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[1] We investigate mineral dust emission from alluvial sediments within the upland
region in northern Mauritania in the vicinity of a decaying nocturnal low-level jet (LLJ).
For the first time, the impact of valleys that are embedded in a rather homogeneous
surrounding is investigated with regard to their role as dust source. Measures for local
atmospheric dust burden were retrieved from airborne observations, satellite
observations, and model simulations and analyzed in order to provide complementary
information at different horizontal scales. Observations by the LEANDRE Nouvelle
Generation backscatter lidar system flying aboard the French Falcon 20 aircraft were
taken along five parallel flight legs perpendicular to the orientation of the main valley
system dominating the topography of the study area. Results from a comparison of
lidar-derived extinction coefficients with topography and aerial photographs confirm the
relevance of (1) alluvial sediments at the valley bottoms as a dust source, and (2) the
break-down of the nocturnal LLJ as a trigger for dust emission in this region. An
evaluation of the AROME regional model, forecasting dust at high resolution (5 km grid),
points toward an under-representation of alluvial dust sources in this region. This is also
evident from simulations by the MesoNH research model. Although MesoNH simulations
show higher dust loadings than AROME, which are more comparable to the observations,
both models underestimate the dust concentrations within the boundary layer compared
to lidar observations. A sensitivity study on the impact of horizontal grid spacing (5 km
versus 1 km) highlights the importance of spatial resolution on simulated dust loadings.
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1. Introduction

[2] Mineral dust plays an important role in the global
weather and climate system. Airborne dust interacts directly
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and indirectly with the Earth’s radiation budget [Foster
et al., 2007]. Furthermore, dust aerosols act as condensa-
tion nuclei for cloud particles and thus may have impacts
on cloud formation processes and alter cloud properties [e.g.,
Hoose et al., 2008; Lohmann, 2002; Bangert et al., 2012]
as well as precipitation rates [e.g., DeMott et al., 2003;
Rosenfeld et al., 2001; Wurzler et al., 2000]. Mineral dust
also acts as a transport medium for micro-nutrients and
therefore as a fertilizer for marine and terrestrial ecosystems
[e.g., Fung et al., 2000; Jickells et al., 2005; Mahowald et
al., 2005; Sarthou et al.,2003]. A detailed knowledge on the
location of dust sources, the dust emission process itself, and
atmospheric and surface properties affecting dust emission
are a necessary prerequisite for an as accurate as possi-
ble estimate of dust impacts on our environment. Although
progress has been made in understanding dust emission in
space and time, the reasons for interannual variability of
dust source activations remain unclear. Recent studies on
dust source locations using satellite data show a remarkable
interannual variability in the frequency of dust source acti-
vation events [Schepanski et al., 2012a; Tegen et al., 2013].
An important fraction of identified dust sources that are fre-
quently active are located within the foothills of mountains
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[Prospero et al., 2002; Schepanski et al., 2009; Ginoux et al.,
2012]. The geomorphology of these sources shows a high
fraction of alluvial sediment. Intensive rainfall over a short
time period leads to high surface runoff, which accumulates
on lower terrain, potentially causing flash flooding. Debris
and surface sediments eroded by runoff water are transported
downhill and are finally deposited in these valley bottoms
where the water flow slows down. As the size fraction of
transported sediment and debris gets segregated depending
on the flow velocity, particle size, and density, the size frac-
tion of deposited sediments becomes smaller the flatter and
wider the valley bottom becomes [Shao, 2008]. These allu-
vial sediments are very prone to wind erosion [e.g., Reheis
and Kihl, 1995; Gillette et al., 1980]. A long-term field
measurement study by Reheis and Kihl [1995] suggests an
increase in dust emission flux after intensive rainfall peri-
ods. The supply of fine sediments suitable for dust emission
is enlarged due to freshly deposited layers of alluvial sedi-
ments. A recent study by Schepanski et al. [2012b] analyzing
space-borne radar data shows a relation between intensive
rainfall events and soil surface changes that are related to
freshly deposited layers of alluvial sediments. The authors
identify changes in surface sediments through loss of coher-
ence in radar interferograms after intense rainfall periods
that often cause flash floods. The role of alluvial sedi-
ments serving as dust sources suggests an important link
between the atmospheric water cycle and the dust cycle that
requires further investigation. The impact of the atmospheric
water cycle on the dust cycle may help to explain interan-
nual variability in local dust emission fluxes from alluvial
sources.

[3] Dust uplift is mainly controlled by two factors,
soil condition and surface wind speed [e.g., Bagnold, 1941;
Marticorena and Bergametti, 1995; Shao et al., 2011]. Local
wind speed distributions may change over the course of the
year due to seasonally changing weather, but also changing
soil properties can control the emissivity of a dust source
[Bullard et al., 2011]. The emission efficiency of a dust
source is, among other factors such as vegetation cover
and soil moisture, controlled by surface type and particle
size distribution [e.g., Gillette et al., 1980; Marticorena and
Bergametti, 1995; Tegen et al., 2002]. Kok [2011] showed
that the simulation of dust emission fluxes from clay surfaces
can be improved by describing clay aggregates as brittle
material.

[4] Dust emission, deposition, and atmospheric dust load-
ings have been studied in various ways using in situ
measurements [e.g., Formenti et al., 2011; Niedermeier
et al., 2012], remote-sensing observations and numerical
modeling at the multiscale. Ground-based measurements
are very useful for long-term observation and monitor-
ing, whereas airborne measurements allow for the design
of experiments that can be adapted in time and space,
depending on the aim of the study. Utilizing the possibil-
ity to access remote dust source areas, the evolution of
a fresh dust plume can be explored in detail. Spaceborne
instruments are generally designed to last for a signifi-
cant length of time and, dependent on the orbit of their
satellite platform, can provide regional or global coverage.
Hence they can place the more localized observations avail-
able from the ground or aircraft in a wider temporal and
spatial context.

[5] In this study we aim to characterize dust emission
from sources located within complex terrain initiated by a
morning breakdown of a nocturnal low-level jet (LLJ) over
north Mauritania during the RAIN4DUST aircraft experi-
ment in June 2011. The study takes advantage of a syn-
ergistic analysis of airborne measurements and mesoscale
modeling experiments. The airborne measurements acquired
over a 100km x 100km test bed provide detailed insight
into dust emission from sources within complex terrain,
whereas the numerical model simulations are used to
incorporate the observations into a general understanding.
Section 2 provides an overview on the RAIN4DUST project
and the airborne measurement campaign in June 2011.
Section 3 gives an overview on instruments and models
used within this study. Section 4 presents a case study
characterizing a dust emission event from sources within
complex terrain. Section 5 compares the field observations
to model simulations from AROME and Meso-NH. A dis-
cussion follows in section 6, and conclusions are drawn in
section 7.

2. The RAIN4DUST Project

[6(] The RAIN4DUST project investigates the contribu-
tion of flash floods to the variability of dust emission in
the Sahara. The project considers both the role of sediment
supply and atmospheric conditions, i.e., the breakdown of
the nocturnal LLJ for dust uplift, and their interannual vari-
ability. It is structured in two parts: (1) the observation of
the dust emission process from alluvial sources within com-
plex terrain over North Africa, and (2) the contribution of
intensive rainfall periods to sediment supply and ultimately
the interannual variability of dust emission. The present
manuscript focuses on the first part. Results on the second
part are described in Schepanski et al. [2012b].

[7] Over arid and semiarid areas occasionally, heavy rain-
fall events erode the barren surface and lead to fresh layers
of alluvial sediments accumulating at the bottom floor of
drainage systems and desert valleys. Although recent stud-
ies analyzing satellite dust products highlight the importance
of dust source located in complex terrain [e.g., Schepanski
et al., 2007, 2009, 2012a], to the best of our knowledge, no
airborne observations have yet been made of the emission
process from sources within complex terrain.

[8] The observational part of the RAINADUST project
is an aircraft campaign funded by the European Facility
for Airborne Research (EUFAR) as part of the European
Council with 10 flight hours (three flights) aboard the Fal-
con 20 (F20) operated by SAFIRE (Service des Avions
Frangais Instrumentés pour la Recherche en Environment).
The research flights were integrated into the Fennec aircraft
campaign that took place over the Saharan heat low region
in June 2011. One of the aims of the Fennec project is the
characterization of the Saharan atmospheric boundary layer
dynamics and related processes.

