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Spatiotemporal patterns of Saharan dust outbreaks in the Mediterranean Basin
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Abstract

Saharan dust outbreaks transport appreciable amounts of mineral particles into the atmosphere
of the Mediterranean Basin. Atmospheric particulates have significant impacts on numerous
atmospheric, climatic and biogeochemical processes. The recognition of background drivers,

spatial and temporal variations of the amount of Saharan dust particles in the Mediterranean

can lead to a better understanding of possible past and future environmental effects of

atmospheric dust in the region.
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For this study the daily NASA Total Ozone Mapping Spectrometer's and Ozone Monitoring
Instrument’s aerosol data (1979- 2012) were employed to estimate atmospheric dust amount.
Daily geopotential height, wind vector and meridional flow data of the distinguished dust
events were obtained from the NCEP/NCAR Reanalysis to compile mean synoptic composite
maps. In order to identify the typical dust transportation routes and possible source areas, the
backward trajectories were plotted using the NOAA HYSPLIT model.

The main period of the dust transportation is from March to end of August, when the thermal
convective activity forces the injection of particles to higher atmospheric levels. However,
seasonality patterns of the different Mediterranean sub-basins show quite large differences. In
western sub-basins, the maxima of Saharan dust outbreaks is in summer, related southwest
flow between a southward emanating trough and the northward migrating subtropical high-
pressure centre. In the eastern basin, dust storms occur typically in spring, generated by the
warm sector winds on foreside of eastward moving Mediterranean and Sharav cyclones. The
seasonal distribution of dust events in the central sub-basins shows a bimodal characteristic

with a spring and summer peak.

Highlights:

Saharan mineral dust is an essential component of the Mediterranean atmosphere in spring
and summer

The different Mediterranean sub-basins are showing different seasonal aerosol loading
patterns and dust transportation pathways

Dust events are connected to different synoptic meteorological situations in the different

seasons and sub-basins

Key words: mineral dust; dust storm; Sahara; Mediterranean; synoptic meteorology
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Introduction

Atmospheric mineral dust particles are standing in the focal point of recent climatic and
various environmental investigations (Stout et al., 2009). Studies of the last two decades
recognized and confirmed that mineral dust has significant impacts on numerous atmospheric,
climatic and biogeochemical processes (Harrison et al., 2001; Kohfeld and Tegen, 2007,
Mabher, 2010; Pésfai and Buseck, 2010; Shao et al., 2011). Tropospheric dust particles absorb,
scatter and reflect the incoming solar and outgoing terrestrial radiation and modify the albedo
of the surface, thereby exerting a direct influence on the energy budget (Arimoto, 2001). By
acting as effective cloud condensation nuclei, input of tiny mineral particles into the
atmosphere has an effect on life-time of clouds, influencing the radiation balance via an
indirect way (Andreae and Rosenfeld, 2008; Klein et al., 2010). However, both direct and
indirect effects of atmospheric dust on overall radiation budget remain uncertain, since it
depends on its mineralogical, granulometric and related optical properties, atmospheric life-
time, concentration and vertical distribution, mostly determined by the chemical composition
of source area(s) and by the meteorological background of dust transportation.

Annually, 1-3 billions of tons mineral dust is emitted into the atmosphere from arid-semiarid
areas and the most important source regions are situated in Northern Africa; Saharan and
Sahel sources are responsible for 50—70% of the global dust emission (Tegen et al., 1996;
Mahowald et al., 1999, 2006; Ginoux et al., 2001; Miller et al., 2004). These are unevenly
distributed distinct dust hot-spot areas with various seasonal distribution and magnitude of
emission, and with different geomorphological characteristics (e.g. ephemeral, salt and dry
lakes, ephemeral streams and wadis, seasonal marshes, alluvial fans) (Prospero et al., 2002;

Washington et al., 2003; Goudie and Middleton, 2006; Varga, 2012). At these places the
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deflation leads to severe soil erosion, loss and coarsening, and also to crop and natural
vegetation damage.

Saharan dust can often be observed over the Atlantic Ocean, Mediterranean and Red Sea, and
also in the atmosphere of distant areas (e.g. North and South America, Northern Europe).
Typically, four main off-coast dust transportation routes can be distinguished: (1) westward
transport of the Saharan Air Layer over the North Atlantic (Prospero et al., 1970; Prospero,
1996; Swap et al., 1992); (2) southward to Gulf of Guinea by the Harmattan (McTainsh and
Walker 1982); (3) northward to Europe associated with different synoptic meteorological
situations (Barkan et al., 2005; Engelstaedter et al., 2006; Stuut et al., 2009; Israelevich et al.,
2012; Varga et al., 2013); and (4) eastward to the Middle East (Alpert and Ziv 1989).

