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Abstract. Mass deposition fluxes of mineral dust to the trop- mineral dust obtained by the combination of micrometeo-
ical northeast Atlantic Ocean were determined within thisrological (ultra-sonic anemometer) and microphysical mea-
study. In the framework of SOPRAN (Surface Ocean Pro-surements (particle mass size distribution of mineral dust) is
cesses in the Anthropocene), the interaction between thdifficult to compare to modeled mass deposition fluxes when
atmosphere and the ocean in terms of material exchangthe mineral dust is inhomogeneously distributed over the in-
were investigated at the Cape Verde atmospheric observarestigated area.

tory (CVAO) on the island Sao Vicente for January 2009.

Five different methods were applied to estimate the deposi-

tion flux, using different meteorological and physical mea-

surements, remote sensing, and regional dust transport sind-  Introduction

ulations. The set of observations comprises micrometeoro-

logical measurements with an ultra-sonic anemometer and\ variety of open questions concerning the mechanisms of
prof”e measurements using 2-D anemometers at two differ.the different Steps of the mineral dust CyCle exist. That in-
ent heights, and microphysical measurements of the sizecludes, for example, the question to which extent mineral
resolved mass concentrations of mineral dust. In addition, thélust impacts on the carbon and bio-geochemical cycle and
total mass concentration of mineral dust was derived fromconsequently on the GQevels by delivering micronutrients
absorption photometer observations and passive sampling® oceanic and terrestrial ecosysterRalkowski, 1997). A

The regional dust model COSMO-MUSCAT was used for related question is how mineral dust is processed in the at-
simulations of dust emission and transport, including dry andmospheregung et al.200q Mahowald et al.2003 Jickells

wet deposition processes. This model was used as it describ&$ al. 2009. One essential part of the mineral dust cycle is
the AOD’s and mass concentrations realistic compared to théhe deposition to the ocean, which is largely dominated by
measurements and because it was run for the time perio({,\eolian mineral dust originating from the great deserts and
of the measurements. The four observation-based method2€ing transported over wide rangeSaflson and Prospero
yield a monthly average deposition flux of mineral dust of 1972 Prospero and Carlsp972 Karyampudj 1988. Es-
12-29ngm2s-1. The simulation results come close to the Pecially over the ocean regions, wet and dry deposition of
upper range of the measurements with an average value dfineral dust plays an important role for bio-activity, since

47ngm2s1, It is shown that the mass deposition flux of Mineral dust serves as a source of nutrients (e.g., iron) for
oceanic microorganisms such as phytoplankton. The fraction
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of the direct bio-available soluble iron in soils is reported addition to passive sampling on flat plate collectors, which
to be extremely variable with 0.01-80 %%1@howald et al. is often used for dry deposition measuremeitade et al,
2005 and depending on source mineralogy and atmospherid 991), theoretical approaches using micrometeorological pa-
processingBaker and Croq201Q Shi et al, 2017). Inopen  rameters were investigated and the deposition flux was cal-
ocean regions, the availability of iron is the limiting factor for culated. A comparison of the different methods showed good
phytoplankton growth and controls nitrogen fixatidva(- agreement among each other. All methods have their advan-
tin and Fitzwater1988 Falkowski, 1997 Falkowski et al. tages and disadvantages. Some methods of passive sampling
1998 Boyd et al, 2000. Nitrogen fixation is an important are easy to handle, other methods (sampling on glass filters)
process especially in low nitrate regions like the northern At-need only a small amount of mineral dust. However, most
lantic Ocean, which converts the gaseoyddbio-available  data of the passive sampling methods are sensitive to wind
N (Karl et al, 2002, a major nutrient for phytoplankton erosion and need to be corrected for the collection efficiency
growth. There is a positive correlation between the iron de-of the sampler. There is also a risk of out splash of mineral
position to the ocean, cyanobacteria (diazotrophs), that fixdust from the collector and some collectors are sensitive to
the nitrogen and nitrogen fixation ratdSa(kowski, 1997, perturbations (e.g., through humans and animals). Another
Moore et al, 2009. important issue is to correct the sampled grains for particle

The Saharan desert is the largest natural source for airshape. The investigated theoretical approacheSdyssens
borne mineral dust worldwide. The source strength varies beand Rajotshowed an overestimation of the deposition flux
tween 130 and 5000 Tgyt (Goudie and Middleton2006 when the correction was not done.

Swap et al. 1996 Cakmur et al. 2006§. Saharan mineral However, atmospheric observations of mass concentra-
dust plumes moving towards the northern tropical Atlantic tion of mineral dust at the open ocean are sparse and there
are observed during the whole yebtdulin et al, 1997 En- exists an uncertainty of fluxes from the atmosphere to the

gelstaedter et 312006. In wintertime, the Saharan mineral ocean Jickells et al. 2005 due to the episodic nature of at-
dust layers spread over the northeast Atlantic in the lowest atmospheric deposition into the ocean. More observations of
mospheric layers below 2 km heiglitgufmann et a].2005, deposition fluxes of mineral dust in the remote ocean are
where dry deposition is the most efficient removal process. Irecommended\lahowald et al.20095.
contrast, in the summer months Saharan mineral dust trans- The multi-disciplinary project SOPRAN (Surface Ocean
port is controlled by the African easterly jet, and occurs Processes in the Anthropocene), funded by the German
between 3 and 6 km height when the mineral dust layer isMinistry for Education and Research (Bundesministerium
lifted above the trade winds inversio@liiapello et al.1995 fur Bildung und Forschung, BMBF) and part of the multi-
Schepanski et gl20093. During this time, dry deposition national research consortium SOLAS (Surface Ocean Lower
events over the ocean emerge due to sinking of mineral dusAtmosphere Study), among others focuses on a better un-
containing air masses. derstanding of the connection between the input of mineral

Most of the published data on deposition fluxes of mineraldust to the ocean and the subsequent biological activities.
dust over the ocean arise from global model outpBi®g$-  Within this framework, the present study was conducted at
pero et al. 1996 Ginoux et al, 2001, Zender et al.2003 the Cape Verde Islands in January 2009, to measure aerosol
Luo et al, 2003. However, global mineral dust simulations deposition fluxes. During this month, dust is predominantly
utilize meteorological fields and soil data as model inputtransported by the West African Harmattan (October to May)
that are only available with low spatial resolution and con- (McTainsh et al. 1997 off the continent towards the Cape
tain large uncertainties. In contrast to global models, regionaMerdes. Only dry deposition was observed for the period of
models provide better input for mineral dust conditions un-the measurements. Different methods to measure dry depo-
der specific meteorological situations with a better verticalsition have been explored: several physical measurements to
resolution of mineral dust layer§¢hepanski et al20093. calculate mass concentrations of mineral dust in combination
Additional uncertainties originate directly from the emission with micrometeorological and profile methods to calculate
parameterizations of mineral dust. These are associated witthe deposition velocity were used to calculate the mass de-
the calibration of the emission equation coefficients and re-position flux of mineral dust by multiplying both parameters.
flect the difficulties in determining the binding strength of Furthermore, mass deposition fluxes obtained by scanning
desert soil and modeling of soil crusting. Current model es-electron microscopy of passive sampled mineral dust and of
timates of key quantities such as emission fluxes and masa regional transport model are used for comparison.
concentrations of mineral dust can vary from a factor of 2 on
global scale to at least 1 order of magnitude in regional model
studies Zender et al.2003 Laurent et al.201Q Huneeus et
al,, 2011).

From the experimental point of viewsoossens and Ra-
jot (2008 compared different techniques (of passive sam-
pling) to obtain dry deposition fluxes in Western Niger. In
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Fig. 1. Geographical position of the Cape Verde Islands (©OpenStreetMap and contributors, CC-BY-SA). The orange island shows the
position of Sao Vicente.

