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A B S T R A C T
The spatio-temporal evolution of the Saharan dust and biomass-burning plume during the SAMUM-2 field campaign
in January and February 2008 is simulated at 28 km horizontal resolution with the regional model-system COSMO-
MUSCAT. The model performance is thoroughly tested using routine ground-based and space-borne remote sensing
and local field measurements. Good agreement with the observations is found in many cases regarding transport
patterns, aerosol optical thicknesses and the ratio of dust to smoke aerosol. The model also captures major features
of the complex aerosol layering. Nevertheless, discrepancies in the modelled aerosol distribution occur, which are
analysed in detail. The dry synoptic dynamics controlling dust uplift and transport during the dry season are well
described by the model, but surface wind peaks associated with the breakdown of nocturnal low-level jets are not
always reproduced. Thus, a strong dust outbreak is underestimated. While dust emission modelling is a priori more
challenging, since strength and placement of dust sources depend on on-line computed winds, considerable inaccuracies
also arise in observation-based estimates of biomass-burning emissions. They are caused by cloud and spatial errors of
satellite fire products and uncertainties in fire emission parameters, and can lead to unrealistic model results of smoke
transport.

1. Introduction

The African continent contains the World’s most important
sources of desert dust and biomass-burning aerosol, which each
represent a major component of the atmospheric aerosol load.
The Sahara desert and the Sahelian region contribute at least 50%
to the global dust emissions (Washington et al., 2003) and a con-
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siderable amount of smoke particles originates from biomass-
burning activities in southern West Africa that are mainly caused
by grassland and savanna fires (e.g. Barbosa et al., 1999;
Andreae and Merlet, 2001; van der Werf et al., 2006, 2010).
Saharan dust and vegetation-fire smoke are transported across
the tropical Atlantic Ocean. During the peak season for land
fires in boreal winter, Saharan dust layers merge with West
African fire plumes resulting in a complex aerosol layering
(Haywood et al., 2008). Desert dust and biomass-burning parti-
cles affect the global and regional energy balance by changing at-
mospheric heating rates, temperatures and stability as well as the
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hydrological cycle (e.g. Sokolik and Toon, 1996; Myhre et al.,
2003; Miller et al., 2004; Yoshioka et al., 2007; Myhre et al.,
2008; Solmon et al., 2008). Still, considerable uncertainties re-
main in particular with regard to magnitude and sign of the
radiative effects. This is due to uncertainties in the quantifi-
cation of the highly variable distribution and complex vertical
layer structure and optical properties of dust and smoke aerosol
(IPCC, 2007).

The first field campaign of the SAharan Mineral dUst ex-
periMent (SAMUM-1; Heintzenberg, 2009) was carried out in
Morocco in May and June 2006. This column closure experi-
ment for desert dust aimed at quantifying the optical properties
and the direct radiative forcing of Saharan dust near source
regions. During SAMUM-1 a regional model system was de-
veloped for simulations of Saharan dust emissions, transport
and radiative effects (Heinold et al., 2008, 2009; Laurent et al.,
2010; Tegen et al., 2010). Compared to global models of the
dust cycle, regional modelling allows to compute surface prop-
erties and transport processes at scales that are small enough to
resolve more of the meteorological processes controlling dust
processes (Zender et al., 2003). The second field experiment
(SAMUM-2) that was carried out on Cape Verde in January
and February 2008 focused on the characterization of the mixed
plume of Saharan dust and biomass-burning aerosol transported
off the West African continent. A unique data set of remote sens-
ing measurements and in situ particle analysis is available for
investigations on the complex aerosol layering including radia-
tive effects and aging processes on mineral dust particles during
long-range transport (Ansmann et al., 2011). Within SAMUM-2,
the regional model is used to simulate the spatio-temporal evo-
lution of the mixed plume of Saharan dust and biomass-burning
aerosol. For this purpose, model parametrizations including, for
example, the wet deposition parametrization and the prescrip-
tion of preferential dust sources, were improved. In addition,
a scheme for vegetation-fire emissions of smoke particles was
developed. The results of this regional dust and smoke model
provide a spatio-temporal context to the experimental data col-
lected during the SAMUM-2 field campaign. They also provide
essential input for follow-up studies on the aerosol radiative ef-
fect on regional synoptic parameters presented by Heinold et al.
(2011). In turn, the regional model system can be evaluated on
the basis of many different and independent measurements in
order to test the validity of model parametrizations.

Here we make use of the comprehensive set of observational
data taken during the SAMUM-2 field campaign for a detailed
model evaluation. The comparisons with field measurements
and satellite retrievals will show whether the model is capable
of reproducing the emission and transport of Saharan dust and
biomass-burning particles. Particular attention is on the complex
vertical structure of aerosol layers over the tropical Atlantic
Ocean. Its good representation by the model is considered as
pre-requisite for further investigations on radiative effects and
feedbacks on meteorology.

2. Model description and methods

2.1. Regional model COSMO-MUSCAT

The distribution of Saharan dust and biomass-burning aerosol is
simulated using the regional model system COSMO-MUSCAT.
It is based on the dust model that was developed within the first
phase of SAMUM (Tegen et al., 2006; Heinold et al., 2007,
2009). The parallelized multiscale regional model system con-
sists of the non-hydrostatic model COSMO (formerly named
Lokal-Modell, LM) (Steppeler et al., 2003) as meteorologi-
cal driver, and the online-coupled 3-D chemistry tracer trans-
port model MUltiScale Chemistry Aerosol Transport Model
(MUSCAT) (Wolke et al., 2004; Renner and Wolke, 2010).
In MUSCAT, microphysical processes and chemical reactions
are described by time-dependent mass balance equations. The
advection of chemical species and aerosols is computed by a
third-order upstream scheme; an implicit–explicit scheme is ap-
plied for temporal integration (Knoth and Wolke, 1998; Wolke
and Knoth, 2000). Emission, transport and deposition of aerosol
particles are simulated using meteorological and hydrological
fields from COSMO updated every advection time step (here,
two COSMO time steps of 45 s). The model accounts for sub-
gridscale convective mass fluxes according to Tiedtke (1989).
The removal of aerosol particles from atmosphere is due to dry
and wet deposition processes. The computation of dry deposition
follows Seinfeld and Pandis (1998) and Zhang et al. (2001). Wet
deposition, that is, rain-out and wash-out, is parametrized fol-
lowing Berge (1997) and Jakobson et al. (1997). The deposition
rates are given by

�crain−out = −cdust, smoke (j, k)
Win (j ) · P

�z (k) · ρw

(1)

and

�cwash−out = −cdust, smoke (j, k) E (j )
A · P

vdr

, (2)

where cdust, smoke (j, k) is the particle concentration of size bin j
at the vertical level k, �z (k) is the increment of each vertical
level k and Win (j ) is the rain-out scavenging ratio. ρw is the
water density, P the precipitation rate and E the size-dependent
collection efficiency by raindrops. A = 5.2 m3 kg−1 s−1 de-
notes an empirical coefficient (assuming the Marshall–Palmer
precipitation size distribution) and vdr = 5 m s−1 the raindrop
settling velocity. The details of the parametrization are taken
from Tsyro and Erdman (2000) and are applied to each dust bin
and biomass-burning particles. In order to consider the enhanced
aerosol particle removal by convective precipitation, in particu-
lar close to the Inter Tropical Convergence Zone (ITCZ), the wet
deposition scheme has been adapted by increasing the subcloud
scavenging efficiency E to 1.0 in the case of moist convection.
To compensate for potential biases in simulating precipitation
over the tropical Atlantic Ocean, the modelled rain rates are ad-
justed to the daily global-gridded 0.25◦ × 0.25◦ Tropical Rainfall
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Measuring Mission (TRMM) 3B42 V6 product (Simpson et al.,
1996), when precipitation events south of 20◦N are missed or
underestimated. The correction is only applied in MUSCAT and
does not affect the COSMO meteorology.

