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[1] Fifteen-minute Meteosat Second Generation (MSG) Spinning Enhanced Visible and
Infrared Imager (SEVIRI) infrared dust index images are used to identify dust source
areas. The observations of dust source activation (DSA) are compiled in a 1° x 1° map for
the Sahara and Sahel, including temporal information at 3-hourly resolution. Here we
use this data set to identify the most active dust source areas and the time of day when dust
source activation occurs most frequently. In the Sahara desert 65% of DSA (March 2006

to February 2008) occurs during 0600—0900 UTC, pointing toward an important role
of the breakdown of the nocturnal low-level jet (LLJ) for dust mobilization. Other
meteorological mechanisms may lead to dust mobilization including density currents
initiated by deep convective systems which mobilize dust fronts (haboobs) occurring
preferentially in the afternoon hours and cyclonic activities. The role of the nocturnal LLJ
for dust mobilization in the Sahara is corroborated by regional model studies and analysis

of meteorological station data.
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1. Introduction

[2] Airborne mineral dust particles impact on several
atmospheric processes mainly related to radiation and cloud
microphysics [Intergovernmental Panel on Climate
Change, 2007]. Thus, the atmospheric radiation budget is
influenced by airborne dust particles directly and indirectly
[e.g., Tegen and Lacis, 1996; Sokolik and Toon, 1996;
Miller and Tegen, 1999]. Besides impacts on physical
processes controlled mainly by optical and physical char-
acteristics, deposited mineral dust can act as nutrient to
marine and terrestrial ecosystems depending on to its
mineralogical composition [Claquin et al., 1999]. As a
source of iron, mineral dust provides nutrients for oceanic
microorganisms and influences terrestrial ecosystems
[Mahowald et al., 2005]. Ultimately, dust influences the
global CO, cycle [e.g., Fung et al., 2000; Jickells et al.,
2005].

[3] Consequently, an adequate description of source areas
and meteorological processes controlling dust emission is a
prerequisite for accurate estimation of dust aerosol effects,
as well as for the understanding of the response of dust
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emission to changing climate conditions. The Sahara is the
World’s most important dust source area [e.g., Prospero et
al., 2002; Washington et al., 2003; Goudie and Middleton,
2001; Middleton and Goudie, 2001] providing an estimated
dust production of 40—70% of the global annual total
[Engelstaedter et al., 2006]. Physical, optical and mineral-
ogical properties that are important for the climate impacts
of dust are controlled by local geomorphology of dust
source regions. As in situ measurement at all of the
important dust source locations is impractical, remote sens-
ing must be used to provide a comprehensive data set on
Saharan dust sources.

[4] Since remote sensing offers retrievals of airborne
dust, several approaches for dust source determination have
been developed. Most commonly, data from low Earth
orbiting satellites are used. Earlier attempts to derive the
major dust source areas in the Sahara included the use of
daily data sets of the absorbing Aerosol Index (Al) from
ultraviolet (UV) radiance measurements of the Total Ozone
Mapping Spectrometer (TOMS) [Herman et al., 1997], and
since September 2004 from the Ozone Monitoring Instru-
ment (OMI) [Torres et al., 2007]. As the index indicates
airborne dust over the ocean as well as over land surfaces
like desert areas, the AI has been used to determine dust
source areas, characterized by high Al values [e.g., Prospero
et al., 2002; Washington et al., 2003]. The main areas of
high AI are located over topographic depressions, which
have been parameterized as preferential dust sources for
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modeling applications [Ginoux et al., 2001; Tegen et al.,
2002; Zender and Newman, 2003].

[5] In addition, satellite sensors measuring at visible
wavelengths are also used. Notably, Moderate Resolution
Imaging Spectroradiometer (MODIS) and Sea-viewing
Wide Field-of-view Sensor (SeaWiFS) measurements are
used to derive aerosol properties over bright-reflecting
surfaces like deserts from the deep blue part of the short-
wave spectrum using the “Deep Blue” algorithm [Hsu et
al., 2004]. Also, a daily noon-time Infrared (IR) Difference
Dust Index (IDDI) calculated from Meteosat measurements
has been used to derive dust source areas [Brooks and
Legrand, 2000].

[6] Such results are useful, but the temporal resolution is
limited to, at best, instantaneous observations at a fixed
daytime slot. Dust mobilization is known to be forced by
synoptic-scale, mesoscale and local-scale winds as well as
near surface turbulent processes, which are highly variable
in time and can usually not be resolved adequately from a
single day sample. Therefore biases in estimates of mean
aerosol properties may occur, especially near source
regions. Here, we use estimates of dust source activation
(DSA) derived from IR measurements from the Meteosat
Second Generation (MSG) Spinning Enhanced Visible and
Infrared Imager (SEVIRI) instrument with 15 min resolu-
tion to obtain dust source information for the Sahara
[Schepanski et al., 2007]. These data provide (1) identifi-
cation of areas that are of major importance for dust
mobilization and (2) information of the time of day when
the mobilization occurs. This new data set reduces biases
associated with poor temporal sampling characteristic of
polar orbiting satellites. The space-time distribution of DSA
enables inferences on possible meteorological processes
responsible for dust emission to be drawn. This paper aims
to determine the diurnal cycle of dust emission in the Sahara
inferred from satellite observations and to relate this to
associated meteorological controls. It is structured as follow-
ing: Section 2 will give a short overview on dominant
meteorological features, which are related to dust source
activation, most notably the breakdown of the nocturnal
low-level jet (LLJ). In section 3 we then describe the space/
time distributions of observed dust source activations derived
from the MSG dust product and relate this to the associated
meteorological dynamics, notably the LLJ. The space-time
occurrence of LLJs in wind observations from synoptic
weather stations, and fields of regional- and global-scale
atmospheric models is analyzed in section 4.

2. Meteorological Processes Leading to Dust
Source Activation

[7] For Saharan dust mobilization, atmospheric processes
on synoptic, regional, local as well as turbulent scales can
force emission and atmospheric mixing of dust particles. All
atmospheric processes forcing dust mobilization must gen-
erate wind speeds exceeding the local threshold velocity
depending on surface roughness length, soil structure and
vegetation [Marticorena and Bergametti, 1995]. In this
section, important meteorological situations able to provide
atmospheric conditions suitable for dust mobilization are
described. These include the turbulent mixing of momen-
tum from nocturnal low-level jets (LLJ), the Mediterranean
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cyclone [Alpert and Ziv, 1989], and convective activity
[Flamant et al., 2007].