2 Cape Verde atmospheric observatory used later in the text. Two devices were used to measure the
' deposition velocity and will later be referred to as microme-
2.1 Location teorological (mm) and profile method (pm). Three devices in-

i . . ] cluding one or two instruments were used to obtain the mass
The field studies took place at the northeast side of the islang oncentration of mineral dust and the methods are using the
Sao Vicente (Cape Verde) at’B’ N, 2452 Win the direct  gjfferent instruments are called microphysical (mp), optical
outflow of the Saharan desert (see Fip.In 2006, the Cape  (op) and gravimetrical (gr). Four combinations of the devices
Verde atmospheric observatory (CVAO) was installed to per-f the first two parameters were used to obtain the mass de-
form chemical and physical measurements of atmospherigosition flux of mineral dust. For the mass concentration and
gases and particles as well as bio-chemical investigations of,55s deposition flux of mineral dust, a model was also used

the ocean surfac&@rpenter et al2010. The site is located  yhjch will be described later. The instruments used in this
close to the shoreline, so that sea salt is mostly dominats;gy are described in more detail hereinafter:

ing the aerosol mass concentration. The CVAO is expected

to be minimally influenced by anthropogenic emissions, as — Ultra-sonic and 2-D anemometers

the wind is directly coming from the ocean and the African  _ Mobility particle size spectrometer (SMPS) (as de-
coast is approximately 900 km away. Furthermore, there is scribed in Wiedensohler et 32012)

no other island upstream of the wind, which is predominantly

coming from the northeast. A 30 m tower at the site provides — Aerodynamic particle size spectrometer (APS) (TSI
space for installing instruments in different heights. Fighire APS model 3321, TSI Inc., St. Paul Minnesota, USA)

Shovllls;he cogstllne of th(; |slqnfl Saof\t/rl]cente Wlth. thef[ CVAC.) — Hygroscopicity-Differential ~ Mobility  Analyzer-
markedas red square and a picture of the measuring tower in- Aerodynamic Particle Sizer (H-DMA-APS) ¢inert
cluding an overview of the position of the used instruments 4
) . . ) and Wiedensohle2008
that are explained in more detail in the following.
— Spectral optical absorption photometer (SOAP)

2.2 Instrumentation and data processing (Muller et al, 2011
In Fig. 3, a scheme is shown including the instruments used — Sigma-2 passive sampler
to obtain the deposition velocity, mass concentration and  _ garner 5-stage impactor

mass deposition flux of mineral dust and the abbreviations

www.atmos-chem-phys.net/14/2245/2014/ Atmos. Chem. Phys., 14, 2266 2014



2248 N. Niedermeier et al.: Dust mass deposition fluxes to the tropical northeast Atlantic Ocean
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Fig. 2. Position of the Cape Verde atmospheric observatory on the island Sao Vicente and a picture of the measuring tower showing the
position of the individual instruments.
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Fig. 3. Scheme of the measuring and evaluation procedure showing the instruments (red) and the used acronyms (blue) for the different
methods of the three parameters of mineral dust: deposition velocity, mass concentration and mass deposition flux. The methods for the
deposition velocity are called micrometeorological (mm) and profile (pm) and for the mass concentration of mineral dust microphysical
(mp), optical (op), gravimetrical (gr) and in addition the output of a regional transport model (model) is used. The methods for the mass
deposition flux of mineral dust are combinations of the previous methods and additionally from scanning electron microscopy of passive
sampled particles (SEM) and from the regional transport model.

2.2.1 Meteorological instrumentation Furthermore, 2-D wind velocity and wind direction at
10 m height were measured with a vane anemometer (model
For the January 2009 study, an ultra-sonic anemometer (GilP5103, RM Young Wind Monitor). The instrument is in-
Instruments Limited, Lymington, Hampshire, UK) was in- stalled on a smaller tower on top of a second container next
stalled 30 m above ground to obtain the 3-D wind velocity to the tower. A third anemometer type (cup anemometer,
and direction. It was mounted on the northeast side on top o0BWS200, Campbell Scientific) is installed on top of the big
the tower and operated with a time resolution of 10 Hz. A pla-tower at 30 m height. For all 2-D anemometers, the meteo-
nar fit coordinate rotation was applied to turn the horizontalrological data are available with 1 minute time resolution.
wind component in the streamline direction and afterwardsTemperature and relative humidity data from 8 m and 30m
covariances were calculated and averaged in 30 min periodsvere measured using a CS215 probe (Campbell Scientific).
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2.2.2 Sampling system principle of the system, which yields a maximum uncertainty
in sizing of 15 % for these measurements.

A 30m-long stainless steel sampling pipe with an outer o N o
diameter of 1/2inch connects a low flow RMinlet  2-2:5 Combining mobility and aerodynamic size
(16.6 Lminm 1) on top of the tower with an air-conditioned distributions

container housing the measurement equipment. Correctiong th th bilit d q . iicle si i
for aerosol particle losses by diffusion, sedimentation and 0 € MObIity and acrodynamic particie Size spectrom-

impaction in the entire sampling system were taken into ac.tters measure particle number size distributions in different

count according to correction functions givenBaron and SIZ€ ranges t.hat can be_combmed._The_me.asu_rement_ Fech-
Willeke (2001). An automatic aerosol dryer as described in niques use different particle properties yielding in mobility

Tuch et al.(2009 is employed to avoid condensation in the f'f:nd a;:ﬁdynamollc part_lcle d;grlneters.bTo qom(lja_lnte_;h? mott;:I-
sampling pipes and to dry the aerosol to a relative humidityI yandthe aerodynamic particle numboer size distribution, the
lower than 40 %. mobility and aerodynamic diameters have to be converted to

volume equivalent diameters. By knowing the particle den-
- ) ) sity and the shape factor (mineral dust or pure sea salt), either
2.2.3 Mobility particle size spectrometer (SMPS) from literature or from measurements, the volume equivalent
diameters can be calculated following E¢i@nd2 (DeCarlo
The mobility particle size spectrometer operating in scanninget al, 2004
mode (SMPS) determines the particle number size distribu-

tion in the diameter range between 10 and 880 nm. It ap- ¥ -po Ceaero
pears to be incomplete.. The setup of this mobility particle PPve = Dpaero- ' C’ ) (1)
size spectrometer is described in detalWiedensohler et al. cve
(2012. Inside, the aerosol is additionally dried by a Nafion Dpye = Dpzp Ceye )

membrane to a relative humidity (RH) lower than 35 % and ¢ x  Cezp

charged in a bipolar diffusion charger to obtain a bipolar ) _

charge distribution\iedensohler1988. Afterwards, parti-  With Dpve, Dpaero @nd Dpzp being the volume equivalent,
cles with a certain electrical mobility are selected in a DMA the aerodynamic and the mobility diameter, respectively.
(differential mobility analyzer, type Hauke mediunkr{ut- is t_he aerodynamic shape factpris the part|cle.den3|ty apd
son and Whitby1975, which was operated with an aerosol *0 IS the standard density (1gcm). The Cunningham slip
flow of 0.5 L min~! and a sheath air flow of 5L mirt. The ~ Correction factorsCc ve, Cc,aero@nd Ce,zp to correct for the
DMA voltage is permanently increased (up scan) until thereductio_n in drag, when the relative velqcity at the particle’s
top voltage of 10.5kV (which corresponds to a particle sizeSUrface is nonzercinds 1999, are also included.

of 880nm) and afterwards decreased (down scan) to zero After this conversion, the volume equivalent diameters of

again. The number concentration of particles for each moPOth instruments were put into a new grid with a logarith-

bility class is measured by a CPC (condensation particldMiC equidistant distance of 0.03. The corresponding num-
counter, TSI 3010, TSI Inc., St. Paul Minnesota, USA). Both ber concentrations were calculated by a linear interpolation.

up and down scans are merged to one mobility size distribu "€ largest measured mobility diameter is equal to a vol-
tion, which is finally converted to a particle number size dis- UMme equivalent diameter of 733nm and the smallest used

tribution by a multiple charge correction inversion routine. @erodynamic diameter of 723nm corresponds to a volume
According toWiedensohler et al2012), the error in sizing equivalent diameter of about 538 nm, depending on the use

is approximately 11 % concerning sheath air flow deviation,°f x @ndp (here 1.17.and 2.45 g crf, respectively). There-
relative humidity and pressure variation. fore, a couple of overlapping diameters from 538 to 733 nm

of both distributions exist. Before both distributions were
merged by averaging the number concentration of the over-
lapping diameters, the mobility particle number size distri-
] ) ] o bution was inverted and multiple charge corrections by con-
The aerodynamic particle number size distribution is ob-sjgering the aerodynamic particle number size distribution

tained by an aerodynamic particle size spectrometer (TS{yere performed. The resulting particle number size distribu-
APS model 3321, TSl Inc., St. Paul Minnesota, USA) in the tjo, ranges from 0.01 to 10 pm.

