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[11 Density currents fed by evaporationally cooled air are an important dust storm—
generating feature and can constitute a source of moisture in arid regions. Recently, the
existence of such systems has been demonstrated for the area between the High Atlas
Mountains and the Sahara desert in southern Morocco on the basis of case studies. Here, a
climatological analysis is presented that uses data from the dense climate station network
of the IMPETUS project (An Integrated Approach to the Efficient Management of Scarce
Water Resources in West Africa) for the 5 year period 2002—2006. Objective criteria
mainly based upon abrupt changes in wind and dew point temperature are defined to
identify possible density current situations. The preselected events are then subjectively
evaluated with the help of satellite imagery and surface observations to exclude causes
for air mass changes other than moist convective cold pool formation. On average, 11 +

4 density currents per year are detected with the main season lasting from April to
September. Density currents occur mainly in the afternoon and evening due to the
diurnal cycle of moist convection. Mean changes at the leading edge are increases in

2 m dew point temperature and wind speed by 5.4°C and 8.2 m s~

! respectively, and a

decrease in 2 m air temperature of 2.3°C. The High Atlas and Jebel Saghro are found to
be the most important source regions, while only a few systems originate over the
Saharan lowlands. Labilization of the atmosphere due to upper-level troughs over
northwest Africa and an enhanced moisture content favor density current formation. In
addition, detailed case studies representative of different density current types are

presented.

Citation: Emmel, C., P. Knippertz, and O. Schulz (2010), Climatology of convective density currents in the southern foothills of
the Atlas Mountains, J. Geophys. Res., 115, D11115, doi:10.1029/2009JD012863.

1. Introduction

[2] Desert dust contributes substantially to the Earth’s
aerosol budget [Textor et al., 2006]. The Sahara desert is the
largest source of mineral dust and is responsible for almost
half of the dust deposition to the world’s oceans [Middleton
and Goudie, 2001]. Saharan dust can be transported far
beyond Africa and has been detected in remote regions such
as northern Europe [Franzén et al., 1994], Amazonia [Swap
et al., 1992], and the Caribbean Sea [Garrison et al., 2003].
The region of Western Sahara—southern Morocco has an
important impact on dust transport to western Europe
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[Goudie and Middleton, 2001]. Mineral dust plays an
important role in climatic and ecological processes, for
example through its effects on radiation [Forster et al.,
2007], cloud microphysics [e.g., Min et al., 2009], nutrient
supply to the oceans [Jickells et al., 1998] and continents
[Goudie and Middleton, 2001] as well as through trans-
porting disease-spreading spores [Shinn et al., 2000].

[3] Several meteorological phenomena have been associ-
ated with dust emission reaching from small-scale dust devils
and convective plumes [Koch and Renno, 2005; Ansmann
et al., 2009] over mesoscale convective cold pools [Idso
et al., 1972; Knippertz et al., 2007; Marsham et al., 2008;
Flamant et al., 2007] to synoptic-scale systems such as lee
cyclones [Knippertz et al., 2009a]. The cold pools are
formed through evaporation of precipitation in sufficiently
dry subcloud layers and then spread horizontally due mainly
to the hydrostatic forces arising from gravity and the density
differences to the ambient air, which are usually on the order
of a few percent only [Simpson, 1997]. The strong and gusty
winds at the leading edge of these so called ‘density currents’
can lift up dust to heights of more than 1500 m forming
dramatic “dust walls” that have been called “haboobs” in
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various desert regions [Sutton, 1925; Freeman, 1952;
Lawson, 1971; Idso et al., 1972; Membery, 1985; Offer and
Goossens, 2001; Chen and Fryrear, 2002; Knippertz et al.,
2007; Flamant et al., 2007; Miller et al., 2008; Williams et
al., 2008]. Density currents are generally characterized by
the existence of a near-surface feeder flow implying that the
wind velocity behind the leading edge is higher than the
propagation velocity of the current [Smith and Reeder,
1988]. The arrival of the leading edge is usually character-
ized by a sudden decrease in temperature and visibility, an
increase in dew point temperature and wind speed, and often
by a change in the direction of the wind [Knippertz et al.,
2007; Miller et al., 2008]. The strong turbulent winds and
low visibility at the leading edge can pose a threat to aviation
and destroy infrastructure on the ground [Sutfon, 1925;
Miller et al., 2008]. After the passage, the wind direction
usually becomes steadier [Sutfon, 1925]. At least in some
desert areas, density currents are more frequent during
summer months in close connection with the annual cycle of
moist convection [Sutton, 1925; Miller et al., 2008].

