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Abstract. We present a study of Saharan dust export towarddems (e.gMahowald et al. 2005. The bio-availability of
the tropical North Atlantic using the regional dust emission, micro-nutrients in mineral dust particles depends on their
transport and deposition model LM-MUSCAT. Horizontal mineralogical and chemical properties that depend on source
and vertical distribution of dust optical thickness, concen-area mineralogy, and processes on the particle surfaces dur-
tration, and dry and wet deposition rates are used to describmg transport in dry or agueous phasé&o(die and Middle-
seasonality of dust export and deposition towards the eastenton, 2001, Luo et al, 2003 Journet et a).2008. The Earth’s
Atlantic for three typical months in different seasons. Depo-surface contains around 4% of irowédepohl 1995 and
sition rates strongly depend on the vertical dust distribution,consequently soil-derived mineral dust can be considered as
which differs with seasons. Furthermore the contribution oftransport medium for iron from soil surface into ocean re-
dust originating from the Bd&le Depression to Saharan dust gions Fung et al, 200Q Sarthou et aJ.2003 Jickells et al.
over the Atlantic is investigated. A maximum contribution 2005. Iron inits role as micro-nutrient for ocean-ecosystems
of Bodélé dust transported towards the Cape Verde Islands iscts as controlling factor for life in high-nitrate, low chloro-
evident in winter when the Ba@de source area is most active phyll (HNLC) regions, e.qg. for phytoplankton growtNéuer
and dominant with regard to activation frequency and dustet al, 2004 Mahowald et al. 2005 Moore et al, 2006
emission. Limitations of using satellite retrievals to estimate Sarthou et a).2007). In the tropical Atlantic, iron delivered
dust deposition are highlighted. by dust particles may enhance nitrogen fixation. By these
processes dust deposition may be coupled to thelitdget
and climate systen3ao et al. 2001and references therein).
1 Introduction Remote sensing retrievals have been used to determine
dust fluxes into the North Atlantic, assuming that the ratio of
The Sahara as the World’s most important dust source adatmospheric dust load within a column and the corresponding
joins directly to the Atlantic ocean (e.gProspero et al.  aerosol optical thickness (AOT) can be described by a fixed
2002 Middleton and Goudig200% Goudie and Middleton ~ Vvalue (e.g.Kaufman et al.2005. Based on such analyses
2001 Washington et a].2003. A major part of the Saha- ©f satellite retrievals, the B&e Depression was claimed to
ran mineral dust is exported towards the northern tropicalPe the major source for dust transport to the Amazré¢n
Atlantic (e.g. Romero et al.1999. Mineral dust consists €t al, 2009.
of small soil particles with regionally specific mineralogical, —Oceanic dust deposition has also been estimated from
chemical, physical, and optical properties. Besides the inglobal dust models (e.gZender and Newmar2003 Ma-
teractions with solar and thermal radiation as well as cloudshowald et al. 2009. Regional models are suitable to inves-
during transport, mineral dust deposited onto soil or oceariigate dust conditions for specific meteorological situations
surfaces acts as nutrient for terrestrial and oceanic ecosy@nd are expected to provide better vertical resolution of dust

layers compared to global-scale models, which is an impor-
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tant control of dust deposition.
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This paper aims to show for three case studies the charposition. The parametrisation of dry deposition depends on
acteristics as well as the differences of dust transport conparticle size, density and meteorological conditions affect-
cerning e.g. direction, height, and amount, and dust deposiing the behaviour of dust particles. In detail the parametri-
tion towards the eastern tropical North Atlantic in different sation considers turbulent transfer, Brownian diffusion, im-
seasons. The contribution of dust emitted over the&od paction, interception, gravitational settling, and particle re-
Depression to the total exported Saharan dust will be estibound Heinold et al, 2007. Dry deposition of dust parti-
mated. Furthermore the relation of AOT of dust (in the fol- cles is controlled mainly by gravitational settling, which is
lowing referred to as AOT) and atmospheric dust columndominant for particles larger than;2m, and the impact of
load and deposition fluxes is discussed. This addresses thaerodynamicR,) and surface resistanc®y). Gravitational
guestion whether it is possible to determine dust depositiorsettling, commonly described by the gravitational settling ve-
from AOTSs retrievals based on space-borne measurementscity v, is based on the Stoke’s equation describing the equi-

provided by e.g. MODIS or SeaWiFS. librium of gravitation and buoyancy:
_ (pp = Pa)gD3Ce M
2 Regional model system LM-MUSCAT Ve = 180

. . with particle diameterD ir densi rticl nsi
To characterise Saharan dust transport and deposition to—t particle diameterD,,, air densityp,, particle density

wards the tropical North Atlantic, we use the dust transportp P =2’§5 g/fcnf’, the g(;a\ﬂtatlonal 'coustargt, the dyna;mc

model system LM-MUSCAT Kleinold et al, 2007). It con- viscosity of airv, and the Cynnmg am correction factor
. ) T ) C.. The Cunningham correction takes into account that the

sists of the regional scale meteorological model LM (pro- , ’ : : .

vided by the Deutscher WetterdienSteppler et a).2003 Stokes law considers Fhe velocity of_the air surrounding th_e

and the MUIlti-Scale Chemical Aerosol Transp(.)rt Model particle’s surface relative to the particle itself as zero. This

assumption is correct in continuum but not for particle larger
fmﬁigsATaV\éﬂ:f g:ne;gszigr?f?r){e;h: ?):ztezizzzirtgosel than the mean free pathof air molecules. The Cunningham

(2002. Meteorological and hydrological fields used for the corre(_:tlon factorC.: is used to take this into account and is
. . L . described by

simulation of dust emission, transport and deposition, are

computed by the LM and updated in MUSCAT at every ad- 2% 0.4995D,,

vection time step chosen to be 80 s. Local wind systems,cc =1+ D_[1'142+ 0-5586XP<_T>}- @)

clouds, precipitation, and meso-scale convection depend on b

topography. For simulation of sub-grid scale moist convec-For particles smaller than;2m, the gravitational settling ve-

tion the parameterisation followirGedtke(1989 is used in  locity v, is adjusted by the aerodynamic and surface resis-

the LM. Dust emission is modified by surface properties like tanceR, and R, to account for turbulent mix-out:

vegetation, surface roughness, soil texture and soil moisture 1

content. In addition to soil properties, wind shear stress aty; = + vg. 3)

the ground is the major limiting factor for soil erosion. The Ra + Rs + RaR;vg

wind shear stress is related to the air density, and the  gesjde dry deposition, especially over the North Atlantic,
friction velocity u., by r=p,uZ. Dust emission occurs if et deposition, e.g. by rain-out, has a strong influence on
the friction velocity exceeds a local, soil-dependent threSh'particIe removal. In MUSCAT, the parametrisation follows
old u,, for dust mobilisation. Surface roughness eIementsBerge(lgg-,) and Jacobson et al1997 and bases on the
like rocks and stones but also vegetation and the soil tex'parametrisation used in the EMEP MSC-W Eulerian model
ture impact on the required momentum to mobilise soll Par-py Tsyro and Erdmaif2000. Wet deposition is controlled

ticles. Here a parametrisation fof, based oriversen and  py the precipitation rate and the scavenging coefficient
White (1982 is used, modified byJarticorena and Berga-

metti (1995. The simulation of dust emission is allowed for Deprate= —A - p, 4)
areas, which have been observed to be dust sources at least
two times during 03/2006—02/2007 using Meteosat SecondVith

