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Abstract. This study presents the first quantitative estimatemoisture weakens dust emission during cyclone passage by
of the mineral dust emission associated with atmospheric deabout 10 %.

pressions and mobile cyclones in North Africa. Atmospheric
depressions are automatically tracked at 925 hPa based on

ERA-Interim data from the European Centre for Medium-

Range Weather Forecasts for 1989—2008. A set of filter critel Introduction

ria is applied to identify mobile cyclones, i.e. migrating and

long-lived cyclones. The shorter term cyclone is used as a'he accurate simulation of mineral dust aerosol in the Earth
synonym for mobile cyclones. Dust emission is calculatedSyStem is one of the great challenges of current atmospheric
with a dust emission model driven by 10 m winds and soil research. Dust aerosol is important due to its proposed but
moisture from ERA-Interim. Emission peaks during win- uUncertain effects on the radiation transfer in the atmosphere
ter and spring with spatial averages of 250-380¢ mer with implications for the water and energy cycle, as well
month. Comparison of the dust source activation frequencyaS effects on ecosystems and humabarglaw et al.201Q

from the model against SEVIRI satellite observation showsShao et al.2011; Knippertz and Todd2012 and references

a good agreement in the Bodélé Depression but differenceterein). Despite these impacts of dust aerosol, estimates of
in the north and west of North Africa. Depressions are abunthe annual total of dust emission from state-of-the-art climate
dant, particularly in summer when the Saharan heat low ignodels vary from 400 to 2200 Tg for North Africed¢neeus
situated over West Africa and during spring in the lee of the®©t al, 2011), the largest dust source on Earth. Further reduc-
Atlas Mountains. Up to 90% (55 % annually and spatially tion of this modelling uncertainty depends on improving the
averaged) of dust emission occurs within 10 degrees of theskepresentation of dust emission. Both the realistic descrip-
depressions, with embedded mechanisms such as nocturn#®n of soil properties and meteorological mechanisms for
low-level jets playing a role. Cyclones are rarer and occurP€ak wind generation are important. The wind speed near the
primarily north of 20 N in spring in agreement with pre- surface is particularly crucial as it controls the onset of dust
vious studies and over summertime West Africa consistenmission, and the magnitude of the flux non-linearly (e.g.
with near-surface signatures of African Easterly Waves. Dust<0k et al, 2012 Marticorena and Bergametti995 Tegen
emission within 10 degrees of cyclones peaks over Libya€t al, 2002.

with up to 25 % in spring. Despite the overall small contri- A Systematic analysis of mechanisms generating peak
bution of 4% annually and spatially averaged, cyclones coWinds strong enough for mobilizing dust provides the ba-
incide with particularly intense dust emission events exceedSis for evaluating dust emission from atmospheric models.

ing the climatological mean by a factor of four to eight. Soil Knippertz and Todd2012) review the literature on rele-
vant meteorological processes for dust emission. Recently a
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number of studies have addressed the relative importance dfom the European Centre for Medium-Range Weather Fore-
meteorological processes for dust emission focusing on theasts (ECMWF) for analysing Mediterranean cyclones sta-
meso-scale. Cold pool outflows from convective downdraftstistically. A longer time period of 18 years of ECMWF re-
(haboobs) are suggested as an important dust storm type @nalysis is exploited byrigo et al.(1999 for cyclone track-
summertime West Africa (e.gMarsham et a).2011, 2013 ing. The contributing factors of cyclogenesis in the Mediter-
Heinold et al, 2013. A 40-day horizontally high-resolved ranean region is investigated later Byigo et al. (2002.
simulation suggests that haboobs generate about half of thelaheras et al(2001) present a 40-year climatology of sur-
dust aerosol amount in this region, but a physical parameterface cyclones based on re-analysis from the National Cen-
ization for atmospheric models with coarse spatial resolutionters for Environmental Prediction (NCEP) and underline the
is currently missingKleinold et al, 2013. Another impor-  variability of both the position and the core pressure of cy-
tant process for dust emission is the nocturnal low-level jetclones with the time of day. Since the method does not have a
(NLLJ), which frequently forms in North Africa3chepanski  criterion for cyclone migration, the climatology yaheras
et al, 2009 Fiedler et al.2013. Based on a 32-year clima- et al.(200]) includes heat lows and orographic-induced de-
tology, up to 60 % of the dust emission is associated withpressions. NCEP data are also used for a springtime clima-
NLLJs in specific regions and seasofge(ler et al.2013. tology of cyclones north of ZON for 1958-2006 iannachi

The main meteorological driver for the largest dust emis-et al, 2011). Hodges et al(2011) compares cyclone cli-
sion amount of the continent that occurs north of RGbe- matologies derived from state-of-the-art re-analysis showing
tween December and Ma¥rigdler et al. 2013, however, is  spatial differences of track densities and cyclone intensity.
not well quantified. During this time of year cyclones affect All of these studies highlight distinct regions that are prone
the region (e.gAlpert and Ziv; 1989 Winstanley1972 Han-  to frequent cyclogenesis. These are over the Aegean Sea, the
nachi et al.2011). The core of these cyclones can either lie Gulf of Genoa and the Black Sea (eTigo et al, 2002.
over the continent itself or further north in the MediterraneanRegions of frequent cyclogenesis in northern Africa lie to
region (e.g.Maheras et al.2001, Schepanski and Knip- the south of the Atlas Mountains, and east of the Hoggar
pertz 2017). Several studies suggest that cyclones can caus®lountains Alpert and Ziy; 1989 Trigo et al, 1999 Maheras
dust stormsBou Karam et a].201Q Hannachi et a).201%; et al, 2001, Schepanski and Knippert2011, Winstanley
Schepanski et gl2009 Schepanski and Knippert2011), al- 1972. Cyclones may further form or intensify over Libya,
though a case study W§nippertz and FinK2006 for the ex-  also termedharavor khamsin cyclones (e.glpert and Ziv,
ceptionally strong and continental-scale dust storm in March1989 which are thought to be the main driver for dust trans-
2004 gives evidence that a cyclone only produces one part gbort towards the eastern Mediterranekto(lin et al, 1998
the associated dust emission. The remaining dust mobilizawinstanley 19729. Classically the ternSharavis used for
tion is linked to strong northeasterly Harmattan winds. Theseheat waves in Israel, for which cyclones from Africa are one
Harmattan surges manifest themselves by an increased homf the meteorological conditiond\(instanley 1972. Most
zontal pressure gradient between the post cold frontal ridgef the cyclones in the Mediterranean basin form between
and the prevailing low pressure over the continent. Both theDecember and May, when the temperature contrast between
cyclone and the Harmattan surge are usually caused by kEand and sea is largest.
wave at upper-tropospheric levels. While the trough is typ- Cyclogenesis in Northwest Africa occurs east of an upper-
ically associated with the cyclone, the ridge to the west of itlevel trough where positive vorticity advection supports the
can cause the strengthening of anticyclonic conditions oveformation of a depression near the surface. These troughs ad-
wide areas of North Africa, which increases the northeasterlyect cool air masses at their western side towards the Sa-
Harmattan winds. Harmattan surges may reach almost corhara and transport Saharan air northwards at their eastern
tinental scale and cause dust emission — typically involvingside (e.g.Maheras et a].2003, Knippertz and Fink2006.
the NLLJ mechanism — as far south as the Bodélé Depressioiihe interaction with orography can lead to cyclogenesis at
and the West African SahdKippertz and Todg2010. The the lee side of mountain ranges. In North Africa, the po-
dust may than be transported towards the Atlantic Ocean andition of lee cyclogenesis is typically the southern side of
beyond Klose et al.(2010 show that about half of dust sus- the Atlas Mountains (e.gSchepanski and Knippert2011,
pended over the Sahel may be linked to a pressure patterfirigo et al, 2002. Migrating lee cyclones usually follow
typical of Harmattan surges: a low over the Arabian Penin-east- to northeastward trajectories with propagation speeds
sula and the Azores High expanding eastwards into the conaround 10 ms! (e.g. Alpert and Ziy, 1989 Alpert et al,
tinent. The mass of dust emission associated with cyclone499Q Bou Karam et a.201Q Hannachi et a).2011). They
has not been estimated before. The aim of the present studyan advect hot, dry and dusty air towards the eastern Mediter-
is to reveal how much dust emission is linked to migrating ranean, but may also bring rainfal{nstanley 1972 with
cyclones affecting North Africa. flood risk in Israel Kahana et a].2002. Unusually deep cy-

Previous work on cyclones influencing North Africa fo- clones over the western Mediterranean that move from Al-
cus on the meteorological analysis in the Mediterraneargeria northwards are documented for winter that can cause
basin. Alpert et al. (1990 use five years of analysis data

Atmos. Chem. Phys., 14, 898300Q 2014 www.atmos-chem-phys.net/14/8983/2014/



S. Fiedler et al.: Dust emission associated with depressions and cyclones 8985

high impact weatherHomar et al, 2002 Homar and Sten- 10° W (Thorncroft and Hodge000. AEWSs are linked to
srud 2004 Homar et al. 2007). variability of dust mobilization and concentration over West

In contrast to cyclones at the northern fringes of the conti-Africa although the diurnal cycle seems similarly important
nent, low latitudes are characterized by shallow depressiongLuo et al, 2004). Knippertz and Todg2010 argue that dust
Horizontal pressure gradients during the presence of depregmission associated with AEWs is driven by embedded ha-
sions can be large enough to generate dust stoivitss(an-  boobs and NLLJs. Predominant emission in the late after-
ley, 1972 Hannachi et a).2011). Depressions in the form noon and evening is an indication for haboob&(sham
of heat lows build in response to strong solar irradiation, theet al, 2011 Heinold et al, 2013 while morning emissions
location of which changes in the course of the year. In Northcan be linked to the breakdown of NLLISdhepanski et al.
Africa the heat low moves from positions near the equator in2009 Fiedler et al.2013. AEWSs are also important for at-
the east between November and March towards West Africanospheric transport of dust aerosdbfes et al.2003 and
between April and Octobet_vaysse et al2009. The Sa-  are linked to tropical cyclone formation (eldopsch et al.
haran heat low during summer is typically quasi-stationary2007).
over several days to weelsgvaysse et 812009 Todd et al, The presence of soil moisture can have important impli-
2013 and coincides with high concentrations of dust aerosolcations for dust emissior-écan et a.1999. An increase
(e.g.Knippertz and Todd2010. The heat low strongly af-  of soil moisture strengthens the bonding forces between soil
fects the positions of the intertropical discontinuity (ITD), particles constraining higher wind speeds for dust emission
where the northeasterly Harmattan winds and the southeas{Cornelis and Gabrie]2003 Fecan et a].1999. While pre-
erly monsoon winds convergBou Karam et al(2009 sug-  cipitation amounts and therefore soil moisture are generally
gest that the ITD plays a role for emitting dust aerosol andsmall in large areas of the Sahara, cyclones are an important
uplifting of aged dust plumes. source for rainfall in North Africallannachi et a).2011)