[9] The F20 aircraft was based at Fuerteventura (Canary
Islands, Spain) from 1-23 June 2011. During this period data
were obtained from three flights, of about 3.5 h duration, in
order to characterize the onset of dust emission from sources
located within complex terrain (Figure 1). The mountain
regions over north Mauritania was chosen as the research
domain as it is an identified dust source region that shows
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Figure 1. (a) Overview of the research area and schematic on the flight track (solid black line) and
topography (gray shades). (b) Detailed view on the research domain. Schematic of the flight track is given
by solid black line. Dropsondes, named D1, D2, D3, and D4 were released at 10°W along the flight track
as indicated by filled circles. Topography is given in gray shades, and location of drainage systems is

indicated in black.

frequent dust emission during the morning hours in June
[Schepanski et al., 2009].

[10] Schepanski et al. [2009] suggest that local dust emis-
sion during the morning hours is caused by the break-down
of the nocturnal low-level jet (LLJ), triggered by the devel-
opment of the day-time convective boundary layer and the
related downward transport of momentum to the surface
leading to a sudden increase in the surface wind speed. To
achieve the objectives of RAIN4DUST, the observations
are focused on the decaying nocturnal LLJ and the conse-
quent onset of dust emission. To observe the break-down of
nocturnal LLJ and the subsequent onset of dust emission,
aircraft take-offs were scheduled so as to allow the aircraft
to reach the research domain over northern Mauritania at
around 09:45 UTC, which corresponds to local time.

[11] The research area itself is located in an arid environ-
ment with sparse vegetation and is characterized by several
desert valleys and drainage systems (Figure 1b). To explore
the onset of dust emission in the vicinity of the break-down
of the nocturnal LLJ, a desert valley system orientated in
meridional direction along 10°W was chosen as a test bed.
The orientation of the valley also represents the expected
main wind direction related to dust emission during June.
The northern part of the research area is characterized by
higher elevated terrain (above 400 m above mean sea level
(amsl) compared to around 300 to 320 m amsl) and steeper
valleys, especially over the northwestern part. Generally, the
complexity of the terrain is higher in the western part of the
domain than over the eastern part.

[12] Northerly winds are often associated with a zone
of high pressure, also referred to as the “Azores high,” to

the west of the African continent. They act to ventilate the
region south of the Atlas mountains by advecting maritime
air masses into the region. Due to the stabilizing effect of the
inflowing maritime air, the development of a nocturnal LLJ
is likely. The break-down of the nocturnal LLJ due to the
growing convective boundary layer leads to increased sur-
face wind speeds during the morning and thus frequently to
dust emission, if the wind speeds are high enough.

[13] To capture both the temporal evolution and spatial
distribution of dust emission, each flight comprised five
zonal legs running perpendicular to the orientation of the
main valleys and the expected wind direction (Figure 1 and
Table 1). Each leg was about 120 km long and was centered
at 10°W. Each leg was designed to transect regions between
10.5°W and 9.5°W. By shifting to a parallel leg downwinds,
the evolution of a dust plume could thus be examined.

[14] Rainfall estimates from the Tropical Rainfall Mea-
suring Mission (TRMM) 3B42 product [Huffman et al.,
2007] show a period of intense rainfall during 68 May 2011
with a total rainfall of about 84 mmday™' averaged over
the research area. Considering the catchment area related to
the area covered by the flight legs (25.0°-27.0°N, 11.0°—
9.0°W) the rain fell over an area of 44,450 km? with a max-
imum averaged rainfall rate of 35 mmday™' on 9 May 2011.
No significant vegetation cover is evident from the aerial
photographs taken during the flights. Following Schepanski
et al. [2012b], the intense rainfall and associated flash flood-
ing was sufficient to cause changes in the surface related to
the deposition of a fresh layer of alluvial sediment, which
we would expect to act as a strong dust source. We there-
fore expect an increased sensitivity for wind erosion during
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Table 1. Details on Legs of F20 Flight fs110013 on 11 June 2011: Geographical Position of
Start/End of Each Leg as Well as Start/End Time of Each Leg

Geographic Position Time (UTC)
Leg Start End Start End
AB 25.904°N —10.586°W 25.904°N -9.539°W 09:50 09:59
CD 25.726°N -9.527°W 25.740°N -10.538°W 10:02 10:11
EF 25.555°N -10.522°W 25.571°N -9.535°W 10:13 10:22
GH 25.396°N -9.518°W 25.400°N -10.541°W 10:25 10:34
1 25.221°N -10.456°W 25.220°N -9.497°W 10:37 10:45
JI 25.214°N -9.573°W 25.209°N -10.530°W 10:52 11:01
HG 25.373°N -10.467°W 25.370°N -9.527°W 11:03 11:11
FE 25.537°N -9.563°W 25.540°N -10.562°W 11:14 11:23
DC 25.703°N -10.536°W 25.704°N —9.552°W 11:26 11:34
BA 25.869°N —-9.596°W 25.868°N —10.553°W 11:37 11:46

the aircraft campaign in June 2011, 1 month after the intense
rainfall period.

[15] Three research flights dedicated to the aims of
RAIN4DUST were performed during June 2011: 11 June
2011 (flight number fs110013), 16 June 2011 (flight num-
ber fs110018), and 23 June 2011 (flight number fs110026).
All three flights followed similar flight tracks as shown in
Figure 1 schematically. On 11 June 2011, atmospheric con-
ditions for morning dust emission following the break-down
of the nocturnal LLJ were the best, and the observations cap-
ture the evolution of dust emission over time and space in the
vicinity of the developing convective boundary layer well.
We focus on observations from this flight in the remainder
of the paper.

3. Aircraft Measurements, Satellite Observations,
and Model Simulations

[16] Measurements from the LNG (LEANDRE Nouvelle
Generation) lidar, ground camera, and dropsondes aboard
the F20 aircraft are used and discussed in this study.
Throughout the flight over the research domain, the air-
craft was flying constantly at flight level FL320, which
correspond to an approximate flight altitude of 11 km above
ground level (agl). In addition to the measurements, satellite
retrievals providing information on the atmospheric col-
umn dust load, and simulations from the mesoscale models
AROME and Meso-NH are analyzed.

3.1. Lidar

[17] Airborne multiwavelength backscatter lidar has
proven to be a powerful technique to detect dust plumes and
characterize their properties [Ansmann et al., 2011]. In order
to detect dust uplift over complex terrain and near-source
dust transport, the LNG lidar was used. During the Fennec
campaign, the system was operated in backscatter mode with
two elastic channels at 1064 and 532 nm. Energies of 10 and
50 mJ were emitted at these two wavelengths, respectively,
at a 20 Hz repetition rate with a full angle divergence of the
laser of 4 mrad at 532 nm and 6.5 mrad at 1064 nm. For anal-
ysis, the acquired data are averaged over 10s (200 shots) in
order to reach a signal to noise ratio above 100, which is nec-
essary to detect the vertical distribution of dust and retrieve
aerosol extinction profiles.

[18] The profiles of atmospheric extinction coefficient
at 532nm are retrieved using a standard lidar inversion
technique [Fernald et al., 1972; Cuesta et al., 2008]. The

profiles of molecular extinction coefficient used in the inver-
sion procedure are obtained from molecular density profiles
computed using temperature and pressure data from drop-
sondes released during the flight [Bodhaine et al., 1999]. The
aerosol backscatter-to-extinction ratio (BER) used for the
inversion is considered to be constant with altitude and has a
value of 0.0205 sr!, which is in good agreement with values
derived at 532 nm from airborne and ground-based lidar sys-
tems over Morocco during the SAMUM-1 (Saharan Mineral
Dust Experiment) campaign [Heintzenberg, 2009] as well as
with the values found in the non-Sahel regions of northern
Africa based on a 6 year climatology using the airborne lidar
CALIOP (Cloud-Aerosol Lidar with Orthogonal Polariza-
tion) [Schuster et al., 2012]. Above the dust layer, at 9.5 km
agl, a backscatter-to-extinction ratio of 1 is considered, con-
sistent with the assumption that all of the signal originates
from molecular backscatter. In the following, we will show
and discuss particulate extinction coefficient (PEC) profiles
and aerosol optical depth (AOD) at 532 nm between the sur-
face and 2 km agl obtained from the PEC profiles integrated
between 0 and 2 km agl. As the uncertainty on the BER is
estimated to 4-0.001 sr™!, an uncertainty of the order of 15%
can be assumed for the lidar-derived PEC and AOD values.