2.1. Nocturnal Low-Level Jet

[8] LLJs are characterized by a horizontal wind speed
maximum in the lowest few kilometers of the atmosphere
[e.g., Blackadar, 1957; Holton, 1967, Banta et al., 2006].
They are most commonly observed at nighttime and can
occur over all continents above flat and complex terrain and
may extend over tens to hundreds of kilometers [Davis,
2000; May, 1995]. Over the Sahara, LLJs occur under clear
skies and low surface wind speed conditions [e.g., Thorpe
and Guymer, 1977] and have been observed within the
northeasterly “Harmattan™ flow [Washington and Todd,
2005] and the southwesterly monsoon flow [Parker et al.,
2005]. LLJs can be caused by baroclinity associated with
sloping terrain, splitting, ducting and confluence around
mountain barriers, mountain and valley wind, and inertial
oscillation [Kraus et al., 1985]. The inertial oscillation is
commonly observed between subgeostrophic conditions
during daytime due to convective mixing and supergeo-
strophic conditions during nighttime caused by a frictional
decoupling from the surface [e.g., Banta et al., 2002, 2003;
Nappo, 1991; Mahrt, 1999; Blackadar, 1957]. During calm
nights with low surface wind speeds, near-surface air layers
are well stratified and turbulence is suppressed. In such
conditions, air layers above near-surface can be frictionally
decoupled such that wind speed within this decoupled air
layer is not influenced by surface friction [e.g., Hoxit, 1975;
Garratt, 1992; Mauritsen and Svensson, 2007; Mahrt,
1999].

[o9] After sunrise, convective turbulence arises with the
onset of solar heating. The decoupled air layer aloft becomes
frictionally coupled to the surface, and LLJ momentum is
mixed down [Blackadar, 1957; Lenschow and Stankov,
1979]. High surface wind speeds occur as a consequence
until the LLJ is degraded. This process causes a character-
istic phase lag between the diurnal cycle of LLJ wind speeds
and those at the surface. The LLJ peaks at nighttime while
surface wind peaks in midmorning when LLJ momentum is
mixed down to the surface [Parker et al., 2005; Washington
et al., 2006; Todd et al., 2008]. These surface winds can
enhance dust mobilization if they exceed the threshold
velocity and occur at a potential dust source area [e.g.,
Westphal et al., 1988]. The importance of the LLJ in the
Bodélé region for dust emission has been established by
Washington et al. [2006]. However, nocturnal LLJ features
are common in other locations across North Africa [Parker
et al., 2005] including the summertime southwesterly mon-
soon flow and are likely to play an important role for dust
emission [Bou Karam et al., 2008]. In many cases dust
emission is associated with enhanced LLJs under specific
synoptic conditions of anticyclonic ridging [e.g., Washington
and Todd, 2005; Milton et al., 2008].

2.2. Mediterranean Cyclone

[10] Especially in spring season, the temperature contrast
between the North African coast and the Mediterranean Sea
enhances a boundary layer (BL) baroclinity [Pedgley, 1972;
Alpert and Ziv, 1989; Trigo et al., 2002]. Cyclones are
observed in connection with this temperature induced BL
baroclinity, most frequently in spring when temperature
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gradients are strongest. These typical spring cyclones are
known as Sharav cyclone, Saharan depression or Khamsin
depression. At least three mechanisms dominate the gener-
ation of such cyclones [e.g., Thorncroft and Flocas, 1997;
Alpert and Ziv, 1989; Prezerakos et al., 1990; Dayan et al.,
1991; Pedgley, 1972]: Large-scale interior baroclinity, BL
baroclinity, and jet stream related circulations. The cyclone,
characterized by an active warm front, is frequently associ-
ated with extremely high surface temperatures, heavy dust
storms and low visibilities, and a shallow cold front, that is
well defined at the surface by changes in temperature of
10-20 K. It moves quickly eastward (typically faster than
10 m s~ ") mostly following the North African coast [Alpert
et al., 1990; Alpert and Ziv, 1989]. Observations indicate a
frequent occurrence of the cyclone on the leeward side east
and south of the Atlas Mountains [Barkan et al., 2005;
Prezerakos et al., 1990; Alpert et al., 1990; Alpert and Ziv,
1989]. Hence, both lee effect of the mountains and coastal
thermal gradient effect can explain the spring cyclogenesis,
initiated by the presence of an upper level trough to the west
[e.g., Horvath et al., 2006; Egger et al., 1995]. Dust source
activations related to the dynamics of the lee cyclone can
generally be initiated during the whole day, but the surface
heating will strengthen moist convection during daytime
[e.g., Trigo et al., 2002].

2.3. Convective Activity

[11] During northern hemispheric summer, a heat low
commonly develops over North Africa with a mean position
centered near 20°N, 0°E. The Intertropical Convergence
Zone (ITCZ) in terms of maximum rainfall area extends to
about 15°N [e.g., Nicholson, 2000]. Large-scale sinking of
air associated with the Hadley circulation is weak and the
BL deep. Because of solar heating and moist air transported
from the Gulf of Guinea northward by the southwest
monsoon flow, deep moist convection develops with max-
imum activity in the afternoon [Peters and Tetzlaff, 1988].
Downbursts of cold, humid air related to deep moist
convection can occur causing high surface wind speeds.
Such density currents can propagate many hundreds of
kilometers from the convective system and cause dust emis-
sion referred to as “haboob” events [Sutton, 1925; Idso et
al., 1972; Droegemeier and Wilhelmso, 1987; Flamant et
al., 2007; Bou Karam et al., 2008]. As the occurrence of
haboobs is related to the dynamics of moist convection, they
are frequently observed during afternoons and evenings.

[12] Deep moist convection also occurs in mountain
areas, notably near by the Atlas Mountains, because of
orographic effects and blocking situations. Large-scale
density currents have been observed with evaporative cool-
ing of cloud particles or precipitation. This can lead to high
surface wind speeds and dust emission [Droegemeier and
Wilhelmso, 1987; Knippertz and Martin, 2005; Knippertz et
al., 2007, 2009]. During daytime, air can be cooled by
evaporation. Cloud droplets blown out by high winds in
cloud top levels evaporate in dry surroundings. Consequently
temperature decreases: A dense air mass is generated and
sinks down as far as the surrounding air density is lower. In
case of mountain ridges located orthogonally to a strong
general flow, convective clouds are formed on top of the
mountain ridges and the foehn effect provides a dry and
warm air mass on the leeward side of mountain ridge. These
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conditions lead to a high density difference between air
cooled by evaporation and the surrounding air. The dense,
cooled air mass sinks down and can be identified as strong
gusts at surface levels. These gusts propagate about the
foothills and cause dust mobilization [Knippertz et al.,
2007; Knippertz et al., 2009; Smith and Reeder, 1988;
Charba, 1974].

[13] Density currents provided by blown out clouds are
limited to the mountain regions and occur most frequently
during the afternoon when moist convection reaches max-
imum [Knippertz et al., 2007]. Over the Sahara, they can be
observed most frequently in the Atlas Mountains because of
transport of moist air toward the mountains within the
generally westerly circulation.

[14] Besides moist convection, dry convection occurring
related to the Saharan heat low where low atmospheric
moisture content inhibit cloud development is identified to
account for dust source activation [Engelstaedter and
Washington, 2007].

3. Spatiotemporal Dust Source Characteristics
Inferred From Satellite Observations

[15] Measurements provided by geostationary satellites
are suitable to locate and characterize dust source activity
because of their regional coverage and high temporal
resolution. High frequencies of temporal varying dust
source activities point toward recurring meteorological
features able to provide suitable conditions for dust
mobilization.