[4] Knippertz et al. [2007] first described the occurrence
of dust-lifting, extended density currents in the southern
foothills of the Moroccan High Atlas based on the 5 week
period of the Saharan Mineral Dust Experiment (SAMUM)
[Heintzenberg, 2009] in May—June 2006. They suggest that
the Atlas Mountain range serves as a trigger for initiating
deep moist convection [see also Hiibener and Kerschgens,
2007], especially in situations of high moisture content and
low vertical stability, often in connection with a nearby
upper-level trough. If there is northwesterly shear, hydro-
meteors sediment into the lower layers at the dry side of the
mountains where evaporation can be quite substantial,
leading to the formation of a large cold pool. It has been
shown in idealized numerical experiments that the strongest
low-level ascent occurs on the downshear side of a cold pool
[e.g., Weisman and Rotunno, 2004, Figure 6]. Knippertz
et al. [2009b] find that in situations with westerly shear
this uplift can regenerate moist convection on the Saharan
side of the Atlas causing the cold pool to propagate eastward
with a squall-line-type convective organization.

[5] Due to the occurrence of density currents in remote
and data-sparse areas like the Sahara, most studies on their
characteristics are based upon few cases and/or few point
measurements. Therefore the multiyear observations from
the fairly dense network of several automatic weather sta-
tions in southern Morocco run by the IMPETUS project (An
Integrated Approach to the Efficient Management of Scarce
Water Resources in West Africa) represents a particularly
valuable data source for the study of density currents. The
major goals of this study are (1) to identify density currents
from this unique data set, (2) to compile a detailed clima-
tology including aspects such as interannual variability,
diurnal and annual cycle, location of origin and track, typ-
ical values of the change in atmospheric conditions at the
leading edge, and propagation velocity, and (3) to determine
the synoptic preconditions for their development. Section 2
contains information on the data, while the methodology is
discussed in section 3. The climatological results will be
presented in section 5 after a discussion of two detailed case
studies on representative density currents, which serve to
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better illustrate the climatological findings (section 4). A
summary and conclusions are given in section 6.

2. Data

[6] The main data employed for the analysis are ob-
servations from the network operated by the German
research initiative IMPETUS in southern Morocco. This
network consists of eleven automatic weather stations that
are distributed between the highest peaks of the High Atlas
(maximum height above 4000 m) across the parallel
mountain chain of the Anti Atlas including Jebel Saghro and
Jebel Ougnat with the highest altitudes of approximately
2500 m down to the border with Algeria, mainly following
the course of the rivers Dadés and Draa. The focus here is
mainly on the stations southward of 31°N, namely Bou
Skour (BSK), Arguioun (ARG), El Miyit (EMY), Jebel
Brahim (JHB), and Iriki (IRK; see Figure 1d), where most of
the annual precipitation usually falls during just a few
events. Measured parameters are, among others, air tem-
peratures (7},) and dew point temperatures (7,) at 2 m, wind
speed (wv) and direction (wd) at 3 m, as well as precipita-
tion (p). When only relative humidity (th) was given, 7, was
calculated according to Lawrence [2005]. The data have a
temporal resolution of 10 min or 15 min and are available
for the years 2002—-2006 with a few occasional gaps. Further
information on the measuring equipment and locations is
given by Knippertz et al. [2007], Schulz and de Jong [2004]
and Schulz and Judex [2008].

[7] In addition, twice-daily atmospheric soundings from
the nearest available WMO station at Bechar (31.62°N,
2.23°W, western Algeria) are taken from the archive of the
University of Wyoming (http://weather.uwyo.edu/upperair/
sounding.html) to assess vertical wind profiles and stability.
This station is at a distance of about 450 km from the main
study region and can therefore only give a rough idea of the
conditions there. Three hourly surface observations from the
SYNOP stations Errachidia (31.93°N, 4.40°W) and Ouar-
zazate (30.93°N, 6.90°W) are also considered for the sy-
noptic analysis. For the investigation of cloud development,
standard infrared (IR, 10.8 um channel) satellite imagery
from METEOSAT is employed. To characterize the sy-
noptic-scale environment, fields of 300 hPa geopotential
height (Z300), mean sea level pressure (MSLP), and total
column water (g.,) from the operational analyses of the
European Centre for Medium-Range Weather Forecasts
(ECMWF) in 1° x 1° resolution at 1200 UTC are consid-
ered. All anomalies are calculated with respect to monthly
means over the study period 2002-2006.

3. Methodology

3.1.

