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ABSTRACT

Saharan dust represents more than 50% of the total desert dust emitted around the globe and its radiative effect
significantly affects the atmospheric circulation at a continental scale. Previous studies on dust vertical distribution and the
Saharan Air Layer (SAL) showed some shortcomings that could be attributed to imperfect representation of the effects of
deep convection and scavenging. The authors investigate here the role of deep convective transport and scavenging on the
vertical distribution of mineral dust over Western Africa. Using multi-year (2006-2010) simulations performed with the
variable-resolution (zoomed) version of the LMDZ climate model. Simulations are compared with aerosol amounts recorded
by the Aerosol Robotic Network (AERONET) and with vertical profiles of the Cloud-Aerosol Lidar with Orthogonal
Polarization (CALIOP) measurements. LMDZ allows a thorough examination of the respective roles of deep convective
transport, convective and stratiform scavenging, boundary layer transport, and advection processes on the vertical mineral
dust distribution over Western Africa. The comparison of simulated dust Aerosol Optical Depth (AOD) and distribution
with measurements suggest that scavenging in deep convection and subsequent re-evaporation of dusty rainfall in the lower
troposphere are critical processes for explaining the vertical distribution of desert dust. These processes play a key role in
maintaining a well-defined dust layer with a sharp transition at the top of the SAL and in establishing the seasonal cycle of
dust distribution. This vertical distribution is further reshaped offshore in the Inter-Tropical Convergence Zone (ITCZ) over
the Atlantic Ocean by marine boundary layer turbulent and convective transport and wet deposition at the surface.
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1. Introduction

North Africa is the world’s largest source of dust
with more than 55% of global dust emissions ! and
approximately 60% of this dust is transported from
these arid and semi-arid emission areas across the
Atlantic Ocean . Mineral dust is known to neg-
atively impact the West African economy Y and
human health in the Sahelian region ©'. It has been
associated with mortality during warmer months in
Mediterranean cities . Long-range transport of Sa-
haran dust is widely known as reported by Zanobetti
and Schwartz (2009) for the United States: Saharan
dust can intrude into the Caribbean Basin and the
northern American continent after being lifted into
the atmosphere by winds over West Africa and then
transported across the Atlantic Ocean within the Sa-
haran Air Layer . Dust affects the local energy bal-
ance and modifies the hydrological cycle ™ through
aerosol-radiation and aerosol-clouds interactions ™,
but also through changes in atmospheric stability
by absorption of solar radiation and surface thermal
radiation . Seasonal dust emission variability is
highly driven by the variability of surface winds and
in particular by variations in the low-level jet re-
sponsible for the maximum surface wind that occurs
when momentum is transported downward to the
surface by boundary layer convection "'"'?. In early
summer, turbulence and high winds surface can raise
heavy dust loading especially at the leading edge
of the cold pool outflows from downdrafts of moist
convection when the evaporating rainfall cools the
air in the subcloud layer """ Dust storms induced by
cold pool outflows are called “haboob” (a violent
dust storm or sandstorm). This mechanism allows
air mass to sink to the surface, particularly if the
environment is dry adiabatic '*. Furthermore, deep
convection impacts the aerosol vertical distribution,
which is also controlled by atmospheric transport
and scavenging "7, Considerable efforts have been
made to study the role of aerosols in the Earth sys-
tem "* and more specifically over West Africa """,
Recent modeling studies have shown that the
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dust cycle (defined as the emission, transport, and
deposition of dust) depends on weather conditions
and is highly sensitive to the removal by atmospher-
ic hydrometeors **. Modeling has helped to narrow
uncertainties in the spatial distribution of aerosols at
the global scale "> **!. Given the size of the domain
involved in dust propagation, General Circulation
Models (GCMs) are often used to tackle the dust
problem and are used for a full description of all
stages of its atmospheric lifecycle .

Nonetheless, models need to be improved to repre-
sent the vertical transport of dust to better explain the
mechanisms controlling the aerosol vertical redistribu-
tion of dust over the Sahelo-Saharan region. For dry
deposition, it is a common practice to choose a con-
stant deposition velocity of aerosol in the first layers
of the model for fine particles. The sedimentation or
gravitational settling is usually estimated from simple
parameterizations that can lead to the large spread in
aerosol residence time shown in model intercompari-
son studies "', The sensitivity of the representation of
aerosol vertical profiles and their physical processes
is, to our knowledge, poorly studied in the literature.
Additionally, particle size distribution, optical prop-
erties, and dust shape and composition are still poorly
represented in models ***.

Representing the effects of transport and clouds is
even more challenging. To address this problem, some

. 210
authors have used terragenic (

Pb) and cosmogenic
('Be) aerosol tracers to estimate the impact of the re-
moval of aerosol in the atmosphere by the convective
and stratiform precipitations in GCMs ",

We build on the inspiring effort by Pilon et al.
(2015) to better represent the transport of dust and
scavenging in the deep convective scheme in the
LMDZ model in order to show the vertical structure
of dust distribution in the SAL, over the Western
Africa region, and its control by convective transport
and scavenging.