3.1. Dust Source Activation From MSG-SEVIRI

[16] For dust source area detection we use the SEVIRI
instrument on board the geostationary MSG Satellite, located
at 3.5°W above the equator (see Schmetz et al. [2002] for a
detailed description). The instrument provides narrowband
visible and IR measurements at a sampling interval of
15 min with a spatial resolution of 3 km x 3 km at nadir.
This high spatiotemporal resolution motivates the use of a
MSG IR dust index, calculated from SEVIRI IR channels
centered at 8.7 pum, 10.8 pum and 12.0 pum, to obtain
information on dust source locations and activation over
the Saharan desert between 5°N—40°N; 20°W—45°E (for a
detailed description see Schepanski et al. [2007]). The dust
index may be biased by variations in brightness temperature
differences for dust at different heights. Here only qualita-
tive information on presence or absence of dust is used.
Individual dust plumes were identified from the SEVIRI
dust product and tracked back to their initial location. The
location of the dust source is determined by tracking back
the dust plume indicated by the dust index to its point of
first occurrence. The time of the first observations is taken
as the time of dust source activation. From this information
a frequency count was derived for each location. The DSA
frequencies (fraction of DSA per day) were binned in a
1° x 1° gridded map at 3-h intervals [Schepanski et al., 2007].
Each grid cell can only be counted as dust source once per day.
This leads to a weighting of the observed time-of-day distri-
bution toward the earlier activation. However, observations
show that days when a grid cell denoted as active dust source
can be counted as active more than once a day are seldom. On
those days, an additional dust source activation independent
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Figure 1. Fraction of dust source activations (DSA) per day during March 2006 to February 2008

except August 2007 derived from MSG IR dust index. High numbers of DSAs per day are observed in
depression areas (Bodélé, sebkas, and chotts) and the foothills of the Saharan mountain areas. Red dots
represent the location of synoptic stations considered in this study. The boxes mark the predefined
subareas for discussion on the subdaily and monthly variability of observed DSA as shown in Figure 5.
Topography indicated by contour lines at 250 m intervals is given by the GTOPO30 digital elevation data

set provided by the U.S. Geological Survey.

from the first dust event has to occur. The inherent bias of the
time-of-day distribution toward early times of the day does
not affect the strong fraction of morning time dust source
activations. DSAs downwind within a developing dust storm
are not considered, and neither can dust sources totally
covered by clouds. Currently the data set contains 2 years
of observations between March 2006 and February 2008
(with August 2007 missing) with 3-h temporal resolution.
The DSA therefore represents a frequency index for dust
events, irrespective of their magnitude. It is the first avail-
able satellite based data set to provide information on the
diurnal cycle of dust emission. For the Sahara we must
emphasize that it is not a quantitative index of atmospheric
dust burden. Instead it is a more direct measure of dust
source activation and a more appropriate tool to study
related emission processes compared to other satellite prod-
ucts based on retrievals at a single time of day. A detailed
analysis of DSA in time and space (Figure 1) allows
informed conjecture on the synoptic and mesoscale con-
ditions likely to be forcing DSA.

3.2. Dust Source Analysis

3.2.1. Characteristics of Typical DSA Areas

[17] Most active dust source areas according to this data
set are located in the foothills of the Saharan mountains
(Figure 1). The areas are associated with endorheic water
systems like wadis opening to alluvial fans, sebkhas and
chotts in arid regions providing sediments due to fluvial

abrasion, that can be lifted by strong winds [e.g., Middleton
and Goudie, 2001; Prospero et al., 2002; Mahowald et al.,
2003; Zender and Newman, 2003; Engelstaedter et al.,
2006; Schepanski et al., 2007]. Dried out lake beds like
the area of the paleolake Mega-Chad also provide fine
sediments and can be efficient dust sources [Goudie and
Middleton, 2001; Prospero et al., 2002; Mahowald et al.,
2003]. Figure 2 shows the fraction of DSAs per day during
0300-0900 UTC representing the morning hours over the
entire Saharan domain, and 1200—0000 UTC for the four
seasons. Most DSAs occur during local morning hours in
the Sahara (65% during 0600—0900 UTC, see Table 1),
consistent with the pronounced diurnal cycle of LLJs and
near surface winds (section 2.1). Indeed, the spatial patterns
of DSAs (Figure 1) and especially those DSAs occurring in
the morning hours are similar to that of LLJ frequencies in
both the reanalysis (Figure 3) and LM-MUSCAT (Figures 3
and 4). A seasonal variability is evident as consequence of
changing meteorological conditions. During winter (DJF)
the Bodélé is the most frequently activated source area.
Source activation is mainly during the morning hours by the
breakdown of the Bodélé-LLJ (more than 30% of all days).
In summer (JJA), the observed frequency of morning DSA
increases over the Western Sahara compared to winter (DJF)
and autumn (SON) to frequencies up to 20%. This is related
to the West African Monsoon (WAM) circulation, which
is identified to play a major role in forcing the nocturnal
LLJ development over this area [e.g., Parker et al., 2005;
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Figure 2. (left) Fraction of DSA per day for different seasons observed during 0300-0900 UTC
(comprising local morning hours over the entire Saharan domain) and (right) seasonal fractions of dust
source activations per day observed during 1200—0000 UTC. Morning time DSAs are mostly related to
the breakdown of the nocturnal LLJ. Afternoon to night DSAs are mostly related to convective events.

Westphal et al., 1988]. In addition, the WAM provides moist  occur in the local afternoon and nighttime [ Yang and Slingo,

air masses allowing deep moist convection to occur often 2001].
resulting in strong density current gust fronts which can [18] Assuming that DSA related to moist convection
mobilize dust (haboobs). These features are most likely to  mostly occurs between 1200 and 0000 UTC, the percentage
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Table 1. Temporal Analysis of Frequent DSA Areas®

Total® Atlas Akhdar W-Sahara Air Adrar Bodélé Ouaddai Kordofan Nubia
Time (UTC) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
0000-0300 2 1 0 1 1 2 1 2 1 6
0300-0600 5 1 9 1 3 3 4 3 3 17
0600—-0900 65 16 36 48 66 59 84 83 82 70
0900—-1200 17 44 27 28 17 18 10 8 10 4
1200—-1500 8 29 25 16 8 14 2 3 1 1
1500—1800 1 2 3 2 2 3 0 0 0 1
1800-2100 2 6 0 4 2 3 0 0 1 1
2100-0000 1 0 0 1 1 0 0 1 0 1

#As defined in section 3.2.1. Fraction of DSA observed per day within a 3-h period. Two-year period, March 2006 to February 2008.

