

, (2)
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with Dpve
, Dpaero

and DpZp
being the volume equivalent, the aerodynamic and the mobility

diameter, respectively. χ is the aerodynamic shape factor, ρ is the particle density and
ρ0 is the standard density (1 g cm−3). The Cunningham slip correction factors Cc, ve,
Cc, aero and Cc, Zp

to correct for the reduction in drag, when the relative velocity at the
particle’s surface is nonzero (Hinds, 1999), are also included.5

The largest measured mobility diameter is equal to a volume equivalent diameter of
733 nm and the smallest used aerodynamic diameter of 723 nm corresponds to a vol-
ume equivalent diameter of about 538 nm, depending on the use of χ and ρ (here 1.17
and 2.45 g cm−3). Therefore, a couple of overlapping diameters from 538 to 733 nm of
both distributions exist. Before both distributions were merged by averaging the num-10

ber concentration of the overlapping diameters, the mobility particle number size dis-
tribution was inverted and multiple charge corrections by considering the aerodynamic
particle number size distribution were performed. The resulting particle number size
distribution ranges from 0.01 to 10 µm.

2.2.5 Hygroscopicity – Differential Mobility Analyzer – Aerodynamic Particle15

Sizer (H-DMA-APS)

The H-DMA-APS is designed to distinguish particles according to their hygroscopic be-
haviour. Measured parameters are the hygroscopic growth factor and the number frac-
tion of hydrophobic and hygroscopic particles. The measuring principle is the following:
first, particles are selected according to their electrical mobility. Here, a specially de-20

signed DMA (length=75 cm; inner diameter=72 cm; outer diameter=80 cm) with an
aerosol flow rate of 1 or 2 L min−1 and a sheath air flow rate of 10 or 20 L min−1 is used
to select particles with mobility diameters of 600, 800 and 1000 nm. It is essential that
particles are dried below 30 % RH before they enter the DMA to ensure that they are
below the efflorescence point of the most soluble materials such as sodium chloride.25

Afterwards, the aerosol is either humidified to approximately 90 % RH or kept at dry
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state (RH<30 %). Finally, the aerodynamic particle number size distribution of the dry
or humidified particles are measured with an APS.

Calibration scans with ammonium sulfate were performed regularly to recalculate
the RH, to which the aerosol particles were exposed to. Furthermore, polystyrene latex
(PSL) scans were taken to check the sizing accuracy of the APS. By measuring the5

humidified particle number size distribution with the H-DMA-APS, two distinct modes
were observed. The first mode is attributed to less growing mineral dust particles, the
second one to more growing sea salt particles. A log-normal fit procedure was per-
formed on both modes to obtain the particle number concentration in the respective
mode. By dividing the number of mineral dust particles through the number of total10

particles (mineral dust and sea salt), the number fraction of mineral dust was obtained.

2.2.6 Spectral Optical Absorption Photometer (SOAP)

Spectral particle absorption coefficients were measured by a Spectral Optical Absorp-
tion Photometer (SOAP) (Müller et al., 2011). The SOAP covers the wavelength range
from 300 to 950 nm with a resolution of 50 nm. The detection limit is 0.25 Mm−1 for15

wavelengths larger than 450 nm and 0.5 Mm−1 for smaller wavelengths. The instru-
mental errors are about 15 % for measuring the absorption coefficient. An additional
error because of a cross sensitivity to particle scattering cannot be determined since
the scattering coefficient was not measured. For similar conditions during the SAMUM-
2 campaign in January 2008 based at Praia, Cape Verde (Müller et al., 2011) with20

scattering coefficients being twenty times higher than absorption coefficients, a total
error of about 55 % can be estimated. From the spectral absorption coefficients, the
mineral dust concentration can be estimated as described in Sect. 3.1.2.

2.2.7 Sigma-2 passive sampler and Scanning Electron Microscopy (SEM)

Dry deposition was measured with sedimentation traps. A Sigma-2 passive sampler25

(VDI, 2007) was installed at the tower at 30 m height. The sampler was fixed at the
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northwest side, sufficiently far away from the tower framework to minimize sampling
artifacts. For collecting particles, a glassy carbon substrate was chosen due to its ex-
traordinary smooth surface allowing for a clear image-analytical separation of particles
and background (Ebert et al., 1997). However, as the substrate is not sticky, a fraction
of the particles might be re-entrained into the atmosphere during heavy gusts, though5

the Sigma-2 sampler minimizes the interior flow velocity. As a result, the mass deposi-
tion rates might be underestimated by this method and serve as a minimum estimate.

The exposition time was one week for a period of four weeks in total. Sample han-
dling was performed in a dry, clean place. The particles on the glassy carbon substrates
were analyzed by scanning electron microscopy with coupled energy-dispersive X-ray10

microanalysis (Kandler et al., 2009). As the analyses are performed under vacuum
conditions, the determined quantity is dry deposited particle mass. For each particle,
a secondary electron image and the elemental composition was recorded. From the
particle cross section, the particle diameter was inferred (projected area diameter). As-
suming a flat orientation on the substrate, the height of the particles was set as the15

shorter axis of the two-dimensional ellipse fitting the particle outline. From the area
covered by the particle and the height, the volume was estimated. The elemental com-
position information was used to assign each particle an according material density,
which was used to calculate its mass.

2.2.8 Berner 5-stage impactor (Berner)20

A 5-stage Berner low-pressure impactor was used downstream of a PM10 inlet for col-
lecting samples for size-resolved analysis (Müller et al., 2010). The impactor made of
stainless steel was mounted on top of the 30 m tower and was operated with a flow rate
of 75 L min−1. Pre-heated (2 h at 350 ◦C) aluminum foils and Nuclepore polycarbonate
foils were used as substrate. The polycarbonate foils were placed on the aluminum25

foils on each impactor stage and were used for the determination of trace metals. The
impactor stages have the following aerodynamic size cutoffs: stage 1: 0.05–0.14 µm,
stage 2: 0.14–0.42 µm, stage 3: 0.42–1.2 µm, stage 4: 1.2–3.5 µm, stage 5: 3.5–10 µm.
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2.2.9 Meteorological instrumentation

For the January 2009 study, an ultra-sonic anemometer (Gill Instruments Limited,
Lymington, Hampshire, UK) was installed 30 m above ground to obtain the 3-D wind
velocity and direction. It was mounted on the northeast side on top of the tower and
operated with a time resolution of 10 Hz. A planar fit coordinate rotation was applied to5

turn the horizontal wind component in the streamline direction and afterwards covari-
ances were calculated and averaged in 30 min periods.
Furthermore, 2-D wind velocity and wind direction at 10 m height were measured with a
vane anemometer (Model 05103, RM Young Wind Monitor). The instrument is installed
on a smaller tower on top of a second container next to the tower. A third anemome-10

ter type (cup anemometer, BWS200, Campbell Scientific) is installed on top of the big
tower at 30 m height. For all 2-D anemometers, the meteorological data are available
with one minute time resolution. Temperature and relative humidity data from 8 m and
30 m were measured using a CS215 probe (Campbell Scientific).