This study provides additional insights into the
convective transport and scavenging of Saharan dust
through quantitative diagnostics of dust distribution

and through the assessment of the contribution of
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each physical process involved in this distribution.
For this purpose, we use the new configuration of
the LMDZ model coupled online with the Simplified
Aerosol Model ">,

Section 2 introduces the model and describes
the contribution of physical processes of dust trans-
port in the LMDZ model. The methodology and the
validation dataset are presented also in this section.
Section 3 is devoted to the analysis of the results and
the effects of the transport and scavenging of dust by
convective processes. Finally, we discuss results in
Section 4 and draw general conclusions in Section 5.

2. Experimental design

2.1 Climate modeling

The work presented here relies on the Laboratoire
de Météorologie Dynamique GCM LMDZ version
6A ™! and more specifically the version used for
the sixth Coupled Model Intercomparison Project
(CMIP6) simulations. This model version includes a
new set of physical parameterizations called “New
Physics” addressing particular convective clouds.
The parameterization of deep convection uses a mod-

[34] [35]

ified version of Emanuel’s mass-flux scheme

coupled to a specific parameterization of cold
pools 7 and to a stochastic triggering designed to
make the frequency of occurrence of new convective
systems within a mesh aware of the grid cell size ",
The boundary layer convection is represented by the
thermal plume model. It is described in Hourdin et al.
(2019) " and now accounts for stratocumulus
clouds. Large-scale condensation processes follow
the work of Le Treut and Li (1991) ™. This model
version also includes the introduction of the latent
heat release associated with water freezing and a
new parameterization of non-orographic gravity
waves targeting the representation of the Quasi-Bi-
ennial Oscillation (QBO). LMDZ has the particular
ability to allow the deformation of its horizontal grid
to focus on a region of interest “"**.,

LMDZ also allows the transport of an arbitrary

21

number of tracers such as dust here. In this work,
dust is considered as a tracer and is dealt with as any
other tracer. An overview of tracer transport in the
LMDZ climate model is provided by Heinrich and
Jamelot (2011). A more detailed description is given
in Section 2.3. Specific work was dedicated to the
introduction of convective transport and scavenging
in the Emanuel convective scheme and the modifica-
tion of the large-scale condensation scavenging """,

The LMDZ model is run here at a resolution of
1° x 1° over the domain 70°W-70°E; 0°N—40°N
(the zoom is centered at 5°W, 19°N), with 39 hybrid
sigma coordinate levels. The Simplified Aerosol
Model (detailed in the next subsection) is embedded
in LMDZ and provides the capability to represent
different dust bins, their emission, lifting, and depo-
sition.

Two five-year simulations have been performed
after 10 years of spin-up as in Wang et al. (2018) !
to reach groundwater table stability in the Organ-
ising Carbon and Hydrology in Dynamic Ecosys-
tems (ORCHIDEE) land surface model coupled to
LMDZ6A ") Both simulations only differ by the
activation of large-scale and convective scavenging.
These simulations are here in after referred to as
NOSCAV and SCAV, respectively (Table 1). The
Simulation with Scavenging (SCAV) serves as a
control case. The time step for the computation of
physic parameterization is 15 minutes in both simu-
lations.

Owing to the constraints of computer time and
the project timeline, only one LMDZ simulation
has been performed for each configuration. The two
simulations cover the period 2006-2010 when the
observational measurements from African Monsoon
Multidisciplinary Analysis (AMMA) were fully op-
erational "', Horizontal winds were relaxed towards
the European Centre for Medium-Range Weather
Forecasts (ECMWF) ERA-Interim reanalysis ",
with a 48 h time relaxation in the zoom area and 3 h
outside the grid-box as in Hourdin et al. (2015) ">\
Although ERA-Interim has been discontinued and
replaced by ERA-5 reanalysis **), the latter was not
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available at the time the simulation was made. Test
runs were performed using ERA-5 reanalysis wind
but no significant difference was seen.

Table 1. LMDZ model with simulations period and NP package
with and without scavenging, respectively.

Simulations Configurations Period (years)
SCAV NP + Scavenging
2006-2010
NOSCAV NP+No
scavenging

2.2 Aerosol model

We use the Simplified Aerosol Model (SPLA),
originally developed by Huneeus et al. (2009) SPLA
is an aerosol model of intermediate complexity that
is fully embedded in the LMDZ model and has been
used to estimate global acrosol emissions *.