[8] Thresholds for specified variables are set to preselect
possible density current situations out of the IMPETUS data
set, mainly following the case study results by Knippertz et al.
[2007]: (1) the dew point temperature (7,;) has to increase by
at least 4°C in 30 min; (2) the mean wind speed (WViean)
during the T, jump and the following hour needs to be at
least 4 m s '; and (3) no rain is allowed to fall between
1 h before and 1 h after the 7, jump. A temperature cri-
terion was initially considered, too, but proved to be of

Objective Identification Criteria
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Figure 1. Synoptic situation on 14 July 2006. (a) MSLP (shading), Z300 (black contours every 50 gpm),
and the anomaly of ., > 4 mm (white cross-hatching) at 1200 UTC. (b) Skew-T/log-P diagram for
1200 UTC at Bechar (dashed line marks 7, and solid line marks 7,). (c) IR satellite image at
2100 UTC with the leading edge marked in red. The box indicates the study region, and the dots indicate
the southern IMPETUS stations. (d) Frontal analysis in white every 30 min with station observations
depicted according to the legend in the top left corner: black is time of passage, turquoise and green
are half-hourly changes in 7, and T, respectively, blue and black barbs are 1.5 h mean wind speed end-
ing with and starting with the passage time, respectively, with the pertinent prevalent wind direction
(WMO convention), and blue is maximum wind speed during the 1.5 h after approach of the leading
edge. Station names are abbreviated as in section 2, and the topography is shaded.

little use, as the temperature at 2 m is too strongly affected
by sensible heat fluxes from the ground and nocturnal
surface inversions [see Knippertz et al., 2007]. The rain
criterion was introduced to exclude cases, in which pre-
cipitation at a given station causes a 7; jump and gusty,
variable winds, but where a coherent leading edge propa-
gation was often hard to determine. Of course, the rains
might generate such a feature outside of our study region,
but this cannot be examined with the available data. Most
density currents in the study by Knippertz et al. [2007]
occurred without being followed by rain at the considered
IMPETUS stations, suggesting that this criterion has a lim-

ited impact. Tests with higher or lower 7, thresholds (e.g.,
5°C in 15 min) resulted either in the preselection of too many
cases for the subsequent subjective evaluation or in density
currents not being registered that were clearly identifiable
from satellite imagery, respectively. An additional spatial
criterion (4) is introduced to only preselect cases of a certain
horizontal extent over the study region: The criteria 1-3
formulated above have to be met at least at two stations within
the following time intervals, which mainly reflect the dis-
tances between the stations: ARG-BSK, EMY-JHB 3 h;
JHB-IRK 4 h; EMY-IRK 5 h; ARG-EMY, BSK-EMY 6 h;
ARG-JHB, BSK—-JHB 7 h; ARG-IRK, BSK-IRK 10 h.
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These time windows are large enough to allow the consid-
eration of very slow systems (on the order of 3.5 ms™'). This
procedure resulted in a preselection of 141 possible events. In
addition, 35 events fulfilling criteria 1-3 at EMY only were
selected to account for | year data gap at JHB between June
2005 and June 2006.

3.2. Subjective Evaluation

[s] Unfortunately the objective criteria discussed above
proved to be insufficient to unambiguously distinguish
evaporationally driven density currents from air mass
changes brought about by other phenomena. Therefore an
additional subjective evaluation is carried out on the basis of
IR satellite imagery and station maps displaying observa-
tions from the IMPETUS stations. The satellite images are
examined in high temporal resolution in order to verify the
emergence of an assumed density current from an area of
deep moist convection. The temperature difference between
the cold pool and its surroundings is reflected in different IR
signal during daytime. During the night the IR contrast often
vanishes due to the strong radiational cooling of the surface
in the surroundings, which are usually characterized by
lower dust content and weaker winds. An additional hint to
track a possible cold pool are arc clouds that often form
above the leading edge, where warmer ambient air is lifted
above the density current head [Knippertz et al., 2007]. The
station maps are used to evaluate the spatiotemporal
coherency in the changes in 7}, T, and wind speed over the
study region. This latter analysis was at times problematic
due to influences of the orography (ARG for example is
located in a rather narrow valley) and surface inhomoge-
neities (desert-oasis circulation). This procedure eliminated
almost 70% of the preselected cases, for which the moisture
increase could mostly be traced back to a transport of marine
air masses from the Mediterranean Sea or the Atlantic Ocean
instead. The final set of 54 clearly identifiable density cur-
rents is then classified into currents originating from the
Atlas Mountains and those having their emergence over the
Sahara to the east or south of the study region.