3.2. MSG SEVIRI Aerosol Optical Depth

[19] Aerosol optical depths over desert terrain retrieved
from satellite observations provide useful information on
the atmospheric column dust loadings near the dust source
regions. In this study here we use the Meteosat Second
Generation (MSGQG) Spinning Enhanced Visible and InfraRed
Imager (SEVIRI) AOD product developed by Brindley and
Russell [2009] and recently improved by Banks and Brindley
[2013]. Due to the geostationary location of the MSG satel-
lite and the relatively high sampling interval of the SEVIRI
instrument, AOD fields at 550 nm wavelength are available
at half-hourly resolution during daylight (06—16 UTC) cov-
ering North Africa with a spatial resolution of approximately
4km over the research domain. A detailed description of
the AOD product retrieval and results of a 3 year evalua-
tion period is given in Banks and Brindley [2013]. Here, the
updated retrieval, their version 2, is used. For the study area,
an uncertainty of the order of 5-10% is estimated.

3.3. Ground Camera

[20] Monochrome (black/white) aerial photographs of the
ground surface are taken by the Basler SCA 1400-30FM
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camera mounted downward facing. Pictures with a resolu-
tion of 1392 x 1040 pixel were taken every second. A 9 mm
lense (Fujion, 2/3") was used with an aperture of f/1.4.
For flights on flight level FL320, each photograph covers a
horizontal area of 3.3 km x 4.4 km along the track.

3.4. Dropsondes

[21] Vaisala dropsondes of type RD94 were launched dur-
ing the research flight. Tracks and measurements by the
sonde were recorded by the Vaisala AVAPS GPS system
aboard the F20 during the flight. The sondes measure in situ
pressure, air temperature, dew point, relative humidity, wind
speed and direction together with time and GPS position of
the sonde.

3.5. Numerical Modeling

[22] Numerical simulations from two mesoscale atmo-
spheric model systems including a dust emission and trans-
port scheme are available for the Fennec/RAIN4DUST
period in June 2011: The AROME model and the Meso-NH
research model. Meso-NH is a mesoscale research model,
whereas AROME is an operational forecast model used at
Météo France. Both models differ in their dynamical core
with the Meso-NH parametrization following the Eulerian
description, and AROME following the Lagrangian descrip-
tion. To meet the demands of a research model and forecast
model respectively, the model initialization with boundary
conditions is solved differently. Both model systems include
similar surface schemes and dust modules.

[23] The meteorological overview is discussed using
geopotential and wind fields at 925 hPa provided by the
ECMWEF (European Centre for Medium-Range Weather
Forecasts) ERA-Interim reanalysis data set.

3.5.1. ECMWF ERA-Interim Reanalysis

[24] For an overview of the synoptic situation, fields of
geopotential height and wind at 925 hPa are taken from the
ECMWF ERA-Interim reanalysis data set [Dee et al., 2011]
for 06 UTC and 12 UTC on 11 June 2011. The fields are pro-
vided on a horizontal grid with a spectral resolution of T255
and were interpolated to a 1° x 1° grid.

3.5.2. AROME Model

[25] The numerical weather prediction model AROME
[Seity et al., 2011] is a nonhydrostatic regional model
that takes advantage of both the IFS/ARPEGE/Aladin sys-
tem (dynamical adiabatic core, data assimilation, software)
[Courtier et al., 1994] and the Meso-NH research system
[Lafore et al., 1998] for most of its physical parametriza-
tion such as micro-physics, turbulence, shallow convection,
and surface processes. AROME is a spectral model and uses
a two time-level, semi implicit, semi Lagrangian discretiza-
tion scheme on an Arakawa A-grid. The Dust Entrainment
and Deposition (DEAD) model [Zender et al., 2003; Grini
et al., 2006] is coupled online to the atmosphere module.

[26] AROME was operated in its forecast mode during
the entire Fennec field campaign period in June 2011. Initial
and boundary data were taken from operational large-scale
ARPEGE simulations for 18 UTC. The forecast fields are
available at 5km horizontal grid spacing for a domain cov-
ering the region between 8° to 35°N and 23°W to 40°E.
The size of the domain represents all dust sources of known
relevance for the RAIN4ADUST research domain. Simula-
tions were performed at 41 vertical levels. Deep convection

was calculated explicitly due to the relatively high spatial
resolution.
3.5.3. Meso-NH Model

[27] The Meso-NH [Lafore et al., 1998] was run over a
domain of 4800km x 2560km covering northern Africa
between 13.0°N and 35.9°N and 18.8°W and 28.8°E with a
5 km grid spacing. The vertical grid consists of 70 levels and
has a spacing varying from 60 m close to the ground to 600 m
in the free troposphere. The initial and boundary conditions
were provided by ECMWF analysis and forecasts issued at
00UTC on 11 June 2011. The model includes a turbulence
parametrization, a mixed-phase bulk microphysical scheme,
a sub-grid cloud cover and condensate content scheme, and
the same dust scheme, DEAD, as in AROME. A sensitivity
simulation was run using the same parametrization and ini-
tial and boundary conditions but with a 1 km grid spacing.
Due to the high computational cost, the simulation was per-
formed over a smaller domain of 720 km x 640 km covering
the area of interest between 23.6°N and 29.3°N and 14.6°W
and 7.4°W. For further details on the parametrization used in
the simulations, the reader is referred to Chaboureau et al.
[2011].

3.5.4. Dust Model

[28] The Dust Entrainment And Deposition (DEAD)
model [Zender et al., 2003; Grini et al., 2006] is
implemented into the Interaction Soil Biosphere Atmospher
(ISBA) land surface parametrization scheme [Noilhan and
Mabhfouf, 1996] that is part of the surface scheme SURFEX,
which is used for Meso-NH and AROME. Details on the
implementation of DEAD in SURFEX are given by Grini et
al. [2006].

[20] Dust emission is prescribed assuming a globally
uniform soil texture and an abundance of saltation (par-
ticle diameter > 60 wm) [Zender et al., 2003]. Additional
information on the erodible fraction is provided by the 1 km-
resolution ECOCLIMAP data set [Masson et al., 2003], in
particular the classes COVER004 and COVERO005 for bare
soil and rock soil, respectively. Information on the soil frac-
tions, in particular sand, silt, and clay fractions, are taken
from the Food and Agriculture Organization of the United
Nations (FAO) soil database (10 km resolution).

[30] In order to simulate dust emission, the particle salta-
tion needs to be predicted before dust emission fluxes can
be calculated. This is performed using the drag-partitioning
scheme as described by Marticorena and Bergametti [1995],
which parameterizes the turbulent momentum transport
from the near-surface boundary layer onto the soil surface.
Thereby, wind friction speed is calculated depending on the
surface drag properties, in particular described by the surface
roughness length z,. Here constant values of z, are con-
sidered with zyg = 100 wm for bare soil and z, = 200 um
for rock soil. The impact of soil moisture content on the
threshold friction velocity for saltation is calculated fol-
lowing Fécan et al. [1999]. The predicted saltation flux
(horizontal saltation flux) is then weighted by the fraction of
sand provided by the soil type [Grini et al., 2006]. Finally,
the horizontal saltation flux is transformed into the verti-
cal mass flux following Marticorena and Bergametti [1995].
Thereby, a uniform value for the clay fraction is applied
for DEAD to determine the sandblasting mass efficiency
[Zender et al., 2003]. The chosen factor, ¢, is model depen-
dent as the vertical resolution and the parametrization of
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Figure 2. Synoptic overview for 11 June 2011 at (a) 06 UTC and (b) 12 UTC. Contour lines give geopo-
tential height at 925 hPa in geopotential decameters (gpdm), winds stronger than 10 ms™' at 925 hPa are
indicated by vectors. Fields are taken from the ECMWF ERA-Interim reanalysis data set. “H” marks the

center of the Azores high.

the conversion of the dust emission flux (horizontal salta-
tion flux into vertical mass flux) differs between the models.
For MesoNH, the a-factor was calibrated for the June 2011
period using AERONET observations. AROME was tuned
for the June 2006 period using observations made during the
AMMA campaign [Kocha et al., 2011].