A migrating depression type originating in low latitudes and may be able to moisten the soil sufficiently to increase
is the Sudan-Sahara depression the concept of which is dehe threshold of dust emission onset. This soil moisture ef-
scribed in classical literature and has recently been revisefect is predominantly expected for cyclones along the North
(Schepanski and Knippert2011, and references therein). African coast between December and May, and near-surface
These depressions form in the central Sahara, usually souttsignatures of AEWs at the southern fringes of the Sahara
west of the Tibesti Mountains. They initially migrate west- desert between May and September. The magnitude of the
wards before turning anticyclonically over West Africa to soil moisture effect during cyclone passage is, however, not
track eastwards over northern parts of the continent. Analwell quantified.
ysis of 20 years of ECMWF ERA-Interim re-analysis sug- The present study is the first climatological estimate of the
gests that Sudan-Sahara depressions are rare and too shallavass of emitted dust aerosol associated with depressions and
to cause sufficiently high wind speeds for significant amountsmigrating, long-lived cyclones in North Africa. The latter are
of dust emissiongchepanski and Knippert2011). herein a sub-class of atmospheric depressions. Depressions

Other migrating depressions at low latitudes are surfaceare defined as minima in the geopotential height at 925 hPa
signatures of African easterly waves (AEWS). Based onthat are identified and tracked with an automatic algorithm.
upper-air sounding8Burpee(1972 shows that AEWs form  Minima in the field of geopotential height are termed cy-
south of the African easterly jet (AEJ) at 700 hPa alongclones if they migrate, live for more than 2 days, and have
10° N. The AEJ results from the horizontal temperature con-a decreasing core pressure at the beginning of their life cy-
trast between the hot Saharan air poleward and the coolesle. The depression and cyclone tracks are combined with
air masses equatorward of the ABlIrpee(1972 suggests  dust emission calculations driven by ECMWF ERA-Interim
that the wind shear at the AEJ is the origin of wave-like data. Details of the method are explained in S2csection3
disturbances. More recent work indicates deep convectiopresents the results for the climatology of depressions and
(e.g. Mekonnen et a).2006 Thorncroft et al. 2008 and cyclones for dust emission. Conclusions are drawn in Sect.
extratropical influencelroux et al, 2011) as trigger of
AEWSs. The main genesis region of AEWs remains contro-
versial and ranges from 10 to 4B (Burpee 1972 Mekon- 2  Method
nen et al. 2006 Thorncroft and Hodges200Q Thorncroft
et al, 2008 and references therein) from where they propa-2.1 Depression and cyclone identification
gate westwards with the mean flow. AEWs occur about ev-
ery 3to 5 days between June and September with a peak adhe present study uses the depression tracks over North
tivity at the beginning of AugusBurpee 1972 Jones etal.  Africa for 1989-2008 retrieved bgchepanski and Knip-
2003. At 850hPa, AEW signatures occur both north and pertz (2011). Schepanski and Knipperi2011) investigate
south of the AEJ axis at 10 and 20 (Mekonnen et aJ.  Sudan-Sahara depressions by using the tracking algorithm
20069. They are most frequently found in West Africa with from Wernli and Schwier£2006 with modifications for low
up to six events between May and October arourfd\e@nd latitudes. Threshold values are adapted and the original input
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fields of mean sea level pressure are replaced by the geopo- and successfully reduces the number of identified cy-
tential height at 925 hPa that represents North African con- clones in summertime West Africa. Tracks of filling cy-
ditions better. The automated algorithm determines minima  clones in the Mediterranean region are also excluded

relative to the adjacent grid cells and is applied to the ERA- by this criterion, particularly frequent in the east during
Interim re-analysis with a horizontal resolution df (Dee spring. Sensitivity tests show that reducing the number
et al, 2011). Even though the input data set is 6-hourly, min- of cyclones in the Mediterranean basin has a negligi-
ima are identified daily at 00:00 UTC in order to avoid er- ble effect on the dust emission coinciding with cyclones
roneous tracking caused by the large diurnal cycle of the (Sect.3.6). This suggests that filling cyclones with cen-
geopotential height at low levels over North Africachepan- tres away from dust sources do not generate wind speeds
ski and Knippertz2011). The influence of the time of day on sufficiently large for mobilizing dust.

a depression identification is shownlgaheras et al20017).
Once a minimum is identified, the corresponding area 0f2.2 Dust emission
the depression is determined by the closed contour that lies
furthest away from the centre. The value of the contour in-Mineral dust emission is calculated for 1989-2008 with the
terval is 4 geopotential meter (gpm) corresponding to aboudust emission model ofegen et al.(2002 following the
0.5 hPa $chepanski and Knippert2011). Depressions are  experiment setup irriedler et al.(2013. This dust emis-
connected to a track if two consecutive positions lie within sion scheme is validated biegen et al. (2002 and used
1000km. This criterion allows for a maximum speed of in both global and regional climate modeldginold et al,
11.6ms? that is sufficient for the majority of systems in 2011 Zhang 2012. Here, the dust model is driven by 3-
North Africa (Schepanski and Knippert2011). hourly 10m wind speed and soil moisture of the upper-
The investigation of depressions and migrating cyclonesmost soil layer from ERA-Interim forecast®é¢e et al.
over North Africa presented here is broader than that by2011). These forecasts are for 12 h, are initialized at 00:00
Schepanski and Knipper{2011). Here, depressions are all and 12:00 UTC, and interpolated onto a horizontal grid of
identified minima in the geopotential height at 925 hPa with- 1°. ERA-Interim re-analysis produces the best diurnal cycle
out a geographical restriction. The selection of migrating cy-of wind speed amongst state-of-the-art re-analysis projects
clones from all identified depressions requires generalizedcompared to flux tower observations over laBe¢ker et al.
criteria applicable for the entire domain and time period. 2012. Choosing ERA-Interim short-term forecasts is moti-
Note that migrating cyclones include both near-surface sigvated by the higher temporal resolution compared to the 6-
natures of AEWs and cyclones. Both are termed cyclones ithourly re-analysis product that is not sufficient for resolv-
this paper and identified by the following filter criteria that ing all wind speed maxima during the daki¢dler et al.
have to be fulfilled simultaneously. 2013. Statistics of the near-surface wind speed from these
) o short-term forecasts are found to be close to the 6-hourly re-
1. (_:yclo_nes have tq be |d_entn_°|ed in at least three f:(?nsecuanalysis of ERA-InterimFiedler et al, 2013.
tive nights reflecting a life time of 48 h as the minimum  pretarential dust sources are prescribed using the dust
time period for a complete life cycle of a cyclone. This gq,rce activation frequency (DSAF) map derived from satel-
assumption cqmplles with life times given in the litera- | observations§chepanski et 312007, 2009. A source is
ture Hannachi et a). 2011, Bou Karam et a.2010. defined as a region where at least two dust emission events

2. Each cyclone has to propagate over a pre-defined hordre detected between March 2006 and February 2008 as

izontal distance between genesis and lysis. The meaf]! Fiedler et al.(2013. Depending on surface properties
propagation speed is defined as the maximum displacel-ike vegetation fraction, soil moisture and roughness length,
ment during the life time of the system calculated from dust emission occurs in these sources when the particle-size-

the range of longitudes and latitudes of centre positions déPendent threshold of the 10 m wind speed is exceeded (for

The threshold for the propagation speed isger day details seéviarticorena and Bergamettl995 Tegen et al.
corresponding to a mean cyclone speed of 5-6ms 2003. Soil moisture has to be below 0.28m3, the field

This generous criterion is well below migration speeds capacity assumed for silt and clay soil types. An experiment
reported for cyclones over North AfricAlpert and Ziy without soil moisture is run to estimate the effect of water in

1989 Bou Karam et al.201Q Knippertz and Todd  the topsoil on dust emission. _ _ _
201Q Schepanski and Knippert2011). Calculating the d.ust emission g;souated with depressions
and cyclones requires the definition of an area affected by
3. The propagation speed alone does not successfully exassociated peak winds. The tracking algorithm determines an
clude all identified cases of the Saharan heat low, thearea for the grid boxes lying within the outermost closed con-
mean position of which migrates over time. In order tour of the geopotential height at 925 hPa at midnight. This
to exclude most heat lows, the identified cyclones havecentre area is used for analysing the track density per sea-
to have a decreasing core pressure between the firgon (Sects3.1 and 3.2). Dust emission, however, may oc-
and second night. This criterion reflects cyclogenesiscur in an area larger than the centre, e.g. near the fronts. In

Atmos. Chem. Phys., 14, 898300Q 2014 www.atmos-chem-phys.net/14/8983/2014/



S. Fiedler et al.: Dust emission associated with depressions and cyclones 8987
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Figure 1. Observations of cyclones and associated dust aerosol over North Africa. Shown are false-colour images from MSG-SEVIRI (e.g.
Schepanski et gl2007) indicating mineral dust aerosol (pink) and clouds (red and black). Circles and ellipse mark the cyclone-affected area
with a radius of 10 and dust emission associated with a Harmattan surge, respectively.

order to include these dust emissions in the climatology, a o) pbJr
cyclone-affected area is approximated by a circle around the p
identified minimum in the geopotential height. This area is N1 .=
calculated at midnight and used for selecting the 3-hourly /,l‘ " QA_,@.,-,)"*‘_
dust emission associated with the depression or cyclone be*™| * y-v / ﬂ
tween 15:00 UTC of the previous day and 12:00 UTC of the LPJ_& i “k &
same day (Sect8.5 and 3.6). The radius of this circle is 108
set to 10, a value corresponding to a latitudinal distance of
964 km at 30 N. The choice of 10is motivated by previous
studies (e.gBou Karam et a.2010 and tested by sensitiv-
ity experiments. These show that even when the radius of they,
circle is doubled, the spatial pattern of the fraction of dust
emission associated with cyclones shown in Sédis ro-
bust. —— e —
Figurel shows the cyclone-affected area and false colour 0.1 0.5 1 2 6 8 10 20 30 40 [%]

images derived from thermal and infrared radiation measure-

M - Figure 2. Track density of all identified depressions. Climatol-
ments from the “Spinning Enhanced Visible and Infrared Im- ogy of the occurrence frequency of depressiongdDecember—

ager” (SEVIRI) of the geostationary Meteosat Second Gen'February,(b) March—May, (c) June—August andd) September—

eration (MSG) satellite (e.gchepanski et al2007 2009.  nNovember for 1989-2008 based on the depression centre defined by
The DSAF of this satellite product for March 2006 to Febru- the outermost closed contour in the geopotential height at 925 hPa

ary 2010 Gchepanski et al2007, 2009 2012 is used for  from the tracking algorithm (Sec2.1). Contours show the orogra-
validating the dust emission calculation. The typical hori- phy in steps of 200 m.

zontal extent of these cyclones, visible by the curling cloud

band (red) and indicated by a circle around the cyclone cen-

tre, is of the order of 10 Dust aerosol is visible near the ) ) ] )
cloud band, but parts of it is likely obscured by clouds. At depressions are found over the Mediterranean basin during
9 March 2012, dust emission also occurs over southern Wegt % Of the time (Fig2a) corresponding to up to five depres-
Africa (Fig. 1b), highlighted by an ellipse. These emissions SIONS per winter. Maxima of similarly large depression oc-
are not directly related to the cyclone but likely driven by a currence frequencies lie to the south of the High Atlas and
Harmattan surge associated with the post frontal ridge (e.gl® the west of the Ethiopian Highlands (see Fsgfor ge-