[10] In addition, the station chart analyses are used to
subjectively determine the propagation velocity for selected
events with well-defined leading edges. Previous studies
have used the following theoretical relation to calculate the
propagation velocity: U = (gHAp/p)*> with p being the
density of the surrounding air, Ap the density difference
between the air masses, g the acceleration of gravity, and H
the height of the current [Simpson, 1997]. In such studies,
H is estimated by assuming a hydrostatic pressure change
due to the arrival of the cold air as reflected in the surface
temperature measurements. This approach is not possible in
our case since pressure measurements with a sufficient
resolution are not available.

4. Case Studies

[11] In this section two case studies of density currents
representative of the two main regions of origin will be
presented. The first case in July 2006 is an intense and
extended example of the rather common case of moist
convection being triggered over the Atlas Mountains, while
the second case in September 2003 has its origin in the
Sahara, a starting point that is less frequent.
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4.1. An Atlas Mountain Case

[12] At 1200 UTC 14 July 2006 an upper-level trough
reaches from the Iberian Peninsula into the northwestern
Sahara (black lines in Figure 1a). The MSLP field indicates
a slight northward extension of the Saharan heat low toward
the Atlas Mountains (shading in Figure la). The 4 mm
contour of the g.,; anomaly shows relatively moist condi-
tions along the southern side of the Atlas chain from
southern Morocco to the Algerian-Tunisian border as well
as to the southeast and east of the trough over the Sahara
(white cross hatching in Figure 1la). The atmospheric
sounding at Bechar for the same time indicates moist mid-
levels and weakly stable layers around 800 and 480 hPa
(Figure 1b). Further heating of the ground in the course of
the afternoon can be expected and is the most likely trigger
for the deep convective clouds reported by the station
observer at 1500 UTC, albeit other factors might have
contributed as well. The wind profile at Bechar shows light
southerly and southeasterly winds up to 700 hPa and
increasing, mainly westerly winds above this level. This
vertical distribution is most likely associated with the Atlas
pumping effect that results in a circulation from the fore-
lands toward the mountains on high-radiation days
[Flamant et al., 2007]. The convergence of this flow over
the mountain crests is an important mechanism for the ini-
tiation of moist convection. As explained in section 1, the
westerly shear visible in Figure 1b will favor cold pool
formation on the Saharan side of the Atlas.

[13] Around midday, IR satellite imagery shows first in-
dications of convection over the High Atlas Mountains and
a little later also over the Tell Atlas in northern Algeria,
associated with the generation of several density currents
during the following hours (not shown). Two smaller sys-
tems emerge around 1400 UTC from the Tell Atlas, while
an extensive density current propagates away from the High
Atlas to the northwest around 1800 UTC. Two of the high-
mountain IMPETUS stations and the synoptic station at
Errachidia in southeastern Morocco recorded light precipi-
tation during the late afternoon and evening. By 2100 UTC
the cold pools from the different convective cells have
merged to form an about 1700 km long leading edge from
central Morocco to the Algerian-Tunisian border (red line in
Figure 1c). At this time, Bechar reports sustained winds of
15 m s™" and dust mobilization near the station.

[14] The cold pool reaches the IMPETUS station EMY at
2045 UTC indicated by an increase in 7; by 5.5°C from 3.8°C
to 9.3°C while 7, decreases by 3.5°C from 34.4°C to 30.9°C
(Figure 1d). The mean wind speed (WVpean) doubles with
the passage of the front to 15.2 m s~ with the wind direction
changing to ENE. The maximum wind speed (WVp,.x) of
16.8 m s ' (15 min mean) corresponds to 60 km h™' and
typically gusts on the order of 90 km h™' can be expected.
Within the following 45 min the leading edge reaches first
BSK and then ARG and JHB, which all show similar but
somewhat weaker changes than EMY. At IRK, where the
front arrives at 2330 UTC, the observed change in 7, of
3.5°C is already lower than the criterion defined in section 3,
but an abrupt jump is still visible. The small decrease in T,
of only 0.6°C might be related to the beginning nocturnal
surface inversion [see Knippertz et al., 2007; Flamant et al.,
2007]. The weaker wind signal and the fact that the leading
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Figure 2. Same as Figure 1d but for 8 September 2003.

edge is hardly visible in satellite imagery suggest that the
density current has reached its decay stage. The white lines in
Figure 1d indicate the positions of the front between 2030
UTC and 2330 UTC as hand-analyzed on the basis of the
observed wind direction, the time of passage, and the satellite
imagery. The propagation velocity slows down from 11 m
s ' to 8.5 m s ' near IRK. These values are considerably
lower than the maximum wind speed at all stations excluding
IRK in agreement with density current theory [Simpson,
1997] and observations in the Sahel [Lawson, 1971].