The atmosphere of the Mediterranean Basin is highly influenced by dust emission of the
surrounding desert areas that release the overwhelming majority of the total Mediterranean
aerosols (Moulin et al., 1998; Gkikas et al., 2013). Obviously, the several hundred thousand
tons of Saharan dust transported northward influence numerous constituents of environmental
systems around the Mediterranean Sea. The increased dust concentration during heavy dust
outbreaks often exceed PM, s and PM; standards of the European Union in Spain (Rodriguez
etal., 2001), in Italy (Matassoni et al., 2011) and in Greece (Gerasopoulos et al., 2006), raise
the levels of particulate matter in (ambient) air, and hence is able to affect human’s health
(Griffin et al., 2001; Pey et al., 2012; Morman and Plumlee, 2013). Further, the alkaline dust
particles neutralize atmospheric acidity and reduce the frequency of acid rains (Roda et al.,
1993, Rogora et al., 2004 and Spoler Canic¢ et al., 2009).

Iron- and phosphorus-rich particles, acting as fertilizing agents have major impact on marine
ecosystems, and through biogeochemical interactions, they affect the primary phytoplankton
production and the carbon cycle (Ridgwell, 2002; Maher et al., 2010). Moreover, dust

deposited in marine areas could trigger algal blooms (Guerzoni et al., 1999).
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Saharan dust addition plays crucial role in the unique Mediterranean terra rossa formation too,
where the chemical compounds of soils (e.g. silt sized quartz in limestone or basalt derived
soils) can only be explained by some external, aeolian dust accretion as it was identified in
Portugal (Jahn et al., 1991), in Spain (Muhs et al., 2010), in Italy (Jackson et al., 1982), in
Croatia (Durn et al., 1999), in Greece (MacLeod, 1980), in Turkey (Atalay, 1997) and in
Israel (Yaalon and Ganor, 1973; Yaalon, 1997). Small pulses and near-continuous dust
addition to soil could affect the whole texture, individual horizons and the fertility by dust-
derived nutrients and clay minerals (Simonson, 1995).

Dust activity of Saharan sources has been much more dominant during Pleistocene glacial
periods, as it is inferred by the widespread aeolian dust deposits (loess, desert loess, loess-like
deposits and marine sediments) of the investigation area with relevant Saharan contribution
(Tsoar and Pye, 1987; Cremaschi, 1990; Rézycki, 1991; Hoogakker et al., 2004; Larrasoaia
et al., 2008).

For all the mentioned reasons, a better understanding of background drivers of Saharan dust
emissions towards the Mediterranean Sea is thought to be a crucial issue. This study is aimed
at providing information on the seasonality, synoptic meteorology, transport pathways and
source areas of Saharan dust in the atmosphere of different sub-basins of the Mediterranean
Sea. In fact, the identification of synoptic meteorological patterns favouring to dust
transportation could help to (1) forecast possible severe future dust intrusions; (2) provide
analogies for reconstruction of past dusty events; and (3) validate results of global circulation

and paleocirculation models.

Methods
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For the appropriate monitoring of Saharan dust events, we applied the long-term daily aerosol
measurements of NASA’s Total Ozone Mapping Spectrometer (TOMS Version8) and Ozone
Monitoring Instrument (OMI — Daily Level 3 Gridded Products; OMTO3d) — source:
ftp://ftp.toms.gsfc.nasa.gov). The TOMS Aerosol Index (Al) and OMI’S TOMS-like (Al) are
measures of how much the wavelength dependence of backscattered ultraviolet radiation from
an atmosphere containing aerosols differs from a pure molecular atmosphere, as it was

defined by the NASA/GSFC Ozone Processing Team, and given as

Al =100 x (log;o22me2s — Jo g, ;360—1) 1)

331meas 331.q7c

where l360 meas @aNd l331_meas are the measured 360 nm and 331 nm radiance, and lsso_caic and
I331_calc are the calculated 360 nm and 331 nm radiance for a Rayleigh atmosphere (Herman et
al., 1997; Torres et al., 1998). Positive values of Al indicate absorbing aerosols (dust, smoke
from biomass burning), while negative values represent sulphates or sea-salt particles. Since
Saharan dust transport into the Mediterranean is generally associated with high aerosol optical
depth (Gkikas et al., 2009), higher Al values can rather be explained by dust episodes than
sparse biomass burning events. TOMS and OMI TOMS-like Al measurement series were
used by several previous studies to identify dust events and source areas (e.g. Prospero et al.,
2002; Washington et al., 2003; Gao and Washington, 2009; Varga, 2012).

