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[1] A three-dimensional mesoscale numerical simulation has been performed to
investigate the dust emissions over the Sahel associated with strong near-surface winds in
the region of the West African Inter Tropical Discontinuity (ITD) during the summer,
when the ITD is located over Niger and Mali around 18�N. The study focuses on the
period from 2 to 12 July 2006, in the framework of the African Monsoon
Multidisciplinary Analysis (AMMA) Special Observing Period 2a1. The comparison with
observations suggests that the model can be used reliably to analyze and quantify the dust
emissions associated with the strong near-surface winds blowing over the Sahelian dust
sources during the period of interest. The daily mean values of dust load related to the
strong winds on both side of the ITD, as estimated from the simulation within the model
domain (2�W–16�E, 12–28�N), are in excess of 2 Tg on some of the days of the
2–12 July 2006 period. In the present case, the dust load associated with the strong winds
south of the ITD accounts for between one third and two thirds of the total load
mobilized in the ITD region over the entire domain on a given day. It is simulated to
range between 0.5 and 0.8 Tg on average. This study suggests that emissions driven by
strong surface winds occurring on both sides of the ITD while lying across the Sahel may
contribute significantly to the total dust load over West and North Africa observed
annually.
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1. Introduction

[2] North Africa is the world’s largest source of mineral
dust. Satellite observations consistently indicate that dust
aerosol plumes are the most widespread, persistent and
dense found on Earth [e.g., Prospero et al., 2002]. Dust
emitted from desert regions and transported in the atmo-
sphere has been recognized to be an important component
of the Earth’s climate system because of its influence on the
Earth’s radiation budget [e.g., Haywood et al., 2003]. In
many region, dust is the biggest contribution to atmospheric
optical thickness [Tegen et al., 1997], while still being one
of the greatest source of uncertainty in projection of future
climate change [Ramaswamy et al., 2001]. This is particu-
larly true over North and West Africa where dust emission

and transport has been shown to be highly variable in time
and space with an annual peak during summer [e.g.,
Prospero et al., 2002; Engelstaedter and Washington,
2007]. Importantly, there is now evidence that dust emission
are associated with meteorological features occurring on a
variety of scales from localized features like dust devils to
mesoscale and synoptic phenomena.
[3] Because of the important role that mineral dust may

play in the context of climate change and weather forecasts
[Forster et al., 2007], it is important that the variety of dust
lifting mechanisms be realistically represented in atmo-
spheric models. Using a regional dust model, Schepanski
et al. [2009] have demonstrated that the activation of the
West African dust sources during the monsoon season,
when the annual peak of dust emissions over West Africa
is observed [e.g., Engelstaedter and Washington, 2007], is
underestimated by the model. Hence accurate simulation of
dust generating mechanisms active during the monsoon
season, is particularly important for determining the overall
contribution of a given source region to the aerosol load
over North and West Africa. To date, the monitoring of dust
emissions in Africa mostly relies on space-borne observa-
tions [e.g., Prospero et al., 2002; Schepanski et al., 2007]
and is unambiguous only in the case of specific isolated
outbreak events. During most of the year, the large number
of simultaneously activated sources as well as the impor-
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tance of large scale transport, only allows the dust load to
be monitored from space. Recent research has identified
numerous mechanisms associated with dust emission over
North Africa. Dust storms have been documented to be
associated with high near-surface wind speeds resulting
from the downward mixing of momentum from the noctur-
nal low-level jets (LLJs). Such outbreaks occur in response
to the Saharan heat low dynamics [e.g., Knippertz, 2008] or
are connected to LLJs generated in the lee of complex
terrain as is the case in the Bodélé region of Northern Chad
[e.g., Washington and Todd, 2005; Todd et al., 2008a].
Occasional strong dust outbreaks have been documented to
be associated with the penetration of upper level troughs to
low latitudes [e.g., Jankowiak and Tanré, 1992], or
to density currents caused by strong evaporational cooling
along precipitating cloud bands over the northern Sahara
[Knippertz and Fink, 2006] and along the Sahara side of the
Atlas Mountain chain in southern Morocco [Knippertz et
al., 2007]. Over the Sahel, density currents associated with
mesoscale convective systems (MCSs), offer the most
efficient mechanism for dust emission and injection to
altitudes favorable for long-range transport, particularly at
the beginning of the monsoon season, before the growing
vegetation rapidly inhibits local dust emission [e.g., Sterk,
2002; Flamant et al., 2007] and when greater energy is
available to the downdraughts from the storms [Marsham
et al., 2008]. More recently, Bou Karam et al. [2008] have
identified a new mechanism for dust emission over the Sahel
during the summer, in which highly turbulent winds at the
leading edge of the monsoon nocturnal flow in the Inter
Tropical Discontinuity (ITD) region generate dust uplifting.
Using in situ measurements, Marsham et al. [2008] have
described the thermodynamic characteristics of the dusty
layer at the leading edge of the monsoon flow over the Sahel
and have shown higher dust concentrations in the monsoon
layer compared to those observed in the harmattan layer.
[4] Because dust sources are widespread over the Sahel