Knippertz and Fink2008 Knippertz and Todd2012 and ographical terms). The origin of these depressions may be
references therein). partly related to lee troughs that are associated with closed

contours in the geopotential height at 925 hPa. In the case
of the Ethiopian Highlands, the heat low that is located here

3 Results during winter (avaysse et al.2009 may explain another
large portion of identified depressions. The general location
3.1 Climatology of depressions of depressions over the Mediterranean Sea and the lee maxi-

mum of the Atlas Mountains are in agreement with previous
Figure 2 shows the seasonally averaged occurrence frestudies Trigo et al, 1999 Maheras et a].200]). The exact
quency of depressions identified by the algorithm. In winter,number and location of occurence maxima, however, depend
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a) b) =

September- December- 14
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20% 22%

June- August
21%

Number of cyclones

March-May
37%
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Year

December - February = March - May ® June - August ® September - November

Figure 3. Seasonal and interannual variations of long-lived and migrating cycl@meSeasonal distribution of cyclones afr) time series
of cyclones in the sub-domain 0-4N and 20 W-45° E for 1989—-2008.

on the underlying data set and identification technique (e.g. The heatlow over West Africa and the maxima near moun-
Maheras et a).2001; Hannachi et a).2011, Hodges et aJ.  tains in the central Sahara are also present in autumn but the
2011, and references therein). relative importance changes (Figd). In autumn, the fre-
Depressions over the continent in spring are generallyquency of depressions west of the Ethiopian Highlands is
more frequent than in winter (Fi@b). The maximum south larger with up to 30 %, while the values over West Africa
of the High Atlas dominates the climatology in the north decrease to less than 6 %. This pattern is coherent with the
with occurrence frequencies of up to 30 % corresponding toshift of the heat low from West Africa towards the southeast
ten depressions per spring. A secondary maximum can beear the equatolfvaysse et al.2009. Heat lows and de-
identified at the northern side of the Hoggar Mountains with pressions in the vicinity of mountains seem to dominate the
an occurrence frequency of up to 8%. These two maximaclimatology of depressions throughout the year. Migrating
agree with the formation of springtime cyclones from the lit- cyclones and surface signatures of AEWs are investigated in
erature, although the exact locations and frequencies diffethe next section.
(Maheras et a).2001, Hannachi et a).2011). Other studies
for springtime North Africa find a single maximum for de- 3.2 Climatology of cyclones
pressionsTrigo et al, 1999. Reasons for these differences
are the choice of a different data basis, time period, identi-Migrating cyclones and surface signatures of AEWs are fil-
fication method, as well as the time of day due to the influ-tered as described in Se2t1 The term cyclone is used for
ence of the diurnal cycle of the net radiation budget on heaboth types in the following. Cyclones regularly form over
lows (Maheras et al.200]). Further maxima that can be re- North Africa and the Mediterranean region, but the num-
lated to lee troughs are found southwest of all mountains inber of events is substantially smaller than the number of de-
the central Sahara due to the prevailing northeasterly Harpressions. In the annual mean, 10 cyclones occur in the sub-
mattan winds during this season. Maxima of the occurrencelomain investigated, namely 0 to8 and 20 W to 45 E.
frequency in the vicinity of the Ethiopian Highlands and the Figure 3a shows the seasonal fraction of the total number
Ennedi Mountains are, herein, particularly large with aroundof 196 cyclones that pass the filter. The analysis reveals that
20 %. most of the cyclones form between March and May with
Between June and August, occurrence frequencies of ug7 %. The remaining seasons have fewer events with roughly
to 20 % are found over West Africa (Figc). Here, the Sa- 20 % each.
haran heat low dominates the climatology while AEWs regu- The time series of the total number of cyclones per year
larly influence the meteorological conditionsagaysse etal.  is shown in Fig.3b. The year-to-year variability of cyclone
2009 Thorncroft and Hodges200Q Luo et al, 2004. Par-  activity is relatively large with a factor of three to four. The
ticularly the atmospheric depressions close to and offshorgears with most identified events are 2003 with 19 cyclones,
of the West African coast point to the presence of AEWS.followed by 2002 with 16, and 1996 and 1999 with 14 events
Similar track densities are found in the vicinity of moun- each. The mostinactive years are 1998, 2000, 2001 and 2007
tains where the Saharan heat low influences the occurrence gfith five to seven cyclones each. Most of this variability can
depressions, predominantly at the Hoggar Madsif/@ysse  be explained by the cyclone activity during spring. The year-
et al, 2009. to-year variability for this season is particularly large. Years
with a large event number experience 6-12 cyclones, while
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years with low activity have one to three events between o) bur
March and May. v
Figure4 shows the seasonal distribution of cyclone occur- 30v, €
rence frequency in the 20-year period. The dominant cyclone
track between December and February stretches from the®]
Aegean Seato Cyprus (Fidp). Some areas in this track have
occurrence frequencies of up to 0.8 % corresponding to one
cyclone every second year. Including filling cyclones doubles S
the number of cyclones passing the eastern Mediterranean,, | @~
(not shown). Few cyclones are situated over the African con- [/
tinent during winter. A maximum cyclone frequency of 0.4 % 1
is limited to areas along the northern coast between Tunis,

Tunisia, and Tobruk, Libya. Similar values are found north W 6 e e 3k T N
of the Great Eastern Erg, the southeastern side of the Tell _____—____——
Atlas, Algeria and Tunisia, north of the Hoggar Mountains, 0.1 0.2 0.3 0.4 0.5 06 0.7 0.8 0.9 1 [%]

Al%ertla, anstloutE of ;rjh:/lngh A':Ias Range, Morot(;co. " Figure 4. Track density of long-lived and migrating cyclones.
etween ?rc a,n ay, Cyclones occur mos re‘?“e” yClima’[ology of the occurrence frequency of cyclones faj
over North Africa (Fig4b). Cyclones at the southern side of December—Februaryb) March—May, (c) June—August, andd)

the High Atlas are identified in up to 0.5% of the time be- september—November for 1989-2008 based on the cyclone centre
tween 1989 and 2008. Cyclones over areas of the Great Easgefined by the outermost closed contour in the geopotential height

ern Erg between the Tell Atlas Mountains and the Hoggarat 925 hPa from the tracking algorithm (Se2tl). Contours show

Massif, Tunisia and Algeria occur in up to 0.8 % of the time. the orography in steps of 200 m.

This cyclone frequency is comparable to the cyclone track in

the wintertime Mediterranean Sea (F#p—b). The eastern

side of the Al-Hamra Plateau, Libya, also shows a frequency

around 0.8 %, which is consistent with the reported ideal con-

ditions in this regionAlpert et al, 1990 Pedgley1972. 30N+
The peak cyclone activity north of 28l in winter and

spring rapidly decreases as the year progresses 4E)g.

Maxima of the track density are shifted from the north to

West Africa where cyclones occur in up to 0.6 % of the

time. These occur primarily over Mali and Mauritania around

2(° N, a region known for frequent occurrence of AEW sig-

natures at higher altitude§tforncroft and Hodges200Q 10N

Mekonnen et a).2006. Here, the cyclones are connected to

AEWSs that are strong enough to form a signature near the ‘ ‘ : ; ‘

surface Agusti-Panareda et R010 suggest that AEWs are 10w 0 10E 208 S0E

too weak in the ECMWF model over the eastern North At- gig re 5. Schematic overview on regions of most frequent cyclone

lantic. This could imply that fewer AEWs are strong enough occurrence. Contours show the orography based on ERA-Interim.

to be detected with the traCking algorithm used here. It iSGeographica| terms used in the text are indicated.

interesting that the track density peaks in the lee of moun-

tains similar to the springtime maximum in the north. These

maxima are situated at the western sides of the Tibesti, Air3.3 Characteristics of cyclones

and Adrar des Iforas Mountains. The location suggests that

the interaction of the flow with mountains aid the deepeningFigure 6 shows the life time and zonal displacement of the

and formation of closed contours in the geopotential heightidentified cyclones for areas north and south of [RGover

at 925 hPa. This result is in agreement vBibu Karam et al.  the continent. In the north, cyclogenesis occurs 56 times dur-

(2009 who show that vortices form in the lee of mountain ing the 20-year period, more than half of which form between

barriers during summer. Autumn shows the smallest cyclonéMarch and May (32 cyclones). Most of these cyclones have

activity with occurrence frequencies below 0.3 % (Fid). their origin in the vicinity of the Atlas Mountains with 26 cy-

The regions of most frequent cyclone occurrence are summaelones between 3V and 10 E. Cyclones in the north fre-

rized in Fig.5. These are the northern fringes of North Africa quently live for 3 days in spring (Figa). Life times between

between December and May and West Africa from June tc5 and 7 days are similarly common for the season. Spring-

August. The characteristics of the cyclones are investigatedime cyclones predominantly follow eastward tracks in the

in the following. north (Fig.6¢). The migration distance is most often°30

Libyan Desert

Tibesti
20N A

Bodélé
Depression Ennedi
Darfur
Ethiopian
Highlands
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the east, closely followed by 20 and°1&ome cyclones with MAM mmm  jAmmm  SON W= DJF

eastward trajectories also form south of BDduring spring 10 a1 R
(Fig. 6d). Wintertime cyclones have a similar distribution of _ 8 o'

the migration direction. The prevailing eastward migration in § 6 5 °

the north is in agreement with previous studies (Algert 5+ 54

et al, 1999 Hannachi et a).2011). 2 .1 I L.