Generation (MSG) infra-red dust index imageBchepan- A-E

ski et al, 2007). The size distribution of particles during *= ——: (5)
.. . . . dr

emission depends on the actual wind velocity and local soil

characteristicsTegen et al.2006. related to an empirical coefficiemt=5.2 m3/kg s due to

Airborne dust is transported as passive tracer in five indeMarshall-Palmer size distribution assumed for rain drops, to
pendent size bins (radius limits at: Quin, 0.3um, 0.9um, the mean collection efficiency, averaged over all rain drop
2.6 um, 8 um and 24um). For each size bin spherical sizes and to the rain drop fall velocity,, herev,-=5m/s.
dust particles following a log-normal size distribution are as- For the computation of AOT at 550 nm, dust concentra-
sumed. Dust deposition is parametrised as dry and wet detions of the five size bins (dust modg), are used. The dust
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particles are assumed to be spherical particles with a densitinhibiting dust emission, respectively. However, as local me-

of quartz fp,=2.65 g/cn?): teorological conditions are influenced by regional and meso-
3 . scale meteorological systems, dust transport is affected re-

7= Z Z(‘Mcdust(j, k)Az(k)), (6)  garding amount, height of transport layer, and dry and wet

Tk 4reit(j)pp(J) deposition rates respectively.

with  the  extinction  efficiency Qextss0 — To investigate typical transport and deposition patterns of

(1.677,3.179 2.356, 2.144, 2.071, 2.034, 2.016, 2.008) Saharan dust in different seasons, three modelling studies

for each size bin (derived from Mie-theory, following for one month periods (March 2006, July 2006 and Jan-

Sinyuk et al, 2003, effective radius of dust particles(j),  uary 2007) representing different seasons (north hemispheric

dust concentratiorraus(j, k) at vertical levelk, and the spring, summer and winter) have been performed using the
vertical increment of each vertical levelz(k). In the  regional model system LM-MUSCAT.

calculation of AOT from the model size distribution and

refractive index information we use Mie-theory, i.e. a 3.1 Characteristics of Saharan dust transport

spherical shape of the dust particle is assumed, whereas the

AERONET retrieval takes spheroidal dust particle shapes].o describe the horizontal distribution of atmospheric dust

into account. However, our simplification only affects the P
. S . o load, we have to distinguish between near-source area, ar-
calculation of the extinction efficiency, which is not very . .
" . . -7 eas affected by dust transport over the African continent and
sensitive to particle shape at the dust size parameters in the . .
over the ocean. The atmospheric dust concentration over the
solar spectral range.

) .. near r rea is mainly char ri h r
For this study of dust transport and deposition towards the ear source area is mainly characterised by the dust source

tropical North Atlantic, we run the model system on a 28 km activity, the wind direction and speed, and atmospheric sta-

horizontal grid resolution and 46— p levels up to 12 km bility (Kalu, 1979. The dust particle sizes are larger close to

. : . the source region and decrease with distance due to gravita-
height, whereby the LM itself simulates the atmosphere Uptotional settling (e.gWestphal et a.1987. Dust is mixed up

24 km. The first level is centred around 38 m above groundb bul g ithin the boundary | BL
level (agl). There is a spin-up period of 24 h for the LM part y turbu gnf[ mixing W't Int € boundary fayer (BL), rans-
: ' ported within the regional wind flow or removed from the

after this period the MUSCAT is coupled to the LM. Every 6 atmosphere by either drv or wet deposition. During trans-
hours, meteorological boundary conditions are updated with P y y P ’ 9

o port, the dust plume can remain near the surface and be ob-
analysis fields from GME (global weather forecast model of served as dust storm, or can be transported as elevated layer
the DWD). After 24 h of LM-MUSCAT computations, the ' P yer.

meteorological fields are reinitialised. Three case studies o}Nlthm the daytime BL, dust concentration can be homoge-

one month periods, in different seasons have been compute fieously distributed over the entire BL depife¢che et al,

009. In the evening, mixing activity within the BL ceases
March 2006, July 2006 and 20 December 2006 to 20 Januar(yind a significantly shallower nocturnal BL remai@&afratt
2007 (hereafter referred to as January 2007).

1992. However, airborne dust can be still present in the
residual layer. During night, the air layer does not change
3 Dust transport and deposition towards the tropical  its height and will be re-mixed to the developing daytime
North Atlantic BL (Blackadar 1957 Lenschow and Stankowd979 Kalu,
1979. Alternatively, air masses above the nocturnal BL can
The Sahara and Sahel region over North Africa containsbe accelerated due to geostrophy caused by pressure gradi-
several potential dust source areas, mostly located in thent forces between the Saharan heat low and the surround-
foothills of the mountain areas where endorheic drainage sysing higher air pressure and the Coriolis force. During day
tems (systems formed by flowing water), and wadis openingime, surface friction decelerates geostrophic air flows to
to fluvial fans provide a large amount of sediment availablesub-geostrophic wind velocities. During night, surface fric-
for aeolian erosion (e.gMashington et al.2003 Schepan- tion does not act on the air flow at levels above the decou-
ski et al, 2007). Each dust source area is characterised bypling inversion on top of the shallower nocturnal BL and the
seasonal and annual changes in frequency of dust source aaind accelerates. As the BL depth shrinks relatively fast af-
tivation (Schepanski et gl2008. Consequently, seasonal ter sunset, the geostrophic equilibrium over-accelerates the
changes in spatio-temporal dust source activity are relatedvind flow to super-geostrophic wind velocities and a wind
to seasonal changes in local meteorological conditions prospeed maximum develops, also termed as nocturnal low-level
viding atmospheric conditions for dust mobilisation. Here, jet (LLJ) (e.g.Nappq 1991, Banta et al.2006 Schepanski
potential dust emission areas are limited to areas which havet al, 2008. So the elevated air mass with its dust content is
been observed to be dust sourc8shepanski et g12007). transported relatively fast away from the source akely
Seasonal changes in active dust source areas are not pr&979 Westphal et a).1987). Transported dust layers during
scribed as the simulated atmospheric conditions should baight within a low-level jet might be mixed into the develop-
able to reproduce seasonal changing conditions fulfilling andng BL the next day and might lead to decreasing horizontal
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3.2 Horizontal distribution of AOT

a) | Winter

Horizontal dust transport paths can be tracked considering

Dust the distribution of AOT, e.g. provided for remote areas by

— Afica_| satellite products (Fig). Furthermore, satellite products are
b o often_ us_ed and are well suitable for_ model validation as they
provide information on a larger spatial scale compared to sta-
- tion measurements. Several satellite products from different
instruments are available, e.g. MODIS (MOderate resolution
—— AT ] Imaging Spectrometer) on-board the polar orbiting satellites