range between 0.6 and 10 um. The inlet flow of 5Lmdin

is divided into a 1L min' aerosol and a 4L min* sheath  2.2.6 Hygroscopicity-Differential Mobility Analyzer-

air flow. Particles are focused by an inner nozzle and accel- Aerodynamic Particle Sizer (H-DMA-APS)

erated by the sheath air in an outer nozzle. By passing two

laser beams, the time of flight of one particle is obtained andThe H-DMA-APS is designed to distinguish particles ac-
converted to the aerodynamic diameter of the particle. Thereording to their hygroscopic behavior. Measured parameters
is a measurement uncertainty of the APS due to the countingre the hygroscopic growth factor and the number fraction

2.2.4 Aerodynamic particle size spectrometer (APS)

www.atmos-chem-phys.net/14/2245/2014/ Atmos. Chem. Phys., 14, 220866 2014
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of hydrophobic and hygroscopic particles. The measuringcarbon substrate was chosen due to its extraordinary smooth
principle is the following: first, particles are selected accord-surface allowing for a clear image-analytical separation of
ing to their electrical mobility. Here, a specially designed particles and backgroundEbert et al, 1997). However, as
DMA (length =75 cm; inner diameter =72 mm; outer diame- the substrate is not sticky, a fraction of the particles might be
ter =80 mm) with an aerosol flow rate of 1 or 2 L mihand re-entrained into the atmosphere during heavy gusts, though
a sheath air flow rate of 10 or 20 L mih is used to select the Sigma-2 sampler minimizes the interior flow velocity. As
particles with mobility diameters of 600, 800 and 1000 nm. a result, the mass deposition rates might be underestimated
It is essential that particles are dried below 30 % RH beforeby this method and serve as a minimum estimate.
they enter the DMA to ensure that they are below the efflo- The exposition time was 1 week for a period of 4 weeks in
rescence point of the most soluble materials such as sodiurtotal. Sample handling was performed in a dry, clean place
chloride. Afterwards, the aerosol is either humidified to ap-inside the measuring container undisturbed from the air con-
proximately 90 % RH or kept at dry state (RH30 %). Fi- ditioner and the instruments. The particles on the glassy
nally, the aerodynamic particle number size distribution of carbon substrates were analyzed by scanning electron mi-
the dry or humidified particles are measured with an APS. croscopy with coupled energy-dispersive X-ray microanal-

Calibration scans with ammonium sulfate were performedysis (Kandler et al. 2009. As the analyses are performed
regularly to recalculate the RH, to which the aerosol particlesunder vacuum conditions, the determined quantity is dry de-
were exposed to. Furthermore, polystyrene latex (PSL) scangosited particle mass. For each particle, a secondary electron
were taken to check the sizing accuracy of the APS. By meaimage and the elemental composition was recorded. From
suring the humidified particle number size distribution with the particle cross section, the particle diameter was inferred
the H-DMA-APS, two distinct modes were observed. The (projected area diameter). Assuming a flat orientation on the
first mode is attributed to less growing mineral dust particles,substrate, the height of the particles was set as the shorter
the second one to more growing sea salt particles. A log-axis of the 2-D ellipse fitting the particle outline. From the
normal fit procedure was performed on both modes to obtairarea covered by the particle and the height, the volume was
the particle number concentration in the respective mode. Byestimated. The elemental composition information was used
dividing the number of mineral dust particles through the to assign each particle an according material density, which
number of total particles (mineral dust and sea salt), the numwas used to calculate its mass.
ber fraction of mineral dust was obtained.

2.2.9 Berner 5-stage impactor (Berner)

2.2.7 Spectral optical absorption photometer (SOAP .
P P P P ( ) A 5-stage Berner low-pressure impactor was used down-

ftream of a PN inlet for collecting samples for size-
resolved analysisMuller 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 mih Pre-heated (2 h

at 350°C) aluminum foils and Nuclepore polycarbonate foils

Spectral particle absorption coefficients were measured b
a spectral optical absorption photometer (SOARIil(er 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~* for wavelengths larger than 450 nm and .
were used as substrate. The polycarbonate foils were placed

0.5Mm! for smaller wavelengths. The instrumental errors . . .
are about 15 % for measuring the absorption coefficient. A" the aluminum foils on each impactor stage and were used

additional error because of a cross sensitivity to particlefor the determl_natlon of trace_ m?ta's- The impactor stages
scattering cannot be determined since the scattering coeﬁf—‘ave the following aerodynamic size cutoffs: stage 1 - 0.05-
cient was not measured. For similar conditions during theD-14um, stage 2 — 0.14-0.42um, stage 3 — 0.42-1.2pm,
SAMUM-2 campaign in January 2008 based at Praia, Capé:‘tage 4-1.2-3.5um, stage 5—3.5-10um.
Verde Muller et al, 2011) with scattering coefficients being
20 times higher than absorption coefficients, a total error of3  cajculation of the mass deposition flux of mineral
about 55% can be estimated. From the spectral absorption qyst
coefficients, the mineral dust concentration can be estimated
as described in paragraptR.2 This section describes the different methods to measure mass
concentrations of mineral dust and deposition velocities and
2.2.8 Sigma-2 passive sampler and scanning electron introduces the model used in this study for comparison.
microscopy (SEM) Particle deposition fluxeg are calculated by multiplying
the mass concentratiavionc and the deposition velocityy:
Dry deposition was measured with sedimentation traps. A
Sigma-2 passive sampler (VDI, 2007) was installed at theF v M 3)
tower at 30m height. The sampler was fixed at the north-~ — ~ 'd"*conc
west side, sufficiently far away from the tower framework to The negative sign in this equation indicates a downward di-
minimize sampling artifacts. For collecting particles, a glassyrected deposition flux.

Atmos. Chem. Phys., 14, 22453266 2014 www.atmos-chem-phys.net/14/2245/2014/
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The mass deposition flux of mineral dust published in the3.1.1 Micrometeorological method ¢4 mm)
last years mostly belongs to measurements using sampling
methods (e.gArimoto et al, 1997 and from global model ~Parameters measured by the ultra-sonic anemometer were
outputs Prospero et al1996 Ginoux et al, 2001; Zender et the sonic temperaturg, the mean horizontal wind speéd
al,, 2003 Luo et al, 2003. In order to have a large pool of and the vertical wind speed. Data with 2 Hz time resolu-
values for the mass deposition flux of mineral dust to com-tion were averaged over 30 min. Standard eddy-covariance
pare against each other, different methods using the previProcedures were used to calculate turbulent fluxes. The co-
ous described instruments will be introduced in the follow- variance of7s andw yields the buoyancy flux, which is re-
ing. Using the different methods shows the accuracy of eactiated to the sensible heat flui. As the sensible heat flux
resulting in a range of values for the mass deposition fluxcannot be determined directly due to a lack of a direct fast
of mineral dust and thus increasing the level of confidence'esponse measurement of temperatliy¢he buoyancy flux
of this value. Additionally, methods showing a too large de- using the sonic temperatufg instead of the virtual temper-
viation can be determined. As the mass deposition flux ofature 7, (Foken 2008 is calculated. The covariance of
mineral dust can be obtained by using E8), @lso differ- ~ andw yields the momentum flu, from which the friction
ent methods for calculating the deposition velocity and thevelocity u, is calculated by
mass concentration of mineral dust need to be investigated.
Figure 3 gives an overview of the acronyms of the different ¥+ = Vv -M. (6)
methods explained in more detail in the following and the

used instruments to obtain the different parameters. The roughness lengtty can be obtained from the logarith-

mic wind profile for neutral atmospheric stability:

ZO:z.exp[_K.u(Z)}, (7)

The methods to calculate (size resolved) dry deposition ve- U
locities described hereafter are based on the parameteriza-. h th K havi | £04. and
tion by Zhang et al.(2001), which accounts for turbulent \tﬁlé Vjinfj‘\’g'foci?rmanrﬁgngzg iivr:r;? itva o
transfer, Brownian diffusion, impaction, interception, grav- The Obukh ylu(z) i is defined b 9

itational settling, and particle reboundhang et al.200%; € Dbukhoviengtil. 1S defined by

3.1 Deposition velocities

Held et al, 2006. The dry deposition velocityv) is based T.u3
on the resistance approach®lfnn and Slinn(1980 as im- L =— *I‘_I (8)
plemented byKumar(1996): -8
1 which is a scaling factor of the atmospheric stability.
V4 vg, (4) The calculated turbulence parameters were used in the de-