[31] Dust particle size distributions are parameterized fol-
lowing the log-normal aerosol model ORILAM [Tulet et al.,
2005, 2008] coupled to the atmospheric core. The initial
dust size distribution is given by three modes as described
by Alfaro and Gomes [2001] with median radii of 0.32 um,
1.73 pm, and 4.33 wm and standard deviations of 1.7, 1.6,
and 1.5, respectively. These modes evolve during the sim-
ulation time by several processes such as sedimentation,
surface deposition, and scavenging. Dust transport as well
as dry and wet deposition is calculated within ORILAM
considering three log-normal dust particle size modes
that are derived from measurements during the AMMA
(African Monsoon Multidisciplinary Analysis) campaign
[Crumeyrolle et al., 2011; Tulet et al., 2010]. Radiative
properties of dust such as extinction coefficient, asymme-
try factor, and single scattering albedo are calculated within
ORILAM that is coupled online to the ECMWF radiation
scheme implemented in Meso-NH and AROME [Tulet et
al., 2008; Aouizerat et al., 2010]. Aerosol-cloud interac-
tions including impact-scavenging are parameterized fol-
lowing a kinetic mass approach as described in Tulet et al.
[2010]. The refractive index of the dust aerosols is taken
from AERONET (AErosol RObotic NETwork) inversions
[Dubovik et al., 2002].

[32] The soil texture relevant for the dust emission mod-
ule is characterized by 43% sand, 34% silt, and 23% clay,
according to the Food and Agriculture Organization of the

United Nations (FAO) soil database. Due to the horizon-
tal resolution of 10 km for the FAO data set, mean values
for sand, silt, and clay fractions are constant over the rather
small simulation domain. Thus, without increasing the hor-
izontal resolution of the soil data set, spatial distribution in
soil texture is homogeneous.

4. The 11 June 2011 Dust Emission Case

4.1. Meteorological Overview

[33] On 11 June 2011, the atmospheric circulation over
north West Africa was dominated by an anticyclonic cir-
culation related to the Azores High centered west of the
Madeira Islands (Figure 2). Associated with this anticy-
clonic flow, maritime air was advected into continental West
Africa by northerly winds. At night, this advection of cool,
moist air stabilized the boundary layer and a sharp inver-
sion developed above the nocturnal boundary layer (NBL)
and decoupled the residual PBL from the surface allowing
for the LLJ to accelerate within the residual layer above the
nocturnal inversion.

[34] Winds at 925 hPa, which is approximately the level
of the LLJ, were significantly stronger at 06 UTC (Figure 2)
than at 12UTC. Winds of more than 15ms™! are strong
enough to initiate dust emission once mixed down to the sur-
face. At 12 UTC, when a deep PBL had already developed,
winds of less than 10 ms™! were evident. Although the pres-
sure gradients at 925 hPa were similar at 06 and 12 UTC,
the significantly lower winds at 12 UTC indicate that the
925 hPa level was within the PBL at this time. In contrast,
at 06 UTC the 925 hPa level was situated above the NBL
within the residual layer where the LLJ had developed.
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4.2. Observed Boundary Layer Characteristics

[35] Boundary layer characteristics that provide evidence
for the presence of a nocturnal LLJ were retrieved from
dropsondes. During the flight on 11 June 2011, four drop-
sondes were released along 10°W as shown by filled circles
in Figure 1b. Vertical profiles of potential temperature,
water vapor mixing ratio (WVMR), and wind, as shown in
Figure 3, characterize the development of the PBL. Drop-
sonde D1 shows a bias in temperature and therefore is
not further considered. Overall, the in situ measurements
represent the decay of the nocturnal LLJ layer and the devel-
opment of the convective PBL during the course of the
observations. The potential temperature and the WVMR
indicate the stability of the PBL. Well-mixed layers are char-
acterized by a constant potential temperature and WVMR.
A capping inversion at the top of the PBL is evident from
the sharp decrease in WVMR. The well-mixed PBL layer is
also characterized by a homogeneous aerosol distribution as
shown by Figure 4 and discussed below. The relative humid-
ity increases linearly with height within the well-mixed layer
due to the lapse rate. Within the PBL, the remnant of a noc-
turnal LLJ can be identified. During the night, the nocturnal
LLJ has formed within the residual BL above the temper-
ature inversion that separates the NBL from the residual
layer. This inversion decouples the residual BL from the
surface and allows for the acceleration of the winds within
lower residual layer to super-geostrophic velocities, forming
the LLJ. With increasing turbulence and deepening PBL the
next morning, the LLJ layer is finally coupled to the PBL.
Momentum from the LLJ layer is mixed into the PBL and
the LLJ becomes eroded. During this stage of decay, the low-
level wind maximum associated with the LL]J is still present,
but weaker and now within the growing PBL. This is present
in the observations by the dropsonde D2, but it is absent in
the wind profile measured by the dropsonde D3. There, the
decay of the LLJ is already complete. The fourth sonde D4
(same location as D2 but 1 h later) measures some remnant
of the LLJ, which can be described as a transition from the
state observed by D2 (LLJ still present, but within PBL) to
D3 (LLJ absent).

[36] All dropsondes observe a well-mixed PBL with
increasing depth from 600 m at 25.75°N (D2) to 800 m at
25.3°N (D3) (Figure 3). The potential temperature and the
WVMR within the PBL indicate a development with time
and latitude. As the position of the sun above the horizon
rises with time, solar heating increases as well, leading to
increasing turbulence and temperature. Consequently, the
potential temperature within the PBL increases as well as the
depth of the PBL.

[37] Dropsondes D2, D3, and D4 (Figures 3a—3c) show
an example of the development of the PBL and the degrada-
tion of the nocturnal LLJ layer not only with regard to time
but also with regard to surface structure and albedo. The
terrain over the research domain flattens with decreasing lati-
tude as shown in Figure 1, and the surface structure becomes
smoother as exemplified by the aerial images shown in
Figure 5 for two of the valley systems. Surface heating
and surface roughness influence the PBL. Comparing the
three dropsondes with regard to time and space, the vertical
profile measured by dropsonde D2 indicates a well-mixed
PBL with a potential temperature of 298 K and a WVMR
of 9gkg™ up to a height of 600 m agl. Within this layer,
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Figure 3. Vertical profiles of (left panels, solid line) poten-
tial temperature, (left panels, dashed line) relative humidity,
(middle panel, WVMR) water vapor mixing ratio, (right
panels, solid line) horizontal wind speed, and (right panels,
dashed line) horizontal wind direction measured by dropson-
des released at 10°W as shown in Figure 1. (a) Dropsonde
D2 released at 10:18 UTC at 25.6°N 10.0° W, (b) dropsonde
D3 released at 10:41 UTC at 25.3°N 10.0°W, and (c) drop-
sonde D4 released on the return at 11:19 UTC at 25.6°N
10.0°W (same position as dropsonde D2).
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Figure 4. Particulate extinction coefficient (PEC) retrieved from airborne lidar measurements at 532 nm
are given by colors. Terrain elevation is represented by solid red line. AOD values calculated from PEC for
the lowest 2 km (diamonds) representing the dust content within the boundary layer are shown in separate
panels above each PEC figure together with MSG SEVIRI AODs (bold line) for the closest retrieval time.
Different observation times are indicated by different colors: blue - 10:00 UTC, green - 10:30 UTC, light-
green - 11:00 UTC, orange - 11:30 UTC, red - 12:00 UTC. Please note that due to the motion component
of the aircraft and the sampling interval of the lidar instruments, local AOD maxima may be offset in
flight direction compared to the topography and MSG SEVIRI AOD. (a) leg AB at 25.9°N, (b) leg CD at
25.75°N, (c) leg EF at 25.6°N, (d) leg GH at 25.45°N, (e) leg 1J at 25.3°N, and on the return f) leg BA
at 25.9°N, (g) leg DC at 25.75°N, (h) leg FE at 25.6°N, (i) leg HG at 25.45°N, and (j) leg JI at 25.3°N.
Altitude is given in km amsl.
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Figure 5. Aerial photographs taken by downward facing ground camera aboard the F20 showing the
decrease in surface ruggedness from north to south. Figures of each row are taken along one track, with
first row showing two photographs along leg AB/BA and last row showing two photographs along leg
1J/JI. Locations of photographs along each leg are chosen to show snap shots of surface characteristics of
the two main drainage systems being present over all legs.

remnants of a nocturnal LLJ with a wind speed maximum of
15ms™! at 200 m agl are evident. About 1 h later, the PBL
has developed a depth of approximately 800 m. The bound-
ary layer was heated by 2K to 300K and has a WVMR of
8 gkg! (i.e., drier PBL conditions). The nocturnal LLJ layer

decayed with time as boundary layer turbulence eroded the
wind speed maximum, distributing its momentum over the
PBL depth. As described in the literature, this process is
accompanied by sudden increase of surface winds and gusti-
ness [e.g., Lenschow and Stankov, 1979]. Dropsonde D3
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Figure 6. MSG SEVIRI AOD at 550 nm for 11 June 2011, 09:00 UTC to 11:30 UTC at half-hourly
resolution. No AOD retrieval is available over the ocean. Labels “A” and “B” identify two areas of

increased dustiness as discussed within the text.

that was released about 30 km further south shows an atmo-
spheric profile indicating a PBL depth of about 800 m, with
a top marked by a sharp decrease in WVMR. The potential
temperature within the PBL is at 299 K comparable to drop-
sonde D2, but no clear nocturnal LLJ can be identified for
D2. There is a wind speed maximum observed at 600 m agl,
which can be seen as the last remnants of a nocturnal LLJ
eroded by increasing PBL turbulence.

