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Abstract

We present a study of Saharan dust export towards the tropical North Atlantic using the
regional dust emission, transport and deposition model LM-MUSCAT. Horizontal and
vertical distribution of dust optical thickness, concentration, and dry and wet deposition
rates are used to describe seasonality of dust export and deposition towards the east-
ern Atlantic for three exemplary months in different seasons. Deposition rates strongly
depend on the vertical dust distribution, which differs with seasons. Furthermore the
contribution of dust originating from the Bodélé Depression to Saharan dust over the
Atlantic is investigated. A maximum contribution of Bodélé dust transported towards
the Cape Verde Islands is evident in winter when the Bodélé source area is most active
and dominant with regard activation frequency and dust emission. Limitations of using
satellite retrievals to estimate dust deposition are highlighted.

1 Introduction

The Sahara as the World’s most important dust source adjoins directly to the Atlantic
ocean (e.g. Prospero et al., 2002; Middleton and Goudie, 2001; Goudie and Middleton,
2001; Washington et al., 2003). A major part of the Saharan mineral dust is exported
towards the northern tropical Atlantic (e.g. Romero et al., 1999). Mineral dust consists
of small soil particles with regionally specific mineralogical, chemical, physical, and op-
tical properties. Besides the interactions with solar and thermal radiation as well as
clouds during transport, mineral dust deposited onto soil or ocean surfaces acts as
nutrient for terrestrial and oceanic ecosystems (e.g. Mahowald et al., 2005). The bio-
availability of micro-nutrients in mineral dust particles depends on their mineralogical
and chemical properties that depend on source area mineralogy, and processes on
the particle surfaces during transport in dry or aqueous phases (Goudie and Middle-
ton, 2001; Luo et al., 2003; Journet et al., 2008). The Earth’s surface contain around
4% of iron (Wedepohl, 1995) and consequently soil-derived mineral dust can be con-
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sidered as transport medium for iron from soil surface into ocean regions (Fung et al.,
2000; Sarthou et al., 2003; Jickells et al., 2005). Iron in its role as micro-nutrient
for ocean-ecosystems acts as controlling factor for life in high-nitrate, low chlorophyll
(HNLC) regions, e.g. for phytoplankton growth (Neuer et al., 2004; Mahowald et al.,
2005; Moore et al., 2006; Sarthou et al., 2007). In the tropical Atlantic, iron delivered
by dust particles may enhance nitrogen fixation. By these processes dust deposition
may be coupled to the CO, budget and climate system (Gao et al., 2001 and references
therein). Remote sensing retrievals have been used to determine dust fluxes into the
North Atlantic, assuming that the ratio of atmospheric dust load within a column and
the corresponding aerosol optical thickness (AOT) can be described by a fixed value
(e.g. Kaufman et al., 2005). Based on such analyses of satellite retrievals, the Bodélé
Depression was claimed to be the major source for dust transport to the Amazon (Ko-
ren et al., 2006). Oceanic dust deposition has also been estimated from global dust
models (e.g. Zender and Newman, 2003; Mahowald et al., 2005). Regional models
are suitable to investigate dust conditions for specific meteorological situations and are
expected to provide better vertical resolution of dust layers compared to global-scale
models, which is an important control of dust deposition. This paper aims to show
exemplarily for three single case studies the characteristics as well as the differences
of dust transport concerning e.g. direction, height, and amount, and dust deposition
towards the eastern tropical North Atlantic in different seasons. The contribution of
dust emitted over the Bodélé Depression to the total exported Saharan dust will be
determined. Furthermore the relation of aerosol optical thickness (AOT) of dust (in the
following refereed as AOT) and atmospheric dust column load and deposition fluxes is
discussed. This aims at the question whether it is possible to derive dust deposition
from AOTs based on measurements of space borne instruments like e.g. MODIS or
SeaWiFsS.
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2 Regional model system LM-MUSCAT

To characterise Saharan dust transport and deposition towards the tropical North At-
lantic, we use the dust transport model system LM-MUSCAT (Heinold et al., 2007).
It consists of the regional scale meteorological model LM (provided by the Deutscher
Wetterdienst, Doms and Schattler, 2002) and the MUIti-Scale Chemical Aerosol Trans-
port Model (MUSCAT, Wolke et al., 2004a; Wolke et al., 2004b). The dust transport
model includes a dust emission scheme based on Tegen et al. (2002). Meteorological
and hydrological fields used for the simulation of dust emission, transport and deposi-
tion, are computed by the LM and updated in MUSCAT at every advection time step
of 80 s. Local wind systems, clouds, precipitation, and meso-scale convection depend
on topography. For simulation of sub-grid scale moist convection the parameterisa-
tion following Tiedtke (1989) is used in the LM. Dust emission is modified by surface
properties like vegetation, surface roughness, soil texture and soil moisture content. In
addition to soil properties, wind shear stress at the ground is the major limiting factor
for soil erosion. The wind shear stress 7 is related to the air density p, and the friction
velocity u,, following T=pauf. Dust emission occurs if the friction velocity exceeds a
local, soil-dependent threshold u,; for dust mobilisation. Here a parameterisation for
u,; based on Iversen and White (1982) is used, modified by Marticorena and Berga-
metti (1995). Airborne dust is transported as passive tracer in five independent size
bins (radius limits at: 0.1 um, 0.3 um, 0.9 um, 2.6 um, 8 um and 24 um). For each size
bin spherical dust particles following a log-normal size distribution are assumed. Dust
deposition is parameterised as dry and wet deposition. The parameterisation of dry de-
position depends on particle size, density and meteorological conditions affecting the
behaviour of dust particles. In detail the parameterisation considers turbulent transfer,
Brownian diffusion, impaction, interception, gravitational settling, and particle rebound.
Dry deposition of the dust is controlled mainly by gravitational settling, which is dom-
inant for particles larger than 2 um, and the impact of aerodynamic (A,) and surface
resistance (H). Gravitational settling, commonly described by the gravitational settling
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velocity v, is based on the Stoke’s equation describing the equilibrium of gravitation
and buoyancy:

