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Abstract. The regime of intense desert dust (DD) episodesvariation, there is a predominant latitudinal variability in both
over the broader Mediterranean Basin is studied for the pefrequency and intensity, with decreasing values from south
riod 2000-2007 at a complete spatial coverage. An objecto north. A significant seasonal variation was also found for
tive and dynamic algorithm has been set up which useghe frequency of DD episodes, with both strong and extreme
daily measurements of various aerosol optical propertieepisodes being more frequent during summer in the west-
taken by different satellite databases, enabling the identifiern Mediterranean Basin, but during spring in its central and
cation of DD episodes and their classification into strongeastern parts. In most cases (>85%) the Mediterranean dust
and extreme ones. The algorithm’s performance was testedpisodes last a bit longer than a day on average, although
against surface-based (in situ) particulate matter (PM) andheir duration can reach six days for strong episodes and
(columnar) sun-photometric AERONET (AErosol RObotic four days for extreme episodes. A noticeable year-to-year
NETwork) measurements from stations distributed across theariability was also found, especially for the frequency of
Mediterranean. The comparisons have shown the reasonabtbe episodes.
ability of the algorithm to detect the DD episodes taking
place within the study region. The largest disagreements with
PM data were found in the western Mediterranean in sum-
mer, when African dust transport has a great vertical extentl Introduction
that cannot be satisfactorily captured by surface measure-
ments. Desert dust aerosols are coarse particles with size distribution
According to our results, DD episodes in the Mediter- showing a dominant coarse mode at 1-5um and a secondary
ranean Basin are quite frequent (up to 11.4 episodédyr fine mode around 0.5um (Tanré et al., 2001) being mainly
while there is a significant spatial and temporal variability produced by natural processes and only to a small extent
in their frequency of occurrence and their intensity. Strong(< 10 %) by agricultural activities (Tegen et al., 2004). They
episodes occur more frequently in the western Mediterraneaatffect climate since they perturb the radiation budget of the
Basin, whilst extreme ones appear more frequently over cenEarth—atmosphere system interacting (through scattering and
tral Mediterranean Sea areas. Apart from this longitudinalabsorption) mainly with solar (shortwave — SW) but also with
terrestrial (longwave — LW) radiation, respectively producing
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cooling and warming of the Earth-Atmosphere system, ei-cle (e.g. Moulin et al., 1998; Querol et al., 1998, 2009; Ro-
ther as planetary cooling (e.g. Christopher and Jones, 200 triguez et al., 2001; Escudero et al., 2005; Papadimas et al.,
Xia and Zong, 2009) or warming (e.g. Hatzianastassiou e2008; Pey et al., 2013) being more intense in its eastern parts
al., 2004; Papadimas et al., 2012), and depending also on tha winter and spring, in its central parts during spring and
surface albedo (Osborne et al., 2011; Yang et al., 2009).  in the western parts in summer. This geographical (longitu-
Because of their high loadings and large radiative impactsdinal) shift is driven by the prevailing synoptic conditions
dust should be considered in climate and weather studieqGkikas et al., 2012). Moreover, it has been documented that
More specifically, it has been shown in the literature that dustthe phase of North Atlantic Oscillation (NAO) is a determi-
can affect components of the hydrological cycle (Lau et al.,nant factor for dust abundance in the Mediterranean (Moulin
2006; Mallet et al., 2009), cloud properties (e.g. Huang etet al., 1997; Antoine and Nobileau, 2006; Pey et al., 2013).
al., 2006a, b) and precipitation (e.g. Rosenfeld et al., 2001 Apart from its horizontal movement, dust is also lifted ver-
Hui et al., 2008). Moreover, it has been documented that dustically to a significant extent. According to ground—satellite
modifies sea surface temperature (e.g. Foltz and McPhademeasurements, dust particles have been identified at up to
2008) and ocean productivity (e.g. Neff et al., 2008) while 9—10 km in the Mediterranean atmosphere (e.g. Gobbi et al.,
having adverse health effects (e.g. Perez et al., 2008; Karan2000; Mona et al., 2006) although desert dust layers mainly
siou et al., 2012 and references therein). All these impacts oéxtend between altitudes of 1.5 and 6.5 km (Papayannis et al.,
dust along with those on radiation become maximum under005). It has been also found that the most intense Mediter-
conditions of extreme loadings in the atmosphere, namelyranean dust transport is observed at around 3 km (Kalivitis et
in the case of dust episodes (or events, Gkikas et al., 201@&l., 2007). In addition, it has been reported (Hamonou et al.,
2011; Benas et al., 2011). 1999) that several layers of dust from different source regions
The main sources of dust particles are located in the aridare often superimposed.
and semi-arid regions of the planet, especially in the North- Apart from studies focusing on the spatial and temporal
ern Hemisphere (Sahara, Arabian Peninsula, Gobi and Takdistribution of dust loads in the Mediterranean Basin, dust
lamakan deserts) and less in the Southern Hemisphere. Thepisodes or events have been also studied, but only on an
deserts of the Sahara and Arabian Peninsula have been idemdividual basis (e.g. Dayan et al., 1991; Dulac et al., 1992;
tified, based on satellite measurements, as the major duférez et al., 2006) or over a few years period (e.g. Toledano et
sources areas over the globe (Prospero et al., 2002; Waslal., 2007) and for specific locations (e.g. Kubilay et al., 2003;
ington et al., 2003) with the most intense production of dustMeloni et al., 2007). Nevertheless, a complete and compre-
particles being recorded in Chad, the western Sahara ankensive study dealing with the identification of dust episodes
southern Algeria (Middleton and Goudie, 2001; Barkan etin the whole Mediterranean Basin as well as the determina-
al., 2004). tion of their spatio-temporal characteristics is still missing
Aerosol optical depth (AOD) is a realistic measure of to date. A study of this kind has been conducted by Gkikas
columnar aerosol loading and can appropriately describeet al. (2009) based on a developed algorithm, but dealt with
its spatial and temporal distribution and variability. Since the entire particulate matter, i.e. including other aerosol types
the 1980s and 1990s many researchers (e.g. Jankowiak arhd not specifically dust. In the present study, this algorithm
Tanré, 1992; Moulin et al., 1997; Remer et al., 2008; Zhangis further developed and improved, aiming solely to charac-
and Reid, 2010) have used satellite observations, taking aderize, identify and study the regime of dust episodes.
vantage of their geographically wide view in order to de- The main scope of the present paper is to describe the char-
scribe globally the spatial distribution of AOD. According to acteristics of desert dust episodes over the broader Mediter-
their results, it is evident that significant dust aerosol loadsranean Basin. Contrary to previous studies, the dust episodes
apart from being observed over the continental source reare homogeneously determined over the entire Mediter-
gions, are also transported over oceanic areas, hamely tadanean Basin, thanks to satellite (MODIS, EP-TOMS, OMI)
wards the Atlantic Ocean from the north African deserts (e.g.data used, for a relatively long period (7 yr, from March
Huang et al., 2010) and to Pacific Ocean from Asian desert2000 to February 2007), thus providing a first realistic
(e.g. Eguchi et al., 2009). climatological-like database of the episodes. The identifi-
The broader Mediterranean Basin is often affected by dustation of episodes is made with an objective and dynamic
transport because of its proximity to the Sahara to the soutlalgorithm, set up here, which uses aerosol optical proper-
and to the Middle East and Arabian Peninsula deserts tdies derived from different satellite platforms (Sect. 2). The
the east-southeast (Fig. 1). Dust transport over the Mediteralgorithm is first validated (Sect. 3) through comparison
ranean, in case of intense low-pressure systems, can travabjainst accurate ground-based (i) particulate matten{PMm
long enough to reach the northern parts of European conticoncentration measurements and (ii) aerosol optical proper-
nent (Ansmann et al., 2003; Papayannis et al., 2008; Barkaties from AErosol RObotic NETwork (AERONET) stations
and Alpert, 2010; Klein et al., 2010; Begue et al., 2012) aswhich are located within the study area. Subsequently, the
well as the Arctic (Barkan and Alpert, 2010). Dust transport main characteristics of desert dust episodes, namely their
towards the Mediterranean is characterized by a seasonal cyrequency, intensity and duration, are examined at the local
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C. Mediterranean [ E. Mediterranean