The sensors have been measuring the atmosphere’s absorbing aerosol content since November
1978 on board of different sun-synchronous satellites (1978-1993 Nimbus-7; 1996-2004
Earth Probe; 2005-2012 Aura). As it was showed by Li et al. (2009), that OMI Al is a
consistent continuation of TOMS Al of Nimbus-7 and Earth Probe, and according to spatial
(Deroubauix et al., 2013) and temporal (Sreekanth and Kulkari, 2013) correlation analyses,
and regression analyses with other aerosol products (Ahn et al., 2008), the different Al

records can be merged into one aerosol time-series. A 0.75 scale factor was used in the case
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of Earth Probe data series, as it was recommended by Hsu et al. (1999). Due to satellite failure
(1993-1996) and calibration drift (2001-2004 some measurement series are failed to provide
reliable information); even so TOMS and OMI TOMS-like Al has the longest available global
record of atmospheric dust emission (Kiss et al., 2007). For the calculations, the 9490
(26%365) daily data-matrices of 1979-1993 (Nimbus-7), 1996-2000 (Earth Probe) and 2005—
2012 (Aura OMI) data periods were analysed with MathWorks’ MATLAB software, while
the average monthly maps were processed in Golden Software SURFER 8. Difference
between the resolution of TOMS AI (1°%1.25°) and OMI AI (1°%1°) was handled by kriging
interpolation (re-gridding) and by aggregating the gridded data into grid clusters.

The extended investigation area is located between 31°N—43.5°N and 9°W-35°E, sorted into
136 grid clusters for episode identification, time-series and seasonality analyses. Based on the
seasonality patterns and geographical distributions, five main Mediterranean sub-basins were

distinguished (Fig. 1).

Fig. 1.

We identified days of Saharan dust intrusions by using the standardized Al values (Alg=(Al-
Alnean)/oar), where Alpean is the yearly regional mean Al o4, is the standard deviation and
Alg>1 values represent a dusty atmosphere (Barkan et al., 2005). In order to define the
synoptic meteorological patterns leading to dust intrusion in a given sub-basin, mean
geopotential height (700 hPa), wind vector, meridional and zonal flow maps were compiled
for the dusty days by using the Daily Mean Composite application of NOAA Earth System
Research Laboratory (http://www.esrl.noaa.gov/psd/). According to previous studies, the 700
hPa level represents the average dust transportation altitude (Alpert et al., 2004; Barkan et al.,

2005). The centroids of the grid cluster were used as end-points during the 72 h backward-
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trajectory analyses, performed by NOAA HYSPLIT (HYbrid Single-Particle Lagrangian
Integrated Trajectory) model to determine the main dust transportation pathways (Draxler and
Rolph, 2012; Rolph, 2012). The meteorological input for the synoptic calculations and
trajectory model was the NCEP/NCAR (National Centers for Environmental
Protection/National Center for Atmospheric Research) Reanalysis Project dataset (Kalnay et
al., 1996). North Atlantic Oscillation (NAO) Index data were provided by the Climate

Analysis Section, NCAR, Boulder, USA, Hurrell (1995).

Results and discussion

General properties of Saharan dust intrusions in the Mediterranean Basin

Mineral particles deflated from Saharan source areas are significant components of the
atmosphere of the Mediterranean Sea. However, the frequency and magnitude of dust
intrusions show a wide spatial, seasonal and inter-annual variability across the basin.
According to our systematic analysis of daily TOMS and TOMS-like Al measurements
between 1979 and 2012, Saharan dust could be identified in 23.5% of all measurements in the
Western basin (Alboran and Balearic Seas), in 29.5% in the Central Mediterranean
(Tyrrhenian and lonian Seas, Sea of Sicily) and in 33.75% in the Eastern Mediterranean.
High amplitude variations determine the annual time series of dusty episodes, with
outstanding years of 1984, 1985, 1988, 1999, 2000 and 2008, while the lowest values of
annual dust contributions were identified in 1979, 1980, 1981, 1986, 1990 and 2011. The
inter-annual (year-to-year) indices of the different sub-basins are correlating well (linear
correlation coefficients: Western—Central basins: 0.80; Central-Eastern basins: 0.86;

Western—Eastern basins: 0.58). In general, the frequency of dust outbreaks cannot be
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unequivocally explained by the changing nature of large scale atmospheric oscillations,
circulation patterns or by drought periods.