4.2. A Sahara Case

[15] In the early morning hours of 8 September 2003, the
objective density current criteria set out in section 3 were
fulfilled at the IMPETUS stations JHB and IRK, while the
other stations were either not operating (ARG) or did not
show any signs of a density current passage (BSK and EMY).
Between 0030 UTC and 0100 UTC T, at JHB increases from
—1.5°C to 5.5°C, while T, decreases from 34.0°C to 31.1°C
(Figure 2). The Wv e, increases from 1.3 m s'to7.7ms ™!
and the maximum wind speed behind the front reaches
9.1 m s '. IRK records similar signals in T, WViean, and
WVmax about 20 min later. T, rises from 28.0°C to 32.9°C
with the arrival of the front indicating downward mixing of
warmer air into the nocturnal inversion layer. This effect is
most likely much more pronounced at IRK located in a dry
lake bed than at the more elevated JHB where the temper-
ature before the passage is much higher. Winds during the
entire period are from the SSW suggesting front lines
similar to what is depicted in white in Figure 2.

[16] Satellite imagery of 7 September shows a distinct
deep convective cell with cold cloud tops moving from the
border triangle of Algeria-Mauritania-Mali at 1700 UTC
across northern Mauritania to the border with Western
Sahara by 0100 UTC 8 September (Figure 3). A density
current emanates from this convection in the late afternoon,
traverses western Algeria, and brings about the air mass
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D11115

changes recorded by the IMPETUS stations in southern
Morocco (red lines in Figure 3). The initiation of the
convection around 1400 UTC suggests that daytime heating
has played an important role as a triggering mechanism in
this relatively flat area (not shown). Figure 4 shows the
synoptic situation at 1200 UTC 7 September and 24 h ear-
lier. No distinct upper-level features were analyzed over the
Sahara during this period in contrast to the cases discussed
above and by Knippertz et al. [2007]. The MSLP field
shows a low-pressure system that moves along 16°N from
about 5°W to 10°W. Similar charts for the previous days
indicate that this feature can be traced back to at least 5°E

(b)

Figure 3. Same as Figure lc but for 7 September 2003 at
(a) 1700 UTC, (b) 2100 UTC, and (c) 8 September 2003 at
0100 UTC. The color scale for the infrared images reaches
from dark green (cloud-free hot desert surface) over blue
and yellow to red (cold cloud top).
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Figure 4. Same as Figure la but for 1200 UTC on (a) 6 and (b) 7 September 2003.

suggesting a possible connection to the trough of an several days is similar to Case IIl from Knippertz et al.
African easterly wave. On the eastern side of the low, [2009a].

where the flow is southerly, g., anomalies exceed 4 mm

over an extended area (white cross hatching in Figure 4). 5, Climatology

This moist zone reaches the border triangle of Algeria-
Mauritania-Mali around midday 7 September and provides
the humidity necessary for the development of deep con-

5.1. Interannual, Seasonal, Diurnal, and
Geographical Variations

vection. This density current event characterized by mois- [17] Figure 5a shows how the 54 identified density cur-
ture transport from the Sahel toward southern Morocco over ~rents are distributed over the years from 2002 to 2006.

number
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Figure 5. Density current climatology. (a) Year-to-year variability and (b) monthly distribution with
dark gray (red) bars indicating density currents originating from the Atlas Mountains (the Sahara).
(c) Total number and (d) normalized diurnal frequency at the five IMPETUS stations: ARG, blue;
BSK, green; EMY, yellow; JHB, orange; and IRK, red.
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Figure 6. Box-and-whisker plots of the changes of (a) dew point temperature, (b) air temperature, and
(c) relative humidity at the leading edge as well as the (d) mean and (e) maximum wind velocity behind
the leading edge. Displayed are the median, the first quartile, the third quartile, and the smallest and
largest nonoutlier values. Outliers are marked with open circles.

