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Dust emission and transport associated with a Saharan depression:
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[1] The dust activity over North Africa associated with the Saharan depression event in
February 2007 is investigated by mean of spaceborne observations, ground‐based
measurements, and mesoscale simulation with Meso‐NH. The main characteristics of the
cyclone as well as the meteorological conditions during this event are described using
the European Centre for Medium‐Range Weather Forecasts (ECMWF). The dust storm
and cloud cover over North Africa is thoroughly described combining for the first
time Spinning Enhanced Visible and Infra‐Red Imager (SEVIRI) images for the
spatiotemporal evolution and Cloud‐Aerosol Lidar and Infrared Pathfinder Satellite
Observation (CALIPSO) and CloudSat observations for the vertical distribution. The
Saharan depression formed over Algeria in the lee of the Atlas Mountains on the afternoon
of 20 February in response to midlatitude trough intrusion. It migrated eastward with a
speed of 11 m s−1 and reached Libya on 22 February before exiting the African continent
toward the Mediterranean Sea on 23 February. The horizontal scale of the cyclone at the
surface varied between 800 and 1000 km during its lifetime. On the vertical the cyclone
extended over 8 km, and a potential vorticity of 2 potential vorticity units (PVU) was
reported at its center at 3 km in altitude. The cyclone was characterized by a surface
pressure anomaly of about 9 hPa with respect to the environment, a warm front typified
at the surface by an increase in surface temperature of 5°C, and a sharp cold front
characterized by a drop in surface temperature of 8°C and an increase in 10 m wind speed
of 15 m s−1. The cyclone provided dynamical forcing that led to strong near‐surface
winds and produced a major dust storm over North Africa. The dust was transported all
around the cyclone leaving a clear eye at its center and was accompanied by a deep
cloud band along the northwestern edge of the cyclone. On the vertical, slanted dust layers
were consistently observed during the event over North Africa. Furthermore, the dust
was lofted to altitudes as high as 7 km, becoming subject to long‐range transport. The
model was able to reasonably reproduce the structure, lifetime, and trajectory of the
cyclone. Also, comparison with Moderate Resolution Imaging Spectrometer (MODIS)
deep blue aerosol optical depths and CALIPSO‐CloudSat observations suggests that the
model can be reliably used to quantify the dust emissions associated with this event. The
mean daily dust loads over the area influenced by the cyclone were simulated to range
between 2 and 8 Tg during the lifetime of the Sharav cyclone (i.e., 5 days). This study
suggests that dust emissions linked with Saharan cyclones may contribute significantly to
the total dust load over West and North Africa observed annually.
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1. Introduction

[2] Airborne mineral dust is an important component of
the Earth’s climate system by virtue of its important but
poorly quantified influence on the Earth’s radiation budget
[e.g., Intergovernmental Panel on Climate Change, 2001].
A key requirement for the understanding of the effects of
mineral dust on the climate system is that an adequate
description of the meteorological processes controlling dust
emission and transport from source areas be achieved.
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[3] North Africa is the world’s most important dust source
area [e.g., Prospero et al., 2002]; providing an estimated dust
production of 50% of the global annual total [Engelstaedter
et al., 2006; Laurent et al., 2008].
[4] For Saharan dust emission, numerous atmospheric

processes on synoptic, regional and local scales provide the
meteorological conditions suitable for dust mobilization over
areas rich in deflatable sediments (i.e., mountain foothills
where fluvial sediment provides erodible materials [e.g.,
Péwé, 1981]). Dust storms have been documented to be
associated with high near‐surface wind speeds resulting from
the downward mixing of momentum from the nocturnal low‐
level jets (LLJs) [e.g., Washington and Todd, 2005; Todd
et al., 2008a; Knippertz, 2008; Schepanski et al., 2009].
Dust emission over the Sahara has also been shown to be
connected with the low‐level dynamics associated with the
penetration of an upper level trough to low latitudes [e.g.,
Jankowiak and Tanré, 1992; Knippertz and Fink, 2006;
Tulet et al., 2008; Cavazos et al., 2009], or to density cur-
rents caused by strong evaporational cooling along precip-
itating cloud bands over the northern Sahara [Knippertz and
Fink, 2006] and along the Sahara side of the Atlas Mountain
chain in southern Morocco [Knippertz et al., 2007].
[5] Furthermore, heavy dust storms over North Africa,