However, it has previously been documented that during periods of NAO positive phases
drier conditions prevail in North-Africa and the frequency of dust outbreaks increase (Cusack
etal., 2012; Pey et al., 2013). Pey et al. (2013) have identified a relatively strong correlation
between summer North Atlantic Oscillation (NAQ) indices and annual Saharan dust
contribution to PMj, concentration in some parts of the NW Mediterranean (between 2006
and 2011). However, according to our analyses, the relationship of TOMS and OMI Al with
both NAO and summer NAO is uncertain for larger areas and for longer periods. Such issues
of teleconnections and relationships deserve further investigations in the future.

Atmospheric dust content shows clear seasonal patterns across the different sub-basins (Fig.
2). The main period of Saharan dust intrusions across the Mediterranean is from March to end
of August. At these times the atmosphere of North Africa is heavily loaded with dust and the
dust outbreaks are primarily determined by synoptic meteorological conditions (Israelevich et
al., 2002). The dusty period begins in the early spring in the Eastern Mediterranean and the
centres of highest dust concentrations are displaced from east to west from March to
September. The Al patterns move back eastwards in September, when dust loadings reduce in
the Western basin as a result of the southward migration of the subtropical high pressure belt,
while the cyclone activity remain perceptible in the eastern parts. Similar seasonality patterns
with March to July maximum in the Eastern Mediterranean and May to August peak in the
Central and Western basins were published in several previous studies (e.g. Moulin et al.,

1998; Barkan et al., 2005; Israelevich et al., 2012; Pey et al., 2013; Gkikas et al., 2013).

Fig. 2.
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The different spatial distribution of the two main seasons of dust contributions could be well
identified at meridional transect-analysis plots, where the Aerosol Indices were calculated
along 7 vectors for the interval of April and July (two distinct months with intense but
spatially diverse dust loading patterns) (Fig. 3). The diagrams clearly demonstrate that at the
Eastern basin the April, while at the Western basin the July values are the highest. Dust load
into the atmosphere of Central Mediterranean is fairly high in both April and July, so it can be
regarded as a transitional area between the two external basins (Pey et al., 2013).

The Al values of the meridional vectors in both cases reflect a decreasing gradient as a
function of distance from the African coast. The steeper slope of Al values implies a different
kind of dust transportation mechanism and a more evident south-north gradient of intense dust
outbreaks. The different seasonal transects are results of the governing different synoptic
meteorological situations, which have strong seasonal dependence, as it will discussed in the
next section of the paper.

Albeit, the value of Al not only depends on the presence and amount absorbing aerosol
particles, but both the transport height and sub-pixel cloud contamination affect it,
nevertheless, based on the relatively strong correlation between Al and several other
quantitative aerosol products (Kubilay et al., 2005; Kalivitis et al., 2007), we can state that the
latitudinal decrease of meridional vectors are primarily governed by the distance from the

African coast. A similar, latitudinal gradient decrease was reported by Gkikas et al. (2013).

Fig. 3.

Dust seasonality, synoptic meteorology and transport routes to the different Mediterranean

sub-basins
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Western Mediterranean (Alboran and Balearic Seas)

At the western part of the Mediterranean Basin (investigation area 1 and 2 — Fig. 1), Saharan
dust outbreaks are dominant during the summer months with sporadic dusty episodes in
spring. This seasonal distribution pattern is a logical consequence of the synoptic
meteorological background of Western Mediterranean dust events as they are controlled by
the summer northward migration of the subtropical high-pressure belt. The two separated high
cells between 30°N and 35°N, and also a north-south oriented trough can be clearly seen at
the mean synoptic map of dust events (Fig. 4). The strong southwestern flow (~10-11 m/s) of
dust outbreaks is generated by the steep pressure gradient between the southward emanating
deep trough along the western coast of North Africa and the eastern cell of the divided
subtropical high-pressure centre over NW Africa. Both the wind flow vectors (at 700 hPa) and
backward trajectories (at 3000 m) unambiguously indicate the typical dust transport routes.
The highest meridional (southern) wind components (not presented) were identified directly
southwest from the investigation areas with an average flow of 8-10 m/s at 700 hPa. At the
same time, the zonal (western) wind components are pronounced at the northern fringe of the

high-pressure centre.