and presumably active on many days when the monsoon
leading edge is located in this region during the summer, dust
emissions associated with the dust lifting mechanism detailed
by Bou Karam et al. [2008] may contribute significantly to
the total dust production in West Africa. The objective of this
study is two-fold: (1) to evaluate the ability of a mesoscale
atmospheric model (Meso-NH) to represent the dust lifting
mechanism detailed by Bou Karam et al. [2008] and (2) to
estimate the dust load associated with this mechanism during
the period from 2 to 12 July 2006.
[5] The remainder of the paper is organized as follows.

Section 2 details the mesoscale model and the modeling
strategy as well as the observations used in this study. In
section 3, the evaluation of the model from a dynamics
point of view is discussed. Section 4 details the simulated
dust emission fields. The estimate of dust load in the ITD
region is discussed in section 5. The paper concludes in
section 6.

2. Data Sources

2.1. Mesoscale Simulation

2.1.1. Model Description
[6] The simulation has been carried out using Meso-NH

[Lafore et al., 1998], a nonhydrostatic mesoscale atmo-

spheric model with an online dust emission and transport
module. Meso-NH includes parameterizations of various
processes including cloud microphysics [Cohard and Pinty,
2000], turbulence [Bougeault and Lacarrére, 1989], deep
convection [Bechtold et al., 2001], lightning processes
[Barthe et al., 2005], gaseous chemistry [Suhre et al.,
1998], chemical aerosol [Tulet et al., 2005] and dust aerosol
[Grini et al., 2006]. The deep convection, cloud micro-
physics, lightning, gaseous chemistry and chemical aerosol
packages come as options in the model and are not activated
in the present simulation.
[7] Meso-NH is coupled to an externalized surface model

which handles heat and water vapor fluxes between the low-
level atmosphere and four types of surface: vegetation,
towns, oceans and lakes [Masson et al., 2003]. Natural land
surfaces are described by interactions treated in the Soil
Biosphere and Atmosphere model (ISBA) [Noilhan and
Mahfouf, 1996].
[8] The dust emission scheme is the Dust Entrainment

And Deposition (DEAD) model [Zender et al., 2003],
implemented as a component of Meso-NH [Grini et al.,
2006], that calculates dust flux from wind friction velocity.
DEAD includes entrainment thresholds for saltation, mois-
ture inhibition and saltation feedback. The ORILAM model
[Tulet et al., 2005] simulates transport and loss processes by
following the evolution of two moments of three lognormal
modes defined by Alfaro and Gomes [2001]. Dust advection
and diffusion are quantified by the transport processes and
methods used in Meso-NH which include mixing within the
planetary boundary layer, shallow convective transport and
advection by winds. Meso-NH uses the radiative scheme of
the European Centre for Medium-range Weather Forecasts
(ECMWF), which computes shortwave and longwave radi-
ative fluxes. Shortwave radiative fluxes are computed for
6 wavelengths using the extinction coefficients, asymmetry
factors and single scattering albedo provided by lookup
tables.
[9] The decision to use Meso-NH was based on the fact

that the mesoscale dynamics is what drives the dust mobi-
lization and that it needs to be well reproduced in the
simulation in order to assess a reliable model-based estimate
of the dust emission in the region. The performances of
Meso-NH, especially in terms of dynamics and thermody-
namics, are well established and its ability to simulate dust
emission and transport over West Africa has been high-
lighted in several recent studies [e.g., Grini et al., 2006;
Chaboureau et al., 2007; Tulet et al., 2008; Crumeyrolle et
al., 2008; Todd et al., 2008b; Bou Karam et al., 2009]. The
choice of this model is what limits the length of the
simulation, as Meso-NH was not designed to produce
long-term simulations, but rather case studies of at most 7
to 10 days (which is already quite long for such a model).