4.3. MSG SEVIRI AOD

[38] MSG SEVIRI AOD images indicate the presence of
airborne mineral dust over north West Africa (Figure 6).
Due to the nighttime advection of air from the Atlantic, the
level of background dustiness is low (<0.2) on 11 June 2011.
Dust plumes associated with an AOD of up to 1.0 develop
from local dust emission during the morning with increas-
ing AODs as shown in Figure 6 for 09:00-11:30 UTC at
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Figure 7. Elevation of terrain above sea level along the flight tracks. (a) Legs on the outbound flight
and (b) legs on the return flight. Elevation is taken from the Shuttle Radar Topography Mission digital
elevation data set shown at 90 m horizontal resolution interpolated with a 900 m running mean. The
location of dust plumes observed by lidar measurements as shown in Figure 4 are indicated by orange

ellipses. Connected valley systems are numbered.

half-hourly time slots. With respect to the research domain
(cf. Figure 1), two areas of increased dustiness are of inter-
est. First, the area over Western Saharan territories north
of the Mauritanian-Western Saharan border labeled “A” in
Figure 6. This region lies upwind of the domain covered by
the airborne measurements and therefore needs to be consid-
ered as source for dust transported into the research domain.
Second, the mountain foothill area south of the Mauritanian-
Western Saharan border labeled “B” in Figure 6. The regions
are separated by a meridional orientated mountain ridge and
thus low level dust emitted north of the ridge is not advected
into the aircraft research domain during the time of inter-
est (morning hours until noon), although northerly winds are
present (Figure 2).

[39] Analyzing the temporal evolution of these two
regions of relatively high AODs, an increase of local AODs
can be noted for the hours until 10:30 UTC. This can be
explained by increasing atmospheric dust concentrations due
to lasting dust emission in the presence of the downward
mixing of the nocturnal LLJ. Dropsonde observations of the
mixing state of the atmosphere and the vertical wind distri-
bution further indicate that the PBL is well-mixed by this
time of the day, and the remnants of the LLJ are diminished
(cf. Figure 3). Thus, local dust emission fluxes decrease, and
local dust plumes migrate within the regional airflow. While
horizontal distribution of dust concentrations at near-surface
levels is highly heterogeneous with high concentrations over
source regions during the active dust uplifting phase, hori-
zontal dust concentrations disperse during transport and lead
to broader and lower concentration maxima.

[40] Over the domain covered by the aircraft observations,
two meridional orientated bands of increased AOD (up to
0.8) can be identified from Figure 6. One band is located

over the western margins of the domain, a second band is sit-
uated east of 10°W. The horizontal variability of dust AOD
with regard to the topography will be discussed for the indi-
vidual legs together with the airborne lidar observations in
section 4.4.

4.4. Airborne Observation of Dust Emission

[41] Due to the location of the research area and the pre-
vailing northerly wind direction, it can be assumed that
all aerosols within the PBL are of terrigenous origin, i.e.,
mineral dust. The highest lidar-derived PECs are retrieved
for the PBL. The aircraft overpass before noon, the decay-
ing LLJ, and the advection of pristine air from the ocean
suggest that dust within the PBL originates from local
dust sources.

[42] The vertical distribution of PEC that is directly linked
to the atmospheric dust concentration (as aerosols from other
sources such as soot are unlikely) is shown in Figure 4 for
each leg, which covers a distance of approximately 120 km
(see Table 1 for details on legs). The AOD calculated for
the first 2 km agl is also given in Figure 4 together with the
AODs retrieved from the MSG SEVIRI observations. Con-
sidering the PEC for the first 2 km agl only, the AOD can
be directly related to local dust emission. As the air above
the PBL is rather aerosol free, the MSG SEVIRI AOD can
be assumed to be close to the AOD calculated from the lidar
observations. The topography along the flight track is over-
laid in Figure 4 allowing for the colocation of peaks in PEC
distribution with the topography.

[43] Due to local dust emission, the dust concentration
and therefore the retrieved PEC is highest within the PBL.
A sharp decrease in PEC at about 1 km agl marks the top
of the PBL. Due to the ongoing development of the PBL as
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Figure 8. (a)and (b) Aerial photographs for two vertical profiles of valley “3” region along flight leg CD.
(c) Vertical profiles of extinction coefficient for three locations: the valley itself at longitude 10.125°W

and two adjacent locations uphill at 10.15°W and 10.

presented profile.

evident from the dropsondes (see section 4.2), the depth of
the PBL increases over the time of the flight by 200-300 m.
Although background dustiness is evident for the PBL, this
can be explained by dispersion of entrained dust due to tur-
bulent processes within the deepening PBL, local hot spots
in terms of increased PEC are observed within the PBL over
each leg of the flight.

[44] The horizontal distribution of dust concentration and
PEC maxima, respectively, provides information on the
location of dust sources. The comparison between bound-
ary layer PEC and topography suggests that some high dust
concentrations can be placed over or nearby valleys. Not
all valleys are necessarily acting as a dust source at the
same time. When comparing horizontal distribution of dust

075°W. Horizontal bars represent uncertainty on the

concentrations and elevation, uncertainties due to the char-
acteristics of the lidar observation need to be taken into
account. The beam width, the ground speed of the aircraft,
and the temporal averaging of lidar profiles, as part of data
post-processing and noise reduction, lead to a smear-out of
sharp, isolated dust concentration maxima as expected for
narrow valleys. Thus, local hot spots in dust concentrations
may appear at a shifted geographical position along the flight
track, and the concentration maximum may be smeared out.

[4s] The visually identified hot spots obtained from the
PEC retrievals in Figure 4 are summarized schematically in
Figure 7 and set in relation to the surface topography. Valleys
and endorheic systems that are crossed by the flight track
several times at different latitudes are numbered for better
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Figure 9. Fields of dust optical depth representing the atmospheric total column dust loading for (a, c,
and ¢) 09 UTC and (b, d, and f) 12 UTC for the two models (a and b) AROME and Meso-NH with a (¢
and d) 5 km and (e and f) 1 km grid spacing. Position of F20 flight track is given by black solid line.
Arrows represent the wind at 10 m stronger than 8 ms™!

orientation. The average depth of valleys and endorheic sys-
tems over the domain is typically 10 m to 30 m. Although
not all valleys/drainage systems are represented by above
the background level increased dust loading, a predomi-
nance is evident. Multiple transects over one valley system,
but at different latitudes, may show increasing dust load-
ing not only due to direct dust emission but also due to
accumulation caused by downwind transport. The valley

system located between 10.2°W and 9.8°W (Figure 7) con-
sists of three individual valleys at 25.9°N (“3a,” “3b,” and
“4” in Figure 7) merging into one valley at 25.6°N (“34” in
Figure 7). A second dominant valley system that is crossed
by several flight legs is located between 9.9°W and 9.6°W.
It consists of the valleys numbered as “5a,” “5b,” “6,” and
“7”. The valleys merge step by step to valley “567” at
25.3°N.
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Figure 10. Vertical distribution of extinction coefficient representing the dust concentration simulated
by AROME for each leg at (a—e) 09 UTC and (f-j) 12 UTC. Potential temperature [K] is given by

contour lines.