Fig. 4.

Central Mediterranean (Tyrrhenian and lonian Seas, Sea of Sicily)

Strong peaks of dust activity in the Central Mediterranean Basin appear in summer with a

secondary maximum in spring. As for the region of the Tyrrhenian Sea, Sea of Sicily and Gulf

of Gabes (investigation area 4 — Fig. 6) the summer maximum of the bimodal seasonal
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distribution curve is more pronounced, compared to the lonian Sea and Gulf of Sidra domain
(area 5 — Fig. 6), where the dust activity is also fairly intense also during the spring. The
bimodal seasonality pattern is a result of two predominant synoptic situations. Regarding the
springtime dust outbreaks, the main governing atmospheric centre is an eastward moving
depression located over the Western Mediterranean and North Africa. Southerly flow is
generated by the warm sector winds on foreside of the cyclone. While the strongest
meridional flows (~6—7 m/s) at 700 hPa could be identified along the 10°-20°E longitudes,
the highest zonal wind components situate over the Sahara between the 20°N and 25°N
latitudes.

During the summer dust episodes, the synoptic background resembles that of the previously
discussed Western Mediterranean outbreaks. Only a slight difference can be observed in the
position of governing pressure centres. The southward emanating deep trough locates nearer
to the Atlantic coast of Africa and the high pressure centre situates further east, at ~35°N and
~10°E. Dust laden air-masses are moving at the northern side of this high-pressure centre with

a definite zonal (westerly) wind component up to an average speed of 13—14 m/s.

Fig. 5.

Fig. 6.

Eastern Mediterranean

Saharan dust outbreaks are occurring mostly during spring in the Eastern Mediterranean

Basin; however, dusty episodes can be observed also in summer, especially in its first half.

Eastern Mediterranean dust events are connected to eastward moving atmospheric
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depressions. Two different types of low pressure systems can be distinguished in the daily
analyses: Sharav cyclones and mid-latitude Mediterranean cyclones (Fig. 7a and 7b). The
shallow Sharav cyclones develop at the southern side of the Atlas Mountains as a
consequence of steep thermal gradient between the heated continent and the colder sea.
Mediterranean cyclones are forming from polar front disturbances enhanced by the complex
morphology of the Mediterranean region. Both types of Eastern Mediterranean dust-bearing
atmospheric circulations have a fairly strong zonal wind component with a maximum of 12
m/s westerly flow due to their eastward drift. The backward-trajectories clearly demonstrate

the predominance of zonal winds over the meridional flows (Fig. 7c).

Fig. 7.

Possible Saharan source areas of Mediterranean dust outbreaks

The appropriate spatial resolution of the TOMS aerosol measurements allows us to identify
source areas on regional scale within the major Saharan dust sources, and the detailed
analyses of common geomorphological and sedimentary environment of the distinct hot-spots
is also possible (Fig. 8). Major sources are associated to specific geomorphological
environments. These can be connected to geomorpholocial depressions, ephemeral streams or
wadi-systems and to alluvial fans. The fine-grained material of most of the sources was
accumulated in some kind of fluvial or lacustrine environment with a certain Pleistocene
pluvial history, which acts as a dust source area after the desiccation (Bullard et al., 2008,
2011; McTainsh et al., 2013). Dust transport routes described above enable the more detailed

recognition of the most important sources for every Mediterranean sub-basins. The



324  seasonality patterns of all sources were determined by the analysis of regional time-series

325 data.
326

327  Fig. 8.
328

329  Activity of dust source areas displays large temporal variability, except for one region, the
330  Bodélé Depression in Chad (marked with (1.1) at Fig. 8.) that is visible all year long and

331  considered as the most active dust source globally. This large depression situates northeast
332  from the Lake Chad, once having been part of the large Lake Mega-Chad (Washington et al.,
333  2006). The fine-grained unconsolidated material of the emissions originates from diatomite
334  deposits of the ancient lakebed, nowadays a series of ephemeral and dry-lakes. Though, the
335  most prominent dust transportation route is from NE to SW towards the Gulf of Guinea

336  (McTainsh and Walker, 1982), in some cases Bod¢lé can be assumed as the source area of
337  spring outbreaks in the Central Mediterranean Basin (Koltay et al., 2006).