(0, - P2)gD5C,

Yo = 181 M

with particle diameter D, air density p,, particle density p,=2.65 g/cms, the gravita-
tional constant g, the dynamic viscosity of air 7, and the Cunningham correction factor
C.. The Cunningham correction takes into account that the Stoke’s law considers the
velocity of the air surrounding the particle’s surface relative to the particle itself as zero.
This assumption is correct in continuum but not for particle larger than the mean free
path A of air molecules. The Cunningham correction factor C, is used to take this into
account and is described by

21 0.4995D,,
CC = 1 + D_ 1142 +05586Xp<—T):| .

p
For particles smaller than 2 um, the gravitational settling velocity v, is adjusted by the
aerodynamic and surface resistance R, and Ag:

1
9T R, ¥R+ R Ry, O ®)
Beside dry deposition, especially over the North Atlantic, wet deposition, e.g. by rain-
out, has an increasing influence on particle removal. In MUSCAT, the parameterisation
follows e.g. Berge (1997), Jacobson et al. (1997) and bases on the parameterisation
used in the EMEP MSC-W Eulerian model by Tsyro and Erdman (2000). Wet deposi-
tion is controlled by the precipitation rate p and the scavenging coefficient 1,

()

Dep_rate = -1 - p, (4)
with
A-E

Var

1= (5)
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related to an empirical coefficient A=5.2 m3/kgs due to Marshall-Palmer size distri-
bution assumed for rain drops, to the mean collection efficiency E, averaged over all
rain drop sizes and to the rain drop fall velocity v,,, here v;,=5m/s. For the compu-
tation of AOT at 550 nm, dust concentrations of the five size bins (dust mode, j) are
used. The dust particles are assumed to be spherical particles with a density of quartz
(p=2.65 glcm®):

Qex ,
T = Z z (3 tszi((/j) Caust . k)Az(k)>, (6)

with the extinction efficiency Q. 550(/) (derived from Mie-theory), effective radius of
dust particle r.4(/), dust concentration cy,.(/, k) at vertical level k, and the vertical in-
crement of each vertical level Az(k). For this study of dust transport and deposition
towards the tropical North Atlantic, we run the model system on a 28 km horizontal
grid resolution and 400-p levels up to 12km height. The first level is centred around
38 m above ground level (agl). There is a spin-up period of 24 h for the LM part, af-
ter this period the MUSCAT is coupled to the LM. Every 6 h, meteorological boundary
conditions are updated with analysis fields from GME (global weather forecast model
of the DWD). After 24 h of LM-MUSCAT computations, the meteorological fields are
reinitialised. Three case studies of one month periods, in different seasons have been
computed: March 2006, July 2006 and 20 December 2006 to 20 January 2007 (here-
after refereed as January 2007).

3 Dust transport and deposition towards the tropical North Atlantic

The Sahara and Sahel region over North Africa contains several potential dust source
areas, mostly located in the foothills of the mountain areas where endoheric drainage
systems and wadis opening to fluvial fans provide a large amount of sediment avail-
able for aeolian erosion (e.g. Washington et al., 2003; Schepanski et al., 2007). Each
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dust source area is characterised by seasonal and annual changes in frequency of
dust source activation (Schepanski et al., 20081). Consequently, seasonal changes in
spatio-temporal dust source activity are related to seasonal changes in local meteo-
rological conditions providing atmospheric conditions for dust mobilisation. However,
as local meteorological conditions are influenced by regional and meso-scale meteoro-
logical systems, dust transport is affected regarding amount, height of transport layer,
and dry and wet deposition rates respectively. To investigate exemplary transport and
deposition patterns of Saharan dust in different seasons, three modelling studies for
one month periods (March 2006, July 2006 and January 2007) representing different
seasons (north hemispheric spring, summer and winter) have been preformed using
regional model system LM-MUSCAT.

3.1 Characteristics of Saharan dust transport

To describe the horizontal distribution of atmospheric dust load, we must distinguish
between near-source area, areas affected by dust transport over the African continent
and over the ocean. The atmospheric dust concentration over the near source area is
mainly characterised by the dust source activity, the wind direction and speed, and
the buoyancy (Kalu, 1979). The dust particle sizes are larger close to the source
region and decrease with distance due to gravitationally settling. Dust is mixed up
by turbulent mixing within the boundary layer (BL), transported within the regional wind
flow or washed out by rain-events. During transport, the dust plume can remain near
the surface and be observed as dust storm, or can be transported as elevated layer.
Within the BL, dust concentration can be homogeneously distributed over the entire
BL depth (Tesche et al., 20082). In the evening, mixing activity within the BL ceases

1Schepanski, K., Tegen, I., Todd, M. C., Heinold, B., Bénisch, G., Laurent, B., and Macke,
A.: Meteorological processes forcing Saharan dust emission inferred from MSG-SEVIRI obser-
vations of sub-daily dust source activation, J. Geophys. Res., submitted, 2008.

