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Abstract. Aerosol properties were measured during an air-
borne campaign experiment that took place in June 2006
in West Africa within the framework of the African Mon-
soon Multidisciplinary Analyses (AMMA). The goal of the
present study was to investigate a dynamical mechanism able
to facilitate the sedimentation of dust particles from the Sa-
haran Air Layer (SAL) into the boundary layer. A significant
change in the dust particle concentration measured along the
meridian between Niamey (Niger) and Cotonou (Benin) was
found in the boundary layer (∼700 m), where the dust par-
ticle concentration increased in a zone where local emission
is not possible. Moreover, the boundary layer top observed
with the dropsondes launched with the F-F20 shows a strong
relationship with the surface cover anomalies, with higher
Boundary Layer (BL) tops over the warmer surfaces, such
as croplands, as opposed to adjacent forest. A mesoscale at-
mospheric model with a new on-line dust parameterization,
resulting from the Alfaro and Gomes (2001) parametrisation
and AMMA observations, was used to interpret the impact
of vegetation anomalies on dust particle sedimentation. The
results of the simulation are consistent with the observations,
with higher dust concentration over the warm surface cover
anomalies.
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1 Introduction

Mineral dust represents the second largest component of pri-
mary particle emissions by mass, with an estimated global
source strength of 1000 to 3000 Mt/yr (Ginoux et al., 2001;
Houghton et al., 2001). Mineral dust consists of soil particles
liberated by the wind at the surface and which can be raised
to considerable tropospheric altitudes by the strong convec-
tive regimes that might develop over the desert. As a result,
dust particles are transported by the winds to Europe, Mid-
dle Eastern regions and South America (e.g. Prodi and Fea,
1979; Levin et al., 1980; Talbot et al., 1986; Guerzoni et
al., 1997; Avila et al., 1997; Prospero, 1999; Gobbi et al.,
2003). These particles contribute significantly to the global
radiative budget through absorption and scattering of long-
wave and shortwave radiation (Houghton et al., 2001), and
their indirect effect on cloud microphysics (Intergovernmen-
tal Panel in Climate Change, 2007; Twomey, 1977; Albrecht,
1989; Sandu et al., 2008). The mineral dust particle effect
depends on their physical, mineralogical and chemical prop-
erties that, in turn, depend on source area mineralogy, and
processes on the particle surfaces during transport in dry or
aqueous phases (Levin et al., 1996; Goudie and Middleton,
2001; Luo et al., 2003; Crumeyrolle et al., 2008).

Over West Africa, dust emission events occur regularly
over the Tibesti and Ennedi mountains in Chad, and over the
Bodélé depression due to an enhanced low-level jet feature
(Washington and Todd, 2005; Washington et al., 2006; War-
ren et al., 2007; Todd et al., 2008b). After being transported
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within the Harmattan flux, which comprises the northeast-
erly trade winds, dust particles are observed in the Saha-
ran Air Layer (SAL, Karyampudi et al., 1999; Cuesta et
al., 2009; Flamant et al., 2009b). The SAL, localised above
the monsoon layer, is decoupled from the surface below and
is more closely linked to the desert regions (Parker et al.,
2005a). Then, the presence of aerosol in the SAL is con-
nected to long range transport from Sahelian and Saharan re-
gions. Because of the potential of air-suspended particles for
long range transport and the way these particles interact with
solar and terrestrial radiation, the sedimentation process of
dust particles could impact on the atmospheric stratification
and thereby may modify the West African weather, and is of
a major interest.

The goal of the present study is to better understand the
mesoscale process that affects the dust sedimentation dur-
ing its transport and to quantify the fraction of dust that is
sedimented in the boundary layer during a major springtime
dust event from the Bod́elé and Sudan regions (Flamant et al.,
2009a) in the framework of the African Monsoon Multidis-
ciplinary Analysis (AMMA, www.amma-international.org/,
Redelsperger et al., 2006). Recent modelling studies show
the presence of exchanges for boundaries between different
vegetation types (Hong et al., 1995; Pinty et al., 1989). De-
spite the high number of modelling studies that predict the
presence of land surface induced vertical exchanges between
the boundary layer and free troposphere, few observational
studies have demonstrated their existence. Garcia-Carreras
et al. (2010) related the vegetation anomalies to the verti-
cal transport of isoprene from the surface to the upper lay-
ers. This result highlights strong exchanges from the mon-
soon flux into the Harmattan layer. For this purpose, airborne
(ATR-42) measurements were conducted in June 2006 along
the meridian between Niamey (Niger) and Cotonou (Benin).

This paper describes the measurements of particle concen-
trations, optical properties and dynamical features observed
during this period. Additionally, a mesoscale model with on-
line dust parameterization was used to interpret the impact
of the vegetation anomalies on the dust particle sedimenta-
tion process. The airborne sampling strategy is described in
Sect. 2. The Meso-NH mesoscale model using an explicit
representation of aerosol processes is presented in Sect. 3.
Section 4 outlines the observations combined with the simu-
lation results.

2 Instrumentation

The measurements were performed during the Special Ob-
servation Period #1a (SOP1a) of the AMMA experiment
on the french aircrafts (ATR-42 and F-Falcon 20) oper-
ated by the Service des Avions Français Instruments pour la
Recherche en Environnement (SAFIRE). For details of the
overall SOP instrumentation and its coordination, refer to
Lebel et al. (2010). These aircraft were based at Niamey air-

Fig. 1. GlobCover Land Cover map, with the flight plans of the
ATR-42 on 13 and 14 June 2006. The map is derived from a time
series of MERIS FR mosaics using the UN land Cover Classifi-
cation System (Source data: ESA/ESA Globcover project, led by
MEDIAS-France/POSTEL).

port in Niger for the duration of the AMMA SOPs (Reeves
et al., 2010) and performed two combined research flights
during June 2006. These two combined flight patterns were
conducted on 13 and 14 June 2006 along a meridian between
Niamey (Niger) and Cotonou (Benin), located 750 km south
of Niamey.