Aqua and Terra and OMI (Ozone Monitoring Instrument)
on-board the Aura satellite. Here, three satellite products
Fig. 1. Schematic diagram of vertical and horizontal dust export applied to measurements at different ranges of wavelength
from North Africa towards the tropical East Atlantic for Northern provided by those satellite platforms are used to validate the
Hemisphere wintefa, c)and summe¢b, d). After Kalu (1979. model’s ability to reproduce horizontal aerosol distribution
on a monthly time scale. For MODIS, two AOT products are
available: MODIS AOT applied to measurements at visible
visibilities, which have been observed during the bU“d'Upwavelength and DeepBlue AOH§u et al, 2004 applied
phase of the daytime BlKalu, 1979. to the deep-blue part of the visible spectrum. The MODIS
Atmospheric dust layers that are transported away fromaQT product is limited to dark surfaces like the Ocean or
the sources can be elevated to higher levels compared to dugigh vegetated land surfaces. Here it is used to validate the
near its source. The elevation of dust layers depends on thﬁ‘mnthly mean AOT values over the Atlantic. The usage of
season (see Figd). measurements at deep-blue wavelengths (412 nm, 490 nm
During winter, the dust layers over the West African con- gng 670 nm) situated in the high-frequency part of the visi-
tinent are situated at lower levels than during summi@i,  pjle spectrum allow AOT retrieval over bright surfaces due to
1979. In winter months, transported Saharan dust is ob-jow surface reflectance at this part of the spectrum. DeepBlue
served at near-surface layers, while in summer the dust layesoT is used here to validate monthly mean AOT over land
is elevated. This is due to seasonally different meteorologyrfaces. Both AOT retrievals do not only consider dust, also
ical regimes especially over the Sahel and the Western Sagerosol particles like sea-salt and soot add to the AOT values.
hara. Due to northward shift of the ITD (inner-tropical dis- The third index used here for validation aspects is the OMI
continuity, marking the meeting of dusty desert air and trop- Absorbing Aerosol Index (AlHerman et al.1997. This
ical moist air) and higher insolation leading to a larger sur-ingex is applied to measurements at ultra-violet (UV) wave-
face heating the BL is deeper during summer which resultqength_ At UV wavelength the surface reflectivity is l0Bok
in a higher upward-mixing of dust. During night the West gt 5], 1987 and so UV absorbing aerosol like mineral dust
African Monsoon (WAM) circulation forces the development (gnd also biomass burning aerosol) can be detected due to
of high geostrophic wind speeds in the decoupled, eIevateépectrau different back-scattering effecteinelmann et aj.
air layer (e.gParker et a.2009. Dust can be mixed up high  2007). The Al provides a qualitative indicator for the pres-
into troposphere and be transported rapidly during night. Ad-gnce of dust. Compared to AOT retrievals, the Al values are
ditionally, dust layers within the mid-troposphere overlay the ot affected by the presence of sea-salt partidlesés et al.
moist and denser monsoon air and reaches higher transpogip2). The Al values are sensitive to the height of the aerosol
levels in summer than in winter when the dust layer is trans+ayer (sraelevich et a).2002.
ported W.'thm the trade v_vmd#((alu, 1979. T.he IocaFlon Of' Figure 2 shows monthly means of three different aerosol
f[he ITD Is father south in winter, so the high vertical mix- products in comparison to the modelled dust distribution for
ing of dusty air occurs further south over the South Saheliye same time period based on noon-time AOT values. Miss-
In summer this strong mixing occurs further north over the g yalyes (e.g. due to clouds) for the satellite products are
Sahel/South Sahara due to northward shift of the Hadley ciryayen into account. Depending on the wavelengths to which
culation. Over the ocean, the Saharan dust layer is transpe retrieval algorithm is applied, information on the atmo-
ported above the trade winds inversion (up to 5-7 km abovepheric dust content indicated by AOT and Al, respectively,
sea level) Kalu, 1979 Chiapello et al. 1997 Dunion and 46 gyajlable for different underlying surfaces. The compari-

Velden 2004 Karyampudi et al.1999 in north hemispheric 5o highlights that retrievals applied to different wavelengths
summer (Figl). In winter the dust is transported within the may show different features in terms of high index values.

trade wind layer at altitudes below 1.5-3 k@hfapelloetal.  rqr july 2006, the OMI Al indicate high mean index values

1997 Barkan et al.2004). over Mali and Mauritania, the DeepBlue AOT shows a max-
imum pattern over the B@e Depression area. Different re-
trievals show different sensitivities concerning e.g. particle
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January 2007 March 2006 July 2006

LM-MUSCAT AOT

MODIS Aqua
Deep Blue AOT

Modis Aqua
AOT

Aura OMI Al

Fig. 2. Monthly mean AQOT retrieved from model simulations and satellite observations done by MODIS and OMI instruments for January
2007, March 2006 and July 2006. Differences are due to model shortcomings and the sensitivities of the satellite retrievals. OMI Al values
give a semi-quantitative information on atmospheric dust content.

characteristics, which have to be considered. Furthermorepatterns of the model simulation agree in general with the
the Al detects aerosol due to biomass burning as well agemotely sensed patterns, but they disagree in detail: The
dust which becomes important especially in boreal winter.maximum mean AOT values simulated over the Bléde-
Soot contributes to the maximum Al pattern shown in Rig. pressionis around 2.8, measurement retrievals indicate AOTs
for January 2007, which is also true for MODIS AOT and up to 5 by the DeepBlue product. Furthermore, the satellite
DeepBlue AOT. As the model only accounts for mineral dust products point towards a second aerosol hot spot north of
aerosol, no other aerosol types contribute to the model basetthe Highlands of Jos (Nigeria) which is not represented in
AOT. Remote sensing products for mineral dust are used tahe model mean values, but may be due to biomass burning
validate the horizontal distribution of simulated dust. For aerosol. Also, over the continent the simulated AOT values
January, high AOT values are simulated over the &@@d are slightly lower compared to the satellite retrieval. The hor-
Depression, Niger and western Mali by LM-MUSCAT. The izontal distribution of simulated mean AOT for March 2006
plume spread out in westward direction with an axis which agrees well compared to the satellite retrievals. The posi-
can be drawn crossing Mali and Guinea. Similar patterns ardion of the dust plume entering towards the tropical Atlantic
evident in the remote sensing products. The MODIS AOT agrees well in LM-MUSCAT simulations and MODIS AOT
product shows a similar northward extent of the dust plumeretrievals, whereby in March the modelled AOT values are
over the Atlantic, but with slightly higher AOT values com- higher than AOT from remote sensing. LM-MUSCAT AOT,
pared to the model. This is especially evident over the tropi-OMI Al and DeepBlue AOT, agree well regarding pattern
cal Ocean, where the contribution of biomass burning aerosotlistribution, but also over land the simulated AOT values
increases the observed AOT. OMI Al shows similar patternare higher than the retrieval. The summer case (July 2006)
of airborne dust distribution. Over land surfaces, the AOT agrees well concerning the range of mean AOT values over

www.atmos-chem-phys.net/9/1173/2009/ Atmos. Chem. Phys., 9, 11832009
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Dry Deposition Wet Deposition In summer, transport direction of the main plume is in west-

g ward direction, in winter its direction is in southwestward
direction, which is in agreement with long-term observations
(e.g.Romero et a].1999.