South of 20 N, the seasonality of cyclogenesis is differ- 34 5 6 7 8 9 10 -60-5040 -30-20-1010 20 30 40
ent. Out of 50 cyclones forming here in total, 36 % occur wfetme [days] Zonal displacement [degree]
between June and August followed by 26 and 28 % in au- o <
tumn and spring, respectively. Figuéb shows the cyclone =, T4
life time for the south. Here, the majority of cyclones are £ g
identified over three to four days. Summertime cyclones also =2 22
live frequently for six days. The prevailing migration direc- pLepkeE oo d P e ] S it
tion during summer and autumn is westwards by mostly 20— Lifetime [days] Zona! displacement [degree]

30 (Fig. 6d) that is consistent with the propagation of AEWs

(Burpee 1972 Thorncroft and Hodge000. Figure 6. Histograms of characteristics from long-lived and migrat-
ing cyclones. Cyclone life times for 1989-2008 formifag in the

3.4 Climatology of dust emission north (1% W=35° E, 20-32 N), and(b) in the south (13W-35" E,

0—-2C N); and zonal displacement of cyclone centres during their

Before combining the atmospheric depressions and cy1Ife time forming (c) in the north, andd) in the south.

clones with dust emission, the latter is validated against a
satellite product. Unfortunately, a quantitative estimate for
the emitted mass is currently unavailable from long-termis important to highlight that these differences of DSAF do
observations over North Africa. As an alternative, the DSAF not allow a conclusion on the quality of the dust emission
from satellite observationsSthepanski et g12007, 2009 amount. The model can have higher DSAFs, but these events
2012 is used for a qualitative comparison of the number could be weaker than the detected source activations, and
of dust emission events from the dust emission calculatiorvice versa {egen et al.2013. From the perspective of dust
for the period March 2006 to February 2010. Simulated dustmodelling, quantitative estimates of the emission amount
emission events with fluxes exceeding P@ym—2s-1 are  from observation would be useful. The dust emission amount
taken into account only, as small amounts are unlikely to bds used in the following sections to estimate the relative im-
detected by the instrumeritgurent et al.2010). portance of atmospheric depressions and cyclones for North
Figure7 shows the annual mean DSAF derived from satel-African emission.
lite observations and from the dust emission calculation with
meteorological fields from ERA-Interim. The DSAFs below 3.5 Dust emission associated with depressions
5% compare well against the model simulation over large ar-
eas in the central Sahara. Maxima between the Hoggar anBigure8 shows the year-to-year variability of the annual total
the Tibesti Mountains as well as over the Bodélé Depres-of dust emission integrated over North Africa. The annual to-
sion with up to 35 % activation frequency are also well rep- tal emission varies between 350 and 500 Tg per year. A sub-
resented. Comparison to ground-based measurements in tlstantial amount of these emissions occur during spring with a
Bodélé Depression has also shown a good agreement of thetal between 100 and 250 Tg per year. Atmospheric depres-
time and intensity of dust emission from this ar&efller  sions are associated with total emission amounts of typically
et al, 2013. However, the high DSAFs from the model at 200—-300 Tg per year. Annually and spatially averaged across
the western coast of the continent are not seen in the satetiust sources of North Africa, 55 % of the dust emission is
lite product (Fig.7). During spring and summer, the western associated with atmospheric depressions. Regionally even
coast may be influenced by moist air advected from the At-larger fractions of dust emission coincide with depressions
lantic, which can prevent dust detection in the satellite prod-shown along with the occurrence frequency of depressions in
uct Brindley et al, 2012, although the visual identification Fig. 9. Particularly areas in northern and western Africa have
by Schepanski et a{2012 might be less influenced by mois- dust emission associated with depressions of up to 80 %.
ture than an automatic algorithmAghpole and Washington  Since the influence of depressions on dust emission is lim-
2013. Also the tendency to larger DSAF over the north com- ited to a radius of 10(Sect.2), nearby maxima of the de-
pared to the south in the model simulation is not in agree-pression occurrence frequency can be associated with them.
ment with the satellite DSAF. In winter and spring clouds For instance, the large dust emission amounts associated with
associated with cyclones may obscure parts of the dust emigdepressions in the north and also close to the Ethiopian High-
sion in observations along the northern margins of the desetiands are associated with maxima in occurrence frequency.
(Fig. 1), previously indicated bychepanski et a(2009. It In contrast, dust emission in the northeast and west coincide
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Figure 7. Dust source activation frequency based on satellite obser-

vations and ERA-Interim data. The dust source activation frequencyigure 8. Time series of total dust emissions. Shown are dust emis-
(DSAF) is the number of dust emission events per time. ShownSIion per year as total amounts for (black) all processes (lines) in all
is the annual mean DSAF derived from SEVIRI satellite observa-S€asons and (crosses) in spring for 1989-2008. Red shows emission
tions bySchepanski et a(2007, 2013 in steps of 5% (black con-  totals associated with atmospheric depressions and blue emission
tours) and based on the dust emission modeldgen et al(2002 totals associated with long-lived and migrating cyclones. All values
driven by the near-surface wind speed and soil moisture from 3-re integrated over the entire of North Africa.

hourly ERA-Interim forecasts (shaded). Dust emission events larger

than 10°°gm~2s~1 are considered from the dust model only,

as smaller dust amounts are unlikely to be detected in the satel ; o }
lite product Caurent et al. 2010. The_time period (_:onsidered !s E:sz VSV;’#: {jt‘rzaenclri]r?]zttc!?(;/\g/; gzg;ag]ses;2?2\?(2%:)“5;).0;\6:;:59ree
March 2006 to February 2010 following the satellite observation. . . .
Grey contours show the orography in steps of 200 m. of _the_w_frequ_ent formation enclose mqst of the dust emission
coinciding with them. In autumn, similarly large values are
found along the northern and western margins of the conti-
nent, west of the Hoggar Massif and west of the Ethiopian
with few depressions, suggesting that these events are partitdighlands (Fig10d). The frequent formation of depressions
ularly intense. within a radius of 10 coincides with these maxima. This
The seasonal distribution of the dust emission fraction as{arge and widespread agreement between dust emission and
sociated with atmospheric depressions is shown in H)g.  depressions in summer is surprising as other dust-emitting
Depressions coincide with 50 % of the dust emission in win-processes have been suggested in the literatureHiedjer
ter over most of North Africa (FiglOa). Larger fractions are et al, 2013 Heinold et al, 2013 and shall be briefly dis-
associated with depressions in Libya, Tunisia and Sudan witltussed here.
values of up to 80%. These maxima coincide with the fre- Estimating the dust emission amount associated with the
quent formation of depressions over the Mediterranean reheat low likely involves a number of mechanisms. Emis-
gion and in the lee of the Ethiopian Highlands. The frequentsions can be directly caused by the horizontal pressure gra-
formation close to the High Atlas is not associated with adient around the heat low, but this alone may not always
dust emission maximum, suggesting weak winds over thebe sufficient to cause substantial dust mobilization. Mid-
potential dust sources in winter. The large fractions of dustmorning winds can be enhanced through the NLLJ mecha-
emission in West Sahara occur away from a location withnism Fiedler et al. 2013, which depends on the horizontal
frequent depression formation, pointing to rare but strong depressure gradient around the heat low and the diurnal evo-
pressions. Spring shows even larger dust emission associatéation of the boundary layer. Using the NLLJ identification
with depressions in wide areas to the north df Rfand west  method fromFiedler et al.(2013 to estimate the amount
of 10° E with up to 90 % (Fig.10b). These areas lie within of dust emission associated with NLLJs within depressions
or close to regions where depressions frequently form. Intefesults in an annual and spatial average of 12 %. Between
grated over the entire of North Africa, emission associatedMarch and October 12-16 % of the dust emission is associ-
with depressions in spring has values of 80—150 Tg per yeaated with both phenomena, while values are below 10 % dur-
(Fig. 8). ing the rest of the year (not shown). This result is in agree-
Atmospheric depressions in summer are associated witiment with Fiedler et al.(2013 who show a frequent NLLJ
up to 90% of the dust emission across most of Northformation along the margins of the Saharan heat low. Another
Africa (Fig. 10c). Depressions are abundant in this seasorprocess potentially embedded in depressions are haboobs,
(Sect. 3.1). Most of them, particularly over West Africa, are which are presumably not well represented in ERA-Interim
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Figure 9. Annual fraction of dust emission amounts associated with

atmospheric depressions. Shown is the fraction of total dust emisgigure 10. Seasonal fraction of dust emission amount associated
sion associated with depressions in percent averaged for 1989-20Q8ith atmospheric depressions. Shown are fractions of total dust
(shaded). Dust emission within a radius of ¥bm the depression  emission associated with depressions in percentafipPecember—
centre is considered (Se&). Black contours show the annually av- February,(b) March—May, (c) June—August andd) September—
eraged occurrence frequency of depressions in steps of 2%. Grepovember averaged for 1989-2008 (shaded). Dust emission within
contours show the orography in steps of 200 m. a radius of 10 from the depression centre is considered (SBct.
Areas within the black contour have an occurrence frequency of

] o ) depression of more than 2 % (FB). Grey contours show the orog-
data due to the physical parameterization of moist convecraphy in steps of 200 m.

tion. Dust emission coinciding with NLLJs and haboobs can
also occur along with mobile and long-lived depressions.

The_se are termed cyclones in the following and will be in- ing Laurent et al(2010. Across the continent and through-
vestigated next. out the year, the seasonal total of dust emission within the
cyclone-affected area (Se&t2) is most frequently less than
1gm 2. Single regions and seasons, however, show distinct
Integrating dust emission associated with mobile and long-"'@xima of dust emission of up to 10 gthnorth of 20'N.

lived cyclones illustrates that the total emission amountBétween December and February, peak emissions near the
is comparably small with maxima around 40Tg per yearAtl"le gmd. Hoggar Mountglns as well as in .L|bya are ,2_
(Fig. 8). The majority of emissions associated with cyclonesA',g m < (Fig. 11a). Areas V,V'th more than three intense emis-
is found in spring pointing to the importance of cyclones over SION VeNts per season lie mostly away from dust emission
northern areas of the continent (F&). The temporal evolu- maxima. Th|s_ points t_o moderate but frequen_td_ust emissions
tion of the emission does not correlate well with the number!™ Winter maxima, while rather small total emissions in some
of cyclones (Figs3 and8) with a correlation coefficient of ~€9i0ns are generated by a few intense events. _

0.35 and 0.43 for annual and spring values, respectively. This SPringtime dust emission of 4-10 grhassociated with

is due to different influences that determine the total emis-CyCIOneS occur over a wider area (Fiflb). The overall

sion amount associated with cyclones. Relevant factors ari2r9est dust emission associated with cyclones are found in
the intensity of emission, the proximity of the cyclone to po- this season. Cyclones are particularly frequent then due _to
tential dust sources and the cyclone type. These aspects affd¢ 1arge temperature contrast between land and sea which

analysed in the following sections beginning with the s:pa,[i‘,:“favours their development. Peak emissions cqinciding with
distributions of associated dust emission. cyclones are found south of the Atlas Mountains, and west

of the Libyan desert. More than three intense emission events
3.6.1 Seasonal climatology occur over most of the region north of 28. Maxima of the
emission amount coincide with more than six, in some ar-
The emission amount associated with migrating cycloneseas even nine, intense emission events. This suggests that in-
is shown first followed by the presentation of the frac- tense events substantially contribute to the largest emission
tion of the total dust emission associated with cyclones.amounts associated with springtime cyclones.
Figure 11 shows the seasonal total of dust emission and The findings change dramatically in summer when max-
the number of intense emission events associated with cyimum emissions associated with cyclones are situated over
clones averaged over the 20-year period. Intense emissiowest Africa with up to 6gm? (Fig. 11c) coinciding
is defined for fluxes greater than 1®gm=2s-1 follow- with more than six intense emission events. Here, surface