Escribano et al. (2016) have made the original
version of SPLA compatible with LMDZ6A used in
this research work. Thus, the aerosol model includes
surface emissions and dust particles released by the
evaporation cloud process, dry deposition, scaveng-
ing, convective transport, boundary layer mixing,

[12]

transport from subgrid-scale thermals ' ~, and sedi-

mentation for coarse mode aerosols ¥,

The configuration of SPLA used here represents
aerosols with five tracers: aerosol precursors (lumped
together as a single species), fine aerosols, coarse
sea salt aerosols with diameters ranging from 1-40
um, and two coarse modes of desert dust. Dust thus
contributes to three different bins: The Super Coarse
Dust (SCDU) corresponds to diameters ranging from
6-30 pm, the Coarse or Intermediate Dust (CODU) to
diameters ranging between 1 and 6 pm, and the Fine
Particles (FINE) include to dust particles with diam-
eters smaller than 1 um . They are listed in Table
2. In this study, emissions of aerosols other than
dust are set to null. Fine aerosol thus consists only
of dust fine mode. The emission scheme is adapt-
ed from the CHIMERE-Dust air quality model .
The dust production model is composed essentially
of a saltation flux scheme from Marticorena and Ber-
gametti 1995 " and a sandblasting model from Al-
faro and Gomes (2001) **. Threshold friction veloc-
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ities are estimated following Shao and Lu (2000) ™!
and corrected by a drag efficiency coefficient **.
SPLA contains the different coefficients for aerosol
types.

The SPLA model relies on the land surface model
to compute the stocks of water and carbon in the dif-
ferent soil and plant reservoirs, which the emission
scheme depends upon.

Large-scale scavenging is composed of in-cloud
(nucleation), below-cloud (impaction), and evapora-
tion. The efficiency of in-cloud scavenging for dust
aerosols is set to a value of 0.7 as in LMDZ, mean-
ing that 30% of the dust aerosols are assumed to re-
main interstitial in the cloud. No distinction is made
between hydrophilic and hydrophobic aerosols **),

Below-cloud impaction efficiency is set to 0.5 '™,

Table 2. Dust size bins in the SPLA model.

SCDU
6-30

FINE

<1

CODU
1-6

Mineral dust

Size (um)

2.3 Representation of atmospheric transport

We recap here the treatment of LMDZ (and also
the SPLA model) with dust transport, scavenging
and the decomposition of tracer transport in its vari-
ous contributions.

At each model time step, the tracer concentration
in one grid cell is affected by the effects of the large-
scale advection (computed with a second-order fi-
nite-volume; see Hourdin and Armengaud, 1999 7
and of the various physical parameterizations that
can affect tracers. The total tracer ¢ tendency reads,

0 Drotat = (0@ aav + (3:@pny

ey

where (8,9).4, 1s the effect of large-scale advection
and (@:@pny is the total effect of the physical param-
eterization. This physical tendency can be further
decomposed as:

O Dpry = 0D wrnt + 0D therm + (0D e + (0:@isscav + 0¢@) sed

@

where (0.9« denotes the transport induced by the
turbulent diffusion in the atmospheric boundary
layer, (0:@Q)werm is the tendency induced by the ther-
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mal plume model, (3:9)., denotes the transport and
the scavenging by the Emanuel convection scheme,
(0:@isscav 1s the tendency induced by the large-scale
scavenging, and finally, (0:q)s.a denotes the effect
of tracer sedimentation. Each temporal variation of
tracer concentration in the model physics is detailed
below.

The turbulent transport in the planetary boundary
layer is treated as a vertical diffusion with an eddy
diffusivity Kz computed from the turbulent kinetic
energy prognostic equation that follows Yamada
(1983) B,

The effect of large-scale scavenging is as follows:

0D isscav = 0D s pucteation + O s impaction T 0D s evap

©)

where (0:9)snucteation 1S proportional to the conver-
sion rate of cloud water into precipitation and the
cloud fraction. The nucleation model is a modifica-
tion from Reddy and Boucher (2004) ** and aims to
follow closely the large-scale condensation param-
eterization; (0:@)isimpaction is proportional to the pre-
cipitation flux and takes into account the impaction
efficiency of raindrops and snowflakes;0 (9:@)isevap
depends on the precipitation flux. Each of these three
tendencies is detailed in the appendix of Pilon et al.
(2015) "7,

Dry deposition flux to the ground is assumed to
be proportional to the aerosol concentration in the
lowest model layer and to a prescribed velocity re-
spectively of 0.1 cm. s for FINE dust mode and 1.2
cm.s ' for coarse dust .

Finally, deep convection affects the tracer distri-
bution through both transport and scavenging in both
the saturated and unsaturated drafts (which are sepa-
rated by (1) precipitating water and (2) the air flow-
ing down in the draft) constituting the mass fluxes
of Emanuel’s scheme. For analysis and in contrast to
the study of Pilon et al. (2015) "7, we split the effect
of deep convection on the tracer distribution into
three tendencies reflecting the scavenging in saturat-
ed drafts (0:9)cvsscav, the scavenging in unsaturated
drafts (9:9)counscav, and the deep convective transport
by both drafts (0:9)cuersp.