especially in winter and spring time, have been reported to
be associated with Saharan depressions or Sharav cyclones
[Lee, 1983; Westphal et al., 1985; Alpert and Ziv, 1989;
Schepanski et al., 2009]. The development of these Saharan
depressions, mostly in the lee of the Atlas Mountains, is
favored by the strengthening of the meridional temperature
gradient over northern Africa in this time of the year. They
frequently bring strong winds and sandstorms [Alpert and
Ziv, 1989], with dust transported over long distances,
affecting the Mediterranean Basin [Moulin et al., 1998].
Barkan et al. [2005] have noted that the most Saharan dust
transport toward Europe occurs in spring and is caused by
intense cyclones traveling eastward that pass the North
African coast of the Mediterranean. The northward trans-
port of dust is ensured by the strong southwestern flow
along the eastern flank of the cyclone [e.g., Prodi and Fea,
1979].
[6] Although Saharan cyclones are important synoptic

features for dust activity over North Africa that have an
influence at scales far beyond the regional one, very few
studies of dust mobilization by Saharan depressions have
beenmade andmost of themwere based on local observations
of visibility rates [e.g., Bartholy et al., 2008; Erel et al.,
2006].
[7] The purpose of this paper is twofold: (1) to examine,

using satellites observations with high spatiotemporal reso-
lution, dust emission and transport over North Africa in
connection with the Saharan cyclogenesis event of February
2007; and (2) to estimate dust emissions associated with this
event through a numerical study. It is structured as follows:
Section 2 provides an overview of the main characteristics
of the Saharan cyclones. In section 3 the numerical simu-
lation and the data sources used in this study are described.
Section 4 details the meteorological conditions accompa-
nying the cyclogenesis event. The main characteristics of the
cyclone under scrutiny are described in section 5. The
spatiotemporal evolution of the dust storm is discussed in

section 6. In section 7, the dust loads associated with the
cyclone are quantified.

2. Overview on Saharan Cyclone Characteristics

[8] Saharan cyclones, sometimes also called Sharav
cyclones, Saharan depressions or Khamsin depressions are
important synoptic features that occur over North Africa
during the winter and spring when the temperature contrast
between the North African continent and the Mediterranean
Sea is strongest due to the considerable increase in tem-
peratures over the continent relative to the yet cold sea [e.g.,
Winstanley 1970; Pedgley, 1972]. Deep north‐south oriented
troughs in the upper layers of the atmosphere transport cold
air from the high latitudes into North Africa. Along the front
between this cold air and the warm African air, deep lows
form. Often, these lows are associated with hot and sandy
southerly winds [e.g., Egger et al., 1995]. Low‐latitude
cyclogenesis events in the North African region also some-
times result in severe and often strong rainfall [e.g., Lee et al.
1988] causing flooding and severe disruption to agriculture.
[9] The Saharan depressions are the most frequent type of

Mediterranean cyclones [Trigo et al., 1999] and are initiated
usually in the leeward side (i.e., east and south) of the Atlas
Mountains as the result of the presence of an upper level
trough to the west. Previous studies [e.g., Elfandy, 1940;
Pedgley, 1972; Tantawy, 1964; Alpert and Ziv, 1989; Alpert
et al., 1990; Prezerakos et al., 1990; Dayan et al., 1991;
Barkan et al., 2005; Horvath et al., 2006] have pointed out
the role of at least four mechanisms for the occurrence of
these depressions over North Africa: (1) Large‐scale weak
baroclinity, (2) vigorous boundary layer baroclinity (due to
the strong meridional temperature gradient along the northern
African coast), (3) subtropical jet stream related circulations,
and (4) lee effects of the mountains.
[10] Elfandy [1940]; Tantawy [1964]; Reiter [1975]; Alpert