3.6 Dust emission associated with cyclones

Atmos. Chem. Phys., 14, 898300Q 2014 www.atmos-chem-phys.net/14/8983/2014/



S. Fiedler et al.: Dust emission associated with depressions and cyclones 8993

a) DJF a) DJF b) MAM
e N Y S = NS
/fv" =" a4 0 ‘;]r
{ 2 J Y, " / /
oNY L, g e 30N % 3oN{ ) o
7 YA be £ ﬁ f o ‘
\\
\ »
2N \ 20N 20N
© © >
1ow 0 10E 20E 30E
oW 0 10E 208 30F 10w 0 10 20E  30E
<) JJAL\/ - - c) JUA d) SON
e e — Y X 5 S W S
T o ) T = T
/ o J /
SNy, 5 \\ﬂiv\ ‘ son ], V7. ‘“\,\.J“ ol , S /
7 (4} \\ \ vo \=\ 7 \e\\r
20N = Y 20N Y
| \ 20N N 2084
o -, o S oy O =
100 0 10E 20E 30E 10 0 10E 20E 30E N : . k4 . - LL . : . g : >
oW 0 10E 208 30F 16w 6 10E  20E  30E
— —— L
o 1 2 3 4 5 6 7 8 9 lg m-2] I I I ] ] ]
0 5 10 15 20 25 [%]

Figure 11. Seasonal dust emission associated with long-lived _ ) o )
and migrating cyclones. Shown are mean emissions (shaded) fdrigure 13. Seasonal fraction of dust emission amount associ-
(a) December—February(b) March-May, (c) June—August and ated with long-lived and migrating cyclones. Shown are fractions
(d) September—November averaged for’1989—2008. Blue contour®f total dust emission associated with depressions in percent for
show the number of intense dust emission events, defined by a fluk?) December—Februaryb) March-May, (c) June-August and
larger than 10°5 9 m2g-1 following Laurent et al(2010), in steps (d) _Se_ptem_be_r—November averaged for 1989-2008 (s_haded)_. Dust
of three events. Grey contours show the orography in steps of 200 n£Mission within a radius of 2ofrom the cyclone centre is consid-
ered (Sect2). Areas within the black contour have an occurrence
frequency of depression of more than 0.2 % (R)g.Grey contours
show the orography in steps of 200 m.

The fraction of the dust emission associated with migrat-
ing and long-lived cyclones relative to the total amount emit-
ted per year is 4 % annually and spatially averaged over dust
sources. Figure2 shows the spatial distribution of these
fractions and the occurrence frequency of cyclones annually
averaged. Single regions in the northeast have dust emission
associated with cyclones exceeding 10 %. These regions are
close to areas where cyclones occur most frequently.

The dust emission fraction is larger regionally in single
seasons which are shown in Fig§g3. From December to
February, substantial dust emission fractions associated with
Figure 12. Annual fraction of dust emission amount associated (?yc_lon_es occur in areas north of°2Q only, be_zcause of the
with long-lived and migrating cyclones. Shown is the fraction of limitation of cyclone tracks to northern locations (Figa).
total dust emission associated with cyclones in percent averaged fof he largest dust emission amounts associated with cyclones

30E

0 10€ 20E

I —— — g
170 15 20 30 40 50 60 70 80 [%]

10W
I
0 5

1989-2008 (shaded). Dust emission within a radius 6ffidm the
cyclone centre is considered (see S2ktBlack contours show the
annually averaged occurrence frequency of cyclones in steps of 0.
percent. Grey contours show the orography in steps of 200 m.

reach values of 5-15 % betweer’ 38 and 13 E. Cyclones
tracking over the eastern Mediterranean Sea in winter are not
associated with large amounts of North African dust emis-
sion indicated by dust emission fractions below 5% in re-

gions east of 15E. In spring, however, larger dust emis-

) ~sions of 10-25% are associated with cyclones in this region
signatures of AEWs may be deepest and cause the highegtig 13h) when the main cyclone track shifts southwards
wind speeds (e.g-horncroft and Hodge2000). The coastal g the continent (Figdb). This is the overall largest area
effect may be a contributing factor for strong winds in this 5nq magnitude of dust emission coinciding with cyclones in

region. In autumn, the number of intense emissions in theyorh Africa. Smaller areas with similar springtime fractions
west is smaller with three events and the total dust emissiony qust emission lie to the south of the Atlas Mountains

associgtec_:l with cyclones is smallest with typically less thangrtheast of the Hoggar Massif and in the Tibesti Mountains.
1gm= (Fig. 11d). This is in agreement with few cyclones thege are within a distance of Lérom the areas of most
identified for this season. frequent cyclone presence.
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Between June and August, dust emission fractions in re- NW‘.NE
gions north of 25N drop to values below 5 % while cyclones

in parts of Mali and Mauritania are associated with 5-15 % SWQDSE
of the dust emission amount (Fi@3c). Over West Africa, 100—t—t—
surface signatures of AEWs occur along® RDand enclose
these maxima of the dust emission fraction. Dust emission
associated with cyclones remain similar in autumn but the
spatial location of maxima changes (Figd). The highest
values of around 15 %, now, occur in the centre of the Sahara,
the Western Great Erg and the Libyan Desert (Ri8c—d).
These are situated away from areas of frequent cyclone pasg 404
sage suggesting that rare events are associated with relativelg
strong emission. It is, however, important to underline that § 5|
the dust emission connected to cyclones is relatively small §
in autumn with typical values below 1 gTA. This implies 2
that, even though the relative importance is comparable toa Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
the north in winter and spring, the importance in terms of Month

total QUSt mass is smaller .(F'g_ld)' . Figure 14. Monthly fraction of dust emission from the four quad-
In light of the large relative importance of depressions for .5 s of jong-lived and migrating cyclones averaged for the northern

dust emission (SecB.5), the overall fraction associated with  syp-domain (15W-4¢° E and 20-40N) and for 1989-2008.
migrating cyclones is small. Springtime depressions are as-

sociated with up to 90 % of dust emission in the lee of the

High Atlas but considering mobile cyclones as a sub-class

of depressions changes the fraction of dust emission to lesgated in the following. Since the emitted mass associated
than 15 % (compare Fig&0b and13b). Over Libya, spring-  with cyclones is relatively small south of 28 in general
time dust emission associated with depressions are with valfSect.3.6.1), only the northern sub-domain is taken into ac-
ues around 50 % also larger than the ones with cyclones witltount. Here, dust emission is analysed in four quadrants, the
maxima around 25%. Particularly in the lee of the Atlas positions of which follow their geographical orientation de-
Mountains the dust emission associated with cyclones is sipicted in Fig.14.

times smaller than the amount associated with depressions. Figure 14 shows the annual cycle of the fraction of dust
A reduction of dust emission is expected in the climatology emission per quadrant of the cyclones north of ROspa-
with cyclones as a sub-class of depression. The High Atlagially averaged. The results highlight that most dust is emit-
is the region where lee depressions may lead to cyclogented in the northern quadrants with typical mean values of
esis. The present results, however, indicate that only a fevB0-55 % between November and March. In April, dust emis-
of these lee depressions develop into migrating and longsion prevails in the northeast and southeast with about 30 %
lived cyclones. There are also no large and widespread dustontribution each. Dust emission associated with cyclones
emissions associated with surface signatures of AEWs durin May is roughly equally distributed across the quadrants.
ing summer. This result gives evidence that most of the duslune to September have clear maxima of dust emission in
emitted in summertime depressions is due to the frequent octhe southwest with 60-80 %. The total mass emitted between

80 -

60 -

r cyclone quadrant [%]

currence of heat lows over West Africa. June and September, however, is smaller than at the begin-
ning of the year. Cyclones in October have most dust emis-
3.6.2 Dependency on cyclone quadrant sion in the southeast, but the integrated mass of dust emission

is smallest during autumn (Fig1d).

The areas of largest dust emission amounts associated with These results can be linked with the position of the high-
cyclones reside close to maxima of cyclone tracks (Seg}t. est wind speeds. In the case of a well-defined extratropical
However, maxima of cyclones and dust emission (Mgsid  cyclone, the cold front typically lies to the west of the cy-
13) do not match perfectly due to two factors. On the oneclone centre initially and moves towards the south and east
hand the location of peak winds within the cyclone-affectedthereafter. Peak winds, and therefore dust emission, are most
area is often away from the actual centre. On the other handlkely at and behind the cool front as well as close to the cy-
the parameterization of dust sources restricts the region oflone centre due to the increased horizontal gradient of the
active emission within the cyclone-affected area. The mapgeopotential height in these areas. Dust emission would pri-
of potential dust sources enables dust emission in most amarily occur in the southwest initially, followed by prevailing
eas of North Africa so that the location of peak winds is ex- emission in the southeast. At a later life stage, an extratropi-
pected to be the dominant factor. The spatial distribution ofcal cyclone typically forms an occlusion causing peak winds
the dust emission within the cyclone-affected area is invesnear the cyclone core. Dust emission may then form in all
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quadrants similarly. Integrated over the entire life time, most : :

. X X . a) NLLJ wi‘thin‘cycl‘one - 20 g

dust emission may be expected in southern quadrants if the L 10 5
cyclone has an extratropical character. While thisis notfound _ utc % 120 0B
- o o T T 0 — E b) £

for the spatial average, examination of the spatial distribution 3 — %’ 100 4 o
of dust emission per quadrant (not shown) reveals that areasg 2 ig 1 %
south of the Atlas Mountains show indeed more than 50 % of 12 — &€ 20 4 5
the dust emission in the southwest or southeast quadrants bely — % e\ 5
tween February and May. This distribution complies with the 21 a o4= =S e @

T T T T T T T
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

expectation for extratropical cyclones. However, the lack of Month

a southern maximum in the spatial mean in winter and spring
suggests that cyclones do not show typical characteristics ofigure 15. Total dust emission amount associated with long-lived
extratropical cyclones everywhere. Evaluating the spatial disand migrating cyclones. Annual cycle ¢d) the fraction of dust
tribution of the dust emission per quadrant shows that dusemission associated with cyclones and NLLJs gojthe total
emission in northern quadrants primar"y occur in the Centra|dUSt emission associated with cyclones at different times of the
Sahara during spring. Here, the heat low lies typically to theday (c_olours). Values are spatially integrated over the northern sub-
south and relatively higher pressure northwards. This impliegomain (15 W-40"E and 20-40N) and monthly averaged over
that instead of a classical frontal structure, a large horizontaf289-2008. NLLJ events are identified ag-indler et al(2013.
gradient in the geopotential height occurs at the northern side

of a large fraction of cyclones.