0D = (atq)cvtrsp + (0:@ cvsscav T+ (0¢D) cvunscav
@
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2.4 Validation data

We compare simulated monthly mean AOD com-
puted from the daytime averaged AOD between 2006
and 2010 to the observed AOD from AERONET sun
photometers ' (Figure 1). We also use the Level
2 product of Cloud-Aerosol Lidar and Infrared Path-
finder Satellite Observations (CALIPSO) launched
on 28 April 2006 *"**). CALIPSO flies as part of the
International Afternoon Constellation (A-Train) and
provides global coverage of clouds and aerosol prop-
erties ‘). The latter are optical and physical proper-
ties obtained from the CALIOP onboard CALIPSO.
The Vertical Feature Mask (VFM) algorithm is used
to discriminate clouds and aerosol types ****). We use
CALIOP data from June 2006 to December 2010. We
then compute the Dust Occurrence Frequency (DOF)
using the same method found as in Adams et al.
(2012) and Senghor et al. (2017) >*°!;

¥ Pa(%y,2)

DOF(x,y,7) =
Y sn(x,y,2)

xX, ¥, Z

©)

where p is the occurrence probability of dust at a
grid point of longitude x, latitude y, and altitude z.
s is the total number of valid satellite tracks in the
grid-box, and N is the total number of grid points.
The occurrences in the longitude (x) are summed
and normalized by the total valid satellite tracks in
the range 35°W—10°E using Equation (5). A horizon-
tal grid spacing of 0.5° x 0.5° is used for grid data.
The vertical resolution is 30 m for 290 vertical levels
between —0.5 and 8 km above sea level. For the re-
trieval of the extinction coefficient from CALIOP, a
Lidar ratio is required to be used for the aerosol type.
Schuster et al. (2012) emphasized that the Lidar ratio
shows a significant variability within the Sahara re-
gion 7. Gasteiger et al. (2011) have shown that the
Lidar ratio may also strongly depend on the shape
and size of particles . To avoid this dependency,
we use qualitative information with the VFM for the
estimation of the DOF as in Tsamalis et al. (2013) **].
We are using the dust mass concentrations for the
size bins with diameters ranging from 0.01-30 um ¥
to calculate the mineral dust occurrence for lati-
tudinal cross-sections 12°-21°N in the model. We
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use mass concentrations from the model outputs to
compute the probability of DOF in the LMDZ model
at each grid point when CALIPSO overpasses our
domain between 10:00 and 15:00 UTC like all sat-
ellites in the Afternoon constellation (A-Train). For
each valid satellite track, the dust occurrence is de-
fined by the number concentration at each grid point
if the mass concentration is larger than the threshold
of 2.65 g.cm and 0 otherwise . The probability is
obtained when this number is divided by the sum of
the number concentration in the grid box > We
have calculated the vertical coordinate of the model
in km as in Wallace and Hobbs (2006) .

3. Results

We present here the assessment of the LMDZ/
SPLA model in terms of AOD and vertical distribu-
tion of dust. We show the effect of the activation of
scavenging by comparing two simulations: A control
simulation where the scavenging is activated, and
another one without activation of the scavenging (see
Table 1). We also discuss the importance of the vari-
ous components of the large-scale and parameterized
vertical transport by decomposing this transport ac-
cording to Equation (4).

3.1 Comparison of simulated and observed
AOD

To assess the column-integrated aerosol amount
simulated by the model, we made a comparison of
the AOD at 550 nm between SCAV/NOSCAV sim-
ulations, and AERONET measurements ™. As dis-
criminated in Senghor et al. 2017 observed that AOD
for dust is defined by using the Angstrom Exponent
(AE) !, Only mineral dust is considered in the cal-
culation of AOD from the SCAV and NOSCAV sim-
ulations. The comparison is made at different stations
of the AERONET network in the Sahel region: Ban-
izoumbou [13.54°N, 2.66°E] (Figure 1b), Agoufou
[15.34°N, 1.47°W] (Figure 1a), Cinzana [13.27°N,
5.93°W] (Figure 1c) and Dakar [14.39°N, 16.95°W]
(Figure 1d). The AERONET data show a clear annu-
al cycle over the Sahel with a bimodal structure. The
highest values of AOD are 0.6 and 0.7 for March and
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June in Dakar and Cinzana, respectively. Over Agou-
fou and Banizoumbou, the maximum is obtained
respectively in June and April with a slightly higher
value of AOD (0.8). The SCAV simulation reproduc-
es a seasonal cycle of AOD in agreement with obser-
vations in West Africa with a maximum atmospheric
aerosol loading in the dry season and a minimum
AOD in the rainy season. The model underestimates
slightly the AOD over Banizoumbou, Cinzana, and
Agoufou in the dry season when the contribution of
the biomass burning is maximum over Guinea Golf
countries "' and overestimates AOD over Dakar all
along the year. The AOD from the SCAV simula-
tion is similar to the observation during the summer
and autumn seasons. By comparison, the NOSCAV
strongly overestimates the atmospheric dust loading
(AOD of 2 to 2.5) and shows a maximum in July—
August. In July, the largest values of observed AOD
(Figure 1) are also simulated in the model as well
as the intensification of the westward dust transport
in the SAL. Overall, Figure 1 shows that the model
is able to detect and reproduce the most active dust
sources established from field campaigns over West
Africa .