Fig. 1. The study region and stations whose data are used for comparison with the outputs of the present algorithm. Shown are stations
providing (i) PM1g measurements (yellow) arfii) aerosol optical properties (AERONET, red).

scale (2 x 1° pixel level) by means of geographical dis- AERONET) has disappeared in CO05 and the correlation co-

tributions (Sect. 4.1), as well as on a mean regional basigfficient with AERONET increased from 0.66 to 0.76. Re-

(Sect. 4.2). Finally, conclusions are drawn in Sect. 5. cently, the Collection005 MODIS Terra and Aqua data have
also been successfully evaluated against AERONET (Nabat
et al., 2013). Here, the following CO05 MODIS-Terra data

2 Data and methodology are used: (i) AOD at = 550 nm (AODBs0nm), (i) Angstrém
exponent over landog7o-ssonm), (iii) Angstrom exponent
2.1 MODIS Terra over ocean dsso_gesnm. (iv) fine-mode fraction (FF) of

AOD over land and ocean and (v) Effective radius over ocean

MODIS Terra level 3 daily gridded atmospheric data prod- (o). The relevant gridded aerosol data are stored in MODIS
uct (MODO08_D3) acquired from the MODIS web sip:  |evel 3 (MOD08_D3) files, each corresponding to daily aver-
/Nadsweb.nascom.nasa.gde/ used in our analysis. Since ages, and reported on a4 1° latitude—longitude spatial res-
February 2000 the MODIS instrument on board the Terrap|ution, based on statistics applied to the original 500 m res-
satellite — with daytime equator crossing time at 10:30 andp|ution data. The daily temporal resolution of the data used
2330km viewing swath — providing almost daily global s appropriate for climatological studies like the present one,
coverage, has been continuously acquiring measurements g{ough not for case studies. The quality of MOD08_D3 data
36 spectral bands between 0.415 and 14.235um with sp3s satisfactory, since over the course of a day MODIS views
tial resolution of 250, 500 and 1000 m. MODIS-Terra data the same ‘ﬂ_square (gnd) with a |arge Variety of view an-
were chosen here rather than Aqua ones first because @fies, which improves the accuracy of calculated flux (Remer
consistency with our previous studies (Gkikas et al., 2009.and Kaufman, 2006) and aerosol retrievals. The time series
2012) and second in order to cover a longer period (startof daily MODIS-Terra aerosol data cover the period March
ing from 2000). The retrieval of MODIS aerosol data is 2000—February 2007.
performed by special algorithms (see e.g. Kaufman et al., |t should be noted that C005 MODIS data do not cover
1997, 2001; Tanré et al., 1997; Levy et al., 2003; Remerthe highly reflecting desert areas of northern Africa (Sahara)
et al., 2005), which are different over land and ocean be-jue to restrictions in the associated retrieval algorithm. More
cause of their different surface characteristics, and are conrecently, an improved version of the algorithm, enabling the
tinuously improved. The MODIS-derived aerosol proper- retrieval of AOD above arid regions, led to the creation of the
ties have been extensively validated against AERONET sunpeep Blue MODIS database (Collection 051) which covers
photometer measurements (e.g. Remer et al., 2008; Levy ghe Sahara. Nevertheless, the specific database has not been
al., 2010). used in the present study mainly for two reasons: (i) because