Summertime dust emission is mainly situated in the southdarge with maximum values of 60 g™ in May. Emissions
west of the cyclone centre in the spatial mean. Over Westht 12:00 and 15:00 UTC are even larger by a factor of two to
Africa, even larger emission fractions of up to 90 % occur four.
in the southwest (not shown). The majority of cyclones dur- These diurnal differences for late winter and spring in the
ing this season live particularly long and migrate westwardsnorth can be explained by the development of the boundary
(Fig. 6a,c) pointing to surface signatures of AEWs. The dom-layer in the context of the synoptic-scale conditions. Dust
inant quadrant during this time of year is well in agree- emission occurs when the momentum transport to the sur-
ment with the position of emission ahead of AEWs where face is sufficiently large to exceed the threshold for emission
NLLJs are expectedKpippertz and Todd2010. The au- onset. Reduced stability during the day enables downward
tomated detection algorithm éfiedler et al.(2013 is used  turbulent momentum transport, which increases the near-
for estimating the mean fraction of dust emission within the surface wind speed. This effect is expected to be largest when
cyclone-affected area that coincide with the occurrence othe daytime boundary layer is sufficiently deep to reach lay-
NLLJs. The result suggests peak contributions from NLLJsers of high wind speed in the free troposphere. Strong winds
to the dust emission associated with cyclones of 10-30 %prevail relatively close to the surface during cyclone pas-
over parts in West Africa (not shown). Another important sage in winter and spring. These cyclones form in a baro-
driver for dust emission in association with AEWs are ha- clinic zone between the warm (deep) North African air mass
boobs typically developing to the east of an AEWh{p- compared to the cold (shallow) air polewards. The contrast
pertz and Todd2010. Their missing physical parameteri- between the air masses causes a particularly strong thermal
zation may cause an underestimation of the dust emission twind, i.e. an increase of the geostrophic wind with height
the east of AEWs. The diurnal cycle of dust emission indi- in the lower troposphere. Along with typically deep daytime
cates driving mechanisms on a sub-daily scale that is analboundary layers over North Africa, momentum from the free

ysed next. troposphere is efficiently transported towards the surface. In
the Sahara, the boundary layer reaches a sufficiently large
3.6.3 Diurnal cycle depth at or closely after midday(lf, 1992, which coin-

cides well with the midday peak of dust emission found here.
Figure 15b shows the annual cycle of the total dust emis- The time of maximum dust emission is in agreement with the
sion for different times of the day within the cyclone-affected observation of suspended dust in cyclones shown inIFig.
area north of 20N. Cyclones are associated with the largest The emission flux at 09:00 UTC in May, however, is al-
amount of mineral dust in late winter and spring. Maxima most as large as the midday values, pointing to embedded
are 90-110gm? in March, and 70-90gn? in May in NLLJs as a driving mechanism. Figut®a shows the frac-
contrast to values below 20 gth between June and Jan- tion of dust emission within the cyclone-affected area that is
uary (Fig. 15b). The dust emission during the influence associated with NLLJs. The latter are defined and automat-
of cyclones has a diurnal cycle with a distinct maximum ically identified as inFiedler et al.(2013. Based on these
during the daytime. Emission at night has typical valuesresults, dust-emitting NLLJs are not frequently embedded in
around 10 g m? and never exceeds 30 grhduring spring  the cyclone-affected area with less than 10 % in winter and
(Fig. 15b). At 09:00 UTC dust emission is often twice as spring. This finding is in agreement with the generally small
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400 L 0 convection-permitting regional simulation for August 2006
350 L 9 (Heinold et al, 2013 despite the underestimation of precipi-
_ o tation and soil moisture over West Africa in August 2006 by
e 27 -0 2 the ECMWF model Agusti-Panareda et ak01Q and refer-
% 250 B E ences therein).
§ 200 - 20 3 o _
E 150 4 | > 3.7 Emission intensity
+ c
2 1004 - 3.7.1 Anomaly factor
50 L %
o w0 Despite a small total dust emission amount associated with
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec cyclones, intense emission fluxes are regularly associated
Month with mobile cyclones in spring (Figl3b). This aspect of

emission intensity is analysed further by defining a dust
Figure 16. Dust emission amount associated with long-lived and emission anomaly as the quotient of the dust emission associ-
migrating cyclones but weakened by soil moisture. Annual cycle Ofated with cyclones and the 20-year mean of the dust emission
the total dust emission (red) and the fraction of dust emission SUPHux in the same month. FigutE? shows this anomaly factor

pressed by soil moisture in the cyclone-affected area (blue). Value . . o
are spatially integrated over the northern sub-domaifi \#540° E for both depressions and cyclones along with the dust emis

and 20-40 N) and monthly averaged over 1989-2008. sion flux spatially averaged across dust-emitting grid boxes.
The largest dust emission fluxes occur between February and

May with values larger than 1610 6gm~2s1. During
dust emission amount associated with NLLJs during winterthis time of year the largest total dust emission occurs over
and spring in the norttRjedler et al, 2013. The larger dust the north F_|edler et al. 2013. The anomaly factor of cy-
emission flux from cyclones at 09:00 UTC in May is, there- clones during these months has values between four and
fore, not predominantly linked to NLLJs. It seems most plau- €ight, i.e. the dust emission associated with springtime cy-
sible that the momentum from the free troposphere is moreFlones is four to eight times larger than the long-term mean
efficiently mixed downwards in May than earlier in spring ©f the dust emission flux.
and winter. This is likely caused by a larger solar irradia- From March to May, the anomaly factor of cyclones even
tion and longer days in late spring, aiding the developmentexceeds the values for depressions pointing to mobile cy-
of the daytime boundary layer. NLLJs that can be embed-Clones as an important source for intense emission in spring.
ded in AEWs are linked to 20 % of the dust emission in the The dust emission is generally smaller during summer with
cyclone-affected area in June and around 10% in July andluxes of 0.7-1.3¢ 10-°gm2s* while the anomaly fac-

August. tors of cyclones increases to values of five to nine. During
July the anomaly factor of cyclones is, herein, larger than
3.6.4 Impact of soil moisture the one of depressions. Even larger anomaly factors of cy-

clones exceeding the values for depressions are found be-
While arid conditions prevail in North Africa, cyclones can tween September and November with up to 20, but both
produce rainfall that feeds soil moisture. The presence othe dust emission flux and the number of cyclones is then
soil moisture may weaken or suppress dust emission. Themallest. These results underline that even though the total
magnitude of this effect is studied with two dust emission emission associated with migrating cyclones is rather small
calculations with and without accounting for soil moisture, compared to the absolute emission in the north, the emission
respectively (Sect2.2). Figure 16 shows the annual cycle events during cyclone passage are intense.
of the fraction of dust emission suppressed by the presence
of soil moisture along with the total dust emission when 3.7.2 Temporal development
moisture is taken into account as a benchmark. During late
winter and spring, the time when dust emission associatedonitoring dust emission associated with cyclones during
with cyclones shows a clear maximum of 250-380tmn  different stages of their life (not shown) reveals that dust
soil moisture suppresses roughly 10 % of the dust emissioemission does not occur during the entire time and does not
spatially averaged across the north. Other months show valshow the same development in each case. The different be-
ues ranging from 5 to 20 %, but the total dust emission ishaviour is not surprising given (1) the influence of the meteo-
smaller than 100gm? in July and smaller than 80gm rological development of cyclones that affect the strength of
during the rest of the year. It is interesting that the valuenear-surface winds, (2) the various manifestations of North
for the emission reduction by soil moisture during cyclone African cyclones that can deviate from a classical frontal
passage for the 20-year period is of the same order of magstructure of an extratropical cyclone (Se8t6.2 and (3)
nitude as the soil moisture effect for haboobs in a 40-daythe surface properties that limit dust emission (S8d.4).
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Cyclones —— Depressions 1. depressions are abundant over North Africa due to the
— 3 — — 50 frequent formation of lee troughs in spring and heat
N |18 lows in summer with a maximum occurrence frequency
£ 21 16 5 of 40 %, while the occurrence frequency of cyclones is
5 5] 4 8 smaller by at least a factor of ten. This suggests that
E 15 S only few depressions become migrating and long-lived
2 1.5 10 E cyclones.
C
:% 1 /\*' -8 E; 2. The cyclone climatology highlights that 37 % of cy-
g 7 6 ¢ clones affecting North Africa occur in spring. Their cen-
3 0.5 4 < tres most frequently lie north of 20N with a clear cy-
[a M2 clone track stretching from south of the Atlas Mountains

towards the eastern Mediterranean in agreement with
previous studiesAlpert et al, 1990 Hannachi et aJ.
2011 Thorncroft and Hodge00Q Trigo et al, 1999
Figure 17. Intensity of dust emission fluxes associated with long- Maheras et a).2001). Springtime cyclones predomi-
lived, migrating cyclones and atmospheric depressions. Annual cy-  hantly migrate eastwards, and live for three to seven
cle of the dust emission flux associated with cyclones (red) and the ~ days. Their year-to-year variability is largest during this
anomaly factor of cyclones (blue) and depressions (cyan) averaged  season.

over dust-emitting grid boxes for 1989-2008. The anomaly factor

is a measure of emission intensity and defined as the quotient of the Dyst emission is simulated with the model Bygen et al.
dust emission flux associated with the cyclone/depression and thex002) driven by ERA-Interim forecasts which show large
20-year mean of the dust emission flux of the same month. values north of 20N for December to MayFRiedler et al,
2013. The comparison of the modelled DSAF against the

These differences do not allow general conclusions on thes'fjlte”'te product fronBchepanski et al2019 shows good

temporal development of the emission intensity associate(5°‘greement in the Bodelé Depression as a key region for dust

. . o T emission, but differences in the north and west of North
with the identified cyclones. The largest dust emission fluxes, - . . S

: Africa. These may be partly due to missed dust detection in

however, occur when the system is mature enough to gen; .

. . the satellite product due to the presence of clouds and at-

erate strong near-surface winds over dust sources. Emis-

sions at midday are, herein, likely larger than nocturnal Val_mosphenc moistureSchepanski et al2009 Brindley et al,

ues indicated by the total emission associated with cyclones?om’ or limitations of the representation of dust emission

. S o and winds in the model setup used.
(Fig. 15). Irregular emission intensities are also expected o . . .
. T " o ; Dust emission amounts are associated with depressions
for depressions. Emission intensities within the depression-

. S . and cyclones when they occur within a radius of 10 degrees
affected area varies on sub-daily timescales since NLLJ§rom the centres. The hiahliahts of the results are:
are embedded (Se&.5). Intense emission fluxes associated ' ghlig '
with NLLJs are primarily expected during the mid-morning 1. depressions coincide with 55 % of the dust emission an-

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

while nocturnal emission is small due to a weaker vertical nually and spatially averaged over North African dust
momentum transport compared to daytime (Eigdler et al, sources. Regionally and seasonally up to 90% of the
2013 Schepanski et g12009. dust emission amount is associated with them. Embed-

ded mechanisms such as the NLLJ, defined &sadler
et al. (2013, coincide with 12 % of the dust emission
associated with depressions annually and spatially av-

The present work provides the first climatological estimate of ~ €raged. This result is in agreement witredler et al.
the amount of dust emission associated with atmospheric de- (2013 who show that NLLJs form frequently along the
pressions and mobile, long-lived cyclones over North Africa margins of the Saharan heat low.

for 1989-2008. Atmospheric depressions are tracked follow-
ing the method ofSchepanski and Knippert2011). While
these depressions may be stationary or mobile with varying
life times, a sub-class called cyclones is defined which has to
fulfil a set of filter criteria, namely a horizontal displacement
larger 5 per day, a lifetime longer than 48 h and a decreasing
core pressure during the first day. The key findings from the
depression and cyclone climatologies are: 3

4 Conclusions

2. In contrast to depressions, migrating and long-lived
cyclones are rarer and associated with only 4% of
the dust emission annually and spatially averaged. The
largest emission coinciding with cyclones is found dur-
ing spring over wide areas in Libya and small areas
south of the Atlas mountains with 15-25 %.