2Tesche, M., Ansmann, A., Miller, D., Althausen, D., Mattis, |., Heese, B., Freudenthaler,
V., Wiegner, M., Esselborn, M., Pisani, G., and Knippertz, P.: Vertical profiling of Saharan dust

16067

ACPD
8, 16061-16096, 2008

Seasonal Saharan
dust transport and
deposition

K. Schepanski et al.

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/8/16061/2008/acpd-8-16061-2008-print.pdf
http://www.atmos-chem-phys-discuss.net/8/16061/2008/acpd-8-16061-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

and a significantly shallower nocturnal BL remains (Garratt, 1992). However, airborne
dust can be still present in the residual layer. This decoupled air layer can be seen
as a elevated air layer. During night, the air layer remain stationary and will be re-
mixed to the developing daytime BL (Blackadar, 1957; Lenschow and Stankov, 1979;
Kalu, 1979). Alternatively, geostrophic forces may lead to acceleration of the air mass
above the nocturnal BL up to super-geosptrophic wind speeds, a nocturnal low-level
jet (LLJ) develops (e.g. Nappo, 1991; Banta et al., 2006; Schepanski et al., 20081) and
the elevated air mass with its dust content is transported away from the source area
(Kalu, 1979). Transported dust layers during night within a LLJ might be mixed into
the developing BL the next day. Decreasing horizontal visibilities have been observed
during the build-up phase of the daytime BL (Kalu, 1979). Atmospheric dust layers
that are transported away from the sources can be elevated to higher levels compared
to source areas. The elevation of dust layers depends on the season (see Fig. 1).
During winter, the dust layers over the West African continent are situated at lower
levels than during summer (Kalu, 1979). In winter months, transported Saharan dust is
observed and reproduced by regional model studies near the surface, while in summer
the dust layer is elevated. This is due to seasonal different meteorological regimes
especially over the Sahel and the Western Sahara. Due to northward shift of the ITD
(inner-tropical discontinuity, marking the meeting of dusty desert air and tropical moist
air) the BL is deeper during summer which results in a higher upward-mixing of dust.
During night the West African Monsoon (WAM) circulation forces the development of
high geostrophic wind speeds in the decoupled, elevated air layer (e.g. Parker et al.,
2005). Dust can be mixed up high into troposphere and be transported fast during
night. Additional, dust layers within the mid-troposphere overlay the moist and denser
monsoon air and reaches higher transport levels in summer than in winter when the
dust layer is transported within the trade winds (Kalu, 1979). The location of the ITD
is father south in winter, so the high vertical mixing of dusty air occurs further south

with Raman lidars and airborne HSRL in southern Morocco during SAMUM, Tellus, revised,
2008.
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over the South Sahel/Savanna. In summer this strong mixing occurs further north
over the Sahel/South Sahara due to northward shift of the Hadley circulation (see also
Fig. 2a and c). Over the ocean, the Saharan dust layer is transported above the trade
winds inversion (up to 5-7 km above sea level) (Kalu, 1979; Chiapello et al., 1997;
Dunion and Velden, 2004) in north hemispheric summer (Fig. 1). In winter the dust
is transported within the trade wind layer at altitudes below 1.5-3 km (Chiapello et al.,
1997, Barkan et al., 2004). Horizontal dust transport paths can be tracked considering
the horizontal AOT distribution. Figure 2 shows the monthly mean AOT computed
from LM-MUSCAT results and MODIS retrievals for North Africa and the tropical East
Atlantic for January 2007 (a), March 2006 (b) and July 2006 (c), exemplarily for different
seasons. As AQT retrievals from remote sensing data are difficult for areas with bright
surfaces, no AOT retrievals are available over the desert. In winter (January 2007,
Fig. 2a), the mean AOT is highest over the Sahel and Savanna. AOT over the Sahara
and Maghreb (Morocco, Algeria, Tunisia, Libya) is very low (less than 0.1) pointing
towards high dust source activity in the southern Sahara and Sahel and less in the
northern part. The Bodélé as a dust source with most frequent dust source activity
during winter (Schepanski et al., 20081) is well marked by high mean AOT (1.6). In
spring (March 2006, Fig. 2b), the pattern of the mean AOT distribution is nearly the
same as in winter, but the mean values are higher. These differences can be explained
by different dust source characteristics. In spring, additional to the Bodélé source
area, dust sources in the foothills around the Hoggar-Adrar-Air Massif are more active
than in winter. The same is the case for the Akhdra Mountains in Tunisia (mean AOT
up to 0.7). Furthermore, in March 2006 an extreme dust event occurs, activated in
the Atlas Mountains by a crossing upper-level trough triggering a meso-scale density
current (Knippertz et al., 20083). This extraordinarily strong dust plume significantly