~2007/01

3.3 Monthly distribution of dry and wet dust deposition

Airborne dust can be removed from the atmosphere by dry
or wet deposition. Deposition measurements are sparse, so
here the discussion bases on the assumption that a reliable
field of AOT implicitly includes a correct treatment of de-
position fluxes. The reliability of the model’s dust fields
are validated using horizontal distributions of monthly mean
AQOTs (Sect.3.2), temporal evolution of single dust plumes
at measurement sites provided by AERONET (S&c)
and the particle size distribution observed at these stations
(Sect.3.5).
OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO The relative importance of dry or wet deposition processes
SRR EEEE EEEE EREREEEEE R R differs regionally and changes with seasons (B)g. Dur-
fo/mi/menth] ing winter (January 2007, Figa), wet deposition is neg-
ligible over nearly the entire North African domain, while
Fig. 3. Monthly dust dry and wet deposition fluxes for January dry deposition is very dominant and represents the pattern

2007 (a) and July 200b), computed by the regional model LM- Of mean AOT. High dry deposition rates over Tunisia, the
MUSCAT. western foothills of the Hoggar Massif and western Alge-

ria in the presence of relative low mean AOT values (B)g.

indicate near-source deposition and short residence time of
the continent, but again some differences are evident regarcdust within the atmosphere. Wet deposition occurs mainly
ing the location of hot spot patterns: The simulations showover the Atlantic related to moist convection within the trop-
a maximum mean AOT located over central Mali in agree-ical convergence zone and low pressure disturbances fur-
ment with OMI Al whereby the Al maximum is shifted to the ther north. Over the tropical East Atlantic, the Saharan air
west. DeepBlue AOT pattern indicate higher values over thislayer (SAL), a very dry, warm and dusty air mass originating
areas, but show a maximum over the Btédwvhich is notrep-  from the desert, is characterised by negligible wet deposi-
resented by the model. Outside of “hot spot” areas the OMItion (lower than 0.01 g/Mmmonth), high dry deposition (up
Al and DeepBlue AOT show similar patterns. In summary, to 1 g/nf month) rates compared to other Atlantic regions
monthly mean AOT distributions are in good agreement withand high mean AOT (Fig2 and 3). During March 2006
satellite AOT retrievals concerning their horizontal patterns(not shown) representing a spring month, the same features
and the range of values. The model simulated AOTs over theas described for January 2007 can be found. The domain of
Atlantic are lower compared to the satellite data in summer. high dry deposition rates and negligible wet deposition rates

The atmospheric dust content is a result of dust emissionis centred further north due to northward shift of Hadley cir-
transport and deposition. So the comparison of horizontakulation. In summer, moist convection occurs especially over
distribution of dust load, here indicated by the AOT, showsthe mountains and the monsoon region. Thus wet deposition
implicitly the accuracy of the treatment of dust emission, occurs especially over the West Sahara, the Sahel and the
transport and deposition, each requiring a correct reproducAtlas Mountains. Dominance of wet deposition is indicated
tion of meteorological conditions. To account for the impor- by high deposition rates (up to 10 g/month over the Atlas
tance of accurate treatment of the meteorological conditionsind up to 5 g/fAmonth over the West Sahara) in these areas.
for this regional model system, especially the wind distri- High dry deposition rates are also found over the West and
bution as limiting factor for dust emission, we refer to the Central Sahara (up to 10 gfmonth). The coincidence of
studies oHeinold et al(2007); Laurent et al(2008 andRe-  both, dry and wet deposition in this region characterise sum-
infried et al.(2008. FurthermoreSchepanski et a(2008 mer months and point towards the varying weather character
investigate the ability of LM-MUSCAT to reproduce the oc- of the monsoon period.
currence of nocturnal LLJs, which has been identified to be In summer, the dusty Saharan air is elevated above the
an important feature for Saharan dust mobilisation. marine boundary layer and the dust concentration at near-
Besides the validation of the model’s horizontal distribu- surface levels decreases (elgaryampudi et al. 1999.

tion of atmospheric dust loads, seasonal characteristics of exields of dry deposition simulated by LM-MUSCAT indicate
tent and strength of North African dust plumes are evident.an elevation of the Saharan dust layer and thereby a decrease

b) [-2006/07
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of dust load at the lowest level as shown for the Cape Verde Q)
Islands in Fig4, but a too strong decrease of total deposition

fluxes is evident following the shape of the coastline. This 10
effect causes also the lower AOT compared to DeepBlue and
will be investigated in future studies.

2007/01

500

Pressure (mb)
Height (km)

3.4 Temporal evolution of the dust concentration .
Beside the horizontal distribution of the atmospheric dust 550
load (shown as monthly mean values, FR). the tempo- 00
ral evolution of AOT values is compared. Sun-photometer 2w 0 e o
measurements performed in the framework of AERONET Iy
(AErosol RObotic NETworkHolben et al. 1998 are used to 0 002 004 0.06 0.08 0.1 03 05
characterise the temporal evolution of dust plumes for mea- b) ** \
surement sites located in North Africa.

Dust emission does not occur continuously in space and 400
time. The spatial distribution of active dust sources changes
within the day, from day to day and season to seaSohép-
anski et al. 2007). In remote areas where the dust trans-
port is affected by the atmospheric flow pattern, the pulsed 700
characteristic of dust emission is smoothed depending on at-
mospheric situation (e.g. clouds, precipitation) during trans-
port. Cloud-free level-2 AOT sun-photometer measurements B A S A A A A
at AERONET sites located more closely to source areas and Day of Month
those located in the far-field dust transport path are chosen MR T PR T T T
to evaluate the simulated dust export to the Atlantic ocean 0 002 008 0% 008 01 03 09
at different seasons (Fig). The AOT measurements do I — °
not distinguish between aerosol types like mineral dust and
soot, but consider a mixture of spherical and non-spherical 0
components Qubovik et al, 200§. Over the Sahel and
tropical North Africa the contribution of soot to the mea-
sured AOT might be high, especially in winter when biomass
burning is a frequent phenomenon over this area. To en- 700
sure that the fraction of dust to the measured AOT is the
dominant, only those AOT retrievals are considered, where
the AOT>0.3 and the Angstm coefficientx<0.6 following e
Dubovik et al.(2002. The sites are chosen with regard to
obdtain an overview of Saharan dust export at different lati- mﬂ%
tudes.