These flights occurred during the early afternoon when the
convective mixed layer was growing relatively slowly, and
the flight plans (Fig. 1) were similar. Along the meridian, the
ATR-42 flew at one constant altitude (700 m above mean sea
level) in the Boundary Layer (BL) while the French Falcon
20 (F-F20) flew in the free troposphere above the Saharan
Air Layer (8000 m above mean sea level). Only one sound-
ing was performed with the ATR-42 (14 June 2006), provid-
ing a rapid characterization of the inversion level and of the
vertical profile of the thermodynamic and microphysical pa-
rameters, at the end of the flight. Twelve and one dropsondes
were released from the Falcon-20 on 13 and 14 June, respec-
tively (Flamant et al., 2009a).

On the ATR-42, two aerosol inlets were installed: the
French Community Aerosol Inlet (CAI) and AVIRAD. The
CAI is an isokinetic and isoaxial inlet with a 50% sam-
pling efficiency measured for a geometric diameter of 4.5 µm
(Gomes et al., 2010) on which an aerosol instrumentation set
was connected (Crumeyrolle et al., 2008). Two condensa-
tion particle counters (CPC TSI model 3025 and 3010, re-
spectively) were used to measure total ambient aerosol con-
centrations (CN), a scanning mobility particle sizer (SMPS)
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Fig. 2. Volume (a) and Number (b) size distribution of particles
given by Alfaro and Gomes (2001) (blue line), by ATR-42 observa-
tions (red line) and the new size distribution (black line) proposed
in this study and used in the Meso-NH parametrisation.

was used to measure the number distribution of aerosol parti-
cles with diameters from 0.02 to 0.3 µm and an optical parti-
cle sizer (OPS, GRIMM model 1.108) provided particle size
distributions ranging from 0.3 to 2 µm equivalent optical di-
ameter. Data collected are used to provide the number and
mass concentration. AVIRAD is an isokinetic inlet able to
collect particles up to 8 µm in diameter (Filippi, 2000; For-
menti et al., 2010). AVIRAD is connected to two paral-
lel sampling lines for bulk filtration, two parallel sampling
lines for 4-stage Dekati impactors, a three-wavelength (450,
550, 700 nm) nephelometer (model 3563, TSI Inc.), a seven-
wavelength aethalometer (model AE31, Magee Sci.), and an
optical particle sizer (OPS, GRIMM model 1.108) provid-
ing particle size distribution ranging from 0.3 to 17 µm opti-
cal equivalent diameter. The ATR-42 was also equipped for
the measurements of wind, turbulent fluxes, and atmospheric
state parameters.

3 Mesoscale modelling

3.1 Description

The mesoscale non-hydrostatic atmospheric model MesoNH
was used in this study to complement the observations. This

model has been jointly developed by CNRM (Meteo France)
and Laboratoire d’Áerologie (CNRS) (Lafore et al., 1998).
MesoNH simulates atmospheric conditions in the small scale
(Large-Eddy Simulation type, horizontal resolution of a few
metres) and synoptic scale (horizontal resolution of several
tens of kilometres) and can be run in a two-way nested
mode involving up to 8 nesting stages. Different sets of pa-
rameterizations have been introduced for convection (Bech-
told et al., 2001), cloud microphysics (Pinty and Jabouille,
1998; Cohard and Pinty, 2000), turbulence (Bougeault
and Lacarrere, 1989), biosphere-atmosphere thermodynamic
exchanges (ISBA) (Noilhan and Mahouf, 1996), urban-
atmosphere interactions (Masson, 2000), lightning processes
(Barthe et al., 2005), gaseous chemistry (Suhre et al., 1998;
Tulet et al., 2003) and aerosol chemistry (Tulet et al., 2005).

A spin up time of one day has been used and tested in re-
cent studies (Grini, 2006; Crumeyrolle, 2009; Tulet, 2008,
2010). Thus, the simulation begins at 00:00 UTC on 08
June 2006, and ends at 00:00 UTC on 14 June 2006. Two
two-way nested grid domains were used. The large do-
main (36 km resolution) between 3.1◦ S and 31.7◦ N in lat-
itude and 25.64◦ W and 35.64◦ E in longitude, gives a large
scale synoptic view of west Africa. The embedded domain
(5 km resolution) is centred over Benin and the eastern part
of Niger (latitudes 4.9◦ N and 16.8◦ N and longitudes 2.2◦ W
and 5.36◦ E) and gives a fine-scale view of the meridian be-
tween Niamey and Cotonou. The vertical resolution is com-
posed of 60 stretched vertical levels reaching the altitude of
34 km; 30 levels are located in the boundary layer between
the surface and 2000 m. The temporal resolution varies with
the spatial resolution of the domain. In the larger domain
(36km), the temporal resolution is∼20 s and∼5 s in the
smaller domain (5 km). Initialization and lateral boundary
conditions of the large domain were taken from the ECMWF
analysis. As land surface data used by the AMMA commu-
nity (ALMIP, Boone et al., 2009; De Rosnay et al., 2009) are
not covering completely our first domain of simulation, soil
moisture fields are generated from the ECMWF data. Vege-
tation types came from the ECOCLIMAP data base (Masson
et al., 2003). The resolution of the ECOCLIMAP climatol-
ogy is of 1 km.

3.2 Parameterization of dust size distribution

The modelling of the size distribution of mineral dust at the
emission is generally treated using the Alfaro and Gomes
(2001) dust parameterization (AG01), in which the dust mass
size spectrum is represented by three lognormal modes with
diameters centred on 1.5, 6.7 and 14.2 µm (Fig. 2). The cor-
responding mass fractions are about 1%, 36% and 63%. The
corresponding median diameters for the number size distri-
bution are 0.64, 3.45, and 8.67, respectively, with 74% of the
number concentration in the finer mode centred at 0.64 µm
(Fig. 2). During the June SOP, a number size distribution
was measured onboard the ATR-42 during flight 21, while
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the aircraft was flying very close above the ground near a
source area. This measurement confirms the existence of a
particle mode centred around 0.64 µm but indicates that al-
most 99% of the number concentration is included in two
other particle modes finer than that centred around 0.64 µm
(Fig. 2b). Even if the AG01 parameterization well represents
the mass fluxes of emitted particles, it seems largely under-
estimate the number concentrations of fine particles.

To improve the dust size spectrum parameterisation (Todd
et al., 2008a), we propose to build a new size spectrum com-
posed of three modes based on the AG01 scheme and the
AMMA observations. The particle mode of the number dis-
tribution centred on 0.64 µm, which is common to AMMA
observations and AG01 scheme, is used as the reference par-
ticle mode.