To further assess the spatial distribution of mod-
eled dust aerosols (Figures 2a, 2b, 2e and 2f), Deep
Blue AOD at 550 nm from Modis/Terra product
(Figures 2¢ and 2d) is used for quantitative vali-
dation. In January, the transport of dust plume ob-
served by the satellite between 0° and 20°N is well
reproduced by the model as well as the active source
located southwest of Mauritania close to the border
with Senegal (Figures 2a, 2¢, and 2e). The detection
of these sources is missed by the satellite, but field
campaigns, such as the Saharan Aerosol Long-Range
Transport and Aerosol-Cloud-Interaction Exper-
iment """; Figure 5 shows that this location con-
tains one of the most active dust sources in Western
Africa. The model is in reasonable agreement with
CALIPSO observation which shows a reinforcement
of the dust layer on both sides, i.e. land and ocean
(Figure 3a). In July, heavy atmospheric dust loading
is observed by Modis (Figure 2d) between 10° and
25°N. Figures 2b and 2f show that, both models
reproduce the strong seasonal change in the airborne
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dust over Sahel as observed by satellites.

3.2 Vertical structure of the Saharan air layer

The vertical distribution of observed and simu-
lated mineral dust in West Africa (band of latitude
12°-21°N) is marked by a strong seasonal variability
(Figure 3). More dust is suspended in the atmos-
phere during boreal summer than during winter over
the whole LMDZ domain. This seasonal cycle is
shown by observations (Figures 3a and 3c¢) and is
well captured by the model (Figures 3b and 3d).
The larger dust occurrence obtained in summer is
due to the stronger activity of the North African dust
sources as shown by satellite observations and dif-
ferent field campaigns """ 7. In winter, the vertical
distribution of dust in the longitude band 12°-17°W
is limited between the surface and 3 km and shows
a maximum of dust occurrence between the surface
and 2 km (Figure 3a). The experiment SCAV exhib-
its a maximum occurrence of dust in the same lon-
gitudinal cross-sections, but at a lower altitude and
over a thinner atmospheric boundary layer less than

25 a) Agoufou
—— AERONET
—+—SCAV
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FMAMJ J A S O N D
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the observations (Figure 3b). At the transition zone
between the continent and the Atlantic Ocean (17°W;
black dashed line in Figure 3), the dust layer is in
contact with the ocean surface and the model can
reproduce this structure of the dust layer. In summer,
observations show that mineral dust is vertically
distributed between the surface and 6 km, with a
significant dust occurrence between 2 and 5 km
(Figure 3c) within the SAL ***™_ For both seasons,
the NOSCAV simulation shows heavier atmospher-
ic dust loading than model SCAV and observations
(Figures 3f and 3e). At the transition zone (17°W),
the Lidar measurements show a vertical discontinu-
ity of dust layers between land and ocean surfaces.
The dust in the model extends less in altitude and the
occurrences are slightly higher but the vertical struc-
ture is well preserved. The model is also capable of
reproducing the structure of the dust layer at the tran-
sition zone between land and ocean. In the following
section, we will explain the mechanisms that control
the elevation of dust layers over the ocean ‘“**** and
the westward dust transport away from the main dust
sources and at the transition zone.

b) Banizoumbou
25 e e

—=— AERONET
~a—SCAV
~»— NOSCAV ||

AOD

—+— AERONET
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0
J FM A M J J A S§ O N D

Figure 1. Modeled and observed monthly averaged AOD at 550 nm at four AERONET stations in the Sahel region (Agoufou (a),
Banizoumbou (b), Cinzana (c) and Dakar (d)) during the period 2006-2010. The dashed gray line represents the AOD from the
NOSCAV simulation, the solid gray line represents the SCAV simulation, and the black line is for AERONET data.
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a) LMDz (model-scav) - January b) LMDz (model-scav) - July
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Figure 2. Monthly averaged spatial distributions of AOD at 550 nm, from 2006 to 2010 for January (left panels) and for July (right
panels), in LMDZ simulations (a and b for SCAV; e and f for NOSCAV). ¢) and d) AOD retrievals from MODIS/Terra product and
mapped onto the model grid. The A, B, C and D labels correspond to the AERONET stations in Agoufou, Banizoumbou, Cinzana and
Dakar, respectively, all located in the Sahel region.
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3.3 Control by the large-scale circulation