"Total DSA observation area, northward of 5°N.

of DSA occurring during that time period may indicate the
importance of convective cloud processes (Figure 2). The
fraction of DSA observed during 1200—0000 UTC is low
compared to fractions observed during 0300—0900 UTC.
Nevertheless, a season-to-season variability of number of
observed DSA per day of the 1200—-0000 UTC time slot is
evident. The percentage of DSA occurrence during 1200—
0000 UTC is higher in the spring and summer seasons when
convective cloud systems occur (up to 25% in April 2006),

possibly associated with upper level disturbances due to
troughs or moist convection during the monsoon period.
[19] Finally, in areas where the breakdown of the noctur-
nal LLJ plays a minor role for DSA, the percentage of
1200-0000 UTC DSA of the whole day DSAs can be more
than 50% as it does for the Akhdar area. There, orograph-
ically induced clouds, upper level disturbances and density
currents due to evaporation processes lead to wind speeds
exceeding the threshold for DSA in mountain areas like the
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Figure 3. ERA-40 climatology: Frequency of LLJ (Av > 5 m s~ ' between 925 hPa and 770 hPa p
level) during 10-year ERA-40 reanalysis (1990—-1999) at 0600 UTC for (a) January, (b) March, (c) July,

and (d) October.
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Figure 4. Frequency (%) of LLT (Av > 5 m s ' between
levels at around 925 hPa and 770 hPa) occurrence at
0600 UTC for January 2007, March 2006, and July 2006.
The shown frequencies are computed from LM-MUSCAT
model results.

Atlas during the afternoon and evening [Knippertz et al.,
2007, 2009].

[20] Areas with similar topographic conditions and DSA
behavior are compiled into nine main DSA areas (Figure 1).
These are the Atlas Mountains (AT, 82 grid cells), Akhdar
Mountains (AK, 15 grid cells), Western Sahara (WS, 156 grid
cells), Air Mountains (Al, 72 grid cells), Adrar Mountains
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(AD, 28 grid cells), Bodél¢ depression (BO, 25 grid cells),
Ouaddai Mountains (OU, 20 grid cells), Kordofan (KO, 21 grid
cells) and the Red Sea and Nubian Mountains (NU, 28 grid
cells). Note that the defined areas have different sizes. The
number of DSAs per month are not normalized to their size
because of different distribution of local dust sources over
the area. For example, in the Bodélé¢ depression area, all
grid cells are able to be a dust source, which is not the case
for the Atlas area. Each area is characterized by specific
topographical and meteorological conditions and provides
fine sediment due to geomorphological surface processes.
Major DSA areas show typical seasonal and diurnal patterns
(Figure 5). In Table 1, time of day and frequency of DSA
for the different predefined areas are listed. In the following,
the seasonal and diurnal DSA patterns are described in
detail for the individual regions.

3.2.2. Atlas Mountains

[21] The Atlas Mountains in northwestern Africa are
situated like a barrier in the wind flow coming from the
Atlantic ocean. Orographic clouds may develop during
daytime reaching maximum in the afternoon. This is also
the case for lee cyclones like the Sharav cyclone that
develops especially in spring time. Both, orographic and
baroclinic effects force strong surface wind speeds.

[22] DSA in the Atlas area is most frequent during spring
(Figure 5). Besides a minimum during winter, a second
maximum occurs in autumn (September and October) at least
in 2008. LLJ frequency in the reanalysis data is relatively
low and peaks during the summer months (Figure 6). In
addition up to 30% of the dust mobilization events occur
during the afternoon (Table 1) suggesting that the LLJ is not
the dominant driver of dust emission in this region.

3.2.3. Akhdar Mountains

[23] The Akhdar Mountains located in the northeast of
Libya with the Mediterranean Sea in the north and the Gulf
of Sidra in the west are characterized by wadis and chotts on
the Saharan side of the mountains. In the foothills on the
Sahara side dust is most frequently activated during spring
and early summer. Spring and early summer cyclones
developing leeward of the Atlas move in eastward direc-
tions often cross the Libyan coast and cause strong wind
speeds. Because of the thermal effect of insolation and
heated surfaces, the development of cyclones occurs mostly
during morning hours in the lee of the Atlas and reaches
maximum during afternoon [7rigo et al., 2002]. Moving
eastward, the cyclones cross the Akhdar domain mostly
during afternoon to evening hours.

[24] Besides DSA caused by cyclone activity, LLJs can
develop and force high surface wind speeds in the vicinity
of mountains situated parallel to the Mediterranean Sea but
orthogonal to the coast to the Gulf of Sidra. As both
processes are able to force DSA, time-of-day distribution
of dust mobilization is variable, but morning hours (0600—
0900 UTC) are dominant (Figure 5 and Table 1). The data
shows a maximum occurrence of morning DSAs in winter
and spring. However, as shown by the observations, the LLJ
is not a very frequent phenomenon over the Akhdar area,
indicated by relatively low total frequencies of occurrences
(Figures 4 and 6).

3.2.4. Western Sahara

[25] In the Western Sahara, Ergs (dune fields, sand seas)

and Hammadas (barren, rocky desert landscape) as well as
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Figure 6. Spatiotemporal analysis of the frequency of LLJ occurrence (Av > 5 ms~ ' between 925 hPa
and 770 hPa p level) over the defined areas, based on ERA-40 reanalysis data (1990—1999). The areas
are defined following high fractions of observed DSAs per day. The Sahara is separated in nine areas:
Atlas Mountains (AT), Akhdar Mountains (AK), Western Sahara (WS), Air Mountains (Al), Adrar
Mountains (AD), Bodél¢é depression (BO), Ouaddai Mountains (OU), Kordofan (KO), and the Red Sea
and Nubian Mountains (NU).

drainage systems and topographic gaps characterize the the day, probably reflecting the occurrence of both (1) a
landscape. DSA is most frequent during summer (Figure 5), mean midmorning peak in surface wind speeds associated
although there is variability in the annual cycle from year with the downward mixing of the nocturnal LLJ (in both the
to year. In summer dust mobilization occurs at all times of Harmattan and monsoon circulations) and (2) density cur-

Figure 5. Spatiotemporal analysis of the Saharan dust source activation distribution for the observation period March
2006 to February 2008. Areas with high fractions of dust source activation (DSA) per day and characteristic topography or
synoptic situations are analyzed concerning the frequency and time when DSA occurs. The Sahara is separated in the nine
areas as shown in Figure 1. Colors are as follows: orange, 0000—0300 UTC; light green, 0300—0600 UTC; blue, 0600—
0900 UTC; light blue, 0900—1200 UTC; red, 1200—1500 UTC; yellow, 1500—1800 UTC; white, 1800—2100 UTC; and
black, 2100—0000 UTC. Note the different vertical scaling.
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rents associated with convective clouds, which tend to peak
in the afternoon and evening. During the morning hours,
DSAs are common in all seasons (Figure 5). LLJ frequency
in the reanalysis data (Figure 6) has a semiannual cycle with
peaks in winter and summer suggesting that LLJs in the
monsoon circulation may be more important than those in
the Harmattan. During summer, a substantial proportion of
DSA being triggered by deep moist convection, e.g., by
density currents related to MCSs.