Recently, the Collection 005 (C005) MODIS aerosol datait has not been validated enough yet (e.g. against AERONET)
were released, derived from a significantly improved re-and also (ii) in order to be consistent with our previous study,
trieval algorithm, being in better agreement with surface-dealing with the identification of aerosol episodes (Gkikas et
based AERONET measurements (Levy et al., 2007; Remeg|., 2009), in which MODIS C005 data were used.
et al., 2008). The accuracy of algorithm for MODIS Collec-
tion 005 AOD is+0.05+0.15x AOD over land (Levy et 2.2 Earth Probe-OMI aerosol index data
al., 2010) andt0.03+ 0.05x AOD over ocean (Remer etal.,
2002). The improvement of MODIS C005 was also seen overAbsorption aerosol index (Al) data were taken from the
the Mediterranean Basin (Papadimas et al., 2009), where thEarth Probe (based on the Total Ozone Mapping Spectrome-
bias of C004 AOD values (equal to 0.06 with respect toter, TOMS) for the period 2000—2004 and OMI-Aura (based
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on Ozone Monitoring Instrument (OMI) measurements since2.3 Surface PM data
2005) from NASA's satellite databasdtpf//toms.gsfc.nasa.
gov/), together covering the 7yr period 2000-2007. They PMjo data from 21 regional background and suburban back-
both follow up TOMS data, based on TOMS measurementground sites were used in this study. These monitoring sites
on board Nimbus-7 (1978-1993), Meteor-3 (1991-1994)(see Fig. 1) are located from the west to east in the Mediter-
and Adeos (1996-1997) satellites. All together provide theranean as follows: 16 cover the entire Iberian Peninsula and
longest available global aerosol record over land and oceanghe Balearic Islands; 3 are in Italy, one being close to Rome,
starting with TOMS from 11 January 1978 and continuing another in Sardinia and another one in Sicily; 1 is found in
with the deployment of the EOS-Aura OMI in 15 July 2004 Crete; and 1 is in Cyprus. P concentrations were ob-
(Torres et al., 2007). This aerosol record is obtained at neartained in most cases from gravimetric determinations on fil-
UV spectral wavelengths, where the albedo of land surfacesers, whereas in few cases they were determined by real-
(including arid and semi-arid areas) is very low, thus makingtime instruments (Querol et al., 2009; Pey et al., 2013).
retrievals of AOD possible, especially for absorbing aerosols All the data used in this study were obtained from public
Al with an uncertainty ot:0.1 (Torres et al., 2007) is the European databases: AirBadait)p://acm.eionet.europa.eu/
primary TOMS aerosol product (Herman et al., 1997), pro-databases/airba3eEMEP (vww.emep.intf and EUSAAR
vided on a daily basis, and it is a qualitative parameter associthttp://www.eusaar.nét/
ated with the presence of UV-absorbing aerosols (e.g. desert
dust). The near-UV aerosol retrieval method (full description2.4 AERONET data
provided by Torres et al., 1998, 2002) has been applied to
observations by TOMS sensor on board the Earth Probe (EPJhe aerosol columnar properties used in this work have been
platform (1996 to 2001). In version 2 of TOMS Al data, the obtained from sun-photometric observations performed by
TOMS algorithm, using observations at 331 and 360 nm, hagshe CIMEL sun-sky radiometer. The instruments are part of
been modified to make it consistent with the inversion proce-the AERONET (Holben et al., 1998) global network of sta-
dure used by the Ozone Monitoring Instrument (OMI) sen-tions (ttp://aeronet.gsfc.nasa.goMore specifically, data
sor (TOMS version 8.5 algorithm), which was launched onare used from nine AERONET stations found within the
board the EOS-Aura satellite (01:38 equator crossing timelimits of the study region (Fig. 1). Note that the general
ascending mode), and its 2600 km viewing swath width pro-availability of AERONET stations is higher than the sta-
vides almost daily global coverage. The basic algorithm fortions considered in our analysis. However, we have selected
OMI uses two wavelengths (317.5 and 331.2 nm under mosand used only stations that satisfied specific criteria on data
conditions, and 331.2 and 360 nm for high ozone and highavailability. More specifically, (i) their period of measure-
solar zenith angle conditions). The OMI Al data are calcu- ments should overlap with ours (2000-2007), (ii) their lo-
lated from radiance residuals at 360 nm. Al is very nearly cation must fall within the area with available satellite data,
proportional to the aerosol absorption optical depth at 360 nnfiii) they should have data on days with identified desert dust
(Stammes and Noordhoek, 2002). However, the proportion{DD) episodes with our algorithm and (iv) they have data
ality constant varies with the altitude (of the centre of mass)with high accuracy.
of the aerosol layer — the lower the altitude, the smaller the The CIMEL data used in this study are level 2.0 and pro-
constant. Most aerosols have stronger absorption in the UWide information about the columnar AOD and aerosol size
than in the visible, including mineral dust from deserts anddistribution. AOD data from the sun photometers have been
carbonaceous aerosols containing organic and black carborderived using the direct sun-measuring mode, while the size
The mean daily Al data used in the present study are alistribution is calculated based on sky radiance measure-
combination of Al values from the Earth Probe and OMI- ments on specific angles along the almucantar and principle
Aura satellites, mostly covering different time periods. Theresolar plane. The channel wavelength configuration is instru-
is no problem of consistency of Al data from Earth Probe ment version dependent, but for the above measurements, fil-
and OMI-Aura since Li et al. (2009) showed that mean an-ters at 440, 675, 870 and 1020 nm wavelengths were always
nual cycles in the two data sets agree very well both glob-present.
ally and regionally. Since Earth Probe raw data are given at The AERONET technical specifications and the uncertain-
1° x 1.25 spatial resolution, they have been re-gridded toties of the CIMEL instrument are given in detail in Holben et
1° x 1° resolution, on the basis of surface-weighted averagesl. (1998). More specifically, the total uncertainty of the AOD
of neighbouring grid cells, in order to match that of the otheris influenced by various factors (instrumental, calibration-
satellite databases (OMI, MODIS). It should be noted thatrelated, atmospheric and methodological). The AERONET
Al values from OMI-Aura have been adjusted down by one instrument uncertainty for AOD is £0.01 for wavelengths
half n value for consistency with the TOMS data recditg:(  higher than 440 nm, and%«0.02 for UV wavelengths (Eck et
/ltoms.gsfc.nasa.gov/pub/omi/data/aerosol/IREADME.txt  al., 1999), or about 10 % for a nominal aerosol optical depth
of 0.1. The uncertainty of the sky radiance data and result-
ing size distributions are determined based on the calibration
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Mean value (AODoam) exponent ¢), (b) aerosol index (Al), (c) fine fraction
Stibildlvibin () (FF) and (d) effective radiusds, only over sea). The
I | 1 aerosol characterization algorithm is slightly different
Mean+2*$td < AODsgypy, < Meant+4Std AOD.5,,> Meant4*Std over land and sea since daily values wof FF and

Strong episodes Extreme episodes reff are derived by MODIS algorithms separately over
| | land and sea. It should be noted that the algorithm is
y— \ operational only when all of the above satellite data
gstrom exponent (@) . .
Acrosol Index (AI) are available. When not, then the algorithm does not
Fine Fraction (FF H : H
e produce results, which is often the case in northern

Africa’s bright surfaces.

A key issue is the selection of appropriate thresholds (cut-off
levels) for each one of the algorithm aerosol optical proper-
ties. These thresholds have been defined in the present study
based on self-performed sensitivity tests, taking into account
literature results on aerosol characterization, which are sum-

Fig. 2. Flowchart of the developed methodology and algorithm for marized — forx, FF, Al andret — In the following few para-
the identification and characterization of desert dust (DD) aerosographs' It ?hOl_J'd be noted that either one qf thosc_a parameters
episodes in the Mediterranean Basin. or a combination of them has been used in the literature for

the identification of dust episodes.

uncertainty that is assumedt< % for all four wavelength ~ 2-2-1 Angstrém exponent )

channels (Holben etal., 1998). Information on the Angstrém exponent is useful for sepa-

2.5 Methodology rating aerosol particles between fine-mode and coarse-mode
ones. The thresholds far values are different among var-

The procedure used to identify and characterize the intens#Uus studies and regions. Thus, for example, the value of 1
DD episodes in the Mediterranean Basin is depicted in thevas used for classifying aerosols into fieex(1) and coarse
flowchart of Fig. 2. It consists of the following steps: (e <1)ones (Ecketal., 1999; Holben et al., 2001). Takemura
et al. (2002) found that values are less than 0.4 for Saharan
i. First step: mean and associated standard deviatiolust (coarse) particles over the subtropical Atlantic. Dubovik
(STDV) AODssonmVvalues are first computed, for each et al. (2002), using AERONET data, computed 0.9 in the
1° x 1° geographical cell, from time series of the case of mineral dust particles.
pixel'’s AOD values over the entire study period. More specifically, as far as the Mediterranean Basin is
concerned, Fotiadi et al. (2006) reported that desert aerosols
ii. Second step: threshold AOD levels are then defined folover Crete (eastern Mediterranean Basin) are characterized
each geographical cell, separately for strong (Meéan by a449_g70values smaller than < 0.5, whikstvalues smaller
2STDV < AODss0nm< Mean+ 4STDV) and extreme  than 0.6 were reported by Bryant et al. (2006) for dust parti-
(AODs50nm> Mean+ 4STDV) aerosol episodes. This  cles at Finokalia station (again in Crete) during summer. Pace
step, as well as the previous one, aims at the deteret al. (2006) reported that at Lampedusa (central Mediter-
mination/identification of not only DD but in gen- ranean), air masses arriving from the Sahara resulted in
eral aerosol episodes based on their loads (by meangalues equal to 0.42. Moreover, during Saharan dust out-
of AOD), and are described in detail by Gkikas et preaks, Tafuro et al. (2006) computed a measb_g7o value
al. (2009), who applied them for identifying aerosol equal to 0.2t 0.1 for five different AERONET sites in cen-
episodes over the Mediterranean Basin. Also, it musttral Mediterranean, whereas Toledano et al. (2009) reported
be mentioned that as the thresholds have been definedhat dusty conditions were characterized dy 0.4 during
the aerosol episodes in the present study are charaghe SAMUMZ2006 campaign in Ouarzazate (Morocco).
terized by especially high intensities, which probably
can lead to differences with other similar works where 2.5.2 Mean effective radius £¢s) and fine fraction (FF)