Figure 4 illustrates the seasonal variation of the
vertical distribution of dust concentration over West-
ern Africa. We averaged the two dust bins SCDU
and FINE in the latitude range 16°W—10°E where
the dust emission and transport occur in summer “"'),
In January and over continents (Figure 4), the sim-
ulated wind field shows the Harmattan flux near the
surface and a strong mass flux subsidence around
20°N, which blocks the vertical uplift of dust at 850
hPa. All sizes of dust are lifted over the Intertropical
discontinuity by dry convection, but only the FINE
mode is elevated in higher layers, up to 600 hPa at
0°N. The large-scale circulation is responsible for
dust vertical transport over the continent in winter
when the convergence of air masses from the Har-
mattan and the monsoon flux occurs, as described by
Hamilton et al. (1945) and Stuut et al. (2005) ">,
South of 10°N, the vertical distribution of dust
over West Africa is dominated by the convective
updrafts in the ITCZ (Figure 4a). This strong ver-
tical transport brings aerosols up to 600 hPa at the
Equator. The Hadley cell plays an important role in
controlling the dust vertical distribution by stopping
the dust elevation at 850 hPa in the latitudinal range
20°-30°N. The westward transport of dust over the
Atlantic Ocean induces an important dry deposi-
tion along the way with 90% of SCDU removed
between land and Ocean (Figures 4c¢ and 3c). The
FINE concentration decreased by about 50% during
their westward transport between 10°E and 35°W.
The air subsidence associated with the Azores an-
ticyclone blocks the elevation of the aerosol layers
between 10° and 20°N but there is an important
vertical transport of FINE between 0° and 10°S and
18°-35°W (Figure 4c¢) in agreement with observa-
tions "™ As shown in Figures 3a, 3b, and 3f, a
clear homogeneous transition of the vertical distri-
bution of aerosols is seen between land and ocean
with a dust layer in contact with the ocean surface
(Figure 4c¢). In July, overland (Figure 4b), the max-
imum dust concentrations reach about 105 pg.m”
for the SCDU, 56 ug.m" for CODU, and 5 pg.m”
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for FINE. During summer, the effect of the Hadley
cell on the dust vertical distribution is not as strong
as in winter. The ITCZ signal is clear and intense in
summer as shown by the strong wind of 0°-20°N
(Figure 4b). The divergence of the air masses is lo-
cated at 100 hPa in summer, whereas it occurs at 500
hPa in winter (Figures 4b and 4a). Above the dry
convection in North Africa, the descending branch of
the Hadley cell limits the vertical transport of desert
dust at 500 hPa between 10° and 20°N in the mod-
el (Figure 4b). This is in agreement with previous
studies based on observations ", The CODU and
FINE concentrations decrease during their westward
transport but less than for the SCDU particles (see
Sections 3.4 and 3.5). The elevation of the dust layer
located in the latitudinal cross-section 12°-20°N is
similar to CALIOP observations (Figures 3c¢-3d).
In the tropical eastern Atlantic basin (35°W—18°W),
the maximum dust concentrations in the layer 2—5
km induce a weak dry deposition over the Ocean in
both models as already underlined in Chiapello et al.
(1995); Liu et al. (2012); Tsamalis et al. (2013) or
Senghor et al. (2017) 5%,

To further assess the vertical distribution of
dust, vertical profiles of the simulated DOF are
compared with observations in Figure 5. Both sim-
ulations can reproduce the altitude of the maximum
DOF located around 3.5 km, but underestimate the
redistribution of dust in the troposphere (from the
surface to 3 km) overland, particularly in the SCAV
simulation (Figure Sa). The NOSCAV simulation
catches a maximum value similar to the observation
of around 3.5 km. Both simulations are able to cap-
ture the inversion of DOF below 1 km and above 5
km overland (Figure 5a) as well as over the ocean
(Figure Sb). Over the ocean, the two simulated
DOF profiles show a distinct behavior compared
to observations. The SCAV simulation appears to
better simulate the DOF profile between 1.5 and 3.5
km where the maximum dust is observed (Figure
5b). However, both simulations underestimate the
dust distribution above 4.5 km and from the surface
to around 1 km.
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3.4 Control of the vertical structure by physical
processes

In this section, we focus our analysis on the pro-
cesses impacting the dust vertical distribution in the
troposphere. Figure 6 shows the vertical profiles
of the tendency of each model process (Equations
(2), (3), and (4)) involved in the evolution of dust
concentrations. In January, the boundary layer tur-
bulence diffusion and thermal plume transport are
the main processes enriching the lower atmosphere
over the continent from 850 hPa to the surface (be-
low 2 km). SCDU dust particles are removed by

sedimentation which dominates the dry deposition
below 850 hPa (Figure 6a). Dust is then transport-
ed westward over the ocean by advection (Figure
6¢) between the surface level and 900 hPa (below 1
km). Note that the advection flux has a magnitude
reaching approximatively 0.1 g.kg'.day'. Above
the ocean, the large-scale scavenging redistributes
the dust from 850 hPa (1.5 km) to the lower layers
between 900 hPa and the surface (below 1km), and
the thermal plume redistributes dust between 800
and 900 hPa (Figure 6¢). Sedimentation and turbu-
lence seem to withdraw dust from the lower atmos-
phere together with thermal plumes that slightly
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enrich the surface layer (Figure 6c¢) in agreement
with Friese et al., 2016 *. In January and above
the coast (Figure 6e), the processes affect the dust
distribution in a similar manner as over the ocean

a) CONC [g.m 3], Jan, Land, [16°W-10°E]