2.1.2. Modeling Strategy
[10] There are 3 major contributions to the observed AOD

values anywhere over Sahel: (1) the dust mobilized as the
result of strong near-surface winds on both sides of the ITD,
(2) the dust mobilized at the leading edge of cold pools
issued from mesoscale convective systems south of the ITD,
and (3) the dust that is not mobilized locally but advected
over the Sahel from remote Saharan sources.
[11] Because, the overall objective is to determine the

dust load associated with the emission occurring at the
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leading edge of the monsoon flow and subsequently trans-
ported south within or just above the monsoon layer, the
simulation was designed only to reproduce dust mobiliza-
tion associated with item (1) above.
[12] Deep convection is not activated in the simulation,

and hence, dust mobilization associated with item (2) is not
accounted for. Furthermore, the initial and lateral boundary
conditions do not include information on the distribution of
dust aerosol over the whole continent, meaning that the
model does not account for dust mobilized outside of the
simulation domain.

2.1.3. Simulation Description
[13] In this study a 10-day simulation (2–12 July 2006)

was performed. The study area covering Niger, Eastern Mali
and southern Algeria forms a domain of 1000 km �
1000 km (centered on 20�N/7�E) with a horizontal mesh
size of 20 km (see Figure 1). In the vertical, 62 levels were
used with 35 of them within the planetary boundary layer
(i.e., below 2 km). The lowermost level is at 30 m above the
ground, while the highest level is at 28 km above the
ground. Initial and lateral boundary conditions were taken
from the ECMWF analyses. In order to keep the simulation
close to the analyzed meteorological conditions, the bound-
ary conditions of the simulations were nudged toward the
ECMWF analyses with a 6-hour timescale. ECMWF tem-
perature, humidity and wind fields are nudged throughout
the depth of the atmospheric column.
[14] The domain of the simulation encompasses the

prominent dust sources over Mali, Algeria and Niger that
are generally activated in the summer season. The region to
the south and west of the Hoggar and to the west and east of
the Aı̈r Mountains is characterized by a huge system of
paleo and ephemeral rivers and streams that drain the
Hoggar and Aı̈r massifs, thereby producing a complex array
of dust sources consisting of fluvial deposits. There also
exist similar dust sources in northern Niger close to the
Libya and Chad borders, i.e., ephemeral rivers and streams

that drain the Tibesti and the Djado plateau (between the
Tibesti and Hoggar Mountains). A recent study by Schepanski
et al. [2007], based on the Meteosat Second Generation
(MSG) Spinning Enhanced Visible and Infrared Imager
(SEVIRI) dust index, has shown that the sources around
the Aı̈r Mountains were the most active during the month
of July 2006, together with the sources over northern Mali,
close to the border with Algeria [see Schepanski et al., 2007,
Figure 2a]. The sources over northern Niger (south of the
Djado plateau) were also activated, but were not prominent
dust suppliers.

2.2. Observations

2.2.1. Airborne Lidar Observations
[15] The dust uplifting mechanisms associated with the

strong near-surface winds at the leading edge of the mon-
soon flow in the ITD region have been investigated by
means of airborne lidars measurements acquired from two
platforms in the morning of 7 July 2006 [Bou Karam et al.,
2008], during the African Monsoon Multidisciplinary Anal-
ysis (AMMA [Redelsperger et al., 2006]) Special Observ-
ing Period denoted ‘‘2a1’’. The Service des Avions Français
Instrumentés pour la Recherche en Environnement
(SAFIRE) Falcon 20 (hereafter F/F20) was equipped with
the airborne differential absorption lidar LEANDRE 2
[Bruneau et al., 2001; Flamant et al., 2007], while the
Deutsches Zentrum für Luft- und Raumfahrt (DLR) Falcon
20 (hereafter D/F20) was equipped with the airborne Wind
Infrared Doppler lidar (WIND [Werner et al., 2001;
Reitebuch et al., 2001]). The measurements were made over
northern Niger, southwest of the Hoggar and the Aı̈r
Mountains (Figure 1). Both aircraft flew at approximately
8 km above mean sea level (msl) from Niamey (2.16�E/
13.5�N) to a point close to the Algerian border located at
7�E/20�N. The mission was performed in the early morning
between 0600 UTC and 0900 UTC (between 0700 and
1000 LT, i.e., shortly after sunrise which was around 0545 LT