[46] Vertical profiles of lidar-derived PECs provide infor-
mation on the altitude of the dust layer. As the measurements
were taken over a dust source region, and neither dust
plumes from previous days nor advected dust plumes were
present, dust concentration is highest within the shallow
PBL. Lidar observations during previous and subsequent
flights during June 2011 passing over the RAIN4ADUST
research domain and the adjacent Atlantic region indi-
cate that lowest dust AOD values are observed on 8 June
2011 suggesting that the level of aged dust advected from
remote sources into the research domain is low. Also, the
atmospheric aerosol loading above the PBL, where dust
usually emitted during previous days can be found, is low
(< 100 x 10°m™). As shown by the comparison between
PEC and topography, above background level increased
PECs are frequently observed over wide valleys. Figure 8
shows an example comparison of vertical PEC profiles for
valley “3” along flight leg CD (Figure 8c). In addition,

aerial photographs for the valley and one position over adja-
cent, higher terrain are given (Figures 8a and 8b). The
profile over the valley center shows high PEC of more than
600 x 10°m™! within the PBL, which leads to an AOD of
around 0.6 (Figure 4b). Profiles for two locations over adja-
cent, higher terrain (peaks) show significantly lower dust
concentration within the PBL, represented by PECs of up to
300 x 10°m™ and a corresponding AOD of 0.3.

[47] Aerosol optical depths calculated from the lidar mea-
surements are further compared to AODs retrieved from
MSG SEVIRI observations (Figure 4). As the aircraft mea-
surements were taken during the initial dust emission phase
that begins with the breakdown of the nocturnal LLJ dur-
ing the morning hours, and air above the PBL is rather
dust-free due to advection from the Atlantic, AODs calcu-
lated from the satellite observations can be assumed to be
comparable to AODs retrieved from the airborne lidar obser-
vations. Irregularities in AOD that appear in MSG SEVIRI
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Figure 11. (a) Temporal evolution of the vertical distri-

bution of wind speed (shading, ms™') and dust extinction
(white lines, 10°kgm™) for 5km Meso-NH simulation.
(b) Temporal evolution of the surface wind speed. Val-
ues represent spatial mean over the domain covered by the
aircraft.

AOD series may be due to the reference image used for data
processing. As described by Brindley and Russell [2009] in
detail, a pristine, cloud-free reference field is obtained for
a 28 day rolling window. In the presence of dust and with
increasing atmospheric dust loading, the surface brightness
temperature is decreased relative to the pristine reference
case. The reference scene is retrieved for each retrieval time
step and pixel individually.

[48] The distribution of MSG SEVIRI AODs as shown
in Figure 4 along each flight leg suggests a spatial
distribution following the main topographic features, which
increased AOD over the main valley centered at 10°W (com-
pare also with Figure 1 for an overview on the topography
of the domain). SEVIRI AODs are plotted at the native
sampling scale of the measurements (approx. 4 km). Hor-
izontal variability in AOD occurring at spatial scales less
than the instrument resolution would not be captured, and
hence, the derived AODs along the flight tracks appear
smoother than those obtained from lidar. As dust emission
is still in progress during the morning, dust plumes are
under development as well. Thus, local dust concentrations
may significantly increase during two MSG SEVIRI AOD
retrieval time steps leading to “jumping” AODs as evident
from Figure 4. Transport of dust becomes a more dominant
feature in particular later during the morning.

[49] With respect to the horizontal and temporal resolu-
tion, and age of the dust plume, SEVIRI AODs show the
tendency to be higher over valleys and lower over summits.
For example, for the corresponding 10 UTC time slot, the
MSG SEVIRI AOD is increased over the valley at 10°W
along leg EF. However, a relation between increased dust
concentrations and topography at the scale of individual val-
leys, as was seen for the LNG measurements, cannot be
resolved from the SEVIRI AODs because of their relative
limited spatial resolution.

[50] The heterogeneity of the terrain and thus its rugged-
ness is highest over the northwestern part of the domain
covered by the flight track and decreases toward the south-
eastern part of the domain. The complexity of the ter-
rain along the flight track is well documented by aerial
photographs taken during the flight. Photographs for two
different valley systems that are crossed by each flight
leg are shown in Figure 5. The pictures are sorted as
follows: the two valley systems are represented by the two
columns, whereby pictures taken over the valley initially
labeled as “3a” on Figure 7 for leg AB/BA are given on
the left side, and pictures for the valley system labelled as
“Sa” for leg AB/BA are shown on the right side. More-
over, the upper part of both valley systems are characterized
by narrow and well-defined drainage systems. Over the
meridional course of the valley, the bottom floor widens
and extensive sandy surfaces appear. Whereas individual
flowing channels are clearly identified for leg AB/BA to
EF/FE, wide plains characterize the valley bottom, although
drainage channels are evident but not as pronounced
as upstream.

5. Model Evaluation

[s1]] Two mesoscale models were providing dust and
weather forecasts during the Fennec aircraft campaign in
June 2011, the operational forecast model AROME and
research model Meso-NH. The dust module and physics
parametrization of both models are similar, but they dif-
fer in their dynamical core. Because of their difference in
their dynamical core, the two models differ in the tuning of
the sandblasting efficiency (defined as the conversion of the
horizontal saltation flux into vertical dust flux). The sand-
blasting efficiency is an empirical parameter that depends
on the dynamics of the meteorological model and therefore
requires tuning. This tuning was performed for AROME
using observation data from the AMMA campaign for June
2006 as described in Kocha et al. [2011], and for Meso-
NH using observations provided by AERONET for June
2011. The model-dependent choice of this parameter leads
to differences in the relation of wind speed and vertical dust
emission flux. In the following, the dust forecast simulations
of AROME and the dust simulations of Meso-NH will be
compared to the aircraft observations.

[52] A sensitivity test on the impact of the horizontal grid
spacing, in particular with regard to the representation of the
topography, were performed running Meso-NH additionally
with 1 km grid spacing.

5.1. AROME

[53] The calm conditions at surface level and the pre-
vailing northerly wind direction and hence the advection
of pristine, maritime air leads to low dust atmospheric col-
umn loadings during the night and early morning on 11 June
2011. Between 06 and 09 UTC boundary layer, turbulence
increases and dust emission begins. At 09 UTC, small and
optically thin dust plumes with AODs of up to 0.1 occur over
a region roughly between 11.0-9.0°W and 25.5-27.75°N
(Figure 9a). As dust emission continues, the atmospheric
dust loading increases in mass and extent. At 12UTC, a
dust plume with an AOD of up to 0.2 is covering a domain
east of 9.75°W roughly extending from 25.0°N to 27.75°N
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km and (c, d, g, h) 1 km grid spacing. Position of F20 flight track is given by red solid line. A zoom into
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Figure 13. Vertical distribution of extinction coefficient representing the dust concentration simulated
by Meso-NH with 5 km grid spacing for each leg at (a—e) 09 UTC and (f—j) 12 UTC. Potential temperature

[K] is shown by contours.

(Figure 9b). A second, but optical thinner dust plume is
covering a region between 11.0-9.75°W and 24.5-26.0°N.
[s4] Parts of both dust plumes that develop over north
Mauritania are located within the domain that is crossed zon-
ally several times by the F20. The vertical distribution of
dust in the form of PEC is shown in Figure 10 for each
leg for 09 and 12 UTC. As the aircraft was flying over the
domain between 10 and 11:30 UTC, the outbound flight is
closer to 09 UTC (Figures 9a—9¢) and the return flight closer
to 12 UTC (Figures 9f-9j). As also discussed in section 4.2,
the PBL develops significantly between 09 and 12 UTC. As
the largest fraction of dust aerosol is mixed within the PBL,
the top of the PBL is marked by a significant decrease in
dust concentration and therefore in PEC. Taking this as an

indicator for the top of the PBL, the boundary layer deep-
ens by up to 500 m during the 3 h. Two regions of increased
PEC are evident. One is located over the eastern part of the
leg and one over the western part separated by a minimum
at around 10.1-10.0°W as shown in Figures 10a—10c, and
Figures 10f—10h in particular. As dust emission proceeds,
and also as regional dust transport occurs, dust concentration
increases as represented by an increased PEC. At 09 UTC,
the isolines of PEC are situated concentric around the local
maxima forming an elliptic semisphere laying on the sur-
face. This is the case for a dust plume caused by immediate,
local dust emission. At 12UTC, dust plumes are already
transported downwind and thus the shape of the isolines
of PEC is not a concentric, elliptic semisphere anymore.
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The maximum PEC per layer is elevated and tilted toward
the horizontal transport direction as transport is faster at
higher levels than at lower due to surface friction. Both dust
plumes show evidence for horizontal transport with a pre-
dominant zonal component at 12 UTC compared to 09 UTC
(Figures 10f-10j). This is in agreement with the predomi-
nant westerly wind direction at 700 hPa. The evolution of
the dust plume as seen by the model is not evident from the
lidar measurements. The lidar measurements suggest high
dust concentrations at low levels with maximum dust load-
ing over valleys. A tilt of the vertical axis of dust plumes is
not observed. This suggests that not only the location of the
dust sources but also the strength of the dust emission fluxes,
as indicated by the observations, are seen in a different way
by the model.