and Ziv [1989] and Trigo et al. [2002] have described the
Saharan cyclones to be characterized by
[11] 1. An active warm front to the east and northeast of

the pressure low associated with high surface temperatures
(an increase in surface temperature of 7–8°C is commonly
observed).
[12] 2. A cold front to the west and southwest of the

pressure low well defined at the surface and often charac-
terized by a drop in surface temperatures of 10–20°C, a
shallow cold air mass (1–2 km), and shallow clouds non-
precipitating in general.
[13] 3. The Saharan cyclones move eastward mostly fol-

lowing the North African coast faster than 10 m s−1, and
their speed variability during their lifetime (2 to 4 days) is
quite low.
[14] 4. The Saharan depressions are associated with a low

pressure at the surface of approximately 10 hPa which is
reached by nearly 90% of these depressions at 1800 Uni-
versal Coordinated Time (UTC). The behavior of the Saharan
cyclones is modulated by the diurnal forcing; they exhibit a
pronounced diurnal cycle with the triggering and mature
stages mostly reached by late afternoon or early nighttime,
while cyclolysis tends to occur in early morning.
[15] 5. The Saharan lows represent a near‐surface diam-

eter on the order of 500–1000 km. They are located in the
lower troposphere with a vertical extent of 3–5 km.
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[16] 6. Finally, the occurrence of the Saharan cyclones is
typified by heavy sand and dust storms. Around the cyclone
the tangential wind is very strong (>10 m s−1) and the
vertical flow related to the convective forces is also of
considerable strength. The joint effect of these two flows
causes uplifting of the dust to high altitudes (500 hPa and
above) and its transport over long distances.

3. Data Sources

3.1. Spaceborne Observations

[17] Satellites observations at high spatiotemporal reso-
lution are used in this study in order to characterize quali-
tatively (using MSG‐SEVIRI and Cloud‐Aerosol Lidar
and Infrared Pathfinder Satellite Observation (CALIPSO)‐
CloudSat) and quantitatively (using Moderate Resolution
Imaging Spectrometer (MODIS) and OMI) the dust activity
over North Africa associated with the Saharan cyclone.
[18] The horizontal distribution of dust is described using

the SEVIRI images of the Meteosat Second Generation
(MSG) computed from a combination of three infrared
channels, namely channel 10 (12 mm), channel 9 (10.8 mm)
and channel 7 (8.7 mm). MSG‐SEVIRI is located geosta-
tionary at 0°W over the equator and provides images of
Africa on a 15 min temporal resolution. False‐color images
are created using an algorithm developed by EUMETSAT
which colors red the difference between the 12.0 and 10.8 mm
channels, green the difference between the 10.8 and 8.7 mm
channels and blue the 10.8 mm channel [e.g., Schepanski
et al., 2007]. On these composite images, dust appears pink
or magenta and cloud appear orange or brown. Note that the
dust effect on brightness temperature differences depends on
its altitude [e.g., Pierangelo et al., 2004] suggesting that these
composite images may favor the dust which is elevated so
that its radiating temperature differs significantly from the
ground.
[19] Additionally, the aerosol optical depth (AOD) fields

obtained from the Moderate Resolution Imaging Spectro-
radiometer (MODIS)/AQUA Deep Blue Collection 5.1 over
desertic surfaces (MYD08_D3 product) as well as the daily
Aerosol Index (AI) product derived from the Ozone Moni-
toring Instrument (OMI) with horizontal resolution of 1° ×
1° are used to characterize the dust storm. It is worth noting
that the OMI AI depends on the height of the dust cloud,
OMI AI being more sensitive to higher dust [e.g., Chiapello
et al., 1999].
[20] Finally, information about the vertical distribution of