3 Calculation of the mass deposition flux of mineral dust15

This section describes the different methods to measure mass concentrations of min-
eral dust and deposition velocities and introduces the model.

Particle deposition fluxes F are calculated by multiplying the mass concentration
cmass and the deposition velocity vd:

F = −vd ·cmass. (3)20

The negative sign in this equation indicates a downward directed deposition flux.
The methods and its acronyms presented in the following are summarized in Table 2.
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3.1 Calculation of mass concentration of mineral dust

3.1.1 Mass concentration from particle mass size distributions of mineral dust
(cmass, PMSDmd)

Particle mass size distributions of mineral dust (PMSDmd) were derived from the total
particle number size distribution and the number fraction of mineral dust. The H-DMA-5

APS provides number fractions of sea salt and mineral dust at the mobility diameters
of 600, 800 and 1000 nm. The number fraction of mineral dust for the different particle
diameters were multiplied with the concentration of the particle number size distribution
for the respective diameter and a particle number size distribution of mineral dust was
obtained. There is no information about the number fraction of mineral dust of particles10

larger than 1000 nm, and therefore the number fraction of mineral dust particles of
1000 nm size was used also for particles larger than 1000 nm. Afterwards, a log normal
distribution was fitted to the particle number size distribution of mineral dust (see Fig. 2)
and converted into a particle mass size distribution by calculating the mass mi of each
size channel using the following equation:15

mi = Ni ·
π
6
·D3

pi
·ρmd, (4)

with Ni being the number concentration, Dpi
being the diameter of the size channel i

and ρmd being the particle density of mineral dust with 2.45 g cm−3. The value of the
particle density was obtained by scanning electron microscopy (Kandler et al., 2009) for
the Saharan Mineral Dust Experiment (SAMUM-1), which was conducted in Morocco20

in 2006. The integral over the whole size range gives the total mass concentration of
mineral dust.

The error of this method is a combination of the errors of the mobility and aerody-
namic particle number size distributions, the number fraction of mineral dust and the
particle density. As described previously, the error of the particle number size distribu-25

tion can be estimated to be about 15 %, which is the error of the APS. The uncertainty
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of the number fraction of mineral dust and the particle density is 15 % and 2 %, respec-
tively. With error propagation the total error for cmass, SOAP results to 21 %.

3.1.2 Mass concentration using optical spectroscopy (cmass, PMSDmd)

It is assumed that mineral dust and soot are the only light absorbing particles in the
Cape Verde region, and that the measured absorption spectra are a linear superpo-5

sition of mineral dust and soot particle absorption. Then, the particle light absorption
coefficient is given by

σabs(λ) = cmass, soot ·MACsoot(λ)+cmass, md ·MACmd(λ), (5)

where MACs are the mass absorption coefficients of the absorbers and cmass, soot
and cmass, md are the mass concentration of soot and mineral dust, respectively.10

The spectral run of the mass absorption coefficients of soot is generally propor-
tional to the λ−1 (Kirchstetter et al., 2004). In contrast, the mass specific absorp-
tion coefficient of mineral dust cannot be parameterized by an exponential law. Dur-
ing the SAMUM-1 campaign, spectral absorption coefficients were measured by the
SOAP (Müller et al., 2009) and mass concentrations were estimated from SMPS15

and APS measurements (Schladitz et al., 2009). For a period with high mass con-
centrations of mineral dust, average mass absorption coefficients were determined to
be MACmd (450 nm)=0.114 m2 g−1 and MACmd (650 nm)=0.0198 m2 g−1. Considering
the spectral run of the mass absorption coefficients of soot and mineral dust, the mass
concentration of mineral dust can be calculated from measured absorption coefficients20

at the wavelength 450 and 650 nm by

cmass, md =
σ(450nm)−σ(650nm) · 650

450

MACmd(450nm)−MACmd(650nm) · 650
450

. (6)

Mass absorption coefficients, and thus derived mass concentrations, depend on the
relative abundance of iron, which is the main absorbing species in mineral dust. The
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results shown here are referenced to mineral dust with a relative iron abundance of 1 %
weight, which was determined during the SAMUM-1 campaign (Kandler et al., 2009).

3.1.3 Mass concentration using the Berner (cmass, Berner)

The PM10 mass concentration was determined gravimetrically by weighing the alu-
minum foils before and after sampling using a UMT-2 (Mettler-Toledo, Switzerland) mi-5

crobalance with a reading precision of 0.1 µg and a standard deviation of about 1 %.
Before weighing, the foils were equilibrated for 48 h at constant temperature (20±2 ◦C)
and relative humidity (52±5 %) provided by a saturated sodium bisulfate solution.

The analysis of the impactor samples provides information about the PM10 mass
concentrations of sea salt and non-sea salt ions, elemental and organic carbon. Mass10

concentrations of mineral dust were estimated from the difference of total mass and
sea salt ion mass. Additionally, it was assumed that 10–15 % of the total mass was
water. Weighing and the chemical analyses of the impactor samples were carried out
according to the methods described in Müller et al. (2010). The foils were stored in a
refrigerator and transportation was done using cryogenic boxes below −10 ◦C to avoid15

chemical processing of organic material.

3.2 Deposition velocities

The methods to calculate (size resolved) dry deposition velocities described hereafter
are based on the parameterization by Zhang et al. (2001), which accounts for turbulent
transfer, Brownian diffusion, impaction, interception, gravitational settling, and particle20

rebound (Zhang et al., 2001; Held et al., 2006). The dry deposition velocity (vd) is given
by (Heinold et al., 2007):

vd =
1

Ra +Rs +RaRsvg
+ vg, (7)
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where Ra and Rs denote the aerodynamic and surface resistance, respectively, based
on Zhang et al. (2001). vg is the gravitational settling velocity with

vg =
(ρp −ρa) ·g ·D2

p ·Cc

18µ
. (8)

ρp and ρa are the density of the particle and the air, respectively, g is the gravitational
constant and µ is the dynamic viscosity of air.5

To validate the output of the model, Zhang et al. (2001) compared the calculated dry
deposition velocity to results from two empirical models – the sulfate dry deposition
model from Wesely et al. (1985) and a deposition model by Ruijgrok et al. (1997).
Different land use categories were applied for the model in Zhang et al. (2001), e.g.,
grass, desert, ocean, and urban. The best agreement with the other two models was10

found for the land category “ocean” (Zhang et al., 2001), which is the one used for this
study since the measurements were performed at an ocean site.