3Knippertz, P., Ansmann, A., Althausen, D., Mller, D., Tesche, M., Bierwirth, E., Dinter, T.,
Muller, T., von Hoyningen-Huene, W., Schepanski, K., Wendisch, M., Heinold, B., Kandler, K.,
Petzold, A., Schiitz, L., and Tegen, |.: Dust Mobilization and Transport in the Northern Sahara
during SAMUM 2006 — A Meteorological Overview, Tellus, revised, 2008.
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influences the mean AOT, especially over Algeria, where local maxima of up to 0.6
occur, while in the vicinity mean AOT values of 0.3 are present. Areas where dust
remains in the atmosphere have higher mean AOT values than dust source areas with
less frequent activity. The Savanna and the local maxima areas over the coastal region
characterised by high mean AOT values are not strong dust sources, but are strongly
influenced by dust transport in southerly direction. The dusty air originating from the
Sahara and Sahel meets tropical air masses marking the ITD. There the dusty air mass
is mixed up while remaining more or less stationary, leading to high mean AOT values.
This characteristic can also be observed with the MSG IR dust index. In summer,
the maximum mean AOT occurs over central Mali. During this season, the region is
influenced by the Saharan heat low and air circulation is forced by the WAM. This
circulation forces dust source activation during the morning hours (Schepanski et al.,
20081) due to down-mixing of momentum related to nocturnal LLJs. Furthermore the
WAM is characterised by a strong vertical mixing so that airborne dust can be efficiently
mixed up into higher tropospheric levels.

Dust transport direction is strongly dependent on the leading wind regime. The mean
AQT distribution indicates a strong westward transport during summer and a southwest
transport during winter, mainly affected by the location of the subtropical high pressure
system and the ITCZ (inner-tropical convergence zone, Prospero et al., 1981; Chia-
pello et al., 1995; Chiapello et al., 1997). Both, AOT computed from modelling results
and MODIS measurements, show similar seasonal pattern. Nevertheless, MODIS AOT
values are lower than modelled ones. The AOT differences may be partly caused by
the lower temporal resolution of measurements compared to hourly extracted modelled
AOT values. However, stationary dust clouds cause high mean AOT values. Further-
more, clouds inhibit AOT retrievals from satellite measurements. In July 2006, both,
AOT computed from model results and MODIS retrievals show lower AOTs than in
winter. Modelled AOT is lower over the ocean than the values from MODIS measure-
ments and the AOT pattern matches less well than in other seasons. As in the summer
months dust emission over Western Africa is frequently triggered by moist convection
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events, the lower modelled AOT is presumably related to shortcomings of modelling
moist convection in the LM (Heinold et al., 2008)4.

3.2 Monthly distribution of dry and wet dust deposition

Airborne dust can be removed from the atmosphere by dry or wet deposition. The rela-
tive importance of dry or wet deposition processes differs regionally and changes with
seasons (Fig. 3). During winter (January 2007, Fig. 3a), wet deposition is negligible
over nearly the entire North African domain, while dry deposition is very dominant and
represents the pattern of mean AOT. High dry deposition rates over Tunisia, the west-
ern foothills of the Hoggar Massif and western Algeria in the presence of relative low
mean AOT values (Fig. 2) indicate near-source deposition and short residence time of
dust within the atmosphere. Wet deposition occurs mainly over the Atlantic related to
moist convection within the tropical convergence zone and low pressure disturbances
further north. Over the tropical East Atlantic, the Saharan Air layer (SAL), a very dry,
warm and dusty air mass originating from the desert, is characterised by negligible wet
deposition (lower than 0.01 g/mz), high dry deposition (up to 1 g/m2) rates compared
to other Atlantic regions and high mean AOT (Figs. 2 and 3). During March 2006 (not
shown) representing a spring month, the same features as described for January 2007
can be found. The domain of high dry deposition rates and negligible wet deposition
rates is centred further north due to northward shift of Hadley circulation. In summer,
moist convection occurs especially over the mountains and the monsoon region. Thus
wet deposition occurs especially over the West Sahara, the Sahel and the Atlas Moun-
tains. Dominance of wet deposition is indicated by high deposition rates (up to 10 g/m2
over the Atlas and up to Sg/m2 over the West Sahara) in these areas. High dry de-
position rates are also found over the West and Central Sahara (up to 109/m2). The

4Heinold, B., , Tegen, I, Esselborn, M., Kandler, K., Knippertz, P., Miller, D., Schladitz, A.,
Tesche, M., Weinzierl, B., Ansmann, A., Althausen, D., Laurent, B., Petzhold, A., and Schepan-
ski, K.: Regional Saharan Dust Modelling during the SAMUM 2006 Campaign, Tellus, revised,
2008.
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coincidence of both, dry and wet deposition in this region are a main characteristic of
summer months and point towards the unsettled weather character of the monsoon
period.