3.2.5. Adrar Mountains and Air Mountains

[26] Both the Adrar and Air Mountain areas show similar
temporal pattern of number of DSA per month. For both
areas the number of DSAs show a broad maximum during
summer and a second narrow maximum in winter, although
January and February 2008 were very active months. DSAs
are most frequent during local morning hours between 0600
and 0900 UTC in all seasons (up to 100% of all DSA, see
Figure 5). Both regions experience a high LLJ frequency
with a semiannual cycle with peaks in winter and summer.
This is consistent with the DSA distribution. The regions
are also affected by ridges and troughs crossing in winter
and spring time which can enhance the velocity of LLJs.
The down-mixing of the LLJ momentum over potential dust
source areas is a major cause for dust mobilization, espe-
cially in summer when under the influence of the WAM.
However, downbursts originating form deep moist convec-
tion also occur in summer, which our results suggest play a
likely secondary role for dust mobilization frequency.
3.2.6. Bodélé Depression and Ouaddai Mountains

[27] The Bodélé is the single most active dust source area
of the world [e.g., Prospero et al., 2002] and characterized
by a minimum activity during summer months. The LLJ is
stronger and more frequent over the Bodélé than over any
other location in North Africa (Figures 4 and 6) and is most
frequent in winter. The Bod¢l¢é is surrounded by the Tibesti
Mountains to the north, the Ennedi Mountains in the
northeast and the Ouaddai Mountains in the east. The
mountains evidently affect the general wind flow by chan-
neling the northeasterly LLJ especially during winter
months. Todd et al. [2008] estimate from model experi-
ments that topography is responsible for up to 50% of the
peak LLJ wind speeds over the Bodélé. As the precondi-
tions for wind acceleration due to channeling are often
fulfilled, the LLJ develops frequently at night and forces
high surface wind speeds the next day when turbulent
mixing starts to mix momentum downward. Thus DSA in
the Bodélé depression and the foothills of the adjacent
mountains occurs very frequently after sunrise in the morn-
ing between 0600 and 0900 UTC (up to 85%). During
summer months, a minimum of DSA occurs because of less
frequent development of nocturnal LLJs (Figures 3 and 4)
and lower mean wind speeds [7odd et al., 2008]. This can
be explained by the location of the intertropical discontinu-
ity (ITD, conversion zone of the trade winds) related to
weak geostrophic winds. Furthermore, during summer
months wind direction is variable and topographic acceler-
ation of air flow does not dominate.

[28] A strong seasonal cycle for DSA during the morning
hours is observed (Figure 5 and Table 1) with a minimum in
summer, especially in August. In addition, a strong ampli-
tude between summer minimum and winter maximum is
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shown, pointing toward the importance of the LLJ in the
seasonal cycle of DSA.
3.2.7. Kordofan

[29] The topography of the Kordofan in the northern
Sudan is mainly characterized by the midaltitude Nubia
Mountains with dense drainage channels like wadis likely to
provide fluvial sediments. The hours between 0300 and
0900 UTC are again the most important time for DSA (see
Figure 5 and Table 1), when solar heating starts and a
convective BL develops which mixes the momentum of the
nocturnal LLJs to the surface (up to 100% DSA before
0900 UTC). Note that local time here is UTC + 2 h, which
explains the occurrence of DSA in the 0300—-0600 UTC
time slot. The annual cycle of DSA is not clear from the
2 years of DSA data although the absolute highest values
occur in summer and winter month (Figure 5). This may be
consistent with the relatively high frequency of LLJs in all
months with peaks in summer and winter (Figure 6).
3.2.8. Nubian Region

[30] The area of high DSA in this region lies on the
western foothills of the mountains, which separate the
Nubian desert from the Red Sea. It is likely that sources
of fine fluvial sediments are associated with wadis and
endorheic drainage systems. Meteorological conditions
force DSA mostly in spring and early summer. As for the
Kordofan region to the south, the maximum number of
DSA occurs in the morning hours (up to 100%) between
0300 and 0900 UTC (local time is UTC + 2 h). Again this
indicates that the breakdown of the nocturnal LLJ may be
the main mechanism to force DSA.

[31] In general, dust source areas located in the western
part of the Sahara are most active during summer months, in
contrast to those in the eastern part of the Sahara which are
most active during winter and spring months. A predomi-
nance of dust sources activated during the morning hours
indicate the likely important role of the breakdown of the
nocturnal LLJ (e.g., Figures 2 and 5 and Table 1). In seasons
with weak or absent nocturnal LLJ development the fraction
of DSAs occurring during morning shows a minimum.
DSAs at noon and afternoon are often associated with gusts
related to deep moist convection. Mainly in the Atlas
Mountains gusts related to orographic influence, orographic
clouds, and density currents force DSA in afternoon hours.

[32] During winter (DJF) 2007/2008 DSAs occurred
more frequently than during the same period 2006/2007.
As DSA is mainly forced by atmospheric processes, detailed
investigations of atmospheric conditions are necessary to
explain this interannual variability and longer observation
time series are required to decide whether the more recent
high number of winter DSAs constitute an unusual condition.

4. LLJs and Surface Winds Over North Africa

[33] Occurrences of strong surface wind speeds are the
main cause for dust mobilization. The dominance of satellite
derived DSA during the morning hours (0600—0900 UTC)
across the North African domain are an indication that the
diurnal phase-lag relationship of LLJ and surface winds is
an important mechanism for dust emission in the region. To
understand this further and the connection with strong surface
wind speeds causing dust mobilization, observed surface
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Table 2. Monthly Median Wind Direction, Median Wind Speed
of Wind Direction, and 75th Percentile of Wind Speed Measured at
Adrar in 2006”

Time MAM JJIA SON Annual
(UTC) (ms™") (ms~") (ms~") (ms™")
0000 E 6.7 (9.3) E 6.7 (7.2) E 5.7 (8.7) E 6.2 (8.2)
0300 E 6.7 (8.2) E 6.7 (8.2) E 5.7 (8.27) E 8.2 (7.7)
0600 E 6.2 (7.2) E 6.45(7.7) ES5.1(7.7) E 5.7 (7.7)
0900 E 9.3 (12.3) SE 8.7 (11.3) SE 6.95 (8.7) E 8.7 (11.3)
1200 W 6.7 (10.3) E 9.8 (12.3) E 7.7(10.3) E 8.2 (10.3)
1500 W 11.05 (13.9) E 8.7 (11.3) NE 6.95(10.8) NE 6.7 (8.7)
1800 W 7.95(9.3) E 9.0 (10.3) NE 6.2 (9.8) NE 6.2 (8.2)
2100 NE 5.7 (6.2) E 6.7 (7.7) NE 5.1 (7.7) E 5.1(7.2)

“The 75th percentile of wind speed is given in parentheses. Adrar is
located at 27°15'N, 2°31’E. MAM, March, April, and May; JJA, June, July,
and August; SON, September, October, and November. Wind directions: N,
north; E, east; S, south; W, west.

station reports, regional model and ERA-40 reanalysis data
were analyzed.

4.1. Wind Observations at Synoptic Stations

[34] The observation of dust emission from remote sens-
ing needs to be corroborated by ground measurements.
Unfortunately, in the Sahara region the measurement net-
work is sparse. Meteorological surface observation data are
taken from the Integrated Surface Hourly (ISH) database
(data set 3505 (DSI 3505)), provided by the National
Climatic Data Center (NCDC), Asheville, NC, USA. Here,
quality-checked synoptic weather observations of surface
wind speed and direction (3-hourly) from stations in the
Sahara/Sahel sector are analyzed. Only stations with an
acceptable number of observations for statistical consider-
ation are chosen.