5.2. Meso-NH at 5 km Grid Spacing

[s5] The regional research model Meso-NH is used here
not only to compare to the AROME simulation but also to
further investigate the model sensitivity to the horizontal
resolution.

[s6] The general distribution of dust simulated by Meso-
NH with a 5 km grid spacing is similar to that simulated
by AROME, but the atmospheric dust optical depths are
much higher in Meso-NH fields than in AROME fields
(Figure 9). The differently chosen sandblasting efficiency
can be assumed as a main reason for the differences in
simulated dust loadings as the wind fields follow similar
distributions. Meso-NH simulates a dust plume over north-
eastern Western Sahara and northwestern Mauritania. Dust
emission fluxes simulated by Meso-NH are higher than those
simulated by AROME. The dust AOD at 09 UTC is up
to twice as high (up to 0.2) as in the AROME simulation
(up to 0.1), but four times as high at 12 UTC. Addition-
ally, compared to AROME, dust emission is also simulated
during the night, and higher dust concentrations accumulate
with time. Overall, the dust emission flux shows a min-
imum between 05 and 06 UTC (Figure 11) and increases
significantly onward. As shown in Figure 11a, the low-level
wind maximum (up to 18 ms™) develops during the night
reaching its maximum in wind speed and vertical extent at
06 UTC. After sunrise at 05:49 UTC, solar heating sets on,
and convective turbulence increases. With increasing tur-

bulence, the nocturnal temperature inversion separating the
NBL from the LLJ embedded in the residual BL is eroded.
The residual layer couples to the surface layer, and momen-
tum from the LLJ is mixed downward. The average surface
wind speed increases by more than 2 ms™' during 6 to 8 UTC
(Figure 11b). At 11 UTC, the PBL is characterized by a
constant vertical wind profile indicating that the momentum
from the LLJ is mixed over the entire PBL, and the aver-
age surface wind speeds remains at a constant level. With
increasing surface wind speeds after 06 UTC, the dust emis-
sion flux increases accordingly. With increasing convective
turbulence, dust is mixed upward into the PBL (Figure 11).
Due to the prevailing northerly wind direction and dust emis-
sion occurring further upwind the area covered by the flight
legs, dust advected into the domain is contributing to the dust
concentration (Figures 9 and 12). Once the momentum from
the LLJ layer is mixed over the entire PBL, surface wind
speeds decrease and with it the dust emission flux. Thus, the
vertical gradient in dust extinction decreases as well.

[57] The main dust source region, for which significant
dust emission fluxes are simulated, is the mountain area
in the border region of Western Sahara and north Maurita-
nia (Seguiet El Hamra region) (Figures 12a and 12b). Dust
emission fluxes are up to 2 x 10°kgm™ and are high-
est at 09 UTC over the Mauritanian border region between
11.5°W and 10.0 °W.

[s8] The dust emission fluxes show a zonal gradient with
values of 8-10 x 10%kgm™ over the western part of the
flight tracks and lower fluxes of 6-8 x 10 kgm™ over the
eastern part of the flight tracks. The comparison with hori-
zontal wind speed distribution identifies the wind speed as
controlling factor for the horizontal variability of dust emis-
sion fluxes as soil texture characteristics are constant over
the whole domain.

[59] However, dust AODs simulated by Meso-NH are
higher over the eastern part of the flight tracks than over the
western part (Figure 9). As shown in Figures 9 and 12, dust
emitted over the western part is transported eastward, mainly
within the boundary layer, as dust extinction is very low and
constant above the PBL (Figure 13).

[60] Vertical dust concentrations along the flight tracks
lead to high PECs within the first layers within the PBL. At
09 UTC, a sharp decrease in dust concentration marks the top
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Figure 15. Vertical distribution of extinction coefficient representing the dust concentration simulated
by Meso-NH with 1 km grid spacing for each leg at (a—e) 09 UTC and (f—j) 12 UTC. Potential temperature

[K] is shown by contours.

of the PBL at 300—500 m agl. The top of the PBL decreases
along the flight track toward the west with increasing terrain
heterogeneity. Compared to the depth of the PBL indicated
by the dropsonde observations and vertical PEC distribu-
tion retrieved from the lidar observation, the simulated depth
of the PBL is about 200-300 m shallower. Dust PECs with
up to 400 x 10°m™! are simulated over the eastern part
of the flight legs, where the model topography is shallower
(Figure 13). The background dustiness is characterized by a
dust PEC of 300-400 x 10°° m™'. The simulated background
dust extinction and local maxima are in the range of extinc-
tions retrieved from lidar observations. The observations,

however, indicate these values for a much deeper layer. Con-
sequently, the simulated vertical column dust concentration
is lower than observed, which is also indicated by the lower
than observed dust AOD values. Figure 14a illustrates the
relation between the AOD retrieved from LNG observations
and the simulated AODs separately for the outbound (dia-
monds) and the return (triangles) flight. During both parts
of the flight, the 5 km grid spacing simulated AOD is lower
than the AOD indicated by the lidar observations. No signif-
icant change for the relation between the outbound and the
return flight is evident, which is also suggested by the AOD
distribution shown in Figures 9¢ and 9d.
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[61] At 12 UTC, the background dustiness has decreased
and is represented by a dust PEC of 200-300 x 10°m™,
which is still slightly lower than the observed background
PEC of 300400 x 10°m™ (Figure 4). The PBL has deep-
ened to up to 1000 m agl, but is still shallower than observed.
Compared to 09 UTC, the dust PECs along the flight tracks
are more variable, but local hot spots in PECs in the surface
layer are less pronounced.

[62] The relation between the horizontal distribution of
PECs and topography, in particular increased PECs over
valleys, cannot be concluded from the 5 km model sim-
ulations. In contrast to the observed PECs (Figure 4), the
simulated dust extinctions show only little horizontal vari-
ability. Overall, the zonal distribution is dominated by dust
concentrations increasing from west to east, which is also
represented by the horizontal AOD distribution as shown
in Figure 9, but not observed. The simulated distribution
pattern is more likely due to effects of topography on trans-
port and post-emission accumulation than due to local dust
emission within the valley. As soil texture is constant over
the whole domain, and no preferential dust sources are pre-
scribed, alluvial sources are not represented explicitly, and
wind speed is the determining factor for dust emission. Fur-
thermore, the spatial comparison of dust emission fluxes and
the location of endorheic systems (Figures 12e—12h) does
not suggest an increased dust emission flux from desert val-
leys. Due to increased PBL turbulence and dust transport,
the horizontal dust distribution is more uniform at 12 UTC
than at 09 UTC.

5.3. Meso-NH at 1 km Grid Spacing

[63] To further examine the impact of the horizontal res-
olution on the simulation of dust emission, a Meso-NH
run with 1 km grid spacing was performed. The complex-
ity of the topography especially over the northern part of
the RAIN4DUST research domain is better represented at
1 km grid spacing than at 5km. The horizontal variability
of near-surface winds is higher, as well as the wind speed.
Furthermore, surface heterogeneity that affects surface heat-
ing and cooling and therefore the sensitivity of turbulence
elements within the PBL contributes to an increased spatial
variability in surface wind speeds in terms of its standard
deviation over the domain.