Pressure (hPa)

Pressure (hPa)

Latitude

wind vectors [m.s™1]

except for the thermal plumes above 500 m. Anoth-
er subtle difference with the oceanic region is that
the tendencies from advection, sedimentation, and
thermals peak slightly lower.
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Figure 4. Vertical cross-sections (16°W—10°E) of aerosol concentration from SCAV, for the SCDU (red lines) and FINE (black
lines) dust modes over West Africa and meridional wind (arrows; m/s) averaged over [16°W—10°E] for January (a, c) and July (b,
d) between 2006 and 2010; Land (left; a, b) and Ocean (right; c, d). Dust concentrations (contours) are expressed in pg.m. For the
FINE mode, the black contour lines go from 0.5 to 5 pg.m” with a 0.5 pg.m" interval. For the SCDU mode red solid contour lines

show values ranging from 15 to 105 ug.m > with a 25 pg.m" inter
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In July, CODU is transported upward up to 600
hPa (4 km) overland by boundary layer turbulence
and dry convection, represented in the model by
the turbulent diffusion and the thermal plumes (not
shown). The turbulent diffusion of the boundary
layer raises the dust emitted at the surface up to 950
hPa, while the vertical transport to 800 hPa (2 km) is
made by the thermal plumes (not shown). In the sim-
ulations, the effect of the monsoon flux on the dust
vertical distribution is clearly shown by the negative
advection tendency between the surface and 900
hPa (below 1 km), which is consistent with previous

(0580561 In higher levels of the atmosphere,

studies
the deep convective tendencies dominate the vertical
transport. It will be detailed in the next section.
Larger size particles are redistributed in the at-
mosphere from the SAL (around 700 hPa) before
being deposited at the surface by the sedimentation
process. The latter is more important than the dy-
namical process below 900 hPa with a tendency
respectively of —2 for sedimentation and —0.9 g.kg .
day ' for dynamical processes (Figure 6b). Above
the ocean (Figure 6d), the large-scale scavenging
effect redistributes dust between the surface and 950
hPa. The latter shows an important effect of the ad-
vection tendency in the SAL between 500 and 900
hPa (1 and 5 km) in agreement with the dust occur-
rence over the ocean in summer (Figure 3d) and the
CALIOP observations (Figure 3c¢). Large particles
are also transported far from the dust sources in the
high altitudes between (500 and 800 hPa) in agreement

with the observations from the Fennec campaign .

3.5 Control by deep convection

Our analysis is focused in this section on the
mechanisms controlling the vertical distribution of
CODU and FINE dust inside the ITCZ during sum-
mer over West Africa (Figure 7). Inside the grid-
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box selected in Figure 7, the dust is transported by
advection in the upper part of the SAL (500 and
750 hPa) (Figures 7a and 7b) corresponding to the
altitude between 2.5 and 5 km where the maximum
DOF has been found with CALIOP (Figure 3c).
This strong dust advection is shown by a positive
value of the tendency with a maximum of 0.04 g.kg .
day ' in the south part of the African Easterly Jet
(AEJ) (600 and 700 hPa above 3 km) (Figure 7b).
At this altitude, the removal of dust by the combina-
tion of sedimentation, stratiform precipitation (600
and 950 hPa), and convective rainfall is less impor-
tant than the advection. Between 750 and 900 hPa
(1 and 3 km), the dust originates from the sedimen-
tation effect (Figure 7b), convective transport and
the re-evaporation of the unsaturated drafts (Figure
7d) is removed by the large-scale scavenging (Fig-
ures 7b and 7d). In western Africa, the model has
a strong large-scale tendency to concentrate dust at
lower levels between 950 hPa and surface (Figure
7d). However, the impact of the atmospheric bound-
ary layer is very strong and brings dust up to 4 km
(600 hPa) (Figure 7b). Figure 7¢ shows the same
behavior in terms of convection and large-scale
circulation but FINE is not affected by the sedimen-
tation. Figures 7c and 7d show that the convective
transport moves a part of dust from the SAL between
500-750 hPa (3 and 5 km) to high altitudes between
100 and 350 hPa (8 and 16 km) with a maximum
contribution around of 200 hPa (12 km). However,
the import of dust by convection is almost canceled:
Dust is removed by the saturated updrafts combined
with the effect of large-scale scavenging (Figures 7¢
and 7d). Strong activity of the convection removes
a large part of dust contained in the side part of the
AEJ between 500 and 900 hPa (1 and 5 km) but the
unsaturated downdraft redistributes dust between 3
and 4 km (Figure 7d).
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4. Discussion