dust during the event under scrutiny is provided from
attenuated backscatter profiles (or reflectivity profiles) at
532 nm retrieved from the spaceborne Cloud‐Aerosol
Lidar with Orthogonal Polarization (CALIOP) on board the
CALIPSO [Winker et al., 2003] satellite with vertical and
horizontal resolutions of 60 m and 12 km, respectively. The
CALIOP‐derived reflectivity at 532 nm is used as a proxy to
describe the dust layer structure over the Sahara [e.g., Fan
et al., 2004; Flamant et al., 2007; Cuesta et al., 2008], as
it depends on dust concentration and optical properties. The
type and structure of the clouds that formed during the
cyclogenesis event is identified using CloudSat observa-
tions [Stephens et al., 2008]. It is worth noting that all the
instruments/platforms are part of the A‐Train except for
MSG. The A‐Train orbit overpasses North Africa twice a

day, once during the daytime (between 1230 and 1430 UTC)
and once during the nighttime (between 0030 and 0230 UTC),
and has a revisit time period of the same orbit of 16 days
[Stephens et al., 2002].

3.2. Ground‐Based Measurements

[21] Surface thermodynamics measurements are also used
to describe the meteorological conditions accompanying the
cyclone development and migration. Surface wind (10 m
above ground level (agl)), temperature (2 m agl), pressure
and visibility were obtained from meteorological station in-
struments deployed at Tindouf (Algeria; 27.68°N, 8.15°W),
Adrar (Algeria; 27.8°N, 0.18°W), Hassi (Algeria; 31.7°N,
6.0°E), Tripoli (Libya; 32.88°N, 13.17°E), Benina (Libya;
32°N, 20°E,) and Alexandria (Egypt; 31.20°N, 29.95°E; see
Figure 2). These data were supplied by the Department of
Atmospheric Sciences at the University of Wyoming.

3.3. Model Data

3.3.1. ECMWF Analysis
[22] Synoptic‐scale meteorological conditions during the

event under scrutiny were established using 6 hourly European
Centre for Medium‐Range Weather Forecasts (ECMWF)
analyses at 925 and 300 hPa of horizontal winds and
potential temperature with a horizontal resolution of 0.5°.
Additionally, ECMWF analyses of mean sea level pressure,
vertical velocity and potential vorticity at 3 and 7 km were
used to characterize the cyclone and describe its evolution.
Over the Sahara, the quality of the ECMWF analyses is
likely to be worse due to the paucity of synoptic stations
and radiosondes data [e.g., Knippertz et al., 2009]. The
ECMWF analyses in this region are mainly dominated by
model physics and assimilated satellite data [e.g., Cuesta
et al., 2009b].
3.3.2. Mesoscale Simulation
[23] The simulation has been carried out using Meso‐NH

[Lafore et al., 1998], a nonhydrostatic mesoscale atmo-
spheric model with an online dust emission and transport
module [Grini et al., 2006]. The performances of Meso‐NH
(especially in terms of dynamics, the main factors that drives
dust mobilization) are well established and its ability to
simulate dust emission and transport over North and West
Africa has been highlighted in several recent studies [e.g.,
Chaboureau et al., 2007; Tulet et al., 2008; Crumeyrolle
et al., 2008; Todd et al., 2008b; Bou Karam et al., 2009a;
Bou Karam et al., 2009b].
[24] The parameterizations of deep convection [Bechtold

et al., 2001] and cloud microphysics [Cohard and Pinty,
2000] included in Meso‐NH were activated in order to
take into account the formation of clouds associated with the
cyclone. Meso‐NH is coupled to an externalized surface
model, the Soil Biosphere and Atmosphere model (ISBA)
[Noilhan and Mahfouf, 1996] which handles interactions
between the low‐level atmosphere and natural land surfaces.
The dust emission scheme is the Dust Entrainment And
Deposition (DEAD)model [Zender et al., 2003], implemented
as a component of Meso‐NH [Grini et al., 2006], that calcu-
lates dust flux from wind friction velocity. DEAD includes
entrainment thresholds for saltation, moisture inhibition and
saltation feedback.
[25] The ORILAM model [Tulet et al., 2005] simulates