3.3 Temporal evolution of the dust concentration over the Cape Verde Archipelago

The Cape Verde Islands, located 460 km west offshore the West African coast in the
tropical Atlantic are a suitable location to study Saharan dust transport and depo-
sition. Dust transported towards the Cape Verde is variable in time as it depends
on the spatiotemporal distribution of dust source activities, on transport paths af-
fected by wind direction and speed, and deposition and scavenging processes during
transport. Furthermore, the Cape Verde Archipelago is in the focus of several field
studies like SAMUM-II (SAharaN Mineral dUst experiMent, http://samum.tropos.de),
SOPRAN (Surface Ocean Processes in the Anthropocene, http://sopran.pangaea.de)
and SOLAS (Surface Ocean Lower Atmosphere Study, http://www.solas-int.org) as
well as location of the Tropical Eastern North Atlantic Time-Series Observatory
TENATSO (http://tenatso.ifm-geomar.de) and an AERONET (AErosol RObotic NET-
work, http://aeronet.gsfc.nasa.gov) station. Figure 4 shows the temporal evolution of
AQOT over Sal, Cape Verde for the modelling results and AERONET sun-photometer
measurements. Comparing AOT computed from LM-MUSCAT model results to the
sun-photometer measurements, main features of the passing dust plumes represented
by individual peaks are well reproduced. Beside capturing the temporal evolution of
transported dust, the magnitude of AOT is well reproduced by the model, especially
in January 2007 and in the beginning of March 2006. After 10 March the model over-
estimates the observations by about a factor of 2. In July, the model results do not
capture the temporal evolution of AOT well but the magnitude of AOT is well repro-
duced by the model at this location, even though deviations exist in the comparison
with MODIS AQT retrievals (see above). Comparison with deposition fluxes (Fig. 4)
indicate that discrepancies between modelled and observed AOT may be due to too
efficient wet deposition in this month. Shortcomings in temporal evolution might be due
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to less accurate reproduction of moist convection in the source region. The tempo-
ral evolution of AOT maxima indicate individual dust plumes transported towards the
Cape Verde Islands. The AOT as a measure for total dust concentration within the
atmospheric column above the reference point does not give any information about
the vertical distribution of the dust concentration. The regional model LM-MUSCAT
provides information about the vertical dust distribution in addition to the column load
or AOT. Figure 5 shows the modelled temporal evolution of vertical dust concentration
over the Cape Verde at 16° N; 22° W for January 2007 and March and July 2006 rep-
resenting the characteristics of the different seasons. During winter, the dust transport
layer is situated at lower tropospheric levels with maximum dust concentrations up to
around 2 km on most days. Frequently the dust layer extends down to (near-)surface
layers (Fig. 5). In summer, the dust transport layer is the Saharan Air Layer (SAL),
which is aloft in heights around 4-5km and does not extend to the ground levels (see
also Sect. 3.1 and Fig. 5c). During spring, the dust transport layer can be found in
lower tropospheric layers (up to around 2km) as well as in higher levels (around 4 km
height). Dust transport in spring is characterised by a transition from lower (winter)
transport heights to high (summer) transport heights (Fig. 5b). Comparing both the
AOT (Fig. 4) and vertical dust concentration distributions (Fig. 5), it is obvious that high
AQOT do not necessarily indicate high surface dust concentrations. However, high dust
concentrations at surface levels are coincident with high deposition rates (Figs. 4 and
5). The relation between these three measures are strongly impacted by the height of
the dust layer. In winter when the dust layer is situated within the lower troposphere
or near the surface within the trade wind layer, high dust deposition rates coincide with
high dust concentrations and high AOT values. In summer, this coincidence is not ev-
ident due to the dust transport occurring in an elevated layer above the trade winds
inversion. However, the dust deposition at a specific location is not closely linked to
the AOT (Fig. 4). Dust deposition depends rather on the vertical distribution of dust
concentrations for which the AOT does not take account.
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3.4 Zonal dust flux

Besides the horizontal distribution of AOT, dust concentration and dust deposition,
zonal dust fluxes can be used to describe dust transport. In case of the Saharan
dust export towards the North Atlantic, zonal fluxes can be used to estimate Saha-
ran dust export due to the dominant zonal wind direction in all seasons (e.g. Kaufman
et al., 2005). Here we computed monthly zonal dust fluxes at 10°W, 15° W and 20° W
(Fig. 6) using the results from the regional dust emission and transport model. Zonal
dust fluxes Fy ¢ are calculated using zonal wind speed v and dust concentration My,;:

qust = Mdust “u. (7)

The 10° W meridian crosses the Western Sahara, so the western-most Saharan dust
sources will be missed but dust export tracking over the Gulf of Guinea and the Canary
Islands will be captured close to the coast. The 20° W meridian is located over the At-
lantic. Both meridional transects start at 2.5° N and end at 40° N, limited by the domain
of the regional model LM-MUSCAT. The vertical structure of monthly zonal dust export
for winter (January 2007) and summer (July 2006) is shown in Fig. 6. In winter, most
of the dust is transported within the lower tropospheric layers, peaking between 12°N
and 16° N with a maximum dust export per layer at —1 Mg/month at 10° W (the negative
sign indicating westward transport). At 20° W, maximum of dust export is shifted further
northward and peaking at around 17° N with a maximum export of —3 Mg/month (see
Table 1). Above the layers with strong westward dust export, especially at the 20° W
meridian, a significant eastward back-transport of Saharan dust occurs. In the tropics,
the Hadley circulation is dominant and provides east to northeasterly surface winds
related to the subtropic high-pressure system and the tropical low-pressure zone. In
the upper troposphere, low pressure is evident over the subtropical surface high due
to descending of air masses and high pressure over the tropical depression due to
ascending air. Consequently, in the upper troposphere the air flow is reversed. Once
Saharan dust has reached the upper troposphere, it can be transported back from the
Atlantic towards Africa. Additionally to a strong westward dust export in the lower tropo-
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sphere over the tropics, an eastward back-transport is significant over the subtropical
Atlantic (around 30° N) at 20° W. During winter extra-tropical cyclogenesis occurs over
the subtropical Atlantic leading to transport of dust back to the Sahara. In summer,
the zone of maximum dust export from the Sahara is located at higher altitudes due
to elevation of dust layer above the monsoon layer and shifted to the north, related to
the northward shift of the Hadley circulation. The maximum dust export at one level
reaches values of —0.1 Mg/month and —8 Mg/month respectively, see Fig. 6. Further-
more, the dust layer raises at the distance between 10°W and 20° W due to overlaying
the moist marine air masses. While in winter the southeast part of the Sahara is a more
active dust source area, in summer the western part is the more active source region
(Schepanski et al., 20081). In winter, caused by location of active source area and
south to southwesterly transport direction (into the Sahel and Savanna sector), most of
the dust is exported towards the Atlantic at tropical latitudes. In summer, the Western
Sahara is the most active part and, additionally, westerly winds transport the Saharan
dust towards the Atlantic. At tropical latitudes the monsoon circulations forced by the
Saharan heat low transports dust back towards the African continent. As described
above, in the upper troposphere the wind direction is reversed which is also evident
in summer at both longitudinal transects. The dust export towards the North Atlantic
computed by the regional model LM-MUSCAT show clearly the seasonal shift in wind
regimes influencing the dust transport in the lower and in the upper troposphere.