[35] Results are shown for the stations Adrar (27°15'N,
2°31’E), Agadez (16°58'N, 7°59'E), Tamanrasset (22°47'N,
5°31'E), Gao (16°16'N, 0°03'W), Zinder (13°47'N, 8°59'E)
and Faya-Largeau (17°56'N, 19°08'E), which have the most
complete observation records. At other stations the numbers
of observations at morning, especially between 0600 and
1200 UTC are too small to obtain meaningful results. Adrar
is located westward of the Plateau de Tademait, Tamanrasset
in the high Hoggar Mountains, Agadez in the southern
foothills of the Air Mountains, Gao and Zinder in the Sahel/

Table 3. Monthly Median Wind Direction, Median Wind Speed
of Wind Direction, and 75th Percentile of Wind Speed Measured at
Tamanrasset in 2006

Time MAM JJA SON Annual
(UTC) (ms™h (msh (ms™h (ms
0000 SE3.1(41) E3.1@46) E36(G.1) E 3.6 (7.2)
0300 E 4.1 (5.7) E3.6 (6.7  E34(57) E 3.6 (8.2)
0600 E4.1(7.2) E4.1(6.7) E4.1(6.2) E 4.1 (8.7)
0900 E7.5(9.3) E7.709.8) E62(1.7) E 6.7 (11.3)
1200 SE5.1(72) SE6.2(7.2) S4.1(6.7) SE 5.1 (9.3)
1500 NW5.7(7.2) E57(77) NW41(4.6) NW 4.6 (8.7)
1800 NW5.1(72) E62(62)  S3.6(4.6) NW 4.6 (8.2)
2100 S 3.1(3.6) SE3.1(3.1) SE26(3.1) S3.1(.1)

“The 75th percentile of wind speed is given in parentheses. Tamanrasset
is located at 22°47'N, 5°31’E.
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Savanna and Faya-Largeau to the North of the Bodélé
depression (Figure 1). At some stations the suddenly increas-
ing morning wind speeds are accompanied by a significant
shift in wind directions. But at stations located in mountain
areas close to mountain slopes, the wind direction may
strongly be influenced by topography. However, all synop-
tic weather observations shown here indicate a significant
increase in 10-m wind speeds during midmorning hours
(Tables 2—4 and Figure 7). At most stations the observed
10-m wind speed decreases during noon and afternoon
because of BL development, even at Adrar where mean
wind speeds are higher. The mean diurnal cycle at these
stations is consistent with the out of phase relationship
between the diurnal cycle of the LLJ and surface winds
described in section 2.1.

[36] The stations presented here are widely spread over
the Sahara/Sahel sector indicating that the breakdown of the
nocturnal LLJ, observed by increasing 10-m wind speeds, is
a common phenomenon over North Africa.

4.2. Large-Scale Atmospheric Fields: ERA-40

[37] To complete the impression of the LLJ feature given
by the station data, the occurrence of LLJ has been analyzed
from 10 years (1990-1999) of the 40 year global atmo-
spheric ERA-40 reanalysis fields provided by ECMWF
[Uppala et al., 2005]. The ERA-40 reanalysis data have a
vertical resolution of 60 pressure levels up to 0.01 hPa and a
horizontal resolution of 1° x 1° (T159). Wind speed was
obtained at 6 hourly intervals over the 10-year period
1990-1999 and the magnitude of the vertical wind shear
calculated from wind speeds at 925 hPa and 770 hPa. The
existence of a LLJ was then determined with respect to a
threshold wind shear of 5 m s™'. The threshold is chosen
with respect to vertical wind profiles performed for several
representative locations. This analysis was conducted to
(1) derive the spatial structure of LLJ frequency over the
entire Sahara sector over an extended period of time, (2) to
determine the annual cycle of LLJ frequency for defined
areas of frequent dust source activation observed by MSG
(see section 3.2.1), and (3) to determine whether a global
atmospheric model on a coarse horizontal and vertical
resolution is able to reproduce the meteorological feature
of the nocturnal LLJ. Reanalysis fields have been used to
derive dust emission fields [e.g., Laurent et al., 2008],
therefore the presence of this feature in ERA-40 reanalysis
fields indicates to which extent ECMWF surface winds can

Table 4. Monthly Median Wind Direction, Median Wind Speed
of Wind Direction, and 75th Percentile of Wind Speed Measured at
Agadez in 2006?

Time MAM JJA SON Annual
(UTC) (ms™h (msh (ms™h (ms™h
0000  E4.1(5.1) E3.1(3.1) E2.1(2.1) E3.1(5.1)
0600  E4.1(5.1) NW 2.6 2.1) E21(2.1) E 4.1(7.2)
0900  E82(11.8) W 4.6(5.1) E 8.2 (8.7) E 8.2 (11.8)
1200 E82(8.7) NW 3.1 (41) E62(82) E 7.2 (11.8)
1500 E5.1(82) SE 6.2 (6.2) E 5.7 (7.2) E 6.2 (9.8)
1800 SE5.1(62) SE5.1(62) SE4.1(5.1) SE4.1(82)

“The 75th percentile of wind speed is given in parentheses. Agadez is
located at 16°58'N, 007°59’E.
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Table 5. Comparison of the Seasonal Variability of the ERA-40 10-Year LLJ Occurrence Frequency and Observed Fraction of DSAs per

Day for March 2006 to February 2008"

DSA Observations

10-Year ERA-40

Region Seasonal Cycle Maximum Minimum Seasonal Cycle Maximum Minimum LLJ
Atlas (AT) annual MAM DIJF weak, annual DIJF JJA not dominant
Akhdar (AK) annual MAM SON weak, annual MAM JJA not dominant
W-Sahara (WS) semiannual JJA, DJF MAM, SON semiannual JJA, DJF MAM, SON important
Air (AI) semiannual JJA, DJF SON weak, semiannual JJA, DJF SON important
Adrar (AD) semiannual JJA, DJF SON semiannual DIJF, JJA SON important
Bodélé (BO) annual DIJF JJA annual DIJF JJA dominant
Ouaddai (OU) annual DIJF JJA annual DIJF JJA dominant
Kordofan (KO) annual JJA SON semiannual DIJF, JJA MAM, SON dominant
Nubia (NU) annual MAM SON annual MAM SON important

See also Figures 5 and 6 for comparison. “Semiannual” seasonal cycle indicates the presence of a secondary maximum in LLJ and/or DSA. DIJF,
December, January, and February (winter); MAM, March, April, and May (spring); JJA, June, July, and August (summer); SON, September, October, and

November (autumn).

represent the meteorological situation responsible for a large
number of dust emission events in the Sahara.

[38] While the vertical and temporal resolution of the
ERA-40 data is not always sufficient to resolve the fine
detail of LLJ features [Todd et al., 2008] the data provide a
good representation at the larger scale. However, it should
be noted that the ERA-40 data are based on pressure levels,
such that the data might not be able to represent the low-
level atmosphere over high mountain regions which are
dominant in this analyzed domain.