3.2.1 Micrometeorological Method (MMe)

Parameters measured by the ultra-sonic anemometer were the sonic temperature Ts,
the mean horizontal wind speed U and the vertical wind speed w. Data with 2 Hz time15

resolution were averaged over 30 min. Standard eddy covariance procedures were
used to calculate turbulent fluxes. The covariance of Ts and w and the covariance of U
and w yield the buoyancy flux, which is related to the sensible heat flux H , and the mo-
mentum flux M, respectively. The friction velocity u∗ is calculated from the momentum
flux by:20

u∗ =
√
−M. (9)
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The roughness length z0 can be obtained from the logarithmic wind profile for neutral
atmospheric stability:

z0 = z ·exp
[
−κ ·

u(z)
u∗

]
, (10)

with the van Karman constant κ having a value of 0.4, and the wind velocity u(z) mea-
sured in height z.5

The Obukhov length L is defined by:

L = −
T ·u3

∗

κ ·g ·w ′T
′
s

, (11)

which is a scaling factor of the atmospheric stability.
The calculated turbulence parameters were used in the deposition model after Zhang

et al. (2001) to compute size resolved dry deposition velocities for the particle diam-10

eters of the particle mass size distribution of mineral dust, and a specific value of the
deposition velocity for the particle diameter, where 90 % of the mass of the particle
mass size distribution of mineral dust was reached (2.25 µm).

3.2.2 Profile Method (PMe)

For this method, the horizontal wind velocity at 10 and 30 m height is used. To derive15

the turbulent parameters u∗ and z0, again, the validity of the logarithmic wind profile
(Eq. 10) is assumed:

u(z)︸︷︷︸
yi

=
u∗
κ

· ln
(
z
z0

)
=

u∗
κ

· ln(z)︸ ︷︷ ︸
b·xi

−
u∗
κ

· ln(z0)︸ ︷︷ ︸
a

. (12)
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The application of a linear regression to this equation and using the residuum of the
sum of squares yields an equation for term b (Taubenheim, 1969):

b =

∑
i (zi − z) · (ui −u)∑

i (zi − z)2
, (13)

with the numerator being the covariance of the parameters z and u (Szu) and the de-
nominator being the variance of the parameter z (Szz).5

With this approach, u∗ can be calculated as follows:

b =
Szu

Szz
=

u∗
κ

→ u∗ = κ ·
Szu

Szz
. (14)

With the information of wind velocities at only two heights, Eq. (14) simplifies to
Eq. (15):

u∗ = κ ·
u(z2)−u(z1)

ln(z2)− ln(z1)
. (15)10

The sensible heat flux H can also be calculated following Berkowicz and Prahm
(1982) using the temperature measurements that are available at 8 and 30 m height
above ground level:

H = −ρ ·cp ·u∗ · κ · ∆T
∆z

, (16)

where ∆T/∆z = θ∗ is a simplification for the characteristic temperature scale parameter15

θ∗.
Again, zo and L were calculated according to the Eqs. (10) and (11), respectively,

and used together with the diameters of the particle mass size distribution of mineral
dust in the deposition model after Zhang et al. (2001) to obtain size resolved deposition
velocities.20

As will be seen in Sect. 4.1, the error of the micrometeorological method and the
profile method is 22 %, respectively.
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3.2.3 Internal boundary layer

This work deals with the dust mass that enters the ocean. However, the measurements
were performed on an island. The following section will prove that dust mass deposition
fluxes were calculated for conditions equivalent to that over the ocean.

The internal boundary layer (IBL) is defined as a layer that forms within an existing5

boundary layer when the air passes a surface with changing roughness lengths (Stull,
1988). For the presented measurements, the air comes from the ocean, exceeds the
border (shoreline) to the island and an IBL can form. The height δ of the IBL at the
measurement point (in this case the tower) depends on the distance of the tower to
the border (x), which is called fetch, and on the atmospheric layering. The fetch to10

the tower depends also on the wind direction. With the following equation, δ can be
estimated:

δ = z01 ·α ·
(

x
z01

)β

, (17)

with α and β being parameters depending on the atmospheric layering and z01 being
the roughness length upwind of the border. To characterize the atmospheric layering,15

the measurement height z is divided by the Obukhov length L (z/L). Table 1 summa-
rizes the different types of atmospheric layering and values for the parameters z/L, α
and β. Figure 3 shows a time series of the IBL height for neutral and unstable con-
ditions. No stable conditions were found at the CVAO for January 2009, 66 % of the
investigated cases were neutral. As can be seen from Fig. 3, the IBL height for neutral20

atmospheric layering is mainly beneath 30 m, which means that the ultra-sonic mea-
surements represent the conditions over the ocean. Most of the unstable cases also
show IBL heights beneath 30 m. This shows that the assumption of the land use class
“ocean” in the Zhang model is correct for most cases presented in this study. For calcu-
lating the fluxes with the micrometeorological method, just cases with IBL heights lower25

than 30 m were used. The same holds true for the 10 and 30 m wind measurements
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that were taken for the profile method when the IBL height was below 8 m, since tem-
perature measurements were performed in a height of 8 m.

3.3 Computation of mass deposition fluxes of mineral dust

3.3.1 Combining the micrometeorological method or the profile method,
respectively, and mass concentrations from particle mass size5

distributions (MMe+cmass, PMSDmd, PMe+cmass, PMSDmd)

The application of Eq. (3) for each diameter bin of the particle mass size distribution
of mineral dust yields size resolved mass fluxes of mineral dust Fi , and the total mass
deposition flux of mineral dust Ftotal can be obtained by summing over all size classes i :

10

Ftotal =
N∑
i=1

Fi , (18)

with N being the total number of diameter bins.
Error propagation of the errors for the cmass, DMSD (21 %) and the micrometeoro-

logical method (22 %) or the profile method (22 %) yield a total error of 31 % for the
MMe+cmass, PMSDmd and PMe+cmass, PMSDmd method, respectively.15

3.3.2 Combining the micrometeorological method and mass concentrations
using optical spectroscopy (MMe+cmass, SOAP)

Since the SOAP measurements only provide total, no size-resolved, mass concen-
trations of mineral dust, a representative particle diameter to calculate the deposition
velocity has to be found. A first attempt following Held et al. (2006) by using an effective20

deposition diameter (geometric mean diameter of the particle number size distribution)
failed for this method, because it was developed to obtain a number deposition flux
rather than a mass deposition flux. Therefore, the particle diameter of 2.25 µm, where
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90 % of the mass of the particle mass size distribution of mineral dust is reached
for nearly the whole time period, was taken. The chosen diameter corresponds to a
mean deposition velocity of 0.7 mm s−1 over the whole period. For comparison, a size-
weighted deposition diameter for the MMe+cmass, PMSDmd method was calculated by
dividing the total mass deposition flux by the total mass of mineral dust. This yields an5

average size-weighted deposition velocity of 0.8 mm s−1 for the whole time period with
a variance of 0.13 mm s−1. Thus, the diameter where 90 % of the mass of the particle
mass size distribution of mineral dust is reached is a good estimate to calculate the
deposition velocity.