3.5 Bodélé dust

The Bodélé Depression is the single most active dust source area of the world
(e.g. Prospero et al., 2002) and is characterised by a maximum activity in winter and
minimum during summer months (Schepanski et al., 2008"). The Bodélé, now located
a hyper-arid zone, was a fresh-water lake about 6 000 years ago (Lake Mega-Chad,
Washington et al., 2003). Today, a hard crust of diatomite covers the former lake floor
and provides a large amount of dust by aeolian erosion Washington et al. (2003). It has
been claimed that the diatomite-rich dust originating from the Bodélé Depression has
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an important fertilising impact on the Amazonian rain forest in South America (e.g. Ko-
ren et al., 2006). Here we use the regional model LM-MUSCAT to evaluate the fraction
of Bodélé dust over North Africa and the adjacent East Atlantic (Figs. 7 and 8). Due
to changing source activity with the seasons, the contribution of Bodélé dust to the
total dust load and deposition changes with seasons as well. During winter, the Bodélé
Depression is the most active source over the entire Sahara and Sahel domain (Schep-
anski et al., 20081) and consequently the contribution of Bodélé dust is highest during
this season. The present modelling study show a part of Bodélé from up to 50% over
the Cape Verde Archipelago. During summer, when the dust source activity in the
Bodélé Depression reaches minimum (Washington and Todd, 2005; Schepanski et al.,
20081), its contribution to the atmospheric dust content is low (up to 14% over the
Cape Verde Islands). Beside the low source activity in the Bodélé, other source areas
show a high activation frequency and are dominant (Schepanski et al., 20081). Over
the northern Sahara and the extra-tropical Atlantic, the contribution of dust originating
from the Bodélé is significantly lower than over the Sahel, Savanna and tropical At-
lantic. The zonal flux of dust originating from the Bodélé indicates a strong seasonal
dependences to Bodélé dust mobilisation activity and wind regime determining trans-
port direction (see Fig. 7 and Table 2). In winter, dust export from the Bodélé occurs
at lower tropospheric levels near the surface, peaking around 13°N (-3 Mg/month) at
10°W and around 18° N (-0.1 Mg/month) at 20° W. The Bodélé dust export is positive
in summer at lower tropospheric heights (maximum export of 0.02 Mg/month at 10° W)
and negative in the middle and upper troposphere (maximum backward transport of
4 kg/month at 10°W). In summer, dust export from the Bodélé is significantly lower
than in winter, and additionally the dust layer originating from the Bodélé is mixed up-
ward during transport towards the Atlantic. In summer, the WAM is dominant in the
lower troposphere and transports air masses towards the Sahran heat low situated
over the Western Sahara. Consequently a positive, eastward transport of dust occurs
at low levels. Considering Bodélé dust alone, westward dust export fluxes seem to
be in disagreement with the Saharan dust export including the Bodélé. The export of
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Bodeélé dust can be larger than the Saharan export as it includes westward (negative)
and eastward (positive) fluxes as well as the vertical total flux can show different direc-
tions. Depending on leading wind regimes, total dust export can be positive for dust
from the entire Sahara and Sahel domain but at the same time negative regarding the
part of the dust originating from the Bodélé. However, mineral dust from the Bodélé
Depression is able to reach higher tropospheric levels (Fig. 7) which is a precondition
for long distance transport as crossing the Atlantic. For transport to South America, two
preconditions are fulfilled during winter: wind regimes over the tropical Atlantic have a
southwest component and the Bodélé is most active during this season.