transport and loss processes by following the evolution of
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two moments of three lognormal modes defined by Alfaro
and Gomes [2001]. Dust advection and diffusion are
quantified by the transport processes and methods used in
Meso‐NH which include mixing within the planetary
boundary layer, shallow convective transport and advection
by winds. The dust loss processes in aqueous phase are not
taken into account. Meso‐NH uses the radiative scheme of
the European Centre for Medium‐RangeWeather Forecasts
(ECMWF), which computes shortwave and longwave
radiative fluxes. Shortwave radiative fluxes are computed
for 6 wavelengths using the extinction coefficients, asym-
metry factors and single scattering albedo provided by
look‐up tables.
[26] In this study a 6 day simulation (20–25 February

2007) was performed. The study area covering North Africa
and theMediterranean Sea forms a domain of 2500 × 2500 km
(centered on 30°N/7°E) with a horizontal mesh size of 25 km.
In the vertical, 72 levels were used with 35 of them within
the planetary boundary layer (i.e., below 2 km). The low-
ermost level is at 10 m above the ground, while the
highest level is at 28 km above the ground. Initial and

lateral boundary conditions were taken from the ECMWF
analyses.

4. Meteorological Conditions Before the
Cyclogenesis Event

[27] As demonstrated in previous studies, North African
cyclogenesis results from the combination of at least three
factors. In addition to the orographic forcing that affects the
nature of the cyclogenesis [e.g., Hare 1943; Egger et al.,
1995; Horvath et al., 2006], interactions between the upper
level troposphere structure and the low‐level baroclinity offer
the optimal conditions to trigger the growth of the Saharan
lows [e.g., Thorncroft and Flocas, 1997; Trigo et al., 2002].

4.1. Upper Level Jets

[28] The situation at the upper levels of the troposphere
(i.e., 300 hPa) before the initiation of the cyclogenesis
(i.e., before 20 February at 1600 UTC) is described using
the ECMWF analyses for wind speed and direction as well
as potential temperature (Figure 1). In the wind field at

Figure 1. ECMWF analyses on 20 February 2007 at 0000 UTC of (a) wind speed (colors) and direction
(streamlines) at 300 hPa and (b) potential temperature (colors) and wind direction (streamlines) at 300 hPa.
(c) Same as Figure 1b, but at 925 hPa.
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300 hPa, the Subtropical Jet (STJ) stands out clearly at
around 28°N/21°W with strong winds exceeding 55 m s−1

(Figure 1a). The zonal component of the STJ was apparent as
a core of southwesterly strong winds (in excess of 55 m s−1)
reaching 17°N (Figure 1a). Strong winds are also observed at
this altitude over northeastern Algeria and western Libya in
connection with a depression located over the Mediterranean
Sea (38°N/11°E, Figure 1a). The strongest winds are located
in the regions of strong potential temperature gradient
(Figure 1b). At 300 hPa, in the region of the STJ a well‐
marked potential temperature gradient of about 7 K over
1000 km can be seen around 21°W (Figure 1b). Furthermore,
Nigeria and Benin (close to 3°E and 10°N) were under the
influence of a pronounced anticyclone as evidenced by the
wind field at 300 hPa (Figure 1a and 1b).

4.2. Low‐Level Temperature Gradient

[29] Figure 1c shows the potential temperature and
streamlines at 925 hPa on 20 February at 0000 UTC over
Africa. A broad baroclinic zone characterized by a temper-
ature gradient of about 8 K over 1000 km (potential tem-
perature values of about 310 K at 12°N and about 290 K at
34°N) is present below the STJ. The maximum of potential
temperature (314 K) is located over the continent farther
south along a zonal band between 7 and 10°N (Figure 1c).
This maximum is associated with daytime surface heating
and low pressure and corresponds to the West African heat
trough [e.g., Hastenrath, 1991]. The minimum of potential
temperature (290 K) is located over the Mediterranean Sea
and the eastern Atlantic (Figure 1c). The negative merid-
ional gradient of potential temperature seen at low levels
(Figure 1c) and at high levels (Figure 1b) satisfies the
necessary conditions for baroclinic instability [e.g.,
Thorncroft and Flocas, 1997]; an important precursor for
Saharan cyclogenesis [e.g., Alpert and Ziv, 1989].