Error propagation of the errors for the cmass, SOAP (55 %) and the micrometeorological10

method (22 %) yield a total error of 59 % for the MMe+cmass, SOAP method.

3.3.3 Scanning Electron Microscopy (SEM)

The mass of the individual particles sampled on the glassy carbon substrates (see
Sect. 2.2.7) was summed up for (i) all particle sizes, (ii) particles smaller than 10 µm
projected area diameter, (iii) mineral dust particles, and (iv) mineral dust particles15

smaller than 10 µm (mmd<10). The information on mineral dust masses for particles
smaller than 10 µm diameter is used for comparison with the PM10 mass concentration
measurements. Naturally, a systematic difference has to be expected, as in contrast to
microscopy, PM10 mass concentration is defined by the aerodynamic particle diameter.
Knowing the sampled mass of mineral dust mmd<10, the area of analysis A and the20

sampling time t, a deposition rate was calculated by:

F =
mmd<10

A · t
. (19)

The largest error of this method derives from an unknown aspiration and deposition
efficiency of the sampling device for higher wind speeds. While the sampler is known to
collect particle mass with an error of 20 % with respect to reference methods at lower25

wind speeds (Dietze et al., 2006), a lower collection efficiency may occur at higher
33046
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wind speeds due to particle reentrainment from the substrate, turbulent deposition and
interception at the inlet and the inner walls.

A second major source of uncertainty is the particle volume estimation from the two-
dimensional geometry of the particles. If the particles are plate-like, this may lead to an
overestimation of mass concentrations by this method. Unfortunately, there is no thor-5

ough information available on the three-dimensional particle shape of Saharan mineral
dust in this case (Dubovik et al., 2006), which would allow estimating the uncertainty.

Minor sources of uncertainty are the particle cross section determination from the
backscatter electron image (applied lateral resolution of 75 nm). The separation of the
particles into mineral dust and sea salt based on the chemical information has a very10

low uncertainty, as these particle types have a largely different elemental composition
and can be distinguished easily. Finally, a minor source of uncertainty derives from the
counting statistics. As each sample comprises at least 700 particles, the relative error
is less than 4 %.

From this consideration, an overall uncertainty of 50 % in total mass concentration15

and 30 % for the concentration of particles smaller than 10 µm projected area diameter
is estimated.

3.3.4 Regional mineral dust transport model (Model)

Saharan mineral dust transport and deposition were simulated for the intensive SO-
PRAN campaign in January 2009 using the mineral dust model version of COSMO-20

MUSCAT (Heinold et al., 2007, 2011). The regional model system consists of the oper-
ational forecast model COSMO (Steppeler et al., 2003) of the German weather service
(Deutscher Wetterdienst; DWD) and the online-coupled 3-D chemistry transport model
MUltiScale Chemistry Aerosol Transport Model (MUSCAT) (Wolke et al., 2004; Ren-
ner and Wolke, 2010). Mineral dust emission calculations are based on the scheme by25

Tegen et al. (2002), which takes surface properties (vegetation, surface roughness, soil
texture) and the location of potential mineral dust sources derived from Meteosat Sec-
ond Generation (MSG) satellite observations (Schepanski et al., 2007) into account.
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Mineral dust emission, transport, and deposition are simulated using meteorological
and hydrological fields from COSMO including the computation of the direct radiative
effect of mineral dust on atmospheric dynamics. The model predicted mineral dust is
transported as passive tracer in five independent particle size classes between 0.2
and 50 µm diameter assuming spherical particles and a log-normal size distribution for5

each size bin. For this study, the first three particle size classes up to a diameter of
5.2 µm were used for comparison with measurements. The mineral dust particles are
removed from the atmosphere by dry and wet deposition. The parameterization of dry
deposition follows Zhang et al. (2001) as described in Sect. 3.2. The density of mineral
dust is assumed to be 2.65 g cm−3 in this model.10

For the mineral dust transport and deposition simulations, a horizontal grid resolution
of 28 km was used. The vertical grid has 40 layers with the first layer centered around
38 m above surface. The model domain covers major parts of the Saharan desert and
the tropical North Atlantic Ocean. Initialization and large-scale meteorological forcing
of COSMO-MUSCAT are based on 6-h analysis fields from the global model GME15

(Majewski et al., 2002). The simulations were carried out in cycles with a re-initialization
every 48 h in order to keep the meteorology of the regional model close to the analysis
data.

4 Results

Three events with high mass concentrations of mineral dust were observed at the Cape20

Verde Islands in January 2009: day of year (DOY) 12–16, 21–27, and 29–32. Figure 4
shows a composite of the meteorological situations of the three periods. The wind
is indicated as vector for wind velocities larger than 1 m s−1 and the dark grey lines
present the geopotential height, both in the 925 hPa niveau. Furthermore, dust source
activation frequencies are shown and the CVAO is indicated with a red point. 10-day25

back trajectories ending at the CVAO showed the same pathway as can be seen from
the wind vector, so they are not shown separately.
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The synoptic situation during the first mineral dust phase was characterized by an up-
per cut-off low over the southern Iberian Peninsula and northern Morocco. At sea-level
(Fig. 4a), a region of low pressure occurred over Tunisia and a smaller low pressure
zone emerged across central Algeria most likely due to lee effects at the Atlas moun-
tain chain. Strong surface winds related to a low-level cold front mobilized mineral dust5

in Algeria. Further dust mobilization took place over northern Mali and Mauretania, as
can be seen from the dust source activation frequency in Fig. 4a. The frontal winds
together with the north-easterly trade winds subsequently transported the mineral dust
from the western coast of Africa towards the Cape Verde Islands.