The new dust size spectrum is constrained in order to
have the same total number concentration as the observed
number size distribution and the same total volume concen-
tration as the AG01 scheme. Thus, to represent the mass
size distribution of this new scheme, we have introduced a
larger mode (Dp = 11.6 µm) derived from a combination of
the larger particle modes of AG01 by respecting the sum
of their volume fraction (99%). Then, to better represent
the number concentration, we have introduced a fine mode
(Dp = 0.2 µm) derived from a combination of the finer parti-
cle modes observed during the AMMA flight 21 and respect-
ing the total number concentration observed (1430 cm−3).
Finally, the dust number and mass size spectra are repre-
sented by three lognormal modes (Fig. 2). The lognormal pa-
rameters of the deduced size distribution which will be used
in MesoNH are given in Table 1. With this new size distribu-
tion (NSD), the number concentrations, made of more than
97% of fine particles, are considerably improved. As a re-
sult, the impact of very small particles on the radiative bud-
get and their feedback on the West African weather should
be appreciably better represented. Furthermore, the aerosol
budget may be compared to the observations and fixed with
three variables: the aerosol optical depth (AOD), the mass
concentration and the number concentration.

Mineral dust emission and transport are parameterized
by Grini et al. (2006). Regarding emission processes, dust
aerosols are mobilized using the Dust Entrainment and Depo-
sition model (DEAD) (Zender et al., 2003) which calculates
dust fluxes from wind friction speeds. The physical basis of
the model is taken from Marticorena and Bergametti (1995)
where dust fluxes are calculated as a function of saltation and
sandblasting processes. Here, the emission of dust aerosols
is calculated directly from Interactions between the Soil Bio-
sphere and Atmosphere (ISBA) surface parameters, and then
sent to the atmosphere consistent with the fluxes of momen-
tum, energy and humidity. In this parameterization, the three
dust aerosol populations, proposed in this study, are trans-
ported by the ORILAM lognormal aerosol scheme (Tulet et
al., 2005).

Table 1. Log-normal parameters of the size distribution used in the
MesoNH model.

Dust mode fine medium coarse

Number fraction (%) 97.52 1.95 0.52
Mass fraction (%) 0.08 0.92 99
Geometric Standard deviation 1.75 1,76 1,70
Number median diameter (µm) 0.078 0.64 5.0
Mass median diameter (µm) 0.20 1.67 11.6

To interpret the observational results, four different sim-
ulations have been performed by using the mesoscale non
hydrostatic atmospheric model MesoNH. First, to highlight
sedimentation processes, two different simulations have been
realized, one which takes into account the dust sedimenta-
tion (SED) and the other one which does not (NOSED). The
comparison of the results is only possible if the atmospheric
dynamics are consistent between the two simulations. As
dust particles have a large impact on the radiative budget and
thus on the atmospheric dynamics, both absorption and, most
importantly, diffusion of dust particles have to be turned off
in both simulations. However, in reality dynamical features
may have a feedback on the stratification of the dust parti-
cles in the atmosphere. Then, for each simulation (SED and
NOSED), two versions have been carried out: one where the
radiative impact of dust has been taken into account (RAD)
and another one without this radiative impact.

To assess the dynamical impact of dust particles, the dif-
ferences between RAD and NORAD simulations were in-
vestigated. The results show that the surface level wind
speed is underestimated as a function of latitude, when the
diffusion of dust particles is turned off (NORAD). Indeed,
the maximum surface level wind speed is underestimated
by 51% and 17% in Agoufou (northern ground site) and in
Djougou (southern ground site), respectively. Consequently,
the aerosol optical depth is also underestimated (by a maxi-
mum of 25% over Djougou). Despite these differences, the
sedimentation process occurs exactly in the same area (be-
tween 6◦ N and 9◦ N) in the RAD or NORAD simulation.

In the following parts, the dynamical features will be dis-
cussed using the simulation RAD-SED. Since dust particle
transport is currently treated using an off-line chemical trans-
port model (Grini et al., 2002; Myhre et al., 2003; Berglen et
al., 2004; Endresen et al., 2003; Gauss et al., 2003; Grini et
al., 2004), the processes leading to sedimentation will be ex-
plored using the NORAD-SED and NORAD-NOSED simu-
lations.

3.3 Comparison of observed and simulated parameters

3.3.1 Aerosol distribution

During the period from 9 to 14 June 2006, satellite
data indicate that numerous dust sources were active
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Fig. 3. Daily Aerosol Optical Depth over West Africa from 9 to
12 June 2006, around 12:00 UTC. The simulated AOD values are
represented on the whole domain while the observed AOD are rep-
resented in boxes.

Fig. 4. Aerosol Optical Depth measured from 9 to 16 June 2006
over three Aeronet stations: Maine Soroa, Niger(a), Banizoumbou,
Niger (b) and Djougou, Benin(c).

(Flamant et al., 2009a). Figure 3 represents the simulated
aerosol optical depth over West Africa during the main
dust outbreaks of June. During the AMMA campaign,
AERONET photometers were located at Maine Soroa (Niger,
12.02◦ E/13.28◦ N), Banizoumbou (Niger, 2.66◦ E/13.54◦ N)
and Djougou (Benin, 1.6◦ E/9.76◦ N). In Fig. 3, the observed
AOD (560 nm) is shown in the small boxes to be compared
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to the simulation. Figure 4 represents the time series of sim-
ulated and observed AOD at the same stations. The Maine-
Soroa station is located in the Sahelian region downwind of
the lake Chad source area while the two other AERONET
stations are located close to big cities (respectively Niamey
13.5◦ N/2.2◦ E and Parakou 9.2◦ N/2.61◦ E).

From 9 to 12 June, ECMWF data highlights nocturnal
jets (Flamant et al., 2009a) strong enough to lift soil par-
ticles by saltation and generate high dust concentration at
the surface as simulated by the model (Fig. 3a). Indeed,
over the two major sources the AOD is on average about
4. Over the rest of West Africa the AOD is almost zero.
On one hand, observed AODs at Maine Soroa seem un-
derestimated by the model but both tendencies are similar
(Fig. 4a). On the other hand, simulated AODs at Bani-
zoumbou (AODobs= 1.1) and Djougou (AODobs= 0.64) are
largely underestimated (0<AODsim<0.3) (Fig. 4b and c).
This underestimation is probably due to pollution and dust
particles generated previously which are not taken into ac-
count in the simulation.