= Rat Re+ RaRsvg |
at Rs+ Raltstg position model afteZhang et al.(2001) to compute size-

resolved dry deposition velocities for the particle diameters
of the particle mass size distribution of mineral dust, and a
specific value of the deposition velocity for the particle di-
ameter, where 90 % of the mass of the particle mass size dis-
. (pp— pa) - g Dp?-C, ) tribution of mineral dust was reached (2.25 pm).
9=
18u

where R, and Rs denote the aerodynamic and surface resis-
tance, respectively, based @hang et al.(200]). vy is the
gravitational settling velocity with

3.1.2 Profile method ¢4,pm)

Pp and p, are the density of the particle and the air, respec- ) ] ] ]
tively, ¢ is the gravitational constant andis the dynamic For this method, the horizontal wind velocity at 10 and 30 m
viscosity of air. height is used. To derive the turbulent parametgrandzo,

To validate the output of the modehang et al(200)) again, the validity of the logarithmic wind profile (E@) is
compared the calculated dry deposition velocity to results2SSumed:

from two empirical models — the sulfate dry deposition Uy z Uy Uy
model fromWesely et al(1989 and a deposition model by #(z) =~ In <z_> = In(z) — o In(zo) - 9)
Ruijgrok et al.(1997). Different land use categories were ap- , 0 —_—

b-x; a

plied for the model irzhang et al(2001), for example, grass,

desert, ocean, and urban. The best agreement with the othgf,e anpjication of a linear regression to this equation and

two models was found for the land category “oceadng  ,qing the residuum of the sum of squares yields an equation
et al, 2003, which is the one used for this study since the 5. tarmp (Taubenheim1969:

measurements were performed at an ocean site.
_ >iG@i—2) - (uj—u)

b Z,’ (zi _Z)Z '

(10)
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with the numerator being the covariance of the parameters Table 1.Values for the stability parametef L and the parametess
andu (S,,) and the denominator being the variance of the andg that were taken to calculate the internal bounary layer height
parametet (S,.). With this approachy, can be calculated according to the atmospheric layering.

as follows:

Atm. layering z/L o B

Szu Usx Szu

b="=_" "=k (11) Stable >0.1 0.2-045 0.6-0.75
“ «“ Neutral -0.3-0.1 0.5 0.8
With the information of wind velocities at only two heights, Unstable <—-03 0.55-08 0.85-1.0
Eq. (11 simplifies to Eq. 12):
Uy =k - Mz —u(zy) (12)  Tablel summarizes the different types of atmospheric lay-
In(z2) —In(z1) ering and values for the parameteyd., o and 8. Figure5

shows a time series of the IBL height for neutral and unstable

Berkowicz and Prahr{.982 using the temperature measure- conditions. No stable conditions were found at the CVAO for

ments that are available at 8 and 30 m height above ground@Muary 2009; 66% of the investigated cases were neutral.
level: As can be seen from Fi§, the IBL height for neutral atmo-

spheric layering is mainly beneath 30 m, which means that
H=—p-cpity k- AT (13) the ultra-sonic measurements represent the conditions over
Az’ the ocean. Most of the unstable cases also show IBL heights
beneath 30 m. This shows that the assumption of the land use
temperature-scale paramesigr class “ocez_in” i_n the Zhang model _is correct for m_ost cases
Again, z, and L were calculated according to the Eds presented in th.|s study. For galculatlng tr_]efluxes v_wth the mi-
oo : Frometeorologmal method, just cases with IBL heights lower

'?hnedp?érrt?cslgerﬁg\:)s/,izinddisutfiebﬂ t}gg?fhri:nvélrtgl tdhuestdilr?mztgspg-than 30 m were used. The same holds true for the 10 and 30 m
sition model afteZhang et al(200]) to obtain size-resolved wind measurements that were taken for the profile method

. . when the IBL height was below 8 m, since temperature mea-
deposition velocities.

. ) . surements were performed in a height of 8 m.
As will be seen in Sec#.], the error of the micrometeo- P 9
rological method and the profile method is 22 %. 3.2 Calculation of mass concentration of mineral dust

The sensible heat flu¥/ can also be calculated following

whereAT/Az = 0, is a simplification for the characteristic

3.1.3 Internal boundary layer 3.2.1 Mass concentration using the microphysical

This work deals with the dust mass that enters the ocean. method (Minp)

However, the measurements were performed on an islantpyticle mass size distributions of mineral dust (PMSDmd)
The following section will prove that dust mass deposition \yere derived from the total particle number size distribution

fluxes were calculated for conditions equivalent to that overgng the number fraction of mineral dust. The H-DMA-APS

the ocean. provides number fractions of sea salt and mineral dust at the

The internal boundary layer (IBL) is defined as a layer thatmopjlity diameters of 600, 800 and 1000 nm. The number
forms within an existing boundary layer when the air passesaction of mineral dust for the different particle diameters

a surface with changing roughness leng®gill, 1988. For  \yere multiplied with the concentration of the particle num-

the presented measurements, the air comes from the oceafer size distribution for the respective diameter and a particle
exceeds the border (shoreline) to the island and an IBL capmper size distribution of mineral dust was obtained. There
form. The height of the IBL at the measurement point (in js ng information about the number fraction of mineral dust

this case the tower) _depends on the distance of the tower gt particles larger than 1000 nm because the H-DMA-APS
the border £), which is called fetch, and on the atmospheric \ya5 only used up to this diameter. For larger particle diame-
layering. The fetch to the tower depends also on the wintiers, the number concentration is too low leading to insuffi-
direction. With the following equation frorStull (1988, 6 gient statistics. Therefore the number fraction of mineral dust

can be estimated: particles of 1000 nm size was used also for particles larger
c\P than 1000 nm. Afterwards, a log-normal distribution was fit-

8d=2zo1 0" <—> , (14) ted to the particle number size distribution of mineral dust
201

(see Fig4) and converted into a particle mass size distribu-
with o andg being parameters depending on the atmospheridion by calculating the mass concentratibfy of each size
layering andzos being the roughness length upwind of the channel using the following equation:

border. To characterize the atmospheric layering, the mea- T 3

surement height is divided by the Obukhov length (z/L). ~ Mi = Ni- =~ Dp; - pma. (15)
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The error of this method is a combination of the errors
of the mobility and aerodynamic particle number size distri-
butions, the number fraction of mineral dust and the parti-
cle density. As described previously, the error of the particle
number size distribution can be estimated to be about 15 %,
which is the error of the APS. The uncertainty of the number
fraction of mineral dust and the particle density is 15 % and
2%, respectively. With error propagation the total error for
Mmp results to 21 %.

1000 £

=
o
o

dN/dlogDp [1/cm3]
S

3.2.2 Mass concentration using the optical method

=
T T T

(Mop)
0.1 & — i Itis assumed that mineral dust and soot are the only light ab-
o1 o1 10 sorbing particles in the Cape Verde region, and that the mea-
volume equivalent diameter [um] sured absorption spectra are a linear superposition of mineral

Fig. 4. Fractional particle number size distribution of mineral dust dust anq soot pa‘,rt_'de gbsprptlon. Therefore, the particle light
(black sphere) resulting from the multiplication of the total particle @Psorption coefficient is given by

number size distribution (open triangles) and the number fraction of _
mineral dust with the assumption that the number fraction of min-?absA) = Msoot MACs00t(2) + Mmd- MACmd(2). (16)

eral dust for particles larger than 1000 nm has the same value agnere MACS are the mass absorption coefficients of the ab-
the number_fractior_l of mineral dust for 1000 nm. _Additionally,_a sorbers andVsoor and Mg are the mass concentration of
qu-normal fit (red line) thro.ugh t.he.blaf:k Sphe.res Is shown which soot and mineral dust, respectively. The spectral run of the
yields the particle number size distribution of mineral dust. mass absorption coefficients of soot is generally proportional
to theA~1 (Kirchstetter et al.2004. In contrast, the mass

O o neutral specific absorption coefficient of mineral dust cannot be pa-
® unstable | rameterized by an exponential law. During the SAMUM-

1 campaign, spectral absorption coefficients were measured

by the SOAP Kliller et al, 2009 and mass concentrations

D
(=]

a
o
[ ]