Different meteorological conditions led to strong mineral dust emissions during the10

second event (Fig. 4b). On DOY 21 and 22, the extensions of the Azores High moved
south-westwards and reached the West African coast. To the east an upper level trough
(not shown in the Figure) spread from the mid-latitudes to northwestern Africa, and an
associated winter cyclone formed with the extensions reaching northeast Africa. The
related strong frontal winds caused mineral dust emissions over northeastern Algeria15

and western Libya. During the second part of this mineral dust event, the high pres-
sure zone strengthened and further extended over northern Africa. As a result a strong
south-north pressure gradient prevailed over the Sahel and southern Sahara. Very in-
tense mineral dust activation was observed over northwest Niger and additional mineral
dust sources were activated in Morocco and Mauritania. The mineral dust from the lat-20

ter regions (similar to the first event) was transported westwards at the southern flank
of the subtropical high.

Similar meteorological conditions but with different dust source activation regions
were observed for the third event at the end of the month (Fig. 4c). Mineral dust emis-
sions and transport were caused by strong Harmattan winds associated with the inten-25

sification of the high pressure system over the Sahara. The observed mineral dust at
CVAO originated not only from the western coast of Africa (Morocco and Mauritania),
but also from Algeria.
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4.1 Deposition velocity

Figure 5 shows the mean value of the deposition velocity for DOY 30 and 31 for the
micrometeorological method and the profile method and the ratio between both veloc-
ities. Furthermore, the averaged particle mass size distribution of mineral dust for the
same time is shown. The correlation coefficient between both deposition velocities is5

R2 =0.91. As can be seen, the least agreement between the two methods occurs for
the smallest particle diameters (0.1–0.3 µm) with a ratio of both curves of less than
0.7. However, mineral dust particles are usually larger than about 0.2 µm (Kaaden et
al., 2009; Kandler et al., 2009), which is also confirmed by the observed particle mass
size distribution of mineral dust. Therefore, the size range smaller than 0.3 µm can be10

neglected here. In the size range between 0.73 and 2.25 µm (which are the 10 % and
90 % percentiles of the particle mass size distriubtion of mineral dust), the ratio of both
velocities varies between 0.7 and 0.84. Since no other information on the calculation of
the error for both methods exists, the average ratio in this size range is used to deter-
mine an uncertainty of both velocities, which is 22 %. At diameters larger than 3.5 µm,15

the discrepancies between both methods become negligible.
It can be seen, that the deposition velocity of the profile method is above the velocity

of the micrometeorological method in most cases. The consequence for the resulting
mass deposition flux of mineral dust is that fluxes obtained by the profile method will
be higher compared to those obtained by the micrometeorological method.20

4.2 Mass concentration of mineral dust

Before presenting dust mass deposition fluxes, the mass concentrations of mineral
dust obtained from the different methods are compared. Figure 6 shows time se-
ries of total mass concentrations of mineral dust from the microphysical measure-
ments (cmass, PMSDmd and cmass, SOAP) and regional transport simulations (cmass, Model)25

together with daily values from the Berner impactor (cmass, Berner). Between DOY 22
and 27, no values for cmass, PMSDmd are available, because the H-DMA-APS did not
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work during this period, and therefore no number fractions of mineral dust could be
determined.

The time series of the dust concentration at CVAO shows three main peaks during
the dust outbreaks on DOY 14, 24, and 30 to 31. The maximum values for the three
events are given in Table 3. All four methods agree well on the temporal evolution of the5

mass concentration of mineral dust. Mass concentrations of mineral dust obtained by
the SOAP are mostly lower than cmass, PMSDmd , which is due to the fact that the SOAP
retrieval uses the mass fraction of iron oxide in the mineral dust particles. To calculate
the mass concentration of mineral dust, a constant mass fraction of iron oxide was
assumed (Müller et al., 2009), which may lead to an over- or underestimation of the10

mass concentration depending on the actual iron content of dust particles.
The Berner impactor measurements are considered as an independent technique

to compare with the atmospheric aerosol concentration from microphysical measure-
ments. For direct comparison with the daily values of the Berner impactor (measured
from noon to noon), also daily values for cmass, PMSDmd and cmass, SOAP were calcu-15

lated when at least 65 % of the data for this day were available. The deviation between
cmass, Berner and cmass, PMSDmd is 20 %, while the deviation between cmass, Berner and
cmass, SOAP is 40 % (not shown here). This shows that the mass concentration from
measurements of the particle mass size distribution of mineral dust is comparable to
the mass concentration obtained by Berner measurements, while the mass concentra-20

tion obtained by absorption photometer measurements underestimates it by a factor
of approximately 1.7. Therefore, the time- and size-resolved measurements of mineral
dust concentration (cmass, PMSDmd) are used as reference in the following.

The COSMO-MUSCAT results overestimate the measured mass concentration in
general. Only for dust event 1, the modeled dust concentrations at surface level are very25

similar to the measured ones. For the second dust event, the model is up to a factor
of four too high compared to the measurements. It should be kept in mind, that those
comparisons are generally problematic, since local measurements, which represent
the conditions at a single point, may not be entirely representative of a whole model
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grid cell with 28 km grid spacing. Although a thorough model evaluation is beyond the
scope of this study, potential reasons for the overestimation of the second dust event
are discussed in the following.

Discrepancies can be identified by comparing model-derived aerosol optical depth
(AOD) with the AOD from MODIS satellite observations. Figure 7 shows the modeled5

and observed AOD over West Africa and the Cape Verde islands on DOY 24–25. As
described above, the mineral dust emissions during this event resulted from a winter
cyclone and related strong frontal surface winds over northern Africa. Here, the model
apparently overestimated the mineral dust emission in eastern Algeria and western
Libya as result of an overestimated cyclone development, which results in a too strong10

dust transport towards the Cape Verdes. The high values of observed (MODIS) AOD
over and west of the Gulf of Guinea were mainly due to smoke aerosol from biomass
burning in southern West Africa, which was not considered in this model version. The
MODIS AOD in this region also included mineral dust from the Bodélé Depression and
minor dust sources to the west, which were well reproduced by COSMO-MUSCAT. In15

addition, large uncertainties in the mineral dust prediction occur due to strong horizon-
tal gradients in the actual dust distribution that cannot be resolved by the model. A
misrepresentation of the transport height may also explain the discrepancies, which in
particular is assumed to be the reason during the third dust outbreak (not shown).

Figure 8 shows the correlation between cmass, PMSDmd and cmass, SOAP or cmass, Model,20

respectively. The correlation between cmass, PMSDmd and cmass, SOAP shows an under-
estimation of cmass, SOAP of 30 % compared to cmass, PMSDmd. Although the correlation

coefficient is high with R2 =0.80, the problematic of the SOAP measurement regarding
a constant iron oxide value leads to this uncertainty. As expected, the correlation of
cmass, PMSDmd with cmass, Model is worse with R2 =0.41. The scatter of the data points25

is larger, in particular, for moderate and weak dust concentrations, which indicates an
over- and underestimation of mineral dust events, respectively. For a relatively homoge-
nous mineral dust layer over the entire grid cells around the single point measurement,
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the quantitative agreement is within 87 % for the mean values and 70 % for the maxi-
mum values between model and measurement.