During the following days, the generated particles are pro-
gressively advected westward to the Atlantic Ocean between
9 and 12 June (Fig. 3a, b, c, d). Then, the AOD observed at
Banizoumbou and Djougou reaches higher values well rep-
resented by the model (for example, 2,1 (AODobs= 1.73)
and 0.9 (AODobs= 0.8) respectively at Banizoumbou and
Djougou on the 12 June at 12:00 on Fig. 4b and c). On the
13 and 14 June, the observed AOD in Banizoumbou abruptly
decreased during the evening. These tendencies are not sim-
ulated and thus the AODs are overestimated during these pe-
riods (Fig. 4b). On 13 and 14 June, the AOD tendencies as
well as the values are well represented at Djougou (Fig. 4c).

During the period of interest (9–14 June), several
Mesoscale Convective Systems (MCS) were triggered over
West Africa. The MCS-tracking (Mathon et al., 2002) and
the Radagast products (Miller and Slingo, 2007) allowed us
to watch the MCS formation and to follow its trajectory along
West Africa (data available at the AMMA Operational Cen-
ter, aoc.amma-international.org/) and to have a dust diag-
nostic derived from three of the SEVIRI infrared channels
(data availablehttp://radagast.nerc-essc.ac.uk/Data.htm) re-
spectively. On 11 June, one massive MCS, initiated over
Togo (west of Benin), propagates along the coastline to the
Atlantic Ocean. The gust front induced by this MCS and sit-
uated in front of the MCS does not involve dust emission at
the rear of the MCS (Crumeyrolle et al., 2008), over Benin.
On 12 and 13 June, small convective cells appear (over Ilorin
and 2◦ North of Djougou) but do not generate dust particles
at the surface of the continent. Thus, dust particles observed
on Fig. 3 over the meridian from Niamey to Cotonou are
only a consequence of long range transport from dust sources
(Bodélé and Sudan).

The Bod́elé and the Sudan are the most important sources
of dust particles for this event but the western part of Alge-
ria is also highlighted as a source of dust particles. Indeed,

the maximum AOD value is about 2 indicating that the dust
concentration lifted up in this zone is weaker than over the
main source regions, but not negligible. For comparison, dur-
ing the intense dust outbreak of 7–13 March 2006, the AOD
reached 3.8 and 3.5 at Ilorin (Nigeria) and Banizoumbou, re-
spectively (Tulet et al., 2008).

The aerosol number concentrations measured onboard the
ATR-42 with the SMPS and the OPS as a function of altitude
during a vertical sounding on 14 June between 15:15 UTC
and 15:30 UTC (Fig. 5a) were converted to mass concentra-
tions (Fig. 5b) using a density of 2.5 g cm−3 in order to give
the mean profile of aerosol mass concentration for the zone
considered (i.e. 2◦ E/12.6◦ N close to Banizoumbou). These
data are compared to the vertical profile of dust number and
mass concentration simulated over Banizoumbou on 14 June.
The spatial variability (1◦ around the ATR-42 sounding area)
of the simulated data is represented by the blue area. A size
cutoff of 2.5 µm was applied to the calculation in order to
compare simulated aerosol profiles to airborne observations
for particles with diameter lower than 2.5 µm. The Carbon
Monoxide (CO) concentration is used as a tracer to highlight
polluted air masses (Fig. 5c, red line). The Angström coef-
ficient (Fig. 5d, black line) is calculated using the scattering
coefficients at two wavelengths (450 and 700 nm, Fig. 5d)
and depicts the wavelength dependence of the scattering co-
efficients. Low values of the Angström coefficient highlight
low wavelength dependence associated with large particles,
i.e. dust particles.

In the boundary layer, between the surface and 1200 m
(Fig. 5b), the observations highlight a well-mixed layer with
a steady mass concentration of 20 µg m−3. The particle num-
ber concentration profile is slightly different and shows a de-
crease as a function of altitude. Indeed, the number con-
centration of particles is about 4000 cm−3 at the surface and
about 3150 cm−3 at the top of the boundary layer. Further-
more, the simulated dust number and mass concentrations are
constant and clearly underestimated in the boundary layer
(100 cm−3 and 8 µg m−3). This underestimation can be at-
tributed to the simulation’s restriction to one type of parti-
cle; i.e. dust particles. Actually, the average concentration
of CO is significant, about 180 ppb, and similar to mean val-
ues (200 ppb) found previously over savannah fires (Cofer
III et al., 1996). This high CO concentration suggests that a
large amount of aerosol particles from local pollution or from
biomass burning events are also sampled by the ATR-42. The
calculated Angstr̈om coefficient value (0.35 in average) indi-
cates a mixture of dust and pollution.

The SAL, between 1200 and 3100 m (Fig. 5b), is char-
acterized by a maximum in the mass particle concentration
(32 µg m−3) consistent with a previous study (Karyampudi
et al., 1999). Moreover, one can note the high concentra-
tion and variability of CO (100–180 ppb) in this layer. Be-
tween 1200 and 2300 m, the CO concentration slightly de-
creases with altitude, down to 100 ppb, which corresponds to
the background concentration of CO in the upper layer and
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Fig. 5. Profiles of the particle number(a) and mass(b) con-
centrations at 12.6◦ N and 2◦ E observed by the ATR-42 between
15:15 UTC and 15:30 UTC on 14 June 2006 (red lines) and simu-
lated at 15:00 UTC on 14 June 2006 (blue lines). The blue areas cor-
respond to the spatial variability (1◦ around the ATR-42 sounding
zone) of dust concentration for particles with diameter lower than
2.5 µm. Profiles of the CO concentration(c) and the scattering co-
efficient(d) at three wavelengths (450 nm, 550 nm, 700 nm; respec-
tively blue, green and red lines) observed by the ATR-42 are also
plotted. On(d), the black line represents the calculated Angstrom
coefficient and the coloured areas correspond to the instrument’s
internal variability.

in the Northern Hemisphere (Colomb et al., 2006). Since
the SAL is decoupled from the surface below and is more
closely linked to the desert regions, the CO concentration
and the Angstr̈om coefficient highlight that the SAL is sub-
ject to strong exchanges with the boundary layer (Parker et
al., 2005b). These strong exchanges lead to the presence of
different types of particles in the SAL and thus an underes-
timation of the particle number (66% on average) concen-
trations in the simulation. Between 2500 and 3100 m, one
can see an increase in the particle number concentrations
in the profile (∼1000 cm−3) associated with an increase in
the CO concentration which reaches 140 ppb. This particular
shape is a consequence of long range transport of biomass
burning from Central and South Africa. Indeed, the MO-
PITT data show a plume of CO coming from the south of
West Africa (http://www.acd.ucar.edu/mopitt/MOPITT/data/
plots/maps.html). Thus, in this specific range of altitudes,
the simulated concentration is, once again, underestimated
(630 cm−3).