Figure 1. Map of Africa showing the orography (m) over the continent. The domain of the Meso-NH
simulation is shown by the black box. The white solid line shows the aircraft flight track on 7 July 2006.
The black solid line represents the location of the cross section used for the calculations in Figure 2.
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in the region of operations), when the monsoon flow is
typically strong and the ITD is well defined. WIND-derived
vertical profiles of the horizontal wind vector are determined
by a conical scan using the Velocity Azimuth Display
technique. The vertical and horizontal resolutions of the wind
field are 250 m and about 4 km, respectively. LEANDRE-
derived atmospheric reflectivity (at 730 nm) is mostly sensi-
tive to aerosols with radii ranging from 0.1 to 5 mm, and
hence to dust aerosols [e.g., Flamant et al., 2007]. Reflec-
tivity associated with desert dust is generally not expected to
be sensitive to relative humidity fluctuations, especially close
to the emission sources. Hence reflectivity may be considered
as a good proxy for aerosol concentration (i.e., it provides
reliable qualitative information on the location of the dust
layers, not quantitative information). The vertical and hori-
zontal resolutions of the reflectivity field are 15 m and about
1.5 km, respectively. In the present study, lidar data are used
mainly for model validation purposes.

2.2.2. Ground-Based Measurements
[16] Observed surface thermodynamics measurements

were also used for model validation purposes over the entire
period from 2 to 12 July 2006. Surface wind (10 m above
ground level, agl), temperature and humidity (2 m agl)
acquired in Niamey, Niger, were obtained from meteoro-
logical station instruments deployed in the framework of the
ARM Mobile Facility detachment [e.g., Slingo et al., 2008],
while aerosol optical depth (AOD) data were obtained from
the Sun photometer instrument deployed at Banizoumbou,
Niger, (20 km away from Niamey) under the AERONET
project (level 2 cloud-screened product data were used
here). The ARM data used here was available at a 1 min.
sampling rate. The sampling rate associated with the Sun
photometer ‘‘direct sun’’ measurements is on the order of a
few minutes. However, the temporal resolution of the AOD
retrievals is quite variable due to the screening applied to
the data in the presence of clouds.

2.2.3. Space-Borne Observations
[17] The horizontal distribution of dust is described using

SEVIRI images produced from a combination of three
infrared channels, namely channel 10 (12 mm), channel 9
(10.8 mm) and channel 7 (8.7 mm). False-color images
(available on http://radagast.nerc-essc.ac.uk/SEVIRI_
Dust.shtml) are created using an algorithm developed by
EUMETSAT which colors red the difference between the
12.0 and 10.8 mm channels, green the difference between
the 10.8 and 8.7 mm channels and blue the 10.8 mm channel
[e.g., Schepanski et al., 2007]. On these composite images,
dust appears pink or magenta.
[18] Finally, daily 1� � 1� resolution AOD fields obtained

from the Moderate Resolution Imaging Spectroradiometer
(MODIS)/AQUA Deep Blue Collection 005 over desertic
surfaces (MOD08 product) were used to compute dust mass
loads associated with the emissions in the ITD region, using
the relationship proposed by Koren et al. [2006], and
updated by Todd et al. [2007].

3. Low-Level Dynamics and Associated Dust
Emissions During the Study Period

[19] During the 2–12 July 2006 period, prevailing mete-
orological conditions over West Africa are investigated
using the Meso-NH simulation. Figure 2 shows a Hovmo-
eller diagram at 6�E over 12–28�N for wind speed at
925 hPa (Figure 2a) and dust concentration at 30 m agl
(Figure 2b). During 2–12 July 2006, Niger (and Mali, not
shown) was under the influence of strong opposing winds (in
excess of 16 m s�1 at 925 hPa) separated by an area of weak
winds (�2 m s�1) close to 17�N corresponding to the ITD.
[20] Buckle [1996] defines the ITD using a 14�C dew-

point temperature criterion, with air to the north (south) of
the ITD being characterized by dew-point temperatures less
than (in excess of) 14�C and northerly to easterly (southerly
to westerly) winds. The ITD is generally best defined during

Figure 2. Hovmoeller diagram at 6�E over 12–28 N of (a) wind speed at 925 hPa and (b) dust
concentration at 30 m agl simulated with Meso-NH. The black line represents the ITD.
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(2007), Dust mobilization due to density currents in the Atlas region:
Observations from the SAMUM 2006 Field Campaign, J. Geophys. Res.,
112, D21109, doi:10.1029/2007JD008774.