4.3 Dust mass deposition flux

The mass deposition fluxes of mineral dust are presented as weekly mean values
obtained with the different methods. The data was merged into groups that cover the5

sampling time periods of the passive samplers.

Period 1: DOY 7.5 to 15.5

Period 2: DOY 15.5 to 22.5
10

Period 3: DOY 22.5 to 29.5

Period 4: DOY 29.5 to 36.5

Figure 9 presents the weekly mass deposition fluxes of mineral dust including error15

bars that were introduced when describing the methods and also showing the mean
values in numbers below the bars. The relative errors for the different methods are 31 %
for MMe+cmass, PMSDmd, 31 % for PMe+cmass, PMSDmd, 59 % for MMe+cmass, SOAP,
and 30 % for SEM. There are no errors given for the model, since only ensemble simu-
lations provide a basis for a statistical analysis. The main source of model errors is the20

representation of dust-generating surface winds and soil properties in the source region
of mineral dust. Depending on whether a model grid cell is activated as dust source or
not, theoretically, the error can be up to 100 % (Laurent et al., 2008). No values could
be shown for the PMe+cmass, PMSDmd method for period 2, since anemometer mea-
surements were available only in one height. Results for the MMe+cmass, PMSDmd and25
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the PMe+cmass, PMSDmd methods are not discussed for Period 3, since too many data
of mass concentration of mineral dust were missing due to the absence of H-DMA-APS
measurements.

In general it can be seen, that the lowest values were obtained from the
MMe+cmass, SOAP and the SEM methods. Reasons for the lower-end values of the5

SEM can be explained by the high wind speed (median of 7.3 m s−1) that is always ob-
served on top of the tower (Carpenter et al., 2010), which may yield a lower collection
efficiency of the Passive-2 sampler. For the investigated period, the mean wind velocity
was even found to be 10.4 m s−1. Furthermore, as explained above, the volume esti-
mation of the particles from a 2-D image may cause large errors. The low value for10

the MMe+cmass, SOAP method may be based on a too low mass absorption coefficient
for mineral dust and the difficulty to find a representative diameter for calculating the
deposition velocity. One exception can be found for period 4, where all values (except
that for the model) are close together. A slight change in the meteorological situation
may explain the better fit of the SEM method, since the wind velocity for this period15

slightly decreased to 9.6 m s−1. As could be seen from the mass concentration mea-
surements, the SOAP results fitted better with the others within the last dust event. This
result could suggest that the air masses are from a different source region compared
to the first dust event, and that the iron oxide value could be different between the third
and the first period. These findings agree with the meteorological situation introduced20

at the beginning of this chapter (“The observed mineral dust at CVAO originated not
only from the western coast of Africa (Morocco and Mauritania), but also from Algeria.”).

Comparable to the mass concentration measurements, the model results mainly
overestimate the total mass deposition flux of mineral dust for nearly the whole time
except for period 1. The reasons are the same as discussed above like overestimated25

dust emissions over Algeria and western Libya and the unresolved gradient in the hor-
izontal dust plume as well as a misrepresentation of the transport height.

There are two periods, where the MMe+cmass, PMSDmd and the PMe+cmass, PMSDmd
methods are directly comparable. In period 1, the PMe+cmass, PMSDmd method shows
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higher values compared to the MMe+cmass, PMSDmd which may be due to an overesti-
mation of the deposition flux of the profile method. Both values agree for period 4 which
leads again to the assumption, that a slight change in meteorology seems to have oc-
cured since the deposition velocities for this period must be similar. The assumption
behind this is that the atmsophere was in a state that fulfills the requirements for the5

logarithmic wind law better, e.g. horizontal homogeneity and stationarity.
A time series of the mass deposition flux of mineral dust is presented in Fig. 10.

This figure looks very similar to the one for the mass concentrations of mineral dust,
since this parameter serves as input for the deposition flux. Table 4 summarizes the
mean and the maximum values for the three dust events. Similar to the results above,10

the first dust event shows the MMe+cmass, SOAP method having the lowest value and
the other three methods lying closer together. For dust event two, the model results
are very high and for the third dust event, the measurements lie close together but the
model overestimating the measurements by a factor of up to three in the mean and the
maximum values.15

Scatter plots allow a better quantitative comparison among the different methods
and are presented in the following. Here, the MMe+cmass, PMSDmd method is consid-
ered as reference, as ultra-sonic wind speed observations provide the most accurate
information on turbulent mixing and measurements of the particle mass size distri-
bution of mineral dust represent atmospheric mass concentrations of mineral dust20

best (see Sect. 4.2). In Fig. 11a, the fluxes from the MMe+cmass, PMSDmd and the

PMe+cmass, PMSDmd method are compared, for which a correlation factor of R2 =0.92
is obtained. The flux obtained by the PMe+cmass, PMSDmd method is about 40 % larger
than the flux obtained by the MMe+cmass, PMSDmd method. This can be explained by
the larger values (up to 30 %) of the deposition velocity for the profile method com-25

pared to the micrometeorological method in the diameter size range up to 4 µm. The
comparison between the MMe+cmass, PMSDmd and MMe+cmass, SOAP method shows

an acceptable correlation, with a correlation coefficient of R2 =0.71 (Fig. 11b). Due to
the fact that the mass concentration of mineral dust from the SOAP is underestimated,
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also the mass deposition flux of mineral dust obtained by the MMe+cmass, SOAP method
is about 40 % lower than that obtained by the MMe+cmass, PMSDmd method. A weak
correlation is only found between the MMe+cmass, PMSDmd method and the model with

R2 =0.37 (Fig. 11c). Again, this is mainly due to the overestimation of the second dust
event and the fact, that the model provides a homogeneous mineral dust distribution5

over the grid cell of 28 km, while the measurements were performed at a single point.
In addition, a minor reason may be the difference in density of mineral dust particles,
which are assumed in the model (2.65 g cm−3) and for the deposition flux calculation
(2.45 g cm−3).