338  The Azawagh (Azaouak) structural basin is an isolated spot of high dust activity (1.2) framed
339 by the Adrar des Ifoghas, by the Thassili du Hoggar and by the Air Mountains. This region
340  was the catchment area of an ancient northern tributary of the Niger River during the

341  Pleistocene pluvial periods (Paris, 1995). The alluvial deposits and the system of ephemeral
342  streams originating from the foothills of Ahaggar (Hoggar) and the Air are the sources of the
343  fine-grained loose mineral material.

344 The remnant of the Pleistocene pluvial lake Araouane in the southern part of the Taoudenni
345  Basin, NW from the large bend of Niger River and west from the Adrar des Ifoghas, is an
346  extensive dust source area (Bridges, 1990). Salt and diatomite deposits of the ancient lakebed
347  can be clearly seen on satellite images and the surface of the enclosed basin is partly covered

348 by extensive system of barchan dunes formed by the prevailing NE trade winds. In fact, the
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dust emission mechanism of the region may resemble that of the Bodélé Depression; the
bombardment energy of saltating sand particles leads to intensive deflation of the fine-grained
particles of lacustrine deposits and enhances dust emission.

At the eastern slopes of gentle hills running parallel to the Atlantic coast a long narrow band
of dust sources is located at the western part of the Sahara (1.4). The series of seasonal
streams with frequent flash floods in the spring, and sebkhas (e.g. Sebkha ljil) at the
pedimented surface of the Adrar Souttouf and Zemmour Massif bounded by large sand seas,
are acting as the main sources of fine-grained material in this region. Mineral deposits of the
area are characterised by high illite/kaolinite ratio, high calcite content and are occasionally
rich in palygorskite (Scheuvens et al., 2013).

Large alluvial fans and complex wadi-systems at the W and NW slopes of the Ahaggar are
acting as an extensive dust source area (1.5). The Tidikelt Depression, at northern part of this
region surrounded by plateaus, mountains and by the sand sea of Erg Chech to the west, has
an extensive ephemeral drainage system including several wadis from elevated regions,
seasonal marshes and mud flats (Glaccum and Prospero, 1980). The heterogeneous mineral
composition of source sediments (high kaolinite, sporadic palygorskite and occasionally
increased carbonate content) makes it difficult to identify dust storms originated from this
region only by their geochemical characteristics.

Clearly, the dust activity of the above discussed regions shows similar variability throughout
the year. The atmospheric dust concentration is at a maximum in late spring and summer, and
the dust emission of these sources is primary governed by the migration of the Intertropical
Convergence Zone (ITCZ) and thermal convective activity of the hottest seasons.

At the southern foreland of the Tell Atlas, a system of salt and dry lakes represents an isolated
dust hot-spot area (1.6). Dust emission seems to be largest between Chott Melrhir and Chott

Jerid salt lakes, lying north to the Grand Erg Oriental (Prospero et al., 2002). Especially,
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Sharav and Mediterranean cyclones transport dust from the zone of chotts (Alpert and Ziv,
1989; Kalderon-Asael et al., 2009). Similar atmospheric circulation patterns are responsible
for dust emission from the dusty area expanding from the northern hillslopes of Tibesti
through Cyrenaica to the Qattara Depression (1.7) and from the low-lying areas next to the
north-south orienting escarpments along the Nile (1.8). For these sources, the main period of

dust transportation is in spring with a secondary maximum in summer.

Conclusions/Summary

The regional climatology of TOMS and OMI TOMS-like Al was discussed for the entire
Mediterranean region in the period between 1979 and 2012. This study demonstrates that
Saharan dust particles are essential components of the Mediterranean atmosphere, especially
during spring and summer seasons. This period has been identified as the major interval of
high dust loading of the atmoshpere over the Sahara, due to the activity of dust source areas as
emitters of wind-blown mineral particles. Obviously, the meteorological factors behind
determine the dust transport. Two different types of synoptic situations are associated with
Saharan dust outbreaks in the Mediterrranean Basin. During spring mineral particles are
carried on the foreside of eastward moving low-pressure systems, responsible for dust events
in the Central and Eastern Mediterranean sub-basins. Summer dust episodes are found to be
connected to the northward migration of the subtropical high-pressure belt. Regarding the
formation of southward moving troughs in the Eastern Atlantic, strong SW flow transports
dust towards the Western and Central Mediterranean regions. Depending on the different type
of meteorological situations, different areas could serve as dust source regions. As one of the
most intense dust source areas, the Bodélé Depression (remnant of ancient Lake Mega-Chad)