E were estimated from SMPS and APS measurem&uhlé-
£ 0 ° ditz et al, 2009. For a period with high mass concentra-
‘© . tions of mineral dust, average mass absorption coefficients
< 30 ° ® * o g” i = I'T% -1
e I . were determined to be MAgg(450nm = 0.114 9 and_
@ o rg’. N L % MAC mq(650 nm) = 0.0198 rhg~1. Mass absorption coeffi-

20 ° 3 ° . . . L.

o L I :. cients depend on the relative abundance of iron, which is the

Ci
. T S N L Q".SN main absorbing species in the mineral dust. The relative iron
Sy W abundance during this period was about 1Rar{dler et al.
% * o . 2009. Considering the spectral run of the mass absorption

% 12 14 16 18 20 22 24 2% 28 30 32 a . ;
coefficients of soot and mineral dust, the mass concentration
of mineral dust can be calculated from measured absorption
Fig. 5. Internal boundary layer (IBL) heights for neutral and unsta- coefficients at the wavelength 450 and 650 nm by
ble atmospheric layers for the second half of January 2009. 650
o (450nm — o (650NM) - 725

~ MACg(450nm — MAC (650 nm) - 620°

day of year 2009

(17)

Mmqg

with N; being the number concentratioBp; being the di- hould be kebt in mind th | for th b
ameter of the size channietnd pmg being the particle den- 't Should be kept in mind that values for the mass absorp-

sity of mineral dust with 2.45 gcns. The value of the par- tion coefficients given in the text above are referenced to 1 %

ticle density was obtained by scanning electron microscop)yela}t've ab‘_’”da”,ce of iron. Thus, the derived mass concen-
(Kandler et al, 2009 for the Saharan Mineral Dust Exper- trations using this method are referenced to a relative iron
iment (SAMUM-1), which was conducted in Morocco in abundance of 1 %.
2006. The integral over the whole size range gives the totaI3_2_3 Mass concentration using the gravimetrical
mass concentration of mineral dust. Since the particle num-

. T . . method (Mgr)
ber size distribution was converted to volume equivalent di-
ameters (cf. Eqgsl and2), the resulting mass concentration The pPM, mass concentration was determined gravimet-
is corrected for shape effects. rically by weighing the aluminum foils before and after
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sampling using a UMT-2 (Mettler-Toledo, Switzerland) mi- over the whole period. For comparison, a size-weighted de-
crobalance with a reading precision of 0.1 ug and a standargosition diameter for thémm,mp method was calculated by
deviation of about 1 %. Before weighing, the foils were equi- dividing the total mass deposition flux by the total mass of
librated for 48 h at constant temperature {22°C) and rel-  mineral dust. This yields an average size-weighted deposi-
ative humidity (525 %) provided by a saturated sodium tion velocity of 0.8 mnjis for the whole time period with a
bisulfate solution. variance of 0.13 mns. Thus, the diameter where 90% of
The analysis of the impactor samples provides informationthe mass of the particle mass size distribution of mineral dust
about the PMip mass concentrations of sea salt and non-seas reached is a good estimate to calculate the deposition ve-
salt ions, elemental and organic carbon. Mass concentrationscity.
of mineral dust were estimated from the difference of total Error propagation of the errors for thf,, (55 %) and
mass and sea salt ion mass. Additionally, it was assumethe micrometeorological method (22 %) yield a total error of
that 10-15 % of the total mass was water. Weighing and thés9 % for theFimm,op method.
chemical analyses of the impactor samples were carried out
according to the methods describedNiiller et al. (2010.  3.3.3  Scanning electron microscopyKsem)

The foils were stored in a refrigerator and transportation was S )
done using cryogenic boxes belewl0°C to avoid chemical The mass of the individual particles sampled on the glassy

processing of organic material. carbon substrates (see S&x2.8 was summed up for (i) all
particle sizes, (ii) particles smaller than 10 um projected area
3.3 Computation of mass deposition fluxes of mineral diameter, (iii) mineral dust particles, and (iv) mineral dust
dust particles smaller than 10 pnmfyg<10). The information on
mineral dust masses for particles smaller than 10 um diam-
3.3.1 Combining the micrometeorological method or eter is used for comparison with the Pd/mass concentra-
the profile method, respectively, and the tion measurements. Naturally, a systematic difference has to
microphysical method (Fmm,mp, Fpm,mp) be expected, as in contrast to microscopy,i1@khass con-

o ) ) ~centration is defined by the aerodynamic particle diameter.
The application of Eq.3) for each diameter bin of the parti- Knowing the sampled mass of mineral dustq < 10, the

mass fluxes of mineral dust, and the total mass deposition a5 calculated by

flux of mineral dustFiea can be obtained by summing over

all size classes F — Mmd<10 (19)
At
N
Frotal = Z Fi, (18)  The largest error of this method derives from an unknown as-
i=1

piration 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

Error propagation of the errors for thémp (21 %) and the methods at lower wind speedigtze et al. 2009, a lower
micrometeorological method (22 %) or the profile method collection efficiency may occur at higher wind speeds due to

(22 %) yield a total error of 31 % for th&mm mpand Fpm mp Earticledr_e-entrainment f[]"”_‘ tlhe sudbsr:rafte, turbullient deposi-
method, respectively. ion and interception at the inlet and the inner walls.

A second major source of uncertainty is the particle vol-
3.3.2 Combining the micrometeorological method and ume estimation from the 2-D geometry of the particles. If the
the optical method (Fmm,op) particles are plate like, this may lead to an overestimation of
mass concentrations by this method. Unfortunately, there is
Since the SOAP measurements only provide total, no sizeno thorough information available on the 3-D particle shape
resolved, mass concentrations of mineral dust, a representaf Saharan mineral dust, which would allow estimating the
tive particle diameter to calculate the deposition velocity hasuncertainty in in situ measured volume concentration. For
to be found. A first attempt followingfeld et al.(2006 by remote sensing a spheroidal model can be used as a replace-
using an effective deposition diameter (geometric mean diiment for non-spherical particles as showrDinbovik et al.
ameter of the particle number size distribution) failed for this (2006. Similar investigations for in situ techniques would
method, because it was developed to obtain a number depaequire a detailed analysis of SEM pictures and in situ mea-
sition flux rather than a mass deposition flux. Therefore, thesured particle size distributions to get a statistics on shape
particle diameter of 2.25 um, where 90 % of the mass of thefactors, what is out of the scope of this manuscript.
particle mass size distribution of mineral dust is reached for Minor sources of uncertainty are the particle cross-section
nearly the whole time period, was taken. The chosen diamdetermination from the backscatter electron image (applied
eter corresponds to a mean deposition velocity of 0.7enm lateral resolution of 75nm). The separation of the particles

with N being the total number of diameter bins, which again
have a logarithmic equidistant distance of 0.03.
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into mineral dust and sea salt based on the chemical informa4 Results

tion has a very low uncertainty, as these particle types have

a largely different elemental composition and can be distin-

guished easily. Finally, a minor source of uncertainty derivesThree events with high mass concentrations of mineral dust

from the counting statistics. As each sample comprises atvere observed at the Cape Verde Islands in January 2009:

least 700 particles, the relative error is less than 4 %. day of year (DQOY) 12-16, 21-27, and 29-32. Figeishows
From this consideration, an overall uncertainty of 50 % in a composite of the meteorological situations of the three peri-

total mass concentration and 30 % for the concentration obds. The wind is indicated as vector for wind velocities larger

particles smaller than 10 um projected area diameter is estithan 1 ms?! and the dark grey lines present the geopoten-

mated. tial height, both in the 925 hPa level. Both fields are taken
. _ from the ECMWF ERA-Interim reanalysis data sBe¢ et
3.3.4 Regional mineral dust transport model Fmodel) al,, 2011). Furthermore, dust source activation frequencies