The total deposition fluxes for January 2009 are summarized in Table 5. All measured10

and modeled mass deposition fluxes are of the same order of magnitude ranging be-
tween 12 and 47 ng m−2 s−1. Furthermore, the data were compared to literature values
obtained from global and regional model simulations for different time periods for the
Cape Verde region. Zender et al. (2003) give a 10 yr average mass deposition flux of
mineral dust of 50–100 ng m−2 s−1 for particles smaller than 10 µm aerodynamic diam-15

eter, which is nearly double the flux measured in this study. The comparison with the
global model output of Mahowald et al. (2005) presenting a 10 yr average of three re-
analysis based models combined with sediment trap and in-situ observations, and the
regional model output of Schepanski et al. (2009) for January 2007 show one order
of magnitude higher mass deposition fluxes of mineral dust than presented within this20

study. However, they give the deposition flux for total suspended particles (TSP), which
is only partly comparable to results in this study, since particles larger than 10 µm may
contribute significantly to the mass concentration of mineral dust. The discrepancies to
the findings by Mahowald et al. (2005) can also be explained by the fact that they also
consider wet deposition, which accounts for 30 % of the total deposition (Laurent et al.,25

2010). Mahowald et al. (2005) state an uncertainty factor of 10 for their deposition flux
of mineral dust.
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5 Summary and conclusions

In this study, different techniques to obtain dry mass deposition fluxes of Saharan min-
eral dust to the tropical northeast Atlantic Ocean were presented. The measurements
were all performed at one site, the Cape Verde Atmospheric Observatory (CVAO),
which lies in the outflow of the Saharan desert. These measurements and the output5

of a regional transport model were compared for this site.
One focus was on the calculation of the size-resolved deposition velocity. Two differ-

ent methods were applied to determine the atmospheric turbulence parameters, which
then served as input parameters to calculate the deposition velocity according to the
parameterizations by Zhang et al. (2001). The two methods are the micrometeoro-10

logical and the profile method, which used the measurements of wind speed with an
ultra-sonic and two 2-D anemometers, respectively. Both methods differed in the lowest
particle diameter range (0.1–0.3 µm) and also at about 2 µm, while the profile method
showed generally higher values than the micrometeorological method. This may be
due to the fact, that the logarithmic wind profile for neutral atmospheric stratification15

was used in the profile measurements assuming stationarity, horizontal homogene-
ity and neutral atmospheric layering. These assumptions may not hold for the whole
time period. However, the profile measurements are an effective and robust alternative
for long-term studies when micrometeorological measurements including sophisticated
and time-consuming data processing of ultra-sonic anemometers are not available.20

In addition to the deposition velocity, mass concentrations of mineral dust were deter-
mined to obtain the mass deposition flux of mineral dust. Differences occurred between
mass concentrations of mineral dust obtained from the particle mass size distribution
of mineral dust (cmass, PMSDmd) and with optical absorption spectroscopy (cmass, SOAP),
while the latter one often showed lower concentrations. Comparisons of cmass, PMSDmd25

and cmass, SOAP with independently measured mass concentrations of mineral dust
with a Berner impactor cmass, Berner showed agreement of 80 % for cmass, PMSDmd and
cmass, Berner and 60 % for cmass, SOAP and cmass, Berner, respectively.
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Values of deposition velocities and mass concentrations of mineral dust at the sur-
face derived from the different methods were used to calculate the dry deposition fluxes
of mineral dust at the CVAO. Scanning electron microscopy (SEM) was used to ana-
lyze the passive sampled mineral dust particles and calculate the mass and the de-
position flux of mineral dust. In addition, the Saharan mineral dust transport and de-5

position towards the tropical northeast Atlantic Ocean was simulated with a regional
mineral dust emission and transport model, which provides size-resolved deposition
fluxes in time and space. The mean values for January 2009 for the different measure-
ment techniques vary between 12 and 29 ng m−2 s−1. The value of the regional model
is 47 ng m−2 s−1. The lowest deposition flux was often obtained by the SEM, which10

should be regarded as a minimum estimate of the atmospheric mass deposition flux
of mineral dust to the ocean. The modeled dry mass deposition flux of mineral dust
was often higher than the values derived from the ground-based remote sensing, but a
good agreement was generally found in the temporal evolution.

All measurement techniques to obtain the mass deposition flux of mineral dust15

showed similar values for the different dust events. These methods and especially
the MMe+cmass, PMSDmd method are used to create a long-term time series of dust
deposition fluxes in the Cape Verde region. Such a dataset is desirable for the valida-
tion of dust transport models and satellite products used to quantify the dust transport
and deposition to the Atlantic. One has to take care, that such validations are only20

reasonable, when the dust layer is spread homogenously over the grid cell where the
measurements take place.
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Table 1. Values for the stability parameter z/L and the parameters α and β that were taken to
calculate the internal bounary layer height according to the atmospheric layering.

atm.layering z/L α β

stable >0.1 0.2–0.45 0.6–0.75
neutral −0.3–0.1 0.5 0.8
unstable <−0.3 0.55–0.8 0.85–1.0
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Table 2. Summary over the acronyms of the measurement technique principles and its descrip-
tion.

parameter acronym description

mass concentration cmass, PMSDmd Obtained from the particle number size distribution multiplied with the number
of mineral dust fraction of mineral dust and converted to a particle mass size distribution.

cmass, SOAP Using an absorption photometer to detect the iron content and parameterization
to the total dust amount.

cmass, Model Using the regional model COSMO-MUSCAT.

cmass, Berner Measured by a Berner impactor and analyzed with ion chromatography
following the scheme: dust= total conentration – sea salt – water.

deposition velocity MMe Using eddy covariance technique to obtain turbulence parameters from ultra-sonic
anemometer measurements that are inserted in the parameterization after
Zhang et al. (2001).

PMe Using the profile method to obtain turbulence parameters from 2-D anemometers in
two heights that are inserted in the parameterization after Zhang et al. (2001).

mass deposition flux MMe+cmass, PMSDmd Obtained by multiplication of the mass concentration of mineral dust from particle
of mineral dust number size distributions and mineral dust number fraction measurements with

deposition velocities obtained from ultra-sonic anemometer measurements.

PMe+cmass, PMSDmd Obtained by multiplication of the mass concentration of mineral dust from particle
number size distributions and mineral dust number fraction measurements with
deposition velocities obtained from 2-D anemometer measurements in two heights.

MMe+cmass, SOAP Obtained by multiplication of the mass concentration of mineral dust from
absorption photometry measurements with deposition velocities obtained
from ultra-sonic anemometer measurements.

SEM Calculated by measuring passive sampled mineral dust mass concentrations
considering sampling time and sampling area.

Model Using the regional model COSMO-MUSCAT.
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Table 3. Maximum values for the mass concentration of mineral dust obtained during the three
main dust events are in units of µg m−3.

cmass, PMSDmd cmass, SOAP cmass, Model cmass, Berner

event 1 144 70 112 61
event 2 – 86 227 70
event 3 56 36 78 54
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Table 4. Mean and maximum values for the mass deposition flux of mineral dust obtained
during the three main dust events are in units of ng m−2 s−1.