The comparison of two configurations of the
LMDZ model with satellites and ground observa-
tions reveals a bias in the simulated AOD showing
the importance of representing deep convective scav-
enging in models used for research on dust. This un-
certainty is related to the accumulation of dust in the
atmosphere during the boreal summer (Figures 3c,
3d and 3e). The combination of intense activity of
the Saharan dust sources and the absence of precip-
itation in the model increases the AOD of dust. The
overestimation of AOD with the SCAV simulation in
Dakar is due to the strong dust emission of the model
on the West African coast in agreement with Hourdin
et al. (2015). The comparison of LMDZ’s AOD in
Escribano et al. (2016) ** shows that the coastal dust
sources are well represented in the model during the
whole year. Our results are in accordance with previ-
ous studies >*”. Messager et al. (2010) have shown
that intense surface heating from solar radiation (so-
called heat low) controls dry convection process-
es which contribute about 35% of the global dust
budget “**!. This study has also identified the pro-
cesses involved in the control of the vertical distribu-
tion of mineral dust in West Africa. The advection in
the SAL is reproduced by the model as shown by the
vertical profile of dust over the ocean which slight-
ly underestimates the vertical profile between the
surface and around 1.5 km. The collocation of the
maximum DOF in the SAL (Figure 3d) with a max-
imum wind speed (Figures 7a and 7b) by the model
simulations near the West African coast is in agree-
ment with the findings of Tsamalis et al. (2013) *.
Figures 6b—6d and Figures 7a and 7b show a lo-
cation of the AEJ above 3 km during summer in
agreement with observed data *!. The weak dry dep-
osition of CODU and FINE between land and ocean
could be related to their intrusion in the SAL. The
removal effect of large-scale scavenging between 1
and 3 km (Figures 7b and 7d) and the good agree-
ment of the model’s AOD in the summer season
(Figure 1) show that the underestimation of the DOF
below 3 km (Figure 5a) for SCAV could be attribut-
ed to the negative effect of stratiform precipitation.
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The changes noticed in the dust occurrence for the
model between land and ocean are essentially ex-
plained by the strong activity of the dynamical pro-
cesses (advection) inside the SAL between 2 and 5
km for SCDU (Figure 6d) associated with the weak
effect of the sedimentation for CODU (Figure 7b)
and low precipitations (Figure 6d). This result is in
agreement with the findings of Vuolo et al. (2009) .
Finally, it should be noted that our simulations are
relatively short given the documented interannual
and decadal variability in dust emissions and trans-
port. However, we intend to perform a larger set of
ensemble simulations over a longer period to over-
come the limitations of a two short simulation study
and to be able to improve vertical dust transport di-
agnostic and statistics.

5. Conclusions

The online implementation of the SPLA module
coupled with the LMDZ GCM makes it possible
to organize the dust size in three bins and to dis-
criminate the different contributions of the physi-
cal processes as tendencies. This paper focuses on
the vertical distribution of mineral dust and on the
mechanisms impacting their redistribution in the
troposphere in particular over Western-North Africa
inside the (5°N-15°N; 16°W-10°W) domain, during
the monsoon season, where deep convection was
dominant. The results show that the LMDZ model
has the skill to reproduce a clear seasonal cycle of
AOD when all the physical processes listed are acti-
vated in the model. By deactivating scavenging, we
show the importance of this specific process, as well
as the importance of processed-based transport and
scavenging in a deep convective parameterization
on the dust seasonal cycle and vertical distribution
of Saharan dust. Deep convection contributes to in-
creasing atmospheric dust loading around 650 hPa
(3.5 km) and 900 hPa (1 km). While scavenging pro-
cesses are always considered as a sink for aerosols,
it is shown here that convection can locally increase
the dust concentration by the re-evaporation of the
unsaturated downdraft. The effects of large-scale
scavenging due to the re-evaporation of the strati-
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form precipitation are seen mostly activated between
the surface and 900 hPa. Above the dry convection
region around 20°N, the intertropical discontinuity
signal is clearly shown near the surface and ex-
plained by the convergence between Harmattan and
monsoon flux. Moreover, the vertical distribution of
dust is limited above the top dust layer by the large-
scale subsidence of air masses due to the Hadley
cell. Vertical transport of dust is clearly shown in
North Africa around the latitude 10°N. The elevation
of the dust layer on the eastern side of the Atlantic
Ocean is mostly due to the marine boundary layer
rather than the dynamic effects. Differences in the
vertical profiles of dust occurrence frequency be-
tween the model and CALIPSO aerosol types show
that the LMDZ model reproduces reasonably well
the vertical transport and the advection but underesti-
mates the dust mass concentration over North Africa
below 3 km due to stratiform precipitation. The ele-
vation of the SAL above the Atlantic Ocean starts at
the transitional zone between land and ocean in the
satellite observations and model simulations. This
study brings to light that the elevation of dust near
the western African coast, which previously has been
only attributed to the dynamics of the monsoon flux,
may be more affected by marine boundary layer pro-
cesses. The large dust occurrence in the West Africa
area during the summer season, due to the higher
activity of the dust sources, is reproduced by model
simulations. The study also points out a connection
between the intertropical discontinuity (ITD) and the
ITCZ overland in summer, inducing a vertical trans-
port of mineral dust in the Sahara.
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