Above the SAL is the free troposphere wherein the parti-
cle and CO concentrations are, on average, weak (390 cm−3,
8 µg m−3 and 100 ppb). In this layer, the Angström coeffi-
cient values are always lower than 0.2 and the main particle
type sampled with the ATR-42 is dust. Thus, the number and
mass concentrations are well represented in the simulation
(300 cm−3, 4 µg m−3). Note that while the profile of 14 June

Fig. 6. Vertical cross section (along the ATR-42 flight track at
2.00◦ E) of the meridional component of the simulated wind (m/s).
The black lines indicate the location of the dropsondes released by
the F-F20 along the transect. The numbers refer to the dropsonde
numbers as they appear in Fig. 7.

described in this section was strongly influenced by biomass
burning and local pollution, the meridional profile of 13 June
was dominated by mineral dust: this earlier flight will be de-
scribed in the next section.

3.3.2 Dynamical features

Figure 6 shows the vertical cross section, along the ATR-42
flight track of the meridional component of the wind veloc-
ity (m s−1) simulated by Meso-NH (RAD-SED simulation)
at 12:00 UTC on 13 June 2006. This vertical cross section
highlights specific dynamical features that occur over West
Africa. In the lower layer of the atmosphere (<1500 m), the
meridional wind speed is positive between 6.5 and 13.2◦ N
and becomes negative further to the North which depicts the
monsoon flux and the Harmattan flux respectively. The mon-
soon flux is deeper (1500 m) and stronger (>5 m s−1) in the
southern part than in the northern part of West Africa as
shown previously by Parker et al. (2005a). Above 1500m
and close to the Inter Tropical Discontinuity (ITD), located at
13.2◦ N, the Harmattan flux overrides the monsoon flux and
reaches the maximum negative wind speed (< −5 m s−1).

The F-F20 flew, in coordination with the ATR-42, between
1.5◦ E/15◦ N and 1.5◦ E/4◦ N at 8000 m above mean sea level
on the 13 June 2006 (Flamant et al., 2009a). The vertical
distribution of atmospheric dynamic and thermodynamic pa-
rameters were provided by dropsonde measurements along
the meridional transect. Figure 7 shows the evolution of
vapour mixing ratio (g kg−1), wind speed (m s−1), wind di-
rection (deg) and potential temperature (K) observed by four
dropsondes (DS), whose location is shown in Fig. 6, and
simulated by MesoNH. The wind direction and the vapour
mixing ratio (RV) profiles depict the dynamical situation
shown in Fig. 6, i.e. the Monsoon Layer, with the Harmattan
Layer above it. Indeed, between 1000 and 1500 m altitude,
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Fig. 7. Vapour mixing ratio (g/kg), wind speed (m/s) wind direction
(deg) and potential temperature (K) derived from dropsonde mea-
surements (red lines) and the MESONH simulation (black lines) at
12◦ N (a, DS1), at 10◦ N (b, DS2), at 8◦ N (c, DS3) and at 6◦ N (d,
DS4) on 13 June.

the meridional wind direction changes abruptly from south-
westerly (Fig. 7a, b) and southerly (Fig. 7c, d) to easterly and
north-easterly, respectively. In the same altitude range, the
vapour mixing ratio profile is strongly decreasing which in-
dicates the passage from a humid layer to a dry layer. These
key dynamical and thermodynamic parameters are well rep-
resented in the simulation, although at 10◦ N (Fig. 7b) the
top of the monsoon layer is overestimated by 400 m. As, this
inversion height error is not exactly located in the zone of
interest (7–9◦ N), the simulation results well reproduced the
BL dynamics in the southern part of the domain. Moreover,
the observed and simulated wind speed profiles are similar;
nevertheless, the simulated values are most often underes-
timated in the monsoon layer (2–4 m s−1) as well as in the
Harmattan layer (2 m s−1). The simulated and observed po-
tential temperature profiles are almost the same for the four
soundings.

The above results show that the aerosol optical depth and
concentrations as well as the key dynamical and thermo-
dynamic parameters are well represented in the simulation.
Thus, the simulation results will be used in the next part to
complement and interpret the observations.

4 Results

The total number concentration of particles (CN) was first
used to characterize the evolution of the aerosol concentra-
tion along the meridional flight plan. But, since the electron
microscope analysis shows that the majority of dust parti-
cles have diameter larger than 0.5 µm, the concentration of
particles with diameter larger than 0.5 µm (CNDp>0.5µm) was
also used to represent the evolution of dust particles. Since
the ATR-42 flew at a constant altitude (700 m) which was lo-
cated in the middle of the monsoon layer, the measurements
were never carried out within the SAL. Thus, the evolution of
dust particle concentrations was only studied in the monsoon
layer where its presence may be explained by the sedimen-
tation process from the SAL or by a local generation. Then,
the temperature gradient, the potential temperature, the sur-
face temperature, the meridional wind velocity and the per-
cent of forest/shrub cover were used to find out the link be-
tween the surface cover and the dynamics in the boundary
layer (Fig. 9). Afterwards, the simulation results were anal-
ysed in the same manner.