. In summer, AEWSs are associated with 5-15% of the
dust emission amount in parts of West Africa. Here,
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NLLJ formation Knippertz and Todd2010. NLLJs

coincide with 10-20 % .of the monthly emissions associ- References

ated with cyclones during summer while less than 10 %

coincide with NLLJs and cyclones during the rest of the agusti-Panareda, A., Beljaars, A., Cardinali, C., Genkova, 1., and
year. Larger dust emissions at the eastern side of AEWs Thorncroft, C.: Impacts of Assimilating AMMA Soundings on
would be expected if haboobs were represented more ECMWF Analyses and Forecasts, Weather Forecast., 25, 1142—
realistically. Their missing parameterization and an un- 1160, doi10.1175/2010WAF222237Q.2010.

derestimated strength of AEWAgusti-Panareda et al. Alpert, P. and Ziv, B.: The Sharav cyclone: observations and some
2010 probably implies an underestimation of associ- theoretical considerations, J. Geophys. Res., 94, 18495-18514,

ated winds and dust emission. 1989. ) ) .
Alpert, P., Neeman, B. U., and Shayel, Y.: Climatological analysis

4. Despite the small total emission amount associated with of Mediterranean cyclones using ECMWF data, Tellus A, 42, 65—
cyclones, their emission flux magnitude is particularly /7, d0i10.1034/}.1600-0870.1990.00007090. _
intense. The dust emission flux during cyclone passag shpole, I. and Washington, R. : A new high-resolution central

is larger than the climatological mean by a factor of four ~ 2"d Western Saharan summertime dust source map from auto-
to eight and is often | than for d . mated satellite dust plume tracking, J. Geophys. Res.-Atmos.,
0 eight and Is often farger than for depressions. 118, 6981-6995, ddi0.1002/jgrd.505542013.

§30u Karam, D., Flamant, C., Tulet, P., Todd, M.C., Pelon, J.,

. . . . . and Williams, E.: Dry cyclogenesis and dust mobilization
is substantially larger during midday than at night by in the intertropical discontinuity of the West African Mon-

a factor of three to five. This result suggests that the soon: A case study, J. Geophys. Res.-Atmos., 114, D05115
growth of the boundary layer into the baroclinic zone  4qi-10.1029/2008JD010952009. T ’
Of_ the cyclone is important for gener.a.ting r?ear'surfaceBou Karam, D., Flamant, C., Cuesta, J., Pelon, J., and Williams,
winds that are strong enough to mobilize mineral dust.  E.: Dust emission and transport associated with a Saharan de-
) o i . . pression: February 2007 case, J. Geophys. Res.-Atmos., 115,
6. The reduction of dust emission through soil moisture is  pooH27, doi10.1029/2009JD012392010.
rather small with values of the order of 10 %. Brindley, H., Knippertz, P., Ryder, C., and Ashpole, I.: A critical

. . . .. evaluation of the ability of the Spinning Enhanced Visible and
In conclusion, the influence of depressions is important |nfrared Imager (SEVIRI) thermal infrared red-green-blue ren-

for dust emission in North Africa throughout the year al-  gering to identify dust events: Theoretical analysis, J. Geophys.
though their influence on dust emission may be partly in- Res.-Atmos., 117, D07201, dD.1029/2011JD01732@012.
direct through processes acting on smaller scales. CycloneBurpee, R. W.: The origin and structure of Easterly Waves in the
are comparably rare and are not associated with a substantial lower troposphere of North Africa, J. Atmos. Sci., 29, 77-90,
dust emission amount in most regions. However, cyclones 1972.

generate intense dust emission fluxes exceeding the intensifyarslaw, K. S., Boucher, O., Spracklen, D. V., Mann, G. W.,, Rae,
associated with depressions in most months. Large parts of J- G- L. Woodward, S., and Kulmala, M.: A review of natu-
the climatological dust emission maximum between Novem- ral aerosol interactions and feedbacks within the Earth system,

ber and May north of 20N shown inFiedler et al.(2013 g(t)Tgsz.o(igem. Phys., 10, 17011737, 40i5194/acp-10-1701-

are not associated with depressio_ns a_nd cyclones investigate&melisl W. M. and Gabriels, D.: The effect of surface mois-
here. Harmattan surges developing in consequence of post ;e on the entrainment of dune sand by wind: an eval-
cold frontal ridging are proposed as another mechanism ca- yation of selected models., Sedimentology, 50, 771-790,
pable of emitting large amounts of dust aerosol. This dust doi:10.1046/j.1365-3091.2003.005772003.
storm type will be the subject of future work. Culf, A. D.: An application of simple models to Sahelian convec-
tive boundary-layer growth, Bound.-Lay. Meteorol., 58, 1-18,
doi:10.1007/BF00120748992.
AcknowledgementsThis work is funded by the European Research Decker, M., Brunke, M. A., Wang, Z., Sakaguchi, K., Zeng, X., and
Council project “Desert Storms” under grant number 257543. We  Bosilovich, M. G.: Evaluation of the Reanalysis Products from
acknowledge support by Deutsche Forschungsgemeinschaft and GFSC, NCEP and ECMWF Using Flux Tower Observations, J.
Open Access Publishing Fund of Karlsruhe Institute of Technology. Climate, 25, 1916-1944, 2012.
We would like to thank the European Centre for Medium-Range Dee, D. P., Uppala, S. M., Simmons, A. J., Berrisford, P., Poli,
Weather Forecasts and the UK Met Office for providing and P., Kobayashi, S., Andrae, U., Balmaseda, M. A., Balsamo, G.,
granting access to ERA-Interim data, respectively. We thank Bauer, P., Bechtold, P., Beljaars, A. C. M., van de Berg, L., Bid-
EUMETSAT for providing MSG SEVIRI images for North Africa lot, J., Bormann, N., Delsol, C., Dragani, R., Fuentes, M., Geer,

5. The dust emission associated with springtime cyclone

Atmos. Chem. Phys., 14, 8983600Q 2014 www.atmos-chem-phys.net/14/8983/2014/


http://dx.doi.org/10.1175/2010WAF2222370.1
http://dx.doi.org/10.1034/j.1600-0870.1990.00007.x
http://dx.doi.org/10.1002/jgrd.50554
http://dx.doi.org/10.1029/2008JD010952
http://dx.doi.org/10.1029/2009JD012390
http://dx.doi.org/10.1029/2011JD017326
http://dx.doi.org/10.5194/acp-10-1701-2010
http://dx.doi.org/10.5194/acp-10-1701-2010
http://dx.doi.org/10.1046/j.1365-3091.2003.00577.x
http://dx.doi.org/10.1007/BF00120748

S. Fiedler et al.: Dust emission associated with depressions and cyclones 8999

A. J., Haimberger, L., Healy, S. B., Hersbach, H., H6lm, E. V., Jones, C., Mahowald, N., and Luo, C.: The role of easterly waves on
Isaksen, L., Kéllberg, P., Kéhler, M., Matricardi, M., McNally, African desert dust transport, J. Climate, 16, 3617-3628, 2003.
A. P, Monge-Sanz, B. M., Morcrette, J.-J., Park, B.-K., Peubey,Kahana, R., Ziv, B., Enzel, Y., and Dayan, U.: Synoptic climatology
C., de Rosnay, P., Tavolato, C., Thépaut, J.-N., and Vitart, F.: The of major floods in the Negev Desert, Israel, Int. J. Climatol., 22,
ERA-Interim reanalysis: configuration and performance of the 867—882, doit0.1002/joc.7662002.

data assimilation system, Q. J. Roy. Meteor. Soc., 137, 553-597Klose, M., Shao, Y., Karremann, M. K., and Fink, A.: Sahel dust
doi:10.1002/qj.8282011. zone and synoptic background, Geophys. Res. Lett., 37, L09802,

Fécan, F., Marticorena, B., and Bergametti, G.: Parametrization of doi:10.1029/2010GL04281&010.
the increase of the aeolian erosion threshold wind friction veloc-Knippertz, P. and Fink, A. H.: Synoptic and dynamic aspects of an
ity due to soil moisture for arid and semi-arid areas, Ann. Geo- extreme springtime Saharan dust outbreak., Q. J. Roy. Meteor.
phys., 17, 149-157, ddi0.1007/s00585-999-0149-7999. Soc., 132, 1153-1177, 2006.

Fiedler, S., Schepanski, K., Heinold, B., Knippertz, P., and TegenKnippertz, P. and Todd, M.: The central west Saharan dust hot
I.: Climatology of nocturnal low-level jets over North Africa and spot and its relation to African easterly waves and extrat-
implications for modeling mineral dust emission, J. Geophys. ropical disturbances, J. Geophys. Res.-Atmos., 115, D12117,
Res.-Atmos., 118, 6100-6121, did.1002/jgrd.503942013. doi:10.1029/2009JD012819010.

Hannachi, A., Awad, A., and Ammar, K.: Climatology and clas- Knippertz, P. and Todd, M. C.. Mineral dust aerosol over
sification of Spring Saharan cyclone tracks, Clim. Dynam., 37, the Sahara: Processes of Emission and Transport, and
473-491, doit0.1007/s00382-010-0941-2011. Implifications for modeling., Rev. Geophys., RG1007,

Heinold, B., Tegen, I., Schepanski, K., Tesche, M., Esselborn, M., doi:10.1029/2011RG000362012.

Freudenthaler, V., Gross, S., Kandler, K., Knippertz, P., Muller, Kok, J. F., Parteli, E. J., Michaels, T. I., and Karam, D. B.: The

D., Schladitz, A., Toledano, C., Weinzierl, B., Ansmann, A., Al- physics of wind-blown sand and dust, Rep. Prog. Phys., 75,
thausen, D., Milller, T., Petzold, A., and Wiedensohler, A.: Re- 106901, doidoi:10.1088/0034-4885/75/10/1069@D12.

gional modelling of Saharan dust and biomass-burning smokeLaurent, B., Tegen, I., Heinold, B., Schepanski, K., Weinzierl, B.,

Part I: Model description and evaluation, Tellus B, 63, 781-799, and Esselborn, M.: A model study of Saharan dust emission and
doi:10.1111/.1600-0889.2011.005702011. distributions during the SAMUM-1 campaign, J. Geophys. Res.,

Heinold, B., Knippertz, P., Marsham, J. H., Fiedler, S., Dixon, 115, D21210, doi0.1029/2009JD012992010.

N. S., Schepanski, K., Laurent, B., and Tegen, |.: The role Lavaysse, C., Flamant, C., Janicot, S., Parker, D. J., Lafore, J.-P.,
of deep convection and nocturnal low-level jets for dust emis- Sultan, B., and Pelon, J.: Seasonal evolution of the West African
sion in summertimeWest Africa: Estimates from convection- heat low: a climatological perspective, Clim. Dynam., 33, 313—
permitting simulations, J. Geophys. Res.-Atmos., 118, 4385— 330, 2009.