episodes of lower intensities are considered. _ _ _ _
The mean effective radius and fine-mode fraction (of aerosol

iii. Third step: this is the key step and consists in the dis-optical depth or volume size distribution) are also used in the
crimination and characterization of Mediterranean DD literature as another criterion for discriminating between fine
episodes among all aerosol episodes identified in theand coarse aerosols. Tanré et al. (2001) used the threshold
previous step. To this aim, the following properties valueresf = 0.6 to discriminate accumulation-mode aerosols
other than AOD aerosol optical are used: (a) Angstrdmfrom the coarse mode ones and found that at three different
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locations affected by desert dust aeroselg, values were  sea and not land areas because MORSvalues are avail-
equal to 2.19:0.12 (Banizoumbou), 2.150.10 (Sal Is- able only there. Given the availability of slightly different
land) and 3.010.24 (Sede Boker). A similar discrimina- values in the literature, questions may arise concerning the
tion of dust aerosols was also made by Jones and Christcselection of the specific thresholds. To address the sensitiv-
pher (2007) over ocean areas based on a synergistic usty of the algorithm to individual size parameters ¢F and

of satellite observations and GOCART (Goddard Chemistryreff), several sensitivity tests have been performed changing
Transport Model) model, concluding that mean values of FFthe associated thresholds. The results show that modifica-
andref for desert dust particles were equal to 0#48.05  tions up to 5% are found except for FF, for which, only for
and 0.68, respectively. strong DD episodes over sea, changes can be larger.

2.5.3 Aerosol index (Al)

A useful and widely used parameter in aerosol studies is thé3 Evaluation of the algorithm

aerosol index (Al), which is a good and probably the only
currently available indicator of aerosol absorptivity. There-
fore, it is essential for distinguishing between the two most
common types of coarse aerosols, namely dust and sea s

and determining dust source areas over the globe (Middle
ton and Goudie, 2001; Prospero et al., 2002; Barkan et al.

The developed satellite-based algorithm for the determina-
tion of DD episodes in the Mediterranean Basin has been
valuated through comparison of its outputs, i.e. the iden-
Ffied strong and extreme DD episodes, with surface data
for aerosol physical and optical properties, which are com-

i . . monly considered as more reliable. In a first step, the al-
2004; Washington et al., 2003). Theoretically (Herman et al"gorithm’s outputs are compared against surface measure-

1997; Torres et al., 1998) negative values of Al indicate the ents of PMo for 21 stations located across the Mediter-

presence of non-absorpipg aerosols (e.g. sulfate or sea S?ﬂinean Basin (Fig. 1, yellow). For each station, we have se-
partlcle_s), whereas positive Al values (mostly > 1) indicate lected/used the satellite measurements for the pixels where
absorbing aerosals (dust or smoke). stations are found, for cases (days) identified as strong or ex-
treme DD episodes with the algorithm, yielding a number
of 333 DD episodes in total. Of course, because of the dif-
Apart from independently using thresholds for each oneferent nature of surface PM and satellite measurements, dif-

aerosol parameter to distinguish between different aerosdiiculties arise when attempting comparisons between them.
types, a combination of more than one can lead to more sattlowever, some useful results can be obtained under specific
isfactory results. To this aim, several scientists have usedonditions, as we explain below, which support the satellite
combined data of aerosol optical properties such as AODProducts. In a second step, a similar analysis was performed,
« and FF. Barnaba and Gobbi (2004) used 1yr level obut comparing MODIS-Terra aerosol properties against data
MODIS-Terra data to study the intra-annual variability of from 9 AERONET stations across the Mediterranean Basin
specific aerosol types (maritime, continental, dust) over the(Fig. 1, red) for 58 DD episodes.

Mediterranean Basin. To this end, they applied a specific )

“aerosol mask” to identify desert dust aerosols (FF <0.7 and8-1 Particulate matter (PM) measurements

AODss50nm> 0.3). Kalivitis et al. (2007) identified the pres- o ) o

ence of desert dust particles over Crete by combininggM Figure 3i displays the computed correlation coefficigiits
satellite (TOMS) and AERONET data, and reported thatP&tween surface Pid concentrations (ug cn?) and satel-
they occur whenever AOonm> 0.2 and aa4o_g70< 0.6. lite A_QDs (unitless) at _550 nm, under_ desert dusF eplsod_es
Toledano et al. (2007) also detected dust based on routine 6 onditions, for 21 Mediterranean stations. The size of cir-
(2000-2005) aerosol measurements at El Arenosillo statioff/€S: increasing witfR, indicates how well these two mea-

(Huelva, Spain) by setting thresholds for AQfgnm(>0.25) ~ Surements are correlated, while colours are indicative of data
anda440’_870 (<0.8). availability (red/blue for more/less than 10 episodes). The re-

sults show that in most location®, values are lower than
2.5.5 Present algorithm 0.4 (poorest correlation, not statistically significant, in Mon-

agrega, NE Spain), while in six statio®svalues are larger
The available information from the literature has been takenthan 0.5. The best correlation, statistically significant at 95 %
into account in our algorithm, and appropriate thresholdsconfidence level, is found at the Sicil\R & 0.90), Crete
have been defined for each one of the four aerosol paramR = 0.75) and Cyprus R = 0.89) stations, opposite to the
eters &, Al, FF, andrefr) used to identify Mediterranean DD Iberian Peninsula, wher®& values are consistently lower.
aerosol episodes. These thresholds are outlined in Fig. 2. The scatterplot comparisons between ground PM and satel-

According to our algorithm, desert dust episodes are ideniite AOD measurements for the selected 333 DD episodes,

tified whenao <0.7, Al>1, FF<0.4 andre >0.6um. It  obtained separately on a seasonal basis, are depicted in
should be noted thats is used in the algorithm only above Fig. 3ii—v. The overall comparison is relatively satisfactory

2.5.4 Combination ofe, rer, FF and Al

Atmos. Chem. Phys., 13, 121332154 2013 www.atmos-chem-phys.net/13/12135/2013/



A. Gkikas et al.: The regime of intense desert dust episodes in the Mediterranean 12141

. @@ R>05
® @ 0.4<R<0.5

® @ 0.3<R<0.4

or

® ® 0.2<R<0.3

B

® o (0.1<R<0.2

i + R<O.1
)
R=0.69 R=0.74
1400 - ] N el 1400 - » N - os
1200 1200
1000 1000
“e 800 “e 800
> =g >
< 600 2 600
ES Lol ES-’ //
400 400
o o
// //
200 J= 200 ;
ol 2t 1 g - ]
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
AOD,  (MODIS-Terra) (ii) AOD_  (MODIS-Terra) (iii)
1400 - R =0.09 1400 - R=0.81
N =189 N =35
1200 1200
1000 1000
“e 800 “E 800
) =)
2 600 < 600
= 400 = 400
200 Lo 200 ——
der L : P S IS B ey e
. |° S o
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
AOD,  (MODIS-Terra) (iv) AOD,  (MODIS-Terra) )

Fig. 3. (i) Computed correlation coefficients between surfacg fPébncentrations and AODs, during desert dust episodes and for various

stations in the Mediterranean Basin. Red and blue circles represent stations where the selected DD episodes are greater than/equal to and le

than 10, respectively. Similar scatterplots, for all stations, between surfagg &vicentrations and AODs during desert episodes are also
given for(ii) winter, (i) spring,(iv) summer andv) autumn.