4.1 Observations of sedimentation and entrainment
processes

Figure 8a shows the evolution of CN and of CNDp>0.5µm
concentrations measured as a function of latitude during the
flight from Niamey (13.51◦ N) to Cotonou (6.36◦ N) between
10:30 UTC and 13:30 UTC on 13 June, while Figure 8b
shows the evolution of the Angström coefficient during the
same flight. In the northern part of the domain, the tendencies
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Fig. 8. (a) Total particle concentration (blue line) measured on-
board the ATR-42 on 13 June between 10:30 UTC and 13:30 UTC
as a function of latitude. Concentration of particles with diame-
ter larger than 0.5 µm is also plotted (in grey) as a function of lati-
tude. The red rectangle denotes the zone where the dust content is
maximum.(b) The Angstrom coefficient calculated from scattering
coefficients is represented by the blue line. The light blue area cor-
responds to the error bar including uncertainty in the measurements
of scattering coefficients and propagation of errors during calcula-
tions.

Fig. 9. Calculated boundary layer top (black line) at 12:00 UTC
on 13 June and fraction of forest/shrub cover as derived from the
GlobCover Land Cover map (red line) as a function of latitude.

of the CN and CNDp>0.5µm concentrations are similar. At
the beginning of the flight (North), the total particle con-
centration is high and reaches 6000 cm−3 at 12.6◦ N. In the
same area, the concentration of dust particles (CNDp>0.5µm)
also reaches a maximum (16 cm−3) and the relative low value
of the calculated Angström coefficient (0.2), indicating few
wavelength dependence of the scattering coefficient, con-
firms the presence of a mode of coarse dust particles in the
sampled layer.

Moving southward, the CN as well as CNDp>0.5µm con-
centrations decrease up to a first minimum (respectively 2500
and 6.5 cm−3) at 11.5◦ N. In this area the surface cover is suf-
ficient to inhibit the local production of dust particles (Fla-
mant et al., 2007, 2009a) which seems to be consistent with
the decrease of CNDp>0.5µm concentration. At 10.8◦ N, the
CN as well as the CNDp>0.5µm concentrations reach a sec-
ond maximum (respectively 5500 and 17 cm−3) associated
with a second minimum of the Angström coefficient (0.2).
Nonetheless, in this area the vegetation cover (0.2, see Fig. 9)
is still too important to allow local dust production (Kimura
et al., 2009). Indeed, the maximum value of the CNDp>0.5µm
concentrations measured at the super-site of Djougou during
the period of interest is about 3 cm−3 on 14 June. These
measurements confirm that dust particles observed with the
ATR-42 are not generated at the surface but their presence in
this zone is only due to long range transport from the north-
ern region.

South of 10◦ N, the CNDp>0.5µm concentration decreases
with latitude while the CN concentration reaches a third max-
imum at 6.5◦ N (close to the gulf of Guinea) due to the pres-
ence of a pollution plume originating from anthropogenic ac-
tivities near Cotonou. This result is confirmed by higher val-
ues of the Angstrom coefficient (0.8). Generally, between
6◦ N and 10◦ N, particles from polluted or biomass-burning
zones are more dominant.

Recent studies investigated the impact of soil moisture
and vegetation heterogeneities on the dynamics within the
planetary boundary layer (Taylor et al., 2003, 2007; Garcia-
Carreras et al., 2010). Moreover, Garcia-Carreras study high-
lighted a strong relationship between the boundary layer tem-
peratures, the boundary layer top, the meridional wind ve-
locity and the fraction of forest or shrub cover. This study,
which covers a region overlapping with this one, found that
Bowen ratio and its impact on the sensible heat fluxes was
the dominant mechanism via which the surface controlled
boundary layer temperatures, as opposed to either roughness
or albedo, with higher temperatures over the crop leading
to increased boundary layer heights compared to adjacent
forest. The boundary layer temperature anomalies caused
by variations in sensible heat flux or Bowen ratio at bound-
aries between forest/shrub and cropland lead to an increase
in the boundary layer top. The vertical distribution of dy-
namic and thermodynamic quantities, which were used to
estimate the BL height, were documented using dropsonde
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measurements. As the ATR-42 flew before the F-F20, the
boundary layer height can therefore be expected to have in-
creased during the delay between both aircraft passage due
to the evolution of the surface heat fluxes and the resultant
entrainment of residual-layer air. Thus, the BL height has
been estimated using the method described in Hopkins et
al. (2009). This method is based on the fact that the tem-
perature and depth of a convective boundary layer are re-
lated to the stratification above the boundary layer top : if
we assume that this stratification is relatively invariant with
position, then boundary layer depth are directly related to
the mixed-layer temperature. Figure 9 shows the calculated
boundary layer height and the amount of forest/shrub cover
derived from the GlobCover Land Cover map as in Garcia-
Carreras et al. (2010) along the meridian from Niamey to
Cotonou. The BL height increases suddenly at 6.3◦ N, cor-
responding to the passage over the coastline, and slightly in-
creases from 950 m (6.6◦ N) to 1250 m (9.9◦ N). In the same
latitude range, the forest/shrub cover increases abruptly at
7.1◦ N (>50%) and then becomes stable (35%). Over the
area running from 9.9◦ N to 12.3◦ N, the forest/shrub cover
diminishes (15%) from 9.9◦ N to 11.1◦ N, and as a conse-
quence of an increase in Bowen ratio, the surface tempera-
ture increases. Thus, the BL height reaches maximum values
(1500 m). These results show a strong relationship between
surface cover and the height of the boundary layer (as in-
ferred from BL temperature), consistent with the results of
Garcia-Carreras et al. (2010) from flights later in the season.
This coupling between the surface and the boundary layer
dynamics occurs exactly in the same area of high dust con-
tent.

Garcia-Carreras et al. (2010) show that the vegetation
anomalies are related to the vertical transport of isoprene
from the surface to the upper layers, thus, amplifying ex-
changes between the monsoon flux (high content of iso-
prene/low content of dust particles) and the Harmattan layer
(low content of isoprene/high content of dust particles). In
this case, the growth of the BL leads to entrainment of dusty
air from the upper layer (SAL) into the BL. Thus, the vege-
tation anomalies are associated to the presence of high con-
centrations of dust particles in the monsoon flux. To comple-
ment the observations and interpret the results, a simulation
exercise was carried out.