4.2.1. Ten-Year LLJ Climatology

[39] The mean frequency of nocturnal LLIJs represented
by the 0600 UTC low-level wind shear in ERA-40 data is
shown in Figure 3. During the winter (Figure 3a) LLJs are
widespread across the Sahel and southern Sahara occurring
on 50% of nights in a broad zone between 10-20°N
extending almost the entire longitudinal extent of the
continent. These LLJs occur within the mean northeasterly
low-level flow (the “harmattan’) which dominates North
Africa in winter. LLJ frequency and magnitude is greatest
where the large-scale flow is influenced by topography,
notably downwind of the Tibesti-Ennedi gap over the
Bodélé depression of northern Chad, south of the Air
Mountains in central Niger and to the west of the Ethiopian
Highlands in eastern Sudan. During summer (Figure 3c)
LLJ frequency is lower (by about 30—40%) over the
continent and the main axis shifts northward such that the
occurrence is focussed between about 15 and 30°N. This
region encompasses the mean position of summer intertrop-
ical discontinuity, the divide between the dry northeasterly
flow and the moist southwesterly monsoon flow. As such,
nocturnal LLJ features occur in both circulations. While it is
clear that LLJs are enhanced close to regions of pronounced
topography, it should be borne in mind that the results
shown in Figure 3 are based on pressure level data, such
that they do not represent the low-level atmosphere over
regions of high surface elevation. Satellite based data sets,
however, indicate dust emission directly over mountain
foothills, where wadis and drainage systems provide lot of
fine, fluvial sediments [e.g., Washington et al., 2003;
Schepanski et al., 2007].

4.2.2. ERA-40 10-Year LLJ for Defined Regions

[40] The mean seasonal cycle of LLJ occurrence in ERA-40

data for the key dust source regions (defined from analysis

of the satellite DSA data, see Figure 1 and section 3.2.1) are
shown in Figure 6. Over some areas, a weak seasonal cycle
is shown by the ERA-40 analysis, ¢.g., the Atlas, and the
Akhdar, whereby the observed number of DSAs during the
morning hours show a stronger season-to-season variability.
Generally, two different types of seasonal variability are
evident following a semiannual or an annual cycle depend-
ing on the seasonality of atmospheric circulation patterns
forcing the LLJ development. The Bodélé and the Ouaddai
region for example show a strong winter maximum. Over
the West Sahara, a second maximum during summer is
evident, likely related to the forcing of the nocturnal LLJ
development by the WAM [Parker et al., 2005]. In the Atlas
and Akhdar regions indicate the LLJ is a less important
phenomenon shown by low occurrence frequencies retrieved
from ERA-40 reanalysis (Figure 6). It is interesting to note
that the seasonal cycle of number distribution of DSAs
shows similar seasonal characteristics to the LLJ in the
reanalysis data for most regions (Table 5). This points toward
the important role of the LLJ for DSA over these areas, an
issue which has been developed further in section 3.2.1.

4.3. Regional Model LM-MUSCAT

[41] The analysis in section 4.2.2 shows the widespread
occurrence of LLJ phenomena in the reanalysis data and the
relationship with DSA. In the following section the linkage of
LLJ breakdown and dust mobilization will be investigated
using a regional-scale model in addition to the large-scale
reanalysis. The role of LLJs in forcing DSA is demonstrated
by the regional dust emission and transport model LM-
MUSCAT [Heinold et al., 2007]. The model consists of the
meteorological regional model Lokal-Modell (LM) provided
by the German Weather Service, Deutscher Wetterdienst
(DWD) [Steppler et al., 2003], and the Multi-Scale Chem-
ical Aerosol Transport Model (MUSCAT [Wolke et al.,
2004a, 2004b]), including a dust emission scheme based
on work by [7egen et al., 2002]. Dust emission, transport
and deposition are simulated with MUSCAT using meteo-
rological and hydrological fields that are computed by the
LM and updated every advection time step comprising two
LM time steps of 80 s. Local wind systems, clouds,
precipitation, and mesoscale convection are simulated
depending on topography. Subgrid-scale moist convection
is parameterized following [7Ziedtke, 1989].
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[42] Soil erosion by wind mostly depends on the wind
shear stress on the ground and occurs when the surface
friction velocity increases above the threshold friction
velocity, itself dependent on soil conditions of aerodynamic
and smooth roughness length, and dry soil size distribution.
Dust emission fluxes are computed using LM surface winds
and soil moisture. In this study, dust emission in the model
is only allowed for areas where dust source activation is
observed on at least 2 days per year by the MSG-SEVIRI IR
dust index during the observation period March 2006 to
February 2007. Mobilized dust is transported as passive
tracer in five independent size classes with radius limits at
0.1 pgm, 0.3 pm, 0.9 pm, 2.6 pm, 8 pum, and 24 pm
[Heinold et al., 2007, 2009].

[43] The model simulations were performed for an area
covering 0.2°N, 32.3°W to 41.3°N, 33.3°E with a horizontal
resolution of 28 km and 40 vertical layers. For analyzing
meteorological conditions able to force dust mobilization,
three case studies in different seasons have been computed:
March 2006, July 2006, and 20 December 2006 to 20 January
2007 (hereafter January 2007).

4.3.1. LLJ Occurrence and Dust Mobilization:
Regional Modeling Study

[44] The breakdown of the LLJ provides high surface
wind speeds suitable for dust mobilization. Here, the
regional model system LM-MUSCAT is used to show the
relation between LLJ occurrence and dust emission. For a
more detailed description of the atmospheric conditions
vertical distribution of horizontal wind, potential tempera-
ture, gradient Richardson number and the surface dust
emission flux is presented for the location of Agadez (a
key dust location for) for March 2006 (Figure 8). The
gradient Richardson number Ri denotes the ratio of stability
to wind shear and can be used as indicator for turbulent
processes [Reiter and Lester, 1968] and is assumed for Ri <
Ri,, the critical value. Turbulence occurs for Ri. = 1, in
weakly stratified layers for Ri. = 0.25 [e.g., Sorbjan, 2006].

[45] During night, the lower troposphere is stably strati-
fied. Weak shear indicated by positive Ri numbers domi-
nates and no turbulence occurs. Surface wind speeds are too
low for dust mobilization. Because of frictional decoupling
of air aloft supergeostrophic conditions develop at around
1 km. Hence, air aloft accelerates and a LLJ develops.
Before sunrise, wind shear increases because of the LLJ but
atmospheric stability still suppresses turbulence occurrence.
Soon after sunrise surface heats up and air masses at near-
surface levels become unstable. The Ri number decreases,
changes sign indicating unstable conditions and turbulent
mixing starts. The layer of unstable conditions grow up with
increasing surface heating. At 0800 UTC, the unstable layer
depth reaches height of the nocturnal LLJ. Momentum from
the LLJ is mixed down leading to suddenly increasing wind
speeds, up to 10 m s~ ' on 19 March 2006 (Figure 8). These
wind speeds are high enough to cause dust emission. At
noon, a well mixed boundary layer is developed, character-
ized by a homogeneous distribution of potential temperature,
horizontal wind speed, and large, negative Ri numbers.
Subgeostrophic conditions occur because of frictional cou-
pling of the boundary layer to the surface.

[46] Considering the whole month (here March 2006,
shown in Figure 8), the LLJ occurs on almost all nights.
Enhanced LLJ development occurred during 7—11 March,
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18—21 March, and 25-28 March when dust emission
occurred associated with anomalous high-pressure ridges
over North Africa. The dust event of 7—11 March is
particularly notable [Milton et al., 2008; Tulet et al., 2008].