) » . retrieved from MSG SEVIRI IR dust index images as de-
Saharan mineral dust transport and deposition were simugiped bySchepanski et a(2007, 2009h 2012 are shown.
lated for the intensive SOPRAN campaign in January 20096 cyaQ s indicated with a red point. Calculated 10-day
using the mineral dust model Version of COSMO-MUSCAT p5 ¢ trajectories ending at the CVAO showed the same path-
(Heinold et al, 2007, 2011). The regional model system con- way as can be seen from the wind vectors, so they are not
sists of the operational forecast model COSMBBeppeleret ¢ oun separately.
al,, 2003 of the German weather service (Deutscher Wetter-  1g gynoptic situation during the first mineral dust event
dienst, DWD) and the online-coupled 3-D chemistry rans- a5 characterized by an upper cut-off low over the south-
port model MUltiScale Chemistry Aerosol Transport model gy |herian Peninsula and northern Morocco. At sea-level
(MUSCAT) (Wolke et al, 2004 Renner and Wolke2010. (rijg ga), a region of low pressure occurred over Tunisia and
Mineral dust emission cqlculatlons are based on t_he schemg smaller low pressure zone emerged across central Algeria
by Tegen et al(2002, which takes surface properties (Veg- most Jikely due to lee effects at the Atlas mountain chain.
etation, surface roughness, sol texture) and the location 0&rnq syrface winds related to a low-level cold front mobi-
potential mln_eral dust sources derived f_rom Meteosa_t SeClized mineral dust in Algeria. Further dust mobilization took
ond Generation (MSG) satellite observatioBstfepanski et j5ce over northern Mali and Mauretania, as can be seen from
al., 2007 into account. Mineral dust emission, transport, andne gyst source activation frequency in Fég. The frontal
deposition are simulated using meteorological and hydrologsinds together with the north-easterly trade winds subse-

ical fields from COSMO including the computation of the di- 4 enly transported the mineral dust from the western coast
rect radiative effect of mineral dust on atmospheric dynamicsy¢ africa towards the Cape Verde Islands.

(Helmert et al. 2007). The model predicted mineral dustis  pifferent meteorological conditions led to strong mineral
transported in five independent particle size classes betweef;st emissions during the second event (Blg. On DOY
0.2 and 50 um diameter assuming spherical particles and 81 ang 22, the extensions of the Azores High moved south-
log-normal size distribution for each size bin. For this study, westwards and reached the West African coast. To the east
the first three particle §ize cla_sses up to a diameter of 5..2 KM upper level trough (not shown in the Figure) spread from
were used for comparison with measurements. The minerghe mjg-atitudes to northwestern Africa, and an associated
dust particles are removed from the atmosphere by dry anginer cyclone formed with the extensions reaching north-
wet deposition. The parameterization of dry deposition fol- g5t Africa. The related strong frontal winds caused mineral
lows Zhang et al(200]) as described in paragraBtl The 5t emissions over northeastern Algeria and western Libya.
density of mineral dust is assumed to be 2.65gei this During the second part of this mineral dust event, the high
mode. , . ) . pressure zone strengthened and further extended over north-
For the mineral dust transport and deposition simulationser, africa. As a result a strong south—north pressure gradient
a horizontal grid resolution of 28 km was used. The vertical prevailed over the Sahel and southern Sahara. Very intense

grid has 40 layers with the first layer centered around 38 Myinera| dust activation was observed over northwest Niger
above surface. The model domain, whose south-west and,q aqditional mineral dust sources were activated in Mo-

north-east corner is located at 0N, 32.3 W and 41.IN, 504 and Mauritania. The mineral dust from the latter re-
32.9°E, respectively, covers relevant parts of the Sahararyions (similar to the first event) was transported westwards
desert and the tropical North Atlantic Ocean (Fj.Initial- at the southern flank of the subtropical high.

ization and large-scale meteorological forcing of COSMO-  gimjjar meteorological conditions but with different dust

MUSCAT are based on 6h analysis fields from the globalgqrce activation regions were observed for the third event at
model GME Majewski et al, 2002. The simulations were  yhe end of the month (Figsc). Mineral dust emissions and

carried out in cycles with a re—initialization every 48 hours in transport were caused by strong Harmattan winds associated
order to keep the meteorology of the regional model close Qi the intensification of the high pressure system over the
the analysis data. Sahara. The observed mineral dust at CVAO originated not

www.atmos-chem-phys.net/14/2245/2014/ Atmos. Chem. Phys., 14, 220866 2014



2256 N. Niedermeier et al.: Dust mass deposition fluxes to the tropical northeast Atlantic Ocean

/ .
(4
4

001 005 0.1 015 02 025 03 035 04 045 05 055 06 065 07 075 0.8 085 09
Dust source activation frequency

Fig. 6. Dust source activation frequency retrieved from MSG SEVIRI IR dust index images (shaded colors) for the three events from DOY

12-16, 21-27 and 29-31, overlayed by ECMWF ERA-Interim 925 hPa wind fields for wind velocities larger thart Jvaators) and
925 hPa geopotential (contours). The red point indicates the location of the Cape Verde atmospheric observatory.
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Fig. 7. Comparison of the averaged deposition velocities (JanuaryFig. 8. Time series of the mass concentrations of mineral dust
2009) obtained by the ultra-sonic anemometer (red line) and two 2obtained from the particle mass size distribution of mineral dust
D anemometers (green line) using the micrometeorological methoq M), from optical absorption spectroscopd/4p), from the re-
(vg,mm) and profile methodvy pm), respectively (left axis). The ra-  gional dust transport modeMmoge) and from Berner impactor
tio of both velocities (dotted black line, left axis) and the particle measurementsigy) for the second half of January 2009.

mass size distribution of mineral dust (PMSDmd, blue line) are also

shown (right axis). The dotted blue lines show the points, where 10

o ) ;
and 90 % of the cumulated mass of mineral dust is reached. removal process as describeddnce et al(1993). With in-

creasing particle size, also the deposition velocity increases
only from the western coast of Africa (Morocco and Mauri- reaching a value of 0.83 cms at 10 um which is close to

tania), but also from Algeria. 1.0cms™. S N .
For most particle diameters, the deposition velocity of the
4.1 Deposition velocity profile method is above the velocity of the micrometeorolog-

ical method. The consequence for the resulting mass deposi-
Figure7 shows the mean value of the deposition velocity of tion flux of mineral dust is that fluxes obtained by the profile
the micrometeorological and the profile method, the ratio be-method will be higher compared to those obtained by the mi-
tween both methods and the averaged particle mass size digrometeorological method.
tribution of mineral dust for January 2009. The correlation
coefficient between both deposition velocitiesi8=0.95 4.2 Mass concentration of mineral dust
(not shown here). As can be seen, the least agreement be-
tween the two methods occurs for the smallest particle di-Before presenting dust mass deposition fluxes, the mass con-
ameters (0.1-0.3 um) with a ratio of both curves of less tharcentrations of mineral dust obtained from the different meth-
0.7. However, mineral dust particles are usually larger thanods are compared. FiguBeshows time series of total mass
about 0.2 um Kaaden et a).2009 Kandler et al. 2009, concentrations of mineral dust from the microphysical and
which is also confirmed by the observed particle mass sizeptical measurements{n, and Mqp) and regional trans-
distribution of mineral dust. Therefore, the size range smallemort simulations #mode) together with daily values from
than 0.3 um can be neglected here. In the size range betweehe Berner impactory,). Between DOY 22 and 27, no val-
0.84 and 3.0 um (10 % and 90 % of the cumulated mass condes forMmp are available, because the H-DMA-APS did not
centrations), the ratio of both velocities varies between 0.6work during this period, and therefore no number fractions
and 0.8. Since no other information on the calculation of of mineral dust could be determined.
the error for both methods exists, the average ratio in this The time series of the dust concentration at the CVAO
size range is used to determine an uncertainty of both velocshows three main peaks during the dust outbreaks on DOY
ities, which is 29 %. For particles larger than 3.0 um, the dis-14, 24, and 30 to 31. The maximum and mean values for the
crepancies between both methods become negliginlee  three events are given in Tale The highest value is given
et al. (1991) gave a value of 1.0cnt$ + a factor of 3 for by the model for the second event with 227 ughand is
supermicrometer crustal particles. The mean deposition veelose to the maximum value of 250 ugfgiven byGinoux
locity for both methods in the particle range of 1-10 um is et al. (2001) for mass concentrations of mineral dust in the
0.2cms! and thus 5 times smaller than the value given by boundary layer in the Northern Hemisphere (e.g., the Sahara
Duce et al.(1991). However, in the particle size range be- and Sahel region). Calculating the ratio of the maximum and
tween 1 and 4 um, gravitational settling is not the dominantmean values for each method and event (not shown) yields a

www.atmos-chem-phys.net/14/2245/2014/ Atmos. Chem. Phys., 14, 220866 2014



2258 N. Niedermeier et al.: Dust mass deposition fluxes to the tropical northeast Atlantic Ocean

Table 2. Mean and maximum values for the mass concentration of mineral dust obtained during the three main dust events are in units of
—3
Hgm-=.