3.6 Relationship of AOT, dust column load and deposition

In Sect. 3.4 the dust flux from North Africa towards the tropical and subtropical Atlantic
is described using the regional dust emission and transport model LM-MUSCAT. Kauf-
man et al. (2005) propose a method to determine dust concentrations as well as dust
fluxes and dust deposition from space-borne measurements. The authors used AOT
based on MODIS (Moderate Resolution Imaging Spectroradiometer) observations to
derive dust column concentrations assuming a constant ratio between atmospheric
column dust load M, and AOT 7y,

M““=13m95ﬁ=27i04gﬂ#, (8)
Taust Q

with the density of dust particle p, the effective radius of dust particle R,z and the
light extinction efficiency Q. Results from the regional model LM-MUSCAT show a
lower My,et/ Taust-ratio of 1 g/m? (Fig. 9) instead of 2.7 g/m? assumed by Kaufman et al.
(2005). No differences in this ratio pointing towards a seasonal or regional dependence
can be found for the three simulated months. Kaufman et al. (2005) derive the AOT
from the satellite measured radiance by using look-up tables for fine-mode aerosol
(0.1 um<R4<0.25 um) and coarse-mode aerosol (1 um<R.4<2.5 um). Differences for
the Myst/ Tqust-ratio derived from LM-MUSCAT model results using five independent
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size bins (radius limits at: 0.1 um, 0.3 um, 0.9 um, 2.6 um, 8 um and 24 um) and the
ratio proposed by Kaufman et al. (2005) might be influenced by different size distri-
butions of the atmospheric dust load. This size distribution of dust computed by LM-
MUSCAT have been compared with near source measurements (Heinold et al. 20084),
yielding good agreement. Measurement campaigns situated in far-source areas like
the SAMUM-II and SOPRAN field measurements on the Cape Verde Islands will help
to improve estimates of the dust size distribution and derived products as the AOT. Fur-
thermore Kaufman et al. (2005) determine northern Atlantic dust deposition fluxes by
assuming that the gradient of AOT between two points is related to the atmospheric
removal of dust. To test, whether the derivation of mass fluxes from dust column
concentrations based on AOT values is realistic, we compute dust fluxes through a
meridional transect along 10° W and 20° W using three different approaches: dust flux
computed using Eq. (7) at each level (case 1), using Eq. (7) but using total dust col-
umn concentration and zonal wind speed at a fixed height (800 hPa in winter, 700 hPa
in summer) as in Kaufman et al. (2005) representing the transport height (case 2),
and as case 2 but the total dust concentration derived from modelled AOTs following
Eq. (6) and using a My, s/ Tqust-ratio of 2.7 g/m2 (case 3). Comparing to dust fluxes
computed directly from dust concentrations at each height level, large differences con-
cerning the transported dust amount can be found for case 1 and 2. The dust load,
normally inhomogeneously vertical distributed is assumed to be concentrated within
the transport layer which leads to a lager dust export. The zonal wind speed reverses
at a level of 1-2 km, where the direction of the wind changes due to the cell structure of
the Hadley circulation. In case of fixed transport levels (case 2 and 3), the dust fluxes
are less realistic due to resulting eastward dust fluxes than in case 1. However, by
using zonal wind speeds the meridional component of the dust flux is not considered.
Thus the gradient of dust fluxes result in higher dust deposition than directly compared
due to not taking meridional dust transport as well as vertical diffusion into account.
Dust fluxes for case 1 and case 2 are of similar magnitude. Differences are due to the
layer-wise computation in case 1 taking the inhomogeneous vertical distribution of dust
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concentration and wind in account, and the idealised vertical dust distribution by as-
suming a well defined transport layer at a fixed layer in case 2. Dust fluxes computed
for case 2 and case 3 differ in the difference in factor of 2.7, reflecting the assumed
Mgust/ Tqusi-ratio following Kaufman et al. (2005) compared to the model results. Large
deviations between the estimates exist for the summer months. For other seasons it
can be expected that deposition fluxes derived from satellite retrieved AQOT distributions
yield satisfactory results, if the dust size distribution can be well characterised.

4 Conclusions

The study on Saharan dust export towards the North Atlantic presented here uses
results of the regional model system LM-MUSCAT to describe seasonal characteristics
of horizontal and vertical dust distributions and their evolution exemplarily for three
case studies each covering a one-month period in different seasons. Transport of
Saharan dust is characterised by the vertical and horizontal distribution of atmospheric
dust concentrations, dry and wet deposition, and zonal dust fluxes. As airborne dust is
an aerosol affected by meteorological features like wind, rain and turbulence changing
with seasons, emission, transport, and deposition show seasonal characteristics.
Summer and winter are the most dissimilar seasons with regard to Saharan dust
transport. In winter, dust concentration has its maximum in near-surface layers 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 distribution
of the zonal dust export clearly shows the relation of meridional dust export with general
circulation pattern that is mainly controlled by the Hadley circulation. Considering the
dust source activity controlling the atmospheric dust concentration, the Bodélé is most
active during winter. Consequently the contribution of Bodélé dust to the Saharan dust
load is maximum in winter months. Preconditions for long-range transport towards the
South American rain forest are the best during winter months. The ratio of AOTs and
deposition rates depends strongly on the height of the dust layer. The relation of dust
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deposition and AOT is evident for dust transported within the near-surface levels dust
deposition is directly related to dust deposition, but this is not the case for elevated
dust layers. In general, dust deposition rates cannot be derived directly from AOT
measurements.

Zonal dust fluxes have been computed using three different approaches by taking
the vertical inhomogeneity of the distribution of dust concentration and wind velocity
into account. Gradients of dust fluxes between 10° W and 20° W have been compared
to modelled deposition rates pointing towards the role of meridional dust transport es-
pecially in case of strong dust plumes, and the transport height.