MMe+cmass, PMSDmd PMe+cmass, PMSDmd MMe+cmass, SOAP Model

mean max mean max mean max mean max

event 1 40 137 60 103 16 64 56 125
event 2 – – – – 14 71 111 275
event 3 16 43 17 38 13 33 44 94
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Table 5. Overview over dust deposition fluxes (total suspended particles – TSP or particles
smaller than 10 µm – PM10) obtained within this study (combination of the micrometeorological
method and mass concentrations of mineral dust obtained by measurements of the particle
mass size distribution of mineral dust (MMe+cmass, PMSDmd), the profile method and mass con-
centrations of mineral dust obtained by measurements of the particle mass size distribution of
mineral dust (PMe+cmass, PMSDmd), the micrometeorological method and mass concentrations
of mineral dust obtained from SOAP measurements (MMe+cmass, SOAP) scanning electron mi-
croscopy analysis of passive sampled mineral dust particles (SEM) and the output of a regional
dust transport model (Model)) and compared to literature. All fluxes present deposition fluxes
at the area of the tropical northeast Atlantic Ocean in units of ng m−2 s−1.

Name Particle Size Time frame Deposition Dust deposition flux

MMe+cmass, PMSDmd PM10 January 2009 dry 25
PMe+cmass, PMSDmd PM10 January 2009 dry 29
MMe+cmass, SOAP PM10 January 2009 dry 13
SEM PM10 January 2009 dry 12
Model PM10 January 2009 dry 47
Zender et al. (2003) PM10 1990–1999 10 yr mean dry 50–100
Mahowald et al. (2005) TSP Model composite of >10 yr dry and wet 320–640
Schepanski et al. (2009) TSP January 2007 dry 230–270
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Fig. 1. Geographical position of the Cape Verde Islands ((c) OpenStreetMap and contributors,
CC-BY-SA). The red star indicates the location of the measurement side (CVAO) at the island
Sao Vicente (orange).
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Fig. 2. Fractional particle number size distribution of mineral dust (black sphere) resulting from
the multiplication of the total particle number size distribution (open triangles) and the num-
ber fraction of mineral dust with the assumption, that the number fraction of mineral dust for
particles larger than 1000 nm has the same value as the number fraction of mineral dust for
1000 nm. Additionally, a log normal fit (red line) through the black spheres is shown which
yields the particle number size distribution of mineral dust.
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Fig. 3. Internal bounday layer (IBL) heights for neutral and unstable atmospheric layerings for
the second half of January 2009.
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Fig. 4. Composite of the wind vector for wind velocities larger than 1 m s−1 (black arrow), the
geopotential height (dark grey lines) and the dust source activation frequency (colored area)
for the three events from DOY 12–16, 21–27 and 29–31, respectively. The red point indicates
the location of the Cape Verde Atmsopheric Observatory.
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Fig. 5. Comparison of the averaged deposition velocities (day of year 30 and 31) obtained
by the ultra-sonic anemometer (red line) and two 2-D anemometers (green line) using the
micrometeorological method (MMe) and profile method (PMe), respectively (left axis). The ratio
of both velocities (dotted black line, left axis) and the particle mass size distribution of mineral
dust (PMSDmd, blue line) are also shown (right axis). The dotted blue lines show the 10 and
90 % percentile of the particle mass size distribution of mineral dust, respectively.
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Fig. 6. Time series of the mass concentrations of mineral dust obtained from the particle
mass size distribution of mineral dust (cmass, PMSDmd), from optical absorption spectroscopy
(cmass, SOAP), from the regional dust transport model (cmass, Model) and from Berner impactor
measurements (cmass, Berner) for the second half of January 2009.
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Fig. 7. Horizontal distribution of Saharan dust during the period 24–25 January 2009. Shown
are maps of (a) modeled aerosol optical depth (AOD) (550 nm) and (b) a composite of MODIS
AOD at 550 nm over sea and the MODIS Deep Blue AOD at 550 nm over land. The values of
optical depth are time averages (2 fields of observation at 10:30 a.m. LT for Modis overpass
and 10:00 a.m. LT for the model). Latitudes up to 15◦ N have a frame, as in this region the
MODIS AOD is dominated by biomass burning aerosol, which is not considered in the model
simulations.
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Fig. 8. Correlation plots of the mass concentrations of mineral dust obtained from optical
absorption spectroscopy measurements (cmass, SOAP) and a regional dust transport model
(cmass, Model) compared to the mass concentrations of mineral dust obtained from the particle
mass size distribution of mineral dust (cmass, PMSDmd).
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Fig. 9. Weekly averages of the mass deposition flux of mineral dust for the different mea-
surement techniques combining micrometeorological method and mass concentrations of min-
eral dust obtained by measurements of the particle mass size distribution of mineral dust
(MMe+cmass, PMSDmd), the profile method and mass concentrations of mineral dust obtained
by measurements of the particle mass size distribution of mineral dust (PMe+cmass, PMSDmd),
the micrometeorological method and mass concentrations of mineral dust obtained from opti-
cal absorption spectroscopy measurements (MMe+cmass, SOAP), scanning electron microscopy
analysis of passive sampled mineral dust particles (SEM) and the output of a regional dust
transport model (Model). Error bars show the percentage error of the individual methods. Be-
low the bars, the total values are added.
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Fig. 10. Time series of the mass deposition flux of mineral dust combining micrometeoro-
logical method and mass concentrations of mineral dust obtained by measurements of the
particle mass size distribution of mineral dust (MMe+cmass, PMSDmd), the profile method and
mass concentrations of mineral dust obtained by measurements of the particle mass size
distribution of mineral dust (PMe+cmass, PMSDmd), the micrometeorological method and mass
concentrations of mineral dust obtained from optical absorption spectroscopy measurements
(MMe+cmass, SOAP) and the output of a regional dust transport model (Model) obtained for the
second half of January 2009.
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Fig. 11. Correlation plots of the mass deposition fluxes of mineral dust obtained from the combi-
nation of the profile method and mass concentration of mineral dust obtained by measurements
of the particle mass size distribution of mineral dust (PMe+cmass, PMSDmd), the micrometeoro-
logical method and mass concentrations of mineral dust from optical absorption spectroscopy
measurements (MMe+cmass, SOAP) and a regional dust transport model (Model) compared to
the mass deposition flux of mineral dust obtained from the combination of the micrometeorolog-
ical method and mass concentration of mineral dust obtained by measurements of the particle
mass size distribution of mineral dust (MMe+cmass, PMSDmd).
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