Lafore, J. P., et al. (1998), The Meso-NH atmospheric simulation system:
Part I. Adiabatic formulation and control simulations, Ann. Geophys., 16,
90–109.

Marsham, J. H., D. J. Parker, C. M. Grams, C. M. Taylor, and J. M. Haywood
(2008), Uplift of Saharan dust south of the intertropical discontinuity,
J. Geophys. Res., 113, D21102, doi:10.1029/2008JD009844.

Masson, V., J. Champeaux, F. Chauvin, C. Merguet, and R. Lacaze (2003),
A global database of land surface parameters at 1-km resolution n
meteorological and climate models, J. Clim., 16, 1261–1282.

Noilhan, J., and J. F. Mahfouf (1996), The ISBA land surface parameter-
ization scheme, Global Planet. Change, 13, 145–159.

Parker, D. J., R. R. Burton, A. Diongue-Niang, R. J. Ellis, M. Felton,
C. M. Taylor, C. D. Thorncroft, P. Bessemoulin, and A. M. Tompkins
(2005), The diurnal cycle of the west African monsoon circulation,
Q. J. R. Meteorol. Soc., 131, 2839–2860.

Prospero, J. M., P. Ginoux, O. Torres, S. E. Nicholson, and T. E. Gill
(2002), Environmental characterization of global sources of atmospheric
soil dust identified with the Nimbus 7 Total Ozone Mapping Spectro-
meter (TOMS) absorbing aerosol product, Rev. Geophys., 40(1), 1002,
doi:10.1029/2000RG000095.

Ramaswamy, V., O. Boucher, J. Haigh, D. Hauglustaine, J. M. Haywood,
G. Myhre, T. Nakajima, and S. Solomon (2001), Climate Change 2000:
The Science of Climate Change, IPCC, World Meteorological Organiza-
tion, Cambridge Univ. Press, Cambridge, U. K.

Redelsperger, J.-L., C. D. Thorncroft, A. Diedhiou, T. Lebel, D. J. Parker,
and J. Polcher (2006), African Monsoon Multidisciplinary Analysis: An
International Research Project and Field Campaign, Bull. Am. Meteorol.
Soc., 87, 1739–1746.

Reitebuch, O., C. Werner, I. Leike, P. Delville, P. H. Flamant,
A. Cress, and D. Engelbart (2001), Experimental Validation of Wind
Profiling Performed by the Airborne 10.6 mm-Heterodyne Doppler Lidar
WIND, J. Atmos. Oceanic Technol., 18, 1331–1344.

Schepanski, K., I. Tegen, B. Laurent, B. Heinold, and A. Macke (2007), A
new Saharan dust source activation frequency map derived from MSG-
SEVIRI IR-channels, Geophys. Res. Lett., 34, L18803, doi:10.1029/
2007GL030168.

Schepanski, K., I. Tegen, M. C. Todd, B. Heinold, G. Bonisch,
B. Laurent, and A. Macke (2009), Meteorological processes forcing
Saharan dust emission inferred from MSG-SEVIRI observations of
sub-daily dust source activation, J. Geophys. Res., 114, D10201,
doi:10.1029/2008JD010325.

Slingo, A., et al. (2008), Overview of observations from the RADAGAST
experiment in Niamey, Niger: Meteorology and thermodynamic vari-
ables, J. Geophys. Res., 113, D00E01, doi:10.1029/2008JD009909.

Sterk, G. (2002), Causes, consequences and control of wind erosion in
Sahelian Africa: A review, Land Degrad. & Dev., 14, 95–108.

Suhre, K., et al. (1998), Physico-chemical modelling of the first aerosol
characterization experiment (ace 1) lagrangian b: 1. A moving column
approach, J. Geophys. Res., 103(D13), 16,433–16,455.

Tegen, I., P. Hollrig, M. Chin, I. Fung, D. Jacob, and J. Penner (1997),
Contribution of different aerosol species to the global aerosol extinction
optical thickness: Estimates from model results, J. Geophys. Res.,
102(D20), 23,895–23,915.

Thorpe, A. J., and T. H. Guymer (1977), The nocturnal jet, Q. J. R.
Metereol. Soc., 103, 633–653.

Todd, M. C., R. Washington, J. V. Martins, O. Dubovik, G. Lizcano,
S. M’Bainayel, and S. Engelstaedter (2007), Mineral dust emission
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