The COSMO-MUSCAT simulations include an online feed-
back of the computed dust and smoke aerosol on the solar and
terrestrial radiation fluxes and on the atmospheric dynamics in
the meteorological model. The dust optical properties in this
study are computed from Mie theory using the refractive indices
from laboratory measurements reported by Sokolik and Toon
(1999). We assume an internal mixture of 98% kaolinite and 2%
hematite resulting in a single scattering albedo of, for example,
0.79 at 250–700 nm and 0.98 at 700–1530 nm for dust particles
of 1.5 μm effective radius (Helmert et al., 2007). Highly absorp-
tive optical properties are prescribed for biomass-burning parti-
cles, which are characteristic for freshly emitted smoke particles
from intense African savanna and grass fires (Reid et al., 2005b).
Accordingly, the single scattering albedo of smoke particles is
0.52 and 0.45 for the 250–700 nm and 700–1530 nm wavelength
band, respectively. As another important controlling parameter
for radiative forcing, the surface albedo retrieval from MODIS
(Moody et al., 2005) is used instead of the standard surface
albedo in the COSMO model. For a more detailed description
on optical properties, radiative effects and atmospheric dynamic
feedbacks of mineral dust and biomass-burning particles, we
refer to Heinold et al. (2011).

2.2. Dust emission scheme

Dust emissions in sparsely or non-vegetated areas depend on
surface wind friction velocities, surface roughness, soil texture
and soil moisture. Based on COSMO first-layer winds (about
34 m above ground level, agl) and soil moisture, dust emissions
are calculated using the emission scheme by Tegen et al. (2002).
The emission fluxes F (in g m−2 s−1) are given by

F = α
ρa

g
u3

∗
∑

i

[(
1 + u∗t (Dpi

)

u∗

)(
1 − u2

∗t (Dpi
)

u2∗

)
�si

]

× Aeff (1 − Asnow) I�,
(3)

where α is the sandblasting efficiency, ρa denotes the air den-
sity, g is the gravitational constant and u∗ is the surface friction
velocity. u∗t is the threshold friction velocity depending on the
soil particle diameter Dpi

of size fraction i. These size classes
are assumed to be lognormally distributed with mode diameters
between 2 μm and 710 μm. The relative surface area covered
by a size fraction is represented by si, I� is the influence of soil
moisture, Aeff is the erodible area depending on the seasonal vari-
ations in vegetation cover and Asnow is the part of Aeff covered by
snow. The threshold friction velocities for initial dust mobiliza-
tion are computed as function of soil particle size distribution
following Marticorena and Bergametti (1995). COSMO first-
layer winds and high-resolved roughness lengths from remote

sensing for northern Africa (Laurent et al., 2008) serve to cal-
culate the wind friction velocities assuming neutral atmospheric
stratification. Compared to the earlier model version (Heinold
et al., 2009), the location and extent of preferential dust sources
are now prescribed on the basis of Meteosat Second Genera-
tion (MSG) satellite observations. Dust emission is computed
only at those grid cells where source activation was observed
at least two times during the years 2006–2009 in the maps of
dust source activations (DSAs), which were derived from MSG
infrared dust index images by Schepanski et al. (2007) includ-
ing updates. Emissions of Bodélé dust are described according
to Tegen et al. (2006) considering the specific characteristics
of diatomite sediment, which is the dominant soil constituent
in this region. The modelled dust is transported as passive
tracer in five independent size classes within the diameter range
0.2–48 μm.

2.3. Vegetation-fire emission scheme

The emission of trace gases and aerosol particles (in mol day−1

and g day−1, respectively) that originate from biomass burning
are computed for individual fire pixels as a product of the daily
burnt area Aburn, k, the burning efficiency BEk, the empirical
emission factor EF X, k and the available fuel load or biomass
density Mbiomass, k following the basic approach of, for example,
Seiler and Crutzen (1980):

MX =
∑

k

[Mbiomass, k · Aburn, k · EFX, k · BEk]. (4)

The subscripts X and k indicate the dependency on the emit-
ted species and the biome of the fire site, respectively. In or-
der to characterize the location and the temporal variability
of fires, the Moderate-Resolution Imaging Spectroradiometer
(MODIS) fire detection products: (1) burned area maps at 500 m
and (2) daily active fire counts at 1 km resolution (Justice
et al., 2002; https://lpdaac.usgs.gov) are used. The MODIS sen-
sors are operated on board the sun-synchronous polar-orbiting
satellites Terra and Aqua and collect observations of almost
the entire Earth four times a day at around 10:30 and 22:30
(Terra) and 01:30 and 13:30 (Aqua), equatorial local time. The
burning efficiencies for main vegetation types are taken from
Reid et al. (2005a), and the species-depended emission factors
are based on Andreae and Merlet (2001) including several up-
dates. Although the compilation of emission factors comprises
more than 100 species, here the focus is on particles of di-
ameter smaller than 2.5 μm (PM2.5) (see Table 1). The mean
volume particle diameter is 0.5 μm including aerosol ageing
and hygroscopic growth. Due to continuously high humidity
within the smoke layer a constant hygroscopic growth factor of
1.35 (Reid et al., 2005b) is assumed. A map of biomass den-
sity is generated by combining two different data sets. For the
woody vegetation in tropical Africa we make use of a digital
database containing maximum potential above-ground biomass,
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Table 1. Emission parameters of biomass-burning aerosol (PM2.5)
used in COSMO-MUSCAT

Emission Burning
factora efficiencyb

Biome EF (g kg−1) BE

1 Evergreen needleleaf forest 13.0 0.5
2 Evergreen broadleaf forest 9.1 0.5
3 Deciduous needleleaf forest 13.0 0.5
4 Deciduous broadleaf forest 9.1 0.5
5 Mixed forests 9.1 0.5
6 Closed shrublands 4.9 0.6
7 Open shrublands 4.9 0.6
8 Woody savannas 4.9 0.6
9 Savannas 4.9 0.85

10 Grasslands 4.9 0.85
11 Permanent wetlands 4.9 0.5
12 Croplands 3.9 0.85
13 Urban and built-up — —
14 Cropland mosaics 4.9 0.6
15 Snow and ice — —
16 Barren/sparsely vegetated 4.9 0.85
17 Water bodies — —

Notes: The values represent averages over large numbers of fires taken
from compilations by Andreae and Merlet (2001) and Reid et al.
(2005a). For simplification, the parameters do not account for different
phases of combustion (i.e. flaming and smouldering), even though this
assumption is not verified. The ecosystem assignment in Andreae and
Merlet (2001) and Reid et al. (2005a) is adapted to the IGBP classes in
MODIS land-cover data, which is used in the vegetation-fire scheme.
aFrom Andreae and Merlet (2001) including several updates.
bFrom Reid et al. (2005a).

which is provided by the Carbon Dioxide Information Analysis
Center (CDIAC; http://cdiac.esd.ornl.gov) for the years 1980
and 2000 (Brown and Gaston, 1996; Gibbs et al., 2007). The
annual net primary productivity (NPP) at 1 km spatial resolu-
tion derived from MODIS/Terra measurements (Running et al.,
2000; Thornton et al., 2002; available at http://ntsg.umt.edu)
serves as an approximation for the available biomass in savan-
nas and grasslands. The distinction between vegetation types
is based on the MODIS land cover product providing an Inter-
national Geosphere-Biosphere Programme (IGBP) vegetation
classification map (Friedl et al., 2002; https://lpdaac.usgs.gov).