During March 2006, an extra-ordinary dust storm occurred
(Tulet et al, 2009 starting on March 2005 in the Atlas Fig. 4. Temporal evolution of the vertical dust concentration
Mountains initiated by a upper-level trough and crossing[g/cm?] distribution over Sal, Cape Verde (18l; 22° W) for Jan-
southward to the Sahel and the tropical Atlantic ocean. Thiglary 2007(a), March 2006(b) and July 200€c).
strong event is dominant at all sites located in the remote
transport path. At Tamanrasset this event is not evident as
this site is not situated in the dust transport path. Comparingluring the first half of the month are underestimated by the
AOT measurements to the model simulation, the character ofnodel, but in general representing the onset and offset of ob-
the month is well reproduced, but the strength of the extra-served dust plumes. During the second half of the month,
ordinary event during the beginning of the month is overesti-dust occurrence is well represented regarding the strength of
mated by the model at all stations. the dust plume and its temporal evolution.

In July 2006, the range of observed and simulated AOT January 2007 shows similar characteristics as March 2006.
values is significantly lower than during spring (March The range of observed and modelled AOT values is higher
2006). The temporal evolution of dust plumes is well repre-than during summer, which is also evident in seasonal dif-
sented regarding onset and AOT range for Tenerife over thdéerences shown in Fig2. The characteristics of the AOT
whole month. At most other stations, crossing dust plumesevolution is well represented at all stations, but the second
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Fig. 5. Comparison of simulated and by sun-photometer observed AOT at North African stations (Santa Cruz de TeneNfa@33N,
Tamanrasset 228 5.5° E, Cape Verde 16°N 22.9 W, Dakar 14.4N 17.0° W, Cinzana 13.3N 6.0° W, Banizoumbou 135N 2.7 E,
QOuagadougou 12°N 1.4° W, Djougou 9.8 N 1.6° E, llorin 8.3° N 4.3 E) situated in different transport directions of upwind dust source

areas for March 2006 (top two rows), July 2006 (middle two rows) and January 2007 (lower two rows). The stations are sorted according
their geographical location, starting with the northern most station. Red dots represent sun-photometer observations (at 440 nm), the blue
solid line represents the AOT values computed from the model results (at 550 nm). Observations are provided by ABRQN&STonet.
gsfc.nasa.gav
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Fig. 6. Comparison of particle size distributions for the model and AERONET observations at stations located in different transport directions
regarding upwind dust emission and different distances to the source area (Santa Cruz de TeneNfd @35V, Tamanrasset 228

5.5° E, Cape Verde 16N 22.9 W, Dakar 14.4N 17.C° W, Cinzana 13.3N 6.0° W, Banizoumbou 135N 2.7° E, Ouagadougou 12N

1.4° W, Djougou 9.8 N 1.6° E, llorin 8.3° N 4.3° E). The upper two rows show chosen distributions in March 2006, the middle two rows for
July 2006 and the lower two rows for January 2007. The stations are sorted following their geographical position, starting with the northern
most station. Size distribution of the model are given by the red line, those based on sun-photometer observations are given in black.

simulated dust plume (around January 12) arrives about 1-2 In general, the model is able to capture the seasonal dif-
days too fast at Tenerife and Cap Verde. The earlier onseferences of the atmospheric dust cycle comprising emission,
is also evident at the Sahelian observation sites Banizoumtransport and deposition in its extent but also in its tempo-
bou, Cinzana, llorin and Ouagadougou. Strong dust eventsal evolution. For July 2006, difficulties in simulating the
as during 3-5 January at Cape Verde and during 11-13 Jarebserved level of dust concentration are evident.

uary at Tenerife are overestimated by the model, Whereby the The AOT as a measure for total dust concentration within

give any information about the vertical distribution of the
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dust concentration. The regional model LM-MUSCAT pro- at active dust source areas are available, the size distribution
vides information about the vertical dust distribution in ad- at emission is still an unknown parameter for most model
dition to the column load or AOT. Figuré shows the mod- grid points and has to be estimated from e.g. wind tunnel
elled temporal evolution of vertical dust concentration overand field experiments (e.illette, 1979 Shao et a].1996.
the Cape Verde at 26N; 22° W for January 2007, and March Here, measurements of size distributions at several stations
and July 2006 representing the characteristics of the differentocated in the transport field are compared to the modelled
seasons. During winter, the dust transport layer is situatedize distribution, whereby the stations can be separated into
at lower tropospheric levels with maximum dust concentra-three categories: 1) stations off the coast (Cape Verde and
tions up to around 2 km on most days. Frequently the dusfTenerife), 2) stations in southwestward and westward trans-
layer extends down to (near-)surface layers (Bjgin sum-  port direction like Sahelian stations (Banizoumbou, Cinzana,
mer, the dust transport layer is the Saharan Air Layer (SAL),llorin, Ouagadougou, Djougou) and a West African station
which is aloft in heights around 4-5 km and does not extend(Dakar), and 3) a station over the Central Sahara (Taman-
to the ground levels (see also S&:fland Fig.4c). Thisver-  rasset). The comparison is shown for typical days of each
tical layering is also described §aryampudi et al(1999. simulated season to account for seasonal effects impacting
During spring, the dust transport layer can be found in loweron the dust size distribution (Fi@).
tropospheric layers (up to around 2 km) as well as in higher The observed maximum of the size distribution in the fine
levels (around 4 km height). Dust transport in spring is char-mode size range (around Oudm) can be considered as ar-
acterised by a transition from lower (winter) transport heightstifact due to the inversion algorithnb(bovik et al, 2006.
to high (summer) transport heights (Fip). In general, the maximum and the shape of the observed size
Comparing both, the AOT and vertical dust concentrationdistribution for coarse mode aerosol are in good agreement
distributions, it is obvious that high AOT do not necessar- at most stations at different distances to source areas. The
ily indicate high surface dust concentrations. However, highmodel shows a larger fraction of particles larger tham&®
dust concentrations at surface levels are coincident with higltompared to the AERONET product. Differences in size
deposition rates. The relation between these three measureésstributions are evident for stations located in the Central
are strongly impacted by the height of the dust layer. In win-Sahara (Tamanrasset), located in the Sahelian band (Cin-
ter when the dust layer is situated within the lower tropo- zana, llorin, Banizoumbou, Ouagadougou), located off the
sphere or near the surface within the trade wind layer, highcoast (Cape Verde, Tenerife), and located in between (Dakar)
dust deposition rates coincide with high dust concentrationgFig. 6). With increasing transport distance, the distribution
and high AOT values. In summer, this coincidence is notbecomes narrower, compared to near-source sites.
evident due to the dust transport occurring in an elevated During summer (July 2006), the observed size distribution
layer above the trade winds inversion. However, dust depois underestimated by the model for stations situated in the
sition at a specific location is not closely linked to the AOT. transport path, whereby the position of the maxima agree.
Dust deposition depends rather on the vertical distribution ofThis is consistent with the too low simulated AOT values
dust concentrations for which the AOT does not take accountover these areas (Fig). Nevertheless, the comparison of
However, to retrieve deposition rates from satellite observaimodel size distribution to observed values shows good agree-
tions, assumptions on the level-height of the dust layer havenent although the model size distribution is shifted towards