serves only as occasional source of fine-grained particles of Mediterranean dust outbreaks. At
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the same time, the Azawagh structural basin (alluvial deposits and ephemeral streams), the
Taoudenni Basin (deposits of Pleistocene Lake Araouane), the Western Saharan sebkhas and
ephemeral streams, the Tidikelt Depression, the Ahaggar wadis, Chott Melrhir and Chott Jerid
(salt lakes), the extensive wadi-system of Cyrenaica and Qattara Depressions and low-lying
areas next to the N-S orienting escarpments along the Nile are identified to be the main source
regions of Saharan dust storms delivering high amounts of mineral particles to the

Mediterranean Basin.
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Janua_ry February

=

I
025 05 075 1
TOMS Aerosol Index

L3 I
o 025 05 075 1
TOMS Aerosol Index

0

0 025 05 075

o I
0 0.25 05 075 0 025 05 075
TOMS Aerosol Index

TOMS Aerosol Index TOMS Aerosol Index

. September

s TS

I
0 025 05 075 \ 0
TOMS Aerosol Index

October ~ November December
] o
Ny

L
0 025 05 075
TOMS Aerosol Index

Il
0 025 05 075 0 025 05 075
6 8 3 TOMS Aerosol Index TOMS Aerosol Index

684

685  Fig. 2. Monthly mean TOMS aerosol maps of the Mediterranean Sea (1979-2012).

686



687
688

689

690

691

692
693

8.00 -

7.00 -

6.00 -

5.00

3.00 +

2.00 -

1.00

0.00

TOMS Al x10
B
)
1S]

v3 April
==== v4 April

v3 July

N - === v4July

0.00

1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00

Distance from African coast (in latitudinal degrees)

8.00 4

7.00 +

6.00

TOMS Al x10

2.00 4

1.00 -

0.00 —+
0.00

8.00 -

7.00 -

6.00

TOMS Al x10

2.00

1.00 -

0.00 +
0.00

5.00

4.00 -

3.00 4

5.00

4.00

3.00 +

v1 April
==== v2 April
v1July
-=== v2lJuly
= : s
1.00 2.00 3.00 4.00 5.00 6.00
Distance from African coast (in latitudinal degrees)
v5 April
===~ v6 April
—&— v7 April
v5 July
- v6July
—— v7 July
3 ' v v T
1.00 2.00 3.00 4.00 5.00 6.00

Distance from African coast (in latitudinal degrees)

Fig. 3. Meridional transect-analysis of the Mediterranean Basin. TOMS Al values were

calculated along the marked 7 vectors.
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Fig. 4. General characteristics of Saharan dust intrusions in the Western Mediterranean (sub-
basins 1-2): (a) Mean geopotential height and wind vector maps at 700 hPa, (b) seasonal
distribution of TOMS Al, (c) typical dust transport routes during the main dust loading period

(summer).
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Fig. 5. General characteristics of spring (left) and summer (right) Saharan dust intrusions in
the area of Tyrrhenian Sea and Gulf of Gabes: (a) Mean geopotential height and wind vector

maps at 700 hPa, (b) seasonal distribution of TOMS Al, (c) typical dust transport routes.
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Fig. 6. General characteristics of spring (left) and summer (right) Saharan dust intrusions in
the area of Gulf of Sidra and lonian Sea: (a) Mean geopotential height and wind vector maps

at 700 hPa, (b) seasonal distribution of TOMS Al, (c) typical dust transport routes.
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Fig. 7. General characteristics of Saharan dust intrusions in the Eastern Mediterranean: (al)
Mean geopotential height and wind vector maps at 850 hPa of Sharav cyclones, (a2) mean
geopotential height and wind vector maps at 700 hPa of Mediterranean cyclones, (b) seasonal

distribution of TOMS Al, (c) typical dust transport routes.
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719
720  Fig. 8. Geographical distribution and seasonality patterns of major Saharan dust source areas.
721  (a) Average TOMS Aerosol Index map, (b) topographic map — source: Amante and Eakins,

722 2009, (c) NASA Blue Marble Next Generation satellite image — source: Stockli et al., 2005.