Besides deep tropical clouds that hamper the detection of fires
by satellite, baseline uncertainties in modelled biomass-burning
emissions result from the spatial error in satellite fire location
data (i.e. the assignment of fire pixels to the correct vegetation
type). Hyer and Reid (2009) estimate that vegetation-fire emis-
sions based on MODIS fire data have a positive bias of 3–19%.
The estimate is made for biomass burning in the Amazon basin,
but might be valid also for West African sources, as the problem
is of geometric nature. Other emission model parameters are

associated with even larger errors, for example, the uncertainty
of 50–100% in the potentially available biomass shown by Reid
et al. (2005a). A particular problem are the patterns of fire ac-
tivities in MODIS data, which vary systematically on even and
odd days. They result from the geographical coverage of the
satellite sensors [overpass time: 10:30 and 22:30 (Terra), 01:30
and 13:30 (Aqua), equatorial local time] and are likely related
to the different cloud-cover conditions. Gaps in active fire maps
alternately affect Nigeria and Cameroon or Ghana, Togo and
Benin. Here, the discontinuities are filled with fire information
of the previous day in order to obtain temporally continuous
data, although this distorts the day-to-day variations in some
regions.

Figure 1 illustrates the spatial distribution of land-use pat-
terns, biomass density and the area burned during January 2008
in West Africa. The emission scheme provides daily point source
emissions on an auxiliary grid of 0.1◦ × 0.1◦ spatial resolution.
The typical diurnal cycle of fire activities is approximated by
weighting the emissions by a factor of 1.25 for daytime hours
(07:00–18:00 UTC) and 0.75 otherwise. Within West African
emission areas, smoke particles are effectively lifted from sur-
face by convective transport. Due to atmospheric conditions of
high instability related to the ITCZ, deep convection over the
sun-heated ground is more efficient in vertical mixing than the
buoyancy effect of fire plumes (Haywood et al., 2008). While
moist convective aerosol transport is parametrized in MUSCAT,
small-scale convection initiated by fires is not yet considered by
the model. As approximation, smoke particles are released at dif-
ferent injection heights: 20% below 100 m, 30% between 100 m
and 500 m and 50% from 500 m to 1500 m. The vertical range
of injection heights is originally used for simulations of East-
ern European vegetation-fires with the Fire Assimilation Sys-
tem (FAS) of the Finnish Meteorological Institute (FMI, Sofiev
et al., 2009). In a sensitivity study, we found that the injection
heights are also suitable to describe the uplift of West African fire
products.

2.4. Model setup

The regional dust and vegetation-fire simulations for the
SAMUM-2 field campaign are performed with 28 km horizon-
tal grid spacing and 40 vertical layers, with the lowest layer
reaching 68 m above ground. The model domain spans from
the southwest corner at 0.2◦N, 32.3◦W to the northeast corner
at 41.1◦N, 32.9◦E and covers relevant Saharan dust sources,
West African vegetation-fires and the eastern Tropical Atlantic
Ocean including the SAMUM-2 field site at Praia/Santiago,
Cap Verde (14.9◦N, 23.5◦W). The model was run for almost
the entire period of SAMUM-2 from 10 January to 7 February
2008. For model evaluation, particular focus is on the days of
25, 28 and 31 January as well as 6 February 2008, for which
data of many colocated airborne and ground-based measure-
ments are available. Six-hourly updated analysis fields from the
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Fig. 1. Maps of West Africa showing (a) land-use patterns from MODIS and (b) biomass density, which is compiled from a database of maximum
potential aboveground biomass of woody vegetation provided by CDIAC and the MODIS annual net primary productivity (NPP) for savannas and
grasslands. (c) Map of burned area detected by MODIS in January 2008.

German weather service (Deutscher Wetterdienst, DWD) global
model GME (Majewski et al., 2002) provide initial and lateral
boundary conditions to drive COSMO-MUSCAT. The model
runs are reinitialized every 48 h to keep the meteorology close
to the analysis fields. After 24 h spin-up time for the COSMO
model, MUSCAT is coupled to compute the aerosol transport
processes. The first cycle starts with zero aerosol concentra-
tions, following cycles are initialized using the aerosol load from
the previous run. For model evaluation, aerosol optical thick-
nesses (AOTs) at 550 nm are computed from the simulated dust
distributions as

τ = 3

4

∑
j

Qext, 550 nm (reff (j ))

reff (j ) ρdust
M (j ) , (5)

where Qext, 550 nm (j ) is the dust extinction efficiency at 550 nm
depending on the effective radius reff (j ) of the particle size
class j. ρdust is the particle density (2650 kg m−3) and M (j ) is
the column mass load of mineral dust. The values of Qext, 550 nm

are calculated from refractive indices from Sokolik and Toon
(1996) and are 1.684, 3.165, 2.352, 2.145 and 2.071 for the
five size fractions, respectively. Smoke optical thicknesses are
calculated as a product of the mass extinction coefficient at the
corresponding wavelengths, for example, 4.5 m2 g−1 at 550 nm
(Reid et al., 2005b) (plus hygroscopic growth), and the mass
load of biomass-burning aerosol. In addition, profiles of particle
extinction and backscatter coefficients at 355 and 532 nm are
derived from the model results. For the conversion, an extinction-
to-backscatter ratio (lidar ratio) of 55 sr and 70 sr is used for
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mineral dust and for smoke aerosol, respectively (Tesche et al.,
2009).