taking into account the different nature of compared data, i.ein autumn & = 0.81, 35 DD episodes). It must be mentioned
surface PM measurements against columnar satellite AODRhat these three correlation coefficients are statistically sig-
products. The computed overall value for the 333 DD nificant at 95 % confidence level. Therefore, it appears that if
Mediterranean episodes is equal to 0.64 (statistically signifi.we exclude summer, the correlation between surface PM and
cant at 95 % confidence level), while it seems that PM valuessatellite AOD products is very good, witk>0.7. However,

are biased low with respect to AOD ones. Nevertheless, mor¢he overallR value drops below 0.7 (0.64) because the major
information is obtained on a seasonal basis. More specifipercentage of examined DD episodes (189 out of 333) occurs
cally, the correlation in winter and spring is good, wigh  in summer, when the computed correlation coefficient is very
values equal to 0.69 in winter (14 DD episodes) and 0.74 inpoor (R = 0.09) and not statistically significant. The smallest
spring (95 DD episodes), while the correlation is even bettersummerR values in Fig. 3iv are essentially in line with the
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low R values over the Iberian Peninsula stations in Fig. 3i,3.2 AERONET measurements

since dust transport in the western parts of the Mediterranean _
Basin is mainly observed in summer (e.g. Moulin et al., 1998;By their nature, AERONET data share more common char-

Antoine and Nobileau, 2006; Toledano et al., 2007; Papadiacteristics with MODIS satellite ones than PM measurements
mas et al., 2008; Querol et al., 2009; Pey et al., 2013). since they are both columnar AOD products based on remote

Despite the relatively good performance of our algorithm, Sensing from ground and space, respectively. A total num-
in terms of comparison with surface PM products, differ- ber of 58 identified DD episodes have been examined in this
ences are found, especially in summer. The amplified differ-case. Given that for the examined AERONET stations the

ences in summertime can be explained by the differences igvailable AOD values are mostly reported at 440 nm in or-
vertical extension between the two types of products givender to match the MODIS wavelength (550 nm), we derived
that dust transport in this season mainly occurs in the freeAERONET AODs at 550 nm from original values at 440 nm
troposphere. Such dust events can be detected by satellignd the Angstrom exponent between the wavelengths 440
observations but not by surface in situ measurements, lik@nd 870 nm. The overall scatterplot comparison is shown in
for PM. The vertical extension of dust loads in the Mediter- Fig. 4i, revealing a relatively good agreemeRt= 0.65, sta-
ranean Basin has been the subject of several studies (e.§stically significant at 95% confidence level) between our
Hamonou et al., 1999; Berthier et al., 2006; Mona et al.,algorithm and AERONET in the case of dust events. Again,
2006; Di lorio et al., 2009; Papayannis et al., 2009; Sicard efMODIS AODs seem to be overestimated (bia8.22), espe-
al., 2011) at different locations in the Mediterranean Basin,cially for low AODs (smaller than 0.4), while the situation is
mainly based on lidar observations. All these lidar-basedmproved for stronger dust episodes (higher than 0.8).
studies have documented that transported desert dust parti- The validity of the algorithm products was checked in an-
cles are more widely vertically extended in summer months other way by examining the aerosol volume size distributions
which is meaningful due to stronger convection. Under suchfor the 58 DD episodes. To this aim, and also to highlight
conditions, particulate matter can be lifted from the surface the difference made under episode conditions, data of vol-
thus restricting the ability of ground PM measurements toume size distribution were taken from AERONET and sub-
record DD episodes and leading to poor correlation betweegequently have been averaged both for all observations (blue)
PM and satellite measurements, with the former being bi-and for only the 58 DD episodes (red) for the 9 Mediter-
ased low. In addition, Kalivitis et al. (2007), using trajec- ranean stations. The results (Fig. 4ii) make that evident that
tory analyses, found that both free-tropospheric and boundtinder DD episodes in the Mediterranean, the aerosol coarse
ary layer transport of dust (dust observed only at 3000 andnode is strongly increased — by a factor-e.0, with a vol-
1000 m, respectively) in the eastern Mediterranean becomg&me distribution peak at 2.24 um — due to the predominance
maximum in summer, which also prevents surface PM mean coarse dust particles. The Mediterranean DD episodes’
surements from recording DD episodesl Fina”y' CALIOP aerosol volume size distribution (red Curve) is still bimodal,
data for the period 2007—2011 (V. Amiridis, personal com- With a further decreased fine mode compared to the overall
munication, 2013) show that dust scale height, i.e. the heigh€listribution (all observations, blue curve).
above ground where 63 % of the columnar dust load is con-
tained, has values up to 3 km in summer, being clearly higher4 Desert dust episodes regime
(by 1-2 km) than in other seasons. On the other hand, how-
ever, it §hou|d be also noted that satellite AOD values can bg, | Geographical patterns
overestimated due to the presence of clouds (cloud contam-
ination) especially under total cloud cover larger than 80%4.1.1 Frequency of occurrence
(Zhang et al., 2005; Remer et al., 2008). In order to inves-
tigate this we have re-computed the correlation coefficientfThe averaged (2000—-2007) geographical distributions of the
between ground (PM) and satellite (MODIS) AOD values frequency of occurrence (episodesiy of strong and ex-
excluding points corresponding to cloud fraction larger thantreme DD episodes in the Mediterranean Basin are presented
80 % (results not shown here). As a result healue dras- in Fig. 5i and ii, respectively. It is evident that there is
tically increased from 0.64 to 0.82 (statistically significant). a dominant south—north decreasing gradient, along with a
Finally, a third factor which can affect the quality of our re- smaller west—east gradient. Thus, strong DD episodes occur
sults is that sometimes (e.g. in Fontechiarri, Rome) the commore frequently in the western parts of the Mediterranean
mon pairs of ground—satellite measurements is small and thél1.4 episodes yi* over the northwestern coasts of Africa),
computed correlation coefficients for those stations (Fig. 3i)dropping to less than 3.5 episodesyiin the eastern part
is not necessarily representative. of the basin. On the other hand, extreme DD episodes
are mostly observed in the central Mediterranean (up to
3.9 episodes yrt in Gulf of Sidra), whereas their maximum
frequencies are systematically observed over sea surfaces,
opposite to strong episodes mostly occurring over land. Of
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Fig. 4. (i) Scatterplot between AERONET and MODIS-Terra AODs ©!S correspond to cases with missing data.
at 550 nm under desert dust episode conditiong@ndverage vol-
ume size distribution for all observations (blue curve) and desert
dust episode. cgnditions (red curve). The error bars represent thgg explained by the different nature of data used and to the
standard deviation values. different applied methodologies. According to our results,
continental central European areas exhibit low frequencies
(<1 episode yr?) indicating that desert dust can impact re-
course it should be kept in mind that the land areas of northmote areas, which can be even more distant based on the liter-
Africa, where episodes occur presumably very often, areature (Ansmann et al., 2003; Borbely-Kiss et al., 2004; Klein
not considered in our analysis. The south—north gradient hast al., 2010).
been also observed from a ground-based monitoring perspec- The seasonal (DJF for winter, MAM for spring, JJA for
tive (Querol et al., 2009; Pey et al., 2013). However, Peysummer and SON for autumn) maps of DD episodes fre-
et al. (2013) reported a slight east—west decreasing gradiemuency indicate that there is a longitudinal shift of the ac-
and even higher frequencies of dust events compared to oursiyity of both strong and extreme DD events (Figs. 6i and ii,
which can be both attributed to the use of surface PM mearespectively). Thus, during autumn, strong DD episodes oc-
surements in that study and also to the different definitionscur more frequently over the central Mediterranean Sea (but
of dust events with our study. with relatively low frequencies of 1.9 episodes season
The predominant south—north increasing gradient of DDwhile in spring and winter they occur more often in
episodes frequency is reasonable since itis known (e.g. Monthe eastern Mediterranean with higher frequencies (up
et al., 2006; Israelevich et al., 2012) that Mediterranean reto 3.9 episodes seasof). On the other hand, the highest
gions in the vicinity primarily of the Sahara and secondarily frequencies of strong DD episodes are observed in summer
of Middle East deserts are frequently affected by the trans{8.1 episodes seasol and take place in the western parts of
port of desert particles. Our frequencies when compared tdhe basin. The longitudinal shift of DD episodes throughout
those of the literature for specific locations throughout thethe year is associated with the prevailing cyclonic (cold win-
study region may be found somewhat smaller, but this carter and spring Sharav cyclones) and anticyclonic (Azores
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anticyclone) systems transporting dust from the Sahara into