[47] The different time-of-day distribution of near-surface
(first-layer, around 33 m above ground level (agl)) wind
speeds on days with LLJ development (LLJ days) and days
without LLJ development is evident in the median wind
speed distribution for both modeling results and synoptic
observations (Figure 9) shown at Agadez. On LLJ days, the
wind speed increases suddenly at around 0800 UTC and
decreases during the afternoon hours. During night, the
wind speeds are lower than the threshold for dust emission
(see Figure 8). Differences between model results and syn-
optic observations are evident. In the LLJ case, the observed
wind speed peaks around 2 h earlier than the simulated. This
is likely to be related to inadequacies in the planetary
boundary layer scheme [Todd et al., 2008]. Furthermore,
the height difference between 10-m wind measurements and
model results given for the first model layer leads to an
offset for the simulated wind speed. Nevertheless, the
magnitude of observed wind speeds are in a good agreement
with the simulated wind speeds. On days without LLJ
development, both model results and observations indicate
low wind speeds. The LM-MUSCAT simulations indicate
the importance mixing down the LLJ to produce high near
surface wind speeds necessary for dust emission. To put these
results in regional context, the local nocturnal LLJ occur-
rence frequency in the regional model is computed for the
Sahara for different months (Figure 4). Nocturnal LLJ con-
ditions are assumed if the wind speed difference Av between
925 hPa and wind speed at 770 hPa exceeds 5 m s~ '. The
threshold of 5 m s~' for A v is empirically obtained by
analyzing vertical profiles and allows to capture most of the
LLJs. Single cyclonic disturbances over the Atlas and
especially over the Mediterranean Sea and Southern Europe
can also fulfill the conditions indicating LLJs because of
their vertical wind speed profile. In Figure 4, the frequency of
LLJ occurrence (Av > 5 m s~ ') at 0600 UTC is shown for
atmospheric winter conditions in January 2007 (20 December
2006 to 20 January 2007), for March 2006 representing
atmospheric spring conditions and for July 2006 represent-
ing atmospheric summer conditions. The distribution as
well as the frequency of LLJ occurrence change with
season. During winter and spring, the Bodélé depression
is characterized by a very high frequency of LLJ occurrence
(up to 90% and more). In January, a band-like pattern of
high frequencies (over 80%) occurs over the Sahel and
South Sahara, which is the area where the LLJ is the most
dominant. Further more north, the gap between the Tassili
of Ajjer (directly north to the Hoggar) and the Tibesti show
high LLJ frequencies as well (up to 75%). Besides the
regions proximate to the Saharan highlands, LLJs over the
Ergs in the Western Sahara occur with a moderate frequency
around 50—60%. Over the Atlas and north Algeria, the LLJ
frequency is low, mostly lower than 10%. In spring, besides
the dominant LLJ feature over the Bodélé depression,
additional areas characterized by high frequencies of noc-
turnal LLJ occurrence are the sebkhas and ergs over the
Western Sahara with frequencies between 50 and 60% as
well as the Akhdar Mountains (around 50%). In July 2006
the areas of high frequencies are mainly the central and
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Figure 8. Time series of the vertical distribution of horizontal wind speed (m s "), potential temperature
(K), Richardson number, and dust emission flux (kg m > h™') at Agadez (16°58'N, 7°59'E) (left) for the
month of March 2006 and (right) exemplary for 19 March 2006. The time series are taken from model
results using LM-MUSCAT.
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Figure 9. Median wind speed for March 2006 at Agadez
(16°58'N, 7°59'E). Solid lines show first layer wind
simulations by the LM-MUSCAT, and dashed lines show
synoptic observations of 10-m winds. On the basis of the
occurrence of low-level wind speed maxima shown in
Figure 8, days are separated in LLJ days (top pair of blue
curves) and days without LLJ development (bottom pair of
red curves).

south Algerian mountains (up to 80%) and mountains in
Niger (up to 60%).

[48] Both the major patterns of high frequency in January
2007 and March 2006 computed with the regional model
agree well with the 10-year climatology derived from the
global atmospheric ERA-40 reanalysis fields (Figure 3).
Differences between regional and global fields are likely to
be related to different horizontal and vertical resolutions,
and thereby to different representations of subgrid-scale
features and topography, and to different parameterizations
of surface and boundary layer processes. Overall, regional
and global models are able to simulate a similar structure of
LLJ occurrence which is consistent with the spatiotemporal
pattern of satellite based DSA.

5. Conclusion

[49] This study presents the first comprehensive study of
the diurnal characteristics of dust storm activation (DSA),
based on a new data set derived from MSG-SEVIRI satellite
data. The high temporal resolution of the SEVIRI data
ensures that the DSA data set resolves the diurnal cycle of
dust and allows backtracking of dust plumes directly to
source regions. In this way the fraction of DSA per day is
much more closely related to processes of dust emission
than other satellite data sets, which provide some estimate
of column integrated dust burden. The DSA data set of the
Sahara based on 15 min MSG IR dust index retrievals is
used to show the spatial and temporal distribution of DSA
over the period of 2 years. The results here show that DSA
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in the Sahara is most commonly observed in the local early
morning hours after sunrise. Such a condition can be explained
by the first-order phase-lagged relationship between the
nocturnal LLJ and surface winds. The downward mixing
of nocturnal LLJs by turbulent mixing of momentum after
sunrise leads to peak surface wind speeds and dust emission
in the hours after sunrise. We can infer that this may be a
dominant mechanism for DSA in the Sahara. The arid and
stable climate over the Saharan desert provide preconditions
for the development of nocturnal LLJs, which are a wide-
spread phenomenon across the region. DSA is most com-
monly observed close to the mountain regions of the Sahara.
We speculate that this is due to a combination of the
accumulation of fine sediments from fluvial erosion pro-
cesses and the high frequency of LLJ occurrence in those
regions. Model experiments with LM-MUSCAT confirm
that the breakdown of the LLJ can lead to dust emission.
These dust events are generally associated with synoptic-
scale variability resulting in large-scale forcing of low-level
and surface wind speeds. As such, it is the combination of
the mean diurnal cycle in low-level and surface winds with
the day-to-day synoptic-scale variability that explains much
of the variability at diurnal time scales.

[s0] Of course there are many other meteorological con-
ditions that lead to dust emission and some of these have
been highlighted by the analysis of DSA. These include
(1) downbursts associated to moist convective dynamics
during the monsoon period, (2) orographic forced gusts due to
orographic clouds and blocking situations, and (3) cyclonic
activity (mainly the Sharav cyclones during spring time
over North Africa). For a comprehensive understanding
detailed investigations on summer meteorological condi-
tions, especially in context of the WAM, remain necessary.

[51] The MSG-based analysis of DSA gives only infor-
mation on the frequency of source activity, not on the
strength of such sources. To clarify the role of LLJ for total
dust emission fluxes, quantitative dust retrievals over desert
surface are needed.

[52] Furthermore, the statistical analysis of DSAs shows a
clear interannual variability. To explain this variability,
longer time series and detailed investigations concerning
interannual variability of major atmospheric conditions will
be performed in the future.
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