[64] The simulated 10 m wind speeds are higher
(Figures 12c and 12d) than for the 5 km run (Figures 12a
and 12b), but the general pattern distribution remains sim-
ilar. Local dust emission fluxes are increased for the 1
km simulation accordingly, although the dust source areas
remain (Figures 12¢ and 12d). Due to increased dust emis-
sion fluxes, the horizontal distribution of dust plumes as
represented by the dust AOD (Figures 9¢ and 9f) shows
increased values of up to 0.5 for the 1 km simulation. The
pattern of dust AOD distribution is similar to the 5 km run,
although dust plumes originating from dust emission over
the Morocco-Western Sahara border region are more pro-
nounced in the 1 km simulations. The observed maximum
AOD is close to maximum values retrieved from the lidar
PECs. Although the simulated AOD values are still lower
than observed AODs (Figure 14b), the level of dustiness is
increased compared to the 5 km Meso-NH simulation. Fur-
thermore, the relation between observed and simulated AOD
is changing with time as evident when considering the out-

bound and return flight separately. Also, Figures 9¢ and 9f
suggest an increase in AOD during the flight over the domain
of interest.

[6s] The wvertical distribution of PEC as shown in
Figure 15 suggests similar PBL heights and temporal devel-
opment for the 1km simulation as well as for the 5km
simulation. Topographic heterogeneity higher affects the
thermodynamics of the PBL. Thus, an enhanced spatial vari-
ability in dust extinction is evident. Due to the higher dust
emission fluxes, dust extinction within the PBL and in par-
ticular within the lowest layers are higher (> 400 x 10 m™).
Also, the spatial variability in dust PEC is higher in the 1 km
simulation.

[66] Similar to the 5 km simulation, the dust extinction
and AOD along the flight tracks increases zonally from west
to east. Assuming that observed dust plumes represent local
dust emission, the spatial distribution of the simulated dust
emission fluxes compare well with the observations.

6. Discussion

[67] The distribution of dust over the research domain is
highly affected by the synoptic situation. As the Atlantic is
about 200-300 km upwind, the northerly advection of mar-
itime air limits the transport of dusty air from the Sahara
into the domain. Hence, simulated dust emission is local,
and dust plumes are only transported within the regional
scale. Both models simulate the advection of maritime air
into the continent in the vicinity of the Azores high well
(section 4.1), although differences in local boundary layer
depth occur. Following the wind speed distribution, dust
emission is simulated over the region by both models,
although spatial and temporal difference in dust emission
fluxes are evident. Compared to the lidar and MSG SEVIRI
AOD observations, however, both models underestimate the
atmospheric dust loading. As the models consist of the
same dust emission module and physical parametrization,
but have different description of the atmospheric dynamics
(cf. section 3), different vertical resolutions, and different
saltation mass efficiencies (cf. section 3.5.4), differences not
only in dust loadings but also in horizontal and vertical
distributions are expected.

[68] The dust extinction simulated by Meso-NH at 5km
grid spacing shows a zonal gradient that is opposite of the
observed. The distribution of dust emission fluxes shows
higher values over the western part than over the eastern
part, whereas the airborne lidar measurements and MSG
SEVIRI AOD retrievals suggest higher dust emission fluxes
and thus higher AODs over areas where the topography is
characterized by rugged terrain. Thus, it can be concluded
that the higher simulated dust concentration over the east is
mainly caused by dust transport. Consequently, neglecting
dust transport, dust concentrations would be higher over the
western part of the legs, in accordance with the observations.
This suggests that simulated dust transport in easterly direc-
tion is too strong. The reason for this may be the smoothed
topography where steeper valleys (here orientated in merid-
ional direction) would provide natural barriers for eastward
(zonal) dust transport. Additionally, the soil texture as a
determining factor for simulating dust emission besides the
wind speed, does not vary spatially over the domain. Thus,
the spatial variability in dust emission fluxes is mainly con-
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trolled by the spatial variability in wind speed, which is
affected by the topography.

[69] Compared to the 5 km Meso-NH simulation, the 1 km
Meso-NH simulation shows increased surface wind speeds
and thus increased dust emission fluxes. The increased hori-
zontal and vertical resolution is likely to be the main reason
for increased wind speeds as this affects atmospheric stabil-
ity and turbulence and thus the development and decay of the
nocturnal LLJ. The maximum of the computed dust AOD
compares well with the maximum AOD retrieved from lidar
PECs. Furthermore, the 1 km simulation shows an increased
horizontal variability in dust emission fluxes, as well as
consistently in 10 m wind speeds.

[70] Although model simulations by AROME and Meso-
NH at Skm grid spacing show dust emission over the
research domain, the variability in dust concentration as
obtained from airborne remote sensing measurements is not
represented. This is mainly due to the fact that the soil prop-
erties used by the dust emission module do not explicitly
represent alluvial sources, which can be assumed to be the
dominant source type over the research domain. The soil tex-
ture fields used as input field indicated constant sand, silt,
and clay distributions for the entire RAINADUST domain.
Thus, no heterogeneity in soil text distribution as suggested
by the aerial photographs is prescribed to the dust emis-
sion model. Horizontal variability in dust emission is solely
controlled by the horizontal wind speed distribution.

[71] The work by Koven and Fung [2008] studying the
importance of different land forms as dust source in a
high-resolution modeling frame illustrates the importance of
low-slope environments like alluvial sediments as a predom-
inant dust source due to the abundance of fine sediments
that are prone to wind erosion. Their results further under-
line the importance to closer study dust emission from this
source type.

[72] A recent sensitivity study by Mohktari et al. [2012]
has shown that an improved representation soil size distri-
butions helps to better represent the spatial variability of
dust emission fluxes. In particular, surface dust concentra-
tions over the Bodélé Depression have been improved by
using the revised DEAD module. This new parametrization
may also help to improve the representation of dust emission
fluxes from alluvial sources.

7. Conclusion

[73] The airborne lidar measurements of extinction coeffi-
cients providing the vertical column distribution of aerosols
(here mainly dust) show a complex horizontal distribu-
tion of dust concentrations. The comparison of horizontal
variability of PEC values along the flight tracks with sur-
face topography suggests an increase in PBL dustiness over
valleys. Desert valleys are suitable dust source regions as
alluvial sediments on the floor of the valleys and drainage
systems are very prone to wind erosion. This is also sug-
gested by dust monitoring stations [Reheis and Kihl, 1995]
and analysis of satellite data [e.g., Schepanski et al., 2007,
2009, 2012a; Bullard et al., 2011; Ginoux et al., 2012].

[74] AROME and Meso-NH model runs at 5 km horizon-
tal grid spacing show a general dustiness over the study
area in north West Africa, but fail to represent the horizon-
tal distribution of dust concentration variations within the

PBL as observed by airborne measurements or as indicated
by MSG SEVIRI AOD retrievals. A comparison of dust
emission fluxes with observed PECs and also SEVIRI AOD
retrievals shows, however, a good agreement. This suggests
that dust transport dominated the horizontal dust distribu-
tion, which impedes the analysis of a colocation of dust
extinction hot spots and valleys. Generally, the simulated
dust concentrations are lower than observed.

[75] The Meso-NH simulation at 1 km grid spacing shows
dust concentrations similar to the observed concentrations.
The spatial variability in dust emission fluxes is increased,
in particular, over regions with increased terrain ruggedness
over the western part of the flight tracks. As for the 5 km
simulation, the spatial distribution of the dust emission flux
compares well with the distribution of observed PECs, but
dust transport leads to higher dust AODs over the eastern
part of the flight tracks.

[76] The analysis of the airborne measurements points
toward a relation between the horizontal distribution of
dust concentration and topography. The results suggest that
the representation of topography in relation to alluvial dust
source is crucial for the simulation of local atmospheric dust
loadings. By reducing the grid spacing from 5km to 1 km,
the representation of atmospheric dust loading was generally
improved. Also, the spatial variability in local dust emis-
sion fluxes over rugged terrain was increased. However,
a relation between dust emission and the location of allu-
vial sediments cannot be drawn from the model simulations
as the soil texture in the model is constant over the entire
RAIN4DUST domain and alluvial sources are not repre-
sented explicitly. Thus, wind is the determining factor for the
horizontal distribution of dust emission fluxes in the model
set up used here. Nevertheless, the simulations suggest that
horizontal dust transport across valleys may impede our abil-
ity to isolate the true impact of local emission from these
valleys on the overall dust burden.

[77] These results illustrate the importance of develop-
ing an explicit representation of endorheic systems in terms
of their role as dust sources in order to better capture the
distribution of local dust concentrations.
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