The interannual variability is relatively high with a mean
of 11 density currents, a maximum of 15 in 2002 and 2006,
and a minimum of seven in 2004. The most active month was
August 2002 with five identified systems. The SAMUM
field campaign in May—June 2006 was also a very active
period [Knippertz et al., 2007]. All years except 2005 had
two density currents originating from the Sahara, resulting in
a total of eight Sahara cases, while the majority of systems
have their origin in the Atlas Mountains as expected from
work by Knippertz et al. [2007] and the fact that the Atlas
Mountains serve as a trigger for convection. The occurrence
of density currents as defined here is clearly a phenomenon
of the warm season with most systems occurring during
April-October and no systems during December—February
(Figure 5b). Between April and July, five to seven density
currents per month were identified, while August and
September show substantially higher numbers of 14 and 11,
respectively. Potential reasons for this distinct annual cycle
are closely related to the conditions necessary for triggering
moist convection over the Atlas. Knippertz [2003] and
Knippertz et al. [2003] showed that in late summer—early
autumn, weak troughs in the upper westerlies frequently
initiate a midlevel transport from the Sahel, which is moist at
this time of the year, to the Atlas Mountains. In addition, the
still high insolation leads to a robust Atlas pumping and
ascent over the mountains, which provides a stable trigger for
deep convection, if sufficient moisture is available. The Atlas
pumping creates low-level flow toward the crest and a return
flow aloft, leading to northwesterly shear on the Saharan side
of the mountains. This shear is in some situations enhanced
by the presence of upper-level troughs and favors propaga-
tion into the Saharan foreland as explained in section 1. Last
but not least, the boundary layer is often deep and dry during
summer, which allows substantial evaporation and an
unimpeded subsidence of cooled air parcels to the ground.
[18] Figure 5c¢ shows for how many of the 54 identified
density currents the objective criteria set out in section 3.1
were fulfilled at each IMPETUS station. A large portion
of the systems passed over the easternmost stations EMY

(37 events) and JHB (38 events), while ARG and BSK are
only affected by 19 and 18 events, respectively. The
southwesternmost station IRK shows the smallest number of
occurrence of only 12. Potential reasons for this pattern are
that (1) many density currents originate to the northeast of
the region and affect EMY and JHB only (see also the
discussion of Figure 7 below) and that (2) ARG and BSK
are located in areas of complex topography, which might
sometimes distort the leading edge passage through block-
ing and channeling. Being more elevated and further north,
these stations are also more often affected by precipitation.
[19] The diurnal cycle of density current passage shows a
clear maximum in the second half of the day at all stations
(Figure 5d), most likely caused by the dependence of the
parent moist convection on daytime heating. With the High
Atlas being the most prominent source for density currents,
the time of relative frequency maximum is shifted toward
later hours with distance from the mountains. The north-
ernmost stations ARG and BSK have their peak activity in
the afternoon, while the other three stations show most
activity in the evening. The lowest station IRK is, relatively
speaking, more often affected after midnight than the other
stations, although activity is low during this time of day.

5.2. Characteristics of the Leading Edge

[20] Figure 6 shows a statistical overview of the changes
in various meteorological parameters at and behind the
leading edge of the identified density currents in the form of
box-and-whisker plots, which display the median, the first
quartile, the third quartile, and the smallest and largest
nonoutlier value. This statistical depiction was preferred to
the computation of a mean and standard deviation as most of
the variables do not show a Gaussian distribution. The
median of the half-hourly change in 7}, is 5.4°C (Figure 6a)
and is not substantially higher than the lower bound of 4°C
set by the objective selection criterion (see section 3.1). In
25% of all cases AT, is larger than 6.3°C, while occasion-
ally values as high as 12°C are recorded. The half-hourly
change in 7, has a median of —2.3°C and an interquartile
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Figure 7. Wind rose of prevalent wind direction after the
passage of the leading edge.

range of —3.5°C to —1.3°C (Figure 6b). Maximum cooling is
—8.4°C. Interestingly, a considerable portion of leading edge
passages are associated with a warming of up to 6°C, clearly
indicating the effect of the downward mixing of warmer air
into the nocturnal surface inversion mentioned earlier. Most
of these cases (seven) were observed at IRK around mid-
night. The temperature changes presented here are on the
same order as documented by Miller et al. [2008] for the
Arabian Peninsula, while Lawson [1971] reports tempera-
ture drops of up to 15°C for the Sudan. The changes in T
and T, result in th changes with a median of 4.15% and an
interquartile range from 2.03% to 6.75% (Figure 6c).
Maximum values of Arh are —5% and 11.5%.