Regional models provide a comprehensive data set in horizontal and vertical reso-
lution and are able to capture local-scale features. Model deficiencies are evident for
July 2006 for which modelled dust optical thicknesses are too low compared to MODIS
retrievals, and the temporal evolution of dust AOT at the Cape Verde location was not
matched well with AERONET sun-photometer measurements — although at this loca-
tion the magnitude of AOT between measurements and model results agree in general.
The results for this month indicate a possible overestimation of wet deposition of dust.
Too low dust AOT indicates that the modelling of moist convective events which are
relevant for dust mobilising processes in this region is deficient. Consequently detailed
investigations on dust emission during meteorological summer conditions are required.
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Table 1. Zonal Saharan dust export (Tg/month) through a meridional transect at 10°W and
20° W. Monthly sums are derived from hourly dust export computations at each model layer.
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January 2007 10°W 15°W 20°W
2.5-10°N -2.5 -0.7 -0.02
10-20°N -2.1 -1.1 -1.5
20-30°N  -0.7 -1.3 0.8
30—40°N 0.2 0.3 0.5
July 2006 10°W 15°W 20°W
25-10°N -0.8 -0.7 -3.5
10-20° N -0.9 -0.7 -35
20-30°N -0.5 -0.04 0.4
30—40°N 2.0 1.5 3.5

16085

: III III


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/8/16061/2008/acpd-8-16061-2008-print.pdf
http://www.atmos-chem-phys-discuss.net/8/16061/2008/acpd-8-16061-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/

Table 2. Zonal dust export from the Bodélé (Tg/month) through a meridional transect at 10° W
and 20°W. Monthly sums are derived from hourly dust export computations at each model

layer.
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January 2007 10°W 15°  20°W
2.5-10°N -2.0 -0.01 0.01
10-20°N -8.2 -11 0.8
20-30°N 0.5 0.4 0.4
30-40°N 0.08 0.1 0.2

July 2006 10°W 15°  20°W
25-10°N  -0.06 -0.05 -0.04
10-20°N -0.1 -0.1  0.005
20-30°N  -0.001 0.06 0.003
30—40°N 0.002 0.03 0.003
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Table 3. Zonal Saharan dust export (Tg/month) through a meridional transect at 10° W and
20° W, starting at 2.5° N and ending at 40° N. Deposition rates (Tg/month) for the area defined
by the transects are derived from either modelled deposition rates or from gradients of con-
centration between the transects. To compute dust export, three different approaches have
been used: (case 1) export computed using dust concentration and wind at each model layer,
(case 2) export computed using modelled dust concentrations but assuming a well-defined dust
layer at 800 hPa in winter and 700 hPa in summer, fluxes computed with winds at these layers,
and (case 3) export computed using modelled AOT concentrations, after Kaufman et al. (2005).
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3.1

case 1 case 2 case 3 case1 case2 cased3

Month 10°W 20°W 10°W 20°W 10°W 20°W AM AM AM  deposition
January 2007  -5.1 -02 -6.1 -14 -17 -38.7 -4.9 -4.7 -13
March 2006 0.9 5.1 -0.2 36 -05 9.8 -4.2 -3.8 -10

July 2006 -0.2 -3.1 -0.7 0.1 -1.9 0.4 2.9 -0.8 -2.3

4.0
0.6
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Fig. 1. Schematic diagram of vertical and horizontal dust export from North Africa towards the
tropical East Atlantic for winter (a, ¢) and summer (b, d). Schematics following Kalu (1979).
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Fig. 2. Monthly mean AOT for January 2007 (a), March 2006 (b) and July 2006 (c) from results
of regional modelling and MODIS measurements. The satellite data are provided freely by
GIOVANNI MODIS Online Visualization and Analysis System (MOVAS) (http://g0dup05u.ecs.
nasa.gov/Giovanni/).
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Fig. 3. Monthly dust dry and wet deposition fluxes for January 2007 (a) and July 2006 (b),

[9/m?]

computed by the regional model LM-MUSCAT.
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Date

Fig. 4. Modelled (blue solid line) and observed AOT (red solid dots) over Sal, Cape Verde
(16°N; 22° W) for January 2007 (a), March 2006 (b) and July 2006 (c) and modelled dust
deposition (black dashed line). Observations are provided by AERONET, http://aeronet.gsfc.
nasa.gov.
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Fig. 5. Temporal evolution of the vertical dust concentration (g/mz) distribution over Sal, Cape
Verde (16° N; 22° W) for January 2007 (a), March 2006 (b) and July 2006 (c).
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Fig. 6. Vertical distribution of the monthly zonal dust transport towards 10°W and 20° W for
winter (January 2007) and summer (July 2006). Eastward fluxes are positive, westward fluxes
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Fig. 7. Vertical distribution of the monthly zonal transport of dust originating from the Bodélé
Depression towards 10° W and 20° W for winter (January 2007) and summer (July 2006). East-
ward fluxes are positive, westward fluxes are negative corresponding to the common definition

of wind vectors.
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Fig. 8. Percentage of dust concentration originating from the Bodélé Depression source region
compared to total dust. (a) and (c) show the horizontal distribution of the contribution of Bodélg,
(b) and (d) the part of Bodélé dust over the Cape Verde Islands (16° N; 22° W). (a) and (b) winter
(January 2007), (c) and (d) summer (July 20086).
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Frequency

Frequency

Fig. 9. Frequency distribution of ratio of column dust concentration and AOT for (a) January
2007, (b) March 2006 and (c¢) July 2006 following a transect at 16.7° N from 30° W west of the
Cape Verde Archipelago to 20° E east of the Bodélé Depression.
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