the basin (Alpert et al., 1990; Moulin et al., 1998; Barkan (1)
et al., 2005). As for extreme DD episodes, during winter,
maximum frequencies are found over the eastern Mediter- g
ranean (0.9 episodes seasdy during spring over the cen- 45°N ; =
tral Mediterranean Sea (2.4 episodes seaspand during . 3 S =

{

summer and autumn over the western parts of the basin (2

and 0.7 episodes seasdnrespectively). N

4.1.2 Intensity a0 I
10w sw 00 SEIEISE20E2S E3VESS E
The intensity of strong and extreme DD episodes (Fig. 7i
and ii) in terms of AORsonmexhibits more different spatial ‘ : :
patterns than their frequency. The highest intensities appea - ‘ : ‘ _
off the African coasts of the central (strong DD episodes)
and eastern (extreme DD episodes) Mediterranean Basin. I
should be noted that spatial patterns of the intensity of DD
episodes closely resemble those of overall aerosol episode
as they were shown by Gkikas et al. (2009). This proves that
DDs dominate aerosol episodes in the Mediterranean Basir
in terms of their intensity. Strong and extreme DD episodes
are characterized by AOD values of up to 1.5 and 4.1, respec-
tively, being in general more intense over sea than land sur-
faces. It should be kept in mind, however, that this is because
northern African regions (where AOD values are even greater — 2c”n W
than over adjacent coasts) are mostly not covered by our Wwow 00 SEWEINENEBEIENE
results because of the limited availability of CO05 MODIS
data and also the applied 50 % data availability criterion (see
Gkikas et al., 2009). On a seasonal basis, the geographica
distributions of DD intensity (not shown here) do not reveal
significant differences from the mean annual ones, opposite . _ N . N
to what happens with frequency. As expected, our resultézlg' 7. Geographlcal dISlrIbu.l.IOI']S of the |nten§|ty, in terms of
demonstrate a pronounced decreasing south-north gradieqjo 2 ss0n f () strong and(i) extreme DD episodes over the
P . g- T 9 BFoader Mediterranean Basin for the period 2000-2007.
for both strong and extreme episodes, highlighting the deter-
mining role of African dust for AOD levels over the Mediter-
ranean Basin, especially in the case of dust outbreaks. The
lack of similarity between the spatio-temporal patterns of in-
tensity and frequency of Mediterranean DD episodes can b8asin (up to 1.5 days in eastern Mediterranean) and maxi-
explained by the different nature of these two parameters. Imum duration in the southern Levantine Sea. Long extreme
is also different because of the different factors that deterDD episodes are also found in the eastern parts of the At-
mine these two quantities and the spatial extent of their acfantic Ocean.
tion. For example, the patterns of frequency of DD episodes Averaged duration results over 2000-2007 presented in
can be generally regulated by the distribution patterns ofFig. 8 mask specific, considerably longer, individual DD
pressure systems, while their intensity is mostly related toepisodes (more for strong than extreme episodes). Thus, dur-

0 0z 0.4 06 U] 1 1.2 1.4

45" N
407 N EY

35 N

individual strong pressure systems. ing the study period, three strong dust episodes (in Morocco,
July 2003) lasted up to six days, while a single extreme
4.1.3 Duration DD episode lasted four days and took place between 2 and

5 April 2000 in the sea region between Cyprus and Turkey
The computed mean duration (in days) of strong and ex{Kubilay et al., 2003). More than 85 % of all identified DD
treme DD episodes in the Mediterranean Basin is presentedpisodes in the broader Mediterranean Basin last about one
in Fig. 8i and ii, respectively. The strong DD episodes lastday, yielding a regional mean duration equal to 1.12 days
slightly longer in the western part (up to 1.4 days) than infor strong DD episodes over continental, and 1.08 days for
other parts of the basin, with maximum duration over Mo- extreme DD episodes over maritime areas. The computed
rocco. The extreme episodes are characterized by a reverskiration of DD episodes in this study may seem somewhat
gradient, with longer episodes in the eastern Mediterraneashort, but duration here is given on the timescale of 1 day,
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. are separately computed over continental (land) and maritime
(l) (sea) areas of the basin as well as for its western, central and
eastern sections.

Continental areas

Over continental areas of the Mediterranean, strong DD
episodes occur more frequently in summer (51.4%). This
is actually observed in the western (67.3%) and central
(51.5%) sections of the basin, but not in the eastern one,
where maximum frequency occurs in spring (71 %). Strong
Mediterranean DD episodes take place secondarily in spring,
with percentages of 25.5-40.4 %, except for the eastern basin
(summer secondary maximum). The seasonal regime of DD
episodes is more different for extreme than strong ones.
Thus, extreme episodes occur more frequently in spring, both
(11) in central (60.4 %) and eastern (87.7 %) parts of the basin, as

well as in the entire basin (61.1 %), while in the western basin
they are more frequently observed in summer (54.2 %).