4.2 Numerical modelling: sedimentation and
entrainment quantification

Two separate simulations have been done, one which takes
into account the dust sedimentation (SED) and another one
which does not take into account the dust sedimentation
(NOSED). In the following part, the dust radiative impact
has been turned off, in order to have similar atmospheric dy-
namics in both simulations (NORAD). Thus, the only vari-
able differing between both simulations is the dust sedimen-
tation. The vertical cross-section of dust number concentra-

Fig. 10. Cross-section of dust number concentration for the simu-
lation including sedimentation (NORAD-SED) at 12:00 UTC on 13
June. The black line illustrates the top of the monsoon flux.

tion of the SED simulation is given in Fig. 10. The north-
ern part of the domain, which corresponds to an arid region
of sparse vegetation, is subjected to strong low level winds
at the surface and numerous dust particles (3000 cm−3) are
produced in this region. These freshly generated particles
are then transported in a south-westward direction within the
Harmattan flux over the monsoon flux. Both layers, the mon-
soon flux and the SAL, are clearly distinguished using the
dust concentration gradient. Indeed, the dust particle concen-
tration is lower than 500 cm−3 in the monsoon layer (exclud-
ing the ITD region (13.2◦ N) where dust particles are carried
away by turbulence in the monsoon flux; Bou Karam et al.,
2008) and on average about 1500 cm−3 in the SAL.

Figure 11 shows the evolution of the dust mass size dis-
tribution as a function of launched sonde latitudes for both
simulations SED and NOSED (line and dashed line, respec-
tively). For the NOSED simulation, the amplitude for the
coarse mode decreases with latitude due to diffusion of dust
particles during their transport, while for the SED simula-
tion the evolution of size distributions shows a decrease of
the amplitude of the coarse mode up to 10◦ N and then an in-
crease due to the sedimentation process of dust particles from
upper layers. The comparison of dust particle size distribu-
tions of both simulations (SED/NOSED) gives the quantity
of sedimented dust for each mode and at each latitude. At
12◦ N, about 50% of the mass of larger dust particle has sed-
imented while the sedimentation process leads to an increase
of only 2% of the mass of particles forming the medium
mode of Table 1. By the time air reaches the southern part
of the section, at 6◦ N, more than 85% of particles of the
coarse mode and about 10% of those of the medium mode
have sedimented. In terms of particle number concentrations,
this sedimentation process leads to a gain of about 100 parti-
cles, corresponding to a mass concentration of 3600 µg m−3

at 2000m. The sedimentation process of dust particles is thus
two times more efficient in the southern part of the domain
than close to source regions.
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Fig. 11.Mass size distribution for the SED simulation (line) and the
NOSED simulation (dashed line) of dust particles transported in the
Saharan Air Layer (SAL), at 2000m, for different latitudes (12◦ N,
10◦ N, 8◦ N, 6◦ N) at 12:00 UTC on 13 June.

Fig. 12. Difference of dust mass concentration between the simula-
tion without sedimentation (NOSED) and the simulation including
sedimentation (SED; see text for more details) at 12:00 UTC on 13
June. Negative mass concentrations correspond to sedimented par-
ticles. The black line illustrates the top of the monsoon flux.

In order to have a general view of the dust particle sed-
imentation process, the difference of dust mass concentra-
tions between the simulation without sedimentation and the
simulation including sedimentation (NOSED-SED) is given
in Fig. 12. Negative mass concentrations correspond to sed-
imented particles and positive concentrations correspond to
dust particles that are removed because of the sedimentation
process. The top of the monsoon flux, marked with the black
line (Fig. 12), has been delineated using the method given
by Lamb (1983). Between 6◦ N and 9◦ N, the difference
of dust concentration is minimum (∼ −1000 cm−3) in both
the monsoon layer and the Harmattan layer. These particles
are mainly coming from upper layers where the difference
in dust concentrations is maximum (layer at 3500 m). Fur-
thermore, this sedimentation process leads to the presence of
dust in the boundary layer down to 800 m, corresponding to
the higher altitude of the ATR-42 flight plan, between 7.3◦ N
and 8.8◦ N.

Fig. 13. (a)Difference of vertical wind speed (blue line) between
the initial simulation (ECOCLIMAP I, VAR) and the simulation in-
cluding surface cover modifications (C30) and Shrub fraction cover
of ECOCLIMAP-I (green line).(b) Covariance (black line), in per-
cent, between both tendencies (shown ina) and CNDp>0.5 µm (at
1000 m) concentration as a function of latitude at 12:00 UTC on 13
June.

The comparison of Figs. 8 and 12 highlights some dif-
ferences in the latitude range where the maximum dust
concentration is located. To understand why there is this
discrepancy between simulation results and observations,
the surface cover has to be studied. Indeed, the fraction
of forest/shrub cover used in the simulation is an ECO-
CLIMAP climatology with 1km of resolution (Fig. 13a).
ECOCLIMAP-I corresponds to the period 1992–1993 us-
ing 1-km re-sampled datasets from the Advanced Very
High Resolution Radiometer (AVHRR) instrument. Natural
ecosystems typically vary on a decadal basis and therefore
ECOCLIMAP-I is likely to be valid for the 90 s. Updating
ECOCLIMAP-I into ECOCLIMAP-II land cover map over
West Africa is now performed on the basis of observations
from MODIS (Kaptue et al., 2010). Unfortunately, the up-
graded climatology is not yet operational with the version of
the mesoscale model used in this study. Thus, the compar-
ison with another climatology, Globcover Land Cover map,
with higher resolution (300m, Figure 9b) highlights some in-
consistencies. Indeed, the forest/shrub cover is much more
important (30%) between 6◦ N and 7◦ N in ECOCLIMAP-I
than the Globcover surface cover and clearly weaker (20%)
between 7◦ N and 8◦ N (Fig. 13a). In the northern part of
the domain, the ECOCLIMAP-I forest/shrub cover is always
higher than 40% and frequently exceeds 55%. As a result,
the surface cover anomalies are located in the southern part
of the domain, leading to weaker heat flux and lower top of
the boundary layer.