Mmp Mop Mmodel Mgy
Mean Max Mean Max Mean Max Mean Max

Event 1 35 144 22 70 40 112 27 62
Event 2 - - 20 86 80 227 28 70
Event 3 15 56 17 36 35 78 20 54

factor larger than 3 foM,, and Mo, (except event 3) and a  and observed AOD over West Africa and the Cape Verde is-
factor smaller than 3 fab/mogeiandMy,. The better time res-  lands on DOY 24-25. As described above, the mineral dust
olution of the instruments of the first two methods explains emissions during this event resulted from a winter cyclone
this finding. All four methods agree well on the temporal evo- and related strong frontal surface winds over northern Africa.
lution of the mass concentration of mineral dust. Mass con-Here, the model apparently overestimated the mineral dust
centrations of mineral dust obtained by the SOAP are mostlyemission in eastern Algeria and western Libya as result of an
lower thanMmp, which is due to the fact that the SOAP re- overestimated cyclone development, which results in a too
trieval uses the mass fraction of iron oxide in the mineral strong dust transport towards the Cape Verdes (cf. Figare
dust particles. To calculate the mass concentration of minand9b). The high values of observed (MODIS) AOD over
eral dust, a constant mass fraction of iron oxide was assumednd west of the Gulf of Guinea were mainly due to smoke
(Muller et al, 2009, which may lead to an over- or underes- aerosol from biomass burning in southern West Africa, which
timation of the mass concentration depending on the actualvas not considered in this model version. The MODIS AOD
iron content of dust particles. in this region also included mineral dust from the Bodélé de-
The Berner impactor measurements are considered agression and minor dust sources to the west, which were well
an independent technique to compare with the atmosphericeproduced by COSMO-MUSCAT. In addition, large uncer-
aerosol concentration from physical measurements. For ditainties in the mineral dust prediction occur due to strong hor-
rect comparison with the daily values of the Berner impactorizontal gradients in the actual dust distribution that cannot be
(measured from noon to noon), also daily valuesMgy, and resolved by the model. A misrepresentation of the transport
Moqp were calculated when at least 65 % of the data for thisheight may also explain the discrepancies, which in particu-
day were available. The deviation betweldy, and Mmp is lar is assumed to be the reason during the third dust outbreak
20 %, while the deviation betweedy andMop is 40 % (not  (not shown).
shown here). This shows that the mass concentration from Figure10 shows the correlation betwedf,, and Mop or
measurements of the particle mass size distribution of min-Mmqges respectively. The correlation betwegfi,, and Moy
eral dust is comparable to the mass concentration obtained bghows an underestimation &f,, of 30 % compared td/pmp.
Berner measurements, while the mass concentration obtaineéithough the correlation coefficient is high witR?=0.80,
by absorption photometer measurements underestimates tihe problematic of the SOAP measurement regarding a con-
by a factor of approximately 1.7. Therefore, the time- andstant iron oxide value leads to this uncertainty. As expected,
size-resolved measurements of mineral dust concentratiothe correlation ofWmp with Mmogelis worse withR2=0.41.
(Mmp) are used as reference in the following. The scatter of the data points is larger, in particular, for mod-
The COSMO-MUSCAT results overestimate the mea-erate and weak dust concentrations, which indicates an over-
sured mass concentration in general. Only for dust event land underestimation of mineral dust concentrations, respec-
the modeled dust concentrations at surface level are very simtively. For a relatively homogenous mineral dust layer over
ilar to the measured ones. For the second dust event, thine entire grid cells around the single point measurement, the
model is up to a factor of 4 too high compared to the mea-quantitative agreement is within 87 % for the mean values
surements. It should be kept in mind, that those comparisonand 70 % for the maximum values between model and mea-
are generally problematic, since local measurements, whiclsurement.
represent the conditions at a single point, may not be entirely
representative of a whole model grid cell with 28 km grid
spacing. Although a thorough model evaluation is beyond th
scope of this study, potential reasons for the overestimation N )
of the second dust event are discussed in the following. "€ mass deposition fluxes of mineral dust are presented as
Discrepancies can be identified by comparing model-Weekly mean valugs obtained with the different mgthoqls. The
derived aerosol optical depth (AOD) with the AOD from data was merged into groups that cover the sampling time pe-

MODIS satellite observations. Figugeshows the modeled riods of the passive samplers. As opposite to the time series
that show dust concentrations until the last day of January

e4.3 Dust mass deposition flux
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Fig. 10. Correlation plots of the mass concentrations of mineral dust obtained from optical absorption spectroscopy measigghents (
and a regional dust transport modéf{,oge) cCOmpared to the mass concentrations of mineral dust obtained from the particle mass size
distribution of mineral dustMmp).

(DOY 31.95), these data also include dust free days of FebruFmm,op and 30 % forFsem. There are no errors given for

ary. the model, since only ensemble simulations provide a basis
for a statistical analysis. The main source of model errors is
the 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

Period 1: DOY 7.5t0 15.5

Period 2: DOY 15.5t0 22.5

Period 3: DOY 22.5 to 29.5 not, theoretically, the error can be up to 100 Bafrent et
al., 2008. No values could be shown for tgym mp method
Period 4: DOY 29.5to 36.5 for period 2, since anemometer measurements were available

) N _only in one height. Results for thBmm,mp and the Fym,mp
Figurel1 presents the weekly mass deposition fluxes of min-methods are not discussed for Period 3, since too many data
eral dust including error bars that were introduced when deyf mass concentration of mineral dust were missing due to
scribing the methods and also showing the mean values ifhe apsence of H-DMA-APS measurements.
numbers below the bars. The relative errors for the differ-
ent methods are 31 % fdimm mp 31 % for Fpm,mp 59 % for
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Table 3. Mean and maximum values for the mass deposition flux of mineral dust obtained during the three main dust events are in units of
—21
s

Fram,mp Fom,mp Frm,op Frmodel
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

100 = Frmmp ] in the meteorological situation may explain the better fit of
ool E Er;n;ngg 1 the Fsgm method, since the wind velocity for this period

| m Fsem i slightly decreased to 9.6 m&. As could be seen from the
80~ ™ Fmodel 7 mass concentration measurements, the SOAP results fitted
70 s better with the others within the last dust event. This result
601 ] could suggest that the air masses are from a different source
sol i region compared to the first dust event, and that the iron ox-
a0l ide value could be different between the third and the first pe-

riod. These findings agree with the meteorological situation
introduced 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 Al-
geria.”).

Comparable with the mass concentration measurements,
the model results mainly overestimate the total mass depo-
Fig. 11.Weekly averages of the mass deposition flux of mineral dustSition flux of mineral dust for nearly the whole time except
for the different measurement techniques combining micrometeorofor period 1. The reasons are the same as discussed above like
logical method and mass concentrations of mineral dust obtained byverestimated dust emissions over Algeria and western Libya
measurements of the particle mass size distribution of mineral dushind the unresolved gradient in the horizontal dust plume as
(Fmm,mp), the profile method and mass concentrations of mineralyell as a misrepresentation of the transport height.
dust obtained by measurements of the particle mass size distribu- There are two periods, where thigm mp and theFpm.mp

tion of mlneraldu.stEpm,mp?,the mlcrometgorologlcal mgthod and methods are directly comparable. In period 1, #gh mp
mass concentrations of mineral dust obtained from optical absorp-

. . _ "method shows higher values compared to Fhgh mp Which

tion spectroscopy measurementinfn op), scanning electron mi- be due t timai fthe d ition fl fth
croscopy analysis of passive sampled mineral dust parti€lgs\) may € dué to an overestimation ot the ePOS| 1on _ux orthe
and the output of a regional dust transport mod@hdge). Error profile method. Both values agree for period 4 which leads

bars show the percentage error of the individual methods. BelowAdain to the assumption, that a slight changg 'in meteqrpl—
the bars, the total values are added. ogy seems to have occurred since the deposition velocities

for this period must be similar. The assumption behind this
is that the atmosphere was in a state that fulfills the require-

] ments for the logarithmic wind law better (e.g., horizontal
In general it can be seen that the lowest values were Obhomogeneity and stationarity).