2.5. Measurements during SAMUM-2

The SAMUM-2 field campaign took place in the Cape Verdes
from 15 January to 14 February 2008. Numerous in situ and re-
mote sensing observations were collected at the airport of Praia,
Cape Verde. Measurements taken aboard the research aircraft
Falcon complement the ground-based measurements character-
izing the mixed plume of Saharan dust and biomass-burning par-
ticles. In this study we make use of (1) the particle AOT measured
at Praia with an Aerosol Robotic Network (AERONET; Holben
et al., 1998; Toledano et al., 2011) sun photometer (CIMEL
Electronique 318A spectral radiometer), which measures sun
and sky radiances at seven wavelengths (340–1640 nm). Here,
only AOTs at 440 nm are considered. (2) Profiles of the 532-nm
backscatter coefficient from the six-wavelength Backscatter Ex-
tinction lidar-Ratio Temperature Humidity profiling Apparatus
(BERTHA) of the Leibniz Institute for Tropospheric Research
(IfT) (Althausen et al., 2000; Tesche et al., 2009; 2011) are
used to validate the vertical profiles of the modelled dust and
smoke plume over Praia. The lidar data have a spatial and tem-
poral resolution of 15 m and 10 s, respectively. As described
by Tesche et al. (2009), dust and smoke backscatter profiles are
separated and can be compared independently. Measurements
of the extinction coefficient at 355 nm from the portable lidar
system (POLIS) of the Meteorological Institute of the University
Munich (MIM) (Heese et al., 2002; Gross et al., 2011) are also
used for model evaluation. The POLIS overlap of only 70 m
allows for trustworthy extinction profiles below 1 km height.
(3) The model-derived dust size distribution is compared with
near-surface particle number size distributions for particles with
diameters between 20 nm and 20 μm measured at Praia. The
particle diameter size range of 20 nm ≤ D ≤ 10 μm was mea-
sured quasi-continuously by the combination of a Differential
Mobility Particle Sizer (DMPS) and an Aerodynamic Particle
Sizer (APS). Particles with 4 ≤ D ≤ 500 μm were measured
by impactor collection on coated glass substrates once a day
(Kandler et al., 2011a,b; Schladitz et al., 2011). However, the
measurements are truncated at 20 μm when compared with
the modelled dust particle size to exclude locally emitted large
particles (Kandler et al., 2011b). (4) Several flight experiments
were conducted to measure the vertical distribution of dust and
smoke particles above the observation site. The Falcon aircraft
of the German Aerospace Center (DLR) carried the airborne
nadir-looking High Spectral Resolution Lidar (HSRL) provid-
ing vertical slices of extinction and backscatter coefficients at
532 nm (Esselborn et al., 2009), which are compared to the
model-derived dust and smoke extinction coefficients along the
flight paths.

In addition, DSA maps derived from MSG satellite obser-
vations (Schepanski et al., 2007, 2009) and reports of World

Meteorological Organisation (WMO) stations are used as qual-
itative indicator for dust mobilisation. The spatial and temporal
distribution of modelled AOT of mineral dust and biomass-
burning smoke is compared to satellite retrievals of the opti-
cal thickness by MODIS Aqua and the absorbing aerosol in-
dex (AI) from the Ozone Monitoring Instrument (OMI) (Lev-
elt, 2002). The latter is qualitative indicator for the presence
of absorbing aerosol including dust and smoke particles. The
OMI AI data set is screened for clouds taking into account
only grid cells where the reflectivity at 380 nm was <12%. A
cloud screening is also applied to the model results. Grid points
are excluded from the evaluation if the fractional cloud cover
simulated by COSMO (Steppeler et al., 2003) exceeds 75%.
For a quantitative validation, the model-derived AOTs of dust
and biomass-burning aerosol are additionally compared with
quality-assured and cloud-screened AOT data from three other
AERONET stations: Izaña/Teneriffe (28.3◦N; 16.5◦W), Dakar
(14.4◦N; 17.0◦W) and Cinzana (13.3◦N; 5.9◦W). The whole
range of measurements used for model evaluation is summa-
rized in Table 2.

3. Results

3.1. Sources of West African dust and smoke aerosol

3.1.1. Saharan dust emissions. The meteorological conditions
that led to Saharan dust emissions during the SAMUM-2 field
experiment are described in detail by Knippertz et al. (2011),
who identified three main dust phases: 17–20 January, 24–26
January, and 28 January–2 February 2008. During all episodes
a strong south–north pressure gradient prevailed over the Sahel
and southern Sahara due to south-westward extensions of the
Azores High. As a result, widespread and partly intense dust
emissions occurred from the Mauritanian coast to the Bodélé
Depression. Synoptic station reports and the MSG infrared dust
index indicate that 60–75% of all dust mobilisation events were
associated to the breakdown of nocturnal low-level jets (LLJs)
generating peak surface winds that trigger dust uplift (Knippertz
et al., 2011).

The location of dust emission areas is presented in a map of
DSAs for the three dust phases in Fig. 2. Following Schepanski
et al. (2007), dust emission events are detected in images of
the MSG infrared dust index using a back-tracking approach. In
maps with 1◦ × 1◦ resolution, the first pixel, where dust uplift is
observed, is recorded. Subsequent dust emission beneath the dust
plumes cannot be clearly distinguished from transported dust.
Accordingly, the DSA data is a low estimate of dust activity. In
addition, reports of dust storms and dust raising from synoptic
stations are depicted in Fig. 2. During the first two episodes,
dust emissions were reported by several synoptic stations in
Mauritania and Mali. While during this period the dust sources
in this region are hard to detect on satellite images because
of persistent high clouds (not shown), maps of the MSG dust
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Table 2. List of local field measurements during the SAMUM-2 field campaign and standard aerosol
observations that are used in this study to evaluate the modelled spatial-temporal distribution of Saharan dust and
biomass-burning aerosol

Instrumentation/platform Used property Purpose in the evaluation

SAMUM-2 field measurements

AERONET sun photometer AOT at λ = 440 nm Local temporal evolution of AOT
(CIMEL CE-318A) Ångström exponent (380/500 nm) Relative contribution of dust and

smoke to the aerosol load
BERTHA lidar Backscatter coefficient Local vertical structure of

at λ = 532 nm, dust and smoke layers
(separate for dust and smoke)

POLIS lidar Extinction coefficient Local vertical structure of
at λ = 355 nm dust and smoke layers

HSR-Lidar aboard Falcon aircraft Vertical slices of extinction Vertical/horizontal distribution
coefficients at λ = 532 nm of dust and smoke aerosol

DMPS + APS/ Near-surface particle size First-layer dust size
Cascade impactor distribution distribution

(20 nm ≤ D ≤ 10 μm/
4 μm ≤ D ≤ 500 μm)

Routine aerosol observations

MODIS/Aqua satellite AOT at λ = 550 nm Horizontal dust/smoke distribution
OMI/Aura satellite OMI AI Horizontal dust/smoke distribution
SEVIRI/MSG satellite Dust source activations (DSAs) Dust mobilization
Synoptic station reports (WMO) Dust reports Dust mobilization
AERONET sun photometer AOT at λ = 440 nm Temporal evolution of AOT

at Cinzana, Dakar, Izaña Ångström exponent Relative contribution of dust and
(Dakar, Cinzana: 440/675 nm; smoke to the aerosol load
Izaña: 380/500 nm)

index show additional dust emissions in southwestern Algeria,
northern Mali, Niger and in the Bodélé Depression. Note that
the reporting weather stations are often downwind of the initial
source areas shown in the DSA maps since sediment transport
by wind plays an important role. The dust sources are well
reproduced by the model (Figs 2d and e), except in northern
Mali and southwest of the Hoggar mountains. In addition, dust
emissions are modelled in northern Algeria and in Libya, some
of which are confirmed by local station reports (Fig. 2).