The comparison between observation and simulation re-
sults seems to show that the presence of vegetation anoma-
lies and dust entrainment from the SAL into the BL are
closely linked. To highlight this relationship, a new set of
simulations has been done using a manually modified sur-
face cover and has been compared to the previous ones us-
ing ECOCLIMAP-I surface cover. Indeed, all the vegetation
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Fig. 14. Height of the boundary layer (BL, solid line) and the mon-
soon flux (MF, dashed line) as a function of latitude for three sim-
ulation runs on 13 June 2006 12:00 UTC. VAR: variable vegetation
cover, C30: constant surface cover of cropland, TRE: constant sur-
face cover of tree.

type defined in the model, except the bare soil, are changed
to crop (C30) or in forest (TRE). Figure 13a represents the
shrub fraction from ECOCLIMAP I along the ATR flight
track together with the difference of vertical wind speed be-
tween the initial simulation (ECOCLIMAP I, VAR) and the
simulation including surface cover modifications (C30). The
shrub cover maximum heterogeneity occurs between 6.5 and
7.5◦ N exactly in the same zone where the maximum ampli-
tude of the1W is observed. Moreover, in this specific area
the covariance values are highest which implies that both pa-
rameters are not independent from each other. The same con-
clusions could be made regarding the meridional and zonal
wind speeds.

The height of the boundary layer has been defined using
the turbulent kinetic energy (TKE) criterion for simulation
using different version of surface cover (Fig. 14). The TKE
is minimum at the interface between the PBL and the tropo-
sphere (Stull, 1988). As the boundary layer height values in
case of constant surface cover is not representative of the re-
ality, only the trend of each curve will be compared. Looking
only at PBL fluctuations, two regions may be distinguished:
the northern part of the domain (10–15◦ N) and the southern
part of the domain (6–9◦ N). In the Northern part, the height
of the boundary layer is similar for the VAR and C30 simula-
tion while TRE simulation results are different between 13–
15◦ N. This is probably a consequence of the more intense
water exchange over forest than for other types of vegeta-
tion. In the southern part of the domain, the boundary layer
height shows clearly a different tendency for VAR simulation
results than for the two others. Indeed a strong increase is ob-
served at 7◦ N (heterogeneity area) as opposed to the PBL for
the constant surface cover simulations, which remains more

or less constant. Thus, this figure is highlighting a clear ef-
fect of surface cover heterogeneities on the PBL dynamics
and therefore on the dust sedimentation.

The difference of dust particle concentration at 1000m be-
tween the simulation using fixed soil cover and the simu-
lation using ECOCLIMAP data is represented in Fig. 13b.
Negative concentrations correspond to particles which are
present in the boundary layer in case of surface hetero-
geneities and not present in case of constant soil cover. One
can see that the concentrations are negative in an area running
from 6.5 to 9◦ N, exactly where the surface heterogeneities
are located. As no dust outbreaks have been observed in the
simulation between Niamey and Cotonou, these dust parti-
cles are coming from long range transport by the Harmattan
flux.

Finally, the comparison between observation and simula-
tion results shows that the presence of vegetation anomalies
and dust are closely linked. Indeed, a reduction in forest or
shrub cover leads to an increase in the BL height (inferred
from BL temperature in the observations, and consistent with
the model results) and leads to exchanges between the mon-
soon layer and the Harmattan layer via entrainment. Thus,
aerosol particles and compounds produced in the monsoon
layer are measured in the upper layer (Garcia-Carreras et al.,
2010) while aerosol particles transported from desert regions
by the Harmattan flux are observed in the monsoon layer.
These mechanisms imply that we should infer a significant
diurnal cycle in the mechanisms of dust sedimentation from
the SAL to the monsoon layer. During the day, the sedimen-
tation is modulated by the differing rates of BL entrainment
over differing surfaces. At night, when the atmospheric pro-
file is more stable (Parker et al., 2005b), sedimentation acts
alone and is likely to be independent of the underlying sur-
face.

5 Conclusion

This paper describes the impact of vegetation anomalies
on mineral dust particle sedimentation and entrainment ob-
served during the AMMA experiment by using a combi-
nation of airborne observations and simulation exercises.
Airborne measurements of aerosol characteristics were car-
ried out along a meridian from Niamey (Niger) to Cotonou
(Benin) on 13 and 14 June 2006. The measurements were
performed by two aircrafts (ATR-42 and F-F20) flying on the
same meridian at two different altitudes (700 m and 8000 mg,
respectively). Observations were then interpreted using a
mesoscale model simulation in order to explain the presence
of high dust content over an area where local production is
strongly inhibited by the surface cover.

The ATR-42 observations highlight that the boundary
layer temperature is linked with the surface cover, which
produces a strong relationship with the dust particle con-
centrations in the boundary layer. Consistent with model
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simulations, we infer that the relationship between dust parti-
cle concentration and BL temperature occurs due to the deep-
ening of the BL over warmer surfaces, by entrainment. In-
deed, the optical particle sizer (OPS GRIMM) and the neph-
elometer measurements show the presence of mineral dust
particles highly concentrated between 10◦ N–11.7◦ N. As lo-
cal emissions are inhibited in this zone, these particles are
coming from long range transport within the SAL and sedi-
mentation and entrainment processes in the boundary layer.
This zone of high dust content is slightly shifted to the North
due to the general circulation over West Africa (monsoon
winds).

Particle size distributions observed close to the source
region (>15◦ N and >4.5◦ E) have been used to improve
the dust size spectrum parameterization. This new dust
parametrisation implemented in Meso-NH allows the model
to better represent the number and mass distributions of dust
particles. The comparison of few simulations with different
surface cover highlights, as in the observations, an increase
of the boundary layer top induced by vegetation anomalies
but closer from the coastline (7◦ N–8◦ N). Indeed, the sur-
face cover used in Meso-NH is an ECOCLIMAP climatology
with a resolution of 1 km and is not the same as the Glob-
Cover Land Cover map products (resolution 300 m). Finally,
two mesoscale simulation exercises have been done to com-
plement these results, one simulation with dust particle sed-
imentation (SED) and the other one without dust sedimenta-
tion (NOSED). The comparison of SED and NOSED simu-
lations quantifies the concentration of dust particles which
sediment, and the location of this process. The sedimen-
tation process leads to the vertical transport of dust parti-
cles (1000 µg m−3) from the Harmattan layer (or SAL) to the
monsoon layer between 6◦ N and 9◦ N. This mechanism may
involve deep vertical transport (up to 800 m) of dust particles
in the monsoon layer, between 7.3◦ N and 8.8◦ N. Thus, the
comparison results confirm how the sedimentation and en-
trainment processes are linked with the mesoscale vegetation
anomalies observed in the region.
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