WwWsw 00 SEINEISE2EZS E3TE3E

Maritime areas

Over maritime areas of the Mediterranean Basin the season-
ality of DD episodes shows a slightly more different be-
haviour than over continental regions. Thus, for the entire
basin, the maximum frequencies of occurrence are recorded
in spring, both for strong (43.4%) and extreme (57.2 %)
episodes, opposite to more frequent continental episodes in
B summer. This specific seasonality, i.e. spring maxima both
12125 13 135 14 145 15 for strong and extreme episodes, is observed for the central
(46.8 % strong DD, 63.8 % extreme DD) and eastern (61.9 %
Fig. 8. Geographical distributions of the duration (in days)f ~ Strong DD, 67.4 % extreme DD) parts of the Mediterranean
strong andji) extreme DD episodes over the broader MediterraneanS€a, While only in its western parts do DD episodes occur
Basin for the period 2000-2007. more frequently in summer (49.5 and 42.2 % for strong and
extreme, respectively). Not only the geographical, but also
the temporal variation of Mediterranean DD aerosol episodes
which implies that half a day corresponds to 12 h (and a decis possible to be studied, for the entire region and specific

Wws'w 00 SEIEISENEINSENEINE

imal point to about 2.5 h, which is meaningful). sub-regions, thanks to the allowed satisfactory spatial cover-
age by the satellite data used in the present work. In addition,
4.2 Temporal variability another factor that probably explains the low frequencies in

winter could be observational difficulties for satellites caused
Given the allowed satisfactory spatial coverage by the satelby extended cloud coverage.

lite data used in the present work it is possible to study

not only the geographical but also the temporal variation ofOther studies

Mediterranean DD aerosol episodes, for both the entire re-

gion and specific sub-regions. Thus, the intra-annual (seaOur findings cannot be easily compared to other observa-
sonal) and inter-annual variations of strong and extreme DD¥ional ones since they are the first with a complete spa-
episodes have been studied for the broader Mediterranediif! coverage for the studied period, namely subsequent to
Basin, as well as also separately for its western, central and000, opposite to existing studies performed either for spe-

eastern parts, and for land and sea surfaces. cific locations (Toledano et al., 2007; Meloni et al., 2007)
or previous periods (Moulin et al., 1998). The seasonal spa-
4.2.1 Seasonal variability tial characteristics of dust transport in the broader Mediter-

ranean Basin has been studied by a few more researchers
The seasonal frequencies of occurrence (relative percenising satellite data but over short periods (e.g. Barnaba
terms) of strong and extreme DD episodes are given in Taand Gobbi, 2004) or different periods to ours (Antoine and
ble 1. Apart from the whole Mediterranean Basin, resultsNobileau, 2006) or indirectly, i.e. through total AOD and
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Table 1. Seasonal frequency of occurrence (in percent values of annual occurrences) of strong and extreme DD aerosol episodes over lanc
and sea surfaces of the entire Mediterranean basin, and over western, central and eastern Mediterranean, during the period 2000-2007. Tt
total annual number of DD episodes is also given in each case. Maximum frequencies are indicated with bold numbers and the second larges
frequencies with italic numbers.

LAND

Mediterranean W. Mediterranean C. Mediterranean E. Mediterranean

strong  extreme strong extreme strong  extreme strong  extreme

Winter 1.6% 1.5% 1% 1.2% 0.4% 1.5% 3.3% 2%

Spring 404% 61.1% 255% 37.4% 38.4% 60.4% 71% 87.7%

Summer 514% 309% 67.3% 54.2% 515% 31.4% 19% 4.6%

Autumn 6.6 % 6.5% 6.2% 7.2% 9.7% 6.7 % 6.7% 5.7%

Total number 5702 1491 3446 685 534 194 1722 612
SEA

Mediterranean W. Mediterranean C. Mediterranean E. Mediterranean

strong extreme  strong extreme  strong extreme  strong extreme

Winter 9.1% 13.3% 4.1% 6.3% 6.2% 8.4% 206% 26.3%
Spring 43.4% 572% 27% 37.3% 468% 63.8% 61.9% 67.4%
Summer 29% 184% 495% 422% 247% 145% 6% 0.9%
Autumn 185% 11.1% 194% 142% 223% 13.3% 11.5% 54%
Total number 4886 2966 1794 867 1852 1184 1240 915

size parameters distributions (e.g. Papadimas et al., 2008)requency of occurrence of DD episodes
Moreover, this was also attempted based on model simula-
tions (e.g. Basart et al., 2012). In summary, the findings of
the aforementioned studies are in agreement with our result§he Mediterranean DD episodes depict a seasonal cycle with
as to the previously discussed seasonal variability of dust ifnaximum frequencies, as already noted in Sect. 4.2.1, dur-
the Mediterranean. ing the dry period of the year (spring—summer) and minimum
appearances in the wet period (autumn—winter). The spring
maxima are usually observed in April, whereas summer ones
in July. The relative strength of maximum spring/summer
4.2.2 Inter-annual variability frequencies is different when examined for different subre-
gions, e.g. western/central/eastern basins, or for strong and
extreme DD episodes, separately. Thus, subregional results
Previous studies (e.g. Papadimas et al., 2008; Hatzianasta@ot shown here) indicate that summer maxima are primary
siou et al., 2009; Yoon et al., 2011) have shown that there is @ the western Mediterranean Basin, whereas in the central
significant year-to-year variability of aerosol loadings in the and especially in the eastern Mediterranean, the spring max-
Mediterranean Basin. Moreover, Gkikas et al. (2009) haveima become primary, in agreement with the findings of Ta-
shown that such a significant inter-annual variability, in termsble 1. Also, the two maxima are about equivalent for strong
of frequency and intensity, also exists for maximum aerosolDD episodes, while the spring maxima clearly become pri-
loadings, i.e. aerosol episodes. mary in the case of extreme episodes. Differences in fre-
More specifically, we attempted here to examine thequencies are also encountered between strong and extreme
inter-annual variability of dust episodes (outbreaks) in theepisodes, as well as between land and sea Mediterranean ar-
Mediterranean Basin. The aim is to quantify this variabil- eas. More specifically, frequencies of strong episodes reach
ity in terms of frequency of occurrence and intensity of values up to about 1.2 episodes pixelwhereas those of ex-
DD episodes, which are both very important in many as-treme episodes hardly exceed 1.0 episode pixehnd are
pects. Computations are performed separately over Mediterigher over sea than land areas. There is a significant year-
ranean land and sea areas and for strong and extreme Di-year variability of frequencies of DD episodes, especially
episodes. The frequency is normalized to be expressed iover land, with an absolute maximum of 1.2 episodes pixel
number of events per unit area®(t 1° latitude—longitude for strong episodes in July of 2003 (similar high frequen-
or about 100 kmx 100 km), while the intensity is expressed cies were also observed in July 2002 and April 2000). A
in terms of AOBys0nm more distinct absolute maximum frequency of extreme DD
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episodes (again, 1.2 episodes pi¥@lis found over land an objective and dynamic algorithm has been set up which
in April 2000, but high frequencies are also observed inidentified the DD episodes that occurred over the period
April 2003. Therefore, according to our results, years 20002000-2007. As input data, the algorithm uses daily aerosol
(April) and 2003 (July) seem to have been marked by theoptical properties provided af k 1° spatial resolution, de-
most frequent DD episodes over Mediterranean land artived from MODIS, Earth Probe and OMI satellite measure-
eas. More specifically, according to the reproduced AODments, for the following parameters: aerosol index (Al), fine
maps with the Giovanni toolh¢tp://disc.sci.gsfc.nasa.gov/ fraction (FF), Angstrém exponentrf and effective radius
giovanni/overview/index.htmy| for each day of April 2000 (ref, Over sea only). The identified DD episodes were classi-
and July 2003, a significant portion of the eastern Mediter-fied into strong and extreme ones, based on their intensity, by
ranean Basin in April 2000, as well as the western Mediter-means of aerosol optical depth (AOD). The algorithm deter-
ranean in July 2003, is characterized by AOD values highemined the main characteristics of DD episodes, nhamely their
than 0.5. frequency, intensity and duration, at various spatial (from
The applied linear regression fit to time series of Fig. 9 pixel level to regional mean) and temporal (from daily to 7 yr
(blue lines) indicates that strong and extreme DD episodesneans) scales.
occurred in the Mediterranean Basin over the period of 2000— First, the performance of the algorithm has been tested
2007 with decreasing frequencies (statistically significant atagainst quality surface measurements. This was done for
95 % confidence level) over land surfaces. However, no sta333 pixel-level DD episodes collocated with selected sta-
tistically significant trends are found over Mediterranean Seaions found within the study region. An initial evaluation was
areas. The tendencies of frequencies of strong and extremgerformed using daily PM concentration data from 21 sta-
DD episodes have been also checked using anomalies insteéidns across the Mediterranean Basin. The results revealed a
of absolute frequency values, and the results, i.e. decreasingery good agreement between ground and satellite measure-
frequencies (see Supplement Fig. S4), remain the same. Thiments for central and eastern Mediterranean stations (corre-
is also valid when using annual frequencies (again not showiation coefficient R) values up to 0.91) against low&rval-
here). According to Fig. 9, it appears that the decreasing tendes over the western basin. More information was obtained
dency of occurrence of DD episodes in the Mediterranearperforming the validation on a seasonal basis. More specif-
is mainly caused by low spring and summer frequencies inically, there was a moderate-to-good agreement in winter
years 2005-2007 combined with high frequencies in year§R = 0.69), spring R = 0.74) and autumnk = 0.81), con-