to be made. large particles compared to the observed distribution. The
general agreement for the different sites and seasons supports
3.5 Dust size distribution the assumption that the model is able to simulate emission,

transport and deposition processes realistically.
Besides the monthly mean of the spatial distribution of AOT
over the entire domain (Se@.2) and the validation of the 3.6 Zonal dust flux
temporal evolution of single dust events at AERONET mea-
surement sites (Secd.4), the comparison of retrieved dust Besides the horizontal distribution of AOT, dust concentra-
size distribution from sun-photometer measurements (availtion and dust deposition, zonal dust fluxes can be used to
able athttp://aeronet.gsfc.nasa.goio modelled dust size describe dust transport. In case of the Saharan dust export
distributions are a good possibility to validate the integratedtowards the North Atlantic, zonal fluxes can be used to es-
effect of emission, transport and deposition processes, whickimate Saharan dust export due to the dominant zonal wind
result in the local dust concentration and soil size distribu-direction in all seasons (e.¢taufman et al(2005). Here
tion. To consider the measured particle size distribution ofwe computed monthly zonal dust fluxes at Y@, 15° W and
dust aerosol, the criterian<0.6 has to be fulfilled@ubovik ~ 20° W using the results from the regional dust emission and
et al, 2002 to select periods with dominant mineral dust transport model (Fig7). Zonal dust fluxesFg,st are calcu-
fraction. Dust particle size distribution is observed to changelated using zonal wind speadand dust concentratial qys
with distance from its source due to gravitational settling
(e.g.Westphal et a).1987. As no long-term measurements Fyust= Mdust- U. )
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The 10 W meridian crosses the Western Sahara, so thea- b"
western-most Saharan dust sources will be missed but dust *} ]
export over the Gulf of Guinea and the Canary Islands will £ 1
be captured close to the coast. Furthermore, this meridian ac-

counts for atmospheric conditions changing seasonally due *t e TR o

to the dominant West African Monsoon circulation in sum- ° " I ' P ¥

mer and the Harmattan in winter, both impacting strongly ~ ™eREEEITHTIHITR L
on the dust transport path. The°2®0 meridian is located o[ : o :

over the Atlantic and thereby impacted by the marine bound- °¢
ary layer. Both meridional transects start at®band end
at 40 N, limited by the domain of the regional model LM-  *
MUSCAT. The vertical structure of monthly zonal dust ex-
port for winter (January 2007) and summer (July 2006) is
shown in Fig.7. In winter, most of the dust is transported
within the lower tropospheric layers (up to 2—3 km height),
peaking between PN and 16 N with a maximum west-
ward dust flux of 6 Mg/rd month. The backward dust trans-

port to the African continent is relatively low with 0.2 Mgfm (January 2007) and summer (July 2006). Eastward fluxes are pos-
month. Due to dust removal from the atmosphere by depojiye westward fluxes are negative corresponding to the common
sition and spreading of the dust plume into meridional direc-gefinition of wind vectors.
tion, dust flux at 20W is lower compared to TON. But also
at 20 W the maximum dust export is located at lower levels
and embedded within the trade wind layer. So the maximumand thereby the centrer of the circulation. This explains the
of dust export is shifted further northward and peaking atdominance of the dust transport at lower tropospheric levels
around 17 N with a maximum of 4 Mg/ri month. A back-  within the northeast trade wind layer, the so called Harmat-
ward transport of 0.06 Mg/frmonth occurs over subtropical tan. In summer, the southwest trade wind circulation, which
latitudes and can be explained by the wind fields related tacauses the monsoon circulation, replaces the Harmattan over
upper-level trough systems. at tropical latitudes and forces the elevated SAL. However,
In summer, a two-layer structure is evident. At levels the dust export depends strongly on the latitude. Latitudes up
up to 2 km height, the southwest monsoon is dominant ato around 25N are dominated by westward dust transport,
latitudes up to 20N. The monsoon air is characterised by controlled by the trade wind circulation, and by an eastward
moist air masses advected from the Gulf of Guinea north-dust transport at latitudes north of 28 (Fig. 8). The west-
ward, whereby the Saharan heat low as part of the low presward transport is stronger in winter than in summer, which is
sure trough of the Hadley circulation is a driving factor. As also affected by lower modelled dust concentrations during
the moist monsoon air is denser than the dry Saharan aisummer by LM-MUSCAT. Comparing the eastward (back-
mass, the Saharan air including atmospheric dust overlaysvard) dust transport, in summer higher fluxes occur than in
the monsoon air and thereby it becomes situated above th&inter. However, beside seasonal changes regarding trans-
trade wind inversion at the top of the monsoon air. Thusport path, the amounts of total column dust fluxes change
westward dust export is evident for the elevated layer, whichwith the seasons regarding latitude and amount.
is often termed Saharan Air Layer (SAL). North of the mon-
soon air, the Saharan air and thereby the dust layer is situate8l7 Bocklé dust
at lower levels, so westward dust export occurs also at lev-
els below 2 km (Harmattan). Dust sinking downwards from The Bocklé Depression is the single most active dust source
the SAL is enclosed in the trade wind layer and transportedarea of the world (e.gProspero et al2002 and is charac-
back to the African continent. Subtropical dust plumes trans-terised by a maximum activity in winter and minimum dur-
ported to the Atlantic Ocean might become affected by theing summer monthsSchepanski et al2008. The Bodtlé,
anti-cyclonic circulation of the Azores high. The two-layer now located in a hyper-arid zone, was a fresh-water lake
structure is dominant at 2@V due to the strong impact of about 6000 years ago (Lake Mega-Chs&dshington et al.
the WAM, at 20 W the SAL transporting Saharan dust over 2003. Today, a hard crust of diatomite covers the former
the Atlantic as an elevated layer (maximum at around 4 kmlake floor and provides a large amount of dust by aeolian ero-
height) above the trade wind inversion is evident. sion (Washington et al.2003. It has been claimed that the
The Hadley circulation describes the dominant general at-diatomite-rich dust originating from the Bél& Depression
mospheric circulation over the North African continent and has an important fertilising impact on the Amazonian rain
the adjacent Atlantic Ocean. Due to seasonal solar inclinaforest in South America (e.doren et al, 200§. Here we
tion, the heat trough as part of the circulation changes locallyuse the regional model LM-MUSCAT to evaluate the fraction

20
Latitude [deg]

Fig. 7. Vertical distribution of the monthly zonal dust transport
[Mg/m2 month] at 10 W (a andc) and 26 W (b andd) for winter
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Fig. 10. Percentage of dust concentration originating from the
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January 2091 show the horizontal distribution of the contribution of B (b)
and(d) the part of Bo@lé dust over the Cape Verde Islands{hg

22° W). (a) and (b) winter (January 2007), (c) and (d) summer (July
2006).
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Latitude (deg)

nating from the Bodlé of up to 50 % over the Cape Verde
e "’E vz archipelago. During summer, when the dust source activity
in the Bocklé Depression reaches minimuigshington and

o ] Fo ] . . . .
s 1 iy ] Todd, 2005 Schepanski et gl2008), its contribution to the
2 ] /KQ\ 1 atmospheric dust content is low (up to 14% over the Cape