[21] The mean wind velocity Wv,can after the passage of
the leading edge reach from 4 m s ' (by design; see
section 3.1) to 15.2 m s ' with a median of 8.2 m's™' and an
interquartile range of 6.4-9.9 ms ™' (Figure 6d). The pertinent
median and quartiles of wv,,,, are typically about 2 m s !
larger than those of Wv e, With the highest observed value
reaching 18 m s~ ' (Figure 6e). A typical threshold for the
lifting of dust from the ground is about 8 m s ' [Chomette et
al., 1999]. Thus in 75% of the cases the 15 min mean wind
speed is strong enough for dust mobilization, while in the
remainder at least some gusts might exceed the threshold.
The wind velocities are again similar to those reported by
Miller et al. [2008] and Flamant et al. [2007]. The prevalent
wind direction after passage of the leading edge is predomi-
nantly from westerly to northeasterly directions (Figure 7). In
15% of the cases the wind direction is northeasterly coming
from the Jebel Saghro. For 26% of the density currents the
wind blows from north-northwesterly directions from the
northwestern parts of the Anti Atlas. The wind direction is
westerly in 11% of the cases. The few cases showing wind
directions from southwest to east with a small peak from
SSE are probably a reflection of the eight density currents
originating from the Sahara (Figure 5a). Although the wind
is not always blowing exactly perpendicular to the leading
edge due to, for example, effects of orography, the pre-
dominance of northerlies and northeasterlies points to the
High Atlas and Jebel Saghro being the major source area for
density currents.
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5.3. Large-Scale Setting

[22] For the analysis of the synoptic situation accompa-
nying the density current formation, a composite analysis was
conducted. Anomalies of Z300, MSLP, and ¢, with respect
to monthly means were calculated for 1200 UTC on each
density current day (DAYO0) as well as for the analysis times
48 h earlier (DAY—-2) and 24 h later (DAY+1). Then, means
over all 54 systems were computed. On DAY-2, a weak
negative MSLP anomaly of —1 hPa and a corresponding Z300
anomaly of —20 geopotential meters (gpm) are located to the
west of Morocco, while a distinct anomalous troposphere-
deep ridge is found over the northeastern Atlantic (Figure 8a).
The g., shows a weak positive anomaly to the east of the
southern disturbance along the African Atlantic coast, indi-
cating moisture transports from tropical Africa to the study
area. Until DAYO the MSLP/Z300 dipole moves slowly
eastward accompanied by a slight intensification of the ridge
(Figure 8b). The location of the negative Z300 anomaly right
above Morocco and Algeria on DAYO suggests that the
convection generating the density current is favored by the
labilization associated with cooler air at upper levels rather
than by frontal lifting at the eastern side. A moist anomaly of
up to 3 mm is almost colocated with the disturbance, which
also supports moist convection. The MSLP is close to normal
conditions suggesting a negligible role in the initiation pro-
cess. The weak MSLP anomaly over tropical West Africa on
DAY-2 and the enhanced ¢, over the Sahara on DAY0
might be a reflection of the few Saharan cases (see discussion
in section 4.2). On DAY+1 the negative Z300 anomaly has
continued to move eastward to the Algerian Atlas (Figure 8c).
Positive MSLP and ¢, anomalies to the south of the High
Atlas Mountains are most likely direct consequences of the
density currents on the previous days. It is a sign of the quality
of the ECMWF analyses to realistically represent these
effects in such a data sparse region. It should be noted that
the Z300 and MSLP anomalies over northwestern Africa are
generally rather small, indicating that there is no dependence
on one clearly defined synoptic setting. A subjective
inspection revealed that only 70% of all DAYOs are char-
acterized by a discernable upper-level trough, while in all
other cases, most of which occur in August and September,
daytime heating and high moisture contents appear to be
enough to trigger convection (see the event discussed in
section 4.2).

[23] To further characterize the conditions on density
current days, the atmospheric soundings from Bechar are
analyzed. In 70% of the cases the wind was blowing from
southerly, southeasterly, or easterly directions in the layer
between the ground and 700 hPa and predominantly from
westerly directions at upper levels. This suggests that Atlas
pumping was active on these days supporting the triggering
of convection over the Atlas Mountains and the propagation
to the Saharan side.

[24] The total number of density currents per year has
been compared to the April-September mean index of the
North Atlantic Oscillation (NAO). The linear correlation
coefficient is -0.74 consistent with the projection of the
MSLP composites on the negative phase of the NAO evi-
dent from Figure 8. Surprisingly the correlation for single
months from April to September is not significant. A larger
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Figure 8. Composites of anomalies in MSLP (shaded),
7300 (black contours every 10 gpm), and g (blue, 1 and
2 mm contours only) on (a) DAY—-2, (b) DAYO, and
(c) DAY+I.
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sample would be necessary to give a more significant sta-
tistics and to explore this relation further.