4400, doi10.1002/jgrd.504022013. Leroux, S., Hall, N. M. J., and Kiladis, G. N.: Intermittent

Hodges, K. I., Lee, R. W., and Bengtsson, L.: A comparison of African Easterly Wave Activity in a Dry Atmospheric Model:
extratropical cyclones in recent reanalysis ERA-Interim, NASA  Influence of the Extratropics., J. Climate, 24, 5378-5396,
MERRA, NCEP CFSR, and JRA-25, J. Climate, 24, 4888—-4906, d0i:10.1175/JCLI-D-11-00049,2011.
doi:10.1175/2011JCLI4097,.2011. Luo, C., Mahowald, N., and Jones, C.: Temporal variability of dust

Homar, V. and Stensrud, D. J.: Sensitivities of an intense Mediter- mobilization and concentration in source regions, J. Geophys.
ranean cyclone: Analysis and validation, Q. J. Roy. Meteor. Soc., Res., 109, D20202, ddi0.1029/2004JD004862004.

130, 2519-2540, ddi0.1256/qj.03.852004. Maheras, P., Flocas, H., Patrikas, I., and Anagnostopoulou, C.: A

Homar, V., Ramis, C., and Alonso, S.: A deep cyclone of African 40 year objective climatology of surface cyclones in the Mediter-
origin over the Western Mediterranean: diagnosis and numerical ranean region: Spatial and temporal distribution, Int. J. Climatol.,
simulation, Ann. Geophys., 20, 93-106, d6i:5194/angeo-20- 21, 109-130, doi:0.1002/joc.5992001.

93-2002 2002. Marsham, J. H., Knippertz, P., Dickson, N., Parker, D. J., and Lister,

Homar, V., Jansa, A., Campins, J., Genovés, A., and Ramis, C.: To- G.: The importance of the representation of deep convection for
wards a systematic climatology of sensitivities of Mediterranean modeled dust-generating winds over West Africa during summer,
high impact weather: a contribution based on intense cyclones, Geophys. Res. Lett., 38, L16803, dif):1029/2011GL048368
Nat. Hazards Earth Syst. Sci., 7, 445-454, Hd5194/nhess-7- 2011.

445-2007 2007. Marsham, J. H., Dixon, N. S., Garcia-Carreras, L., Lister, G. M. S.,

Hopsch, S. B., Thorncroft, C. D., Hodges, K., and Aiyyer, A.: West  Parker, D. J., Knippertz, P., and Birch, C. E: The role of moist
African storm tracks and their relationship to Atlantic tropical  convection in the West African monsoon system: Insights from
cyclones, J. Climate, 20, 2468-2483, d6i1175/JCLI4139,1 continental-scale convection-permitting simulations, Geophys.
2007. Res. Lett., 40, 1843-1849, dbd.1002/grl.5034,72013.

Huneeus, N., Schulz, M., Balkanski, Y., Griesfeller, J., Prospero,Marticorena, B. and Bergametti, G.: Modelling the atmospheric
J., Kinne, S., Bauer, S., Boucher, O., Chin, M., Dentener, F., dust cycle. 1: Design of a soilderived dust emission scheme, J.
Diehl, T., Easter, R., Fillmore, D., Ghan, S., Ginoux, P., Grini, Geophys. Res., 100, 16415-16430, 1995.

A., Horowitz, L., Koch, D., Krol, M. C., Landing, W., Liu, X.,  Mekonnen, A., Thorncroft, C. D., and Aiyyer, A. R.: Analysis of

Mahowald, N., Miller, R., Morcrette, J.-J., Myhre, G., Penner, Convection and its Association with African Easterly Waves, J.
J., Perlwitz, J., Stier, P., Takemura, T., and Zender, C. S.: Global Climate, 19, 5404-5421, 2006.

dust model intercomparison in AeroCom phase |, Atmos. Chem.Moulin, C., Lambert, C. . E., Dayan, U. ., Masson, V. ., Ramonet,
Phys., 11, 7781-7816, d&D.5194/acp-11-7781-2012011. M. ., Bousquet, P. ., Legrand, M., Balkanski, Y. J., Guelle, W.,

www.atmos-chem-phys.net/14/8983/2014/ Atmos. Chem. Phys., 14, 8381%¢ 2014


http://dx.doi.org/10.1002/qj.828
http://dx.doi.org/10.1007/s00585-999-0149-7
http://dx.doi.org/10.1002/jgrd.50394
http://dx.doi.org/10.1007/s00382-010-0941-9
http://dx.doi.org/10.1111/j.1600-0889.2011.00570.x
http://dx.doi.org/10.1002/jgrd.50402
http://dx.doi.org/10.1175/2011JCLI4097.1
http://dx.doi.org/10.1256/qj.03.85
http://dx.doi.org/10.5194/angeo-20-93-2002
http://dx.doi.org/10.5194/angeo-20-93-2002
http://dx.doi.org/10.5194/nhess-7-445-2007
http://dx.doi.org/10.5194/nhess-7-445-2007
http://dx.doi.org/10.1175/JCLI4139.1
http://dx.doi.org/10.5194/acp-11-7781-2011
http://dx.doi.org/10.1002/joc.766
http://dx.doi.org/10.1029/2010GL042816
http://dx.doi.org/10.1029/2009JD012819
http://dx.doi.org/10.1029/2011RG000362
http://dx.doi.org/doi:10.1088/0034-4885/75/10/106901
http://dx.doi.org/10.1029/2009JD012995
http://dx.doi.org/10.1175/JCLI-D-11-00049.1
http://dx.doi.org/10.1029/2004JD004861
http://dx.doi.org/10.1002/joc.599
http://dx.doi.org/10.1029/2011GL048368
http://dx.doi.org/10.1002/grl.50347

9000 S. Fiedler et al.: Dust emission associated with depressions and cyclones

Marticorena, B., Bergametti, G., and Dulac, F.: Satellite climatol- Thorncroft, C. D. and Hodges, K.: African Easterly Wave Variabil-
ogy of African dust transport in the Mediterranean atmosphere, ity and Its Relationship to Atlantic Tropical Cyclone Activity, J.

J. Geophys. Res, 103, 13137-13144, 1998. Climate, 14, 1166-1179, 2000.
Pedgley, D.: Desert depression over northeast Africa, MeteorolThorncroft, C. D., Hall, N. M. J., and Kiladis, G. N.: Three-
Mag., 101, 228-244, 1972. dimensional structure and dynamics of African Easterly

Schepanski, K., Tegen, |., Laurent, B., Heinold, B., and Macke, Waves. Part lll: Genesis, J. Atmos. Sci., 65, 3596-3607,
A.: A new Saharan dust source activation frequency map de- doi:10.1175/2008JAS2575.2008.
rived from MSG-SEVIRI IR-channels, Geophys. Res. Lett., 34, Todd, M., Allen, C., Bart, M., Bechir, M., Bentefouet, J., Brooks,
L18803, doi10.1029/2007GL030162007. B., Cavazos-Guerra, C., Clovis, T., Deyane, S., Dieh, M., En-
Schepanski, K., Tegen, I., Todd, M., Heinold, B., Bénisch, G., Lau- gelstaedter, S., Flamant, C., Garcia-Carreras, L., Gandega, A.,
rent, B., and Macke, A.: Meteorological processes forcing Saha- Gascoyne, M., Hobby, M., Kocha, C., Lavaysse, C., Marsham,
ran dust emission inferred from MSG-SEVERI observations of  J., Martins, J., McQuaid, J., Ngamini, J. B., Parker, D., Podvin,
subdaily dust source activation and numerical models, J. Geo- T., Rocha-Lima, A., Traore, S., Wang, Y., and Washington, R.:
phys. Res., 114, D10201, dd2.1029/2008JD010322009. Meteorological and dust aerosol conditions over the Western Sa-
Schepanski, K. and Knippertz, P.: Soudano-Saharan depressions haran region observed at Fennec supersite-2 during the Intensive
and their importance for precipitation and dust: a new perspec- Observation Period in June 2011, J. Geophys. Res.-Atmos., 118,
tive on a classical synoptic concept, Q. J. Roy. Meteor. Soc., 137, 8426-8447, doi0.1002/jgrd.5047@2013.
1431-1445, doi0.1002/qj.8502011. Trigo, I. F., Davies, T. D., and Bigg, G. R.: Objective Climatology
Schepanski, K., Tegen, I., and Macke, A. Comparison of satellite of Cyclones in the Mediterranean Region, J. Climate, 12, 1685—
based observations of Saharan dust source areas, Remote Sens1696, 1999.
Environ., 123, 90-97, doi:10.1016/j.rse.2012.03.019, 2012. Trigo, I. F,, Bigg, G. R., and Davies, T. D.: Climatology of Cyclo-
Shao, Y., Wyrwoll, K.-H., Chappell, A., Huang, J., Lin, Z., Mc- genesis Mechanisms in the Mediterranean, Mon. Weather Rev.,
Trainsh, G. H., Mikami, M., Tanaka, T. Y., Wang, X., and Yoon, 130, 549-569, 2002.
S.: Dust cycle: A emerging core theme in Eaerth system scienceWernli, H. and Schwierz, C.: Surface Cyclones in the ERA-
Aerolian Res., 2, 181-204, 2011. 40 Dataset (1958-2001). Part I: Novel Identification Method
Tegen, |., Harrison, S., Kohfeld, K., Prentice, I., Coe, M., and and Global Climatology, J. Atmos. Sci., 63, 2486-2507,
Heimann, M.: Impact of vegetation and preferential source areas doi:10.1175/JAS3766,2006.
on global dust aerosols: Results from a model study, J. GeophysWinstanley, D.: Sharav, Weather, 27, 146160, 1nil002/.1477-
Res., 107, 4576, ddi0.1029/2001JD000962002. 8696.1972.tb04279,4972.
Tegen, l., Schepanski, K., and Heinold, B.: Comparing two yearsZhang, K., O’'Donnell, D., Kazil, J., Stier, P., Kinne, S., Lohmann,
of Saharan dust source activation obtained by regional modelling U., Ferrachat, S., Croft, B., Quaas, J., Wan, H., Rast, S., and Fe-
and satellite observations, Atmos. Chem. Phys., 13, 2381-2390, ichter, J.: The global aerosol-climate model ECHAM-HAM, ver-

doi:10.5194/acp-13-2381-20,13013. sion 2: sensitivity to improvements in process representations,
Atmos. Chem. Phys., 12, 8911-8949, d6i5194/acp-12-8911-
2012 2012.

Atmos. Chem. Phys., 14, 8983600Q 2014 www.atmos-chem-phys.net/14/8983/2014/


http://dx.doi.org/10.1029/2007GL030168
http://dx.doi.org/10.1029/2008JD010325
http://dx.doi.org/10.1002/qj.850
http://dx.doi.org/10.1029/2001JD000963
http://dx.doi.org/10.5194/acp-13-2381-2013
http://dx.doi.org/10.1175/2008JAS2575.1
http://dx.doi.org/10.1002/jgrd.50470
http://dx.doi.org/10.1175/JAS3766.1
http://dx.doi.org/10.1002/j.1477-8696.1972.tb04279.x
http://dx.doi.org/10.1002/j.1477-8696.1972.tb04279.x
http://dx.doi.org/10.5194/acp-12-8911-2012
http://dx.doi.org/10.5194/acp-12-8911-2012