2000 and 2003. trary to poor correlation in summeR (= 0.09), which can
be attributed to the higher vertical extension of dust load-
Intensity of DD episodes ings during this season. This vertically extended dust trans-

port, far above the boundary layer, does not allow for them
As to the inter-annual variation of the intensity of DD to be captured by ground stations measuring PM, since their
aerosol episodes (red lines in Fig. 9), our results do not inin situ measurements are restricted to the surface air layer.
dicate a clear seasonal cycle, both for the strong and exin a second approach, the algorithm’s performance has been
treme episodes. In general, the intensity of Mediterranearmalso evaluated against aerosol optical properties from nine
DD aerosol episodes is higher over maritime than continen AERONET stations across the Mediterranean Basin. This
tal areas. The maximum regional mean intensity of stronghas been done for 58 DD episodes, and the comparison re-
DD episodes is equal to 0.96 over land (in December 2000)ealed (i) a relatively good correlatiom (= 0.65) between
and 1.23 over sea (in November 2004). The corresponding/ODIS and AERONET AOD values and (i) a significant
values for extreme DD episodes are equal to 1.5 (May 2001)ncrease (by a factor of 10) of coarse-mode particles (dom-
and 4.86 (January 2004). The changing intensity of Mediter-inated by dust, centred at 2.24 um) in the case of DD episodes
ranean DD aerosol episodes is possibly related to modificarelative to all cases.
tions of the position and strength of pressure systems, as well The following is the case according to our compuges-
as the instability of the atmosphere, since there is a strongraphical distributions
connection between atmospheric circulation and associated
desert dust concentrations. Of course, this deserves further _ There is a longitudinal gradient in the frequency of

and more thorough investigation, which is beyond the scope occurrence of Mediterranean DD episodes. This gra-

or the present work. dient is more evident for strong episodes, which oc-
cur more frequently (up to 11.4 episodes¥yin the
western Mediterranean Basin, and less evident for the

5 Summary and conclusions (more sparse) extreme episodes, which occur more fre-
quently in the central basin (up to 3.9 episodestyr

The present study aims to describe, for the first time, to our

knowledge, the regime of intense desert dust episodes that — There is also a clear and predominant latitudinal gra-

takes place over the entire Mediterranean Basin. To this end, dient, with frequencies of both strong and extreme DD
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episodes decreasing from south to north, as the dis-
tance from the north African desert areas increases,
while a west—east gradient is evident only for the
strong ones, likely determined by the climatology of
the pressure systems.

The geographical variability of DD episodes’ fre-
quency in the Mediterranean, and specifically that of
the longitudinal one, appears to be driven by precipi-
tation patterns and the prevailing pressure systems in
the area. This is confirmed by the spatial variability of
frequency dust throughout the course of year. Thus, in
the eastern Mediterranean Basin, the DD episodes oc-
cur more frequently in spring (up to 3.9 episodesyr

and winter (up to 1 episode¥yt), having in both sea-
sons the maximum frequencies over the entire basin.
Correspondingly, in central parts of the Mediterranean
Basin maximum DD episode frequencies are observed
in spring (up to 3episodesyt) and in the western
parts of the basin in summer (up to 8.1 episodes yr).
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Fig. 9.Inter-annual variation and tendencies of monthly mean frequency (blue curves) and intensity (red c(ivsspof) andii) extreme
DD aerosol episodes taking place oyayland and(b) sea surfaces of the broader Mediterranean Basin for the period 2000-2007.

similarity between intensity and frequency in terms of
their spatio-temporal patterns.

As for their duration, it is found that the strong DD
episodes last up to 1.4 days (34h) in the western
Mediterranean Basin, while the extreme ones can be
more persistent in the eastern parts, lasting up to
1.5 days (36 h).

The comparison of our results (DD episodes) with
those corresponding to all episodes given by Gkikas
et al. (2009) demonstrates that there is a similarity
between them, which shows the significant contribu-
tion of DD episodes. According to our computations,
the contribution of DD episodes is equal to 32.7 and
40.1 % for strong episodes over land and sea, respec-
tively, while for extreme episodes the corresponding
values rise to 49 and 71.5 %.

The analysis ofntra-annual (seasonal) andhter-annual

(year-to-year) variation of Mediterranean DD episodes re-

veals the following:

The intensity of strong DD episodes (in terms of
AODss50nm Values) in the Mediterranean varies from
0.4 to 1.5 (Gulf of Sidra, Libyan Sea). The intensity of
extreme DD episodes is however significantly higher,
varying from 0.7 to 4.1 (Libyan Sea). Although there
is an apparent south—north gradient in the intensity of
DD episodes, similarly to their frequency, there is no

www.atmos-chem-phys.net/13/12135/2013/

— For the entire Mediterranean Basin, on average, there

is a different seasonality over land and sea areas (on
the basis of regions covered by available satellite data).
Thus, strong Mediterranean DD episodes over land oc-
cur more frequently in summer (51.4 %), whilst over
sea they are more frequent in spring (61.1%). Cor-
respondingly, extreme desert dust episodes are by far

Atmos. Chem. Phys., 13, 1212854 2013
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more frequent in spring over both continental (43.4 %) 005 MODIS-Terra data were obtained from NASAs level 1 and
and maritime (57.2%) areas of the MediterraneanAtmosphere Archive and Distribution System (LAADS) website
Basin. (ftp://ladsweb.nascom.nasa.gpvM/e would like to thank the
principal investigators maintaining the nine AERONET sites
— When examining the seasonality of DD episodes atused in the present work. We would like to acknowledge the
a smaller spatial scale — i.e. for different subregions,EMEP programme and the public European databases Airbase
namely western, central and eastern parts of the basin @nd ACTRIS, which supplied P} data used in this study. The
differences are found. Thus, our results indicate that induthors also thank F. Dulac and two anonymous reviewers for their
the western Mediterranean Basin, DD episodes (botHﬁelpfuIcomments that improved the final version of our manuscript.

strong and extreme) occur more frequently in sum- Edited by: G. Kallos
mer. Conversely, in the central and eastern parts of the
Mediterranean Basin, DD episodes are more common
in spring; however, strong episodes over land areas of
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