An unusually persistent and intense high-pressure system
with its centre over France controlled the weather conditions
within dust phase 3. The associated south-north pressure gradi-
ent caused extensive dust emissions in a zonal belt from Mau-
ritania to the Bodélé, with dust production being maximum on
26 and 27 January (Knippertz et al., 2011). In the model results,
the location of dust uplift is mostly correctly placed (cf. Figs 2c
and f). However, particularly on 26 January, the simulated dust
emission rates in Mauritania and Mali are too low, and impor-
tant dust sources in the border triangle Mali–Algeria–Niger are
not activated by the model on 27 January. This leads to an un-
derestimation of the dust transport across the Atlantic Ocean
on 28 January as shown later in comparisons to OMI AI and

MODIS AOT. While the synoptic-scale meteorology and the
LLJ formation are well matched by the model, the magnitude
of the diurnal cycle in surface winds is underestimated in that
case. The problem already addressed by Todd et al. (2008) and
Schepanski et al. (2009) is illustrated in Fig. 3. Shown are the
frequency of LLJ occurrence from 03:00 UTC to 09:00 UTC
computed from COSMO-MUSCAT results for 26 January. Noc-
turnal LLJ conditions are assumed to prevail if the wind speed
difference �v between 925 hPa and 770 hPa exceeds an em-
pirically threshold of 5 m s−1 (Schepanski et al., 2009). The
model computes LLJs over the Sahel, South and West Sahara,
the Bodélé Depression and central Algeria. Their positioning
agrees with the MSG observations of DSAs between 03:00 UTC
and 09:00 UTC on 26 January, which are attributed to the noc-
turnal LLJ phenomenon (contour lines in Fig. 3a). The diurnal
distribution of near-surface (first-layer) wind speeds is investi-
gated at three sample grid points (17.0◦N, 2.8◦W; 20.8◦N, 2.8◦W;
22.8◦N, 2.9◦W) and for the subdomain 15.0–22.0◦N, 1.0–3.0◦W
in northern Mali, where dust emissions are often missed in the
model simulations (Fig. 3b). On days with LLJ development, a
sudden increase in wind speed is expected, when the nocturnal
LLJ is mixed down to the surface after sunrise between 06:00
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Fig. 2. Maps of dust emissions for three dust events during SAMUM-2 including up to 4 d prior the dust phases in Knippertz et al. (this issue)
(DP1 14–20 January; DP2 21–26 January; DP3 27 January–2 February). (a–c) occurrence of dust emissions observed from MSG infrared difference
images using a backtracking approach, overlaid with synoptic station reports of ‘dust raised by the wind’ ($) and ‘dust storm’ (→ S). (d–f) dust
source activations and (h–i) emission fluxes computed with COSMO-MUSCAT.

and 15:00 UTC. The wind speed rapidly increases about 2 hours
after sunrise at the northern grid point. Still, it takes 3 hours to
reach the maximum of 7.5 m s−1. An impulsive downward mix-
ing of momentum is also not apparent for the other grid points
and the mean. The modelled winds with maximum values be-
tween 5 and 7.5 m s−1 (Fig. 3b) are generally insufficient for dust
uplift considering the gradient of wind velocity between the first
model layer and surface. Time series of the vertical distribution
of horizontal wind speed at two of the sample grid points in
Figs 3c and d show that the vertical structure of the LLJ and
its magnitude are very well represented. Vertically limited wind

speed maxima of up to 14 m s−1 are modelled between 0.5 and
1 km height in the night and morning. The breakdown of the
nocturnal LLJ during the day is also evident in the wind profiles.
However, the turbulent mixing takes places too gradually, which
results in the missing peak surface wind speeds. The analysis
suggests that shortcomings may exist in the planetary boundary
layer scheme and/or the lower boundary conditions, i.e. model
topography and surface roughness (Todd et al., 2008). Moreover,
an underestimation of modelled surface winds and dust emis-
sion fluxes can occur in areas characterised by strong variations
in small-scale topography that cannot be resolved explicitly.
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Fig. 3. Indicators for nocturnal LLJ formation and breakdown in COSMO-MUSCAT simulations on 26 January 2008. Map of (a) frequency of LLJ
(�v ≥ 5 m s−1 between levels at around 925 hPa and 770 hPa) occurrence from 03:00 UTC to 09:00 UTC in hours. The contour lines indicate MSG
observations of DSA between 03:00 UTC and 09:00 UTC, which are assumed to be related to the nocturnal LLJ phenomenon. Time series of (b)
COSMO first-layer wind speed for three sample grid points marked by circles in (a) and as mean over the domain 15.0–22.0◦N, 1.0–3.0◦W. Time
series of (c, d) the vertical distribution of horizontal wind speed in m s−1 at two of the sample grid points.

This was shown in detail in an earlier study by Heinold et al.
(2009).

For the remaining period, the dust model performs well in
terms of spatio-temporal distribution and source strength of
dust production. The total Saharan dust emissions simulated
for the three dust phases of SAMUM-2 (14 January–2 February;
Figs 2g–i) are 20 Tg. This value is reasonable when compared
to results of previous studies. Estimates of mean dust emissions
for the entire month of January range from 20 Tg to 31 Tg
(D’Almeida, 1986; Laurent et al., 2008).

3.1.2. Biomass-burning aerosol emissions. The biomass-
burning aerosol transported across the tropical Atlantic Ocean
towards the Cape Verde Islands originates from a broad region of
the African continent between latitudes 5◦N and 11◦N (Fig. 1c).
The fire emissions, which are mainly anthropogenic and caused
by agricultural burning, achieve their annual maximum during

the SAMUM-2 period. The majority of fire activities takes place
in West African savannas (e.g. Barbosa et al., 1999; Fig. 1). Fig-
ure 4a shows a map of modelled PM2.5 emissions at 0.25◦ ×
0.25◦ resolution averaged over the simulation period from 11
January to 7 February. Hot spot areas with point sources of more
than 2.5 kg s−1 per grid cell are located in a band extending from
Guinea to Ghana and in north-central Africa. The high amount
of emitted smoke particles results from extensive burned areas
and high available biomass density exceeding 5 kg m−2 in these
regions. However, the highly productive sources are also charac-
terised by long combustion times (cf. Figs 4a and b). On average,
the fire grid cells are active on 8 days throughout the period of
28 days. The fires burn on average for 4.5 days continuously.
There is a noticeable reduction of land fires to the end of the field
campaign. The tendency is indicated by decreasing Ångström
exponents observed at AERONET stations in the Sahel and
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Fig. 4. Maps of (a) mean PM2.5 emissions in g s−1 and (b) number of active fire days at 0.25◦ × 0.25◦ resolution during the modelled period from
11 January to 7 February 2008.

sub-Sahel region of West Africa (see sun photometer observa-
tions at, e.g. Banizoumbou and Ilorin), while the AOT increases
due to the seasonal enhancement of the dust cycle (Laurent et al.,
2008). In fact, both the number of active fire pixels and the com-
bustion time are reduced from 11 January to 7 February as shown
in Fig. 5. As an exception, an increasing Ångström exponent is
reported at the beginning of February for the sun photometer
station Cinzana, where nearby land fires are observed during the
entire period. The total biomass-burning emissions of PM2.5
accumulate to 2 Tg over the modelled time period.

3.2. Spatio-temporal evolution of dust and smoke
transport

3.2.1. Horizontal distribution. During SAMUM-2 strong south-
ward extensions of the Azores High across the western Mediter-
ranean and northern Africa controlled the strength of the Harmat-
tan winds transporting mineral dust from western Sahara to Cape
Verde. To the south, synoptic-scale midlevel easterlies led to an
efficient transport of biomass-burning aerosol from vegetation-
fires over southern West Africa (Knippertz et al., 2011). The
spatial and temporal evolution of dust and smoke transport is il-
lustrated for the days 25, 28 and 31 January, and 6 February 2008
in Fig. 6. Shown are maps of model-derived optical thickness
of dust/smoke and smoke aerosol at 550 nm, the MODIS/Aqua
AOT and retrievals of OMI AI. Note that the MODIS AOT
product is not sensitive to aerosol over bright desert surfaces,
but can be used to detect biomass-burning smoke and mineral
dust over vegetated areas and water surfaces. Blue areas in the
maps of model-derived AOT and OMI AI indicate cloudiness
that obscured the aerosol plume.