6. Summary and Conclusions

[25] Density currents caused by the evaporation of con-
vective precipitation occur in many arid regions of the
world. Despite their importance for dust mobilization and
moisture transports they have not received much attention,
not least because of a limited availability of good observa-
tions. This study contains the first detailed and statistically
robust climatological analysis of density currents in the
southern foothills of the Moroccan High Atlas. The unique
data from a mesoscale network of eleven automatic weather
stations located between the peaks of the High Atlas and the
margin of the Sahara for the years 2002—-2006 are the basis
of this climatology and two detailed case studies. A rela-
tively high temporal resolution of 15 min allows a reliable
detection of potential events based upon the following
objective criteria: (1) an increase in dew point temperature
of at least 4°C in 30 min, (2) a sustained wind velocity of at
least 4 m s~ ! after the passage of the leading edge, (3) no
rain during 2.5 h around the passage, and (4) fulfillment of
criteria 1-3 at a minimum of two stations within a certain
time window. This ensures that the identified systems are
fairly intense, have a certain horizontal extension, and have
traveled some distance from the precipitation source. As it
turned out to be difficult to unambiguously distinguish
convective density currents from the relatively frequent
events of moist air transport from the Atlantic or the Med-
iterranean Sea with this method, the preselected cases were
subsequently evaluated subjectively on the basis of satellite
imagery and maps with the detailed station observations.

[26] With this analysis, 54 density currents were detected
corresponding to a mean of eleven systems per year and a
range of 7—15. Density currents are a phenomenon of the
warm season with peak activity in August and September,
when moist air from the Sahel is frequently transported to
the Atlas region at midlevels [Knippertz, 2003; Knippertz
et al, 2003]. Most of the density currents occur in the
afternoon or evening in close connection to the diurnal cycle
of deep convection. The occurrence is shifted toward later
hours with greater distance of the observing station to the
High Atlas. The frequency decreases from northeast to
southwest across the study region pointing to the High Atlas
and the Jebel Saghro as the most important regions for
initiation. Only about 8% of the identified systems originate
from flatter terrain in the Sahara associated with moisture
transport from the Sahel over several days, for example, in
connection with the trough of an African easterly wave.
Density currents propagating from the Atlas toward the
desert transport air masses with elevated moisture content
and therefore contribute to an input of humidity into the
desert.

[27] The passage of the leading edge is associated with
abrupt changes in meteorological conditions. Typical values
are an increase in dew point temperature of 5.4°C (maxi-
mum 12°C), a decrease in temperature of —2.3°C, and mean
wind speeds behind the leading edge of 8.2 m s ' with
15 min maxima as high as 18 m s ', mostly from westerly,
NNW, or northeasterly directions. Most systems generated
winds strong enough to exceed typical thresholds for dust
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mobilization. The large range in temperature changes at the
leading edge from —8.4°C to +5.0°C is a reflection of the
strong diurnal cycle in near-surface temperature due to
the intense sensible heat fluxes during the day and strong
radiation inversions at night, which are usually broken by
the turbulent winds associated with the density currents.
It was only possible to reliably determine the propagation
velocity of a few density currents with the limited sta-
tions available. The estimated values cover a broad range
of 3-11.1 m s~'. These characteristics compare well with
studies in other arid regions [e.g., Lawson, 1971; Miller
et al., 2008; Flamant et al., 2007].

[28] An analysis of the synoptic situation showed that the
majority of the density currents are connected to an upper-
level trough as suggested by Knippertz et al. [2007], while
no clear connection to the surface pressure situation could
be found. The upper disturbance is part of a north-south
dipole that slowly moves eastward across northwest Africa
and Europe around the day of the density current formation.
There are indications that the trough favors midlevel mois-
ture transports from tropical Africa into the Atlas region
prior to that day and then supports the formation of deep
convection through a labilization of the upper troposphere.
Radiosonde observations at the Algerian station Bechar
show easterly or southerly winds at low levels and wester-
lies at upper levels on most density current days. This in-
dicates that elevated heat sources over the mountains
generate convergence, ascent, and eventually deep convec-
tion, while the inflow of dry and neutrally stratified desert
air favors evaporation and cold pool formation, as soon as
convective towers get sheared to the Saharan side of the
mountains. Some of these general findings, including the
identification criteria, can most likely be applied to other
regions with some modifications accounting for local factors
such as orography and moisture sources. This way the
present study has added to the knowledge of density cur-
rents in arid regions. A possible extension of this work in the
future is to better quantify the role density currents play for
the dust and moisture budgets on the basis of conventional
and satellite observations as well as experiments with
numerical models.
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