Altitude (k]
ide (ki

Verde Islands). Beside the low source activity in the &&d
other source areas show a high activation frequency and are

e R dominant Bchepanski et 312008. Over the northern Sa-

hara and the extra-tropical Atlantic, the contribution of dust

Fig. 9. Vertical distribution of the monthly zonal transport [Mg?m originating from th? Bodle |s.S|gn|f|cantIy lower than over
month] of dust originating from the B@ie Depression at POV the Sahel and tropical Atlantic.
(aandc) and 20 W (b andd) for winter (January 2007) and sum-  The zonal flux of dust originating from the Béelé indi-
mer (July 2006). Eastward fluxes are positive, westward fluxes ar€ates a strong seasonal dependence teBodust mobili-
negative corresponding to the common definition of wind vectors. sation activity and wind regime determining transport direc-
tion (Figs.9 and8). In winter, maximum dust export from
the Bocklé occurs at up to 1.5 km height within the trade
of Bodéle dust over North Africa and the adjacent East At- wind layer dominated by the Harmattan winds, peaking at
lantic (Figs.9 and10). Due to changing source activity with 11-16 N with a westward dust export 6f1.4 Mg/n? month
the seasons, the contribution of Baél dust to the total dust at 10 W and—0.9 Mg/n? month at 20 W. In summer, the
load and deposition changes with seasons as well. Durindgdodélé dust export is in eastward direction at levels up to
winter, the Bo@lé Depression is the most active source re-2 km height following the southwest monsoon flow. At lev-
garding the number of active days over the entire Sahara andls above the southwest monsoon air, dust transport shows
Sahel domaingchepanski et gl2008 and consequently the a westward direction following the atmospheric circulation
contribution of Bo@lé dust is highest during this season. The as described by the Hadley cell. As the Béis located
present modelling study indicates a fraction of dust origi- at around 16N and northward transport of dust from this

10 20 30 0 0
Latitude [deg]

Atmos. Chem. Phys., 9, 1178189 2009 www.atmos-chem-phys.net/9/1173/2009/



K. Schepanski et al.: Seasonal Saharan dust transport and deposition 1185

region is not dominant at monthly time scales, the atmo- o .~ Lo

spheric contribution of dust originating from the B is 2000 4 F 7

not significant at subtropical latitudes. 600 ] a 200 2
The export of dust originating from the Béé is signif- 1 i

icantly lower in summer than in winter (Fi@) which can

be explained by the significantly lower dust source activity

during summer monthsSgchepanski et al2008. However, F i

mineral dust from the Badlé Depression is able to reach o F 0 x

higher tropospheric levels (Fig) which is a precondition O asmor T Sesmor

for long distance transport as crossing the Atlantic. For trans-

port to South America, two preconditions are fulfilled during o _

winter: wind regimes over the tropical Atlantic have a south- Fig. 11. Frequency distribution of ratio of column dust concentra-

Ay . . tion and AOT for(a) January 2007 an¢b) July 2006 following a
\t/\r/](iesstsv(\;zrsdor(iomponent and the Bael is most active during transect at 167N from 30° W west of the Cape Verde archipelago

to 20° E east of the Boglé Depression.
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3.8 Relationship of AOT, dust column load and deposition

ical and subtropical Atlantic is described using the regionalgyst. To test, whether the derivation of mass fluxes from
dust emission and transport model LM-MUSCA&aufman  qust column concentrations based on AOT values is realis-
et al. (2003 propose a method to determine dust concen-tic, we compute dust fluxes through a meridional transect
trations as well as dust fluxes and dust deposition fromgyer the Atlantic along 15W and 206 W using two different

space-borne measurements. The authors used AOT based gBproaches: dust flux computed using Eq. (7) at each level
MODIS observations to derive dust column concentrations(case 1), using Eq. (7) but using total dust column concentra-
assuming a constant ratio between atmospheric column dugfon and zonal wind speed at a fixed height (800 hPa in win-

load Mqustand AOT rqust ter, 700 hPa in summer) (case 2) assuming that the dust layer
Maust Reft 5 is contained at this height, so that the dust transport is re-
i 1.33p) 0 - 27+04g/m", (8)  lated to wind speeds occurring at this heigkaufman et al.

us

(2005 found a high correlations of dust concentrations and
with the density of dust particlg,, the effective radius of wind velocities at this level, motivating this assumption. But
dust particleResr and the light extinction efficienc). Re-  the authors also state that this correlations are not evident for
sults from the regional model LM-MUSCAT show a lower seasons and locations (e.g. Cape Verde in winter), when the
Mgust/Tduscratio of 1 g/nf (Fig. 11) instead of 2.7 g/rhas- dust layer is at lower levels. Comparing to dust fluxes com-
sumed byKaufman et al(2005. The model ratio estimated puted directly from dust concentrations at each height level,
by averaging the ratio over meridional transects. No differ-differences concerning the transported dust amount can be
ences in this ratio pointing towards a seasonal or regionafound for case 1 and 2 for winter, when the height of maxi-
dependence can be found for the three simulated months butium dust concentration does not correlate with the assumed
the distribution suggests that local errors will occur in usingwind layer to account for dust transport. For summer, the
the average relationKaufman et al(2005 derive the AOT  assumed relation between height of the dust layer and ver-
from the satellite measured radiance by using look-up tablesical wind distribution is evident, leading to low differences
for fine-mode aerosol (0AM=<Re#<0.25um) and coarse- between case 1 and 2. Figut2 shows the relation between
mode aerosol (m<Re<2.5um). Differences for the dust deposition rates and changes in zonal dust transport be-
Muyusy/ Tdusrratio derived from LM-MUSCAT model results  tween 18 W and 20 W for 10°-latitude bands covering the
using five independent size bins (radius limits at: Qrh, longitudes of main transport region off the North African
0.3um, 0.9um, 2.6pum, 8um and 24um) and the ratio pro-  coast towards the Atlantic. The whole latitudinal region is
posed byKaufman et al(2009 are likely caused by differ-  subdivided as the atmospheric zonal circulation pattern is not
ent size distributions of the atmospheric dust load. The sizesimilar for each latitudinal band. The atmospheric flow be-
distributions of dust computed by LM-MUSCAT have been tween 10 N-20° N is dominated by the WAM circulation in
compared with near source measuremehtsirfold et al, summer (eastward transport within the trade wind layer (up
2009 and AERONET size distributions (Se@.5) as well,  to 2 km) and westward transport above the trade wind layer
yielding good agreement. Differences to earlier cases maySAL)) and the Harmattan (westward dust transport within
be related to differences in the considered atmospheric situathe trade wind layer). The region betweert RDand 30 N is
tion. characterised by the Harmattan leading to a dominant west-
Kaufman et al.(2005 determine northern Atlantic dust ward air flow. Strong dust outbreaks might also show an
deposition fluxes by assuming that the gradient of AOT be-eastward transport of dust due to eddy development. Farther
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Case 1 Case 2 Fig. 4a) height information on sub-monthly time scales are
o B ittt necessary for accurate estimations of the zonal flux. In gen-
5 . JON-20°N i 0. JON-2°N eral, assuming constant heights of dust transport levels leads
2 .- g 5 - to good results for seasons and latitudes, but only where a
ERE N . f 10 4 - stationary and mono-modal circulation pattern concerning
= ) - zonal dust flux can be assumed and meridional dust fluxes
ERE SRS B - b are negligible.
g 2 - 25 . L
§ 16 T 30 T
. . . . . . 4 Conclusions
£ ' 20°N-30°N ’ 20°N-30°N
g 7 ] °7 The study on Saharan dust export towards the North Atlantic
s ¢ r 10 3 presented here uses results of the regional model system LM-
R - 20 - MUSCAT to describe seasonal characteristics of horizontal
§ 46 L . L and vertical dust distributions and their evolution exemplary
S o g o] for three case studies each covering a one-month period in
g different seasons. Transport of Saharan dust is characterised
YO oo oo oo oooso oo oovio  ooiz0  oo0a0 by the vertical and horizontal distribution of atmospheric
- - - - " b . dust concentrations, dry and wet deposition, and zonal dust
30°N-40°N 30°N-40°N