[30] These conditions, qualified as optimal for Saharan
cyclogenesis [e.g., Trigo et al., 2002], triggered a Saharan
low on 20 February 2007 in the lee of the Atlas Mountains
close to 27°N/5°W (see section 5). The cyclone developed at
low levels within the region of strong baroclinity and in the
presence of an upper level trough perturbed by the orography.

5. Cyclone Characteristics and Evolution
Between 20 and 25 February 2007

[31] Based on the ECMWF analyses of mean sea level
(msl) pressure and winds at 925 hPa, the spatiotemporal
evolution of the cyclone over North Africa during the event
under scrutiny was summarized in Figure 2. The cyclone
was present over the North African continent during a 4 day
period (Figure 2); after being initiated on 20 February around
1600 UTC over western Algeria close to southeast of the
Atlas Mountains, it deepened during the following 3 days as
it moved eastward. The depression started weakening on
24 February at 0600 UTC, became a shallow depression on
25 February over the eastern coast of the Mediterranean Sea
and was no longer seen on 26 February at 0600 UTC.
[32] During its lifetime, the depression was marked by a

surface pressure anomaly of about 9 hPa with respect to the
environment and seemed not to be influenced by the diurnal
forcing except on 22 February when it weakened at 1200 UTC
and strengthened from midnight on (not shown). The center
of the cyclone remained over the continent from 20 February
until 23 February at 0000 UTC when it exited the continent
for theMediterranean Sea in the Gulf of Libya (Figure 2). The
Saharan depression moved eastward with a speed of 11 m s−1

and northward with a speed of ∼2 m s−1 on average over the
4 days (Figure 2). The eastward displacement speed was
steady during the whole period. The diameter of the cyclone
(as delineated from values of mean sea level pressure less than
1005 hPa and closed circulation in the wind field at 925 hPa)
was found to be on the order of 800 km over the period with
the largest diameter (∼1000 km) on 21 February at 1200 UTC
(not shown). In the vertical, the cyclone extended over 8 km
as inferred by the presence of closed circulation in the wind
field at different levels below 8 km.
[33] The cyclone was associated with a cold frontal

structure southwest of the pressure low that reached as far
south as 15°N and was characterized by potential tem-
perature values at 925 hPa less than 292 K (Figure 3a). On
21 February the temperature gradient at 925 hPa across the
cyclone cold front was evaluated to be about 8 K over 100 km
(Figure 3a). Advection of warm air (∼ 306 K) east of the
pressure low (centered at 26°N/0°E) can also be seen in the
potential temperature field at 925 hPa (Figure 3a). A vertical
cross section at 0°E through the cyclone on 21 February at
0600 UTC (Figure 3b) shows strong ascent (in excess of
0.20 m s−1) near 29°N over a depth of 8 km and large sub-
sidence (−0.1 m s−1) close to 25°N over a depth of 6 km.
[34] The potential vorticity at the center of the cyclone

during its lifetime was evaluated to be as large as 2 potential
vorticity units (PVU) below 6 km above mean sea level (msl)
(Figure 3c). At 7 km msl the potential vorticity reached
4 PVU (Figure 3d). Large values of potential vorticity
(2–4 PVU) were also seen along the southern edge of the

Figure 2. A summary of the spatiotemporal evolution of
the cyclone over North Africa between 20 February 2007
at 1800 UTC and 25 February 2007 at 0600 UTC based
on the ECMWF analyses for Mean Sea Level Pressure.
The pressure at the center of the cyclone is indicated on
the gray boxes. The location of the ground stations used
in this study is indicated in green.
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