On 25 January, Saharan dust emissions reported by meteoro-
logical stations and indicated by OMI AI are not shown by the
modelled AOT, apart from low dust loads over northern Mau-
ritania, Niger and the Bodélé Depression. North of the Cape
Verde Islands, the increase in AOT as observed by MODIS
is not simulated, possibly since West African dust sources
on previous days and the subsequent westward transport are

Fig. 5. Maps of number of active fire days at 0.25◦ × 0.25◦ resolution
for 10-d periods: (a) 11–20 January, (b) 20–29 January and (c) 29
January–7 February 2008.
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underestimated. However, the transport of the mixed plume from
West Africa towards Cape Verde is well reproduced in the model
results and the computed hot spots of biomass-burning aerosol
over northern central Africa also agree well with MODIS and
OMI AI observations. The smoke optical thickness appears to be
overestimated over the West African coast. This overestimation
of biomass-burning sources and the transport within possibly
wrong tropospheric layers results in the unrealistic smoke trans-
port towards the adjacent Gulf of Guinea and the open Atlantic
Ocean (Figs 6a and m). In contrast, the persistent maximum
aerosol load over the Bight of Benin is not reproduced by the
model. It is unknown whether this is due to an underestimation
of modelled smoke and Bodélé dust or an overestimation in the
satellite retrievals, which are very sensitive to aerosol lifted to
high altitudes by moist convective transport associated with the
ITCZ. Another explanation might be the industrial and urban
pollution from large urban settlements along the Gulf of Guinea
coast that is not considered by the model but can contribute to
the high amount of absorbing aerosol in this region.

A strong dust outbreak across the Atlantic Ocean occurred
on 28 January. The model simulates several active dust sources
in Mauritania and Mali as well as strong dust emissions in the
Bodélé (Fig. 6b), which is in agreement with observations of
OMI AI (Fig. 6n) and MSG-derived DSAs (Fig. 2c). In the
model results, the dust transport towards the Atlantic is too
weak, since the intense uplift of dust over northern Maurita-
nia and Mali on 26 and 27 January driven by the breakdown
of LLJs is underestimated (see Section 3.1.1). The advection
of biomass-burning aerosol was directed westwards across the
tropical Atlantic Ocean, so that the Cape Verde region was not
affected by smoke. The transport patterns are well matched by
the model, but the smoke optical thickness is overestimated when
compared to MODIS measurements.

For 31 January, there is a good agreement of Saharan dust
and smoke transport patterns between model simulations and
satellite observations, although the fire emissions in Sierra Leone
are too pronounced. As a consequence, the smoke-related AOT is
overestimated over the tropical Atlantic Ocean south of the Cape
Verde Islands. Northwest of the archipelago, MODIS and OMI
AI retrievals show the plume of the dust outbreak on 28 January,
which was transported westwards across the Atlantic Ocean.
Due to the misrepresentation of this dust event the modelled
dust optical thickness is too low in this region. However, the
high dust load over northeastern Nigeria in the MODIS AOT
map is well reproduced by COSMO-MUSCAT (cf. Figs 6c and
k). The model also simulates a high amount of Bodélé dust and
biomass-burning aerosol over the Bight of Benin in this case.

A period of nearly dust-free conditions at Praia site began
on 6 February associated with the weakening of the subtrop-
ical high and only occasional, less widespread dust emissions
in the Sahel (Knippertz et al., 2011). Lower dust emissions are
simulated in comparison to previous days. The Bodélé Depres-

sion was still active, as confirmed by OMI AI. The satellite
retrievals show smoke-dominated layers reaching Cape Verde
from West African fires. In the model, the vegetation-fire activi-
ties are significantly reduced and the modelled transport path is
more westwards than observed. Moreover, the high smoke con-
centration over an area extending from Cote d’Ivoire to Benin
and the adjacent Gulf of Guinea is not matched by the simula-
tions, even though this seems overestimated in the AOT map of
MODIS compared to OMI AI observations.

In addition, the model is tested against sun photometer mea-
surements of AOT at the locations Izaña, Praia, Dakar and
Cinzana (Fig. 7). The Ångström exponent, which describes the
spectral dependency of measured optical depth, is used as an
indicator whether dust or smoke was dominant. It is close to
zero for large dust particles, whereas values larger than one
denote the presence of very small particles as in vegetation-
fire smoke. Here, Ångström exponents larger than 0.3 define
a smoke-dominated aerosol layer. Figure 7 shows the model-
derived AOT due to biomass-burning particles and the total of
dust and smoke aerosol. Grey shaded areas denote the days, on
which the measured Ångström exponent was above the threshold
of 0.3 and a high amount of biomass-burning aerosol most likely
was present. The ratio of dust to vegetation-fire smoke as simu-
lated by the model agrees in general very well with the temporal
evolution of the measured Ångström exponents. Izaña located on
Tenerife Island is remote from African biomass-burning emis-
sions and only little affected by dust during boreal winter. The
AOT remains mainly below 0.1, which is well reproduced by
the model, except from an overestimation of the dust optical
thickness between 27 and 30 January. For the SAMUM-2 field
site Praia AOT values around 0.3 occurred at the beginning of
the period and increased to 0.6–0.7 from 28 January to 3 Febru-
ary. The model underestimates both the dust and smoke optical
thickness on 25 January. While the measurements reach up to
0.6, AOT values of only 0.4 are computed. Also the dust event on
28 January is misrepresented in the simulations for reasons al-
ready discussed earlier. However, a better agreement with respect
to dust optical optical thickness is found on the following days.
On 31 January, the modelled AOT is too high with a maximum
of about 1.1. The overestimation is caused by the strong smoke
transport towards the Cape Verdes (Fig. 6c) and an overpredicted
dust load. At the stations Dakar and Cinzana, higher values of
AOT than observed are computed by the model on days when the
optical depth is underestimated at Praia. A significant overesti-
mation is found at Cinzana on 27 and 28 January as well as two
days later at Dakar. This indicates that the dust emission areas
are not always correctly reproduced in the model. The model
simulates too strong dust sources in western Mali (see Fig. 6c),
which may also explain the overestimated AOT values at Praia
on 31 January. Within the second part of the period, the mod-
elled optical thicknesses show mostly a very good agreement
with sun photometer measurements (Fig. 7). Only at Dakar an
increase in AOT up to 0.75 on 6–7 February, which was most
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Fig. 7. Aerosol optical thickness (440 nm) at Izaña/Tenerife,
Praia/Santiago, Dakar and Cinzana on 22 January–7 February 2008.
Compared are sun photometer measurements provided by AERONET
(black circles) and values of optical thickness of modelled smoke (dark
grey shaded area) and the mixed plume of dust and smoke (solid black
line). Grey shaded areas denote the days, on which the Ångström
exponent (å) from AERONET measurements indicates a
smoke-dominated aerosol layer (å > 0.3).

likely caused by smoke transport along the West African coast,
is not matched by COSMO-MUSCAT (see Fig. 6).