L | fluxes. As airborne dust is an aerosol affected by meteoro-
o] L logical features like wind, rain and turbulence changing with
6] L seasons, emission, transport, and deposition show seasonal
1. . Ot . I characteristics.
) In these case studies, summer and winter are the most dis-
similar seasons with regard to Saharan dust transport. In win-
ter, dust concentration has its maximum in near-surface lay-
ers over the tropical latitudes. In summer, dust is transported
above the trade winds inversion with a maximum westward
transport at the lower subtropic latitudes. The vertical distri-
Fig. 12. Scatterplot relating the change of zonal dust flux betweenbution of the zonal dust export clearly shows the relation of
15° W and 20 W (15° W-20° W) to the deposition rates for three meridional dust export with general circulation pattern that
different latitudinal bands (10-2, 20-3C N and 30—40 N) for is mainly controlled by the Hadley circulation.
case 1 and case 2 for July 2006. Considering the dust source activity controlling the atmo-
spheric dust concentration, the Boélis most active during
winter. Consequently the contribution of Bald dust to the
north, between 30N and 40 N, the anticyclonic flow of the ~ Saharan dust load is maximum in winter months. Consider-
Azores high gain influence on the atmospheric circulation.ing long-range transport as towards the Amazonian rain for-
However, the relation of changes in zonal dust fluxes and deest, preconditions are the best during winter months.
position requires the assumption, that meridional dust fluxes As expected, the modelled ratios of AOTs and deposition
are negligible. Comparing case 1 and case 2 small differrates depends strongly on the height of the dust layer. The
ences in the pattern are evident fo°M-20° N, which are  relation of dust deposition and AOT is evident for dust trans-
mainly due to the different consideration of the assumptionported within the near-surface levels dust deposition is di-
made for the level of transport for case 2. Figéiadicatesa  rectly related to dust deposition, but this is not the case for el-
two layer structure concerning transport direction, representevated dust layers. In general, dust deposition rates cannot be
ing the impact of the WAM circulation. For case 2, the zonal derived directly from AOT measurements which agrees with
dust flux is related to winds at a 700 hPa in summer and cona finding by a comparing modelling/remote-sensing study by
sequently does not account for the eastward transport withilMahowald et al(2003.
the trade wind layer. At latitudes farther north, the relations  zonal dust fluxes have been computed using three differ-
between dust depOSition and fluxes at the different |at|tud%nt approaches by tak|ng the vertical inhomogeneity of the
bands agree for case 1 and case 2. distribution of dust concentration and wind velocity into ac-
For satellite based retrievals of dust fluxes, a correct acount. Gradients of dust fluxes betweer? ¥ and 20 W
priory information on the dust transport height is required. have been compared to modelled deposition rates pointing
Especially in winter, when transport height might change fortowards the role of zonal dust transport especially in case of
individual locations (e.g. over the Cape Verde as shown instrong dust plumes, and the transport height.
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Regional models provide a comprehensive data set in horbubovik, O., Holben, B., Eck, T. F., Smirnov, A., Kaufman, Y. J.,
izontal and vertical resolution and are able to capture local- King, M. D., Tanre, D., and Slutsker, |.: Variability of Absorp-
scale features. Visual comparisons with the Cloud-Aerosol tion and Optical Properties of Key Aerosol Types Observed in
Lidar and Infrared Pathfinder Satellite Observation instru- _ Worldwide Locations, J. Atmos. Sci., 59, 590608, 2002.
ment (CALIPSO) show promising agreements between mogPubovik, O., Sinyuk, A., Lapyonok, T., Holben, B. N._, Mihchenko,
elled vertical distribution of aerosol dust and distributions in- M- Yang, P Eck, T. F., volten, H., Munoz, ©., Veihelmann, 8.,
ferred from attenuated backscatter measurements. A more ‘o der Zande, W. J., Leon, J.-F., Sorokin, M., and Slutsker, |.

detailed . il b f di f d Application of spheroid models to account for aerosol particle
etalled comparison will be performed in a future study. nonsphericity in remote sensing of desert dust, J. Geophys. Res.,

Model deficiencies of the LM-MUSCAT are evident for JU'y 111, D11208, doi:10.1029/2005JD006619, 2006.

2006 for which modelled dust optical thickness are too low pynion, J. P. and Velden, C. S.: The Impact of the Saharan Air
compared to AOT retrievals and the temporal evolution of Layer on Atlantic Tropical Cyclone Activity, B. Am. Meteor.
dust AOT at some locations was not matched well with  Soc., 85(3), 353-365, 2004.

AERONET sun-photometer measurements — although at thigck, T. F., Bhartia, P. K., Hwang, P. H., and Stowe, L. L.: Reflectiv-
locations the magnitude of AOT between measurements and ity of the Earth’s surface and clouds in ultraviolet from satellite
model results agree in general. The results for this month observations, J. Geophys. Res., 92, 4287-5296, 1987.
indicate a possible overestimation of wet deposition of dust.Fung. I Meyn, S., Tegen, I, Doney, S. C., John, J., and Bishop,
Too low dust AOT indicates that the modelling of moist con- 2 K B+ Iron supply and demand in the upper ocean, Global

vective events which are relevant for dust mobilising pro- Biogeochem. Cy., 14, 281-296, 2000,
gp Gao, Y., Kaufman, Y. J., Taér D., Kolber, D., and Falkowski,

Cessgs !n this region 's,de_f'C'ent'_ Consequently.detaned IN- b G.: Seasonal Distribution of Aeolian Iron Fluxes to the Global
vestigations on dust emission during meteorological summer Ocean, Geophys. Res. Lett., 28, 29-32, 2001.

conditions are required. Garratt, J. R.: The atmospheric boundary layer, Cambridge Univer-
sity Press, 1992.
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