tained from theFmm,op and theFsgm methods. Reasons for A time series of the mass deposition flux of mineral dust
the lower-end values of thesem can be explained by the s presented in Figl2. This figure looks very similar to the
high wind speed (median of 7.3m9 that is always ob-  one for the mass concentrations of mineral dust, since this
served on top of the toweCarpenter et 82010, which  harameter serves as input for the deposition flux. Table
may yield a lower collection efficiency of the Passive-2 sam-symmarizes the mean and the maximum values for the three
pler. For the investigated period, the mean wind velocity gyst events. Similar to the results above, the first dust event
was even found to be 10.4 ms Furtherm_ore, as explame_d shows theFmm op Method having the lowest value and the
above, the volume estimation of the particles from a 2-D im- 5iher three methods lying closer together. For dust event two,
age may cause large errors. The low value for Bagnop  the model results are very high and for the third dust event,
method may be based on a too low mass absorption coeffihe measurements lie close together but the model overesti-

cient for mineral dust and the difficulty to find a represen- mating the measurements by a factor of up to three in the
tative diameter for calculating the deposition velocity. One yjean and the maximum values.

exception can be found for period 4, where all values (ex-
cept that for the model) are close together. A slight change

30
20
10

o
T

[ =
42 58 18 24 44 | 11 4522 21 15 7.7 75 | 16 17 22 15 47

Periodl Period2 Period3 Period4

dust mass deposition flux [ng/m2s]
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Table 4.Overview over dust deposition fluxes (of particles larger or smaller than 10 uqp)@ltained within this study (combination of the
micrometeorological and the microphysical methghfn mp), the profile and the microphysical methaehm, mp), the micrometeorological
and the optical methodFnm,op), scanning electron microscopy{gn) and the output of a regional dust transport modéhdde)) and
compared to literature. All fluxes present deposition fluxes at the area of the tropical northeast Atlantic Ocean.

Name Particle size Time frame Deposition  Dust deposition flux nigsmt
me’mp <PM10 Jan 2009 dl’y 25

me’()p <PM10 Jan 2009 dry 13

Fsem <PMz1g Jan 2009 dry 12

Fmodel <PM19 Jan 2009 dry a7

Zender et al(2003 <PM19 1990-1999 10yr mean dry 50-100
Mahowald et al(2005 >PMjg model composite of10yr  dry and wet 320-640
Schepanski et a(20093 >PMjg Jan 2007 dry 230-270

— Fomm ues (up to 30%) of the deposition velocity for the profile
250 Fom.mp method compared to the micrometeorological method in the
e diameter size range up to 4 um. The comparison between the
Fmm,mpand Fmm,op method shows an acceptable correlation,
with a correlation coefficient oR2= 0.71 (Fig.13b). Due
to the fact that the mass concentration of mineral dust from
the SOAP is underestimated, also the mass deposition flux of
mineral dust obtained by thBym op method is about 40 %

200

150

dust mass deposition flux [ng/m?2s]

100 lower than that obtained by thénm mp method. A weak cor-
relation is only found between thBym mp method and the
50 model with R?=0.37 (Fig.13c). Again, this is mainly due
{ f Al\ ﬁ\ to the overestimation of the second dust event and the fact,
A WY L that the model provides a homogeneous mineral dust distri-
92 714 16 18 20 22 24 26 28 30 32 bution over the grid cell of 28 km, while the measurements
day of year 2009 were performed at a single point. In addition, a minor reason

may be the difference in density of mineral dust particles,

Fig. 1'2..T|me. series of the mass deposition flux of mineral dgst which are assumed in the model (2.65 ug’@bnand for the
combining micrometeorological method and mass concentrations

of mineral dust obtained by measurements of the particle masgeposmon flux caI(_:l_JIatlon (24519 cn°’|).
size distribution of mineral dust{nm,mp), the profile method and The total deposition fluxes for January 2009 are summa-

mass concentrations of mineral dust obtained by measurements ¢fzed in Tabled. All measured and modeled mass deposition
the particle mass size distribution of mineral dusp,mp, the  fluxes are of the same order of magnitude ranging between
micrometeorological method and mass concentrations of minerall2 and 47 ngm?s~L. Furthermore, the data were compared
dust obtained from optical absorption spectroscopy measurementt literature values obtained from global and regional model
(Fmm,op and the output of a regional dust transport mod&ldde) simulations for different time periods for the Cape Verde re-
obtained for the second half of January 2009. gion. Zender et al(2003 give a 10yr average mass deposi-
tion flux of mineral dust of 50-100 ng™ s~ for particles
smaller than 10 um aerodynamic diameter, which is nearly
Scatter plots allow a better quantitative comparison amonglouble the flux measured in this study. The comparison with
the different methods and are presented in the following.the global model output dflahowald et al(2009 present-
Here, theFmm mpmethod is considered as reference, as ultra4ng a 10yr average of three reanalysis-based models com-
sonic wind speed observations provide the most accuratined with sediment trap and in situ observations, and the re-
information on turbulent mixing and measurements of thegional model output oSchepanski et a(20093 for January
particle mass size distribution of mineral dust represent at2007 show one order of magnitude higher mass deposition
mospheric mass concentrations of mineral dust best (seBuxes of mineral dust than presented within this study. How-
Sect.4.2). In Fig. 13a, the fluxes from thé&nmmp and the  €ver, the deposition flux given by the models include particles
Fpm,mp Method are compared, for which a correlation fac- larger than 10 um, which is only partly comparable to results
tor of R2=0.92 is obtained. The flux obtained by thgm, mp in this study, since particles larger than 10 um may contribute
method is about 40 % larger than the flux obtained by thesignificantly to the mass concentration of mineral dust. The
Fmm,mp Method. This can be explained by the larger val- discrepancies to the findings byahowald et al(2003 can
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Fig. 13. Correlation plots of the mass deposition fluxes of mineral dust obtained from the combination of the profile method and mass con-
centration of mineral dust obtained by measurements of the particle mass size distribution of minefgdglyg) (the micrometeorological

method and mass concentrations of mineral dust from optical absorption spectroscopy measufeimgssand a regional dust transport

model Fmode) cOMpared to the mass deposition flux of mineral dust obtained from the combination of the micrometeorological method and
mass concentration of mineral dust obtained by measurements of the particle mass size distribution of minéraidugt (

also be explained by the fact that they also consider wet depoity according to the parameterizationsbiyang et al(20017).
sition, which accounts for 30 % of the total depositituay- The two methods are the micrometeorological and the pro-
rent et al, 2010. Mahowald et al(2005 state an uncertainty file method, which used the measurements of wind speed
factor of 10 for their deposition flux of mineral dust. with an ultra-sonic and two 2-D anemometers, respectively.
Both methods differed in the lowest particle diameter range
] (0.1-0.3 um) and also at about 2 um, while the profile method
5 Summary and conclusions showed generally higher values compared to the microme-
teorological method. This may be due to the fact that the

I_n this study, different tec_hmques to obtain dry mass deFms']ogarithmic wind profile for neutral atmospheric stratifica-
tion fluxes of Saharan mineral dust to the tropical northeasaﬁJ

; ion was used in the profile measurements assuming station-
Atlantic Ocean were presented. The measurements were rity, horizontal homogeneity and neutral atmospheric lay-
performed at one site, t_he Cape Verde atmospheric ObserVae'ring. These assumptions may not hold for the whole time
tory (CVAO), which lies in the outflow of the Saharan desert. geriod. However, the profile measurements are an effective

Theasei measurement(sj ?nd;he putput of a regional transpo fnd robust alternative for long-term studies when microme-
model were compared for this site. teorological measurements including sophisticated and time-

One focus was on the calculation of the size-resolved de-

. ; . ) consuming data processing of ultra-sonic anemometers are
position velocity. Two different methods were applied to de- | i - ~iiopie
termine the atmospheric turbulence parameters, which then '

served as input parameters to calculate the deposition veloc-
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In addition to the deposition velocity, mass concentrationsels and satellite products used to quantify the dust transport
of mineral dust were determined to obtain the mass depoand deposition to the Atlantic. One has to take care, that such
sition flux of mineral dust. Differences occurred between validations are only reasonable, when the dust layer is spread
mass concentrations of the microphysical methfyg, (par- homogeneously over the grid cell where the measurements
ticle mass size distribution of mineral dust) and of the op-take place.
tical methodMqp (absorption spectroscopy), while the lat-
ter one often showed lower concentrations. Comparisons of
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