3.2.2. Vertical structure. During SAMUM-2 the Saharan dust
layers over Cape Verde varied in intensity and vertical structure
on daily basis. Mineral dust dominated the lowest 1.5 km of the
atmosphere during intense dust events, but was also frequently
mixed with the smoke plume. Layers of smoke were mainly
present between 1 and 5 km height. The westerlies south of
the subtropical jet caused clean aerosol conditions above 5 km
(Knippertz et al., 2011).

The model capability to reproduce the vertical aerosol lay-
ering over the Cape Verdes is evaluated against lidar measure-
ments taken during SAMUM-2 at Praia in Fig. 8. For 25 and 31
January, and 6 February the model results are compared to ver-
tical profiles of backscatter coefficients from the BERTHA lidar
and for 28 January to extinction coefficients measured by the PO-
LIS lidar. Following Tesche et al. (2009) the backscatter coeffi-
cients are shown separately for dust, smoke and total aerosol. On
25 January the observed total backscatter coefficient over Praia
was about 4–5 Mm−1 sr−1 in the lowest 1 km agl, and a second
maximum of 4 Mm−1 sr−1 was found in the smoke-dominated
layer at about 2 km height (Figs 8a and b). The model matches
the dust profile very well, even though the backscatter coeffi-
cient is slightly too low within the lowest 1 km. The backscatter
coefficient of smoke particles is underestimated by a factor of
4 leading to an underestimation of the total aerosol backscat-
ter around 2 km height. The modelled maximum of the smoke
particle backscatter coefficient is located at 2.5 km height. A
backward-trajectory analysis reveals, that the air masses arriving
at Praia in 2 km originate from fires in Senegal and southwestern
Mali (Fig. 7b in Knippertz et al., 2011). The model simulates a
significant dust but only a weak smoke transport from these re-
gions as shown by the AOT maps in Figs 6a and e. Therefore, the
underestimation of modelled smoke particle backscatter coeffi-
cients results from too low vegetation-fire emissions prescribed
in the model. For this day observations are also available from
the DLR HSRL lidar aboard the Falcon aircraft. Figure 9 de-
picts an east–west transect of the aerosol extinction coefficient
showing layers of Saharan dust and biomass-burning aerosol
across Santiago Island in the afternoon on 25 January. The high
values near the surface are most likely due to sea salt particles,
which were often present during the campaign, but are not con-
sidered in the simulations. Again, the observations indicate an
underestimation of the modelled smoke extinction coefficient at
heights around 2 km. In accordance with the lidar profiling, the
dust and smoke transport is computed mainly below 4–4.5 km.
However, the aerosol concentration does not decrease to zero at
higher levels since the model is too diffusive in vertical transport.
The comparison to the aircraft measurements shows that both
the agreements and the discrepancies in the modelled vertical
aerosol structure are systematic but not only valid for Praia.

During the strong dust event on 28 January extinction coeffi-
cients of up to 1 km−1 were measured in the lowest 1 km (Fig. 8c).
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Fig. 8. Vertical profiles of the dust and smoke particle backscatter coefficient (532 nm) at Praia site on 25 January (14:00–16:00 UTC), 31 January
(21:32–22:32 UTC) and 6 February (20:10–22:35 UTC) 2008. On 28 January (20:30–22:20 UTC), profiles of extinction coefficients (355 nm) are
shown instead. Upper panels: total particle backscatter and extinction coefficients. Lower panels: separate profiles for dust and smoke particles (not
available on 28 January). The lidar data (black lines with coloured circles) are compared with modelled profiles (solid coloured lines).

While the model reproduces the reduction in vegetation-fire
smoke, which is also indicated by the Ångström exponent, the
maximum dust extinction coefficient is dramatically underesti-
mated by the model (Figs 8c and d). This is due to the fact that
the responsible dust storm is largely missed as already shown in
comparisons with satellite retrievals and sun photometer mea-
surements (cf. Figs 6b and 7b).

On 31 January the model reproduces the magnitude of the
dust backscatter coefficient profile except the strong decrease at
the top of the dust layer. In the model, dust mixes too efficiently
to heights of about 5 km agl, probably caused by the inability of
the COSMO to describe the boundary-layer capping inversion or
by an overprediction of vertical dust transport over the African

continent. The observations show a maximum of the dust and
smoke particle concentration at 1.5 km agl, with a maximum
total backscatter coefficient of about 4 Mm−1 sr−1. The model
simulates a pronounced maximum of biomass-burning aerosol
at 3.5 km height, which is not confirmed by the lidar profiles.
Consequently, the total backscatter coefficient is overestimated
at heights between 2 and 4.5 km (Figs 8e and f).

An overall very good agreement between model results and
lidar data is found on 6 February. The modelled backscatter
coefficient with values up to 1 Mm−1 sr−1 is within the range
of the measurements. In addition, the simulations reproduce the
ratio of desert dust to biomass-burning aerosol and the general
reduction in the aerosol load compared to previous days. Still, the
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Fig. 9. East–west transect of aerosol
extinction coefficient showing the vertical
distribution of Saharan dust and
biomass-burning aerosol during the Falcon
flight across Santiago Island on 25 January
2008 (15:05–15:38 UTC): (a) lidar data from
flight measurements and (b) model-derived
extinction coefficient. Arrows on the
Longitude/Latitude axis indicate changes in
the flight direction of the aircraft. The colour
bar and axis labels refer to both cross
sections.

observed vertical structure is more complex, and single aerosol
layers are not resolved by the model (see Figs 8g and h).

3.2.3. Dust particle size distribution. Due to the overlap ef-
fect, lidar profiling does not provide trustworthy extinction or
backscatter coefficients at the surface. Here, ground-based mea-
surements of the particle size distribution can serve as an addi-
tional indicator as to whether the dust production and transport
processes are correctly simulated by the model. However, the
comparison has to be done carefully since the measured size
distributions are affected by local soil dust emissions and sea-
salt aerosol present during most of the campaign (Knippertz
et al., 2011; Kandler et al., 2011a,b; Schladitz et al., 2011).

For 25 January, near-surface dust number size distribution
from model results agree well with ground measurements from
a combined DMPS and APS at the Praia site (Fig. 10a). Mineral
dust particles are generally found in the size range larger than
0.1 μm diameter (e.g. Schütz et al., 1981). The high number
of particles smaller than 0.1 μm in the measurements is not
related to dust concentrations. The high number concentration
of particles larger than 15 μm indicates locally emitted aerosol
particles (Kandler et al., 2011b). Dust particles larger than 10
μm have mostly been removed by mainly dry deposition during
long-range transport towards the Cape Verde Islands.

Large discrepancies between modelled dust particle numbers
and ground-based size measurements are only found for the dust

outbreak on 28 January (Fig. 10b). The strong mismatch is an
indicator for the misrepresentation of the dust outbreak across
the tropical Atlantic Ocean in the model results. The underesti-
mation of particle numbers is consistent with the discrepancies
in dust optical thickness and extinction coefficient profiles. On
31 January the agreement in dust particle number size distribu-
tion between model and surface observations at Praia is reason-
able. The modelled dust concentrations of particle diameter sizes
around 1 μm is somewhat too high (Fig. 10c), which agrees with
the overestimation of the dust AOT in Fig. 7b. The model re-
sults reproduce the measurements very well on 6 February, when
the dust optical thickness and profiles are modelled realistically
(Fig. 10c). In general, the agreement between model-derived
dust particle number size distributions and ground-based size
observations is best when the spatio-temporal dust distribution is
also modelled correctly (based on comparisons of optical thick-
ness and backscatter/extinction coefficients). In turn, reliable
size distributions are needed to compute dust optical quantities
for model validation.

4. Conclusions

The regional model-system COSMO-MUSCAT was applied to
simulate the spatial and temporal evolution of the mixed plume
of Saharan dust and biomass-burning aerosol for the period of
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Fig. 10. Ground-level number size distribution at the SAMUM-2 site Praia on 25 (15:00 UTC), 28 (09:00 UTC) and 31 January (09:00 UTC) and
6 February (12:00 UTC) 2008. Model results for the first layer at about 34 m height (dashed line), measurements from a combined DMPS/APS
system at about 5 m height (solid line). Note, the observation data are truncated at 20 μm to exclude locally emitted large particles.

the second SAMUM field experiment in January and February
2008. Standard ground-based, airborne and space-borne remote
sensing, and in situ measurements from the field campaign were
used for a detailed model evaluation. A particular focus was on
the days 25, 28 and 31 January, and 6 February which are repre-
sentative for characteristic transport scenarios. Moreover, data
of many colocated airborne and ground-based measurements are
available for these days.

Comparisons with maps of DSAs derived from the MSG in-
frared dust index and observations at several weather stations
show that the model is able to reproduce the widespread uplift
of mineral dust from Mauritania to the Bodélé Depression in
most cases. Even though the dry synoptic-scale dynamics that
cause dust events during the winter season are well matched by
the meteorological model, surface winds and dust distributions
are not always satisfactorily reproduced. So, the model mostly
fails to simulate the pure dust case on 28 January, which is un-
derestimated. The dust emissions in this case were associated
with the breakdown of nocturnal LLJs. The COSMO model
simulates the LLJ formation over the Sahara and the Sahelian
region, but the typical peak in surface wind speeds during the
morning hours caused by the degradation of LLJs is often not
reproduced or underestimated. The reason is that the downward
mixing of momentum occurs too gradually in the model. Possi-
bly, the discrepancies are due to shortcomings of the turbulence
parametrization. As a result West African dust emissions are too
low and possibly delayed, and subsequent dust transport across
the tropical Atlantic Ocean is misrepresented.

The representation of the mineral dust plume is expectedly
complicated, as strength and location of dust sources are in-
teractively based on modelled surface winds. Nevertheless, con-
siderable uncertainties also exist in the vegetation-fire emissions
that are prescribed using satellite observations. The uncertain-
ties are mainly caused by clouds and spatial errors affecting

the satellite fire detection products used to compute the smoke.
In particular, West African fires situated in the vicinity of the
ITCZ are frequently obscured by clouds. In addition, the fire
emission parameters available from literature are averages over
large numbers of fires with different combustion states that do
not necessarily represent the characteristics of individual land
fires. Systematic gaps in MODIS fire maps from day to day may
not affect climate model runs, but are problematic for regional
biomass-burning modelling. Vegetation-fire emissions are sim-
ulated in a broad belt across West Africa as prescribed on the
basis of MODIS fire location data. The fire emissions appear to
be overestimated along the coast from Guinea to Cote d’Ivoire.
In contrast, over the western Gulf of Guinea the modelled parti-
cle optical depth is often lower than observations as the fire maps
used for model initialization are contaminated by clouds. In ad-
dition, industrial and urban pollution along the Gulf of Guinea
coast, which is not accounted for by the fire location data set
might contribute to the high load of absorbing aerosol in this
region. However, it is also possible that the simulated Bodélé
dust emissions are too low.

Accordingly, the modelled transport patterns of Saharan dust
and biomass-burning smoke agree reasonably well with satel-
lite retrievals. Also, the model-derived optical thickness of dust
and smoke are mostly in agreement with the sun photometer
measurements. In general, the ratio of model-predicted dust to
smoke aerosol follows the temporal evolution of the observed
Ångström exponent that indicates whether dust or smoke domi-
nates the aerosol layer.

Comparisons with lidar measurements at the Praia site show
that the model captures the principle features of the observed
aerosol layering of dust and biomass-burning aerosol, which
is an important pre-requisite for studies on the radiative aerosol
effects and their impacts on atmospheric dynamics and transport.
Transport of Saharan dust towards the Cape Verde Islands is
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simulated mainly below 1–1.5 km height. Except the pure dust
event on 28 January, there is also a good agreement between
the simulated dust size distribution and ground measurements
of aerosol particle size. The computed smoke plume from the
tropical West Africa reaches the Cape Verdes above 1–2 km
height.

The simulations demonstrate the limits in regional mod-
elling the complex aerosol plume composed of mineral dust
and biomass-burning smoke transported off the West African
continent during the dry season. Therefore, further efforts are
needed to improve our understanding of relevant meteorologi-
cal processes forcing Saharan dust emissions and to find ways
of better representing them in regional and global dust models.
With respect to vegetation-fire smoke, satellite-based measures
of fire radiative energy have been shown to be an effective alter-
native for estimating biomass-burning emissions. In addition, a
combination of observations from several satellite instruments
could overcome some of the described difficulties.

However, the regional model system reproduces the general
features of the mixed dust and smoke aerosol distribution during
the SAMUM-2 field campaign. Transport patterns, AOTs and
the vertical structure of aerosol layers mainly agree with the
observations. The model results are a useful basis for follow-up
studies on the direct radiative effects and feedbacks of mixtures
of Saharan dust and biomass-burning aerosol using COSMO-
MUSCAT.
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during the BoDEx campaign. Atmos. Chem. Phys. 6, 4171–4211.

Tegen, I., Bierwirth, E., Heinold, B., Helmert, J. and Wendisch,
M. 2010. Effect of measured surface albedo on modeled Saha-
ran dust solar radiative forcing. J. Geophys. Res. 115, D24312,
doi:10.1029/2009JD013764.

Tesche, M., Ansmann, A., Müller, D., Althausen, D., Engelmann, R. and
co-authors. 2009. Vertically resolved separation of dust and smoke
over Cape Verde by using multiwavelength Raman and polarization
lidars during Saharan Mineral Dust Experiment 2008. J. Geophys.

Res. 114, doi:10.1029/2009JD011862.
Tesche, M., Ansmann, A., Müller, D., Althausen, D., Mattis, I. and co-

authors. 2011. Profiling of Saharan dust and biomass burning smoke
with multiwavelength polarization Raman lidar at Cape Verde. Tellus

63B, this issue.
Thornton, P. E., Law, B. E., Gholz, H. L., Clark, K. L., Falge, E. and

co-authors. 2006. Modeling and measuring the effects of disturbance
history and climate on carbon and water budgets in evergreen needle-
leaf forests. Agric. For. Meteorol. 113, 185–222.

Tiedtke, M. 1989. A comprehensive mass flux scheme for cumu-
lus parameterisation in large-scale models.. Mon. Wea. Rev. 117,
1779–1799.

Todd, M. C., Washington, R., Raghavan, S., Lizcano, G. and Knippertz,
P. 2008. Regional model simulations of the Bodélé low-level jet of
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